7450-7460 Nucleic Acids Research, 2014, Vol. 42, No. 11
doi: 10.1093/narlgku334

Published online 01 May 2014

Hydroxyl-radical-induced oxidation of
5-methylcytosine in isolated and cellular DNA

Guru S. Madugundu', Jean Cadet'2 and J. Richard Wagner'~

'Département de Médecine Nucléaire et Radiobiologie, Faculté de Médecine et des Sciences de la Santé, Université
de Sherbrooke, 3001 12e Avenue Nord, Québec J1H 5N4, Canada and 2Institut Nanosciences & Cryogénie/DSM,

CEA/Grenoble, 38054 Grenoble, France

Received January 27, 2014; Revised April 08, 2014; Accepted April 9, 2014

ABSTRACT

The methylation and oxidative demethylation of cy-
tosine in CpG dinucleotides plays a critical role in
the regulation of genes during cell differentiation,
embryogenesis and carcinogenesis. Despite its low
abundance, 5-methylcytosine (5mC) is a hotspot for
mutations in mammalian cells. Here, we measured
five oxidation products of 5mC together with the anal-
ogous products of cytosine and thymine in DNA ex-
posed to ionizing radiation in oxygenated aqueous
solution. The products can be divided into those that
arise from hydroxyl radical (eOH) addition at the 5,6-
double bond of 5mC (glycol, hydantoin and imidazo-
lidine products) and those that arise from H-atom ab-
straction from the methyl group of 5mC including 5-
hydroxymethylcytosine (5hmC) and 5-formylcytosine
(5fC). Based on the analysis of these products, we
show that the total damage at 5mC is about 2-fold
greater than that at C in identical sequences. The
formation of hydantoin products of 5mC is favored,
compared to analogous reactions of thymine and cy-
tosine, which favor the formation of glycol products.
The distribution of oxidation products is sequence
dependent in specific ODN duplexes. In the case
of 5mC, the formation of 5ShmC and 5fC represents
about half of the total of ¢« OH-induced oxidation prod-
ucts of 5mC. Several products of thymine, cytosine,
5mC, as well as 8-oxo-7,8-dihydroguanine (80x0G),
were also estimated in irradiated cells.

INTRODUCTION

The methylation of cytosine in genomic DNA, which takes
place mainly at CpG dinucleotides and constitutes 4-5%
of the total cytosine, is an important epigenetic mark of
gene expression. CpG are frequent hot spots in the muta-
tion spectra in mice, rats and humans such that a major-
ity of GC— AT transitions occur at CpG dinucleotides (1).

About one-third of mutations in human genetic diseases ap-
pear to be associated with base substitutions at CpG din-
ucleotides (2). Between 25% and 50% of mutations in the
tumor suppressor p53 gene of cancer cells are GC—AT
transitions at CpG dinucleotides (2-4). Two types of epi-
genetic changes usually take place in cancer cells: (i) hy-
permethylation of CpG island promoter regions associated
with transcriptional silencing of tumor-suppressor genes
(e.g. MLHI, BRCAl, MGMT), and (ii) global hypomethy-
lation, i.e. loss of methylation (20-60% genome-wide) par-
ticularly within repetitive genomic sequences (5). The rea-
son for such hypermutability of CpG dinucleotides remains
unknown. One hypothesis suggests that 5-methylcytosine
(5mC) is more susceptible to thermal deamination than cy-
tosine. The difference in the rate of thermal deamination
of cytosine and 5mC is about 4-fold for the monomer or
single-stranded DNA (half-life = 50 and 200 y, respectively)
and between 2- and 3-fold for double-stranded DNA (half-
life = 38 000 and 85 000 y, respectively) (6-10). However,
the difference in the thermal deamination of cytosine and
SmC in double-stranded DNA (2-3-fold) does not explain
the difference in mutability of methylated and nonmethy-
lated CpG (12-42-fold) (2). Another hypothesis is that the
repair of G:U base pairs by uracil DNA glycosylase (UNG)
is more efficient than the repair of G:T base pairs (11). As
a complement to these hypotheses, we propose that CpG
hypermutability is due to the pathway of oxidation and the
subsequent chemistry of final products.

Recent interest in SmC arises from the discovery of
extraordinarily high levels of 5-hydroxymethylcytosine
(5hmC), an oxidation product of 5mC, in the DNA of
brain Purkinje and granule cells (12). The levels of ShmC
range from 0.1 to 0.7% of cytosine depending on the tissue
(13,14). The oxidation of 5SmC to ShmC in cellular DNA
involves the ten-eleven translocation (TET1, 2 and 3) fam-
ily of enzymes, which are iron (II)- and a-ketoglutarate-
dependent dioxygenases present in the nucleus. Iterative ox-
idation also occurs to produce S-formylcytosine (5fC) and
5-carboxylcytosine (15-17). Thereby, these enzymes have
been shown to oxidize 5SmC in vitro, reduce the level of
ShmC in TET null cells, and moreover, the expression of
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Figure 1. Structures of pyrimidine oxidation products. Each struc-
ture includes derivatives with different substituents for R; and Rj: 5-
methylcytosine (SmC (1a): R; = NH»;R, = CH3), thymine (T (1b): R; =
OH;R; = CH3), cytosine (C (1¢): R = NHj;R, = H) and uracil (U (1d):
R; = OH;R, = H). Abbreviations for the different products are denoted
by the nucleobase-modification, e.g. SmC-Gly (2a) is the glycol product of
5-methylcytosine, T-Hyd (3b) is the hydantoin product of thymine, C-Imid
(4c) is the imidazolidine product of C, etc. The 5-hydroxymethyl deriva-
tives are denoted as ShmC (5a) and ShmU (5b) and the 5-formyl deriva-
tives as 5fC (6a) and 5fU (6b). Pyrimidine bases are attached by a squiggly
line indicating that they are either attached to a 2-deoxyribose moiety (i.e.
2’'-deoxyribonucleosides) or are part of a DNA chain (Figure 2).

TET enzymes correlates with the differentiation of embry-
onic cells during development (18,19). Thus, TET enzymes
initiate the first step in the demethylation of methylated
SmCpG dinucleotides. Other steps of demethylation may
follow including deamination of ShmC by AID/APOBEC,
removal of ShmU by thymine DNA glycosylase (TDG) and
single-strand specific monofunctional DNA glycosylase 1
(SMUGT) to complete the demethylation of SmC to cyto-
sine (20,21). Interestingly, the levels of ShmC in the DNA
of cancer cells, e.g. glioblastoma, myeloid malignancies, etc.
are considerably lower than those observed in normal cells
(22,23).

Here, we apply liquid chromatography tandem mass
spectrometry (LC-MS/MS) to measure five oxidation
products of SmC (1a) as modified 2’-deoxyribonucleosides:
5,6-dihydroxy-5,6-dihydro-5-methyl-2’-deoxycytidine
(5mC-Gly, 2a); 5-hydroxy-5-methyl-4-aminohydantoin
(5mC-Hyd, 3a); I-carbamoyl-3,4-dihydroxy-2-oxo-
imidazolidine (5mC-Imid, 4a); 5-hydroxymethylcytosine
(5hmC, 5a) and 5-formylcytosine (5fC, 6a; see structures in
Figure 1). In addition, the analogous products arising from
the oxidation of cytosine (five products) and thymine (four
products) in DNA are monitored in the same analysis. The
formation of these products is examined in five oligonu-
cleotide (ODN) duplexes containing different amounts of
SmC, calf-thymus (CT) DNA, and intact mammalian cells
exposed to ionizing radiation. These analyses demonstrate
that 5SmC is more sensitive than nonmethylated C to eOH-
induced oxidation. The major products of SmC oxidation
include 5SmC-Hyd (3a) and 5fC (6a) while the formation of
SmC-Gly (2a), SmC-Imid (4a) and ShmC (5a) is minor.
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ODN

duplex Sequence (X=5mC)

Tm(C)

. 5-CGC GAATTC GCG-3’
1 3'-GCG CTT AAG CGC-5 642 03

. 5-CGX GAATTX GCG-3'
22 3-GCG XTTAAG XGC-3' 659 03

3.4 5-ATATCG ACG TCGACG TATA-3’ 661 0.4
’ 3'-TAT AGC TGC AGC TGC ATAT-5' | :

36 5-ATATCG ACG TCGACG TATA-3’ 66.8 0.6
) 3-TAT AGX TGX AGX TGX ATAT-5 i i

56 5-ATATXG AXG TXG AXG TAT A-3’ 69.9 05
) 3-TAT AGX TGX AGX TGX ATA T-5’ i i

Figure 2. Sequences and melting temperatures of ODN duplexes.

MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich and were
of reagent grade unless stated otherwise. The purification
of modified nucleosides was carried out by HPLC-UV us-
ing an Alliance system (Waters 2795 or 2690) connected to
dual wavelength UV detectors (Waters 2487) and controlled
by Millenium workstation (Waters version 4). For HPLC
analysis with UV detection, the separation of modified nu-
cleosides was achieved on a reversed phase column (5 pm
ODS A 250 x 6 mm; YMC) using isocratic conditions or
a gradient from 100% of mobile phase A (ammonium for-
mate (20 mM) adjusted to pH 5) and 0-20% of mobile phase
B (90% acetonitrile) with a flow rate of 1 ml/min. Melting
temperatures (7,) of ODN duplexes were determined on a
spectropolarimeter (Jasco J-810) at 250 nm and scan rate
of 1°C per min (10-95°C). The experimental melting curves
were fit to a two-state transition using graphical van’t Hof
analysis (24,25). "H-NMR analyses were performed in D,O
using Bruker 300 MHz and Varian 600 MHz spectrometers.

Irradiation of oligonucleotides, calf-thymus DNA and F98
cultured cells

Oligonucleotides (ODNSs; Figure 2) were purified before ox-
idation by reversed phase HPLC using a gradient of for-
mate buffer (20 mM) to the same buffer containing 30%
acetonitrile in 25 min at a flow rate of 1 ml/min using a
YMC-Pack Pro C18 column (250 length x 6.0 mm 1.D,;
particle size = 5 pm). The ODNSs eluted between 12 and 15
min under these conditions. The purified ODNs were sub-
sequently desalted by passage through a 3 kDa molecular
weight filtering device (Amicon Ultra, Ultracel-3K), which
lead to a dilution of salt >100-fold (<0.2 mM). The pu-
rified ODNs were dissolved in 50 mM NaCl and 20 mM
phosphate buffer (pH 6.9) and they were annealed with their
complementary strand by heating to 90°C for 5 min and al-
lowing them to cool to 23°C over a period of 2 h. ODN du-
plexes and CT-DNA solutions were bubbled 10 min prior to
irradiation as well as during irradiation with a continuous
and pre-hydrated flow of oxygen gas. ODN duplexes and
CT-DNA (1.2 mg/ml) were irradiated in an open 1.5 ml Ep-
pendorf tube placed in the center of a Gammacell 220 deliv-
ering 1.2 Gy/min for 0-2 h (0-200 Gy). The radiation dose
was determined by Fricke dosimetry as previously described
(26). After irradiation, the duplex ODNs were precipitated
by the addition of 3 M sodium acetate (final concentration
0.3 M) and 2.2 volumes of ice cold ethanol followed by cen-
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trifugation at 14 000 g at 4°C for 30 min. The DNA pellet
was rinsed twice with 90% ethanol.

Experiments with cells were carried out using cultured
Fischer glioma cells (F98) obtained from ATCC (Man-
assas, VA). Cells were grown in monolayers using Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum (Gibco, Burlington, ON), 26.2 mM of
sodium bicarbonate, 2 mM L-glutamine and a mix of peni-
cillin (100 pl/ml) and streptomycin (100 pl/ml) at 37°C
in a humidified environment with 5% CO,. The cells were
washed with phosphate buffered saline prior to irradiation.
The cells were pelleted by centrifugation at 1000 g and ex-
cess liquid was carefully removed from the top of the cells.
F98 cells were then irradiated in a closed 1.5 ml Eppendorf
tube placed in the center of a Gammacell (ELAN 3000,
Theratronics, Ottawa, ON) emitting y-ray from a Cs-137
source (1.2 MeV) at a dose rate of 11.30 Gy/min (irradia-
tion time = 0-6 h) as determined by Fricke dosimetry (26).

Extraction of DNA from irradiated F98 cells

After irradiation, F98 cells (~5 million) were suspended in
300 pl of extraction buffer (10 mM Tris-CI (pH 8.0) + 5 mM
EDTA-Na;, 0.15 mM desferrioxamine pH 8.0) and sub-
jected to two freeze-thraw cycles in liquid N;. Total RNA
was removed by digestion at 50°C for 30 min with 20 wl of
RNAse A (prepared in 1 mg/ml in 10 mM Tris-ClI (pH 8),
1 mM EDTA-Na,, 2.5 mM desferrioxamine pH 7.4). Then,
15 pl of protease (20 mg/ml in water) was added to the
samples and incubated at 37°C for 120 min with frequent
vortex. After protease treatment, DNA was precipitated by
the addition of 600 w1 of Nal solution (7.6 M Nal, 40 mM
Tris-Cl (pH 8.0), 20 mM EDTA-Na, and 0.3 mM desfer-
rioxamine) and 1 ml of 2-propanol. The sample was kept
at —20°C for 30-60 min and followed centrifugation at 14
000 g for 30 min at 4°C. The supernatant was removed and
the pellet washed with 1 ml of 40% 2-propanol followed by
70% ethanol. The pellet was briefly dried under vacuum and
stored in the freezer.

Enzymatic digestion of DNA

DNA samples were dissolved in 40 w1 of water and 5 l of
labeled internal standard mixture was added. For DNA di-
gestion, 5 pl of 500 mM sodium acetate at pH 5.5 and 5
wl (5 units) of P1 nuclease (Sigma N8630, stock solution is
prepared by the addition of 1 mg of lyophilized powder dis-
solved in 300 mM sodium acetate at pH 5.3) were added,
and the solution was incubated at 37°C for 60 min. The re-
sulting mixture of nucleotides was digested further by the
addition of 10 pl Tris-CI (500 mM, pH 8.0), 5 pl (0.005
units) of snake venom phosphodiesterase (Sigma P3134,
stock solution is prepared by dissolving 9 mg of lyophilized
powder in 100 pl of 50 mM Tris-ClI at pH 8.0) and 5 pl (5
units) of alkaline phosphatase (Roche, stock solution used
as received in accompanied buffer solution). The mixture
was vortexed and incubated at 37°C for 60 min. At the end
of enzymatic digestion, 10 pl of phosphoric acid (0.22 M)
and 40 pl of chloroform were added to the sample to re-
move excess protein by centrifugation at 10 000 rpm for
10 min. The supernatant (~80 wl) was carefully withdrawn

for LC-MS/MS analyses. The efficiency of enzymatic diges-
tion was considered to be quantitative because adding ad-
ditional enzyme or extending the time of incubation did not
increase the release of damage as 2'-deoxyribonucleosides.
Moreover, there was no evidence for the presence of nondi-
gested dinucleotides containing damage in the final mixture
as inferred by LC-MS/MS analysis (27,28).

Synthesis of isotopically labeled standards

Labeled thymidine ('N,; 96-98%), 2'-deoxycytidine (}°Ns;
96-98%) and 8-oxo-7,8-dihydro-2'-deoxyguanosine ('’Ns;
96-98%) were purchased from Cambridge Isotope Lab-
oratories Inc. (Tewsbury, MD). The synthesis of natu-
ral and labeled standards for the oxidation products of
2'-deoxycytidine (U-Gly (2d), U-Hyd (3d), C-Imid (4c),
50hC (7¢), 50hU (7d), and thymidine (T-Gly (2b), T-
Hyd (3b), ShmU (5b) and 5fU (6b) was carried out
as described previously (28); structures 1-6 are shown
in Figure 1 whereas structure 7¢ and 7d are shown in
Scheme 1. 5-Methyl-2’-deoxycytidine was synthesized in
three steps from labeled thymidine (>N,; 96-98%) and
ammonium hydroxide (NH4—'"N; 99%) using established
procedures (29-31). The synthesis of SmC-Hyd (3a) was
carried out by ozonolysis using the same procedure as
that for the synthesis of T-Hyd (3b) and U-Hyd (3d)
(28). Likewise, the synthesis of SmC-Imid was carried out
by the same procedure as that for C-Imid via peroxi-
dation of the 5-bromo-6-hydroxy-5,6-dihydro-5-methyl-2’-
deoxycytidine (28,32). All labeled compounds were purified
by reversed phase HPLC, and their identity was confirmed
by MS analyses (28). MS analysis of SmC oxidation prod-
ucts (2a—6a, 2'-deoxyribonucleosides) is provided in Supple-
mentary Figures S2-S6.

LC-MS/MS analysis

The analysis of modified nucleosides was carried out us-
ing a conventional HPLC-UYV system (Shimadzu LC-10AD
pumps, DGU-10A degasser, SIL-HTc autoinjector, CTO-
10AS column heater, SPD-20A UV detector) coupled to
a tandem-mass spectrometer (MS/MS; API 3000 with
Turbo Ionspray; AB-Sciex, Concord, Canada). The anal-
ysis of products with a saturated or fragmented pyrimidine
ring, which includes glycol products (2a,2b,2d), hydantoin
products (3a,3b,3d) and imidazolidine products (4a.4c),
was carried out using a so-called Hypercarb column (250
length x 2.1 mm 1.D.; particle size 5 pm; Thermo Scien-
tific), whereas the 5,6-unsaturated products (5a,5b,6a,6b),
S-hydroxycytosine (5SohC (7¢) and 5-hydroxyuracil (SohU
(7d)) were separated on an octadecylsilyl silica gel (ODS)
column (250 length x 2.0 mm I[.D.; particle size = 5 um;
YMC). In the first case (Hypercarb packed column), the
products were eluted using a gradient starting with 90% am-
monium formate (5 mM, pH 5) in 10% acetonitrile going to
65% of the latter buffer in 35% acetonitrile in 15 min at a
total flow rate of 0.2 ml/min. The duration of analysis was
35 min, which included the gradient program for separa-
tion (15 min), column wash with 90% acetonitrile (10 min)
and equilibration for the next injection (10 min). In the sec-
ond case (ODS packed column), the products were eluted



using a gradient starting with 95% ammonium formate (5
mM, pH 5) in 5% acetonitrile going to 80% of the latter
buffer in 20% acetonitrile in 15 min at a total flow rate of
0.18 ml/min. The same wash program was used as above
with the ODS column. The flow was split to the MS/MS
instrument (~85%) and the UV detector (~15%) by a low
volume union-tee. The products were detected by positive
ionization using multiple reaction monitoring (MRM). The
yield of products was determined from the ratio of specific
ion signals for the natural and synthetic isotopic standards
(added before DNA digestion). A mixture of isotopic stan-
dards and nonmodified 2’-deoxycytidine was injected ev-
ery 3-4 samples in order to determine the amount of 2'-
deoxycytidine in digested DNA by UV detection at 260 nm.
The MRM signal of modified products in pure solution was
linear over the observed levels of products in DNA samples
(Supplementary Figures S2.2-S6.2). The calibration curves
for the quantification of 2’-deoxycytidine and thymidine ox-
idation products was as previously reported (28).

RESULTS
General considerations

The melting curves of each ODN duplex were determined
under the same conditions of salt and DNA concentra-
tion as the irradiations (Figure 2). The percentage of single-
stranded DNA can be estimated by further analyses, which
indicate that, during irradiation at 23°C, the contribution
of single-stranded DNA was minor for the 12-mer ODN
duplexes (estimated to be 3.3% for 1:1 and 6.7% for 2:2;
Supplementary Figures S1.1 and S1.2) and lower for the 19-
mer ODN duplexes (estimated to be between 0.1 and 1.5%;
Supplementary Figures S1.3-S1.5). Thus, ODN molecules
were predominantly double stranded during irradiation.
Three model systems were chosen to examine DNA dam-
age: the Dickerson-Drew dodecamer, a symmetrical 19-mer
with four repeating CG sequences, and CT-DNA (Figure
2). The complete analysis of pyrimidine oxidation prod-
ucts was achieved by separate reversed phase and porous
graphitic carbon ‘Hypercarb’ liquid chromatography cou-
pled to tandem mass spectrometry (Figure 3). Fifteen mod-
ifications of DNA were measured as a function of radiation
dose (0-200 Gy) and the corresponding rate of formation
determined by linear regression of yield-dose graphs (Fig-
ure 4).

nullnull5SmC products include the corresponding glycol
(2a), hydantoin (3a) and imidazolidine (4a) products to-
gether with ShmC (5a) and 5fC (6a). A complication in the
analysis of SmC-Gly products was their deamination to T-
Gly during enzymatic digestion of DNA. For the quantifi-
cation of SmC-Gly, we used one of the two isotopic stan-
dards that are separated using ‘Hypercarb’ chromatogra-
phy. The assumption that both isomers of SmC-Gly give
the same response by MS is reasonable in view of the equal
MRM signal observed in chromatograms (Figure 3) and
the reported close similarities between isomers of pyrimi-
dine glycols (33). The two isomers of SmC-Gly also give
approximately equal signals using alternative MRM tran-
sitions (m/z 276 to 117 (loss of the base moiety), m/z 276
to 258 (loss of H,0), m/z 276 to 160 (loss of the sugar
moiety) and m/z 276 to 142 (loss of the sugar and H,0)).
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Figure 3. LC-MS/MS analysis of 5-methylcytosine (SmC) oxidation prod-
ucts in DNA. ODN 5:6 duplex was exposed to 50 Gy of ionizing radiation
in oxygenated aqueous solution. The sample was digested enzymatically
to its component 2’-deoxyribonucleosides. The equivalent of 35 pg of di-
gested DNA was injected onto a Hypercarb column (top panel) for the
analysis of SmC-Gly (2a), 5SmC-Hyd (3a) and SmC-Imid (4a), and as well
onto a reversed phase column (bottom panel) for the analysis of ShmC
(6a) and 5fC (5a). The natural products are shown in black and the iso-
topic standards in red. The amount of isotopic standards injected for 2a,
3a and 4a was 3.0 pmol while that for 5a and 6a was 8.3 pmol.

The deamination of SmC-Gly to T-Gly has been reported
to take place with half-lives of SmC-Gly of about 20 h
(17 and 22 h) in aqueous neutral solution at 37°C as 2'-
deoxyribonucleosides and of about 32 h (27 and 37 h) un-
der the same conditions in duplex DNA (34,35). Based on
changes in the amount of isotopic standard of 5SmC-Gly,
we estimate that 20% of SmC-Gly undergoes deamination
during enzymatic digestion. In addition to SmC-Gly, SmC-
Hyd (3a) undergoes deamination to T-Hyd (3b) during en-
zymatic digestion albeit to a lesser extent (<5%) than the
above reaction for SmC-Gly. Thus, the yields of T-Gly and
T-Hyd were corrected accordingly. In contrast to SmC-Gly
(2a) and 5SmC-Hyd (3a), the corresponding oxidation prod-
ucts of cytosine, C-Gly (2¢) and C-Hyd (3c¢) are very unsta-
ble as 2’-deoxyribonucleosides in neutral aqueous solutions
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Table 1. Radiation-induced base damage in naked DNA

Oxidation ODN3:6%
products ODNI:1? (C) ODN2:2% (C+5mC) ODN3:4% (C) (C+5mCQC) ODN3:6* (5mC) CT-DNA?

9 0 9 0 9 0 OA) 9 0 9 0
SmC-Gly (2a) b 1.494+0.10 12 b 0.23+£0.04 8 043+0.04 6 027 £0.02 26
SmC-Hyd (3a) —b 328+023 26 b 0.77 £0.05 27 1.70 £0.12 23 0.27 £0.03 26
5mC-Imid (4a) —P 1.884+0.13 15 —b 0.174+0.02 6 0.38+0.10 5 <0.02¢ 0
ShmC (5a) —b 0.55+0.04 4 —b 0.08+0.01 3 0.24+0.05 3 0.03+0.01 3
5fC (6a) —b 545+£0.38 43 —b 1.56 £ 0.44 56 4.674+0.47 63 045+0.03 44
Total 5mC (1a) 12.65 +£0.89 100 2.81 £0.56 100 742 +0.78 100 1.04 £0.09 100
U-Gly (2d) 1.354+0.09 11 1.444+0.10 17 0.76 £0.10 19 0.524+0.10 22 —b 0.83+0.06 14
U-Hyd (3d) 1.88£0.13 15 1.174+£0.08 14 1.324+0.39 34 0.724+0.09 30 —b 1.08 £0.08 18
C-Imid (4¢) 5.38+0.38 43 2.15+£0.15 25 048 £0.04 12 0.28 £0.07 11 —b 1.23+0.15 21
SohC (7¢) 2.38+£0.17 19 228 +£0.16 27 0.54 +£0.09 14 0.31 £0.07 13 — b 147 +0.10 25
SohU (7d) 148 £0.10 12 1.53 +£0.11 18 0.80 £0.07 21 0.57+£0.05 24 —b 1.274£0.09 22
Total C (1¢) 12.474+0.87 100 8.57+0.60 100 3.90+0.69 100 2.404+0.38 100 5.88+0.48 100
T-Gly (2b) 1.69 £0.12 17 1.434+0.10 18 2.60 £0.20 32 2,68 £0.38 32 331+£023 29 1.89 £0.13 16
T-Hyd (3b) 045+0.03 5 0.16 £0.01 2 0.56 £0.07 7 045+0.11 5 0.60 +£0.04 5 0.53+0.04 4
ShmU (5b) 0.51+£0.04 5 0.87 £0.06 11 042+0.05 5 0.33+0.02 4 0.55+0.14 5 0.95+0.07 8
5fU (6b) 721 £0.50 73 5.38+0.38 69 4.654+0.60 56 4954+0.35 59 6.79 £0.48 60 8.70+£0.61 72
Total T (1b) 9.86 £0.69 100 7.84+£0.55 100 823+092 100 8.41 £0.86 100 11.254+0.89 100 12.07+0.85 100
8ox0G 40.8 +£2.9 18.6 + 1.3 1444+1.2 11.8+£2.8 16.2 + 1.1 11.8 +£0.8

2Yields are given in units of lesions/million DNA bases. They were obtained from the rate of formation of lesions as a function of radiation exposure
(Figure 4). The initial concentration of ODN duplexes and CT-DNA was 0.80 mg/ml. The S.D. for total damage was taken as the sum of individual S.D.

for each product.
"Not detected because the parent DNA base was absent.
¢A small increase above baseline was observed at the highest dose.
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Radiation dose (Gy)

Figure 4. Rate of formation of oxidation products from isolated DNA. The
formation of products of ODN 5:6 duplex was monitored as a function
of radiation dose (Figure 3). The rate of formation was calculated from a
linear fit of the points (2 > 0.95). Results obtained from three independent
experiments (n = 3).

at 37°C (half-life < 1 h) (36,37). Thus, we assume that they
convert quantitatively during DNA digestion to the corre-
sponding uracil derivatives, U-Gly (2d) and U-Hyd (3d), re-
spectively (in this case, the isotopic standards of the deam-
inated products were used for quantification). The lack of
a CHj substituent at C5 in the case of cytosine allows for
the efficient dehydration of initial C-Gly (2¢) products to
5ohC (7¢) and 5SohU (7d). Although the glycols of SmC and
thymine are stable enough for quantification in DNA, the

corresponding products of cytosine transform to a mixture
of U-Gly (2d), 50hC (7¢) and 50hU (7d).

Effect of cytosine methylation in identical sequences

To determine the effect of methylation on DNA damage,
two internal cytosine (C) residues were replaced with SmC
(ODN 1:1 and ODN 2:2). The effect of methylation on
DNA damage was also determined in duplexes containing
19 base pairs with four repeating CG sequences (Figure 2):
nonmethylated (ODN 3:4), hemimethylated (ODN 3:6) or
fully methylated (ODN 5:6). Lastly, purified CT-DNA was
used as a common model system for DNA damage assess-
ment. Table 1 summarizes the observed rate of formation
of oxidation pyrimidine products upon exposure of ODN
duplexes and CT-DNA to gamma-radiation. The effect of
methylation on DNA damage was ascertained from the to-
tal damage at C and 5mC sites in DNA (Table 1). For the
short ODNs (ODN 1 and 2, self-complementary 12-mer),
the total of C damage in ODN 1:1 with four C residues was
12.7, whereas the total of C and 5SmC damage in ODN 2:2
with two residues each of C and 5mC increased to 21.2 in
units of damage per million DNA bases. Similarly, the to-
tal damage at C and 5SmC sites increased from 3.9 to 5.2
to 7.4 damage per million DNA bases when C was progres-
sively replaced with SmC in the series of ODN duplexes con-
taining C only (ODN 3:4), equal amounts of C and 5SmC
(ODN 3:6), and only SmC (ODN 5:6), respectively (Table
1). These results clearly demonstrate that when C is replaced
with SmC in DNA at the exact same position in DNA se-



Table 2. Radiation-induced base damage in cellular DNA

Product/DNA

base? 5mC (1a) C(1¢) T (1b) Guanine
Gly (2) n.d. 1.48+£0.14  7.7540.10

Hyd (3) 0374001 5714048 085+0.14

Imid (4) n.d.b 2.12+0.06

5hmC/5hmU  1.20 £ 0.14 13.26 + 1.64

5)

5fC/5fU (6)  0.47 4 0.05 1947 £ 1.15

8ox0G 8.72+0.72

4Rate of formation of pyrimidine oxidation products in cellular DNA in
units of lesions per 10® non-modified DNA bases per kGy of ionizing ra-
diation. The values were obtained from the graphs presented in Figure 5.
Levels of modifications in non-irradiated cells were 7.5 5hmC, 0.5 5fC,
5.6 ShmU, 24.5 5fU, 3.7 T-Gly and 2.5 80x0G lesions per 10° nonmodi-
fied DNA bases modifications; the other lesions were not detected in non-
irradiated cellular DNA (<0.1).

quences, the total damage at that site increases by an average
of 1.8-fold.

nullnullThe above assessment can also be extended to
CT-DNA. In this case, the effect of sequence is averaged
throughout the genome of CT-DNA. Assuming that ¢OH
reacts equally with C and SmC, the difference in damage at
C and 5SmC should reflect the amount of each of these bases
in DNA. Hence, one can calculate as a first estimation that
damage at C will be 15.6-fold (100/6.4) higher than dam-
age at SmC based on the known percentage of SmC to C
in CT-DNA (6.4%; (38,39)). In comparison, the total dam-
age at C was 5.9 lesions/10° bases and that at SmC was
1.0 lesions/10°® bases in CT-DNA (Table 1), giving a differ-
ence of 5.7-fold (5.9/1.0). The difference between expected
and observed damage in CT-DNA is 2.7 (15.6/5.7), which
is higher than that observed for ODNs but nevertheless in
agreement with the estimated greater sensitivity of SmC to
eOH-induced damage observed for ODN:ss.

Distribution of products for SmC, cytosine and thymine in iso-
lated DNA

The distribution of oxidation products of SmC was 9%, 25%
and 9% for SmC-Gly (2a), SmC-Hyd (3a) and 5SmC-Imid
(4a), and 54% and 3% for ShmC (5a) and 5fC (6a), respec-
tively (calculated from the absolute yields given in Table
1, taking the average of three duplexes (ODN 2:2; ODN
3:6; ODN 5:6)). The yields of 5SmC products were similar
in ODN duplexes and CT-DNA except for SmC-Gly (2a)
that increased significantly in CT-DNA (9% (average of du-
plexes) to 26%). In the case of cytosine, the percentage of
damage in ODN duplexes was fairly evenly distributed over
five major products: U-Gly (2d; 17%), U-Hyd (3d; 23%), C-
Imid (4c; 23%), SohC (7¢; 18%) and SohU (7d; 19%) (taking
the average of four ODN duplexes). Likewise, the distribu-
tion of C oxidation products was similar in ODN duplexes
and CT-DNA. Lastly, total damage to thymine in ODN du-
plexes can be divided into four major products: T-Gly (2b;
26%), T-Hyd (3b; 5%), ShmU (5b; 6%) and 5fU (6b; 63%).
In comparison, 5fU appeared to increase at the expense of
T-Gly in CT-DNA. There were several interesting changes
in the distribution of base products in ODN duplexes. For
example, the percentage of 5fC significantly increased (43%
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Figure 5. Rate of formation of oxidation products from cellular DNA. F98
cells were exposed to ionizing radiation (04 kGy), DNA was extracted and
digested, and the modified 2’-deoxyribonucleosides were quantified by LC-
MS/MS analyses. The formation of 5,6-unsaturated products is shown in
the upper panel and that of saturated products in the lower panel. Results
obtained from five independent experiments (n = 5). The values for the rate
of formation of each product in cellular DNA are given in Table 2.

to 63%) while SmC-Imid decreased (15% to 5%) in ODN 5:6
compared to ODN 2:2; the percentage of 50hC increased
(19% to 27%) and C-Imid decreased (43% to 25%) in ODN
1:1 compared to ODN 2:2. Surprisingly, the yield of 8oxoG
varied remarkably among the five ODN duplexes (12 to 41
lesions/million DNA bases).

Formation of SmC, C and T oxidation damage in cellular
DNA

The formation of products was measured in cells exposed to
ionizing radiation (2 and 4 kGy). It was necessary to apply
lethal doses of radiation to reach the appropriate levels of
damage for their quantification by LC-MS/MS (Figure 5,
Table 2). The radiation-induced rate of formation for T-Gly,
5fU, ShmU and 8oxoG were comparable to the values re-
ported previously using LC-MS/MS (40-43). In some cases,
there was a relatively high amount of damage in the DNA
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Scheme 1. Proposed mechanism of formation of glycol, hydantoin and imidazolidine products.

of non-irradiated cells. This damage can be attributed to
either endogenous or artificial damage induced during the
extraction of DNA from cells and subsequent procedures.
For example, the high amount of 80xoG (2.5 lesions/10°
bases) in non-irradiated cells likely arises by autooxida-
tion of guanine during sample preparation in view of the
generally lower level of this damage that has been previ-
ously observed in cellular DNA (0.5-1.2 lesions/10° bases)
(44,45). In contrast, the relatively high amount of ShmC (7.5
lesions/10° bases) and 5fC (0.5 lesions/10° bases) in non-
irradiated cells is most likely due to the enzymatic oxidation
of 5SmC by TET family enzymes (13,14,46). Although 5-
hydroxycytosine (50hC) and 5-hydroxyuracil (50hU) were
detected in ODN duplexes and isolated DNA exposed to
ionizing radiation, the level of these products was below our
detection limit from cellular DNA. In the case of 50hC and
50hU, however, the recovery of isotopic standard was poor
during DNA digestion, suggesting the presence of impuri-
ties that may selectively destroy these modified bases that
have a low oxidation potential (47).

DISCUSSION
Mechanism of oxidation of pyrimidine bases

The proposed mechanism of oxidation of SmC is depicted
in Schemes 1 and 2. The mechanism has been adapted to
include analogous products of cytosine and thymine. When
an aqueous dilute solution of DNA is exposed to ionizing
radiation, the main reactive species is «OH, which rapidly

undergoes addition to the 5,6-double bond of pyrimidine
bases and abstracts a hydrogen atom from the methyl group
of thymine and 5SmC. The reaction of solvated electrons
(eaq) with DNA is negligible because these species predomi-
nantly react with oxygen to generate superoxide radical an-
ions (0,°7) in oxygenated solutions. It may be added that
pyrimidine base radical anions that arise from the addition
of e,q are easily oxidized to the parent nucleobases with the
release of unreactive O,°~. The reaction of «OH with pyrim-
idine bases takes place at both C5 and C6 with a bias to-
ward C3, leading to the formation of intermediate reducing
pyrimidin-6-yl radicals (8, Scheme 1, intermediate oxidizing
pyrimidin-5-yl radicals are not shown). In the presence of
O,, pyrimidin-6-yl radicals (8) convert to the corresponding
peroxyl radicals (9). The fate of pyrimidine peroxyl radicals
in DNA has been proposed to involve addition reactions to
pyrimidine or purine bases, H-atom abstraction with neigh-
boring 2-deoxyribose moieties, and electron transfer to gua-
nine although the latter reaction has been recently ques-
tioned (48-52). It is reasonable to assume that the subse-
quent decomposition reactions of peroxyl radicals in DNA
involve the formation of either a hydroperoxide or the puta-
tive formation of an endoperoxide between two DNA bases.
In the case of thymidine 5(6)-hydroxy-6(5)-hydroperoxides
(10) (53), the decomposition pathway can be explained by
0O-0O bond cleavage to give glycol products (2; Pathway 1),
C5-C6 bond cleavage to give an intermediate (11) that trans-
forms into hydantoin products (3; Pathway II), and C4-C5
bond cleavage to give an intermediate (12) that transforms
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into imidazolidine products (4; Pathway III) (32,54). In ad-
dition, C-Gly (2¢) undergoes deamination to U-Gly (2d)
and subsequent dehydation to 5ohC (7¢) and SohU (7d).
Thus, the pathway leading to glycol products in the case
of cytosine includes U-Gly (2d), SohC (7¢) and 50hU (7d)
(Pathway I).

The quantitative importance of each pathway in the for-
mation of stable products can be compared for thymine, cy-
tosine and SmC (Table 1). For simplicity, we will only con-
sider the yields for CT-DNA. In the case of thymine, the
yield of products arising from the initial addition of eOH
to the 5,6-double bond (pathways I and II) leads to a ra-
tio of glycol to hydantoin products of 4:1. In comparison,
the ratio was 3.4:1 for cytosine and only 1:1 for SmC. These
results show that the pathway for the formation of glycol
products decreases or that the pathway to hydantoin prod-
ucts increases in the case of SmC. Indeed, the ratio of glycol
to hydantoin products from SmC appears to be even smaller
in selected ODN duplexes (Table 1).This changeover in the
yield of glycol versus hydantoin products may be attributed
to an effect of the C4 substituent (carbonyl or amino group)
on the decomposition of intermediate 5(6)-hydroxy-6(5)-
hydroperoxides (9,10). For example, a carbonyl group at C4
may favor O-O bond cleavage of the hydroperoxide leading
to glycol products (2) while an amino group at C4 leads to
more efficient C5-C6 bond cleavage of the pyrimidine ring
leading to hydantoin products (3). The higher yield of hy-
dantoin products from the oxidation of SmC compared to
cytosine may also be due to a change in the percentage of
initial eOH addition to C5 and C6, which is 87% to 13%
for cytosine, and 65% to 35% for 5mC, respectively (55).
An increase in the addition of ¢OH at C6 may increase the
yield of pyrimidine 6-hydroxyl-5-hydroperoxides, which is
known, at least for thymidine hydroperoxides, to preferen-
tially decompose into hydantoin products (53).

Additional pathways are proposed to account for the for-
mation of ShmC (5a) and 5fC (6a) from the oxidation of
SmC as well as the formation of ShmU (5b) and 5fU (6b)
from the oxidation of thymine (Scheme 2). The formation of
methyl oxidation products likely arises from initial H-atom
abstraction from the methyl group by ¢OH, followed by for-
mation of the corresponding peroxyl radicals (14) and hy-
droperoxides (15) in oxygenated aqueous solution. The hy-
droperoxides of thymine (5-hydroperoxymethyluracil) and
that of SmC (5-hydroperoxymethylcytosine) are fairly stable
as 2’-deoxyribonucleosides at room temperature and neu-
tral pH (half-life > 10 h) (53,56). These hydroperoxides (15)
can decompose by two-electron reduction to give the alco-
hol (5) or by a one-electron process to first give an alkoxyl
radical (16) that in turn transforms into the alcohol (5) by
H-atom abstraction (Pathway I'Va). Alternatively, the alco-
hol (5) can arise from loss of superoxide radical anion from
the peroxyl radical (14) giving a carbocation (17) that con-
verts to the alcohol by the addition of H,O (57) (Pathway
IVDb). The yield of methyl oxidation products of SmC and
thymine were several fold higher than that estimated by the
percentage of H-atom abstraction from the methyl group by
eOH for monomers in solution (5-10%). For example, the
yield of 5fU and ShmU was 69% of the total oxidation prod-
ucts of thymine, taking the average of all DNA contexts; in
comparison, the yield of 5fC and ShmC was 57% of the to-
tal oxidation products of SmC. The difference between the
2’-deoxyribonucleosides and duplex DNA contexts is likely
due to the greater accessibility of «OH to attack the methyl
group of thymine and SmC, which protrudes into the major
groove of double helix DNA. In comparison, the 5,6-double
bond of pyrimidine bases is less accessible to ¢OH because
it is buried in the helix interior.
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Sensitivity of damage at C and SmC

It is well known that the methylation of cytosine in DNA
increases the rate of hydrolytic deamination (6-8), the rate
of photodimerization with UV light (58), the reactivity of
neighboring guanine toward electrophiles (59), and can in-
crease base radical cation hole transfer and damage at this
site (60). Although attempts have been made to compare
the susceptibility of cytosine and SmC to eOH-induced ox-
idation, these attempts fall short because they do not mea-
sure the majority of products in biological contexts. In the
present study, the susceptibility of C and SmC toward ¢OH
was determined by the analysis of several oxidation of each
base using LC-MS/MS. On the basis of the majority of cy-
tosine and SmC degradation products at identical sites of
ODN duplexes, the methylation of C results in a 1.8-fold
increase in the sensitivity of this base to oxidation by ¢OH.
This difference is likely due to the presence of the methyl
group that as for thymine is highly susceptible to H-atom
abstraction.

Changes in the distribution of products

The profile of products for each DNA base (5SmC, cyto-
sine and thymine) varied substantially within the five ODN
duplexes under study (Table 1). These changes can be at-
tributed in part to an effect of the methylation of cytosine
on the conformational structure of double-stranded DNA.
The incorporation of SmC in place of cytosine in ODN du-
plexes under study stabilizes the duplexes as shown by in-
creases in Ty, of 1-3°C of the methylated sequences (Fig-
ure 2). The variation of products within different ODN du-
plexes may also be related to the nature of the base next
to damaged site. For instance, there is growing evidence to-
day that a large percentage of eOH-induced DNA damage
arises from the reaction of intermediate pyrimidine peroxyl
radicals of DNA bases (i.e. structures 9 and 14, Schemes
1 and 2) with neighboring bases (48,50,52,61-65). Large
changes in the yield of guanine oxidation products have re-
cently been observed to depend on the methylation of cyto-
sine and the nature of neighboring bases (66). The proximity
of DNA bases to the termini may also play an important
role in the formation of products. The results of 5fC and
5fU in ODN duplexes are in good agreement with previous
studies using either iron complexes and H,O, or radiation-
induced eOH as oxidizing agents (67-69).

Formation of SmC products in cellular DNA

Several eOH-induced decomposition products of SmC, cy-
tosine and thymine were measured as a function of radiation
dose in cellular DNA (Table 2). Of the SmC oxidation prod-
ucts, the main radiation-induced modified base was ShmC
followed by 5fC and 5mC-Hyd; in contrast, SmC-Gly and
SmC-Imid were not detected. From the rates of formation
of SmC products, it is clear that extremely high and lethal
doses of ionizing radiation (6 kGy) would be necessary to
significantly convert SmC to ShmC in cellular DNA; thus
an acute dose of ionizing radiation cannot directly induce
epigenetic changes at physiologically relevant doses. Inter-
estingly, the rate of formation of ShmC by ionizing radia-
tion was higher than that of 5fC in cellular DNA, whereas

the reverse was true in ODN duplexes or isolated DNA in
which 5fC was from 11 to 21-fold higher than ShmC (Table
1). In addition, the same trend was observed for the corre-
sponding methyl oxidation products of T (ShmU and 5fU).
This finding may be related to differences in the concentra-
tion of oxygen in cells compared to that in an oxygen sat-
urated solution of DNA. A proportion of intermediate 5-
(cytosyl)methyl and 5-(uracilyl) methyl radicals in cellular
DNA likely do not react with oxygen because of the low
oxygen concentration and thereby they may decay by alter-
native pathways, for example, by reaction with redox active
agents, such as metal ions, which can oxidize the radicals
to a carbocation followed by hydration to 5ShmC/U prod-
ucts (Pathway I'Vc). The difference in the ratio of ShmC/5fC
(2.6) and 5ShmU/5fU (0.68) may reflect a difference in the
rate of reaction of intermediate methyl radicals with oxygen
or a difference in the ability of redox agents to oxidize these
radicals. Another interesting finding is the amount of 5fU in
non-irradiated cells observed in cellular DNA (24.5 lesions
per 10® nonmodified DNA bases (Table 2)). This suggests
that there may be relatively high levels of endogenous 5fU
in the DNA of mouse F98 brain cells. Wang et al. (70) pre-
viously reported comparable levels of 5fU (20 lesions/10°
bases) in most samples of extracted mammalian DNA.

CONCLUSIONS

We conclude that SmC is more susceptible by 1.8-fold to
eOH-mediated oxidation reactions based on analysis of nu-
merous products in ODN duplexes in which cytosine was
replaced with 5SmC in identical sequences. The two major
oxidation products of SmC observed in the present study
were 5fC and SmC-Hyd, which together represented from
73 to 89% of the measured products of this base. The addi-
tion of «OH to the 5,6-double bond of SmC yields more hy-
dantoin than glycol products while the comparable reaction
with thymine leads to a higher amount of glycol products.
The final distribution of stable products ultimately depends
on the sequence and structure of ODN duplexes. In addi-
tion, there may be different nearest neighbor effects that di-
rect the oxidation of CG and methylated dinucleotides. The
nature and importance of tandem base lesions whose for-
mation may be initiated by the generation of pyrimidine hy-
droperoxyl radicals will require further investiagtion.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGMENT

The authors thank Amelie Wagner for technical assis-
tance in the synthesis and purification of modified nucle-
osides. The authors would also liketo thank Pr. Pierre Lavi-
gne and his laboratory, Département de Biochimie, Faculté
de Médecine et des Sciences de la Santé, Université de Sher-
brooke, for their kind assistance in determining the melting
temperatures of duplex oligonucleotides.

FUNDING

Canadian Institutes of Health Research (CIHR, grant num-
ber MOP-89862); Natural Science and Engineering Re-


http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku334/-/DC1

search Council of Canada (NSERC, discovery grant pro-

gram).
Conflict of interest statement. None declared.

REFERENCES

1.

10.

11.

12.

13

14.

15.

16.

17.

18.

19.

20.

Zhang,S.L., Glickman,B.W. and de Boer,J.G. (2001) Spontaneous
mutation of the lacl transgene in rodents: absence of species, strain,
and insertion-site influence. Environ. Mol. Mutagen., 37, 141-146.

. Cooper,D.N. and Youssoufian,H. (1988) The CpG dinucleotide and

human genetic disease. Hum. Genet., 78, 151-155.

. Greenblatt,M.S., Bennett,W.P., Hollstein,M. and Harris,C.C. (1994)

Mutations in the pS3 tumor suppressor gene: clues to cancer etiology
and molecular pathogenesis. Cancer Res., 54, 4855-4878.

. Pfeifer,G.P. (2000) pS3 mutational spectra and the role of methylated

CpG sequences. Mutat. Res., 450, 155-166.

. Esteller,M. (2007) Cancer epigenomics: DNA methylomes and

histone-modification maps. Nat. Rev. Genet., 8, 286-298.

. Lindahl, T. (1993) Instability and decay of the primary structure of

DNA. Nature, 362, 709-715.

. Frederico,A.L., Kunkel,A.T. and Shaw,R.B. (1990) A sensitive

genetic assay for detection of cytosine deamination: determination of
rate constant and activation energy. Biochemistry, 29, 2532-2537.

. Shen,J.C., Rideout,W.M. and Jones,P.A. (1994) The rate of hydrolytic

deamination of 5-methylcytosine in double-stranded DNA. Nucleic
Acids Res., 22,972-976.

. Labet,V., Morell,C., Cadet,J., Eriksson,L.A. and Grand,A. (2009)

Hydrolytic deamination of 5-methylcytosine in protic medium-A
theoretical study. J. Phys. Chem. A, 113, 2524-2533.

Schiesser,S., Pfaffeneder,T., Sadeghian,K., Hackner,B.,
Steigenberger,B., Schroder,A.S., Steinbacher,J., Kashiwazaki,G.,
Hofner,G., Wanner,K.T. et al. (2013) Deamination, oxidation, and
C-C bond cleavage reactivity of 5-hydroxymethylcytosine,
S-formylcytosine, and S-carboxycytosine. J. Am. Chem. Soc., 135,
14593-14599.

Duncan,K.B. and Miller,H.J. (1980) Mutagenic deamination of
cytosine residues in DNA. Nature, 287, 560-561.

Kriaucionis,S. and Heintz,N. (2009) The nuclear DNA base
S-hydroxymethylcytosine Is present in Purkinje neurons and the
brain. Science, 324, 929-930.

. Munzel, M., Globisch,D., Bruckl,T., Wagner,M., Welzmiller, V.,

Michalakis,S., Muller,M., Biel, M. and Carell,T. (2010)
Quantification of the sixth DNA base hydroxymethylcytosine in the
brain. Angew. Chem., 49, 5375-53717.

Globisch,D., Miinzel,M., Miiller,M., Michalakis,S., Wagner,M.,
Koch,S., Briickl,T., Biel, M. and Carell, T. (2010) Tissue distribution
of 5-hydroxymethylcytosine and search for active demethylation
intermediates. PLoS One, 5, €e15367.

Tahiliani,M., Koh,K.P., Shen,Y.H., Pastor, W.A., Bandukwala,H.,
Brudno,Y., Agarwal,S., Iyer,L.M., Liu,D.R., Aravind,L. ez al. (2009)
Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1. Science, 324, 930-935.
Ito,S., Shen,L., Dai,Q., Wu,S.C., Collins,L.B., Swenberg,J.A., He,C.
and Zhang,Y. (2011) Tet proteins can convert 5-methylcytosine to
S-formylcytosine and 5-carboxylcytosine. Science, 333, 1300-1303.
He,Y.F, Li,B.Z., Li,Z., Liu,P., Wang,Y., Tang,Q., Ding,J., Jia,Y.,
Chen,Z., Li,N. et al. (2011) Tet-mediated formation of
S-carboxylcytosine and its excision by TDG in mammalian DNA.
Science, 333, 1303-1307.

Ficz,G., Branco,M.R., Seisenberger,S., Santos,F., Krueger,F.,
Hore,T.A., Marques,C.J., Andrews,S. and Reik,W. (2011) Dynamic
regulation of 5-hydroxymethylcytosine in mouse ES cells and during
differentiation. Nature, 473, 398-402.

Liu,S., Wang,J., Siu,Y., Guerrero,C., Zeng,Y., Mitra,D., Brooks,P.J.,
Fisher,D.E., Song,H. and Wang,Y. (2013) Quantitative assessment of
Tet-induced oxidation products of 5-methylcytosine in cellular and
tissue DNA. Nucleic Acids Res., 41, 6421-6429.

Maiti,A. and Drohat,A.C. (2011) Thymine DNA glycosylase can
rapidly excise 5-formylcytosine and S-carboxylcytosine: potential
implications for active demethylation of CpG sites. J. Biol. Chem.,
286, 35334-35338.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Nucleic Acids Research, 2014, Vol. 42, No. 11 7459

Cadet,J. and Wagner,J.R. (2014) TET enzymatic oxidation of
S-methylcytosine, 5-hydroxymethylcytosine and

S-formylcytosine. Mutat. Res., 764-765, 18-35.

Kraus, T.F.J., Globisch,D., Wagner,M., Eigenbrod,S., Widmann,D.,
Miinzel,M., Miiller,M., Pfaffeneder,T., Hackner,B., Feiden,W. ez al.
(2012) Low values of 5-hydroxymethylcytosine (ShmC), the “sixth
base,” are associated with anaplasia in human brain tumors. Int. J.
Cancer, 131, 1577-1590.

Yang,H., Liu,Y., Bai,F., Zhang,J.Y., Ma,S.H., Liu,J., Xu,Z.D.,
Zhu,H.G., Ling,Z.Q., Ye,D. et al. (2013) Tumor development is
associated with decrease of TET gene expression and
S-methylcytosine hydroxylation. Oncogene, 32, 663-669.
Thalhammer,A., Hansen,A.S., El-Sagheer,A.H., Brown,T. and
Schofield,C.J. (2011) Hydroxylation of methylated CpG dinucleotides
reverses stabilisation of DNA duplexes by cytosine 5-methylation.
Chem. Commun., 47, 5325-5327.

Létourneau,D., Lorin,A., Lefebvre,A., Cabana,J., Lavigne,P. and
Lehoux,J.G. (2013) Thermodynamic and solution state NMR
characterization of the binding of secondary and conjugated bile
acids to STARDS. Biochim. Biophys. Acta, 1831, 1589-1599.
Spinks,J. and Woods,R. (1990) An Introduction to Radiation
Chemistry. Wiley, New York.

Tijima,H., Patrzyc,H.B., Budzinski,E.E., Dawidzik,J.B., Freund,H.G.
and Box,H.C. (2010) The 1-carbamoyl-2-ox0-4,5-
dihydroxyimidazolidine component of ROS-induced DNA damage in
white blood cells. Radiat. Res., 174, 101-106.

Samson-Thibault,F., Madugundu,G.S., Gao,S., Cadet,J. and
Wagner,J.R. (2012) Profiling cytosine oxidation in DNA by
LC-MS/MS. Chem. Res. Toxicol., 25, 1902-1911.

Lafrancois,C.J., Fujimoto,J. and Sowers,L.C. (1998) Synthesis and
characterization of isotopically enriched pyrimidine deoxynucleoside
oxidation damage products. Chem. Res. Toxicol., 11, 75-83.
Yamada,H., Tanabe,K., Ito,T. and Nishimoto,S.I. (2008) The pH
effect on the naphthoquinone-photosensitized oxidation of
S-methylcytosine. Chem. Eur. J., 14, 10453-10461.

Divakar,K.J. and Reese,C.B. (1982) 4-(1,2,4-triazol-1-yl)- and
4-(3-nitro-1,2.4-triazol-1-yl)-1-(B-D-2,3,
S-tri-O-acetylarabinofuranosyl)pyrimidin-2(1H)-ones. Valuable
intermediates in the synthesis of derivatives of
1-(B-D-arabinofuranosyl)cytosine (Ara-C). J. Chem. Soc., Perkin
Trans. 1,1171-1176.

Tremblay,S., Gantchev,T., Tremblay,L., Lavigne,P., Cadet,J. and
Wagner,J.R. (2007) Oxidation of 2°-deoxycytidine to four
interconverting diastereomers of
N-1-carbamoyl-4,5-dihydroxy-2-oxoimidazolidine nucleosides. J.
Org. Chem., 72, 3672-3678.

Wang, Y., Vivekananda,S. and Zhang,K. (2002) ESI-MS/MS for the
differentiation of diastereomeric pyrimidine glycols in
mononucleosides. Anal, 74, 4505-4512.

Cao,H., Jiang,Y. and Wang,Y. (2009) Kinetics of deamination and
Cu(II)/H202/ascorbate-induced formation of 5-methylcytosine
glycol at CpG sites in duplex DNA. Nucleic Acids Res., 37,
6635-6643.

Bienvenu,C. and Cadet,J. (1996) Synthesis and kinetic study of the
deamination of the cis diastereomers of 5,5-dihydroxy-5,
6-dihydro-5-methyl-2’-deoxycytidine. J. Org. Chem., 61, 2632-2637.
Tremblay,S., Douki,T., Cadet,J. and Wagner,J.R. (1999)
2°-deoxycytidine glycols, a missing link in the free radical-mediated
oxidation of DNA. J Biol. Chem., 274, 20833-20838.

Tremblay,S. and Wagner,J. (2008) Dehydration, deamination, and
enzymatic repair of cytosine glycols from oxidized poly(dC-dG) and
poly(dC-dl). Nucleic Acids Res., 36, 284-293.

Kok,R.M., Smith,D.E.C., Barto,R., Spijkerman,A.M.W., Teerlink,T.,
Gellekink,H.J., Jakobs,C. and Smulders,Y.M. (2007) Global DNA
methylation measured by liquid chromatography-tandem mass
spectrometry: analytical technique, reference values and determinants
in healthy subjects. Clin. Chem. Lab. Med., 45, 903-911.
Rocha,M.S., Castro,R., Rivera,I., Kok,R.M., Smulders,Y.M.,
Jakobs,C., De Almeida,l.T. and Blom,H.J. (2010) Global DNA
methylation: comparison of enzymatic- and non-enzymatic-based
methods. Clin. Chem. Lab. Med., 48, 1793-1798.

Frelon,S., Douki, T., Ravanat,J.L., Pouget,J.P., Tornabene,C. and
Cadet,J. (2000) High-performance liquid chromatography-tandem



7460 Nucleic Acids Research, 2014, Vol. 42, No. 11

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

mass spectrometry measurement of radiation-induced base damage
to isolated and cellular DNA. Chem. Res. Toxicol., 13, 1002-1010.
Hong,H., Cao,H. and Wang,Y. (2007) Formation and genotoxicity of
a guanine-cytosine intrastrand cross-link lesion in vivo. Nucleic Acids
Res., 35, 7118-7127.

Pouget,J.P, Frelon,S., Ravanat,J.L., Testard,l., Odin,F. and Cadet,J.
(2002) Formation of modified DNA bases in cells exposed either to
gamma radiation or to high-LET particles. Radiat. Res., 157,
589-595.

Douki,T., Ravanat,J.L., Pouget,J.P., Testard,l. and Cadet,J. (2006)
Minor contribution of direct ionization to DNA base damage
induced by heavy ions. Int. J. Radiat Biol., 82, 119-127.

Ravanat,J.L., Douki,T., Duez,P., Gremaud,E., Herbert,K., Hofer,T.,
Lasserre,L., Saint-Pierre,C., Favier,A. and Cadet,J. (2002) Cellular
background level of 8-0x0-7,8-dihydro-2 ‘-deoxyguanosine: an isotope
based method to evaluate artefactual oxidation of DNA during its
extraction and subsequent work-up. Carcinogenesis, 23, 1911-1918.
Collins,A.R., Cadet,J., Moller,L., Poulsen,H.E. and Vina,J. (2004)
Are we sure we know how to measure 8-oxo-7,8-dihydroguanine in
DNA from human cells? Arch. Biochem. Biophys., 423, 57-65.
Pfaffeneder, T., Hackner,B., Tru3,M., Miinzel, M., Miiller,M.,
Deiml,C.A., Hagemeier,C. and Carell,T. (2011) The discovery of
S-formylcytosine in embryonic stem cell DNA. Angew. Chem., 50,
7008-7012.

Riviere,J., Ravanat,J.L. and Wagner,J.R. (2006) Ascorbate and H,O,
induced oxidative DNA damage in Jurkat cells. Free Radic. Biol.
Med., 40, 2071-2079.

Douki,T., Riviere,J. and Cadet,J. (2002) DNA tandem lesions
containing 8-oxo-7,8-dihydroguanine and formamido residues arise
from intramolecular addition of thymine peroxyl radical to guanine.
Chem. Res. Toxicol., 15, 445-454.

Bergeron,F., Auvré,F., Radicella,J.P. and Ravanat,J.L. (2010) HOe
radicals induce an unexpected high proportion of tandem base lesions
refractory to repair by DNA glycosylases. Proc. Natl. Acad. Sci.
US.A., 107, 5528-5533.

In,S.H., Carter,K.N., Sato,K. and Greenberg,M.M. (2007)
Characterization and mechanism of formation of tandem lesions in
DNA by a nucleobase peroxyl radical. J. Am. Chem. Soc., 129,
4089-4098.

Taverna Porro,M.L. and Greenberg, M.M. (2013) DNA double
strand cleavage via interstrand hydrogen atom abstraction. J Am.
Chem. Soc., 135, 16368-16371.

San Pedro,J.M.N. and Greenberg,M.M. (2014)
5,6-dihydropyrimidine peroxyl radical reactivity in DNA. J. Am.
Chem. Soc., 136, 3928-3936.

Wagner,J.R., van Lier,J.E., Berger,M. and Cadet,J. (1994) Thymidine
hydroperoxides—structural assignment, conformational features, and
thermal decomposition in water. J. Am. Chem. Soc., 116, 2235-2242.
Wagner,J.R. and Cadet,J. (2010) Oxidation reactions of cytosine
DNA components by hydroxyl radical and one-electron oxidants in
aerated aqueous solutions. Acc. Chem. Res., 43, 564-571.
Hazra,D.K. and Steenken,S. (1983) Pattern of OH radical addition to
cytosine and 1-, 3-, 5- and 6-substituted cytosines. Electron transfer
and dehydration reactions of OH adducts. J. Am. Chem. Soc., 105,
4380-4386.

Bienvenu,C., Wagner,J.R. and Cadet.J. (1996) Photosensitized
oxidation of 5-methyl-2’-deoxycytidine by
2-methyl-1,4-naphthoquinone—characterization of

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

5-(hydroperoxymethyl)-2’-deoxycytidine and stable methyl group
oxidation products. J. Am. Chem. Soc., 118, 11406-11411.

. Lin,G. and Li,L. (2013) Oxidation and reduction of the

5-(2-deoxyuridinyl)methyl radical. Angew. Chem., 52, 5594-5598.
Tommasi,S., Denissenko,M.F. and Pfeifer,G.P. (1997) Sunlight
induces pyrimidine dimers preferentially at 5-methylcytosine bases.
Cancer Res., 57, 4727-4730.

Guza,R., Kotandeniya,D., Murphy,K., Dissanayake,T., Lin,C.,
Giambasu,G.M., Lad,R.R., Wojciechowski,F., Amin,S., Sturla,S.J.
et al. (2011) Influence of C-5 substituted cytosine and related
nucleoside analogs on the formation of benzo[a]pyrene diol
epoxide-dG adducts at CG base pairs of DNA. Nucleic Acids Res.,
39, 3988-4006.

Tanabe,K., Yamada,H. and Nishimoto,S. (2007) One-electron
photooxidation and site-selective strand cleavage at S-methylcytosine

in DNA by sensitization with 2-methyl-1,4-naphthoquinone-tethered
oligonucleotides. J. Am. Chem. Soc., 129, 8034-8040.
Budzinski,E.E., MacCubbin,A.E., Freund,H.G., Wallace,J.C. and
Box,H.C. (1993) Characterization of the products of dinucleoside
monophosphates d(GpN) irradiated in aqueous solutions. Radiat.
Res., 136, 171-177.

Bourdat,A.G., Douki,T., Frelon,S., Gasparutto,D. and Cadet,J.
(2000) Tandem base lesions are generated by hydroxyl radical within
isolated DNA in aerated aqueous solution. J. Am. Chem. Soc., 122,
4549-4556.

Regulus,P., Duroux,B., Bayle,P.A., Favier,A., Cadet,J. and
Ravanat,J.L. (2007) Oxidation of the sugar moiety of DNA by
ionizing radiation or bleomycin could induce the formation of a
cluster DNA lesion. Proc. Natl. Acad. Sci. U.S.A., 104, 14032-14037.
Yuan,B., Jiang,Y. and Wang,Y. (2010) Efficient formation of the
tandem thymine glycol/8-oxo-7,8-dihydroguanine lesion in isolated
DNA and the mutagenic and cytotoxic properties of the tandem
lesions in Escherichia coli cells. Chem. Res. Toxicol., 23, 11-19.
Ghosh,A., Joy,A., Schuster,G.B., Douki, T. and Cadet,J. (2008)
Selective one-electron oxidation of duplex DNA oligomers: reaction
at thymines. Org. Biomol. Chem., 6, 916-928.

Ming,X., Matter,B., Song,M., Veliath,E., Shanley,R., Jones,R. and
Tretyakova,N. (2014) Mapping structurally defined guanine oxidation
products along DNA duplexes: influence of local sequence context
and endogenous cytosine methylation. J. Am. Chem. Soc., 136,
4223-4235.

Murata-Kamiya,N., Kamiya,H., Karino,N., Ueno,Y., Kaji,H.,
Matsuda,A. and Kasai,H. (1999) Formation of
5-formyl-2’-deoxycytidine from 5-methyl-2’-deoxycytidine in duplex
DNA by Fenton-type reactions and +y-irradiation. Nucleic Acids Res.,
27, 4385-4390.

Burdzy,A., Noyes,K.T., Valinluck,V. and Sowers,L.C. (2002)
Synthesis of stable-isotope enriched 5-methylpyrimidines and their
use as probes of base reactivity in DNA. Nucleic Acids Res., 30,
4068-4074.

Cao,H. and Wang,Y. (2007) Quantification of oxidative single-base
and intrastrand cross-link lesions in unmethylated and
CpG-methylated DNA induced by Fenton-type reagents. Nucleic
Acids Res., 35, 4833-4844.

Wang,J., Cao,H., You,C., Yuan,B., Bahde,R., Gupta,S., Nishigori,C.,
Niedernhofer,L.J., Brooks,P.J. and Wang,Y. (2012) Endogenous
formation and repair of oxidatively induced G[8-5 m]T intrastrand
cross-link lesion. Nucleic Acids Res., 40, 7368-7374.



