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Abstract

o-Quinones are formed metabolically from natural and synthetic estrogens as well as upon
exposure to polycyclic aromatic hydrocarbons (PAH) and contribute to estrogen and PAH
carcinogenesis by genotoxic mechanisms. These mechanisms include the production of reactive
oxygen species to produce DNA strand breaks and oxidatively damaged nucleobases; and the
formation of covalent depurinating and stable DNA adducts. Unrepaired DNA-lesions can lead to
mutation in critical growth control genes and cellular transformation. The genotoxicity of the o-
quinones is exacerbated by nuclear translocation of estrogen o-quinones by the estrogen receptor
and by the nuclear translocation of PAH o-quinones by the aryl hydrocarbon receptor. The
properties of o-quinones, their formation and detoxication mechanisms, quinone-mediated DNA
lesions and their mutagenic properties support an important role in hormonal and chemical
carcinogenesis.

1. Introduction

Quinones are aromatic compounds that contain conjugated diones within their structures.
The dione may be either in the same ring (mononuclear quinones) or may be in different
rings (polynuclear quinones). The arrangement of the dione in the mononuclear quinones
can be g~ or o- while the m-arrangement is less common.

Endogenous and exogenous estrogens can be metabolically activated to quinones which are
involved in geno-toxic mechanisms of estrogen carcinogenesis. The formation of quinones
was first noted for the synthetic estrogen diethyl-stilbestrol in the Syrian hamster kidney, a
site of estrogen carcinogenesis.! Subsequently the formation of o-quinones was observed for
estrone (E1) and 17p-estradiol (E2). Hydroxylation of E1 and E2 leads to the formation of
the catechol estrogens: 2-hydroxy-estrone (E1)/estradiol (E2) and 4-hydroxy-E1/E22:3 which
autoxidize to the o-quinones e.g. E1(E2)-2,3-dione and E1(E2)-3,4-dione. Xenoestrogens
equilin and equilenin used in estrogen replacement therapy also exert their toxicological
properties by metabolic activation to o-quinones,*® Fig. 1.
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Aromatic hydrocarbons are inert but can be converted to quinones in the atmosphere by oxy-
radical attack of a carbon centered radical to form benzoquinone, naphthalene-1,2-dione,
naphthalene-1,4-dione and phenanthrene-9,10-dione,® Fig. 2. Polycyclic aromatic
hydrocarbons (PAH) that result from the incomplete combustion of fossil fuels and
constituents of cigarette smoke, are suspect human carcinogens and are metabolically
activated to quinones. The representative PAH, benzo[g]pyrene B[&]P is metabolized to
mono-nuclear quinones e.g. B[4]P-7,8-dione’8 and to polynuclear quinones e.g. B[4]P-1,6-
dione, B[4]P-3,6-dione and B[4]P-6,12-dione.%10

Importantly, both E2 and B[4]P are classified as Group 1 known human carcinogens by the
International Agency for Research on Cancer.11.12 The role of estrogen quinones in
genotoxic mechanisms of breast and endometrial cancer and the role of PAH o-quinones in
genotoxic mechanisms leading to lung cancer are thus of intense interest. This article will
focus on the estrogen o-quinones and PAH o-quinones where distinct parallels exist in their
physiochemical properties and genotoxicity.

2. Properties of o-quinones

A unique feature of the aromatic dione structure is its ability to exist in different redox states
to shuttle electrons. o-Quinones can undergo two one electron reduction reactions. The first
involves the formation of the o-semiquinone radical and the second involves the conversion
of this radical to the catechol (hydroquinone). The reduction of the o-quinone to the catechol
can be non-enzymatic and use reducing equivalents (NAD(P)H, Cu*, Fe2*) and or it can be
enzymatic. Enzymatic reduction can involve two one electron steps catalyzed by NADPH-
P450 oxidoreductase or it can involve a single two electron reduction step catalyzed by
NAD(P)H quinone oxidoreductase (NQO1), aldo-keto reductases (AKRSs) and by carbonyl
reductases.13 The catechol if not intercepted by conjugation can autoxidize to the o-quinone
in air with the concomitant generation of reactive oxygen species (ROS), Fig. 3. During
autoxidation the initiating radical is superoxide anion radical and hydrogen peroxide is
produced. In a second step, the o-semiquinone radical reacts with molecular oxygen to
regenerate the o-quinone and superoxide anion radical to propagate subsequent steps of
autoxidation.14 Hydrogen peroxide produced in this sequence undergoes Fenton chemistry
in the presence of Fe2* to produce the highly reactive hydroxyl radical (OH") and hydroxyl
anion.

In an alternative sequence superoxide anion radical can react with nitric oxide to produce
reactive nitrogen species (RNS). The initial product is peroxyntirite which in the presence of
carbon dioxide can produce nitrosoperoxycarbonate which is a source of both nitrating and
carbonylation radicals.1® Failure to intercept either the o-quinone or catechol leads to futile
redox-cycles in which cellular reducing equivalents are depleted, ROS/RNS formation is
amplified and the quinone/catechol are not consumed. Herein lies one major source of the
toxicity of quinones.

Differences in the stability of estrogen catechols and PAH-catechols exist. Whereas estrogen
catechols are stable and often require oxidants to produce estrogen ¢-quinones the reverse is
true of the PAH-catechols where the PAH o-quinones are the more stable species. This
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difference is likely a reflection of the stabilization of the dione structure by the extensive
aromatic system of the PAH.

The interconversion of the catechol viaan o-semiquinone radical to produce a quinone,
represents only one of three possible transitions. For example, the oxidation of a catechol to
an o-quinone can occur at the level of the protonated catechol, the catechol itself or at the
level of the catecholate anion, making nine possible transitions in all, Fig. 4. Which route
occurs will be governed by the pH and pKj of the respective intermediates and the
microenvironment which may alter the pKj of the intermediates. Furthermore, the o
semiquinone radical can often be stabilized by resonance of the unpaired electron around the
aromatic ring system to give rise to a persistent organic radical.

o-Quinones also rely on their electrophilicity for their toxicity. As the dione is in extended
conjugation they are Michael acceptors and that can undergo 1,4- and 1,6-Michael addition
reactions. As a result they will react with cellular nucleophiles e.g. GSH, proteins (reaction
with Cys and Lys residues),16:17 as well as nucleobases in RNA and DNA to from
nucleoside-adducts.18:19 This can lead to loss or disruption of protein function and
mutagenic lesions in DNA, respectively.

3. Metabolic formation of quinones and their detoxication

Endogenous estrogens (E1 and E2), as well as exogenous estrogens (equilin and equilenin)
are activated by hydroxylation by P450 isozymes (P4501A1 and P4501B1) to the
corresponding 2,3- and 3,4-catechols which then autoxidize to the corresponding o-quinones
(see previous section).29 The major metabolite of equilin, 4-hydroxyequilin not only
autoxidizes to the o-quinone but also isomerizes to yield 4-hydroxyequilenin.*

Compounds such as diethylstilbestrol can act as co-reductants of the peroxidase reaction to
yield phenoxy radicals which upon further oxidation yield the corresponding poly-nuclear
quinones.2® In this sequence compound | perferryl- oxygen (Fe-V=0) requires two one
electrons to return to the Fe(lll) resting state. By a similar mechanism B[4]P can also act as
co-reductant of the peroxidase reaction to produce a C6-radical cation which is then the
precursor of the polynuclear quinones, B[4]P-1,6-dione, B[&]P-3,6-dione and B[4]P-6,12-
dione.?22 Peroxidases capable of these reactions include P450 isozymes, prostaglandin H
synthase, tyrosinase and horse-radish peroxidase.22-27

The formation of the PAH g-quinones is unique in that the precursors are the trans-
dihydrodiol proximate carcinogens formed by the hydration of non-K-region arene oxides
catalyzed by the sequential action of P4501A1/1B1 and epoxide hydrolase.10:28 frans-
Dihydrodiols are oxidized by the NAD(P)* dependent dihydrodiol dehydrogenase activity of
human aldo-keto reductases (AKR1A1 and AKR1C1-AKR1C4) to yield ketols,2%39 which
rearrange to the corresponding catechols, which autoxidize to the PAH o-quinone with the
concomitant production of ROS.14

Catechol estrogens and PAH catechols can be detoxified by conjugation reactions to prevent
their futile redox-cycling and ROS generation. This can be achieved by O-methylation
catalyzed by catechol-O-methyl transferase,31-33 and by conjugation mediated by either
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sulfotransferases3#35 and by uridine diphosphate glucurosonyl transferases.3¢ o-Quinones
are also highly reactive with thiols and can be scavenged non-enzymatically by GSH6:17
and enzymatically by glutathione-S-transferases to form GSH conjugates.3’ Even though 4-
hydroxyequilenin is autoxidized to the o-quinone and readily reacts with GSH it can
undergo a reverse Michael addition to regenerate the catechol to activate the estrogen
receptor.38 Even in the case of B[4]P-7,8-dione, where a high second order rate constant for
the formation of GSH conjugates exists,1” B[4]P-7,8-dione-GSH conjugates are not major
metabolites observed in human lung cells.3°

4. Oxidative and covalent DNA damage mediated by o-quinones

A large number of DNA adducts/lesions can arise from quinones which can be divided into
those that come from ROS/ RNS*0-43 and those that result from covalent modification of the
DNA by the quinone,18:1944 Fig. 5. Each of these DNA lesions is discussed below with
examples from the estrogen-o-quinone and PAH-quinone field.

4.1. DNA strand breaks

DNA-strand breaks can occur when estrogen o-quinones and PAH o-quinones encounter
DNA. This can be facilitated by the planar o-quinones which can intercalate between the
bases in the double-helix of DNA. DNA strand scission could be mediated by either the ¢-
semiquinone radical or ROS. PAH o-quinones in the presence of NADPH and Cu2* cause
DNA strand scission and produce an o-semiquinone radical detectable by EPR.#> Although
the o-semiquinone radical could be quenched by the addition of DNA, strand scission was
dependent upon a Cu(1)/Cu(ll) mediated redox cycle of the quinone that was prevented by
Cu(l) chelators and OH* scavengers. Strand scission was accompanied by malondialdehyde
formation which was also prevented by the same scavenging agents.*> These data are
consistent with a hydroxyl radical initiated Criege rearrangement.#® In this sequence, a
hydroxyl radical removes a hydrogen atom from the C4-position of the deoxyribose ring
leading to the formation of a carbon centered radical which is attacked by molecular oxygen
leading to a C4’-peroxy-deoxyribose intermediate, Fig. 6. Following ring expansion, and
hydroxyl anion addition there is 3" and 5’-cleavage of the phosphodiester linkage creating a
strand break and the formation of a base propenal which hydrolyzes to yield
malondialdehyde. Malondialdehyde is often cited in the literature as being a biomarker of
lipid peroxidation but in this instance its source is from the deoxyribose moiety. A summary
of oxidative DNA-Ilesions observed experimentally with o-quinones is given in Table 1.

4.2. Oxidatively damaged nucleobases

At least 22 different oxidatively damaged DNA bases can result from ROS generated in the
redox-cycling of quinones.® The most common of these is 8’-hydroxy-dG or 8-0x0-dG (8-
oxo-7,8-dihydro-2’-deoxygauosine). Evidence exists that estrogen o-quinones*’48 and a
variety of PAH-o-quinones produce 8-0x0-dG*1:49:50 in variety of Jin vitro and cell-based
systems, see Table 1.

8-Ox0-dG can exist in a number of tautomeric forms. Of these the 6-keto-8-enol is the most
common and is formed as follows. Initial attack of the C8 carbon of dG by OH" produces a
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reducing species which after losing an electron gives rise to the 6-keto-8-enol form.
Tautomerization of the initial reducing adduct can also lead to ring opening to yield the
formamidopyrimidine (FAPY)G adduct, Fig. 7. This creates the concept that 8-oxo-dG is a
“fleeting” species since it is an intermediate to other adducts. Apart from FAPYG adducts,
8-0x0-dG can be the precursor of spiroiminohydantoin and 5-guandionhydantoin lesions,>
Fig. 8. Although there is no evidence that quinone exposure under redox cycling conditions
will lead to the formation of spiroiminohydantoin and 5-guandiohydantoin DNA lesions this
is anticipated.

While OH" radical is the species that gives rise to 8-0x0-dG v/a Fenton chemistry, other
oxidants can give rise to this lesion when the transition metal is different from Fe2*-50 For
example, when Cu?* is used a Cu(1)(OOH) can form which is the precursor of singlet
oxygen. Cadet has shown that a 4,8-endoperoxide is a key-intermediate in 8-ox0-dG
formation from singlet oxygen, Fig. 6.52 The distinction between Fenton chemistry and
singlet oxygen mediated 8-oxo0-dG formation was made using B[&]P-7,8-dione using
different scavenging agents. For example, e.g. bathcuproine (Cu(l) scavenger); catalase, and
methional (a Cu(l)OOH scavenger) abolished 8-oxo0-dG formation in the presence of
B[4]P-7,8-dione, NADPH and CuCl,. By contrast mannitol, sodium benzoate and sodium
formate (OH* scavengers) had no effect. Sodium azide (a scavenger of both OH* and O,1)
abolished 8-oxo-dG formation confirming the role of singlet oxygen.50

Not all “G’s” are equally prone to oxidation. Studies show that runs of “GG” residues are
more prone to 8-oxo-dG formation and this has been documented on a genome-wide basis
using whole genome next generating sequencing in OGG1 (oxoguanine glycosylase)
knockout cells.>3 The formation of 8-0x0-dG can also have epigenetic outcomes when they
form on 5'-CpG” islands. When the cytosine is present as 5’ -methylcytosine the 5’-
MeCp8-0x0-G” can disrupt the binding of methyl-DNA binding proteins to enhance gene
transcription.>*

An additional consequence of ROS formation by o-quinones is the generation of lipid
peroxides which decompose to reactive lipid aldehydes. Lipid aldehydes such as 4-
hydroperoxy-2-nonenal can form etheno-dG adducts and 4-oxo-2-nonenal can form
heptanone-etheno-dG and hetanone-etheno-dC adducts.?® The heptanone-etheno-dC adduct
has a high frequency of miscoding upon translesional synthesis.?8 Evidence that etheno- or
haptanone-dG adducts from as a result of o-quinone mediated ROS production remains to be
reported.

The major lesions produced by peroxynitrite reactions with dG include 8-nitro-2’-
deoxyguanosine (8-nitro-dG) which readily depurinates to release 8-nitro-G, 5-guanidino-4-
nitro-imidazole, and 2,2-diamino4-[2(2-deoxy-B-D-erythro-pentofura-nosy)amino]-5(2 H)-
oxazolone, however, no attempts have been made to detect these lesions following DNA
exposure to o-quinones.>’

Oxidatively generated DNA lesions mediated by o-quinones have been observed with 4-
hydroxyequilenin /n vitro in calf thymus DNA, in estrogen receptor positive breast cancer
cells and in the mammary gland of Sprague-Dawley rats.*%47 Similarly, oxidatively
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damaged DNA lesions caused by B[4]P-7,8-dione have been observed in ds-

oligonucleotides, in calf thymus DNA, plasmid DNA and human lung epithelial cells.
41,49,50,58

4.3. Repair mechanisms for oxidatively damaged nucleobases

ROS-derived lesions are repaired by base-excision repair (BER). 8-Oxo0-G mis-pairs with A
during replication because of Hoogstein-base pair formation. In this instance, the 8-oxo-G
base rotates from its antf- to syn-conformation to from hydrogen bonds with adenine.
Monofunctional glycosylases (MutY) reverse the adenine mismatch to give rise to an abasic
site.59 The abasic site is repaired by apurinic endonuclease (AP1). Whereas translesional
synthesis by DNA polymerase alpha inserts an “A” opposite the abasic site.59 In a second
mechanism, the bifunctional glycosylase MutM (OGG1 in humans), removes 8-0xo0-dGuo
leading to DNA strand scission that is repaired by AP1 endo-nuclease, DNA polymerase and
DNA ligase.b1 A separate group of glycosylases, NEIL 1 and NEIL 2 repair the
spiroiminohydantoin and 5-guandionhydantoin lesions.62:63

4.4. Mutations due to oxidative DNA damage

8-Oxo-dGuo if unrepaired, is a mutagenic lesion®465 As a result of mis-pairing with A
during replication the daughter-strand, will give rise to a G to T transversion. Alternatively,
when the A mismatch is repaired by MutY to give rise to an abasic site failure to repair this
damage will result in the preferential insertion of A opposite the abasic site so that upon
replication a C to T transition would result.50

5. Covalent quinone-DNA adducts repair and mutagenesis

Two forms of covalent DNA adducts can result from the reaction of either estrogen-o-
quinones®6-8 or PAH o-quinones with DNA.89:70 The first involves attack by the N7
position of dG or dA resulting in a labile N-glycosidic bond which is hydrolyzed to yield a
depurinating quinone-A/7 guanine or quinone- 7-adenine adduct, Fig. 9. Depurinating A/7-
guanine and A3-adenine adducts have been reported for the E2-2,3-dione and the E2-3,4-
dione.”1~73 The resultant abasic site that arises from the N7 gaunine depurinating adduct can
give rise to a G to T transversion and the abasic site that arises from the N3 adenine
depurinating adduct can give rise to an A to T transversion®? The formation of the estrogen
o-quinone and PAH o-quinone depurinating DNA adducts has been readily observed in in
vitro reactions performed in acetic acid and water which favors hydrolysis of the N-
glycosidic bond. However, it remains doubtful as to whether depurinating DNA adducts are
the major lesions responsible for quinone mediated mutation.”# A summary of the covalent
o-quinone DNA adducts detected in various experimental systems is given in Table 2.

The second form of covalent adducts that form from o-quinones are the stable bulky adducts
that result from either o-semiquinone radical attack of nucelobases or 1,4- or 1,6-Michael
addition of the N2, N6, or N*-exocyclic amino group of dG, dA or dC, respectively.1® Many
of these adducts undergo subsequent facile reactions involving hydration and cyclization.

Stable covalent DNA adducts have been described for equilenin-3,4-dione involving addition
of the N4-, N8- and N2-exocyclic groups of dC, dA and dG, respectively where subsequent
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cyclization and hydration of the adducts was observed, Fig. 10.18.75 These stable adducts
have been observed in calf-thymus DNA, in MCF7 human breast cancer cells and the
mammary gland of Sprague-Dawley rats.1840.76

Stable covalent [3H]-B[4]P-7,8-dione-DNA adducts have been observed in reactions with
deoxyribonucleosides, calf thymus and plasmid DNA, where a single dG adduct was
detected but a structure was not assigned.’” In reactions of B[4]P-7,8-dione with
deoxyribonucleosides at physiologic pH, in the presence of 50% DMF and 50 °C heat,
formation of 1,4- and 1,6-Michael addition adducts occurred which subsequently underwent
hydration and cyclization reactions to yield complex adducts, 1-6 19 similar to those
observed with 4-hydroxyequilenin,18 Fig. 11. However, a different set of stable B[4]P-7,8-
dione-DNA adducts were observed in human lung cells, 7-11.%4 In each case the
stereochemistry of the adducts observed remains unresolved. In the A/J mouse model of
lung carcinogenesis, stable covalent B[4]P-7,8-dione-DNA adducts could not be detected
using [32P]-post-labeling when either the B[4]P-7,8-trans-dihydrodiol precursor or
B[4]P-7,8-dione was administered /n vivo.7879 However, it is unknown if the A/J mouse
lung contains the relevant AKRs to metabolically convert B[g]P-7,8-frans-dihydrodiol to
B[4]P-7,8-dione. Also, since B[&]P-7,8-dione has poor bioavailability the studies should
have employed B[4]P-7,8-catechol diacetate. Thus this negative outcome is not conclusive.
Stable B[4]P-7,8-dione adducts have been observed in reactions with dG, calf thymus DNA,
and in A549 and human bronchial epithelial cells.19.44.77

5.1. Repair of covalent quinone-DNA adducts

The bulky quinone DNA adducts are anticipated to be repaired by nucleotide excision repair
(NER) using global genomic repair or transcription coupled repair. If unrepaired the stable,
bulky DNA lesions can lead to mutation by aberrant translesional bypass synthesis.89 NER
and translesional bypass polymerase reactions have yet to be performed with either estrogen-
o-quinone DNA adducts or PAH o-quinone-DNA adducts. This work has lagged behind
because of either the lack of elucidation of the relevant stereoisomeric structures of the
adducts or the difficulty in synthesizing adducts in oligonucleotides that match those formed
in cells. For PAH o-quinones, overwhelming evidence suggests that oxidative DNA damage
produced under redox-cycling conditions are the major DNA lesions formed.81

6. Challenges in measuring DNA adducts derived from quinone exposure

6.1. Detection of oxidative-DNA damage

Challenges exist in the detection and quantitation of 8-0xo-dG and the covalent quinone
DNA adducts. State-of-the art approaches should employ stable-isotope dilution liquid
chromatography tandem mass spectrometry, in which there is quantitative digestion of the
DNA to the constituent deoxyribo-nucleosides so that adducts can be reported as
adducts/107 deoxyribonucleosides. The method also entails the use of an internal standard
preferably labeled with 15N so that both the adduct and the internal standard are chemically
identical except for the incorporation of the stable isotope. The presence of the internal
standard permits losses during the work up of the sample and recovery to be accounted for.
Adduct identity is verified by correct retention time on liquid chromatography, correct MH*,
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and correct precursor-product mass transition, (usually the loss of deoxyribose m/z= 116)
and quantified with respect to the internal standard recovered.

The quantitation of 8-oxo0-dG can present additional challenges since dG undergoes
adventitious oxidation to 8-oxo-dG during work up of the DNA sample, and unless
precautions are taken to exclude transition metals from the buffers, values as high as 37.0 8-
0x0-dG/107 dG can be observed when the true value should be closer to 3.0 8-0x0-dG/107-
dG. A SID-LC-MS/ MS method has been described which gives the expected baseline level
of 8-0x0-dG and involves immunoaffinity purification of the adduct prior to LC-MS/MS.82
The method was subsequently modified to include two internal standards; 1°N5-8-oxo0-dG
and 13Cs5-15N;5-dG.83 The latter standard if converted to 8-oxo-dGuo during work up would
give an accurate assessment of 8-oxo-dG formed adventitiously.

Other methods to detect 8-oxo-dG include the Comet assay coupled with either hOOG or
FAPYG glycosylase, where DNA strand breaks are due to 8-oxo-dG formation.82 In
addition, EC-HPLC,%0 32P_post-labeling, and immunohistochemistry approaches have been
used.84 In each instance, these methods often lack the requisite specificity to ensure that 8-
0x0-dG is being measured.

Apurinic/apyrimidinic sites that result from the repair of 8-0xo-dG or formation of covalent
depurinating-DNA adducts, can be detected using the aldehydic probe (ARP).8%> The ARP
forms a Schiff’s base with the aldehydic site and the biotin-tag binds to a streptavidin
horseradish peroxidase conjugate. This approach has been used in several studies using 4-
hydroxyequilenin and PAH o-quinones to detect oxidative DNA damage, see Table 1.
However, this method will detect any aldehydic site in DNA.

6.2. Detection of covalent quinone DNA adducts

Stable-isotope dilution liquid chromatography tandem mass spectrometric assays for 4-
hydroxyequilenin-DNA adducts have been established to detect covalent adducts in MCF7
cells. Using either 4-hydroxyequilenin or its catechol diacetate, four stereoisomeric isomers
of cyclic hydrated 4-hydroxyequilenin N6-dA and 4-hydroxyequilenin N4-dC adducts were
observed.”8

Bulky Stable adducts of B[&]P-7,8-dione were synthesized with deoxyribonucleotides as
standards for the 32P-post-labeling assay,’® however, using this approach the adduct
standards only identified a fraction of the B[4]P-7,8-dione adducts formed in calf thymus
DNA® These adducts were not detected in A/J mouse lung treated with B[4]P-7,8-dione or
its precursor B[4]P-7,8- trans-dihydrodiol.”® Stable-isotope dilution liquid chromatography
tandem mass spectrometric assays for quantitation of B[4]P-7,8-dione DNA adducts have
yet to be established.

7. Quinones as mutagens

Few studies have been performed to examine the mutagenicity of o-quinones in the Ames
test. No studies have been performed with the catechol estrogens. Seven PAH o-quinones
were tested as direct-acting mutagens in Salmonella typhimurium tester strains TA97a,
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TA98, TA100, TA102 and TA104. They were found to be more mutagenic than the test
mutagens used for each tester strain, and were predominantly frameshift mutagens. The
presence of an activating system (Aroclor-induced rat liver S9 plus NADPH) did not
increase the mutagenicity of o-quinones in tester strains that were sensitive to oxidative
mutagens (TA102 and TA104) suggesting that NADPH-P450 oxidoreductase activation of
the o-quinone to an o-semiquinone radical did not occur.86

Using a yeast p53 reporter gene assay studies on the mutagenic potency of PAH o-quinones
revealed that they were only mutagenic under redox-cycling conditions (NADPH and
CuCl,) that would favor 8-oxo0-dG formation.8! PAH o-quinones were not mutagenic in the
absence of redox cycling suggesting that the major mutagenic lesions were related to
oxidative DNA damage. Under redox-cycling conditions PAH o-quinones were effective at
sub-micromolar concentrations and produced a large number of revertant p53 colonies.
Sequencing of the mutated p53 showed that the mutation pattern was predominately G to T
transversions consistent with 8-oxo-dG formation. Detection of 8-0xo0-dG in the treated
plasmid DNA showed a linear correlation between the number of 8-0x0-dG/dG and the
number of revertants, Fig. 12.4% Examination of the p53 mutational spectrum showed that
the codons mutated were randomly distributed through the DNA-binding domain of p53.
However, when the revertant colonies were selected for dominance, the mutational spectrum
showed that the codons mutated were those now seen in the tumors of lung cancer patients.
49 These results suggest that 8-oxo-dGuo lesions derived from PAH-o-quinones can account
for the mutational spectrum seen in lung cancer and that biological selection plays a more
important role that sequence context for this lesion.

8. Nuclear translocation of o-quinones

Estrogen o-quinones and PAH o-quinones are products of micro-somal and cytosolic
metabolism, respectively but to exert their genotoxicity they must enter the nucleus. Bolton
and coworkers were the first to show that estrogen o-quinones can be shuttled to the nucleus
to form DNA-adducts by the ER, and this was referred to as the “Trojan-horse” hypothesis.
48 Subsequently, it was found that planar PAH o-quinones can act as ligands for the aryl-
hydrocarbon receptor and this can shuttle PAH ¢-quinones to the nucleus to cause 8-oxo-dG
formation. This hypothesis was verified by demonstrating that the amount of 8-oxo-dG
detected in murine Hepal cells by B[4]P-7,8-dione was dramatically reduced in Hepal cells
deficient in either AhR or ARNT.87

9. Quinones and the initiation of cancer

Quinones derived from endogenous and exogenous estrogens likely play a role in the
initiation of breast cancer by the formation of oxidative and stable covalent DNA adducts.
Oxidized DNA and stable covalent lesions due to 4-hydroxy-equilein have been detected in
the mammary glands of Sprague-Dawley rats*? and in human mammary MCF7 cells,”® and
cause anchorage independent growth in these cells.88 Detection of repaired estrogen-o-
quinone DNA adducts could be valuable intermediate biomarkers of cancer risk.
Depurinating catechol-estrogen DNA adducts in human serum have been used as biomarkers
to discriminate between women of average risk of getting breast cancer versusthose at high
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risk for breast cancer in women with newly diagnosed breast cancer.89 However, this study
requires replication and validation. Collectively, these studies support the role of a genotoxic
mechanism for estrogen carcinogenesis in the breast cancer.

PAH o-quinones likely play an important role in lung carcinogenesis. AKRs responsible for
their formation are among the mostly highly expressed genes in non-small cell lung cancer9°
and are overexpressed in human lung epithelial cells and buccal cells exposed to cigarette
smoke and belong to the smoking gene battery.?1-24 The contribution of AKRs to the
metabolic activation of PAH has been assessed using SID-LC-MS/MS methods to measure
the B[4]P metabolome. It was estimated that formation of PAH o-quinones and PAH diol-
epoxides contribute equally to B[4]P metabolism.%> The pathway of B[4]P-7,8-trans-
dihydrodiol oxidation, B[4]P-7,8-dione formation and consequential production of 8-oxo-dG
has been demonstrated in human lung A459 adenocarcinoma cells.%6 Additionally,
B[4]P-7,8-dione under redox-cycling conditions mutated p53 to give a mutational pattern
and spectrum reminiscent of that seen in human lung cancer.#%81 Collectively, these studies
support the role of PAH g-quinones in human lung chemical carcinogenesis.

10. Conclusions

Understanding mechanisms of estrogen and PAH-induced hormonal and lung induced
carcinogenesis can lead to new approaches to determining cancer risk. Identification of the
genes involved in the formation and detoxication of estrogen o-quinones and PAH o
quinones allows assessment of the role of polymorphic variants of these genes in cancer
susceptibility. In addition, understanding how these genes are regulated could provide routes
to chemoprevention strategies. Identification of the DNA-lesions that are specific for the
estrogen o-quinones and the PAH o-quinones can lead to the development of assays to detect
the repaired adducts in serum or urine as intermediate cancer biomarkers.
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Estrogen and PAH derived o-quinones.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.

Page 17



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Penning

Page 18

OH
H OH
R —’

Naphthalene Naphthalene-OH C1 adduct

+HO3, O,

(o]

(o]

Naphthalene-1,2-dione

Fig. 2.
Formation of PAH-quinones in the atmosphere.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.

1-Naphthol



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Penning

Reduction of Quinones By Two One Electron Steps

Q+H*+e- = OH°
QH * + H'+e- = QH,
Q + 2H" +2e- =™ QH, SUM

Air Oxidation of Hydroquinone

Q'H2 + 02.- — O. + HzOz

Q* + 0, - O + 05

QH, + 0, =~ Q  + HZ0, SUM
Futile Redox-Cycling

Q + NAD(P)H + H* <™ QH, + NAD(P)*

QH, + O, <= Q +H,0,

NAD(P)H + O, <= NADP* +H,0, SUM

Fig. 3.
Redox-cycling of quinones.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.

Page 19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Penning

I I OH- ! l OH-
+H20 H+ HO H+
OH OH pKa =7.8
02.— 02_
HO HO "~
) —
LI 5 -
0 o¢
02 02
0, 0,
T C)
+HO o
0 H+ 0 H+
Fig. 4.

Catechol-o-quinone transitions.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Penning

Covalent Quinone DNA Adducts ROS DNA Modifications

N N

Page 21

Lipid Peroxide
Modifications

OPO3R OPO3R

OPO,R OPO4R
o

resIreC IS e

Y B
o o 0 "
: o RO,PO o
' HN
| N/EO HOO
v HNT N
RO,PO z . OPOR
N\ :
N | > Y B
o N
OPO,R |
|
0

‘O :
(o)

o
Stable covalent N7-Depurinating 8-oxo0-dGuo
Adducts Adducts

Fig. 5.
Spectrum of DNA adducts formed by o-quinones.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.

Base propenals

N
CSH"N

\
N/l\N >
RO4PO o

OPO,R

cs“n

"ﬁ )
Roapoﬁ
OPO4R

Heptan-2-one-
etheno-dGuo adducts



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Penning
0 o
N\, T 5 AN 5'
0-p— O B -p—
rl 0. ‘ (o] r (o] o B
N 3 4 1 o o] R 3 10
%
_) o 0, [¢]
HO' | |
0=k—0 0=P—0
o o

(B= DNA Base)

Fig. 6.
Criege rearrangement and DNA strand scission.

3'-cleavage u &J
< i H O %

Page 22

phosphate 0=P—0

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Penning Page 23

Hydroxyl Radical Attack

o o o [}
N ring openin
HN N 7 eon HN =N on HN )ou 9 opening ik ‘ Ny _OH
\(\ N> — “ NQ<H -~ “ | N>)<H —_— .
HoN N HN J R HN R HNT XTNR
reducing oxidizing
-e-, -H*or e, H* +e-, H*
R= deoxyribose +0,,-0,° ME '
\l Y Y
[ Q o
H ring opening H
N N (5 o
HN HN OH N
S s €
HN N HN N W HANT X~ TNHR
6-keto-8-enol form FAPYyG
[8-hydroxy-dGuo]
Singlet Oxygen
[ [} [
HN N 02 N H]
HN
\|N\> — > y />\° . HN\l S=n
HoN R HoN ! T/ HoN N
R 6-,8-diketo-form
8,4-endoperoxide [8-0x0-dGuo]

Fig. 7.
Formation of 8-oxo-dG by hydroxyl radical or singlet oxygen.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Penning Page 24

0
N
HN
[ H—on
2 N
HoN N

6-keto-8-enol form
[8-hydroxy-dGuo]

‘f

H
‘ pH<6 o.__N__O
] +H,0 \ /
-CO,

N)LNH

o o & el i
n -2e7, 2H* +H,0 OHy P HN
HN HN ,.N HN)K/N
. | =0 —» =0 — Y0 guandinohydantoin
N x
"N R e R HaNT N g 0
Sy o]
6,8-diketo-form 5-hydroxy-8-oxo-dGuo pH>7 A pn—|
[8-0x0-dGuo] o_< N
N JL
H HN

NH,

spiroiminohydantoin

Fig. 8.
Spiroiminohydantoin and 5-guandinohydantoin lesions.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Penning

Depurinating Adduct
dR

<\§ i N\WN:NH’
< o
=30

o 1,4-Michael addition

l

MR

®</N J N\\rNHz
N NH

N7-depurinating-dG Adduct

Autoxidation
H 35
NN NH,
@@(\r
N NH
o
|
Z | AN
o Pz
o

Fig. 9.
Formation of depurinating quinone adducts.

Page 25

Stable Covalent Adduct

I
dR

)
SR

o 1,4-Michael addition

HN)tN
>
HN)\\N N
dR
H
A
°)
|
HN
>
HN)\\N N
’ R
pee
OH

Autoxidation

| ¢

HN N
>
HNJ\\N N

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Penning Page 26

Cyclic Hydrated DNA Adducs Equilenin 3,4-Dione

o o
20, 20,
P50 " \ t
9P "y T
HO™ A NF HO g
OH o

Equilenin 4-OHEN 0-Quinone
d\R ° TR
N\( 9 N N\W 0 on 0
L QNLN 0
\
nHo | H\ % N i
" B
HO N N7 u
o HO o dR )
OH
4-OHEN-dC 4-OHEN-dA 4-OHEN-dG

Fig. 10.
Formation of stable cyclic estrogen o-quinone DNA adducts: 4-OHEN-dC = AB,3-(A#-

dC)-2,3-dihydroxy-5,7,9(10)-estratriene-4,17-dione; 4-OHEN-dA = 1-A8,3-C2-dA-2,3-
dihydroxy-5,7,9(10)-estratriene-4,17-dione; 4-OHEN-dG = M,3-(A2-dG)-1,3-
dihydroxy-5,7,9(10)-estratriene-4,17-dione.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Penning

B[a]P-7,8-dione (BPQ) Adducts Formed in vitro

o

N\)k NN
B a9 ﬁigu 1)
i N NN PR
5D B s I

o
Hydrated-BPQ-N2-dGuo (1,2) Hydrated-BPQ-cyclic-N2-dGuo (3,4)  Hydrated-BPQ-cyclic-N®-dAdo (5,6)

Putative BPQ Adducts Formed in Human Lung Cells

dR-N Ny (L NH, NH,
O <\N | N\ﬁ Za L] /"f"
N N < I\/ </,. [ "‘/)

e

@
S
IN

u>_g=o
el 00 A 00 = {00 ¢
O HN.__N__N Ho. \) Ho. dRio. N dR
A J L o O
Y\" o o o o
o ° o °

o
Hydrated-BPQ-N?-dGuo (7) -BPQ-N1-dGuo (8) BPQ-NS-dAdo (9} -BPQ-N1-or N3-dAdo (10) BPQ-N1-or N3-dAdo (11)

Fig. 11.
Formation of stable cyclic PAH o-quinone DNA adducts.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.

Page 27



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Penning

number

number

G>T (p < 0.001) n=63

Page 28

C T>G T>A

G>C

Cc>G 5% red colonies 113/2200
A>G p>c A>T <:: with 250 nM BP-7,8-dione
NADPH and CuCl,

G>A

15 CA
P53 mutation pattern lung cancer

w
8

400- G>T n=1,070

300+
200.
100

8-0x0-dGuo/10° dGuo
—h N
8 =3

=]

100,
200

G>C

C>A G>A

Fig. 12.
p53 mutation by PAH o-quinones.

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.

R

0

R?=0.825

15 3 45 6 75
Red yeast colony (%)



Page 29

Penning

"auoIp-p'g-auadelyiuelz]zusglAyawip-¢T'L = OVEINQ ‘duolp-p'e-auadelyluelp]zusg = Qv !suolp-g',-ausikd[z]ozusg = Odg ‘utud|inbaAxoipAy-y = NIHO-¥

1990 01 pajdnod Aesse 18W0D

06/2 79 YJed SIN/SIN/OT-AIS 9p-0X0-8  JONUgIYUl 1INOD F SI199 61V + |o1poipAuip-sues-g'.-dlelg Odg
T990 03 pa|dnod Aesse 18Wwo

28/239 [eBuB SW/SW/OT-AIS 9p-0X0-8 $1199 [etjaypida Bunj uewny gseH + Odg Odg

612 18 Jied O71dH-03 9p-0X0-8 wNQ pruseid £5d + 219N + HAAVN + OvEINd  OvaNa

6y /8 19 Mied O7dH-03 Op-0X0-8 wNa piwsed ggd + 20N + HAAVN + Ovd dve

6y/2 19 dled O71dH-03 Op-0X0-8 wNa piwse|d £6d + 29N + HAAWN + Odg Odg
071dH-03 9p-0XO-8

118 19 JJed aqo.d annoeal apAyap|v SIS dluIWIpLAde/sals alulndy WNQ SNWAY) J[ed + ZDND + HAAVN + OvaNd  OvaInd
851?18 S 91dH-03 0p-0X0-3

118 19 JJed aqo.d annoeal apAyap|v SIS dluIWIpLAde/sals alulndy VNQ SNWAY 4183 + 212N + HdAVN +Ovd dva
O71dH-03 Op-0X0-8

178 39 Mied 8goJd annaeal apAysply SaMIs aluwipLIAde/sans oluLIndy WNQ SNWAY) 3189 + Z10ND + HAAWN + Odd Odg

/8 19 SI8MO|< sisaioydounos|3 uolissios puens YNAQ VNG abeyd Jo op-Ajod:op-Ajod + 219N + HAAWN + Odg ddg

191819 Buepy agoud annjoeal apAyape pue SIN/SIN/DT-AIS  Sals dlulwipuAde/salis alulinde pue 9p-0xO-8 c|oND + HAAWN + WNA SNWAY! Jied + NIHO-¥  NIHO-v

151219 BUBM  Bd4 yim pajdnoa Aesse Jawo) pue SIN/SIN/DT-AIS 9p-0XO-8 §199 J90UeD Jsealq UeWNY OES + NIHO-¥  NIHO-¥

op/2 19 Bueyz SW/SW/OT-AIS P-0X0-8 pue Hp-0XO-8 pue|b Arewwew 1es Asjmeq-enbelds + NJHO-¥  NIHO-¥

oo DUz Aesse jauiod uolssios puens YNd pue|f Arewwrew el Adojmeq-anbelds + NJHO-¥  NIHO-¥

80US BJoY uo1oe1ed JO PoyB N adA| uosen SUOI}IPUOD JUBWIESIL  duouInd

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

sauouinb-o Aq abewep YNQ aAIRPIXO0 JO UONJ3RQ

Author Manuscript

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



Page 30

Penning

cr/2 19 Njeg
0,788 [IN0DIN
0,788 [IN0DIN
0,788 [IN0DIN

gol® 10 PaseS

6o/2 18 POdeS

op/2 18 Bueyz

o,BUeM

ar/219 Uays

218 N

1,18 19 piyez

21238 %0013

dAIN
SIN/HYAIN
SN/HYAIN
SIN/HAIN
S/OTdN
S/OT1dN

SN/SIN-O71

SW/SW-0T1-dIS

SN/OT

pue YIAIN-Ogr "MINN-H

Buijagel-1s0d-dye
J71dH

SN-071

AN

HAIN

dAIN

Buijagel-1s0d-dye

au0-(/8).-dle1g-01pAyIp-0T'6-Ax0IpAYIQ-0T'8-(DP-7V)-6 TV -8
auoIp-g',-d[e1g-Ax01pAy-6-0.pAuIp-01'6-(Op-4v)-0T
auluenb-//-|A-0T-uolip-8‘/ -auaiAd[z]ozusg

auiuenB- v/ -|A-p-uoip-g‘T-suaiyiueusyd
auiuenb-/-|A-p-uoip-z‘ T-auajeyiydeN
auluape-g\/-y-auajeyiydeu-AxolpAyia-z't

auluneb- /v -y-ausjeyiydeu-AxoipAylg-z't
auoIp-/T'p-ausliyenss-(01)6'L'G-Axo1pAula-g'2-vp-20-€'gv-T
auolp-/ T'p-ausliyensa-(0T)6" L 'G-Axo1pAula-€ ' T-(9P-aV)-€ TV -2
"auolp-/ T'y-auaLiensa-(0T)6'L's-AxoIpAula-€ 2-(op-V)-€'ev
8UOIP-/ T'p-8uBlense-(0T)6" L ‘G-Ax0IpAUIQ-€ - VP-2D-E'V-T

"8U0Ip-/ T'p-susLiiense-(0T)6'L'G-Ax01pAyia-€‘2-(Op-V)-€'eV-T

auoIp-/T'y-auanienss-(01)6' L 'G-Ax0IpAyla-€'z-vp-20-€'gv-T

"3UOIp-/T'y-8ustiense-(0T)6' L 'G-Ax0IpAyIa-¢'1-(9p-av)-€' TV -2

auuenB-/N-T-23-HO-¥
suluspe-gN-T-23-HO-¥
auiuenb-/v/-1-(23)T3-HO-v
auuape-gV-T-(¢3)13-HO-¥
auluspe-gN-1-(23)13-HO-¥
auuenB-/N-T-23-HO-¥
auiuenb-N/-T-T3-HO-¥

0°L HY/D. SS/4NA/VP 10 Op Odga
191eM : PIOe 211908/ Op Odg
VNG SNWAYL J[eD 10 Ja1em : pioe 21180e/9p Od

191BM : PIOE 011808/9P

dINQ/is1eM/PIJE J1183' WVP/OP ON

uonoafu puelb Arewwew jes @s + NIHO- NIHO-¥

S1139 Z4DIA + 81e180eIp-NIHO- 10 NIHO-¥ NIHO-¥
VNG SNWAY-J|eD 10 Y £ 10} O, LE ‘"2 HA Jayng yOdM
2P 10 VP ‘Op

HOIA Ul NIHO-¥ NIHO-¥

pue|9 Arewwe 18y |V

auoIp-y'¢-3 10 ZIHO-¥

WNQ SNWAY} BD + asepixoldd + T3/2aHO-7
J3YeM/PIOR 211898 + 9PV + SOUN + TI/ZAHHO-v  auolp-i‘c-uabonisg

J1ajem/pIae 913898 + 9P COUN + ¢3/TIHO-¥  duolp-p'c-usholisg

J7dH auluspe-gV-9-¢3-HO-¢ VNG snwAuy) J[ed + ssepixosad + ZIHO-C
1,128 PIYEZ dIAIN auluspe-gV-9-¢3-HO-¢ Jejenm/pIde I13Je + 8PV + COUIN + ¢IHO-C  BUOIp-€'g-[olpens3
VP-gN-9-T3-HO-¢ JayemypIoe 911a8de + \/p + ¢OUN + TIHO-C
211879 1JB1S AN 9P-;N-9-T3-HO-¢ Ja1em/plae 911898 + 9P + CQUIN + TIHO-2 auoIp-g‘Z-auons]
S0 B oY uoseeQ JO POy N 10NppY Jo8InpniS SUONIPUOD JUBWITEa I L suouind
S1onppe YN @-auouinb-0 1us|eA0d JO UOITRW.IO0H
¢ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



Page 31

Penning

"auoIp-g‘/-aualAdz]ozuag = Odg ‘auolp-0T 6-auaiyiueuayd = Od ‘auolp-z'T-ausfeypydeu = ON ‘uiuajinbaAxolpAy-y = NJHOY

v /219 BuenH SIN/SIN-OT auolp-g'.-dlelg-(vp-gVv)-0T
vy /278 Bueny SIN/SIN-OT auolp-g',-d[e1g-AxoipAy-6-01pAura-01'6-(vp-gv)-0T
vy /270 BuenH SIN/SIN-OT auolp-g‘,-d[e]g-Axo1pAy-6-01pAY1d-0T'6-(vOP-gv)-0T
vy /238 BuenH SIN/SIN-O1 auolp-g'/-d[e]a-AxoipAy-6-01pAula-0t'6-(9p-yv)-0T ajeAnAd + SSgH Ul auoip-g'/-de] g N ¢
vy /B 18 Bueny SIN/SIN-D auoIp-8'/-d[z]1g-AxoipAy-0T-01pAyIa-0T'6-(9P-7V)-9 UMM pategnaul S|189 1-D3dH PUe S|199 6VSY Odg
auo-(/8).-dlelg-01pAuIp-0T'6-Ax01pAy1Q-6'8-VP-TV-0T'¢V-8
U BPY uo1319918Q Jo poyBv N 10NppY Joainpnis SUOI1IPUOD JUBWITEa I | auouin®

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Toxicol Res (Camb). Author manuscript; available in PMC 2018 September 06.



	Abstract
	1. Introduction
	2. Properties of o-quinones
	3. Metabolic formation of quinones and their detoxication
	4. Oxidative and covalent DNA damage mediated by o-quinones
	4.1. DNA strand breaks
	4.2. Oxidatively damaged nucleobases
	4.3. Repair mechanisms for oxidatively damaged nucleobases
	4.4. Mutations due to oxidative DNA damage

	5. Covalent quinone-DNA adducts repair and mutagenesis
	5.1. Repair of covalent quinone-DNA adducts

	6. Challenges in measuring DNA adducts derived from quinone exposure
	6.1. Detection of oxidative-DNA damage
	6.2. Detection of covalent quinone DNA adducts

	7. Quinones as mutagens
	8. Nuclear translocation of o-quinones
	9. Quinones and the initiation of cancer
	10. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Fig. 10
	Fig. 11
	Fig. 12
	Table 1
	Table 2

