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Abstract

Formalin-fixed paraffin-embedded (FFPE) tissues are rarely used for screening DNA adducts of
carcinogens because the harsh conditions required to reverse the formaldehyde-mediated DNA
cross-links can destroy DNA adducts. We recently adapted a commercial silica-based column kit
used in genomics to manually isolate DNA under mild conditions from FFPE tissues of rodents
and humans and successfully measured DNA adducts of several carcinogens including aristolochic
acid | (AA-I), 4-aminobiphenyl (4-ABP), and 2-amino-1-methyl-6-phenylimidazo[4,5-6]pyridine
(PhIP) (Yun et al., (2013) Anal. Chem. 85:4251-8, and Guo et al. (2016) Anal. Chem. 88:4780-7).
The DNA retrieval methodology is robust; however, the procedure is time-consuming and labor
intensive, and not amenable to rapid throughput processing. In this study, we have employed the
Promega Maxwell® 16 MDx system, which is commonly used in large scale genomics studies, for
the rapid throughput extraction of DNA. This system streamlines the DNA isolation procedure and
increases the sample processing rate by about eight-fold over the manual method (32 samples
versus 4 samples processed per hour). High purity DNA is obtained in satisfactory yield for the
measurements of DNA adducts by ultra performance liquid chromatography-electrospray-ion trap-
multistage scan mass spectrometry (UPLC/ESI-IT-MS"). The measurements show that the levels
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of DNA adducts of AA-I, 4-ABP, and PhIP in FFPE rodent and human tissues are comparable to
those levels measured in DNA from matching tissues isolated by the commercial silica-based
column kits, and in DNA from fresh frozen tissues isolated by the conventional phenol-chloroform
extraction method. The isolation of DNA from tissues is one major bottleneck in the analysis of
DNA adducts. This rapid throughput methodology greatly decreases the time required to process
DNA and can be employed large-scale epidemiology studies designed to assess the role of
chemical exposures and DNA adducts in cancer risk.
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INTRODUCTION

Covalent modification of DNA by chemicals can result in mutations or other genetic
changes and initiate chemical carcinogenesis.12 DNA adducts serve as biomarkers for
interspecies extrapolation of toxicity data of chemicals and for human risk assessment.34
Identification and quantitation of DNA adducts often are the first steps in elucidating the
potential role of a genotoxic chemical in the etiology of human cancer.24> However, freshly
frozen human tissue samples are often not available to measure DNA adducts. In contrast,
formalin-fixed samples from patients diagnosed with cancer are readily accessible. Formalin
fixation, followed by paraffin embedding (FFPE) has been used as the standard storage
technique for more than a century in laboratories worldwide.5-8

The screening of carcinogen DNA adducts in human FFPE tissues has been largely restricted
to immunohistochemical (IHC) techniques.®~14 DNA adducts can be detected by IHC, in
specific cell types within a tissue. However, an important drawback of IHC is that the
specificity of many antibodies, even monoclonal antibodies, for DNA adducts is uncertain as
they may cross-react with other DNA lesions or cellular components, leading to errors in
identification and quantification. Additionally, the production of antibodies is limited to
selected classes of carcinogen DNA adducts and thus, restricts the number of adducts that
can be screened for in human cohorts. Thus, there is a critical need to develop robust
methods to retrieve DNA in high yield from FFPE tissues and measure DNA adducts by
specific mass spectrometry methods. However, FFPE tissues have rarely been employed as a
biospecimen for the screening of DNA adducts, by mass spectrometry methods, because of
the technical difficulties in recovery of DNA that is free of cross-links.8:1°> Quantitative
measurements require high quality DNA that is fully digestible by nucleases to obtain the
chemically modified mononucleoside adducts. Formaldehyde reacts with DNA and protein
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to form inter- and intramolecular cross-links during the fixation process,16:17 and DNA that
still contains cross-links will impede the digestion efficacy of nucleases, resulting in the
recovery oligomeric adducts and an underestimation of the DNA adduct levels. The
development of robust conditions to recover DNA without cross-links formed with
formaldehyde while preserving the structures of DNA adducts has been challenging. The
common methods of reversal of the formaldehyde-mediated DNA cross-links require
incubation of FFPE tissues at elevated temperature (up to 100 °C) and strong alkaline pH.
18,19 These harsh conditions reduce the quality of DNA, induce depurination, strand
cleavage, and/or oxidation of nucleobases and DNA adducts.20-21

We have evaluated various conditions to isolate DNA from FFPE tissues,2223 including
phenol-chloroform extraction, and several commercial silica-based column kits used for
genomic applications, which employ mild retrieval conditions to recover DNA free of cross-
links.22 In our studies, the commercial, ZR FFPE DNA Miniprep™ kit (ZM) from Zymo
Research was optimal. The DNA was isolated under mild temperature and neutral pH
conditions and fully digestible with nucleases, demonstrating that the cross-links in the
recovered DNA were completely reversed. The methodology was successfully applied to
measure DNA adducts of aristolochic acids | (AA-I, 8-methoxy-6-nitrophenanthro-[3,4-
d]-1,3, dioxole-5-carboxylic acid), components found naturally in Aristolochia plant species,
some of which are still found in some traditional Chinese medicines in the United States and
worldwide.24.25 AA-I is a potent human renal toxicant and upper urinary tract carcinogen.
24,26 The major DNA adduct of AA-I, 7-(2’-deoxyadenosine-Af-yl)aristolactam (dA-AL-I)
is responsible for the signature A — T transversion mutation in multiple sites of the 7P53
tumor suppressor gene and leads to AA-induced upper urothelial tract carcinoma.2”-28 The
levels of AL-DNA adduct retrieved, by the ZM Kkit, from FFPE tissue blocks stored at
ambient temperature for up to nine years were at comparable levels to those levels measured
in the matching freshly frozen samples.22:29

Thereafter, the DNA retrieval method was successfully applied to measure other classes of
carcinogen-modified DNA from FFPE tissues of rodents including the polycyclic aromatic
hydrocarbon benzo[4]pyrene (B[4]P), a suspected human lung carcinogen, and its major
DNA adduct 10-(2”-deoxyguanosin-A2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydro-
benzo[4]pyrene; the aromatic amine 4-aminobiphenyl (4-ABP), a human bladder
carcinogen, and its DNA adduct, N-(2”-deoxyguanosin-8-yl)-4-ABP (dG-C8-4-ABP); and
the N-nitroso compound, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a lung
carcinogen and two of its DNA adducts, 0-Methyl-2”-deoxyguanosine and OB-[4-(3-
pyridyl)-4-oxobut-1-yl]-2”-deoxyguanosine; 3931 and the heterocyclic aromatic amine
(HAA), 2-amino-1-methyl-6-phenylimidazo[4,5-6]pyridine (PhIP), a rodent and potential
human colorectal and prostate carcinogen,3233 and its adduct A-(2”-deoxyguanosin-8-yl)-
PhIP (dG-C8-PhIP). These chemical carcinogens are present in the environment and/or arise

in tobacco smoke; some HAA also form during the high-temperature cooking of meat.
30,31,34,35

The methodology of DNA retrieval and recovery of DNA adducts are robust; however, the

procedure is time-consuming and not amenable for processing a large number of samples. In
this investigation, we report that a commercial DNA isolation system, the Promega
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Maxwell® 16 MDx system, which is commonly used for high throughput genomic studies,
can rapidly process DNA from archived FFPE tissues of rodents dosed with AA-I; 4-ABP,
and PhIP. The high purity of the DNA and the complete reversal of the DNA cross-links
permits quantitative measurements of these DNA adducts by UPLC/ESI-IT-MS3. Thereafter,
we successfully applied this technology to measure dA-AL-1 and dG-C8-PhIP, respectively,
in human FFPE kidney and prostate specimens. The levels of adducts were comparable to
those levels measured in DNA from matching fresh frozen tissue specimens isolated by the
traditional phenol-chloroform method.

Caution.: AA-/, 4-ABF, and PhIP are carcinogens. These chemicals should be handled with
caution in a well-ventilated fume hood with appropriate protective clothing. Human tissue
specimens were processed in biohazard hood, and all tissue material was treated with bleach
prior to discarding the material in biohazard waste receptacles.

AA-I was provided by Dr. H. Priestap, Department of Biological Sciences, Florida
International University. PhIP was purchased from Toronto Research Chemicals (Toronto,
Canada). 4-ABP, calf thymus (CT) DNA, Proteinase K, DNase I, alkaline phosphatase,
nuclease P1, RNase A, and RNase T, were purchased from Sigma-Aldrich (St. Louis, MO).
Phosphodiesterase | was purchased from Worthington Biochemical Corp. (Newark, NJ).
Neutral buffered formalin (NBF, 10%) was purchased from Fisher Chemical Co. (Pittsburgh,
PA). DNA adducts including dA-AL-I and [1°N5s]-dA-AL-1,2° N-(2”-deoxyguanosin-8-yl)-4-
aminobiphenyl (dG-C8-4-ABP), [13C;0]-dG-C8-4-ABP, N-(2’-deoxyguanosin-8-yl)-2-
amino-1-methyl-6-phenylimidazo[4,5-#]pyridine (dG-C8-PhIP), and [}3C;]-dG-C8-PhIP
were synthesized as described.36:37 ZR FFPE DNA Miniprep™ kit (ZM) was purchased
from Zymo Research (Irvine, CA). Maxwell® 16 LEV Blood DNA kit (MXB), which is
used to isolate DNA for frozen tissue, and Maxwell® 16 FFPE plus LEV DNA Purification
kit (MXF), which is used to isolate DNA from formalin fixed tissues, were purchased from
Promega Co. (Madison, WI). Microliter CapLC vials with silanized inserts were purchased
from Wheaton (Millville, NJ). The CT DNA samples modified with 4-ABP and PhIP were
kindly provided by Dr. Frederick A. Beland from the National Center for Toxicology
Research, U.S. Food and Drug Administration.

Animal dosing

All protocols were reviewed and approved by the Stony Brook and University of Minnesota
Institutional Animal Care and Use Committees, and followed institutional guidelines
established by the National Institutes of Health Office of Laboratory Animal Welfare. Three
groups of rodents were dosed by i.p. injection as following: Male C57BL/6J mice dosed
with AA-I (0.1 mg/kg BW in 0.20 mL phosphate buffered saline); Male B6C3F1/J mice
dosed with 4-ABP (40 mg/kg BW in 0.1 mL 80% DMSOQ); Male Fischer 344 rats dosed with
PhIP (50 mg/kg BW in 0.9 mL DMSO). All animals were euthanized, by asphyxiation with
COy, 24 h after the dose treatment. Whole livers and kidneys were rinsed with chilled PBS,
snap frozen on dry ice, and stored at —80 °C. Organs for FFPE tissues were rinsed with
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chilled PBS, cut into 6 mm thick pieces (approximately 1.5 cm?2), and fixed in NBF (10%,
20 mL) for 24 h at room temperature. Thereafter, the tissues were processed with Sakura
Tissue Tek VIPS5 tissue processor at Histology Core Facility at Stony Brook University (for
AA-I dosed animals)?2 or at University of Minnesota (for 4-ABP- and PhIP-dosed animals).
38 The FFPE section blocks were housed for at least six months prior to chemical analyses.

Human prostate and kidney specimens

The research protocol was approved by the Institutional Review Boards at the University of
Minnesota and Stony Brook University. De-identified prostate specimens from the
peripheral zone of the prostate were obtained from patients scheduled for radical
prostatectomy at the University of Minnesota.3? The normal tumor-adjacent prostate tissues
were snap frozen in liquid nitrogen and stored at —80 °C. Matching prostate tissues were
fixed in 10% NBF for 24 h at room temperature, and then tissues were processed by a
Sakura Tissue Tek VIP5 tissue processor at University of Minnesota.3? H&E-stained slides
of prostate tissue specimens were examined by the pathologist (Dr. P. Murugan) and were
confirmed as largely tumor-free. The FFPE section blocks were housed for at least six
months prior to chemical analyses. Tissues were De-identified renal cortex specimens were
from subjects exposed to AA-I with renal failure and provided following nephrectomy, by
Dr. Bojan Jelakovi¢, School of Medicine, University of Zagreb, Croatia.?2

DNA retrieval from freshly frozen rodent and human tissues

Frozen tissue (20 or 40 mg) was thawed on ice and homogenized in 1.5 mL chilled TE lysis
buffer (50 mM Tris-HCI, 10 mM EDTA, pH 8.0) containing 10 mM p-mercaptoethanol
(BME) with Potter-Elvehjem homogenizer (Corning Inc. NY). The homogenate was
centrifuged at 3,000 x g at 4 °C for 10 min to obtain the nuclear pellet.

Phenol-chloroform extraction: the nuclear pellet derived from 40 mg of tissue was
reconstituted in 300 UL TE lysis buffer containing RNase A (150 pg) and RNase T1 (0.1 pg)
and incubated at 37 °C for 1.5 h, followed by incubation with Proteinase K (400 pg) and 1%
(w/v) sodium dodecy! sulfate (SDS) at 37 °C for 2 h. DNA was retrieved from the tissue
lysate by phenol-chloroform extraction as previously reported.??

Rapid throughput DNA isolation from frozen rat liver tissues with the Maxwell 16 Blood kit
(MXB): The nuclear pellet derived from 20 mg of tissue was reconstituted in 200 uL TE
lysis buffer containing 10 mM BME, RNase A (100 pg), and RNase T4 (0.1 pg) and
incubated at 37 °C for 1.5 h. Thereafter, the manufacturer’s proprietary lysis buffer (300 L)
containing Proteinase K (400 ug) was added to the mixture and tissue lysis was performed at
37 °C for 3 h. The lysate was transferred to the cartridge to extract DNA following
manufacturer’s protocol. The genomic DNA was eluted in 60 pL of nuclease-free water and
stored at —80 °C until further analysis.

DNA retrieval from rodent and human FFPE tissues

The detailed protocols for FFPE tissue processing, deparaffinization, rehydration, and
homogenization were reported previously.22:23 Rodent FFPE tissues were removed from the
paraffin block and submerged in p-xylene to remove the residual paraffin. The dry weight of
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FFPE tissue was measured following deparaffinization in p-xylene, and it was about 50% of
the original wet weight of frozen tissue. Then, the tissues were washed with serial dilutions
of ethanol to remove the infiltrated p-xylene and to rehydrate the tissue. The rehydrated
FFPE tissues (~100 mg) were homogenized in 4 mL cold TE lysis buffer containing 10 mM
BME using a Potter-Elvehjem homogenizer. An equivalent of 20 mg (dry weight, in
triplicate) of FFPE tissue homogenate was centrifuged at 3,000 g for 10 min. The pellet was
then processed with ZR FFPE DNA Miniprep™ kit (ZM) or by the Maxwell® 16 FFPE plus
LEV DNA Purification kit (MXF), following the manufacturer’s protocols with s minor
modifications.22:3% The FFPE tissue homogenate (20 mg) processed with the ZM kit was
incubated at 50 °C overnight in 100 uL of the proprietary digestion buffer containing 10 mM
BME and Proteinase K (200 ug). Then, the lysate was incubated with RNase A (150 pg) for
10 min at room temperature to eliminate RNA contamination in final DNA samples.
Thereafter, the mixture of tissue lysate was processed to isolate DNA using the silica spin
column, by following Zymo Research’s protocol with minor modifications.?2:3° The FFPE
tissue homogenate (20 mg) processed with the MXF kit, was incubated at 50 °C overnight in
200 pL of the manufacturer’s incubation buffer containing 10 mM BME and Proteinase K
(400 pg). Thereafter, the lysate was incubated with RNase A (150 ug) for 10 min at room
temperature. The mixture was diluted with 400 pL lysis buffer and transferred to the
cartridge to process with Maxwell® 16 system. The overnight incubation of the nuclear
pellets of the FFPE tissues with Proteinase K at 50 °C completely reversed the cross-links
between DNA and protein.38 The concentration of DNA was determined by Agilent 8453
UV/Vis spectrometer using Traycell (Hellma, USA Inc. NY).

The FFPE sections of human renal cortex were prepared in 10 um thickness (~ 1.5 cm?)
using a microtome. Two 10 um sections of human FFPE kidney were deparaffinized and
rehydrated in 1 mL p-xylene and 95% ethanol, respectively. Then the rehydrated sections
were processed with ZM or MXF kit following same protocol as FFPE rodent tissue
homogenate.

Enzymatic digestion of carcinogen-modified DNA

The detailed protocol of DNA digestion was reported previously?2:23.29 DNA (5 pg) was
spiked with isotopically labeled internal standards ([*°N5]-dA-AL-1 and [*3C;0]-dG-C8-
PhIP at a level 5 adducts per 108 nucleotides; [13C4]-dG-C8-4-ABP at a level of 10 adducts
per 108 nucleotides) and digested with DNase I, nuclease P1, alkaline phosphatase, and
Phosphodiesterase | overnight at 37 °C. The DNA digest was concentrated to dryness by
vacuum centrifugation and reconstituted in 1:1 DMSO:H,0 (25 uL), and centrifuged at
21,000 x g for 10 min. The supernatant was transferred to silanized vial insert for LC-MS
analysis. The genomic or CT DNA with a known level of corresponding DNA adducts were
used as the positive controls.38 The efficacy of DNA digestion and purity of DNA were
assessed by HPLC analysis of unmodified 2’-deoxynucleosides as previously reported.40

Measurement of carcinogen-DNA adducts by UPLC/ESI-IT-MS3 measurements

Analyses were performed with a Waters nanoAcquity UPLC system interfaced with an
Advance Captive Spray source (Michrom Bioresources Inc., Auburn, CA), and linear
quadrupole ion trap (LTQ Velos Pro, Thermo Fisher Scientific, San Jose, CA). A Waters
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Symmetry C18 trap column (180 pm x 20 mm, 5 um, Waters Corp., Milford, MA) was used
for online sample enrichment of DNA adducts. The analytical column was a Magic C18 AQ
column (300 um x 150 mm, 3 um, 100 A) from Michrom Bioresources Inc. The solvents
and chromatographic conditions were previously reported.39

The DNA adducts were measured in positive ion mode at MS? scan stage. Fragmentation of
precursor ions was done by collision induced dissociation (CID) with a collision energy of
28% at MS? and 40% at the MS? scan stage. The following transitions were employed: dA-
AL-l at m/z543.3 — 427.2 — 292.1,293.1, and 412.1; [*°Ns]-dA-AL-I at 7/7548.3 —
432.2 — 292.1, 293.1, and 417.1; dG-C8-4-ABP at m/z435.2 — 319.1 — 277.1 and
302.1; [13C40]-dG-C8-4-ABP at /m/z445.2 — 324.1 — 281.1 and 307.1; dG-C8-PhIP at
m/z490.2 — 374.1 — 329.1 and 357.1; [13C4(]-dG-C8-PhIP at 7/2500.2 —379.1 —
333.1and 362.1.

The analysis of PhIP-DNA adduct in human prostate tissues was performed with the
Orbitrap Fusion Tribrid MS (Thermo Fisher Scientific, San Jose, CA) interfaced with
Dionex UltiMate RSLCnano UHPLC System and a Thermo Nanospray Flex ion source. The
chromatographic and mass spectra acquisition parameters were described previously.3°

Method validation of carcinogen-modified DNA analysis by UPLC/ESI-IT-MS" and
calibration curves

The accuracy of the method was previously validated with genomic DNA or CT DNA
containing known levels of dA-AL-1, dG-C8-4-ABP and dG-C8-PhIP.29:38:39 The calibration
curves were constructed as previously reported.29:38:39 The limit of quantification (LOQ)
value for each carcinogen-DNA adduct approached 3 — 5 adducts per 109 nucleotides with 5
Hig DNA assayed.29:38:39

Statistical methods

RESULTS

The unpaired £test or one way analysis of variance (ANOVA) with unpaired Tukey’s
multiple comparison test was performed using GraphPad Prism version 6.0 for Windows
(GraphPad Software, La Jolla, CA). Data were expressed as mean + SD. A p-value < 0.05
was considered statistically significant.

Recovery of DNA from fresh frozen tissues by manual and rapid throughput methods

The chemical structures of the carcinogens and their DNA adducts examined in this study
are shown in Figure 1. The mean yields of DNA from frozen rodent tissues are expressed as
ng DNA per mg of tissue. The purities of DNA isolated by two different DNA extraction
methods, phenol-chloroform and Maxwell® 16 LEV Blood DNA kit (MXB) for rapid
throughput method, are shown in Table 1. The MXB has been developed for rapid
throughput DNA isolation from whole blood or buccal swab samples, using a low elution
volume. We tested other DNA isolation kits from the Maxwell® 16 system; however, the
yield of DNA obtained from MXB was consistently the highest. Therefore, we employed the
MXB kit for all rapid throughput DNA isolation from fresh tissue experiments.

Chem Res Toxicol. Author manuscript; available in PMC 2018 December 18.
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The mean DNA yields, ug DNA per mg tissue, from fresh frozen tissues by phenol-
chloroform extraction were 2.18 + 0.56 from mouse liver; 2.85 £ 0.96 from mouse kidney;
and 1.94 + 0.17 from rat liver. The ratio of absorbance at 260 hm to 280 nm (Aygo/280) Was
used to assess the purity of DNA. A ratio of ~ 1.85 at neutral pH is considered as pure for
DNA.*! The mean DNA vyield from frozen rat liver using MXB was 1.17 + 0.17 ug/mg
tissue, a value that was ~60% of the DNA yield by the phenol-chloroform method. The
maximum DNA binding capacity of the magnetic beads in each cartridge is about 25 pg of
DNA when 20 mg of tissue is used for processing. Accordingly, the reason for the lower
recovery of DNA from frozen rat liver tissues extracted by the MXB than by the phenol-
chloroform extraction method is likely attributed to the limit of the DNA binding capacity of
the magnetic beads that carries the DNA during the purification process. Both methods
recovered reproducible quantities of high purity DNA from frozen tissues.

Recovery of DNA from FFPE tissues by manual and rapid throughput methods

Our previous study revealed that even prolonged proteolysis of nuclear pellets from FFPE
tissues at elevated temperature (50 °C), by the conditions of the phenol-chloroform
extraction method, resulted in an incomplete reversal of DNA cross-links, and a low
recovery of DNA with a concomitant underestimation of DNA adducts of AA-1.22 We
successfully employed the commercial silica-based ZR FFPE DNA Miniprep™ kit (ZM),
which uses mild retrieval conditions to recover DNA free of cross-links from FFPE tissues,
22 to measure DNA adducts of dA-AL-I and several other important environmental and
dietary carcinogens in FFPE tissues.38 The methodology, however, is a manual, labor-
intensive procedure and not amenable to workup of many samples concurrently. In this
study, we have advanced our method to measure DNA adducts in FFPE tissues by adapting a
technology from Promega that is commonly used for the high-throughput isolation of DNA
for cancer genomic studies.#2:43 Starting from the nuclear pellets, approximately four
samples can be manually processed by the manual phenol-chloroform extraction or the ZM
kit compared to 32 samples per hour with the Promega Maxwell® 16 MDx system. There
are proprietary component(s) in commercial lysis buffer (Zymo Research) which are critical
for the complete reversal of formaldehyde-mediated cross-links between DNA and proteins
in FFPE tissues.22:23 Here, we show that the yield of DNA and the extent of reversal of
cross-links of FFPE DNA recovered with Promega’s incubation buffer and Zymo Research’s
digestion buffer are comparable. The dry-weight of FFPE tissue is determined after the
deparaffinization process with p-xylene, and the weight is about 50% of the wet weight of
frozen tissue in the three tissue types. The DNA yield of FFPE tissues is normalized by the
adjusted wet weight (~ two times the dry-weight), to directly compare the efficacy of DNA
extraction method between fresh frozen and FFPE tissues. The normalized mean yields of
DNA recovered from FFPE tissues of rodents using ZR FFPE DNA Miniprep™ (ZM) and
Maxwell® 16 FFPE plus LEV DNA (MXEF) kits are reported in Table 1. The normalized
mean yields, ug DNA per mg tissue, of DNA from FFPE tissues using ZM were 0.63 £ 0.18
for mouse liver; 0.52 + 0.15 for mouse kidney; and 0.46 + 0.15 for rat liver. The MXF
provided comparable yields of DNA to that of manual spin column method; 0.64 + 0.13 for
mouse liver, 0.47 + 0.09 for mouse kidney, and 0.77 + 0.06 for rat liver. The ratio Axgg280 Of
extracted DNAs from both DNA isolation methods was close to 1.85 at neutral pH for all
tissue types. The yield of DNA recovered from FFPE tissue specimens ranged from 20 to
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40% of the amounts obtained from fresh frozen tissues. Similar declines in the recovery of
DNA from FFPE tissue, using other methods of DNA retrieval, have been reported.23:44-46
Possible causes of lower DNA recovery from FFPE tissues include the oxidation and/or
fragmentation of intact DNA during fixation process,?! incomplete reversal of DNA-protein
crosslinks,*® and lower yield of DNA recovery using silica based methods compared to
phenol-chloroform extraction.

The level of RNA contamination in DNA samples processed from fresh frozen tissues, using
phenol-chloroform extraction, or FFPE tissues processed by ZM and MXF Kits was
assessed, by HPLC and UV detection, following nuclease digestion of DNA. The
chromatograms of the DNA digests showed that RNA contamination was ~ 1 to 2%, a purity
comparable to that of the purity of DNA retrieved from freshly frozen tissues by phenol-
chloroform extraction.22:23.38 Moreover, only the four canonical deoxynucleosides were
detected in the chromatograms, demonstrating that the procedures completely removed the
formaldehyde mediated crosslinks from the deoxynucleosides; there was no evidence for
other residual modified deoxynucleosides in the digestion mixture.(Figure S1) The amounts
of deoxynucleosides measured by HPLC-UV closely matched the concentration of DNA
estimates by UV absorbance at 260 nm, demonstrating that the DNA recovered by phenol-
chloroform, ZR FFPE DNA Miniprep™ and Maxwell® 16 FFPE plus LEV DNA
purification kits were of high purity.

Recovery and quantification of DNA adducts in fresh frozen and FFPE rodent tissues

In our previous reports, we demonstrated that dA-AL-12°, dG-C8-4-ABP, and dG-C8-PhIP
(Figure 1) were relatively stable toward formalin fixation and DNA retrieval process using
ZM kit.22:38 |n this study, we compared the levels of DNA adducts retrieved from fresh
frozen tissue by phenol-chloroform and from FFPE tissues processed by the manual ZR
FFPE DNA Miniprep™ kit and the rapid throughput method of the Maxwell® 16 system.
Each set of experiments was performed on three different days with tissues from five
animals assayed in triplicate. However, the amount of tissue for FFPE mouse kidney treated
with AA-I was only sufficient to run triplicate assays for two days, and only two tissue
specimens were assayed in triplicate for day 3.

The extracted ion chromatograms (EICs) at MS? scan stage and the product ion spectra of
dA-AL-1, dG-C8-4-ABP, and dG-C8-PhlP recovered from FFPE rodent liver tissues are
depicted in Figure 2. The EICs of negative control DNA samples and the adducts were from
FFPE DNA samples processed by the rapid throughput DNA isolation method. Calf thymus
DNA, unmodified and modified with known levels of carcinogens, and respective internal
standards were used as control samples to test the efficacy of DNA digestion and to verify
the absence of cross-contamination. The product ion spectra of the adducts at the MS3 scan
stage, provide rich structure features about each adduct and corroborate the identities of the
adduct structures,29:48:49

The mean levels of each DNA adduct are shown as scatter plots in Figure 3. DNA adduct
levels are expressed as adducts per 108 nucleotides and normalized by dose per kilogram
body weight. The % coefficient of variation (% CV) of the mean adduct level for each DNA
isolation method was within 20% (or less). The mean level of dA-AL-I in DNA from fresh
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frozen by phenol-chloroform and FFPE mouse liver processed by manual (ZM) and rapid
throughput (MXF) kits are not significantly different. However, the mean level of dA-AL-I
in fresh frozen kidney processed by phenol-chloroform is a modest 1.2-fold greater than the
mean levels observed in FFPE kidney processed by ZM and MXF kits (p < 0.05). The level
of dG-C8-PhIP present in DNA of fresh frozen liver tissues is also slightly higher (1.3-fold)
than the levels measured in FFPE tissue. In the case of dG-C8-4-ABP, we previously
reported a ~1.6-fold higher level of dG-C8-4-ABP in liver from the set of rodent tissues
processed by FFPE compared to the set of fresh frozen tissues.38 These levels of adduct
were measured in livers of differently dosed animals and not with matching tissues within
each animal. We surmise that these differences in adduct levels formed are largely attributed
to differences in bioavailability of the test compound or in carcinogen metabolism among
the animals since DNA adduct formation in rodents dosed with the same amounts of test
article can vary by up to several-fold.>%-52 Additionally, the method of processing DNA
from fresh frozen and FFPE tissues is different. Frozen tissues are treated with RNase A and
RNase T4, followed by the incubation with Proteinase K, whereas, the FFPE procedure
requires proteolysis first, followed by RNase treatment. Therefore, we reversed the
incubation sequences of Proteinase K and ribonucleases, employing frozen liver tissue from
4-ABP treated mice. However, the level of dG-C8-4-ABP measured in the fresh frozen liver
of the reversed enzyme incubation was not increased, implying a possible repair of dG-
C8-4-ABP did not occur during the tissue lysis process (unpublished data, BH Yun). In rats
treated with PhIP, the mean level of dG-C8-PhlIP in frozen tissues was slightly higher than
that of FFPE tissues, but the difference was not statistically significant.

The mean levels of dA-AL-I, dG-C8-4-ABP, and dG-C8-PhlP are not significantly different
between FFPE DNA processed by the manual and rapid throughput methods, and adduct
levels are similar to those levels measured in DNA of fresh frozen tissues processed by
phenol-chloroform, signifying that the adducts are relatively stable towards FFPE processing
and during the retrieval processes for both FFPE DNA isolation methods. We also applied
the rapid throughput DNA isolation method to retrieve dG-C8-PhIP from fresh frozen rat
liver tissue. The levels of dG-C8-PhIP measured from frozen tissues processed by phenol-
chloroform and Maxwell® 16 LEV Blood DNA kit (MXB) were not statistically different.

Measurement of dA-AL-l and dG-C8-PhIP adducts in fresh frozen and FFPE human kidney
cortex and prostate tissues

We compared the levels of PhIP-DNA adducts in freshly frozen human prostate by the
phenol-chloroform extraction of DNA, and matching FFPE tissues blocks processed by
Maxwell® 16 FFPE plus LEV DNA purification kit (MXF) from six patients who were
positive for dG-C8-PhIP.3° The FFPE blocks were stored at room temperature at least 6
months prior to analysis. DNA extraction and measurement of adducts were performed in
parallel on freshly frozen and FFPE tissues, and the results are shown in Figures 4 and 5.
There was a tendency of lower levels of dG-C8-PhIP measured in FFPE specimens
compared to fresh frozen specimens, but the differences in adduct levels were not
statistically significant except for subject of P18, where the level of dG-C8-PhIP in FFPE
tissue was 60% lower. The mean level of dG-C8-PhIP measured in the other five FFPE
prostate tissues ranged from 60 to 84% of the adduct level found in fresh frozen tissues.
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Because of the limited amount of DNA, only two independent replicates could be performed
on each sample. A larger number of sample replicate sets are required to improve the
precision and to determine if there are significant differences between the levels of dG-C8-
PhIP measured in fresh frozen and FFPE human tissues.

In the case of AA-I, we successfully retrieved DNA from human FFPE kidney block that
was prepared in 2008 and stored at room temperature for nine years. The mean levels of dA-
AL-I in DNA retrieved from human FFPE kidney using the ZM and MXF kits were 3.1 and
3.6 adducts per 108 nucleotides, respectively. (Figure 6). These of dA-AL-I measured are
similar to the level of dA-AL-l measured in frozen tissues, 3.8 adducts per 108 nucleotides,
that was processed by phenol-chloroform extraction.2?

DISCUSSION

Our results from previous studies and data reported here signify that the major DNA adducts
of AA-I, 4-ABP, PhIP, B[4]P and NNK are relatively stable to the FFPE tissue process and
that a high portion of the adducts are recovered from rodent tissues or FFPE human kidney
and prostate specimens.22:38:39 The processing of high purity DNA from tissues is one major
bottleneck in the analysis of DNA adducts. The rapid throughput method employing the
Promega Maxwell® 16 MDx system and its DNA purification kit substantially increases the
number of samples that can be processed over the manual ZR FFPE DNA Miniprep™ kit
method. Thirty-two samples can be processed concurrently with the Promega Maxwell® 16
MDx system compared to about four samples per hour employing the manual ZR FFPE
DNA Miniprep™ kit. Both methods use the nuclear pellets for processing of the DNA, and
the cost of consumable reagents is similar for both DNA retrieval methods.. Our rapid
throughput methodology paves the way for the usage of archived FFPE specimens in human
epidemiology studies for which environmental exposures to hazardous chemicals and their
DNA adducts may contribute to the etiology of cancer.
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Figure 2.

EICs at the MS? scan stage of rodent FFPE tissues samples targeting dA-AL-l, dG-C8-4-
ABP, and dG-C8-PhIP. DNA samples were isolated from FFPE liver tissues of rodents
employing the rapid throughput DNA isolation method. (A) EICs of negative control
samples of calf thymus DNA spiked with isotope labeled internal standards; [1°Ns]-dA-AL-I
and [13C;0]-dG-C8-PhlIP at a level of 5 adducts per 108 nucleotides, [*3C;o]-dG-C8-4-ABP
at a level of 10 adducts per 108 nucleotides. (B) Representative EICs of FFPE liver samples
from rodents dosed with AA-1, 4-ABP, and PhIP, respectively; (C) The structures of
aglycone adducts of dA-AL-I, dG-C8-4-ABP, and dG-C8-PhlIP, and proposed mechanism of
fragmentation are present. The isotopically labeled 15N and 13C atoms of the internal
standards are marked with red asterisks. (D) The product ion spectra of isotope labeled and
unlabeled adduct of dA-AL-I, dG-C8-4-ABP, and dG-C8-PhlIP.
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Figure 3.

:

SR
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Levels of carcinogen DNA adduct in rodent tissues. One way analysis of variation with
Tukey’s multiple comparison test (Prism 6, San Diego, CA); ns, not significant; *p < 0.05,

**p < 0.005, and ***p < 0.0005., Fresh frozen tissues were processed with phenol-

chloroform extraction or Maxwell® 16 LEV Blood DNA kit (MXB, for dG-C8-PhIP only).
FFPE tissues were processed with ZR FFPE DNA Miniprep™ kit (ZM) or Maxwell® 16
FFPE plus LEV DNA Purification kit (MXF). FR, freshly frozen tissue; FFPE, FFPE tissue.
Data from different groups are depicted by different colors and shapes: day 1, green circle;
day 2, orange triangle; and day 3, blue square. The lowest adduct level of dG-C8-PhlIP in

FFPE tissues processed by ZM or MXF on day 1, 2, and 3 is the same animal.
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Figure 4. Levels of PhIP-DNA adduct in paired fresh frozen prostate and FFPE blocks of six
patients
The levels of adducts are reported as adducts per 108 nucleotides. Two independent analyses

were done per subject; *p < 0.02, n.s.: statistically not significant. DNA isolation from
frozen and FFPE prostate tissues of six patients were performed using conventional phenol-
chloroform extraction and MXF kit, respectively. All measurements were performed in
duplicate and reported as the mean + SD.
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Figure 5.

EICs of unlabeled dG-C8-PhIP (upper panel) and 13C-labeled dG-C8-PhIP (lower panel) of
DNA from fresh frozen and FFPE human prostate tissues at the MS3 scan stage. (A) fresh
frozen prostate and (B) paired FFPE block of a patient (P46) who was negative for dG-C8-
PhIP; (C) fresh frozen prostate and (D) paired FFPE block of a patient (P41) who was
positive for dG-C8-PhIP; and (E) product ion spectra of unlabeled and 13C-labeled dG-C8-
PhIP at MS3 scan stage. The structure and proposed fragmentation mechanism of aglycone
of dG-C8-PhIP are depicted in Figure 2.
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Figure 6.
Levels of dA-AL-I in DNA extracted from frozen and the matching FFPE tissues of human

kidney cortex. DNA from frozen kidney was retrieved using conventional phenol-chloroform
extraction. DNA from FFPE human kidney was isolated using ZR FFPE DNA MiniprepTM
kit (ZM) or Maxwell® 16 FFPE plus LEV DNA Purification kit (MXF) kit. Each DNA (5
Hg) was spiked with 15Ns-dA-AL-I at a level of 5 adducts per 108 nucleotides. The FFPE
tissues were acquired in 2008 and were stored at room temperature for 9 years. All
measurements were performed in duplicate and reported as the mean + SD.
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