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1. Introduction
I. Mutations and skin cancer
Sunlight was associated with the development of skin cancer in the late 1800s. In 1894,
Unna, a German clinician, noticed that the sun-exposed skin of sailors underwent severe
degenerative transformation and he associated this degeneration with the development of
skin cancer (Urbach, 2002). At approximately the same time, Dubreuilh, a clinician
examining skin disorders in the Bordeaux region of France, noticed that vineyard workers
frequently had keratoses on areas of skin chronically exposed to sunlight but these
keratoses were absent in the city dwellers that lived in close proximity to the vineyards.
He hypothesized that chronic sun exposure in the vineyard workers led to keratoses and
skin cancer (Dubreuilh, 1896; Urbach, 2002).
Sunlight is thought to be a complete carcinogen because it is involved in
initiation, promotion, and progression of a normal healthy cell into a malignant cell via
the accumulation of genetic alterations (including base pair substitutions, insertions, and
deletions, as well as other mutational events) in various genes (Urbach, 2002; DayaGrosjean and Sarasin, 2005). With respect to squamous cell carcinoma, the genetic
alterations involved in the progression of a normal keratinocyte to malignant carcinoma
have been thoroughly characterized. The early ‘initiating’ events involve mutations in
the P53 tumor suppressor gene (involved in maintaining genomic stability by facilitating
apoptosis or cell-cycle arrest) and the BCL-2 oncogene (involved in the regulation of cell
death by inhibiting apoptosis) (Hussein, 2005). These initiating events, as well as
additional promoting genetic alterations in the P16 tumor suppressor gene (involved in an
adaptive UVB response) and the RAS oncogene (involved in mitogenic signaling

2
pathways that may lead to aberrant cell growth) lead to a phenotype of actinic keratosis.
The final genetic alterations observed in the progression to squamous cell carcinoma
include mutations in the PTCH tumor suppressor gene (involved in extracellular growth
regulatory signals from the sonic hedgehog pathway to the nucleus) and the FOS
oncogene (involved in the regulation of cell growth and differentiation) (Hussein, 2005) .
The theory that an accumulation of genetic alterations leads to a malignant phenotype is
known as the multistage model of carcinogenesis.

A. The CCÆTT tandem mutation is commonly found in skin cancer
Two mutations found in sun-induced cancers are thought to be ‘signatures’ of UV
exposure. These are the CÆT and CCÆTT tandem mutations, which are commonly
found in both P53 and PTCH genes isolated from human basal and squamous cell
carcinomas (Sarasin, 1999). The CCÆTT tandem mutation is potentially more
deleterious than CÆT mutations due to the increased potential to alter a given amino
acid. This mutation is of particular interest because it is found less frequently than the
CÆT base pair substitution and only occurs upon certain genotoxic exposures. It is
implausible that two independent CÆT substitution events occur adjacent to each other,
forming the CCÆTT tandem mutation, because the frequency of these two independent
events would be the square of one event. (Hutchinson, 1994) (frequencies of these events
will be discussed in various models and genetic backgrounds, below). The many
hypotheses about the mechanism leading to tandem CCÆTT mutations illustrate the lack
of understanding about the relative roles of DNA damage and DNA repair for this
particular mutation. For example, a very specific (so far unidentified) lesion could lead
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to formation of tandem mutations via double aberrant polymerase insertion across the
lesion; conversely, resolution of a common lesion via a compromised DNA repair system
could result in tandem mutations. Several factors contributing to tandem mutations will
be discussed and evaluated throughout this work in the context of published literature.
Original data will also be presented and discussed with the aim of further characterizing
the mechanism of formation of CCÆTT tandem mutations.

B. Spontaneous tandem mutations are rarely found in nature
A search of multiple databases containing more than 12,000 mutations (spontaneous or
induced) in mammalian and bacterial cells was conducted to determine the frequency of
spontaneous CCÆTT mutations (Hutchinson, 1994). These included 1) a mutational
database consisting of sequenced mutants from 10 E. coli genes, as well as yeast Sup4-o,
hamster Aprt and human HPRT put together at Yale University, 2) the Spring 1993
version of human HPRT mutations, 3) the human P53 mutation database, and 4) the
hemophilia B database, encoding the human blood clotting factor IX protein. Only 5
(0.09%) of the 5,431 spontaneous mutations identified in the combined databases were
tandem CCÆTT base pair mutations, illustrating the rarity of this particular mutation in
non-genotoxin exposed cells.

C. CCÆTT: a ‘signature mutation’ of UV irradiation
Before DNA sequencing methods were introduced in 1975, indirect inferences were used
to identify the primary UV-induced mutations as GC to AT mutations. In a
comprehensive investigation conducted by Osborn et. al. (Osborn et al., 1967), a strain of
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E. coli deficient in arginine biosynthesis (due to the presence of an UAG amber stop
codon) was treated with various mutagens (such as UV radiation) and subsequently used
as a host for infection of T4 bacteriophage containing either amber or ochre (UAA stop
codon) mutations. E. coli revertants were selected by their ability to grow in argininedeficient media. All of the revertants were then separated into 6 classes, based on their
ability to suppress amber mutant phage (classes 1-3), ochre phage (classes 4 and 5), or an
inability to suppress any mutant phage (class 6). For each class of suppressor mutants,
the pattern of phage growth was compared to growth patterns of previously characterized
bacterial strains with known suppressor mutations. Over 40% of the 273 UV-induced
revertants fell into class 2, which was associated with insertion of a glutamine by the
suppressor tRNA. The only base pair substitution that led a glutamine tRNA which
normally recognizes the CUG, to recognize and insert glutamine at the amber stop codon
CUA is a GCÆAT transition mutation. This study corroborated the results of a limited
number of previous investigations in which the CÆT transition mutation was the primary
mutation observed upon UV irradiation.
During the pre-DNA sequencing era, the first suggestion of double mutation
events was made in a 1976 review by Evelyn Witkin regarding ultraviolet mutagenesis
and inducible DNA repair (the SOS system) in E. coli (Witkin, 1976). She suggested that
because a majority of UV-induced mutations were CÆT mutations, the photoproducts
involving cytosine were probably the most common premutational lesion. She further
speculated that the SOS system may insert two nucleotides across a noninstructional Ccontaining photodimer but due to the degeneracy of the genetic code (the ability of one
amino acid to be coded by several possible base triplets), a tandem mutation would meet
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the ‘operational definition’ of a single CÆT base pair substitution event in assays used at
that time.
Subsequent UV-mutagenesis studies utilized various organisms and methods to
provide further evidence that CCÆTT tandem mutations could in fact be induced by UVirradiation: recombination studies of the lacI gene in bacteria (Coulondre and Miller,
1977a; Miller et al., 1977), direct protein sequencing of the lacI gene in bacteria
(Coulondre and Miller, 1977b), DNA sequencing of the SUP4-o gene in yeast
(Armstrong and Kunz, 1990), and DNA sequencing of the supF gene in a shuttle vector
plasmid isolated from primate cells (Protic-Sabljic et al., 1986).
The first account that CCÆTT tandem mutations occur in human cancers was
provided in the 1990s by a group investigating the suspected role of sunlight exposure in
the induction of P53 mutations in skin cancer (Brash et al., 1991). In this study, the P53
gene of invasive squamous cell carcinomas (from sun-exposed skin) was sequenced and
found to be mutated in 14 of 24 samples (58%); of the 14 cases with mutations, three of
the samples (21%) had tandem CCÆTT base pair substitutions. These mutations were
described as a ‘signature’ of UV irradiation because tandem CCÆTT mutations were not
found in any internal (i.e. without sun exposure) malignancies. Indeed, a recently
reported frequency of CCÆTT tandem mutations in internal cancers was less than 1%
(Daya-Grosjean and Sarasin, 2005).
In the multi-database search conducted by Hutchinson, the number of tandem
mutations induced by UV was also examined. Of the total 2394 UV-induced mutations
observed within the 4 databases, 115 (5%) were CCÆTT tandem mutations. Hence, the
tandem mutations were found 55 times more frequently in UV-induced mutants than in
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spontaneous mutants. Also, the frequency of UV-induced tandem mutations was
significantly higher than the frequency of these mutations induced by any other means.
There are three components of the solar spectrum: ultraviolet, visible, and infrared
radiation. The ultraviolet (UV) spectrum was further broken down into three groups of
wavelengths at the 1932 Copenhagen meeting of the Second International Congress on
Light, based on biological response to each group: UVA (400-315 nm), UVB (315-280
nm), and UVC (280-100 nm) radiation (Diffey, 2002). CCÆTT tandem mutations have
been reported to be induced by UVA irradiation in only a limited number of studies
(Rochette et al., 2003; Kappes et al., 2006; Mouret et al., 2006b), but have been induced
in many models by both UVB and UVC irradiation. By breaking down the
characteristics of each UV class, it should possible to gain more information about the
chemical and/or biological environment needed for tandem CCÆTT mutations to occur.

D. UV class characteristics
UVA has the lowest amount of energy of the UV classes and is therefore not readily
absorbed by DNA; instead, it is absorbed by endogenous chromophores (You et al.,
2001; Koch-Paiz et al., 2004). In turn, the chromophores produce large amounts of
reactive oxygen species (ROS), which then damage DNA. As a result of poor direct
absorption and elevated indirect ROS formation, there are relatively small amounts of
DNA photoproducts, such as cyclobutane pyrimidine dimers (i.e. 10 times less than UVB
or UVC) (Kuluncsics et al., 1999; Koch-Paiz et al., 2004) and higher quantities of 8-oxo7,8-dihydro-2’-deoxyguanosine (8-oxo-dG) in UVA-exposed DNA than DNA exposed to
equitoxic doses of either UVB or UVC radiation. Because 8-oxo-dG readily pairs with
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A, G:CÆT:A mutations were shown to be induced by UVA treatment five-fold over
background (Besaratinia et al., 2004). It has been thought that UVA primarily exerts its
cytotoxic effects by inducing oxidative stress, which is characterized in part by oxidative
inhibition of important proteins involved in maintaining cellular homeostasis, ultimately
leading to aberrant cellular regulation, DNA damage, and cell death (Hoerter et al.,
2005), although that belief has recently been contested (Mouret et al., 2006a).
UVB radiation has more energy and is biologically hazardous than UVA because
the wavelengths may be directly absorbed by DNA, thereby inducing a much higher
frequency of DNA lesions. About half of the cytotoxicity induced by UVB is the result
of reactive oxygen species; whereas the other half is the result of DNA photoproducts
(Koch-Paiz et al., 2004). Photoproducts, such as the cyclobutane pyrimidine dimer
(CPD), the 6-4 photoproduct ((6-4)PP), and the Dewar valence isomer (DewarPP) are
formed when a photoexcited pyrimidine reacts with an adjacent pyrimidine base (Douki
and Cadet, 2001). A comparison of the rates of formation of each photoproduct was
previously made using a sensitive immuno-dot-blot assay (Perdiz et al., 2000). That
assay was performed on Chinese hamster ovary cells that had been irradiated with UVB.
The observed photoproduct ratio was 8 CPDs to every 1 (6-4)PP. In contrast, the
photoproduct ratio observed upon UVC exposure consisted of 4 CPDs to every 1 (6-4)PP.
Although UVB and UVC are both proficient in the induction of photoproducts, the study
provides evidence that the quantities of specific photoproducts induced by UVB or UVC
are distinct. UVB irradiation induces a two-fold higher proportion of CPDs to (6-4)PPs
when compared to the ratio of photoproducts induced by UVC. This difference is useful
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when considering the particular role of DNA repair in recognition and correction of these
lesions. More aspects of DNA repair are discussed below.
While CCÆTT tandem mutations are thought to be ‘signature mutations’ of UV
radiation, they are considered the ‘hallmark’ of UVB radiation (Takeuchi et al., 1998) for
two reasons. First, as previously stated, CCÆTT tandem mutations are commonly
observed in human skin cancers and because most of the UVC wavelengths are absorbed
by stratospheric ozone, UVB is left as the culprit in tandem-mutation-induction. UVB is
believed responsible for inducing most of the nonmelanoma skin cancers, such as basal
cell carcinomas (BCC) (Kim et al., 2002). In one study, the P53 mutational spectrum of
patients with BCC was analyzed to determine whether the gene contained evidence of
UV exposure (i.e. a high frequency of CÆT or CCÆTT mutations) (Weihrauch et al.,
2002). The BCC patients were separated into those with BCC in sun-exposed areas and
those with BCC in non-exposed areas. The CCÆTT tandem base pair substitution was
found in P53 in 4 of 12 (33%) cancers in the sun-exposed group, but was not found in
any cancers from the non-exposed group.
The second reason UVB may be considered the ‘hallmark’ of CCÆTT tandem
mutations is because several groups have performed mutagenesis studies in which cells or
DNA were treated with UVB or UVC, the mutational spectra were compared, and
tandem mutations were found more frequently upon UVB versus UVC induction. In one
such study a group compared the mutational spectrum induced by UVB (285-320 nm) or
UVC (254 nm) in Saccharomyces cerevisiae (Armstrong and Kunz, 1990). Although
doses used for UVB and UVC both corresponded to 90% killing, the UVB-induced
mutation frequency was increased 70-fold and the UVC-induced mutation frequency was
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145-fold over the spontaneous mutation frequency. With either treatment the transition
GCÆAT mutation was predominately observed. However, in that study UVB was found
to induce 3 times as many tandem mutations as UVC. Because UVB is able to induce a
slightly higher frequency of tandem mutations than UVC, it is possible that both the
oxidative component of UVB, and the formation of photoproducts contribute to the
formation of the tandem mutations. A caveat of that study, however, is that it was
performed in S. cerevisiae, an organism that utilizes base excision repair enzymes (e.g.
T4 pyrimidine dimer glycosylase) as well as nucleotide excision repair to repair damage
induced by UV radiation (Hamilton et al., 1992). Therefore, a similar observation may
not be made in mammalian cells because they lack base excision repair enzymes to repair
UV damage.
UVC has the most energy of the UV classes, and is therefore the most
detrimental component of UV radiation. Because nucleotides are made up of aromatic
rings that readily absorb UVC wavelengths, DNA is the key chromophore of UVC
irradiation (Latonen and Laiho, 2005). UVC used to be of little concern environmentally
because the short wavelengths are absorbed by ozone (except at very high elevations)
(Perdiz et al., 2000; Koch-Paiz et al., 2004). However, due to the rapid depletion of
stratospheric ozone, the proportion of these shorter wavelengths in total solar radiation is
on the rise (Latonen and Laiho, 2005). The literature is abundant with reports of UVC
mutagenesis because 254 nm germicidal lamps are economical, readily available, and
efficient in mutation induction (Koch-Paiz et al., 2004).
Because both UVB and UVC radiation induce high yields of DNA photoproducts
and CCÆTT tandem mutations, it is tempting to speculate that a specific UV-induced
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photoproduct leads to the formation of the tandem mutations via insertion of
inappropriate bases across a photoproduct during replication. Dimeric pyrimidine
photoproducts are not common at CC sites, but the induction of tandem mutations
suggests photoproducts at these sites are extremely mutagenic (Douki and Cadet, 2001).
In a study conducted by Douki and Cadet, the rates of formation of three different
photoproducts (CPD, 6-4 PPs, and Dewar valence isomers) were determined for each
bipyrimidine site (TT, TC, CT, and CC) using a method coupling liquid chromatography
to mass spectrometry. In this study, isolated calf thymus DNA or cultured human
monocytes were exposed to low doses of UVB radiation and the formation of
photoproducts in both instances were found to be a linear function of UVB dose. The
number of photoproducts detected at CC sites was 10 times lower than the number
observed at TT and TC lesions. Remarkably, the CC Dewar isomer (a rare photoisomer
of the 6-4 photoproduct) was found to be a linear function of dose when DNA was treated
with either UVB or UVC. The authors stated that these results either suggest that
photoisomerization of the 6-4 photoproduct is efficient in both classes of wavelength
(UVB and UVC) or the CC Dewar valance isomer could be a direct product of UVB and
UVC irradiation. In either case, the overall low rate of formation of any photoproducts at
CC sites, coupled with a high frequency of CCÆTT tandem mutations upon induction of
UVB or UVC radiation suggests that photoproducts at CC sites are relatively highly
mutagenic.
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II. A novel mutational signature for oxidative stress
For many years, UV was the only genotoxin known to induce CCÆTT tandem
mutations. However, in the early 1990s, one group reported that the CCÆTT tandem
mutation was also a novel mutational signature for oxidative stress (Tkeshelashvili et al.,
1991). In an initial experiment, M13mp2 single-stranded DNA (a bacteriophage vector
that also contained a lacZ insert) was incubated with copper ions to cause oxidative
stress, and transformed into SOS-induced Escherichia coli. (The SOS system of E. coli
is activated by forms of DNA damage that block DNA replication; this system allows
damaged DNA to be replicated by low-fidelity polymerases). The use of single-stranded
DNA allowed for unambiguous identification of the mutation that occurred. Eighty two
percent of the total mutations identified were single base-pair substitutions, with CÆT
and GÆT mutations representing 43 and 33% of the events, respectively. Surprisingly,
the CCÆTT tandem base-pair substitution previously only associated with UV
mutagenesis, was found in 13% of sequenced samples.
To confirm that the CCÆTT tandem mutation could indeed be induced by
oxidative stress, a second experiment was performed in which a single-stranded
bacteriophage containing a portion of the lacZ gene was designed to detect single CÆT
or tandem CCÆTT base-pair substitutions that would restore gene activity (Reid and
Loeb, 1993). This reversion construct (that is, designed to detect base-pair substitutions
that revert the nonfunctional encoded protein to one that is functional) was treated with
iron or copper, in combination with hydrogen peroxide to generate the Fenton reaction,
and transformed into SOS-induced E. coli. UV exposure was used as a control. Whereas
most induced reversion mutations were CÆT base-pair substitutions, tandem CCÆTT
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mutations represented nearly 3% of the total mutations induced by oxidative stress and
7% of the mutations induced by UV. Tandem mutations were not observed in untreated
samples. Moreover, the hydroxyl scavenger mannitol was found to reduce the frequency
of ROS-induced tandem mutations, but not those induced by UV. These results provided
evidence that oxidative stress can induce tandem CCÆTT mutations and suggested
further that a separate mutagenic pathway is followed after UV exposure to form the
tandem mutations.
In yet a third study by the Loeb group (Newcomb et al., 1999), the induction of
tandem CCÆTT mutations was again demonstrated in E. coli, this time by treating a
double-stranded plasmid with hydrogen peroxide, nickel, and the tripeptide glycineglycine-histidine or hydrogen peroxide plus copper. This study used a novel assay based
on the polymerase chain reaction to detect the tandem mutations at a CC target site in the
rat polB gene located on the plasmid. However, this assay could not detect the induction
of CCÆTT mutations for the endogenous polβ locus in mammalian cells exposed to
hydrogen peroxide.
In the mutation database investigation conducted by Hutchinson, the frequency of
CCÆTT mutations induced upon treatment with various oxidative agents was reported
(Hutchinson, 1994). Only 13 (1.1%) of the 1145 total mutations induced by oxidative
agents were CCÆTT tandem mutations. Of these, 12 were observed in ssDNA and only
1 was observed in dsDNA. That a higher number of tandem mutations was observed in
ssDNA versus dsDNA suggests that tandem mutations are not really a ‘signature
mutation’ of oxidative stress in dsDNA. The series of studies conducted in Dr. Loeb’s
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laboratory utilized ssDNA, which may be the reason tandem mutations were detected at
frequencies comparable to frequencies of tandem mutations induced upon UV-irradiation.
To summarize the results of the CCÆTT mutational frequencies observed in the
database search conducted by Hutchinson, 0.09% of 5,431 total mutations were
spontaneous CCÆTT mutations; 5% of 2394 total UV-induced mutations were CCÆTT
mutations; and 1.1% of 1145 total mutations induced by oxidative agents (mostly in
ssDNA) were CCÆTT tandem mutations. The frequency values demonstrate the
proficiency of UV to induce tandem mutations. In addition, although tandem mutations
were not as efficiently induced by oxidative stress (when compared to induction by UV),
the frequency of induction was 10-fold higher than found in spontaneous mutants.
Hutchinson suggests that other factors (in addition to structural differences between ss
and dsDNA) may be contributing to the discrepancy of reduced numbers of tandem
mutations induced by oxidative agents that are reported in the databases in comparison to
the increased numbers observed by Dr. Loeb’s group.

A. The tandem mutation in ROS-induced cancer
Tandem CCÆTT mutations are rarely found in internal cancers, which is why this
mutation is thought to be a ‘UV signature’ mutation. However, there are two reported
cases in which tandem mutations have been found in the p53 gene isolated from internal
cancers. In the first report, a Japanese group investigating P53 mutations in non-smallcell lung cancer (NSCLC) specimens identified 14 samples, among 30, that had at least
one base pair substitution event (Suzuki et al., 1992). Of these 14 mutations, one was a
CCÆTT tandem mutation. Interestingly, five of the 14 mutations were GCÆTA
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mutations (a common byproduct of 8-oxoG pairing with A); this mutation is not
frequently observed in other cancers (e.g., colon), or even in NSCLC samples collected
from American patients. The authors that state mutational differences observed between
American and Japanese populations may be the result of genetic factors influencing
cigarette carcinogen metabolism or DNA repair. In the Japanese population, the high
frequency of GÆT mutations, combined with the occurrence of a CCÆTT tandem
mutation implicates oxidative radicals in the induction of P53 NSCLC mutations in
Japanese smokers (although it is noted that this study had a very small sample size).
In the second study, a comparison of P53 mutations in bladder carcinoma
specimens was performed to determine whether patients who smoked had a distinct P53
mutational spectrum compared to patients who didn’t smoke (Spruck et al., 1993). In the
bladder carcinomas, the P53 gene was mutated slightly more frequently in smokers (40%
of samples) than in non-smokers (33%). Overall, there was no observable difference in
the nature of the mutations (i.e., type of base pair substitution or location throughout P53)
observed between the two groups except that one third of the 15 independent point
mutations identified from the smoker group were CCÆTT tandem mutations; no tandem
mutations were observed in the non-smoking group. The presence of CCÆTT tandem
mutations clearly distinguished the P53 bladder carcinoma mutational spectra in smoking
versus non-smoking patients. The authors state that endogenously-generated oxygen
radicals are a significant component of cigarette smoke. Therefore, the CCÆTT tandem
p53 mutations in bladder carcinoma samples collected from smokers were potentially
induced by oxidative stress.
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III. The mechanism of formation of tandem mutations
UV irradiation and ROS can both induce CCÆTT tandem mutations, but a possible
mechanism common to both genotoxins has not been described. This mechanism could
be cytosine deamination. Cytosine spontaneously deaminates to uracil, which in the
context of DNA pairs with adenine. It is generally believed that the spontaneous
deamination of cytosine in DNA explains the formation of spontaneous CÆT mutations.
The rate of spontaneous deamination was determined empirically by Frederico, et. al.
with a novel genetic reversion assay (Frederico et al., 1990). In that assay, the
bacteriophage M13mp2 with a mutant lacZα gene was put into a uracil glycosylasedeficient (ung-) bacterial strain. Upon mutation (in this case, spontaneous deamination),
the mutant lacZα ‘reverts’ back to wild type, allowing for detection of blue plaques in the
presence of a selection agent. The spontaneous deamination rate constant for doublestranded DNA was approximately 7x10-13 nucleotides per second, which was three orders
of magnitude slower than that for single-stranded DNA (1x10-10 per second). It was
mentioned in a previous section that ssDNA exhibits higher frequencies of tandem
mutations than dsDNA, which is consistent with the differences in deamination rates
between ss and dsDNA. Frederico and colleagues hypothesized that because of the
observed difference in rates of deamination of dsDNA versus ssDNA, agents which alter
DNA structure or the degree of protonation of cytosine (temperature or pH) may induce
cytosine deamination at significantly elevated rates.
Another group used the assay described above to determine the mutational spectra
resulting from the deamination event. Chen and Shaw (Chen and Shaw, 1994) treated
dsDNA with bisulfite, an agent known to deaminate cytosines, transfected the DNA into
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ung+ or ung- E. coli cells, and subsequently examined the mutational spectra in the lacZ

α gene. The reversion frequency was 5-fold higher in the ung- versus the ung+ cells,
indicating that this glycosylase plays a role in repair of bisulfite-induced damage. In the
ung- cells, CÆT and CCÆTT transition mutations made up 100% of the 157 revertants
that were sequenced. The frequency of tandem mutations increased as a function of
bisulfite concentration as well as of incubation time. That is, dsDNA that was incubated
for 10 days in 1 mM bisulfite exhibited approximately 72% tandem mutations whereas
dsDNA incubated for 30 days in 10 mM bisulfite exhibited nearly 100% tandem
mutations. The authors stated that the elevated frequency of tandem mutations upon
increasing bisulfite treatment is incompatible with two independent deamination events
because the mutational rate constant of the second event was found to be 4-5 orders of
magnitude higher than that of the first event. This result suggested that two cytosines
become deaminated via a concerted mechanism. The reduced frequency in ung+ cells
supports the cytosine deamination hypothesis because the uracil glycosylase in these cells
removes uracils resulting from cytosine deamination before replication leads to mutation.
Consistent with the hypothesis, the reversion frequency in the ung+ cells following
treatment of dsDNA with 10 mM bilsufite was 0.3 x 10-6; this frequency was comparable
to background levels (i.e. no bisulfite treatment) in ung+ cells (0.2 x 10-6).
Another important observation made by this group is that the secondary structure
of DNA is important in the bisulfite induction of CCÆTT tandem mutations. This
conclusion was made because no tandem mutations (0/54) were observed in similar
studies with ssDNA (Chen and Shaw, 1993). The authors concluded that the secondary
structure of DNA (double- versus single-stranded) plays a significant role of the

17
formation of tandem mutations. They also suggested that the difference in mutational
response between bisulfite-treated dsDNA and ssDNA precludes polymerase errors in the
formation of tandem mutations because it is unlikely that polymerase would make two
consecutive errors when replicating dsDNA versus ssDNA. They further speculated that
if replication is not involved, a DNA repair pathway (e.g., mismatch repair) plays a role
in formation of the CCÆTT tandem mutations in dsDNA.

A. UV and cytosine deamination
Because CPDs are removed much more slowly from the genome than (6-4)PPs, these
lesions may be the source of CCÆTT tandem mutations. Therefore, several groups have
investigated deamination of CPDs (Peng and Shaw, 1996; Tu et al., 1998; Burger et al.,
2003). In each study the cytosines in pyrimidine dimers were found to be subject to
higher rates of spontaneous double deamination than the random spontaneous
deamination of two adjacent cytosines. To highlight an example, Peng and Shaw
exposed bacteriophage dsDNA to 160 J/m2 at 254 nm and incubated at 37°C for various
time periods to allow time for deamination before treating with E. coli photolyase in the
presence of 365 nm light to reverse CPDs (Peng and Shaw, 1996). The exposed DNA
was put into ung- cells and reversion events were measured by counting the blue plaques
formed in the presence of a selection agent. The deamination frequency measured with
this assay for single mutations (CÆT) ranged from 1x10-5 to 1x10-3. Assuming that
spontaneous deamination of adjacent cytosines occurs independently, the expected
frequency of CCÆTT (a double cytosine deamination event) in this assay would be the
product of each individual event, somewhere between 1x10-10 and 1x10-6. However, the
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observed reversion frequency of tandem CCÆTT mutations following an incubation
period of 1 day prior to transfecting DNA into ung- cells was 1x10-4. The authors
proposed that the first spontaneous deamination event enhanced the probability of the
second event because the rate of the second event was apparently increased. This
conclusion was also reached by other investigators (Tu et al., 1998; Burger et al., 2003).
Overall, the cytosine-containing pyrimidine deamination rates reported translate into an
estimated half-life of anywhere between 2-120 hours, depending on the rate of genome
replication and repair in
the system investigated (Tu et al., 1998).

B. Oxidative stress and cytosine deamination
The data suggesting that double deamination of UV-induced CpC pyrimidine dimers is a
central mechanism in the formation of CCÆTT tandem mutations was just presented.
Because oxidative stress has also been associated with tandem mutations, it is important
to determine whether oxidized cytosines are also subject to deamination because this will
provide additional evidence as to whether cytosine deamination is a mandatory event in
the formation of CCÆTT tandem mutations.
A review of mutational spectra induced by multiple oxidizing agents showed that
the GCÆAT transition was the most commonly reported base pair substitution event in
aerobic organisms (Kreutzer and Essigmann, 1998; Wang et al., 1998). This is a
significant finding because there are multiple ways to oxidize each nucleotide; however,
there are a limited number of ways these modified nucleotides may result in a mutation.
One group examined oxidized, deaminated cytosines and concluded that these species are
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a source of CÆT transition mutations in vivo (Kreutzer and Essigmann, 1998). Cytosine
may be oxidized to 5-hydroxycytosine (5-OH-C), which may be deaminated to 5hydroxyuracil (5-OH-U). 5-OH-U may be further oxidized to 5,6-dihydroxy-5,6dihydrouracil (Uracil glycol, Ug). To determine if oxidized cytosines or oxidized,
deaminated cytosines give rise to CÆT mutations, each of the aforementioned species
was inserted as a single modified cytosine into a M13 bacteriophage genome. The
lesion-specific mutation frequency results were as follows: 0.003% for unmodified
cytosine (background mutation frequency), 0.05% for 5-OH-C, 83% for 5-OH-U, and
80% for Ug. While each of the lesions led to CÆT mutations, the oxidized, deaminated
cytosines (5-OH-U and Ug) were significantly more mutagenic (i.e. they had a much
higher mutation frequency) than the oxidized cytosine. This study did not examine the
formation of ROS-induced tandem mutations but an important consideration about the
deamination of two adjacent cytosines, which has been discussed above, is that the first
deamination event appears to catalyze the second deamination event. Therefore, it is
plausible that if one cytosine is oxidatively modified and deaminates to uracil glycol, a
second deamination of an adjacent cytosine may be catalyzed, ultimately resulting in a
CCÆTT tandem mutation.
In total, these studies strongly suggest that cytosine deamination plays an
important role in the formation of CCÆTT tandem mutations, especially UV-induced
tandem mutations. Significantly, both classes of genotoxins known to induce tandems,
UV and ROS, yield DNA lesions that are subject to cytosine deamination (CPDs and
oxidatively modified cytosines, respectively).
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IV. Encountering DNA lesions
Cells have two options (excluding cell death) when DNA lesions are encountered: bypass
the lesion with a translesion bypass polymerase, which is potentially mutagenic if the
incorrect nucleotide is inserted; or repair the damaged nucleotide via the utilization of a
DNA repair enzyme (e.g. base excision repair) or pathway (e.g. nucleotide excision
repair, mismatch repair). The following section summarizes how translesion bypass
polymerases contribute to the formation of CCÆTT tandem mutations.

A. Translesion synthesis
A Y-family of polymerases was recently discovered that each replicate past DNA lesions.
The Y-family is made up of polymerases η, κ, and ι; each is unique in its specificity and
efficiency to bypass a given DNA lesion (Goodman, 2002; Lehmann, 2002). It is thought
that there are two steps to translesion bypass: first, a nucleotide is inserted opposite the
DNA lesion, and second, the nucleotide chain is extended at the point following the
damage. Pol η is the only bypass polymerase known to extend from double mismatched
termini, and is therefore able to generate CCÆTT tandem mutations (Kunkel et al.,
2003). Pol η is inactive in approximately 20% of patients with xeroderma pigmentosum
(XP, a disease characterized by a predisposition to skin cancer and a deficiency in the
nucleotide excision repair pathway, discussed below). Because this subpopulation of
patients was not deficient in any of the previously identified XP complementation groups
(A-G), the patients were referred to as XP variants (XPV). The gene in which XPV
patients were deficient was subsequently identified, the wild type version was cloned, and
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the encoded protein was found to efficiently copy DNA templates containing CPDs
(Stary and Sarasin, 2002; Kunkel et al., 2003).
The frequency of p53 CCÆTT tandem mutations found in skin cancers collected
from DNA repair-proficient patients is approximately 10% (Daya-Grosjean and Sarasin,
2000; Stary and Sarasin, 2002). In XPV patients, the frequency of p53 tandem mutations
is observed twice as frequently, at 22%, demonstrating the value of pol η in protection
from tandem mutations. XPV cells are reported to have a prolonged S-phase, which may
allow enough time for a tandem deamination event to occur, resulting in increased
observation of CCÆTT tandem mutations (Stary and Sarasin, 2002).

B. The role of DNA repair in prevention of CCÆTT tandem mutations
The role of specific genotoxins (UV and ROS) in the induction of CCÆTT tandem
mutations has been discussed. Hypotheses regarding the roles of cytosine deamination
that result from UV exposure or oxidative stress have also been presented. This section
will introduce selected DNA repair pathways that may be involved in the prevention or
formation of CCÆTT tandem mutations.

1. Nucleotide excision repair
NER repairs helix-distorting lesions such as UV-induced DNA photoproducts (CPDs and
6-4PPs) (de Laat et al., 1999; Daya-Grosjean and Sarasin, 2005; Latonen and Laiho,
2005). The extent of helix distortion corresponds to the rate of repair because 6-4PPs,
which grossly distort the helix, are repaired rapidly and efficiently, while CPDs, which
mildly distort the helix, are repaired 5 to 10 times slower (Pfeifer, 1997; Batty and Wood,
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2000). This means that CPDs are more mutagenic than 6-4PPs due to the inability of
NER to rapidly repair the former lesions. The NER pathway is made up of 20-30
proteins including XPA-XPG, corresponding to the 7 complementation groups found in
xeroderma pigmentosum (XP) patients, and many accessory proteins. Because XP
patients lack proper function of at least one of the required NER proteins (and therefore
cannot remove UV photoproducts from their DNA), they have a 1000-fold increased risk
of developing skin cancer, with a mean age of onset at 8 years of age (de Boer and
Hoeijmakers, 2000).
The NER pathway is categorized into two sub-pathways, depending on where the
lesion is located and recognized. In the global genome repair (GGR) sub-pathway,
damage occurring in non-transcribed regions of DNA is recognized by the XPC-hHR23B
complex and XPE (p48) [reviewed in (de Laat et al., 1999; Hanawalt et al., 2003)]. XPE
(also known as damage-specific DNA binding protein 2, DDB2) is most valuable in the
situation of the mildly helix-distorting CPDs, as XPC does not recognize this lesion until
XPE binds to it and enhances the helix distortion (Hanawalt et al., 2003; Ford, 2005).
Upon binding, the XPC-hHR23B complex recruits the basal transcription factor complex,
TFIIH, which contains helicases XPB and XPD. The helicases unwind approximately
20-30 nucleotides of DNA to allow repair proteins to access the damaged nucleotide(s).
XPA verifies the damaged site and recruits the remaining repair proteins. Replication
protein A (RPA) is required to stabilize the unwound, undamaged strand of DNA and
also orients the endonucleases to cleave approximately 24-32 total nucleotides 5’
(ERCC1-XPF) and 3’ (XPG) of the damage.
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The second sub-pathway, transcription-coupled repair (TCR), serves as the
damage-recognition step for bulky lesions in actively transcribed genes that obstruct
RNA polymerase II [reviewed in (de Boer and Hoeijmakers, 2000)]. Two additional
proteins for TCR are CSA and CSB. These proteins were named after patients with
Cockayne syndrome (CS) who were found to have a deficiency in TCR. CS patients are
characterized by extreme sun-sensitivity, but they do not exhibit the increased risk of skin
cancer seen in XP patients. Thus, loss of TCR does not lead to enhanced UV
mutagenesis. Although the exact functions of CSA and CSB are unknown, they are
thought to interact with RNA pol II and to aid in the processing of the stalled complex.
After the damage recognition step, the TCR sub-pathway proceeds as in GGR via
recruitment of TFIIH, verification of the lesion by XPA, and sequential operation of the
rest of the NER machinery.
The nucleotide excision repair pathway has been implicated in the repair of
tandem CCÆTT mutations because XP patients exhibit a higher frequency and
prevalence of tandem CCÆTT mutations in the TP53 and PTCH genes of skin tumors
(Daya-Grosjean and Sarasin; Daya-Grosjean and Sarasin) than wild type individuals.
Specifically, the frequency of UV-induced CCÆTT tandem mutations in either the TP53
or the PTCH gene of BCCs in DNA-proficient patients is about 10% (Daya-Grosjean and
Sarasin, 2000), but in XP patients the frequency of UV-induced CCÆTT tandem
mutations in either gene is 60%. This difference demonstrates the significance of
unrepaired DNA lesions in formation of tandem mutations. Because the percentage of
tandem mutations in the TP53 and PTCH genes collected from non-melanoma skin
tumors in patients with XPV (pol η-deficient) is one third the percentage found in NER-
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deficient patients (22% versus 60%, respectively), the latter pathway appears to play a
more substantial role in prevention of tandem mutations.
There are several transgenic mouse models available to study the effects of UV
mutagenesis in a background that is deficient in one of the NER proteins. The first NER
knockout mouse constructed was deficient in Xpa (de Vries et al., 1995; Nakane et al.,
1995). Upon examination of the mutational characteristics in the rpsL transgene induced
by UVB-irradiation of the epidermis, it was found that the mutational frequency in the
XPA (-/-) mice was higher than either XPA (+/-) or wild type mice when low doses of
UVB were used (150 J/m2) (Murai et al., 2000). However, when higher doses of UVB
(900 J/m2) were used to irradiate the skin, the XPA (-/-) cells displayed a comparable
mutational frequency to the heterozygous XPA, as well as wild type mice, presumably
due to increased cell killing in the epidermis of homozygous knockout mice.
Interestingly, just as observed in XP complementation group A patients, a higher
frequency of UV-induced CCÆTT tandem mutations was observed in the XPA (-/-) mice
than was observed in the XPA (+/-) or wild type mice. A higher frequency of tandem
mutations observed in knockout mice deficient in the XPA NER protein upon UVB
irradiation indicates that the lesion verification function performed by XPA is necessary
to protect cells from CCÆTT tandem mutations.
The significance of a ‘lesion verification’ step was illuminated when one group
performed a sensitive gel mobility shift assay for the purpose of characterizing the
binding specificity of the global genome repair lesion recognition complex, XPC-HR23B
(Sugasawa et al.). They reported that the XPC-HR23B complex bound poorly to CPDs
placed across matched (adenine) nucleotides. Conversely, this complex bound much
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more readily when the thymine-containing CPD was placed across mismatched
nucleotides GG, or AG, most likely due to increased helical distortion. Additionally, the
authors reported that the XPC-HR23B complex bound to small bubble structures
(whether or not the structures contained damaged bases); however, incision 5’ and 3’ of
the bubble only took place when damaged bases were within the bubble. The authors
conclude that the XPC-HR23B complex binds to helical-distorted DNA but that
additional repair factors were required for the recognition of DNA damage and
subsequent recruitment of downstream repair factors.
The mutational spectrum observed in Xpc knockout mice following epidermal
UVB exposure recapitulates the results obtained in the Xpa knockout mouse model and
XP patients (Hoogervorst et al., 2005). The p53 genes from Xpc-/- and wild type micederived skin tumors were sequenced for the presence of UVB-induced mutations.
Remarkably, 38 (78%) of 50 UV-induced skin tumors from Xpc-/- mice were found to
have CÆT or CCÆTT tandem transition mutations. All of the mutations were identified
in the nontranscribed strand, consistent with the specific role XPC plays in recognition of
DNA lesions in the untranscribed strand during GGR. While transition mutations were
also observed in p53 in skin from wild type mice, the tumors in Xpc -/- mice exhibited an
elevated frequency of mutations following chronic (3-4 weeks) UVB exposure, which
was not the case in tumors analyzed from wild type mice exposed to chronic UVB. This
is presumably because cells that lack XPC must utilize a potentially more mutagenic
pathway to bypass or repair UV photoproducts. The results of this study clearly
demonstrate the increased carcinogenic potential of transition mutations following
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chronic exposure to UVB in untranscribed regions of tumor suppressor genes such as
p53.
In summary, an increased frequency of tandem mutations upon epidermal UVB
irradiation in NER complementation group mouse models is consistent with the theory
that UV induces specific lesions that are removed by NER, which leads to an increased
frequency of CCÆTT tandem mutations if unrepaired.

2. P53
P53 is thought of as the ‘guardian of the genome’ because it commits cells with damaged
genomes to apoptosis to protect the organism from expansion of cells with high potential
to accumulate mutations, which ultimately lead to cancer (Attardi, 2005). The
importance of p53 for apoptosis is illustrated by knockout mice that are deficient in
various DNA repair genes. For example, when Ligase IV (a component of the
nonhomologous end joining pathway) is knocked out in mice, the result is embryonic
lethality. However, when Ligase IV heterozygous mice are crossed with p53-/- mice,
embryonic lethality is eliminated but the surviving mice rapidly develop pro-B cell
lymphomas (Attardi, 2005). In the homologous recombination pathway, when either Rad
51 or Brca2 are knocked out in mice the organism is not viable. However, if a
heterozygous Rad 51 or Brca2 mouse is crossed into a p53-null background, embryonic
lethality is delayed. These examples illustrate the role of p53 for eliminating cells with
compromised genomic integrity, ultimately ‘guarding the genome’ from carcinogenesis.
One group investigated whether p53-deficient cells displayed genomic instability
upon UV irradiation (Ishizaki et al., 1996). The supF shuttle vector was irradiated with
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UVC and transfected into p53-proficient or p53-deficient MEFs. Following replication,
the plasmid was recovered and sequenced to determine whether p53 status affected DNA
repair activity. While the supF mutation frequencies were nearly identical, the p53proficient cells exhibited an elevated frequency of CCÆTT tandem mutations (28.4% of
total mutations in p53-proficient versus 11.5% in p53-deficient cells). The percentages of
tandem mutations induced by UV in this study are higher than reported by others, which
is most likely due to the DNA being treated directly with UV. In addition, DNA can
deaminate in storage prior to transfection, resulting in increased tandem mutation
frequencies. Nevertheless, this study suggests an involvement of p53 in CCÆTT tandem
mutations, although the exact role this tumor suppressor plays in tandem mutation
formation is unclear.

3. Mismatch repair
The primary function of mismatch repair (MMR) is to maintain genetic stability by
repairing mismatched bases and small insertions/ deletions caused by spontaneous or
damage-related DNA polymerase errors (Andrew et al., 1997; Earley and Crouse, 1998;
Flores-Rozas and Kolodner, 1998; Buermeyer et al., 1999; Harfe and Jinks-Robertson,
2000a; Baross-Francis et al., 2001). MMR increases the fidelity of replication nearly
1000-fold by targeting mispairs that occur as a result of polymerase misincorporation.
MMR also targets mispaired bases that occur during homologous recombination and
DNA damage (Schofield and Hsieh, 2003). The importance of MMR in maintaining the
stability of the genome can be seen when genes associated with MMR are knocked out or
mutated, leading to genomic instability (Edelmann and Edelmann, 2004). This genomic
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instability is characterized by a mutator phenotype (a high frequency of spontaneous
mutations) in MMR-deficient cells, as well as an increased susceptibility to cancer.
Patients heterozygous for mismatch repair genes (MLH1, MSH2) succumb to hereditary
nonpolyposis colorectal cancer in the fourth or fifth decade of life due to loss of the wild
type gene in some colon cells (Lawes et al., 2002).
In E. coli, MutS homodimers recognize and preferentially bind to mismatches
[reviewed in (Young et al., 2003)]. MutL homodimers are then recruited to the site and
MutS and MutL homodimers activate MutH, which specifically nicks the unmethylated
(nascent) DNA strand at the nearest d(GATC) sequence. Following excision of the
mismatch, pol III, the replicative polymerase, fills the gap. Eukaryotes have a similar,
albeit more complex, mismatch repair system. The MutS recognition complex in
mammals is made up of the MutS homologs MutSα (MSH2-MSH6) or MutSβ (MSH2MSH3) heterodimers, depending on whether the error contains base/base mismatches or
insertion/deletion loops, respectively. The MutL activation coupling complex is made up
a heterodimer of the MutL homologs MLH1-PMS2. It is not yet known how the
eukaryotic MMR system differentiates the nascent strand, as a eukaryotic MutH homolog
has yet to be identified and eukaryotes do not methylate nascent DNA in the same
manner as prokaryotes. It is thought that eukaryotic MMR proteins may recognize the
Okazaki replication fragments in the lagging/ nascent strand (Harfe and Jinks-Robertson,
2000a), but this hypothesis has not been substantiated.
Aside from the primary role in recognition and repair of mismatched nucleotides,
MMR also plays a role in signaling DNA damage and subsequently activating cell cycle
checkpoints (Yan et al., 2001). It is imperative for a cell to be able to halt DNA synthesis
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in the presence of DNA damage to prevent inappropriate replication past a lesion,
resulting in mutation fixation. A comparative analysis was made between five MMRproficient and five MMR-deficient (hMLH1 as well as hMSH2) cell lines upon gammairradiation (IR) or thioguanine (TG), as a control. The survival rates of synchronized cell
lines exposed to IR in either G0/G1 or S phase were nearly equivalent, regardless of
MMR status or phase of cell cycle in which cells were irradiated. However, the MMRdeficient cell lines appeared to have a much shorter G2/M arrest. Because MMRdeficient cells are known to be resistant to the cytotoxic effects of TG, each cell line was
treated with TG and found to be arrested at G2/M. As expected, MMR-deficient cell
lines were resistant to the cell killing effects of this purine analog; whereas the MMRproficient cells were efficiently killed. To determine the signal transduction pathway
MMR participates in to bring about the G2 arrest, the phosphorylation status of Tyr 15 of
cdc2 (phospho-Tyr15-cdc2) was examined after irradiation. This kinase is known to be
phosphorylated during G2 arrest but is dephosphorylated at Tyr 14 and 15 upon entry into
M phase. The phospho-Tyr15-cdc2 levels were increased in all cells lines following
irradiation but the values more rapidly diminished in MMR-deficient cell lines. A similar
observation was made when cells were treated with TG (e.g. MMR-proficient cells were
subject to a longer, more robust G2 arrest than their MMR-deficient counterparts). Yan
and colleagues postulated that MMR proteins may either interact with proteins that
activate the cdc2 signaling pathway or that they may indirectly trigger the pathway via
generation of double strand breaks. Whatever the mechanism, MMR status was shown to
regulate G2 arrest after treatment with IR as well as with TG.
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A third function of the MMR pathway is to signal apoptosis in response to
DNA damage (Lin et al., 2004; Stojic et al., 2004). In a comparison performed between
wild type mouse embryonic fibroblasts (MEFs) and Msh2-null MEFs, researchers
observed an increase in survival and decrease in apoptosis in the MMR-deficient cells
following treatment with UVB (Peters et al., 2003). Additionally, it was found that p53
phosphorylation at serine 15 (important for the transduction of cell cycle arrest,
apoptosis, and increased transcription of nucleotide excision repair genes) was decreased
in the Msh2-null cells when compared to wild type cells. It was suggested that MMR
proteins may serve as ‘sensors’ of UV-induced DNA damage and contribute to the
apoptotic response via the downstream effector, p53.
The aforementioned study demonstrates a function for MMR proteins in response
to UV. Nonetheless, the exact function carried out by MMR in response to UV
irradiation remains controversial, as it is unknown whether MMR proteins repair
mismatched nucleotides placed across UV photoproducts (Borgdorff et al.) or whether
they serve as sensors of DNA damage and subsequently modulate the cellular UV
response [reviewed in (Young et al., 2003)]. The versatility in functions of MMR
proteins makes it difficult to determine whether mismatch reversal, cell cycle arrest, or
apoptosis signaling plays the larger role in response to UV or whether loss of these
functions could contribute to the formation of tandem mutations.

V. Summary of factors known to contribute to CCÆTT tandem mutations
Spontaneous CCÆTT tandem mutations are rarely found in nature. They have been
shown to be specifically induced upon UV irradiation and to a lesser extent by oxidative
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stress. In dsDNA ROS induces tandem mutations at low frequency; however, in ssDNA,
ROS appear to induce tandem mutations at a higher frequency (but still lower than
frequencies observed upon UV irradiation). Therefore, the secondary structure of DNA
plays an important role in the formation of tandem mutations.
A potential mechanism leading to tandem mutations, common to UV dimers and
oxidatively modified cytosines, is cytosine deamination. In the case of adjacent cytosines
either deaminated with bisulfite treatment or contained in a UV dimer, the deamination of
the first cytosine appears to catalyze the deamination of the second (i.e., the deamination
rate is much higher for the second event, compared to the first). In the latter case,
secondary structure of DNA is also important because tandem mutations could not be
induced via bisulfite treatment in ssDNA.
DNA repair pathways also play important roles in the prevention of tandem
mutations. The presence of functional NER proteins protects from tandem mutations, the
presence of translesional bypass polymerases (specifically, polη) also protects cells from
accumulating tandem mutations. The one potential exception in prevention of tandem
mutations is that the presence of functional p53 appeared to increase the frequency of
tandem mutations. MMR has been shown to play a role in the UV response, but its role
in tandem mutation formation has not been assayed, and is therefore unknown.
While there are numerous factors contributing to the formation of tandem
mutations, the exact mechanism remains enigmatic. It is important to discover additional
factors involved in the formation of tandem mutations for two purposes. First,
identifying additional factors leading to tandem mutations may aid in the development of
therapy designed to protect cells from accumulating deleterious tandem mutations
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following exposure to UV or oxidative stress. Second, connecting the many DNA repair
pathways known to prevent tandem mutation formation should shed light on how the
pathways work together to cooperatively protect the genome from damage.
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2. Materials and Methods
Generation of reversion constructs
The 5C, 6C, 2Cpyr, and 2Cpur reversion constructs are illustrated in Figure 1. These
constructs were designed to detect both CÆT and CCÆTT base-pair substitutions. The
5C construct was created by a previous graduate student (Chi Shin-Darlak) via mutagenic
PCR, altering the Phe (TTC) amino acid at codon 69 (within exon 3 of Aprt) to Pro
(CCC), leading to a nonfunctional APRT enzyme. A CCÆTT tandem mutation ‘reverts’
the codon to wild type sequence; however, single base pair substitutions resulting in Leu
(CTC) or Ser (TCC) also yield functional APRT enzyme.

Figure 1: Sequence context of new reversion constructs (shown with 5C sequence for
reference).
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The basic selection scheme for this assay is illustrated in Figure 2. Figure 3 illustrates the
possible base pair substitutions that restore the inactivated Aprt gene in the 5C construct
to a sequence that yields functional APRT enzyme.

Figure 2: Basic scheme of reversion assay.

The 5C reversion construct (illustrated in figure 3) has a run of 5 consecutive
cytosines. To investigate whether the mononucleotide run affects the mutational
frequencies or spectra in a mismatch repair-deficient background, 3 new constructs were
designed. The sequences of the new constructs (2Cpyr, 2Cpur, and 6C) are shown in
figure 1. The 2Cpyr construct is flanked by pyrimidines; the 2Cpur construct is flanked
by purines; and the 6C construct is the 5C construct with an added cytosine. The 6C
construct would require 2 events—a base pair substitution and a frameshift mutation—for
a functional enzyme to be produced.
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Figure 3: Possible reversion mutations. Codon 69 of mouse Aprt was changed from
CCC (Phe) to TTC (Pro) on a plasmid construct that was used to stably transfect cells.
Both CÆT and CCÆTT reversion events may be detected in this assay because single or
tandem base pair substitutions coding for Ser or Leu also resulted in functional APRT
enzyme.
A plasmid containing the 3.1 kb sequence of Aprt was used for amplification in
the generation of the new reversion constructs. The primers (Invitrogen) used to generate
the 6C construct were: (+) 5’CCCCT GTTTGGCCCTTCCCTA3’, (-) 5’GGCCCCTGG
AGTCTAGACCTGTTAG3'. The primers (Invitrogen) used to generate the 2Cpyr
construct were: (+) 5’CCTCTGTTTGG CCCTTCCCT3’, (-) 5’ACCCCTGGAGTCTAG
ACCTGTTA-GG3’. The primers used to generate the 2Cpur construct were: (+) 5’CCA
CTGTTTGGCCCTTCCCT3’, (-) 5’TCCCCTGGAGTCTAGACCTGTTAGG3’. Each
primer contained a 5’ phosphate modification.
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The PCR reaction was performed with Pfu turbo (Stratagene) because it has 3’ to
5’ exonuclease proofreading capability. The reaction was set up according to the Pfu
manufacturer’s specifications. Following the amplification, the PCR product was treated
with alkaline phosphatase and ligated. The ligated product was then transformed into
One Shot ® DH5α Maximum Efficiency cells (Life Technologies) according to
manufacturer’s protocol.
A mini prep procedure (in which plasmid DNA is grown up and isolated from
bacteria) was performed to identify bacterial colonies with full size plasmid constructs.
The entire construct from two individual clones for each plasmid was then sequenced to
ensure there were no undesired mutations. Upon verification of the proper sequence,
each Aprt insert was then cloned into a selectable puromycin vector (Clontech). This
plasmid was ligated and transformed into One Shot ® DH5α cells.
The puromycin-expressing Aprt reversion constructs were then transfected via
electroporation (see below) into a mismatch repair-deficient (Pms2) kidney epithelial cell
line, K588, a wild type kidney epithelial cell line, KO6K1, and/ or a differentiated cell
line (Dif6S6). Transfectant cells were selected in the presence of 1.5 μg/ml puromycin
(Clonetech). In MMR-deficient cells it was imperative to change the media every three
days to decrease the frequency of cells that acquired spontaneous resistance to
puromycin. DNA was isolated (see below) from puromycin-resistant clones and a
Southern blot was performed to determine construct copy number in each clone.
Transfectant clones with one copy of the construct were used in the reversion assay. It is
noted that the integration of the construct was random and ectopic, versus targeted.
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Electroporation of constructs into cell lines
An electroporation buffer was made containing 8.0 g/L NaCl, 0.37 g/L KCl, 0.128 g/L
Na2HPO4, 1.0 g/L dextrose, and 5.0 g/L HEPES. The pH was adjusted to 7.0. The cells
were trypsinized and counted. Five million cells were spun down and the supernatant
was removed before resuspending cells in 1.0 ml of electroporation buffer. DNA at a
concentration of 10 µg/ml (linearized with a ScaI restriction digest) was added to a UV
sterilized BioRad cell pulser cuvette. The 0.8 ml of cells suspended in electroporation
buffer was then added to the cuvette, with care taken to pipette up and down to suspend
evenly. After holding this solution on ice for 10 minutes, the cells were electroporated
with 250 volts and 960 capacitance. The cells were then held on ice for an additional 10
minutes before plating in a T25 flask.
The following day, the media was changed in the T25 flask, for the purpose of
removing dead cells. On day 3 the cells were counted and plated on 100 mm dishes at a
density of 150,000 cells per dish. On day 4, 1.5 µg/ml of Puromycin was added to each
plate. The media was changed weekly and after 2-3 weeks, resistant clones were isolated
and expanded.

Southern blot analysis of single-copy clones
Genomic DNA was isolated from transfected clones once they were confluent in a T25
flask. Fifteen micrograms of DNA was digested with HindIII (Fermentas) overnight in a
37ºC water bath (10 µl buffer, 20U HindIII, brought to 100 µl total volume with ddH2O).
The next morning, an additional 10U of enzyme was added to each sample to ensure
thorough genomic digestion. After 2-3 hours the DNA was precipitated using linear

38
polyacrylamide as carrier, and resuspended in 15 µl TE buffer. A total of 18 µl of sample
(15 µl DNA and 3 µl 6X dye) was loaded into each well of a 250 ml 1% agarose gel. The
DNA fragments were separated overnight at 30-40 volts. The next morning, the gel was
stained with ethidium bromide (0.5 μg/ml) for 15 minutes. The gel was depurinated in
0.25 N HCl for 15 minutes, washed twice with ddH2O, then denatured in 0.5 N NaOH for
30 minutes. The DNA was then transferred to a nylon membrane using a model 785
BioRad Vacuum Blotter. Following the 90 minute transfer at 5 mm Hg, the membrane
was soaked in 2X SSC for 5 minutes and then dried between two pieces of filter paper.
The membrane was then put into a hybridization tube and rinsed with 5X SSC. For the
prehybridization step, 15 ml of Church buffer (1% BSA, 500 mM Na2HPO4, 1 mM
EDTA pH 8.0, 7% SDS) and 300 µl denatured herring sperm DNA was added to the
hybridization tube and the membrane was rotated in a hybridization oven at 65ºC for 2-6
hours.
To make the probe for the hybridization step, 20 µg pSam3.1 ecoa (a plasmid
containing the 3.1 Aprt sequence flanked by EcoRI endonuclease restriction sites) was
double digested overnight in a 37ºC water bath, with 20 U EcoRI (Fermentas), 20 U ScaI
Fermentas, 10 µl buffer O+, and brought to 100 µl with ddH2O. The purpose of the
double digest is that the total plasmid size is 6.0 kb and when the 3.1 kb Aprt insert is cut
out, a 2.9 kb plasmid fragment remains, which makes it difficult to isolate the Aprt insert
without further digestion of the 2.9 kb fragment with ScaI. The digest fragments were
separated on a 1% agarose gel and the 3.1 kb Aprt insert band was cut out and gel
purified using a Qiagen kit. This Aprt insert was then denatured by boiling for 10
minutes. The denatured insert (100 ng) was labeled using a Roche Random Primer
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Labeling Kit and radioactively α [32P]-labeled dCTP (New England Biolabs), according
to manufacturer’s protocol. The labeling reaction was stopped by heating for 10 minutes
at 65ºC. A Qiagen Nucleotide Removal kit was then used to remove the unincorporated
nucleotides from the labeled probe. The probe was again denatured at 95ºC for 10
minutes before adding to the hybridization chamber containing the membrane and
Church buffer. The labeled probe was hybridized to the membrane, rotating overnight at
65ºC.
The following day, the radioactive hybridization solution was decanted into a
radioactive waste container. Fifty ml of Low Stringency Wash Buffer II (2.5g BSA,
0.186 g EDTA, 200 ml of 0.1 M sodium phosphate, 25 g SDS, and volume brought to
500 ml with ddH2O) was used to wash the membrane. A gentle wash consisting of
rocking back and forth for 4-5 minutes was repeated twice. Two hundred ml of High
Stringency Wash Buffer II (1 mM EDTA, 40 mM Na2HPO4, 1% SDS) was added to the
hybridization bottle and the membrane was incubated in a rotating hybridization oven at
65ºC for 30 minutes. The high stringency wash was repeated three times. After the
fourth wash, the membrane was dried on a paper towel for 10 minutes and then wrapped
in plastic wrap. The membrane was placed in an autoradiography cassette between an
intensifying screen and Kodak BioMax film. After 24 hours the film was developed. An
example of a Southern blot is shown in Figure 4.
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Figure 4: Example of Southern blot. KO6 is the repair-proficient cell line used for
transfecting reversion constructs. KO6K1 is the cell line used in the reversion assay
(containing a single copy of the CCC construct).

Cell culture
The Dif6S6 wild type Aprt-null cell line was cultured in Dulbeco’s Modified Eagles
Medium (DMEM, Life Technologies) supplemented with 5% (v/v) FBS (Hyclone), and
5% (v/v) serum plus (JRH, Bioscience). Before each reversion experiment, cells were
grown for 3-5 days in 1.5 mg/ml puromycin and 4 μg/ml fluoroadenine (Sigma) to ensure
the cells had not spontaneously lost the reversion construct (puromycin) and to ensure the
reversion construct had not spontaneously ‘reverted’ to wild type (fluoroadenine).
Both kidney epithelial cell lines, the wild type (KO6K1) and the Pms2 null
(K588S1), were created by digesting kidney fragments with collagenase and plating the
cell suspensions at low densities to allow individual clones to develop. After 3 weeks
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primary clones with epithelial morphologies were isolated and expanded until permanent
cell lines developed spontaneously. The Pms2-null cell line was generated from a mouse
that was null for both Pms2 and Aprt. The KO6 cell line was derived from a mouse that
was wild type for DNA repair and heterozygous for Aprt. Loss of the active Aprt allele
was achieved by selecting cells in the presence of 80 μg/ml 2,6-diaminopurine (DAP)
(Sigma). Hprt-deficient clones (Hypoxanthine phosphoribosyltransferase, another
enzyme in the purine salvage pathway) were derived from both kidney cell lines via
selection in thioguanine to increase efficiency of selection of revertant cells (i.e. reduce
background).

Cell Treatments
EMS: Ethyl methane sulfonate (EMS) was obtained from Sigma (density 1.17 µg/ml).
To treat cells with EMS, 800,000 cells were seeded in a T75 flask on day one. The
following day, a stock 10X EMS solution was prepared and sterile filtered prior to cell
treatment. The cells were treated with either 450 µg/ml or 600 µg/ml and were released
from treatment on the third day (approximately 24 hours after treatment). After a
recovery period of 5-7 days, the cells were plated for the reversion assay.

UV: UV lamp characteristics are described below. For UV radiation exposure, one
million cells were seeded in a 100 mm dish on day one. On the second day, the UV lamp
was turned on 30 minutes prior to treatment and UV output was measured with a
Traceable® Light Meter (UVA) or International light meter (UVB or UVC). The cells
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were rinsed with PBS, irradiated, then immediately trypsinized and put into T75 flasks.
After a recovery period of 5-7 days, the cells were plated for the reversion assay.

H2O2: Hydrogen peroxide (30%) was ordered fresh every 6 months (Fisher). To make a
100X working stock (1500 µM), 10 µl hydrogen peroxide was added to 10 ml ddH2O;
850 µl of this solution was added to 4.15 ml ddH2O to yield a 150 µM concentration.

Fenton reaction: For treatment with hydrogen peroxide plus metals the hydrogen
peroxide solution was made as described above. 100X concentrations (15,000 µM) of
CuSO4 and FeSO4 were made in ddH2O, sterile-filtered, and kept at -20ºC. When cells
were ready for treatment, each metal solution was thawed in a 37ºC water bath and 100
µl of each was added to 10 ml media. Hydrogen peroxide was added last. The Dif6S6
cells were more resistant to the cytotoxic effects of the Fenton reaction; therefore, the
H2O2/ CuSO4/ FeSO4 concentrations used to treat this cell line were 265 μM/ 250 μM/
250 μM. The kidney-derived epithelial cells were more sensitive to the cytotoxic effects
of the Fenton reaction; therefore, the H2O2/ CuSO4/ FeSO4 concentrations used to treat
these cell lines were 25 μM/ 150 μM/ 150 μM.

D-alanine: D-alanine was selected for DAAO studies because it was thought to readily
cross the cellular membrane due to its simple structure and lack of electric charge. (For
information about how D-alanine leads to intercellular ROS, refer to Appendix 1). A 100
mM stock of d-alanine (d-ala) was made with DMEM and 10% FBS. This stock was
sterile filtered and kept at 4°C for up to 2 weeks. For acute ROS treatment, d-ala media
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was added to cells for 4 hours at a concentration of 35-50 mM. For chronic ROS
treatment, d-ala media was added to cells for 24 hours at a concentration of 10-15 mM.

AOX: For antioxidant treatments, trolox (6-hydroxy-2,5,7,8-tatramethylchroman-2carboxylic acid) was made in a 100X concentration so that the final concentration upon
use was 20 µM. The trolox was first dissolved in 5 ml DMSO, sterile filtered, then
brought to 10 ml with sterile media (DMEM with 10% FBS). The trolox/ DMSO/ media
mixture was not sterile filtered because addition of the trolox/ DMSO mixture to the
media was an exothermic reaction, resulting in a foamy solution which was very difficult
to filter. N-acetylcysteine was also made up in a 100X concentration so that the final
concentration upon use was 40 µM. This antioxidant was made in 10 ml of media then
sterile filtered before adding to media at a 1X concentration. Antioxidants were either
used in combination or separately.

UV lamp characteristics
UV bulbs were purchased from Spectronics Corporation (Westbury, NY). The UVA
bulb (model XX-15A) generates a peak wavelength of 365 nm and a typical peak
intensity of 1,100 µW/cm2 at 25.4 cm. The UVB bulb (model XX-15B) generates
wavelengths of 312 nm and a typical peak intensity of 1,150 µW/cm2 at 25.4 cm. The
UVC bulb (model XX-15G/ germicidal) generates a peak wavelength of 254 nm and a
typical peak intensity of 1,550 µW/cm2 at 10”. The distance from the UV lamp at which
cells were irradiated was 67 cm. To calculate the UV intensity during treatment, the
inverse square law (Eq.1) was used:
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Eq. 1: (given distance)2
(actual distance)2

x typical peak intensity

To calculate approximate UV dose, the UV intensity was multiplied by the number of
seconds of UV treatment. To verify UV dose at the time of use, UV intensity was
measured using the International light meter with UVB and UVC attachments. UVA was
intensity was measured with a Traceable® light meter.

Reversion Assay
Following genotoxin treatment and a 5-7 day recovery period, cells were trypsinized,
counted, and plated for reversion selection. Two million cells were plated in 125 x 25
mm dishes (Falcon) and the media volume was brought up to 20 ml with DMEM
supplemented with 10% FBS (5% FBS, 5% serum plus for Dif6S6 cells). Twenty four
hours after seeding, cells were treated with 10 μg/ml Azaserine (Sigma), 10 μg/ml
Adenine (Sigma) for revertant selection. Revertant clones were ready to isolate 2-3
weeks later. They were picked and expanded until confluent in T25 flasks, at which time
DNA was isolated and prepared for sequencing.

Cloning efficiencies
To determine the reversion frequencies, it was necessary to take into account the cellular
cloning efficiency. To calculate the cloning efficiency, a set of two 100 mm plates were
plated with either 350 or 700 cells in parallel with the larger platings for reversion
frequency determinations. After 10-14 days, the plates were stained with crystal violet
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(0.25% solution made up in 25% ethanol) and the number of clones was counted. The
cloning efficiency was then calculated as the number of total clones (combined from the
350 and 700 plates) divided by the total number of plated cells (350 + 700, or 1150).

Revertant frequencies
To determine the reversion frequency, the cloning efficiency was multiplied by the total
number of plated cells. The total number of revertants was divided by the total number
of plated cells adjusted by the cloning efficiency to determine the reversion frequency.
An example calculation is given below:
A set of cloning efficiency plates had 127 and 191 clones out of 350 and 700 total plated.
Therefore the cloning efficiency is (127+191)/ (350+700), or 30%. In parallel with the
cloning efficiency plates, two reversion dishes yielded 1 revertant in 1 dish and 5
revertants in the other dish, for a total of 6 revertants. Because 2 dishes with 2 million
cells per dish were plated, 4 million cells is multiplied by the 30% cloning efficiency,
yielding 1.21 x 106 total plated cells. The total revertant number, 6, is divided by the
total number of plated cells, 1.21 x 106, resulting in a revertant frequency of 4.95 x 10-6.

DNA Isolation
To isolate DNA from confluent T25 flasks, nuclear lysis buffer (NLB) was used. This
buffer contains 1 ml of 1 M Tris, pH 8.0, 450 µl of 0.5 M EDTA, 0.4 M NaCl, and 98.5
ml ddH2O. The cells were washed twice with PBS. A cocktail containing 500 µl NLB,
40 µl of 10% SDS, and 10 µl of 10 mg/ml proteinase K was added to the flask, which
was incubated overnight at 37ºC. The next day, the solution was transferred to a 2 ml
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eppendorf tube and 170 µl of saturated NaCl was added. This mixture was shaken
vigorously for 15 seconds and then centrifuged for 10 minutes at 13,000 xG. The
supernatant was transferred to a new Eppendorf tube and two volumes of 100% ethanol
was added. The tube was inverted until DNA strands were observed and the mixture was
then spun at 13,000 xG for another 10 minutes. The ethanol was poured off and the
pellet was washed with 500 µl of 75% ethanol, and spun again for five minutes. The
remaining ethanol was poured off and the pellet was allowed to dry before resuspending
in TE buffer (between 30-80 µl, depending on the pellet size).

Sequencing
Once clones obtained confluency in a T25 flask, the DNA was isolated. PCR was
performed on exon 3 of APRT to amplify the region containing the reversion site. The
primers use to amplify this region were Aprt GA(+) 5’AGCAAGA CCTAGTGT
TCCTAGCAAG3’, and Aprt GS(-) 5’GTAAACCTGACCCAATGT CTCAC3’. The
PCR protocol was performed according to the Taq (Invitrogen) protocol. The PCR
product was run on a 1.2% 200 ml agarose gel at 70 volts for 3-4 hours. The gel was
stained in fresh ethidium bromide for 15 minutes and the 350 bp band was cut out of the
gel. The DNA was isolated from the gel using a Qiagen Gel Purification kit. In the final
step of the kit protocol, the DNA was eluted off the column with 30 µl EB buffer for
increased DNA concentration. Sequencing samples were brought to the MMI Research
Core Facility. Sequence chromatograms were analyzed using Sequencher 6.1 software.
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Construction of DAAO plasmid
The original construct carrying the d-amino acid oxidase enzyme (DAAO) was a
generous gift from Dr. Brian Ross at the University of Michigan. This plasmid was
under the control of a CMV promoter and contained a neo resistance gene, which was the
same gene used to ‘knock out’ the function of Aprt on one of the alleles in the mice used
to generate each cell line. Therefore, a new DAAO construct was cloned using a
pIREShyg vector. Three µg of the CMV DAAO plasmid was digested with 20 U NheI in
a 50 µl total reaction volume. The next day a phenol chloroform extraction was done to
remove the enzyme from the DNA, using LPA carrier. The DNA was then cut with 20 U
EcoRV, followed by gel purifying in a 1% 15 ml agarose gel. The DNA was extracted
from the gel using a Qiagen Gel Extraction Kit, according to manufacturer’s protocol. To
prepare the pIREShyg vector, two µg DNA was digested with 20 U NheI. The linearized
plasmid was then gel purified in a 1% 15 ml gel. The DNA was extracted from the gel
using a Qiagen Gel Extraction Kit, according to manufacture’s protocol. The DAAO
fragment and linearized pIREShyg vector were then ligated in a reaction containing a 3:1
ration of insert (DAAO) to vector (pIREShyg).

Transfection of DAAO plasmid
It was thought that cells with multiple copies of the DAAO gene would generate high
concentrations of hydrogen peroxide in response to treatment with low levels of dalanine. Therefore, the cells were transfected with LipofectAMINE 2000 Reagent
because this means of transfection is associated with higher copy numbers than
electroporation (GibcoBRL). Five hundred thousand cells were plated in each well of a
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6-well plate. The following day a cocktail containing 3 µg DNA (per well) and 250 µl
OPTIMEM-1 (GibcoBRL) media (per well) was mixed in an eppendorf tube and
incubated for at least 5 minutes at room temperature. In another eppendorf tube, 3 µl
LipofectAMINE 2000 (per well) was added to 250 µl OPTIMEM-1 and this solution was
incubated at room temperature for 20 minutes. Following the incubation periods, the
solutions were combined and 500 µl of the combined solution was added to each well
containing 1.5 ml fresh media. For a positive control, 3 µg of GFP DNA was used to
transfect one well of cells, for the purpose of visualizing the transfection efficiency as a
percentage of green cells with a fluorescent microscope.

RT-PCR
DAAO construct-containing cells were grown to confluency in T75 flasks, were pelleted,
washed with PBS, and repelleted for RNA isolation. RNA was isolated using a Qiagen
RNA isolation kit, according to manufacturer’s protocol. RNA samples were stored at 80° until ready for use. RT-PCR was performed using the iScript™ cDNA synthesis kit
manufactured by BioRad. Each sample was set up with and without iScript Reverse
Transcriptase. PCR was then performed to amplify the cDNA using the primers
(Invitrogen) (+) 5’GGCACT GGTACAAGGACATCAC 3’, (-) 5’
GGTTGACAGACAAGTCCCAGTC 3’.

Amplex Red Assay
To quantify hydrogen peroxide production from DAAO cells following d-alanine
treatment, the Amplex Red Hydrogen Peroxide Assay was performed (Molecular
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Probes). This assay detects an oxidation product (resorufin) of the Amplex Red reagent
in 1:1 stoichiometry with hydrogen peroxide. Because the cells are not lysed for the
assay, the resorufin detected is the result of extracellular transport. Resorufin emits a redfluorescent signal that may be readily detected with a fluorescence microplate reader
using excitation at 530 +/- 12.5 nm and fluorescence detection at 590 +/- 17.5 nm. Cells
were plated as indicated in the ‘Reversion assay cell treatments’ section (above). At the
designated time point, 50 µl of media from each sample was put into a 48-well plate
(Falcon). The Amplex Red protocol was then followed according to manufacturer’s
specifications.
The H2O2 standard curve was made up of concentrations ranging from 0.625 µM
to 10 µM. The absorbance (y) detected with each sample of the standard curve was then
plotted as a function of H2O2 concentration (x). The relationship between absorbance and
H2O2 concentration was determined by finding the line of best fit (Microsoft Excel). To
calculate the hydrogen peroxide concentration for each sample, the absorbance (y) was
put into the standard linear equation y = mx + b and the equation was solved for x
(hydrogen peroxide concentration).

Comet Assay
To verify that the hydrogen peroxide produced in DAAO cells in the presence of d-ala
led to DNA damage, the Comet assay was performed.
Preparing slides
Low melting point agar was made by dissolving 1.0 g of LMPA in 100 ml of distilled
water, followed by autoclaving for 15 min. at 15 psi. Comet microscope slides were
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prepared by dipping ¾ of a clean frosted slide into melted 1% LMPA. The slide was
placed horizontally to dry and stored at room temperature until use.

Cell preparation
One million cells were plated in 100 mm dishes for each treatment. For chronic ROS (24
hours d-ala) or antioxidant (24 hours) treatments, drugs (solutions) were added a few
hours following plating to allow time for seeding. The remaining treatments were
performed the next morning: cells treated with acute ROS (4 hours d-ala), UVB (31.4
J/m2), or 100 μM H2O2 for 15 minutes as a positive control. Following these treatments
the cells were trypsinized, pelleted, resuspended in 1 ml media, and put on ice.

Comet procedure
A Lysing Stock Solution was 0.01 M Tris, 0.01 M Na2EDTA 2H2O and 2.5 M NaCl in
850 ml distilled water. The pH to was adjusted to 10.0 and the volume was brought to 1
L with distilled water. This stock solution was stored at 4°C.
The morning the assay was to be performed, a working solution of Lysing
solution was made by mixing 89 ml of Lysing Stock Solution (above) with 1 ml Triton
X-100 and 10 ml DMSO. This working solution was chilled to 4°C before use.
One comet slide corresponding to each sample was placed on ice and one
Eppendorf tube corresponding to each sample was placed in a 37°C heating block. Cell
suspensions were made by transferring 100 μl of melted 0.5% LMPA (kept at 45°C) into
each Eppendorf tube and adding 20 μl of each cell sample into the tube. This mixture
was vortexed and placed back in the heating block. Seventy five μl of the cell suspension
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was transferred onto the previously prepared microscope slide. The suspension was
spread quickly and evenly with a 24 x 50 slide cover slip. The slides were kept on ice for
30 min. Following this incubation, the cover slip was removed and another 70 μl of 0.5%
LMPA (at 45°C) was quickly spread over the slide using a new cover slip. The slide was
again incubated on ice for 15 minutes. Again, the cover slip was removed and the slide
was then immersed into a freshly prepared cold Lysing Working Solution. The slides
were maintained in this solution for 1 hour at 4°C.
The slides were removed from the lysing solution and were briefly rinsed with
water. They were then placed in a horizontal gel electrophoresis tank. The tank was
filled with cold, freshly prepared electrophoresis solution (1 mM Na2 EDTA and 300 mM
NaOH) to a level approximately 0.25 cm above the slides. The slides were kept in this
solution for 30 minutes at 4ºC to allow for the unwinding of the DNA and the induction
of the alkali-labile damage. Electrophoresis was then performed at 4ºC for 30 minutes at
a constant voltage of 23V.
After electrophoresis, the slides were placed in neutralizing solution (0.4 M Tris,
pH 7.5), and gently rinsed for 5 minutes. The slides were removed from the solution, the
undersides were wiped dry, and they were placed on a flat surface. Sixty µl of 20 µg/ml
Propidium Iodide solution was dropped onto each slide and spread by covering with a
clean cover slip. The slides were kept in a humidified airtight container to prevent drying
before analyzing. The slides were scored within 24 hours using a fluorescence
microscope and Comet assay III software. At least 50 cells were scored per slide.
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Western blot for detection of MMR proteins
Preparation of cellular lysate
Cells were plated in T75 flasks and treated with either acute or chronic oxidative stress
(25 mM D-ala for 4 hours or 10 mM D-ala for 24 hours in DAAO-transfected cells,
respectively), a combination of N-acetylcysteine and trolox for 48 hours, or each
antioxidant separately for 48 hours. The Pms2 and Mlh1 cell lines were used as controls.
Following treatment, 10 million cells were spun at 500 x G for 5 minutes. The media
was removed from the pellet, the pellet was washed with 1 ml PBS, and the cells were
spun again at 500 x G for 5 minutes. The PBS was removed and the cellular pellet was
resuspended in 200 µl lysis buffer (5 M NaCl, 10% SDS, 10% NP-40, 2 M Tris, 10%
DOC, 2 µg/ml Aprotnin, 1 µg/ml Leupeptin, brought to 10 ml with dd H2O). The lysate
was sheared with a 27 gauge needle and stored in aliquots in the -80ºC freezer until ready
for use.

Blotting procedure
Protein was quantified using the BioRad DC Protein Assay, according to manufacturer’s
specifications. Ten µg of protein from each sample was then run in an acrylamide gel
(7.5%) at 20 mA for approximately 2 hours. The protein was then transferred to a
membrane using a tank apparatus set at 100 V for 1 hour in the cold room. Following the
transfer the membrane was allowed to dry and the primary antibodies (Mlh1, diluted
1:500; Pms2, diluted 1:500; Msh6, diluted 1:2500; and GAPDH, diluted 1:2000; all
purchased from BD Biosciences) were added to 10 ml of blocking solution (TBS, 5% dry
milk, and 0.5% Tween). The membrane with primary antibody solution was rocked
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overnight in the cold room. The following day the membrane was rinsed with TBST
(TBS, 0.5% Tween), the secondary antibodies (goat anti-mouse, diluted 1:2000, and goat
anti-rabbit, diluted 1:5000, both purchased from BD) were added to 10 ml blocking
solution, the membrane was rocked with the antibodies for 1 hour at room temperature,
and the membrane was washed with TBST again. Protein was detected on Kodak film
with the SuperSignal West Pico Chemiluminescent reagent (Pierce), according to
manufacturer’s specifications.
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3. Investigating tandem mutations in a mismatch repair-deficient background
Rationale
The function of several DNA repair proteins in the prevention of CCÆTT tandem
mutations has been discussed. Although the MMR pathway was introduced, the specific
role this pathway plays in the formation of (or protection from) tandem mutations is
unknown because tandem mutations have not been specifically assayed in a MMRdeficient system. Therefore, it was necessary to develop an assay in which very specific
mutational events (e.g. CCÆTT tandem mutations) could be detected in a MMRdeficient background. A ‘reversion’ assay was designed to detect both CCÆTT tandem
mutations and single CÆT substitutions at the Aprt locus in DNA repair-proficient and
MMR-deficient (Pms2) mammalian cells. As discussed, UVC and oxidative stress are
the primary genotoxins known to induce tandem mutations. These genotoxins were used
to investigate tandem mutations in this study.

Results
Comparing spontaneous revertant frequency in wild type and MMR null cells
The Aprt reversion assy was performed with non-treated wild type and MMR null cells.
Spontaneous revertant cells were not detected in the MMR-proficient DIF6S6 cell line
(< 0.5 X 10-6) and were infrequently observed in the MMR proficient KO6K1 kidney cell
line (0.6 X 10-6). The spontaneous reversion frequency in Pms2 cells was on average at
least 60-fold higher than that observed in the MMR-proficient kidney cells, with an
average of 37 X 10-6, which is consistent with a mutator phenotype. The average
spontaneous reversion frequencies calculated for each cell type are listed in Table 1.
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Table 1: Revertant frequencies for MMR proficient and Pms2 null cellsa.
MMR-proficient cells
Dif6S6

Pms2 null cells
Pms2S1

KO6K1
Spontaneous

< 5 × 10-7

0.6 × 10-6

37 × 10-6
(66)

UV exposed

27 × 10-6
(20)

26 × 10-6
(28)

53 × 10-6
(30)

H2O2 exposed

0.14 × 10-6

ND

26 × 10-6
(37)

H2O2/metals
exposed

0.32 × 10-6

0.3 × 10-6

57 × 10-6
(62)

ND

1.3 × 10-6

39 × 10-6

Metals exposed

47 × 10-6
93 × 10-6
428 × 10-6
(45)
(69)
(441)
a: Frequencies given include standard deviation in (). For those conditions that did not
produce revertant cells in each experiment, the total number of revertant cells was
divided by the total number of cells plated in all experiments. Therefore no standard
deviation is given.
EMS exposed

Comparing spontaneous revertant mutational spectra
All spontaneous reversion events examined in the KO6K1 cells were single C → T
substitutions. Interestingly, although a CÆT mutation is possible at the 5’ position
(CCCÆTCC) or the middle position (CCCÆCTC), most of the spontaneous CÆT
mutations in both the wild type and MMR-deficient cells occurred at the middle position
(Table 2). Most mutations in the Pms2 null cells were single substitutions (88%), but the
remainder (12%) were tandem substitutions. This latter result reveals that tandem
mutations can occur spontaneously in MMR-deficient cells (Table 2).
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MMR-proficient cellsa
Sponta
neous
A Single C:G → T:A
GC CCC CT→ GC TCC CT
(Pro)

GC CCC CT→ GC TTC CT

1

4

41

H2O2/
metals

88%

36%

79%

6%

100%

7

2

5

2

9

28

14

7

6

97%

5

18

16%

100%

3%

12%

64%

21%

94%

7

21

1

3

14

3

30

1

(Leu)

GC CCC CT→ GT TCC CT
(Pro)

1

100%

H2O2

(Phe)

GC CCC CT→ GC CTT CT
(Pro)

84%

UV

(Leu)

B. Tandem CC:GG → TT:AA

(Pro)

100%

neous

(Ser)

GC CCC CT→ GC CTC CT
(Pro)

H2O2

Pms2
null cells
Sponta

H2O2/
metals

2

(Ser)

Total number of revertants
analyzed
5
50
5
21
29
24
25
14
32
27
(the number of independent
experiments which produced
(5)
(17)
(2)
(3)
(9)
(15)
(7)
(5)
(12)
(8)
revertants)
Table 2: Mutational spectra determined for MMR-proficient and MMR-deficient cells. (a) Spontaneous results only for KO6K1 cells;
H2O2 and H2O2/metals results only for DIF6S1 cells; UV and EMS results are combined from both cell lines.
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Comparing UVC induction frequencies
UVC exposure readily induced revertant cells above spontaneous revertant frequencies
detected in both wild type cells lines at comparable frequencies (26-27 X 10-6, Table 1).
Similar to our previous study examining forward mutant frequencies, there was relatively
little increase (approximately 2-fold) in the revertant frequencies for UV-exposed Pms2
null cells when compared with the spontaneous mutant frequencies for these cells. The
individual reversion frequencies for each UVC-treated pot are shown in Figure 5.
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Figure 5: Revertant frequencies from each UVC-treated pot in MMR-proficient (Dif6
and KO6) and MMR-deficient cells.
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Comparing UVC-induced mutational spectra
A sequence analysis of the revertants induced in the repair proficient cells demonstrated
that most UV-induced reversion mutations were single C → T substitutions (84%). The
remaining reversion mutations were tandem CC → TT substitutions (16%) resulting in
TTC (phenylalanine) or CTT (leucine) (Table 2, Figure 6). Because the reversion assay
is designed to reduce background and detect only the mutations of interest, these relative
percentages of single vs. tandem substitutions are higher than previously observed with
the forward assay at Aprt in DNA repair proficient mouse cells exposed to UVC [3.5%
CCÆTT observed by Khattar (Khattar and Turker, 1997a)] and work by others [5%
CCÆTT observed by Hutchinson (Hutchinson, 1994)].
For the MMR-deficient cells, the percentage of revertant cells with tandem
mutations rose from 12% in spontaneous revertants to 64% in revertants isolated after
UVC-irradiation (p value < 0.001 based on Chi-squared test). This is also a significant
difference from the 16% tandem mutations induced by UVC irradiation in MMRproficient cells (p value < 0.001). Moreover, when considering both revertant frequency
and the spectrum of mutations, an approximately 8-fold increase in tandem mutations
was detected in the UV-exposed Pms2 null cells when compared to tandem mutations in
the UV-exposed MMR-proficient cells (Figure 6). Figure 6 graphically illustrates the
comparative reversion frequencies in MMR-proficient and -deficient cells, adjusting for
observed mutational spectra and differences in reversion frequencies. These results
demonstrate a hypermutagenic response for UVC-induced CCÆTT tandem mutations in
the MMR deficient cells.
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Figure 6. Relative reversion frequencies of single (C → T) and tandem (CC → TT)
mutations in genotoxin exposed and non-exposed (spontaneous) MMR proficient (KO6
and DIF6) and Pms2 null cells. The frequencies were calculated by multiplying the total
reversion frequency by the percentage of the specific mutation observed in sequence
analysis.
Comparing revertant frequencies in cells challenged with ROS
Hydrogen peroxide was not able to induce a significant number of revertant cells in the
Dif6S6 MMR-proficient cell line (the reversion frequency observed was 0.14 x 10-6).
This may be because the HO· radical (thought to be the mutagenic byproduct of H2O2.)
has an infinitesimally short half life, reported to be approximately 10-9 seconds (Termini,
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2000). Therefore, the metals Fe3+ and Cu2+ were added to the hydrogen peroxide with the
expectation that they would participate in the Fenton reaction increase hydroxyl radical
production, and ultimately enhance the ROS-induced mutation frequency. It is thought
that these metals increase the mutagenic specificity of oxygen radicals because they bind
to DNA and consequently, the HO· radical generated by the Fenton reaction, is able to
directly react with DNA (Reid and Loeb, 1992). The Dif6S6 cells were significantly
more resistant to the hydrogen peroxide/metal mix and we were therefore able to treat
these cells with a nearly 7-fold higher level of hydrogen peroxide and nearly 2-fold
higher levels of metals to reach levels of cell killing comparable to the other cell types.
The hydrogen peroxide/ metal mixture did not significantly affect the revertant frequency
observed in the Dif6S cells (0.32 x 10-6) but the mixture had a greater affect in the MMRdeficient cells. The hydrogen peroxide treated MMR-deficient cells had an average
reversion frequency of 26 x 10-6 (Table 1). Adding metals to hydrogen peroxide
increased the mutation frequency to 57 x 10-6 (Table 1). This frequency is nearly 2-fold
above the observed spontaneous mutation frequency and is comparable to the frequency
after exposure to UVC irradiation. The revertant frequencies of each individually-treated
pot are shown in Figure 7.
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Figure 7: Reversion frequencies induced with hydrogen peroxide plus metals in MMRproficient and MMR-deficient cells. ND indicates the number of pots in which the
frequency could not be determined because no revertant cells were identified.
Comparing revertant mutational spectra induced by ROS
To test for the specific induction of the CC → TT mutation in mammalian cells exposed
to ROS we treated the MMR-proficient Dif6S6 cells with the hydrogen peroxide/ metal
mixture and recovered revertant cells in 5 of 9 experiments. A sequence analysis
revealed that all revertant cells obtained had CC → TT tandem mutations (Fig. 6), but it
is noted that these cells were derived from only three experimental ‘pots’ and therefore
we can only be confident of three independent tandem mutational events. KO6K1 cells
were also treated with a mixture of hydrogen peroxide and metals, but no tandem
substitutions were found in the small number of revertant cells that were recovered (Fig.
6). All mutant cells recovered from hydrogen-peroxide-exposed cells (minus metals)
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were single C → T base-pair substitutions (Fig. 6), but again these cells were only
isolated from a small number of ‘pots’ (Table 2).
The results obtained using the DIF6S6 cells suggested that a hydrogen peroxide/metal
mixture could induce tandem CC → TT substitutions, but at low frequency in DNA
repair proficient cells. We therefore repeated these experiments with the Pms2 null
kidney cells using the same concentrations of hydrogen peroxide and metals that were
used to treat the MMR-proficient kidney cells. In this case, the majority (94%) of the
mutational events were tandem CC → TT mutations (Table 2, Fig. 6, p value < 0.001),
representing an induction of approximately 175-fold for tandem mutations when
compared with the induction found in the MMR proficient DIF-6 cells. The revertant
cells exhibiting CC → TT mutations in the Pms2 null background were obtained from 12
independent treatments, thereby ruling out that the observed tandem mutations were the
result of a small number of independent mutational events. In contrast to results obtained
when the Pms2 null cells were treated with both hydrogen peroxide and metals, only 21%
of revertant mutations were tandem mutations (Table 2) after exposure to hydrogen
peroxide alone and no tandem mutations were recovered from the Pms2 null cells treated
with the metals alone (not shown). Therefore, generation of the hydroxyl radical in the
mixture of hydrogen peroxide plus transition metals was necessary for the robust
induction of tandem mutations in the Pms2-null cells.

Comparing revertant frequencies and mutational spectra induced by EMS
To confirm the specificity of UV and hydrogen peroxide/metals to induce tandem
mutations in the Pms2 null cells, we exposed these cells and the MMR-proficient cells to
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the alkylating agent EMS (ethyl methanesulfonate) because it is known to damage the
guanine residues on the opposite strand, thereby inducing G → A mutations (Khattar and
Turker, 1997b). The EMS-induced revertant frequencies in the Pms2 null cells were
approximately 5-10 fold higher than those in the MMR proficient cells, demonstrating a
hypermutagenic response (Table 1), as has been observed by others examining alkylation
mutagenesis in MMR null cells (Glaab et al., 1998). The frequencies of individual EMStreated ‘pots’ are given in Figure 8.
A sequence analysis revealed that 97% (28/29) of the mutations detected in the
MMR-proficient cells were single CÆT substitutions. Similarly, all revertants sequenced
from the Pms2 null cells were C → T single substitutions (Table 2) demonstrating that
the type of exposure is an important determinant in induction of tandem mutations in the
Pms2 null cells.
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Figure 8: Revertant frequencies of individual ‘pots’ induced by EMS in MMR-proficient
or MMR-deficient cells. Frequencies are reported per million cells.
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Discussion
That MMR plays a role in the prevention of tandem mutations is made obvious in the
spontaneous mutational spectra. Whereas none of the DNA repair-proficient spontaneous
revertants showed tandem mutations, 12% of the MMR-deficient spontaneous revertants
contained tandem mutations. Not only does this demonstrate a role for MMR in the
prevention of tandem mutations, this data suggests that tandem mutations arise
spontaneously at a significant frequency and that MMR functions to suppress these
mutations. A high frequency of spontaneously occurring tandem mutations is
contradictory to previously published literature (in any genetic background). Because
tandem mutations may be induced by ROS, it is plausible that these mutations originated
as a result of the lack of repair of oxidatively modified bases in a MMR deficient
background. Indeed, previous work in our laboratory has shown that when MMRdeficient cells are grown in medium containing antioxidants, the rate of ATÆGC
mutations is significantly decreased, demonstrating the role of MMR proteins in
preventing specific base pair substitutions caused by oxidative stress (Shin and Turker,
2002). Conversely, because MMR functions to correct errors made by polymerase
slippage during replication, it is plausible that a replication polymerase erroneously
inserts inappropriate tandem nucleotides in regions of homonucleotide runs. The
likelihood of the latter scenario is greater when one takes into account that
homonucleotide runs containing cytosines are subject to cytosine deamination; therefore,
a replication polymerase may insert adenine nucleotides across deaminated cytosines
(uracils) before a uracil glycosylase is able to remove the uracil from DNA.
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Another observation made regarding the mutational spectra in MMR-deficient
spontaneous revertants is that 88% of the events were single CÆT mutations. Because a
primary function of MMR is to correct errors made by polymerase slippage during
replication one would expect an increased frequency of frameshift mutations, which are
not able to be detected by the reversion assay (these mutations are the hallmark of MMR
deficiency). In that case, only a very low spontaneous revertant frequency would be
expected to result from this assay. However, an observation previously made in our
laboratory is that the majority of small mutagenic events in MMR deficient cells are base
pair substitutions (Shin et al., 2002a). That data as well as data presented in this chapter
suggest that MMR plays a larger role in correcting errors made due to polymerase
misinsertion than in correcting errors due to polymerase slippage.
It was previously stated that the CCÆTT tandem mutation is considered a
signature mutation for UV exposure. Similar to observations of significantly increased
frequencies of tandem mutations made the TP53 and PTCH genes in skin tumors of
patients with a DNA repair deficiency (e.g. NER), these results show that a
hypermutagenic response to UV for CCÆTT tandem mutations also occurs in cells
deficient for MMR. This observation suggests that MMR plays a role in preventing UVinduced mutations but does not reveal the mechanism (i.e. whether MMR acts to signal
UV damage, to arrest the cell, or to kill the cell via apoptosis in UV-damaged cells).
The CCÆTT tandem mutation has been described as a biomarker of oxidative
stress. Indeed, results in this chapter demonstrate the induction of tandem mutations by a
hydrogen peroxide/ metal mixture in the Dif6, DNA repair-proficient cell line, albeit at
low frequencies. In contrast, the induction of tandem mutations in the MMR-deficient
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cell line was remarkably robust. Taken together, it may be concluded that the ROS
generated by the Fenton reaction can induce CCÆTT tandem mutations in mammalian
cells (a novel finding) and that MMR plays a significant role in preventing their
formation.
Contrary to the increased CCÆTT tandem mutation frequencies observed in
MMR-deficient cells treated with UVC or the hydrogen peroxide/ metal mixture, EMS
did not induce GGÆAA tandem mutations on the opposite strand even though it induced
a robust hypermutagenic effect. These results indicate that the type of damage being
formed (and subsequently processed) plays a large role in tandem mutation formation.
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4. Examining the role of sequence context on tandem mutation formation
Rationale
There have been few studies in MMR-deficient backgrounds suggesting that sequence
context plays a role in mutational spectra and/ or mutational frequencies observed upon
induction by various genotoxins (Harfe and Jinks-Robertson, 2000b; Borgdorff et al.,
2006). In the previous chapter, it was reported that Pms2 null cells exhibited an elevated
frequency of CCÆTT tandem mutations upon exposure to UVC or ROS (hydrogen
peroxide plus metals). The sequence target used to detect tandem mutations in that study
was part of a run of 5 cytosines (the Pro codon flanked 5’ and 3’ by cytosines). Because
MMR-deficient cells are prone to accumulating mutations generated by DNA polymerase
slippage during replication, a run of 5 consecutive cytosines could conceivably contribute
to the elevated frequency of tandem mutations observed in the previous study if
polymerase slippage resulted in the insertion of erroneous tandem nucleotides.
Therefore, the 5C reversion construct was modified to break up the 5 consecutive
cytosines: the 5’ and neighboring cytosine encoding the Pro codon (C CCC C) were
flanked either by purines (adenine) or pyrimidines (thymine). A third reversion construct
extended the homonucleotide run to 6 consecutive cytosines, which created a frameshift
mutation in addition to the preexisting codon change. The purpose of this study was to
evaluate the effects these sequence contexts have on mutational frequency and spectra
observed upon induction with UVC, ROS, or EMS in the mismatch repair-deficient
background.
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Results
The effect of sequence context on spontaneous revertant frequency and mutational
spectra
An illustration of the reversion constructs used in this study is given in Figure 9.
Spontaneous revertants were detected in 100% of the 18 individual pots of MMRdeficient cells tested for mutation within the original 5C reversion construct. The average
spontaneous revertant frequency in cells with this construct was 37 x 10-6. This result is
consistent with the mutator phenotype in MMR-deficient cells (i.e. an elevated frequency
of spontaneous mutations) because, as shown in the previous chapter, a DNA repairproficient comparable cell line exhibited a spontaneous revertant frequency of 0.6 x 10-6
(Lawes et al., 2002).

Figure 9: Sequence context of various reversion constructs (shown with 5C sequence for
reference).
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Of the 14 individual MMR-deficient spontaneous pots set up to test the 2Cpyr
construct, only 8 (57%) yielded revertant cells. The average spontaneous revertant
frequency in cells with the 2Cpyr construct was 6.4 x 10-6, about 6-fold lower than the
average spontaneous mutation frequency observed in cells with the original 5C construct.
The differences observed in the spontaneous revertant frequencies between all three
constructs are statistically significant (p = 0.001, Quasi-likelihood method). Moreover,
none of the spontaneous revertants expanded for sequence analysis survived the process,
suggesting they may have been able to grow in the presence of azaserine and adenine by
means other than reversion mutation within Aprt (i.e., they were not bona fide Aprt
revertants).
Similarly, of the 19 MMR-deficient spontaneous pots set up to examine the
2Cpur construct, only 10 (53%) yielded revertant cells. The average spontaneous
revertant frequency in cells with this construct was 7.6 x 10-6, nearly 5 times lower than
that observed for the 5C construct. Only 2 revertant clones survived cellular expansion
for sequencing. Both had single CÆT base pair mutations at the 3’ cytosine (A CCAÆ
A CTA).
The average spontaneous revertant frequency in MMR-deficient cells with the
6C construct was 10.5 x 10-6. Of 19 individually-tested spontaneous ‘pots’, 12 pots
yielded revertant cells but only 1 spontaneous 6C revertant clone was able to survive
clonal expansion, suggesting that all other clones survived initial selection in azaserine
and adenine by means other than reversion mutation. Upon sequencing the lone
surviving revertant, it was discovered that the 6Cs were still present in the sequence,
which confirmed that the clone had survived selection by means other than a base pair
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substitution and a one bp deletion at the target codon. Cells with the 6C construct failed
to revert following treatment with any genotoxin subsequently reported in this chapter.
Therefore, data collected pertaining to revertant frequencies will be reported but
mutational spectra will not.
In total, these results demonstrate that a run of 5 cytosines contributes to the
elevated spontaneous reversion frequency in MMR-deficient cells. Table 3 lists the
average spontaneous revertant frequency observed with each construct. Figure 10 shows
the spontaneous revertant frequencies determined for each individual pot.

Spontaneous
UV exposed
Fenton rxn
EMS

5Cs
37 (66)
53 (30)
57 (62)
428 (441)

2Cpyr
6 (6)
60 (28)
1 (*)
95 (113)

2Cpur
8 (8)
14 (21)
4 (4)
71 (60)

6C
11 (12)
12 (28)
16 (16)
9 (4)

Table 3: Average revertant frequencies (x 10-6) induced by various genotoxins in Pms2
null cells transfected with each reversion construct. Standard deviations are given in
parentheses. In 2Cpyr-containing cells treated with the Fenton rxn, (*) no standard
deviation was calculated because there were so few revertant cells detected. Therefore,
the total number of revertant cells was divided by the total number of cells plated in all
experiments.
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Figure 10: Spontaneous revertant frequencies (x 10-6) observed in MMR-deficient cells
with each reversion construct. ND indicates the number of pots in which no revertant
cells were identified. * Differences in revertant frequencies are statistically significant
based on Quasi-likelihood method.
The effect of sequence context on mutant frequency for UVC-exposed MMR-deficient
cells
The average revertant frequency observed in the UV-exposed cells with the 5C construct
was 53 x 10-6. This is comparable to the average revertant frequency observed in UVCexposed MMR-deficient cells with the 2Cpyr reversion construct (60.4 x 10 -6). In
contrast, the average revertant frequency in UVC-exposed cells with the 2Cpur construct
was 14 x 10-6, and 12 x 10-6 in the cells with the 6C construct, respectively. The average
revertant frequencies are listed in Table 3 and the revertant frequencies for the individual
‘pots’ are shown in Figure 11.
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Sequence analysis in revertants isolated from UVC-exposed cells
In the previous chapter it was shown that UVC readily induced CCÆTT tandem
mutations in MMR-deficient cells with the 5C construct (64% of total sequenced
revertants). In contrast, 32 revertant clones with the 2Cpyr construct were sequenced and
27 (84%) had a single CÆT base pair substitution, 4 (13%) had tandem mutations, and 1
(3%) had a complex mutation (3 separate base pair substitution events within 5
consecutive nucleotides). These clones were isolated from 2 separate cell lines each
containing a single copy of the construct for the purpose of eliminating concerns about
genome integration affecting frequencies. Therefore, tandem mutations in cells with the
2Cpyr construct were observed four times less frequently than in cells with the 5C
construct. Only 1 (4%) CCÆTT tandem mutation was observed in the UVC-induced
cells containing the 2Cpur construct out of 26 sequenced samples collected from 16
independent pots; the remaining 96% of sequenced samples contained a single CÆT bp
substitution (Table 4).
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Figure 11: Revertant frequencies (x 10-6) observed in individual UVC-irradiated ‘pots’
with different reversion constructs. ND indicates the number of pots in which no
revertant cells were identified.
Of the 100 UV-exposed revertant clones with the 6C construct that were isolated
for sequencing, only one clone survived clonal expansion. Upon examining the sequence
from this revertant, it was discovered that the 6Cs were still present in the sequence,
indicating the clone had reverted by means other than base pair substitution at the target
codon and that the combination of a frameshift deletion and a base pair substitution does
not occur. Non-transfected MMR-deficient cells (deficient in Aprt) were also able to
yield revertant cells, confirming that MMR cells can also become resistant to azaserine
and adenine by a mechanism other than base pair substitution (data not shown).
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5C
A Single C:G → T:A
GXa CCXa CT→ GXa TCXa CT
(Pro)

(Leu)

B. Tandem CC:GG → TT:AA
a

GXa CCX CT→ GXa TTXa CT
(Pro)

UVC

88%

36%

6%

100%

7

2

2

9

6

4

14

7

18

2

21

EMS

Sp.

100% 96% 100% 100%

Sp UV metal
N
b
D 84% 100% 100%

2

3

7

24

1

12%

64%

94%

4%

3

14

30

1

2

6

6

N
b
D 13%
3

(Phe)

GXa CCXa CT→ GXa CTXa CT
(Pro)

Sp.

2Cpyr
H2O2/

H2O2/
metal

(Ser)

GXa CCXa CT→ GXa CTXa CT
(Pro)

2Cpur

H2O2/
metal

(Leu)

(TA)
1

GXa CCXa CT→ GT TCXa CT
(Pro)

(Ser)

Total number of revertants
24
25
32
27
8
26
2
9
32
6
7
analyzed
(the number of independent
(15)
(7)
(12)
(8)
(5)
(16)
(2)
(5)
(14) (2)
(5)
experiments which produced
revertants)
Table 4: Mutational spectra observed in MMR-deficient cells with different reversion constructs following various treatments. ND is
not detected. a: X in 5C construct is cytosine; in 2Cpur construct is adenine; in 2Cpyr construct is thymine. b: The frequencies in
cells with the 2Cpyr construct exposed to UVC do not add to 100% because 1 additional complex mutation (C CTT T) was observed.
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Revertant frequencies and mutational spectra following exposure to ROS
The average revertant frequency in MMR-deficient cells with the 5C reversion construct
exposed to H2O2 plus metals was comparable to the average revertant frequency observed
upon UVC-irradiation in these cells (57 and 53 x 10-6, respectively). This was not the
case in MMR-deficient cells with the 2Cpur, 2Cpyr, or 6C reversion constructs. Whereas
the average revertant frequency in cells with the 2Cpyr construct exposed to UVC was 60
x 10-6, the average revertant frequency after exposure to ROS in these cells was only 1.3
x 10-6. Of 10 individually-treated ‘pots’, only 2 (20%) yielded revertants, demonstrating
the inability of the hydrogen peroxide/ metal mixture to induce mutations in cells with the
2Cpyr construct. Similarly, the revertant frequency in cells with the 2Cpur construct
exposed to ROS was 3.6 x 10-6, whereas the average frequency in these cells after UVC
exposure was 14 x 10-6. In this case, 8 of 12 (67%) individually-treated 2Cpur ‘pots’
yielded revertant cells; nevertheless, the low revertant frequencies observed following
exposure to the hydrogen peroxide/ metal mixture demonstrates that ROS was unable to
induce significant numbers of mutations in MMR-deficient cells with the 2Cpur
construct. The average frequencies observed following exposure to the Fenton reaction
for each construct are listed in Table 1. These frequencies are statistically different (p <
0.001, Quasi-likelihood method). The frequencies for individual ‘pots’ are shown in
Figure 12.
As discussed in the previous chapter, a robust induction of tandem mutations in
MMR-deficient cells was observed in cells containing the 5C reversion construct upon
treatment with hydrogen peroxide plus metals. This mixture generated a mutational
spectra consisting of 94% CCÆTT tandem mutations and only 6% CÆT base pair
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substitutions. These results contrast with the lack of induced tandem mutations in the
same cells containing either the 2Cpyr or 2Cpur constructs.
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Figure 12: Revertant frequencies (x 10-6) induced by hydrogen peroxide and metals in
MMR-deficient cells with each construct. ND indicates the number of pots in which no
revertant cells were identified. The total frequency (rather than average frequency) is
given for 2Cpyr cells because there were so few reversion events. * The revertant
frequencies are statistically different based on the Quasi-likelihood method.
Revertant frequencies and mutational spectra observed following exposure to EMS
EMS induced an average revertant frequency in the 5C construct that was 4-6 fold higher
than induced in the same cells with the 2Cpyr and 2Cpur constructs. The average EMSinduced revertant frequency observed in cells with the 5C construct was 428 x 10-6,
whereas the average EMS-induced mutation frequency in cells with the 2Cpyr or 2Cpur
construct was lower (95 x 10-6 and 70.7 x 10-6, respectively). It is notable that these
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constructs responded similarly to EMS but differently to UVC (Table 1). Frequencies
observed in individual ‘pots’ are shown in figure 13. EMS did not induce revertants in
cells containing the 6C construct.
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Figure 13: Mutation frequencies (x 10-6) induced by EMS in cells with each reversion
construct. ND indicates the number of pots in which no revertants were identified.

Discussion
Background resistance to azaserine and adenine selection does not require Aprt mutation
Many of the revertant clones in this study (particularly in cells with the 6C construct) did
not survive clonal expansion and had therefore been able to initially grow in the presence
of azaserine and adenine by means other than reversion mutation within Aprt. Three
clones that survived clonal expansion but were not found to have a reversion mutation
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upon initial sequencing were then sequenced throughout all Aprt exons to determine
whether any other mutations were present. However, the clones were not found to have
any Aprt mutations. Because none of the revertant cells with the 6C construct were ‘true’
revertants, this construct made an excellent negative control (i.e. this cell line illustrated
the background revertant spontaneous and induced revertant frequencies). Indeed, the
revertant frequencies in the MMR-deficient cells bearing this construct were unaffected
by exposure to UVC, ROS, or EMS.

Comparing spontaneous revertant frequencies and mutational spectra
Reducing the number of consecutive cytosines from 5 (in the 5C construct) to 2 (in the
2Cpyr and 2Cpur constructs) resulted in a dramatic decrease in the spontaneous revertant
frequency. The revertant frequencies observed in cells with the 2Cpyr and 2Cpur
constructs were comparable to that observed in cells with the 6C construct (i.e. negative
control background). Reducing the number of consecutive cytosines also resulted in the
elimination of tandem mutations from the spontaneous mutational spectra. These data
demonstrate that a homonucleotide run of cytosines is conducive to polymerase
misinsertion events, a proportion of which are tandem mutations in a MMR-deficient
background.

Comparing UVC revertant frequencies and mutational spectra
It was expected that the 2Cpyr construct would have the highest UVC-induced revertant
frequency because TC pyrimidine dimers are formed more frequently than CC
pyrimidine dimers (Douki and Cadet, 2001). Instead, the average revertant frequency
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observed in cells with the 2Cpyr construct was only slightly higher than that observed in
cells with the 5C construct. Additionally, due to the reduced number of cytosines (or
consecutive pyrimidines) within the reversion codon of the 2Cpur construct, it was
expected that the 2Cpur construct would yield the lowest revertant frequency following
exposure to UVC radiation. Indeed, the average revertant frequency in cells with the
2Cpur construct following exposure to UVC radiation was approximately 4 times lower
than the revertant frequencies observed in cells with the 5C construct or the 2Cpyr
construct.
It has been suggested that deamination of cytosine in 5’-CT dimers occur more
frequently than deamination of cytosine in 5’-TC dimers due to the fact that the
phosphate group in the 5’ position of a cytosine-containing dimer is in a better position to
catalyze the addition of a water molecule (or hydroxyl) onto the cytosine at the C4
position (Lemaire and Ruzsicska, 1993). However, because the 5’-TC dimer has been
shown to be more photoreactive than the 5’-CT dimer (Douki 2001), one would expect to
observe a higher proportion of 3’ CÆT mutations.
The aforementioned hypotheses are in agreement with the mutational spectra
observed in the 2Cpyr construct induced upon UVC irradiation. The reversion sequence
of the 2Cpyr reversion construct is 5’-TCCT-3’, which is conducive to the formation of 3
possible pyrimidine dimers. The first possibility is 5’-TC; the second is 5’-CC; the third
is CT-3’. If a cytosine deamination event leads to a CÆT base pair substitution, the
expected mutation if the 5’-TC dimer is formed (and subsequently deaminated) is 5’TTCT. The mutation expected if the 5’-CC dimer is formed and deaminated is either 5’TTCT (similar to if the 5’-TC dimer is formed and deaminated) or 5’-TTTT, depending
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on whether a single or double deamination event takes place, respectively. If the CT-3’
dimer is formed and deaminated, the expected mutation is 5’-TCTT. Following exposure
to UVC irradiation, the mutational spectrum observed in cells with the 2Cpyr reversion
construct was 74% (23 samples) 5’-TCTT, indicative of CT-3’ dimer formation and
subsequent deamination; 10% (3 samples) 5’-TTCT, indicative of 5’-TC dimer formation
and subsequent deamination of cytosine or 5’-CC dimer formation and subsequent single
cytosine deamination of the 5’ cytosine; and 10% (3 samples) 5’-TTTT, indicative of 5’CC dimer formation and subsequent tandem cytosine deamination. These results are in
agreement with previous observations (Tu et al., 1998), as well as the hypothesis that 5’CT dimers are more susceptible to cytosine deamination than are 5’-TC dimers.
It is possible to determine whether the 5’-TTCT mutation (observed in 10% of
UVC exposed cells with the 2Cpyr construct) resulted from 5’-TC dimer formation and
subsequent deamination of the 3’ cytosine or 5’-CC dimer formation and subsequent
single cytosine deamination of the 5’ cytosine by analyzing the mutational spectra
observed in cells with the 2Cpur construct. This is because the reversion sequence of the
2Cpur construct is 5’-ACCA, which is only subject to formation of a pyrimidine dimer at
one location (CC). Interestingly, the mutational spectra observed in 15% of revertant
cells with the 2Cpur construct following UVC exposure was 5’-ATCA, which is
comparable to the frequency of 5’-TTCT observed in revertant cells with the 2Cpyr
construct following exposure to UVC (10%). Because the frequencies are comparable
and because the 2Cpur construct is only subject to CC pyrimidine dimer formation, this
suggests that the origin of the 5’-TTCT mutation in the 2Cpyr construct is a CC
pyrimidine dimer, as opposed to the 5’-TC pyrimidine dimer.
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The homocytosine run is required for the elevated frequency of UVC induced tandem
mutations in the MMR deficient cells.
As stated in the introduction, the presence of CCÆTT tandem mutations is considered a
mutational signature of UV exposure. After observing that UVC-induced elevated
frequencies of tandem mutations in the Pms2 null cells (chapter 3), we speculated that
MMR could impact the formation of UV-induced CCÆTT tandem mutations due to the
multifaceted nature of the pathway. First, MMR plays a role in recognition and
resolution of mismatched nucleotides, which may potentially be incorporated by
translesion bypass polymerases across a UV photoproduct. MMR also plays a role in the
S and G2/M cell cycle checkpoints, which, upon cell cycle arrest, potentially allows
increased time for cytosine deamination of CPDs to take place. Additionally, MMR acts
as a damage sensor in an apoptotic pathway; which may potentially eliminate very
specific UV-induced DNA lesions from becoming mutagenic by committing cells with
these lesions to programmed cell death.
Here we demonstrate directly a role for sequence context in the induction of CC
Æ TT tandem mutations by UVC in the Pms2 null cells. Specifically, high-frequency
induction of these mutations was reduced dramatically when the run of five cytosines was
reduced to two. While the overall frequencies of mutations induced by UVC for the 5C
and 2Cpyr constructs were similar, the percentage of tandem mutations fell from 64% for
the 5C construct to 13% for the 2Cpyr construct. Moreover, only one tandem mutation
was observed for the 2Cpur construct. These data demonstrate that a homonucleotide run,
which is prone to frameshift mutations in MMR deficient cells (in other assays) due to
polymerase slippage (Tran et al., 1997), is also prone to formation of the tandem CC Æ
TT mutation induced by UVC (in the reversion assay). One possible explanation is that
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polymerase slippage on the vulnerable 5C sequence occurs during nucleotide repair and
that MMR normally acts to prevent the resultant tandem mutations, but more work will
be required to test this and other possibilities.
Comparing EMS-induced frequencies
As discussed in the previous chapter, MMR-deficient cells are resistant to alkylating
agents; therefore it was not surprising that EMS induced an average revertant frequency
of 428 x 10-6 in Pms2 null cells with the 5C construct, nearly 12 times the spontaneous
revertant frequency in these cells. Again, a role for sequence context was observed for
induced mutations because the MMR-deficient cells with the 2Cpyr and 2Cpur constructs
exhibited 4-6 fold lower EMS induction frequencies than cells with the 5C construct. It
is important to note that EMS-induced revertant frequencies were similar, in contrast to
the 4.5-fold higher level of UVC induced mutations for the 2Cpyr construct. This result
demonstrates that the difference in UV mutability also represented a sequence context
effect and not a difference in mutability due to different integration sites.

ROS does not induce revertants in cells with 2Cpyr, 2Cpur, or 6C constructs
In the previous study Pms2 null cells exhibited robust revertant frequencies (the average
was 57 x 10-6) induced by a combination of hydrogen peroxide and metals (the Fenton
reaction). The same outcome was not reproduced in cells with the 2Cpyr or 2Cpur
construct. It is not known why this mixture was so robust at inducing revertants in cells
with the 5C construct but weak in cells with the 2Cpyr or 2Cpur construct, but a role for
the run of cytosines is implicated.
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Although the results illustrated in Figure 12 revealed the average revertant
frequency following ROS exposure in MMR-deficient cells with the 6C construct was
higher than the average revertant frequencies observed in cells with the 2Cpur or 2Cpyr
constructs, none of the revertant cells had a base pair substitution in the revertant codon.
This means that they were not true ‘revertants’. It was surprising that ROS was unable to
induce revertants in cells with the 6C construct because another group has used oxidative
metabolism to induce a similar type of mutation, a ‘complex frameshift’, in which a
frameshift mutation and a base pair substitution take place simultaneously (Minesinger et
al., 2006). However, there are a few significant differences between our study and the
study reported by Minesinger et al. Their experiments were performed in a strain of S.
cerevisiae deficient in OGG1 (a base excision repair glycosylase that removes 8oxoguanine when bound with cytosine in dsDNA), and deficient in NER. In contrast, our
cells were deficient in MMR.

Summary
It has been reported that MMR plays a role in homonucleotide run stability in runs
containing as little as 4 consecutive homonucleotides (Tran et al., 1997) and that more
DNA polymerase slippage occurs in mononucleotide runs containing cytosine or guanine
than in runs containing adenine or thymine (Harfe and Jinks-Robertson, 2000b; Gragg et
al., 2002). The results presented herein demonstrate that a) contrary to the belief that
polymerase slippage occurring in runs of homonucleotides results in frameshift
mutations, slippage events may also result in base pair substitution events (including
tandem mutations) in a MMR-deficient background, b) a homonucleotide run is a
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prerequisite for the elevated spontaneous tandem mutation formation in a MMR-deficient
background, c) a homonucleotide run is required for induction of tandem mutations
following exposure to UVC or to a hydrogen peroxide/ metal mixture in a MMRdeficient background, and d) a homonucleotide run (of guanines) contributes to the
elevated mutational frequency observed following exposure to EMS in a MMR-deficient
background.
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5. Induction of CCÆTT tandem mutations in a DNA repair-proficient background
Rationale
UVC readily induced tandem mutations in the MMR-deficient cells containing the 5C
construct, but UVC-induced tandem mutations were 4-5 fold less common in MMR
repair-proficient cells with the same construct. Because UVB induces ROS as well as
photoproducts it was thought that these two components could act in an additive or
synergistic manner to induce a higher frequency of tandem mutations in wild type cells
than was induced upon irradiation with UVC. Therefore, a comparison of revertant
frequencies and mutational spectra induced by UVB and UVC was performed for the
purpose of characterizing the induction of CCÆTT tandem mutations in wild-type cells.
Based on unexpected observations that will be presented, the effect of the oxidative
component on UVB mutagenesis was examined further by either increasing ROS (with
the use of a novel enzyme), or by decreasing ROS (with the use of antioxidants).

Results
Comparing UVB and UVC revertant frequencies and mutational spectra
The mutational spectrum (reported in the third and forth chapters) induced by UVC in the
DNA repair-proficient cell line consisted of 84% single CÆT base pair substitutions and
16% CCÆTT tandem base pair substitutions. Upon addition of several more pots, the
UVC mutational spectrum changed slightly, with 68% CÆT base pair substitutions and
26% tandem mutations. It was thought that because the primary genotoxins known to
induce tandem mutations are UV and oxidative stress, UVB would induce an even higher
frequency of tandem mutations than UVC because approximately 50% of the cytotoxicity
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induced by UVB comes from reactive oxygen species (Koch-Paiz et al., 2004).
Therefore, the oxidative component and DNA lesion component of cytotoxicity could act
in an additive manner to induce a higher number of CCÆTT tandem mutations.
Kidney epithelial cells with the 5C construct (KO6K1) were treated with UVB or
UVC (i.e. a dose corresponding to 80-90% killing) and the cells were plated for the
reversion assay. The average revertant frequencies induced by either UV wavelength
were not statistically different (p = 0.657, Quasi-likelihood method): UVB induced an
average of 13.9 x 10-6 revertants and UVC induced an average of 14.9 x 10-6 revertants.
The revertant frequencies calculated for individual pots in each experiment are shown in
Figure 14.
The frequency of CCCÆCTC base pair substitutions was equivalent upon UVB
or UVC irradiation (67%, Table 5). However, there was a statistically significant
difference in the frequency of tandem mutations observed upon UVB versus UVC
irradiation. Whereas 26% of mutations induced by UVC were tandem mutations, UVB
induced a lower frequency (2%) of tandem mutations (p < 0.001, Χ 2 test). This is in
marked contrast to the predicted outcome of increased tandem mutations upon UVB
irradiation. Another unexpected result was that the frequency of CCCÆTCC base pair
substitutions was higher in the UVB-irradiated cells compared with the UVC treated cells
(p < 0.001, Χ 2 test). The percentage of revertant clones with a TCC codon upon UVB
irradiation was 34%, compared with 6% for UVC. The mutational spectra induced by
UVB and UVC irradiation are shown in figure 15 and Table 5.
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UVB vs. UVC reversion frequencies

reversion frequency (per million cells)

100

Avg= 13.9

Avg= 14.9
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0.1

5 = ND

5 = ND

UVC
.
Figure 14: The revertant frequencies (x 10-6) induced by either UVB or UVC in the
KO6K1 DNA repair-proficient cell line. ND indicates the number of pots in which no
revertant cells were identified.
UVB

Oxidative stress and UVC
It was thought that the oxidative stress induced by UVB could, in the presence of UV
photoproducts, lead to the increased frequency of TCC mutations. This is because UVC,
which does not induce ROS, did not induce high frequencies of TCC mutations. To test
this hypothesis, cells with the DAAO construct were pretreated with D-alanine (see
Appendix 1) to induce acute (4 hours of 25 mM D-ala) or chronic (24 hours of 10 mM Dala) oxidative stress, followed by treatment with 4.5 or 6.7 J/m2 UVC irradiation. The
revertant frequencies induced in individual ‘pots’ with each treatment are shown in
Figure 16. Although the average revertant frequency induced upon UVC irradiation
alone was nearly 4-fold higher than the average revertant frequency induced upon UVC
irradiation following pretreatment with D-alanine, the revertant frequencies were not
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statistically different (p = 0.078, Quasi-likelihood method). No revertant events occurred
in cells treated with D-alanine alone (i.e. without UVC).

UVB vs. UVC mutational spectra
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70%
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Percentage of observed mutations

24
26
50%

40%
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34%
30%

14
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9
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2%
1
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tandem

6%
0%

2

TCC

UVB
UVC

Figure 15: Mutational spectra induced by either UVB or UVC irradiation. Each column
represents the percentage of observed reversion mutations.
The purpose of this experiment was to determine whether adding an oxidative
component to UVC would yield mutational spectra comparable to that induced with
UVB. More specifically, it was thought that the high frequency of TCC mutations
observed upon UVB irradiation was induced by the oxidative component of UVB. Acute
oxidative stress did, in fact, increase the frequency of TCC mutations from 6% in the
group treated with UVC alone, to 36% after a 4 hour exposure. In the group pretreated
with chronic oxidative stress, the frequency of UVC-induced TCC mutations was not as
high as in the group with acute oxidative stress (i.e. 20% versus 36%), but nevertheless,
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the frequency was increased 4-fold from the group treated with UVC alone (Figure 17,
Table 5).
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Figure 16: Revertant frequencies (x 10-6) induced by UVC, or by pretreating DAAO
cells with acute (4 hours) or chronic (24 hours) D-ala followed by UVC treatment. ND
indicates the number of pots in which no revertant cells were identified.

90

UVB
Sponta
neous
A Single C:G → T:A

100%

GC CCC CT→ GC TCC CT
(Pro)

+24’
D-ala

(Leu)

B. Tandem CC:GG → TT:AA

98%

85%

60%

46%

14

8

1

3

2

26

14

11

12

2%

15%

40%

42%

2

8

GC CCC CT→ GC TTC CT
(Pro)

(Leu)

GC CCC CT→ GT TCC CT
(Pro)

D-ala

+AOX

63%

72%

85%

65%

45%

3

2

5

4

14

7

24

6

9

9

33%

37%

28%

15%

35%

55%

7

3

8

2

3

4

5

2

1

3

7

6

1

1

1

Trolox
67%

(Phe)

GC CCC CT→ GC CTT CT
(Pro)

+4’
UVC D-ala

(Ser)

GC CCC CT→ GC CTC CT
(Pro)

UVC+24’

+4’
D-ala

(Ser)

1

2

Total number of revertants
2
41
26
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16
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(23) (13)
(9)
(11)
(9)
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experiments which produced
revertants)
Table 5: Mutational spectra observed in KO6CCCK1 cells following various treatments.
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Figure 17: Mutational spectra induced by UVC only, or pretreating cells with acute (4
hours) or chronic (24 hours) oxidative stress, followed by UVC treatment.

Subtracting oxidative component from UVB mutational spectra
Treating cells with UVB frequently led to TCC mutations, which were rarely observed
upon UVC irradiation unless oxidative stress was added. Because UVB causes ROS,
unlike UVC, I hypothesized that subtracting ROS from UVB mutagenesis would yield a
mutational spectrum similar to that induced with UVC irradiation (i.e. a lower frequency
of TCC mutations than induced by UVB alone). To subtract the oxidative component
from the UVB-induced mutational spectra, cells were pretreated for 24 hours with a
combination of 20 μM trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid)
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and 40 μM N-acetylcysteine (NAC) followed by 31.4-37.7 J/m2 UVB irradiation.
Following UVB irradiation the cells were kept in the antioxidant mix for 1 week to
combat potential ROS induced by UVB irradiation. The revertant frequencies and
mutational spectra induced in each group were then compared.
There were no revertant cells observed when KO6CCCK1 cells were treated with
antioxidants only. The average revertant frequency induced by UVB alone was 13.9 x
10-6. The average revertant frequency induced in cells pretreated with antioxidants
followed by UVB irradiation was 2-fold higher (30.1 x 10-6). The average revertant
frequency in the UVC-only treated group was 14.9 x 10-6. The revertant frequencies for
the individual ‘pots’ in each group are shown in figure 18.
By subtracting the oxidative component from UVB mutagenesis (by
treating cells with antioxidants) the mutational spectra should be more comparable to that
induced by UVC irradiation. Indeed, when cells were treated with antioxidants and UVB
irradiation, the relative frequency of TCC mutations decreased from 34% (UVB alone) to
12%. An unexpected finding, however, was that the frequency of tandem mutations in
cells treated with antioxidants and UVB irradiation was 42%, 21 times the frequency
found upon irradiation with UVB alone. This increase in tandem mutations is statistically
significant (p<0.001, Fisher exact test). The mutational spectra induced by each
treatment are shown in figure 19.
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Figure 18: Revertant frequencies (x 10-6) induced in each ‘pot’ by UVB alone,
pretreating with antioxidants followed by UVB irradiation, or UVC alone. ND indicates
the number of pots in which no revertant cells were identified.
NAC or trolox?
The prior experiments demonstrated a high frequency of tandem mutations when UVB
irradiation was combined with antioxidant exposure. Because the antioxidant used was a
mixture of two chemicals, NAC and trolox, we tested each individually with UVB to
determine if both were effective independently or, alternatively, if they acted
synergistically. The revertant frequencies and mutational spectra were compared
between cells treated with UVB alone or cells treated with NAC and UVB, or trolox and
UVB.
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Figure 19: Mutational spectra induced by either UVB alone, antioxidants and UVB, or
UVC alone.
No revertant cells were observed in cells treated with NAC alone, trolox alone, or
a combination of the antioxidants alone (i.e. without UVB irradiation). The average
revertant frequency induced by UVC alone was 13.9 x 10-6. The average revertant
frequencies induced by NAC with UVB or trolox with UVB were 8.7 x 10-6 and 40.3 x
10-6, respectively. The difference between these frequencies is statistically significant (p
= 0.001, Quasi-likelihood method), and this suggests that trolox increases the revertant
frequency while NAC decreases the frequency a little when the two antioxidants are used
in combination. The average revertant frequency induced with the combination of NAC
and trolox with UVB was comparable to the average of the aforementioned revertant
frequencies (8.7 and 40.3 x 10-6) induced with each individual antioxidant with UVB
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(28.6 x 10-6). Revertant frequencies of individual pots from each group are shown in
Figure 20.
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Figure 20: Revertant frequencies (x 10-6) from individual ‘pots’ induced by UVB alone,
NAC and UVB, trolox and UVB, or NAC plus trolox (combo) and UVB. ND indicates
the number of pots in which no revertant cells were identified. * The difference in
revertant frequencies between groups is statistically significant.
The frequency of tandem mutations was significantly increased upon treatment
with NAC with UVB, trolox with UVB, as well as the combination of antioxidants with
UVB. Treatment with either antioxidant followed by UVB irradiation resulted in
comparable increases in tandem mutations (i.e. 27-fold with NAC and 18-fold with
trolox) compared to the frequency of tandem mutations observed after treatment with
UVB alone (2%). The mutational spectra induced by treating with each antioxidant with
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UVB, as well as with the combination of antioxidants with UVB are shown in Figure 21.
These results suggest that the increase in the absolute frequency of tandem mutations
observed upon treatment with antioxidants is a general ‘antioxidant effect’ because the
decrease in cellular free radicals by either antioxidant resulted in a dramatic shift in the
mutational spectra induced by UV irradiation.
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Figure 21: Mutational spectra induced by UVB alone, NAC with UVB, trolox with
UVB, or NAC plus trolox (combo) with UVB.
Antioxidant treatment with UVC irradiation
The robust increase in tandem mutations induced by antioxidants and UVB was
unexpected. If the same result could be reproduced with antioxidants and UVC, it would
indicate that the mechanism of the antioxidants is not via the quenching of ROS, as UVC
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has not been reported to have an oxidative component. It was hypothesized that a similar
result would not be observed upon treatment with antioxidants and UVC because Dr.
Lawrence Loeb’s group performed a similar experiment in which UVC irradiated cells
were with treated mannitol and the frequency of tandem mutations was unaffected (Reid
and Loeb). However, the details about length or timing of antioxidant treatment were not
specified. In my experiment, cells were treated for 24 hours with the same doses of
trolox and NAC (in combination) as used in the two previous experiments. Cells were
then treated with 4.5-7.7 J/m2 UVC irradiation, corresponding to 80-90% cell killing.
The revertant frequencies and spectra were compared.
The average revertant frequency induced by UVC alone was 14.9 x 10-6,
comparable to the frequency induced by antioxidants and UVC (11.8 x 10-6). These
frequencies are not statistically different (p = 0.765, Quasi-likelihood method). No
reversion events were observed with antioxidant treatment alone (i.e. without UVC). The
average frequencies calculated for each ‘pot’ are shown in figure 22.
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Figure 22: Revertant frequencies (x 10 ) calculated for each individual ‘pot’ induced by
either UVC alone or antioxidants and UVC. ND indicates the number of pots no
revertant cells were identified.
UVC alone induced a high background of tandem mutations (26% of sequenced
samples). The relative frequency of tandem mutations increased to 55% when
antioxidants were used pre- and post- UVC irradiation. No significant change, however,
was observed in the frequency of TCC mutations (i.e. none were observed). The
mutational spectra are shown in Figure 23 and Table 1. These results suggest that the
antioxidants are not increasing tandem mutations via the quenching of ROS and that the
results observed are specific to the addition of antioxidants in the presence of UV
photoproducts.
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Figure 23: Mutational spectra induced by UVC alone or antioxidants and UVC.

UVB and oxidative stress
As mentioned, UV and oxidative stress are the primary genotoxins known to induce
CCÆTT tandem mutations. In the experiment in which the mutational spectra induced
by UVB or UVC were compared, UVB was shown to induce a much lower frequency of
tandem mutations. A significant component of UVB-induced cytotoxicity comes from
ROS but this doesn’t necessarily mean a cell is in a state of ‘oxidative stress’. I
hypothesized that the amount of ROS induced by UVB may be below a threshold that a
cell may be able to overcome and therefore sought to induce a state of ‘oxidative stress’
in the cells prior to UVB exposure to determine the effects that may have on the revertant
frequencies and mutational spectra. DAAO cells were pretreated with D-alanine to
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induce acute (4 hours of 25 mM D-ala) or chronic (24 hours of 10 mM D-ala) oxidative
stress, followed by 31.4 J/m2 UVB irradiation. The revertant frequencies and spectra
were then compared between groups.
The revertant frequencies induced in each group of treatments were similar. The
average revertant frequency in both the UVB-only treated group as well as the group
pretreated with acute oxidative stress, followed by UVB irradiation was 9.0 x 10-6. The
average revertant frequency in the group pretreated with chronic oxidative stress
followed by UVB irradiation was 12.4 x 10-6. No revertant cells were induced by acute
or chronic oxidative stress only (i.e. without UVB irradiation). The individual revertant
frequencies for each treated ‘pot’ are shown in Figure 24.
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Figure 24: Comparative revertant frequencies (x 10-6) induced by UVB alone, or by
pretreating cells with acute (4 hours) or chronic (24 hours) oxidative stress, followed by
UVB irradiation. ND indicates the number of pots in which no revertant cells were
identified.
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Pretreating cells with 25 mM D-ala for 4 hours led to an increase from 2% tandem
mutations in the group treated with UVB alone, to 15% tandem mutations. Remarkably,
pretreating cells with 10 mM D-ala for 24 hours before UVB led to 40% tandem
mutations (100% of these tandems were TTC mutations). This trend in increasing
tandem mutations represents a statistically significant increase following exposure to
acute or chronic oxidative stress (p < 0.001, Χ 2 test). While the frequency of TCC
mutations was similar between the groups treated with UVB alone and pretreatment with
acute oxidative stress followed by UVB irradiation (34% versus 31%, respectively) the
frequency of TCC mutations in the group pretreated with chronic oxidative stress
followed by UVB irradiation was 5%, a statistically significant decrease compared to the
other 2 groups (p = 0.001, Fisher exact test). These results suggest that the TCC
mutation may be a precursor or alternative to the tandem mutation since the frequency of
TCC mutations decreased as the frequency of TTC tandem mutations increased as a
function of treatment with oxidative stress over time. The frequency of CTC mutations
was comparable between groups: 66% induced by UVB alone, 54% induced by
pretreating with acute oxidative stress followed by UVB irradiation, and 55% induced by
pretreating with chronic oxidative stress followed by UVB irradiation. The mutational
spectra observed by each treatment are shown in Figure 25 and Table 5.

102

64%

70%
26

54%

60%

55%

Percentage of observed frequency

14
50%
11
34%

40%

40%

31%
30%

14

*
8

20%

8
15%
10%
4
0%

CTC

5%

2%
1

1
TCC

UVB
tandem
4hr dala-->UVB
24hr dala-->UVB

Figure 25: Mutational spectra induced by UVB alone or by pretreating cells with acute
(4 hours) or chronic (24 hours) oxidative stress followed by UVB irradiation. * p = 0.001

Ruling out UVA contamination
The UVB lamp use in the aforementioned studies emitted an average wavelength of 312
nm. Because this wavelength is so close to the UVA spectrum (315-400) it is possible
that fluctuations in the lamp would lead to a small percentage of contaminating UVA
wavelengths emitted during UVB irradiation. Indeed, when UVA intensity emitted by
the UVB bulb was measured, it was found to contribute to approximately 5% of total
UVB intensity. To determine if the increase in tandem mutations observed following
induction of oxidative stress followed by UVB radiation was actually due to UVA
contamination, KO6DAAO4 cells were treated with 30 mM D-alanine for 4 hours and
then exposed to 31.4 J/m2 UVA radiation. Although this UVA dose did not correspond
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to 80-90% cell killing, it was chosen because that was the dose of UVB cells were
exposed to in the previous experiments. Therefore, even if a large percentage of UVA
contaminated the spectra emitted by the UVB bulb, that dose could not exceed 31.4 J/m2.
Of 4 individually-treated ‘pots’ plated, none yielded revertant cells (data not shown).
This dismisses the idea that results observed upon induction of oxidative stress followed
by exposure to UVB radiation in this study may be due to UVA contamination.

Inhibition of MMR?
Results from the first chapter demonstrated a role for the mismatch repair pathway in the
prevention of tandem mutations. Results from experiments presented earlier in this
chapter demonstrated that chronic oxidative stress may increase the frequency of UVinduced tandem mutations. Previous groups have reported that oxidative stress can
inhibit the mismatch repair pathway (Jackson et al., 1998; Chang et al., 2002). More
specifically, Chang et. al. demonstrated that the amount of MSH6 and PMS2 proteins are
decreased in human erythroleukemia cell extracts following cellular exposure to
hydrogen peroxide. Therefore, it is plausible that the observation of increased tandem
mutations induced by UV irradiation and oxidative stress was the result of decreased
levels of MMR proteins by oxidative stress. Because the frequency of tandem mutations
was also significantly increased upon treatment with antioxidants and UV irradiation, it
was thought that perhaps the antioxidants inhibited MMR protein levels as well.
Therefore a western blot was performed to quantify the amount of the MMR proteins
MSH2, MLH1, and PMS2. Cell lines deficient for Mlh1 or Pms2 were used as controls.
The results of the western blot are shown in figure 13.
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The Mlh1-null cell line is deficient in PMS2, as has been previously described.
Surprisingly, the Pms2-null cell line is also deficient in MSH6, and MLH1. None of the
other samples appear to have affected protein levels in response to treatment.

Figure 26: Western blot analysis of MMR proteins MSH6, PMS2, and MLH1. GAPDH
is used as a loading control. Lane 1 is the KO6CCCK1 DNA repair-proficient cell line
without any treatment. Lanes 2 and 3 are MLH1 and PMS2-deficient cell lines,
respectively. Lanes 4 and 5 contain the KO6CCCK1 DAAO-transfected cells treated
with either acute (4 hours of 25 mM D-ala) or chronic (24 hours 10 mM D-ala) oxidative
stress, respectively. Lanes 6, 7, and 8 contain KO6CCCK1 cells treated for 48 hours with
either NAC-only, trolox-only, or a combination (combo) or NAC and trolox.

Antioxidant effect on cell survival
It has been reported by numerous groups that NAC and α-tocopherol (a vitamin E
derivative) may inhibit apoptosis (D'Agostini et al., 2005; Demiralay et al., 2006; Kim
and Sharma, 2006). Therefore, if a cell acquires a specific lesion that, under normal
circumstances is lethal, it is conceivable that failure to apoptose (due to treatment with
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anti-apoptotic compounds) may lead to a specific mutation (e.g. a tandem mutation). To
investigate the effect of trolox and/ or NAC on inhibition of apoptosis, a cell survival
curve was done. Cells were plated in 100 mm plates in duplicate at 300 and 600 cells per
dish in media containing: 10% FBS alone; or 10% FBS with NAC alone, trolox alone, or
a combination of NAC and trolox. The same doses of antioxidants were used in this
assay as in the reversion assays. After 24 hours, cells were treated with 28-47 J/m2 UVB
and were allowed to recover (i.e. form clones) for 10 days in media containing the same
agents in which they were initially plated. Plates were then stained with crystal violet
and the clones were counted to determine the number of cells that survived UVB
treatment. The number of clones observed in each set of plates in the absence of UVB
irradiation was adjusted to equal 100% cell survival. The remaining plates were then
counted and the number of surviving clones was calculated as the percentage of the 100%
non-UVB treated cells.
Treatment with increasing doses of UVB resulted in decreased cell survival
whether cells were untreated or treated with NAC alone, trolox alone, or the combination
of antioxidants. Variation between experiments was observed, resulting in a large
standard deviation of surviving clones for each dose of UVB used. Because the survival
standard deviations determined for each of the antioxidant-supplemented cells overlapped
the standard deviation determined for cells grown in FBS alone at each UVB dose, it was
concluded that the antioxidants did not promote or protect cells from UVB-induced cell
death. The survival curves are shown in figure 27.
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Figure 27: Cell survival curve. Cells were treated with either NAC, trolox, or the
combination of antioxidants (AOX) for 24 hours prior to UVB exposure. Cells treated
with each dose were plated in duplicate and the experiment was performed twice (3 times
for NAC treatment).

Antioxidant treatment and DNA damage
It has been reported that a diet rich in beta-carotene exacerbates UVA-induced
carcinogenesis (Black et al., 2000). It was hypothesized that the increased carcinogenic
response was the result of the stability of the carotenoid radical cation, as a diet
supplemented with additional antioxidants did not result in increased UVA-induced
carcinogenic exacerbation. Therefore, it is not uncommon for an antioxidant to exhibit
pro-oxidant capabilities.
It may be possible that the antioxidants used in combination with UVB in these
studies functioned as pro-oxidants, which consequently led to increased tandem
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mutations. To evaluate whether the antioxidants increased DNA damage relative to UVB
treatment alone, the comet assay was performed. As mentioned previously, a caveat of
the comet assay is that it only detects a limited amount of DNA damage (i.e. alkali-labile
sites and single or double strand breaks). However, an increased amount of DNA
damage was detectable by the comet assay when DAAO-transfected cells were treated
with various doses of D-ala (i.e. this would be considered a ‘pro-oxidant’ reaction). (See
Appendix 1, Figure 5).
KO6K1 cells were treated for 24 hours with the antioxidant mixture (NAC and
trolox), irradiated with 31.4 J/m2 UVB radiation, and prepared for the comet assay. In
samples that were only UVB-irradiated, cells were treated with 31.4 J/m2 and prepared
immediately for the comet assay.

Nontreated cells were used as a negative control.

The purpose of this experiment was to determine whether antioxidant treatment
(with or without UVB irradiation) led to an increased amount of DNA damage because
increased damage could potentially explain the observation of increased tandem
mutations in antioxidant-treated, UVB-irradiated cells. It was found that the amount of
DNA damage in the cells treated only with the antioxidant mixture was comparable to
nontreated cells (the average tail moments were 1.2 and 1.7, respectively). UVB
irradiation led to a 4-fold increase in tail moment, as measured by the comet assay.
Treatment for 24 hours with the antioxidant mixture, followed by UVB irradiation led to
a reduction in the tail moment, although it is noted that there was a large experimental
variation in the group treated with UVB alone (Figure 28). While it is difficult to
confirm that antioxidants treatment reduces DNA damage caused by UVB in this assay,
treatment with antioxidants clearly did not increase UVB-induced DNA damage.

108

7

6

Average tail moment

5

4

3

2

1

0
no tx

AOX

UVB

UVB + AOX

Figure 28: Average tail moment measured in cells that were treated for 24 hours with the
antioxidant mixture (NAC and trolox), UVB irradiation, or treated for 24 hours with the
antioxidant followed by UVB irradiation.

Discussion
UVB versus UVC mutational spectra
It was expected that a higher frequency of tandem mutations would be induced upon
exposure to UVB radiation (relative to UVC irradiation) because UVB induces both
photoproducts and reactive oxygen species (ROS). Because these two classes of
genotoxins have been shown to induce tandem mutations, it is plausible that the
combination would lead to an additive effect, resulting in increased tandem mutations.
Indeed, other groups have reported an increased frequency of tandem mutations upon
UVB irradiation when compared to UVC (Armstrong and Kunz, 1990). Another reason
to believe UVB would induce a higher frequency of tandem mutations is because Perdiz
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observed a photoproduct ratio of 8 CPDs to 1 (6-4) PP upon UVB irradiation and 4 CPDs
to 1 (6-4) PP upon UVC irradiation (Perdiz et al., 2000). CPDs are thought to be the
more mutagenic lesion (the deamination of which is thought to lead to tandem
mutations), which also supports the idea that UVB would induce more tandem mutations
than an equitoxic dose of UVC.
Contrary to the predicted outcome, the relative frequency of tandem mutations
was 14-fold higher in UVC irradiated DNA repair proficient cells versus UVB irradiated
cells. These results suggest that the frequency of CDPs formed may not correlate with
the frequency of tandem mutations. Another group reported a similar conclusion
subsequent to performing UVC mutagenesis studies in a supF gene on a shuttle vector
plasmid in the presence or absence of photoreactivation (Brash et al., 1987). That group
observed that the same mutational ‘hot spots’ were present whether or not CPDs were
reversed by E. coli DNA photolyase prior to transfection of the vector into human
fibroblast cells. They proposed that the sequence-specific DNA structure promotes
higher frequencies of polymerase translesion bypass events in hot spot regions but
promotes higher frequencies of ‘terminating’ (i.e. cell death) events in all other regions of
DNA.
The ‘hotspot’ hypothesis proposed above does not apply to the data obtained in
the UVB versus UVC mutagenesis study reported in this chapter because the same cell
type (with identical DNA sequence) was exposed to UVB or UVC. Therefore, the
secondary structure could not play a role in translesion bypass events in these
experiments because the secondary structure, if any, was identical in each case.
UVB and ROS
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It has been reported that catalase promotes the production of ROS following UVB
irradiation (Heck et al., 2003). Heck et. al. hypothesize that UVB light alters the catalase
peroxide binding site, which allows water molecules (a potential source of protons) to
access the heme iron. These protons may then react with oxygen to yield ROS. This
group further hypothesized that excessive ROS generated by catalase in response to UVB
may lead to oxidative stress, resulting in DNA damage and skin cancer. It appears from
my data that UVB-induced ROS plays a role in the observed mutational spectra because
the frequency of TCC mutations was 34% following UVB irradiation, nearly 6-fold
higher than the 6% observed following UVC irradiation. Significantly, treating cells with
acute oxidative stress followed by UVC irradiation led to an increase to 38% TCC
mutations. Moreover, treating UVB irradiated cells with antioxidants decreased the
frequency of TCC mutations from 34% to 12%. These results suggest that ROS
generated by UVB results in specific changes to the mutational spectra. It is not clear,
however, whether the mutation is the result of a specific DNA lesion induced by ROS or
the result of a ROS-compromised DNA repair system needed to repair UV damage.
The ROS-specific damage following UVB exposure may be easily detected in this
system due to the fact the reversion assay utilizes kidney cells. Kidney cells have high
endogenous concentrations of catalase compared to other cell types (Deisseroth and
Dounce, 1970). Therefore, cells with high catalase concentrations would generate the
highest concentrations of ROS, facilitating the detection of ROS-specific mutational
changes; whereas cell types with little to no catalase would not generate ROS following
UVB exposure and therefore a ROS-specific change in the mutational spectra would not
be observed.
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Characterizing MMR protein levels
Treating KO6 cells with ROS or antioxidants did not affect MMR protein levels (MSH6,
PMS2, or MLH1) as determined by western blot. This was an unexpected result in cells
treated with oxidative stress (4 or 24 hours of D-ala) because a previous group
demonstrated reduced MMR protein levels as a result of exposure to ROS. Chang et. al.
(Chang et al., 2002) reported impaired MMR activity in cell extracts in human
erythroleukemia cells exposed to ROS. Additionally, Jackson et. al. (Jackson et al.,
1998) demonstrated high frequencies of frameshift mutations (the hallmark of MMRdeficiency) when ROS-treated plasmids were transformed into E. coli.
The Mlh1-null cell line used as a control was deficient in MLH1 and PMS2
proteins. This was expected because MLH1 is necessary for the stabilization of PMS2
(Mohd et al., 2006). It is interesting to note, however, that the Pms2-null cell line was
deficient in each of the MMR proteins examined: MSH6, PMS2, and MLH1. Although
this was unexpected, the fact that the Pms2 cell line is deficient in MutS (MSH6) as well
as MutL (MLH1 and PMS2) homologs makes it a valuable tool as an absolutely MMRdeficient model (this was the cell line used in Chapters 3 and 4).

Oxidative stress and cell cycle arrest
One group investigated the response of p53 to chronic inflammatory stress in HCT166
and HCT116TP53-/- colon cancer cells (Staib et al., 2005). In that study, cells were
treated with hydrogen peroxide for 1, 4, 8, or 24 hours. The maximal accumulation of
p53 occurred following 4 hours of exposure. Fluorescence-activated cell sorting was
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performed for the purpose of characterizing cell cycle arrest following 24 hour hydrogen
peroxide exposure. Over 60% of cells with proficient p53 were found to be arrested in
the G2-M phase of the cell cycle. If the same is true for all cells, this means that a
substantial proportion of the KO6DAAO4 cell population was arrested in the G2/M phase
at the time of UV exposure.
UV also induces cell cycle arrest; however the cell is arrested in G1 or S phase. It
has been reported that the dose of UV radiation determines the cellular response (i.e. cell
cycle arrest or apoptosis) (Gentile et al., 2003). Human skin fibroblasts enter a transient
arrest following exposure to a low dose of UV radiation and re-enter the cell cycle within
24 hours (Latonen et al., 2001). A 24 hour arrest is of significance because this is the
approximated time necessary for deamination of 10-60% of cytosine-containing CPDs,
depending on sequence (Tu et al., 1998). Therefore, the cell cycle arrest inflicted by
oxidative stress and exacerbated by a low-dose UV exposure possibly resulted in
increased frequency of tandem mutations due to increased cytosine deamination.

Possible mechanisms of antioxidant action
The trolox and N-acetylcysteine antioxidants used throughout this chapter were
previously shown (at the same doses used in this study, 20 µM and 40 µM, respectively)
to reduce the rate of spontaneous ATÆGC mutations in Pms2-deficient cells (Shin and
Turker, 2002). The authors of that study hypothesized that because the rate of these
mutations was decreased in the presence of antioxidants, the mutations must have
occurred as a result of lack of the ability to repair oxidative damage in the absence of
MMR. However, there are many potential mechanisms by which antioxidants, such as
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NAC or trolox, could protect cells from detrimental mutations [reviewed in (De Flora and
Ferguson, 2005)]. The most obvious mechanism of antioxidants is to block reactive
oxygen species, or to trap electrophiles generated by chemical reaction, thereby
preventing ROS-induced DNA damage. A second mechanism of protection is to induce
or up-regulate detoxification or DNA repair enzymes (e.g. NER). A third mechanism is
to inhibit an error-prone repair pathway (such as the translesion bypass polymerases) so
that a repair pathway with higher fidelity repairs the damage. A forth possible
mechanism by which antioxidants may protect cells from mutations would be to inhibit
the cell cycle (induce arrest), which would result in greater time for repair (or cytosine
deamination).
None of the aforementioned antioxidant mechanisms were tested but the latter
possibility (i.e. cell cycle arrest) is consistent with the ROS-induced tandem mutation
hypothesis. In other words, both ROS and antioxidants have been shown to cause cell
cycle arrest. As a result of an arrest, cytosines within CPDs have increased time to
deaminate, which, upon replication, result in CCÆTT tandem mutations.

Relevance to human health
There are numerous conflicting reports as to whether antioxidants are beneficial or
harmful with regard to sun-induced damage. Antioxidants are frequently added to
cosmetics and sunscreens for the purpose of preventing peroxidation of the product
lipids. The Food and Drug Administration allows antioxidants, such as alpha tocopherol
(vitamin E), to be added to products upon the condition that the chemical name ‘alpha
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tocopherol’ be used as opposed to ‘vitamin E’ because the latter term may suggest to the
public that the product offers a health benefit (Administration, 1992).
The data presented in this chapter suggest a detrimental role for antioxidants in
sunscreen. Because the frequency of tandem mutations is significantly increased in
MMR-proficient cells following exposure to antioxidants and UV radiation, and because
tandem mutations have an increased propensity to alter a given amino acid (when
compared with single base pair substitutions), it may be concluded that the use of
sunscreen with antioxidants alters the UV-induced mutational spectra in a way that favors
carcinogenesis.
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6. Final conclusion of thesis
Conditions reported to contribute to the formation of CCÆTT tandem mutations were
described in the Introduction. These factors include a) exposure to UV radiation and, to a
lesser extent, oxidative stress), b) a mechanistic intermediate (i.e., cytosine deamination),
c) lack of an appropriate translesion bypass polymerase (i.e., pol η), d) lack of proteins
involved in the nucleotide excision repair pathway, and e) p53 status. These factors are
listed in Table 6, along with potential explanations of how each factor may be involved in
the formation of tandem mutations.
Several novel factors found to contribute to the formation of CCÆTT tandem
mutations were presented in this work. These factors are listed in Table 7, along with
potential roles each factor may play in the formation of these mutations. These novel
factors will be discussed in the context of what is already known about the formation of
tandem mutations, with the aim of shedding light on the mechanism of formation of
CCÆTT tandem mutations. Following a discussion on how each factor may contribute
to the formation of tandem mutations, a model that fits the data will be proposed, along
with suggestions for testing the model.
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Observation
1. UV (B or C) irradiation
a) Tandems induced upon UV irradiation
b) Tandems found in P53 in sun-exposed
non-melanoma skin cancers

Possible explanation for observation
1. Mutagenic double bypass of UV
photoproducts
2. Cyrosine deamination of cytosinecontaining CPDs

2. Oxidative stress
a) Tandems induced in ssDNA following
exposure to copper or Fenton rxn.
b) Tandems induced in dsDNA
following exposure to nickel and
tripeptide or Fenton rxn
c) Tandem mutations found in ROSrelated Japanese internal cancers

1. DNA was treated directly with ROS,
then put into SOS-induced E. coli ,
which promotes mutagenic bypass
2. Oxidative stress could potentially
inhibit uracil DNA glycosylase
3. Genetic factors influencing cigarette
carcinogen metabolism or DNA
repair

3. Cytosine deamination
a) Tandems induced in dsDNA in ungcells by bisulfite
b) No tandems induced in bisulfitetreated ssDNA

1. Ung- cells cannot remove uracils
resulting from cytosine deamination
2. Secondary structure is important
3. Perhaps DNA repair plays a role

4. Translesion bypass
a) XPV patients (deficient in Pol η) have
2-fold higher frequency of tandems in
P53 in skin cancers

1. An alternate translesion polymerase
(with increased mutagenic potential)
bypasses CPDs

5. Nucleotide excision repair
a) XP patients have up to 60% tandem
mutations in P53 in skin cancers
b) XP knockout mice have increased
tandems

1. In the absence of NER a more
mutagenic pathway bypasses UV-PPs
2. In the absence of NER increased
time is allowed for C deamination
prior to repair by alternate pathway.

6. P53 status
a) P53-deficient cells exhibit a decreased
frequency of tandems

1. Lack of cell cycle arrest allows less
time for cytosine deamination

Table 6: Factors previously shown to contribute to the formation of CCÆTT tandem
mutations. These factors are listed in the left column. Possible mechanisms to explain
each factor are given in the right column.
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Observation

Possible explanation for observation

1. Mismatch repair
a) Pms2 null cells have elevated
frequency of spontaneous tandem
mutations
b) Pms2 null cells have increased
frequency of tandems following
exposure to UVC
c) Pms2 null cells have increased
frequency of tandems following
exposure to Fenton rxn.

1. Spontaneously deaminated cytosines
yield temporary UU:GG mismatches
that may be replicated across
2. Inability to recognize mismatched
UV-PPs or mismatches across ROSinduced lesions
3. Inability to signal damage and
induce cell cycle arrest
4. Inability to induce apoptosis
5. Inhibition of a DNA repair pathway
(by ROS)

2. Sequence context
a) Breaking up homonucleotide run in
MMR-deficient cells reduced
frequency of spontaneous tandems as
well as tandems induced following
exposure to UVC or ROS

1. Breaking up homonucleotide run
reduces rate of polymerase
misinsertion or slippage
2. Decreaseing number of cytosines
reduces number of UV-PPs
3. Changing sequence context also
changes secondary structure

3. Endogenous oxidative stress + UV
a) In DNA repair-proficient cells
inducing oxidative stress
followed by exposure to UVB or UVC,
resulted in increased tandem
mutations

1. Oxidative stress may inhibit a
repair enzyme important to the
removal of UV-PPs
2. Oxidative stress induces cell cycle
arrest, allowing increased time for
CPDs to deaminate

4. Antioxidants + UV
a) Treating DNA repair-proficient cells
pre- and post- UV (B or C) exposure
resulted in significantly increased
frequency of tandem mutations

1. Antioxidants may inhibit apoptosis
(i.e. mutated cell may survive lethal
DNA lesion)
2. Antioxidants may inhibit a repair
enzyme important to the removal of
UV-PPs
3. Antioxidants may induce cell cycle
arrest, allowing increased time for
CPDs to deaminate

Table 7: Novel factors found to contribute to the formation of CCÆTT tandem
mutations. These factors are listed in the left column. Potential mechanisms explaining
the various factors are given in the right column.
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I. Mismatch repair deficiency contributes to tandem mutations
A. MMR-deficient cells have an elevated frequency of spontaneous tandem mutations
Cells deficient in the mismatch repair pathway exhibit an elevated frequency of
spontaneous tandem mutations (12% of reversion mutations). There are two ways to
account for this frequency of spontaneous tandem mutations. It is possible that cytosinecontaining homonucleotide runs are good substrates for tandem cytosine deamination
and, in the absence of MMR, a UU:GG mismatch is replicated across. In this case the
replication polymerase erroneously inserts adenines across the uracils, resulting in a
CCÆTT mutation. Alternatively, spontaneous tandem mutations may result from the
inability to repair nucleotides that have been attacked by endogenous ROS.
Taking into account the fact that changing the sequence context eliminates
tandem mutations from the spontaneous mutational spectra in MMR-deficient cells
(Chapter 4) does not help to clarify how MMR protects cells from the formation of
spontaneous tandem mutations. On one hand, decreasing the number of consecutive
homonucleotides could provide a less than ideal substrate for cytosine deamination, but
on the other, it is possible that decreasing the number of consecutive homonucleotides
results in a less than ideal environment for oxygen radical attack. It is therefore
necessary to examine other factors before making conclusions about the mechanism of
formation of tandem mutations.

B. MMR-deficient cells have increased frequency of tandems following UVC exposure
The percentage of tandem mutations induced following exposure to UVC in MMRdeficient cells (64%) was significantly increased compared to that induced in MMR-
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proficient cells (16-26%). This demonstrates that MMR plays a role in protection from
UV-induced tandem mutations.
There are suggestions in the literature that the mismatch repair pathway plays a
role in the protection from UV mutagenesis. Experiments performed in Xpa or Xpcdeficient mouse backgrounds resulted in additive effects for UV-induced carcinogenesis
when combined with Msh2 deficiency (Meira et al., 2002; Yoshino et al., 2002). Those
data suggest that nucleotide excision repair and mismatch repair perform separate roles in
the repair of UV damage. However, the same results could not be reproduced in human
lymphoblastoid cells deficient in Xpc and the hMutSα complex (Kobayashi et al., 2004).
One reason for the discrepancy between rodent and human studies may be that the human
cells maintained some residual MutSα activity, which was enough to serve the purpose of
CPD removal. Another potential explanation is that some rodent cells lack DDB (XPE),
which is important for the recognition of CPDs. Without the increased helical distortion
induced by DDB binding of CPDs in rodent cells, the downstream NER factors are not
recruited and therefore the lesion is not repaired by this pathway. In the absence of the
DDB recognition factor, MMR may serve this role in rodent cells but not in human cells
(which are proficient in DDB). The first scenario (the human cells maintained residual
MMR activity) seems a more likely explanation because another group reported that a
physical interaction exists between proteins in the nucleotide excision and mismatch
repair pathways in S. cerevisiae, an organism with competent DDB (Bertrand et al.,
1998). Therefore, whether or not an organism has competent DDB, there appears to be
cross-talk between the MMR and NER repair pathways.

120
To further address the role of MMR in UV mutagenesis, one group sought to
characterize the binding of MutS homologs (MSH2-MSH6) to UV-PPs and
corresponding mismatched base(s) (Wang et al., 1999; Liu et al., 2000). Recall that one
hypothesized mechanism for tandem mutation formation is the spontaneous deamination
of adjacent cytosines within a CPD. If guanines are placed across the cytosine-containing
CPD which then become deaminated, the result is a U<CPD>U/GG mismatch. It was
concluded that although UU/GG mismatches are a good substrate for MMR, this is not
the case when the uracils are within a CPD in vitro (Wang et al., 1999).
More recently the same group reported that MMR may bind to specific
mismatched UV-PPs in the absence of excision (Wang et al., 2006). This suggests that
MMR can function in damage-recognition. Downstream of MMR damage-recognition is
cell cycle arrest and repair, or apoptosis. Therefore, cells deficient in MMR may be
subject to higher frequencies of UV-induced CCÆTT tandem mutations as a result of
failure to recognize damage and, in turn, signal downstream effectors for repair or cell
death.

C. MMR-deficient cells exhibit a striking induction of tandem mutations following
exposure to a hydrogen peroxide/ metal mixture
The induction frequency of tandem mutations in MMR-deficient cells following exposure
to a hydrogen peroxide/ metal mixture represented a 175-fold increase over the frequency
induced in repair-proficient cells (Chapter 3). While a low frequency of tandem
mutations was also observed in the repair-proficient cells, the MMR-deficient
background exposed the robust capability of ROS to induce a high frequency of tandem
mutations in mammalian cells, which has not been previously reported. Again, sequence
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context played an essential role in the induction of these tandems, as eliminating the
homonucleotide run (Chapter 4) resulted in the lack of mutation induction by the
hydrogen peroxide/ metal mixture. This data may suggest that exposure to ROS
increases the propensity of a run of cytosines to spontaneously deaminate.

II. Sequence Context
A. Eliminating a homonucleotide run decreases tandem mutation frequency in MMRdeficient cells
It is apparent from the results in Chapter 4 that sequence context plays an essential role in
tandem mutation formation in the MMR-deficient background. The spontaneous tandem
mutations were eliminated from the mutational spectra when a run of 5 consecutive
cytosines was shortened to two cytosines, surrounded either by purines (adenine) or
pyrimidines (thymine). These data could be used to suggest that secondary (chromatin)
structure is important in the formation of tandem mutations (e.g. perhaps altering the
sequence context leads to a change in the binding of DNA binding proteins, making the
same region of DNA less susceptible to DNA damage). Alternatively, the rate of
polymerase misinsertion (as well as slippage) is increased in homonucleotide runs
because the DNA is temporarily denatured during replication and may reanneal out of
frame. Polymerase errors becomes highlighted in a MMR-deficient background (e.g., an
elevated frequency of spontaneous tandem mutations) because this repair pathway
contributes 1000-fold to the fidelity of DNA polymerase. Elimination of a
homonucleotide run leads to increased replication polymerase fidelity, which may
compensate for the lack of MMR in this system.
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B. Sequence context and tandem mutation hotspots
The coding sequence of the TP53 gene contains 13 separate runs of 4-6 consecutive
cytosines (Olivier et al., 2002), making this gene a vulnerable target for UV-induced
mutations. Three CÆT transition mutations have been reported to occur in the cytosine
runs in p53 mutations in human basal cell carcinomas (Ziegler et al., 1993), suggesting
the cytosine runs are hotspots for transition mutations. This supports the hypothesis
proposed by Douki and Cadet (mentioned previously) that cytosine-containing dimers are
highly mutagenic. All of the reported p53 tandem mutations in human basal cell
carcinomas (4 individual samples), however, occur at CpCpG sites, which are
presumably methylated in the human genome. This suggests that methylated CpG sites
are hotspots for tandem mutations. Indeed, the deamination of 5-methylcytosines has
been reported to contribute to the formation of tandem mutations induced by UV
radiation (Lee and Pfeifer, 2003; Ikehata and Ono, 2006).

III. Endogenous oxidative stress and UV radiation
A. An elevated frequency of UV-induced tandem mutations is observed in repairproficient cells that are in a state of oxidative stress
Inducing repair-proficient cells in a state of acute or chronic oxidative stress revealed a
dose-response relationship in which increasing time of induction with oxidative stress,
followed by equivalent exposures to UVB, resulted in an increasing frequency of tandem
mutations. There are several potential ways oxidative stress may alter cellular
homeostasis, resulting in an increased frequency of UV-induced tandem mutations. One
possibility is to inhibit key proteins necessary for the repair of UV photoproducts. Given
the high frequency of tandem mutations in UVB-treated cells in chronic oxidative stress,
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it is not likely that the translesion bypass polymerase, pol η, is affected because pol η
knock out models exhibit frequencies of approximately 20% tandem mutations following
exposure to UV radiation (versus 10% in repair-proficient cells). It is possible, however,
that a nucleotide excision repair protein is inhibited because the CCÆTT percentages
exhibited in these knock out models are much higher, along the lines of 60%. Another
possibility, tested in Chapter 5, is mismatch repair. Results from Chapter 3 revealed that
in MMR-deficient cells, 60% of all UV-induced reversion mutations are tandem
mutations. Although MMR protein levels were tested in oxidatively stressed cells (and
were comparable to nontreated cells), this does not exclude the possibility that MMR
proteins may be inhibited by oxidative stress in a way that does not affect protein levels.
Oxidative stress has been shown to induce cell cycle arrest (Staib et al., 2005). It
has been reported in human fibroblasts that up to 60% of UVB-induced CPDs at one site
are deaminated within 24 hours (Tu et al., 1998). Recall, however, that NER recognizes
and repairs CPDs more efficiently when they are across mismatches. Therefore, in the
absence of a cell cycle arrest, nucleotide excision repair is able to repair CPDs before
they become deaminated and after. However, under the conditions of a prolonged cell
cycle arrest, a higher frequency of CPDs could become deaminated and could therefore
lead to tandem mutations. The cytosine deamination hypothesis is in agreement with the
data reported in Chapter 4, as Tu et. al. reported that different sequence contexts are
subject to higher rates of deamination.
Additional data that supports the cytosine deamination hypothesis is the inverse
relationship between the TCC and the TTC mutation. Subjecting cells to an oxidatively
stressed state prior to UVB exposure resulted in a significant increase in TTC mutations
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(from 2% when treated with UVB alone, to 40% when treated with UVB following
chronic oxidative stress) with a simultaneous decrease in TCC mutations (from 34%
when treated with UVB alone, to 5% when treated with UVB following chronic oxidative
stress). This suggests that the lesion leading to the TCC mutation may be a precursor to
tandem mutations, as would be expected if the deamination of a single cytosine catalyzed
the deamination of a second cytosine.

IV. Antioxidants and UV radiation
A. An elevated frequency of UV-induced tandem mutations is observed in repairproficient cells following exposure to trolox or NAC (or a combination of the two)
Exposing several different cell types to NAC or vitamin E has been reported to lead to
cell cycle arrest at the G0/G1 transition (Nargi et al., 1999). Although this arrest contrasts
the G2/M arrest observed in cells treated with ROS, an arrest at any transition
nevertheless allows increased time for cytosines to deaminate. Antioxidants have been
shown to activate P53 through Apurinic/apyrimidinic endonuclease/redox effector factor
(Ape1/ Ref-1) (Evans et al., 2000; Seo et al., 2002). Following the activation, just as
following exposure to ROS, DDB and XPC are up-regulated. This up-regulation should
theoretically lead to a decrease in tandem mutations since NER repairs CPDs; however,
due to the increased time allowed by cell cycle arrest, the cytosine-containing CPD
presumably deaminates and a round of replication occurs prior to repair by NER. This
would lead to the insertion of adenines across uracil bases, followed by the insertion of
thymines by NER.
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V. New evidence to shed light on the UV story
One group recently measured CPDs induced by UVA and UVB in human skin via a
highly sensitive assay based on HPLC coupled with tandem mass spectrometry (Mouret
et al., 2006a). Contrary to popular belief, UVA was found to induce a significantly
higher quantity of CPDs than 8-oxo-7,8-deoxyguanosine (8-oxo-dG) lesions, although
UVB induced a substantially larger proportion of CPDs to 8-oxo-dG lesions when
compared with UVA. Surprisingly, when the rate of CPD removal was compared in
UVA versus UVB-exposed skin samples, the UVA-induced CPDs persisted longer (i.e.
there was a higher percentage of UVA-generated CPDs than UVB-generated CPDs after
48 hours). These data are important because UVB has been thought to play the larger
role in skin carcinogenesis; however, because UVA has now been shown to induce the
more mutagenic photoproducts, which human skin cells have more difficulty removing
from the genome (compared to UVB-generated photoproducts), UVA appears to have the
larger carcinogenic potential.
There are a limited number of reports verifying the induction of CCÆTT tandem
mutations by UVA (Kappes et al., 2006). It seems counterintuitive that UVA is able to
induce a significant quantity of CPDs without inducing a larger frequency of CCÆTT
tandem mutations, if the mutations may indeed result from a CPD lesion. However, in
the report by Mouret et. al. thymine-thymine CPDs were the predominant lesion and
cytosine-cytosine CPDs were not detected in UVA-exposed skin samples (Mouret 2006).
These authors suggest that differences in cell type and cellular context may impact the
photochemistry between UVA and DNA. This may be why Kappes et. al. observed
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UVA-induced CCÆTT tandem mutations in primary human fibroblasts whereas others
have not observed the mutation in other types of UVA-exposed cells.

VI. Final model
All of the factors known to contribute to the formation of CCÆTT tandem mutations can
be put into one comprehensive model for the purpose of understanding the mechanism
leading to these mutations.

A. Putting all novel observations into a model
Cytosine-containing homonucleotide runs are subject to elevated rates of spontaneous
cytosine deamination, leading to the presence of uracil nucleotides paired with guanines.
Mismatch repair, which scans DNA in search of replication errors, identifies the uracilguanine mismatches and initiates repair of the mismatch. In the absence of MMR, a
spontaneously deaminated single uracil-guanine mismatch may go undetected (if uracilremoving BER enzymes are overwhelmed) and will therefore catalyze the deamination of
an adjacent cytosine, so that two adjacent uracils are paired with guanines. In this case,
the replication polymerase inserts adenines across the uracils in the non-transcribed
strand during a first round of replication and inserts thymines across the adenines in the
transcribed strand during a second strand of replication, resulting in a CCÆTT tandem
mutation. This scenario is illustrated in Figure 29A.
When cells are treated with UVB or UVC, the CPDs induced by treatment are
subject to higher rates of tandem deamination than are non-treated cytosines. In DNA
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repair-proficient cells, the mutated CPD is identified by MMR and repair is initiated by
NER before the cytosines deaminate. Following initial identification of the lesion, MMR
activates p53 at Ser15. This activation leads to the up-regulation of the NER factors
DDB and XPC which, in turn, bind to the CPD and trigger downstream NER factors for
complete repair of the lesion. This pathway is illustrated in Figure 29B. In the absence
of MMR, the CPD is not immediately identified and it remains in the DNA long enough
for tandem deamination. Because MMR does not signal P53 (and therefore DDB is not
up-regulated) a subsequent round of replication may take place, at which time two
adenines are placed across the deaminated CPD. This is possible because CPDs only
mildly distort the helix in the absence of DDB and this mild distortion may not be
significant enough to block replication. Upon a second round of replication, thymines are
placed across the adenines, resulting in a CCÆTT tandem mutation.
A similar scenario takes place when cells are treated with the hydrogen peroxide/
metal mix. This mixture promotes higher rates of cytosine deamination but in repairproficient cells MMR identifies the uracil-guanine mismatches and repairs them before
replication. However, in MMR-deficient cells the uracil-guanine mismatched nucleotides
go undetected and a first round of replication results in the insertion of two adenines
across two uracils (as depicted in Figure 29A). At this time, the uracil-removing BER
glycosylase removes the offending uracils from the DNA but inserts thymines across the
newly inserted adenines.
Inducing DNA repair-proficient cells with oxidative stress and UV results in an
increased frequency of tandem mutations because oxidative stress causes cell cycle arrest
and this delay provides increased time for a greater number of CPDs to undergo cytosine
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deamination. Also, as observed following exposure to the hydrogen peroxide/ metal
mixture, oxidative stress promotes increased rates of spontaneous cytosine deamination.
In this case the cell is challenged with a considerable amount of DNA damage, which
may overwhelm (rather than inactivate) the MMR system. Therefore, a substantial
percentage of CPD lesions undergo cytosine deamination due to the increased time
allowed by the cell cycle arrest induced by oxidative stress. These deaminated CPDs
remain undetected by the overwhelmed MMR system and therefore remain unrepaired by
NER, due to lack of P53 activation by MMR and subsequent NER up-regulation (Figure
29B). Consequently, the replicating polymerase inserts adenines across the deaminated
CPD. This is followed by a second round of replication in which thymines are placed
across the adenines.
Treating DNA repair-proficient cells with ROS or antioxidants, followed by
exposure to UV radiation resulted in significantly increased frequencies of tandem
mutations. It is possible that each treatment functions in a separate manner to induce
tandem mutations. Alternatively (and more simplistically), it is plausible these
treatments act in the same manner to increase the frequency of tandem mutations.
Antioxidant exposure leads to cell cycle arrest in G1, which allows increased time for
cytosine-containing CPDs to deaminate (Figure 29B). Because uracil-containing CPDs
are poor substrates for MMR recognition, MMR fails to activate p53, which, in turn, does
not up-regulate DDB or XPC. Therefore, the replicating polymerase inserts adenines
across the deaminated CPD in a first round of replication and inserts thymines across the
adenines in a second round of replication.
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B. Putting previously observed factors in context with model
It has been suggested that CCÆTT tandem mutations are more frequently observed in
cells with DNA repair defects (i.e. NER deficiency) because in the absence of the
primary route of repair the cell takes longer to repair a lesion, therefore allowing
increased time for cytosine deamination to take place (Tu et al., 1998). This may be why
increased frequencies of tandem mutations are observed in cells deficient in MMR, NER,
or pol η following exposure to UV.
With respect to P53, it is counterintuitive that cells with functional P53 would
exhibit a higher frequency of tandem mutations upon treatment with UV radiation than
cells without P53. This is because P53 is involved in the regulation of global genome
repair (Hanawalt et al., 2003). It seems likely that a cell would exhibit a higher
frequency of tandem mutations when it lacks the ability to up-regulate NER factors in
response to DNA damage (e.g. P53-deficient cells), than would be observed in cells that
are able to up-regulate NER in response to DNA damage (e.g. P53-proficient cells).
Instead, it is observed that cells with functional cell cycle arrest (P53-proficient) exhibit a
higher frequency of tandem mutations than their P53-deficient counterparts. This
suggests that the ability to arrest outweighs the ability to up-regulate NER factors when
considering the formation of tandem mutations.
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Figure 29: Final model of mechanism of formation of CCÆTT tandem mutation

VI. Future experiments
A. Determining the significance of cell cycle arrest
To determine the significance of cell cycle arrest on the frequency of tandem mutations
observed either spontaneously or following induction by UV or oxidative stress, it would
be necessary to treat cells with an agent to induce cell cycle arrest, expose cells to
genotoxic treatment (UV or oxidative stress), and assay for the frequency of tandem
mutations. It would be expected that the frequency of tandem mutations would be a
function of the length of time of the cell cycle arrest. In other words, the longer the
arrest, the greater the frequency of tandem mutations would be anticipated. It would be
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interesting to utilize agents that arrest the cell in various periods of the cell cycle (i.e., G1,
G2, M) to determine whether an arrest in any part of the cycle leads to increased tandem
mutations, or whether the arrest must occur at a specific period prior to UV exposure. To
observe the maximum amount of tandem mutations, it would be imperative to utilize a
model that is NER-deficient, versus NER-proficient.

B. Determining the significance of cytosine deamination
To verify the participation of deaminated cytosines (uracils) in the formation of tandem
mutations induced by the hydrogen peroxide/ metal mix in the MMR-deficient cells it
would be possible to inhibit the BER uracil-DNA glycosylase with a protein, uracil-DNA
glycosylase inhibitor (Ugi) isolated from the Bacillus subtilis bacteriophage PBS2 (Beger
et al., 1995). However, because the MMR-deficient cells exhibited a nearly-100%
frequency of tandem mutations following exposure to the hydrogen peroxide/ metal
mixture, use of Ugi would be more informative in the MMR-proficient cells, in which the
frequency of tandem mutations was considerably lower. If there is, in fact, a uracil
intermediate (resulting from the deamination of cytosines), an increase in tandem
mutations would be expected following the inhibition of removal of uracils from DNA.
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C. Determining effects of oxidative stress and antioxidants on MMR
Although MMR protein levels were unaffected following exposure to either antioxidants
or oxidative stress, it is still possible that MMR activity may be inhibited by these agents.
To determine whether antioxidants or oxidative stress affects MMR activity, it would be
necessary to perform in vitro assays in which the ability of isolated MMR proteins to
repair mismatched oligonucleotides was quantified. As stated in the model, it is thought
that oxidative stress and antioxidants lead to tandem mutations via a cell cycle arrest,
rather than the inhibition of MMR. Therefore, this experiment need only be performed if
the experiments proposed above yield fruitless data.

VII. Summary
The occurrence of CCÆTT tandem mutations has been associated with UV exposure for
several decades. There are competing hypotheses as to how these mutations are formed,
including polymerase bypass of a specific lesion, or cytosine deamination. An
examination of the novel factors found to contribute to tandem mutations presented in
this work (i.e., MMR deficiency, oxidative stress with UV radiation, and antioxidant
exposure with UV radiation) in the context of previously reported factors (i.e., UV
radiation, oxidative stress, pol ηdeficiency, NER deficiency, P53 status) led to the
development of a model in which an environment that promotes tandem cytosine
deamination (i.e., cytosine-containing homonucleotide runs, oxidative stress, UV
radiation), coupled with a cell cycle arrest, as may be induced by oxidative stress,
antioxidants, or P53, allows time for the deamination to occur. Mismatch repair is the
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first-responder to these uracil-containing nucleotides/ lesions and in its absence, the
appropriate downstream effectors are not signaled, which results in adenines placed
across the uracils during replication. A subsequent round of replication results in
thymines placed across the adenines; hence, a CCÆTT mutation. The experiments
proposed above will provide further evidence to support or refute this model.
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Characterizing a new model for induction of oxidative stress
D-amino acid oxidase
Our previous studies utilized a mixture of hydrogen peroxide and transition metals (Fe3+
and Cu2+) to generate the mutagenic hydroxyl radical to reproduce an ‘oxidative stress’
state in the cells. However, as was observed in the wild type cells in the first chapter, this
combination was not able to induce high frequencies of tandem mutations. Therefore, a
different system of generating oxidative stress was used in this study. Rather than
exposing cells to high doses of oxidative agents (to compensate for short half-lives), a
plasmid encoding an enzyme known to produce intracellular hydrogen peroxide was
transfected into wild type cells. This approach would allow us to control the intracellular
level of hydrogen peroxide. D-amino acid oxidase (DAAO) is an enzyme isolated from
red yeast that catalyzes the stereoselective deamination of d-amino acids to an α-keto acid
plus ammonia and hydrogen peroxide. Transfection of a plasmid carrying DAAO leads
to the continuous endogenous production of hydrogen peroxide in the presence of damino acids. Figure 1 illustrates the reaction.

d-amino acid + H2O + O2

α

keto acid + NH3 + H2O2

Figure 1: Stereoselective deamination of a d-amino acid to an α-keto acid plus ammonia
and hydrogen peroxide.

Characterizing DAAO-transfected cells
The DAAO coding region is driven by a CMV promoter. The vector also contains a neoresistance gene. To characterize DAAO effectiveness for producing intracellular
hydrogen peroxide, differentiated embryonal mouse cells (Dif6) were transfected with the
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DAAO construct and clones were selected with G418. Four clones were isolated and
grown for further analyses; these clones were R1, R3, 2R2, and 2R5.
To determine whether the Dif6 DAAO-transfected clones were able to make full
length DAAO mRNA, reverse transcriptase (RT) PCR was performed. Dif6 nontransfected cells were used as a negative control in the assay. As expected, the
nontransfected Dif 6 cells did not produce DAAO mRNA. Of the four G418-resistant
DAAO-transfected clones that were picked, two (clones R3 and 2R2) produced DAAO
mRNA. The results of the RT-PCR experiment are shown in figure 2.

The effect of DAAO-transfected cells treated with D-ala
To determine whether DAAO-transfected cells were sensitive to d-amino acids, the four
clones identified above were plated in triplicate in 6 well plates (150,000 cells per well).
After 24 hours, cells were treated with 3 mM, 10 mM, or 100 mM d-alanine to determine
the sensitivity of each clone to d-alanine (D-ala). Nontransfected Dif6 cells were used as
a negative control. As expected from the RT-PCR results, only those clones that
produced DAAO mRNA (clones R3 and 2R2) were sensitive to D-ala. The most
sensitive clone was 2R2, as 100% of the cells were killed following treatment of 100 mM
d-alanine for 24 hours. The other clone expressing, R3, was only slightly affected after
24 hours of 100 mM d-alanine treatment. The observable difference between clones 2R2
and R3 when treated with the same dose of d-alanine may be due to DAAO copy number
(e.g. there may have been more copies of the construct integrated into the genome in the
2R2 cells, and therefore more of the enzyme would be available). Clones R1 and 2R5
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were not affected after exposure to d-alanine for 24 hours, which was anticipated due to

2R2(-)

2R2(+)

R1(-)

R1(+)

H2O

R3(-)

R3(+)

2R5(-)

2R5(+)

Dif6(-)

Dif6(+)

their lack of DAAO mRNA.

Figure 2: Results of RT-PCR performed on Dif 6 DAAO clones. Lanes with (+)
indicate reactions that took place in the presence of reverse transcriptase (RT), while
lanes with (-) indicate reactions that lack RT, as negative controls.

Production of hydrogen peroxide in response to d-alanine
Dif6 non-transfected cells as well as DAAO clones 2R5, R1, and 2R2 were plated at
150,000 cells per well in separate 6 well plates. After 24 hours the cells were treated
with 50 mM, 100 mM, 250 mM, or 500 mM d-alanine for 4 hours and the Amplex Red
assay was performed to measure hydrogen peroxide in the medium. DAAO clone 2R2
produced significant levels of hydrogen peroxide in response to increasing doses of Dala. The Dif6-nontransfected cell line, as well as clones R1 and 2R5 (which do not
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express DAAO mRNA) did not produce hydrogen peroxide following D-ala exposure.
The results of two independent Amplex Red assays are given in Table 1.1.

Dif6
d-ala
0 mM
50 mM
100 mM
250 mM
500 mM

Dif6

trial 1

2R2

trial 2
0
0
0
0
0

0
ND
0
0
0

2R2
R1
R1
H2O2 production (uM)
trial 1
trial 2
trial 1
trial 2
0
0
0
ND
1.43
0
3.49
5.42
*0.75
2.64
11.43
ND
2.98
9.49
ND

2R5

2R5

trial 1
0
0
0
0
0

trial 2
0
0
0

ND
ND

0
0
0
0
0

Table 1.1. H2O2 production in DAAO cells in response to treatment with d-alanine. ND
is not determined. * Presumed to be a sampling error.

DAAO cells are not sensitive to L-alanine
To ensure that H2O2 is only generated in response to D-amino acids, Dif6 non-transfected
cells and clones 2R2, R1, and 2R5 were plated in 6 well plates. After 24 hours the cells
were treated with 0, 50 mM, 100 mM, 250 mM, or 500 mM L-alanine. The Amplex Red
assay was performed and none of the cell lines generated detectable hydrogen peroxide in
response to L-alanine.

KO6CCCK1 DAAO cells
The DAAO construct provided an advantageous system for studying the mutagenic
effects of acute or chronic oxidative stress because a supplement of D-ala in the media
led to intracellular production of H2O2. This is in contrast to treating the cells with high
doses of oxidizing agents to compensate for the short half life of each agent. The former
scenario more accurately portrays a cell in oxidative stress.
The DAAO construct was transfected into the DNA repair proficient kidney
epithelial cells containing one copy of the 5C reversion construct (KO6CCCK1).
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However, because the Aprt knockout allele contained a neo insert, the DAAO insert was
cloned into a new antibiotic-resistant (hygromycin) vector. KO6CCCK1 cells were
transfected via LipofectAmine with the IRES-driven, hygromycin-expressing DAAO
plasmid. After 2 weeks of selection in hygromycin, several resistant clones were picked
for further characterization.
Four hygromycin-resistant KO6CCCK1 clones (clones 1, 3, 4, and 8) were plated
at 500,000 cells per well in 6 well plates. After 24 hours, cells were treated with 12.5
mM, 25 mM, 50 mM, or 100 mM d-ala for the purpose of visualizing the cytotoxic
effects of D-ala on each hygromycin-resistant clone. After 24 hours of treatment, there
were no observable effects in clone 3; however, clones 1 and 8 had displayed some
killing and clone 4 had significant killing in response to all D-ala concentrations. The
dose-response curve for hydrogen peroxide production for each clone is illustrated in
Figure 3.
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Figure 3: Determination of the hydrogen peroxide production of 4 independent clones in
response to increasing doses of D-ala (with Amplex Red assay).

DNA damage in cells exposed to acute oxidative stress
To determine whether the hydrogen peroxide generated by DAAO led to DNA damage,
single cell gel electrophoresis (the comet assay) was performed. This assay measures
alkali-labile sites and DNA strand breaks (generated directly by genotoxic agents or
indirectly, the intermediates of excision repair sites) in individual cells (Kassie et al.).
Cells are embedded on agarose-coated slides, the nuclear membranes are lysed, and the
DNA is electrophoresed under alkaline conditions (Moller et al.). Cells with little DNA
damage are visualized as propidium iodine-stained nuclei, whereas cells with significant
DNA damage appear to stain as ‘comets’ because the DNA fragments (generated by
strand breaks) migrate with the electric current at different rates directly proportional to
fragment size. Throughout the presentation of comet data, the term ‘DNA damage’ will
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be used as a general term to refer only to the type of damage capable of being measured
by this particular assay (e.g. alkali-labile sites and single or double-strand breaks), rather
than a broad term used to refer to all possible types of DNA lesions or damage.
In the first experiment, KO6CCCK1 cells containing the DAAO plasmid (now
referred to as KO6DAAO4 cells) were treated with various doses of d-alanine for 4 hours
and then harvested for the comet assay. For each treatment, slides were treated in
duplicate and at least 50 cells were scored per slide. The averages and standard
deviations reported for DNA damage correspond to 4 separate slides and at least 200
scored cells. As a positive control cells were treated with 100 µM H2O2 for 15 minutes.
The non-treated control cells had little detectable DNA damage; they were visualized as
stained nuclei. The 10 mM D-ala-treated cells were similar to the non-treated control
cells in that damage was barely detectable; however, there were small ‘tails’ on a higher
percentage of comets than were detected in the non-treated controls. The 25, 50, and 100
mM D-ala-treated cells had increasing levels of DNA damage, as visualized by a longer
comet tail as well as increased intensity of staining in the tail. Following 100 mM D-ala
treatment many cells underwent apoptosis, as visualized by a compromised nuclear
morphology. Representative comet images from each D-ala treatment are shown in
figure 4, below.
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Figure 4: A field of view from Comet assay, following various D-ala treatments for 4
hours. Cells are visualized under 20X magnification with a fluorescent microscope.

When comparing comet characteristics it is desirable to take into account more
than one comet measurement, such as tail length or tail intensity. Therefore, the tail
moment (a measurement of tail length multiplied by tail intensity) was chosen to compare
all data generated with this assay. Rather than examining the proportion of cells with
damage (which may lead to a biased analysis), the comet parameters from the first 50
cells visualized on each slide were analyzed. As expected, the nontreated cells had the
smallest tail moment, with an average value of approximately 1.25. Also as anticipated,
increased D-ala treatment led to an increase in DNA damage, with the maximum D-ala
dose (100 mM) corresponding to a a tail moment nearly 3 times that of the nontreated
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control cells. Interestingly, the H2O2-treated positive control had a smaller average tail
moment than any of the D-ala-treated cells even though the hydrogen peroxide
concentration (after 15 minutes with initial treatment of 100 µM H2O2) was nearly
equivalent to the approximately 5 µM H2O2 concentration detected in the 25 mM D-alatreated cells (as measured in the Amplex Red assay). This is significant for two reasons:
first, it makes obvious the short half-life of H2O2; second, it validates the DAAOtransfected cells as a superior model for the induction of DNA damage with endogenous
production of ROS. The tail moment D-ala-dose-response curve is illustrated in Figure 5.
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Figure 5: Results of the D-alanine dose-response comet assay. KO6DAAO4 cells were
treated for 4 hours with increasing amounts of D-ala. Standard deviation is calculated by
averaging the measurements taken from 4 separate comet slides prepared for each dose.
Chronic D-ala treatment
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When cells were exposed to a chronic oxidative stress treatment (24 hours of D-ala
exposure), they were clearly visually affected (e.g. they were round and swollen versus
elongated and slender). Even at chronic D-ala doses corresponding to 20% survival (10
mM d-ala), however, the H2O2 concentration generated was below detectable limits in the
Amplex Red assay. Therefore, the comet assay was used to determine the extent of DNA
damage generated by 10 mM D-ala for 24 hours. Comet slides were prepared in
duplicates for each treatment. Although 10 mM D-ala was obviously cytotoxic following
24 hours of treatment, there was no more DNA damage generated by the chronic
exposure to ROS than was detected in non-treated control cells (when comparing tail
moments). This means the comet assay was unable to detect specific types of DNA
damage (as measured by the assay) above background levels. Alternatively, the lack of
detection of DNA damage may suggest that cytotoxicity induced by chronic oxidative
stress may not reflect DNA damage. As a positive control, cells were treated for 15
minutes with 100 µM H2O2, which led to increased DNA damage as measured by tail
moment. These results are shown in figure 6.

157

2.5

2

1.5

1

0.5

0

NO TX

24 HR TX

H2O2 TX

Figure 6: Average tail moment of KO6DAAO4 cells that were not treated versus cells
that were treated for 24 hours with 10 mM D-ala. As a positive control, cells were
treated for 15 minutes with 100 µM H2O2.
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Review: Oxidative Mutagenesis, Mismatch Repair, and Aging
A PubMed search for the term “oxidative stress” yields over 29,000 articles
published on the subject over the past 10 years; more than 2000 of these articles also
include the term “aging” in their title or abstract. Many theories of aging predict
causal roles for oxidative stress in the myriad of pathological changes that occur as a
function of age, including an increasing propensity to develop cancer. A possible
link between aging and cancer is the induction and accumulation of somatic
mutations caused by oxidative stress. This Review focuses on small mutational
events that are induced by oxidative stress and the role of mismatch repair (MMR)
in preventing their formation. It also discusses a possible inhibitory effect of
oxidative stress on MMR. We speculate that a synergistic interaction between
oxidative damage to DNA and reduced MMR levels will, in part, account for an
accumulation of small mutational events, and hence cancer, with aging.

Introduction
Oxidative stress is believed to increase with aging and to play roles in age-related
pathological processes such as neurodegeneration, atherosclerosis, and cancer (Wei and
Lee, 2002; Klaunig and Kamendulis, 2004). We have speculated that an accumulation of
mutations from oxidative damage plays a role in the age-related increase in cancer
incidence (Turker, 2000). There are a number of ubiquitous agents found both
environmentally and endogenously that contribute to cellular levels of reactive oxygen
species (http://sageke.sciencemag.org/cgi/content/ full/2001/1/oa5) (ROS). Examples of
environmental oxidizers include ionizing and solar radiation (Cadet et al., 1999),
automobile exhaust, cigarette smoke (Gracy et al., 1999), other forms of air pollution,
and food contamination (Loft and Poulsen, 1996). Endogenous oxidizing sources include
byproducts of inefficient oxidative phosphorylation reactions (see Nicholls Perspective at
http://sageke.sciencemag.org/cgi/content/full/2002/31/pe12 and Kristal Perspective at
http://sageke.sciencemag.org/cgi/content/ full/2003/5/pe3) and bacteriocidal and
tumoricidal respiratory bursts produced by leukocytes (Klein et al., 1991). Not
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surprisingly, the cell has a variety of defense mechanisms (for example, see Sampayo
Perspective at http://sageke.sciencemag.org/cgi/content/full/2004/25/pe27) to keep ROS
from wreaking intracellular havoc; however, the balance between ROS and antioxidant
defense can be dysregulated if the amount of ROS exceeds available antioxidant
defenses. Once this occurs, the initial damage may perpetuate further damage, leading to
a continuous cycle of oxidative stress (Cadet et al., 1999).
ROS cause a myriad of DNA lesions [for reviews, see (Cadet et al., 1999;
Termini, 2000; Bjelland and Seeberg, 2003; Cadet et al., 2003)]. Therefore, it is difficult
to simply treat cells with oxidants, identify mutations, and then attribute these mutations
to specific forms of oxidative damage. Instead, many studies have focused on specific
forms of oxidative DNA damage and the types of mutations that they produce. Fig. 1
lists a subset of oxidative base modifications and the types of base-pair mutations that
they are known to cause. As discussed below, oxidative stress also appears to produce
frameshift mutations (Jackson and Loeb, 1998).
In this Review, we highlight studies from a number of laboratories that confirm
and extend the types of mutations caused by oxidative damage. In many cases,
investigators have turned to cells with compromised repair or salvage pathways to
demonstrate mutagenic effects. We review some of these studies and then focus on
mismatch repair (MMR; see Shcherbakova Review at
http://sageke.sciencemag.org/cgi/content/full/2003/8/re3) because of data showing that
oxidative stress can impair its function. Oxidative stress increases with age (Martin et
al., 1996), suggesting that some age-related mutations could be caused by nonheritable
decreases in MMR. We therefore conclude by highlighting several aging-related studies
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to look for evidence that oxidative stress plays a role in an age-associated accumulation
of small mutational events. Even the relatively small numbers of studies we cite will
illustrate that a diversity of systems and approaches can lead to a diversity of results.
Nonetheless, some common themes emerge. This Review is intended to be illustrative
rather than comprehensive, and we therefore apologize to the many authors whose work
is not cited here.
Large mutations such as multilocus deletions (Hei et al., 1998; Filipic and Hei,
2004) and recombination between regions of homologous chromosomes (Turker et al.,
1999) are also induced by oxidative stress, but because of the focus of this Review on an
interaction between oxidative mutagenesis and MMR, these large events are not
discussed. Likewise, we do not address the issue of mitochondrial mutation and
oxidative stress, although it is noted that age-related deletion mutations in the
mitochondrial genome may account for a significant fraction of intracellular oxidative
stress (Singh, 2004).

Base-Pair Substitutions Induced by Oxidative Damage in MMR-Proficient Cells
A number of approaches have been used to define the types of mutations induced by
oxidative stress. The universality of repair and scavenger systems in prokaryotic and
eukaryotic systems allows results from these systems to be readily compared. On the
other hand, the presence of these often-redundant systems within each cell makes it
difficult to detect mutations induced by oxidative stress. An additional caveat is that
there is no single accepted method of producing oxidative damage, making comparisons
between studies somewhat tenuous. Nonetheless, many studies have taken approaches
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allowing relatively unambiguous results showing the induction of base-pair changes by
oxidative mutagenesis; a subset is highlighted below.

Mutations induced by cellular exposure to an oxidative stress
The most straightforward conceptual approach to show that oxidative stress can induce
mutations is to treat DNA repair–proficient cells with an oxidizing agent and then
demonstrate an increase in the mutant frequency and/or alteration of the mutational
spectrum. For example, primary human T lymphocytes exposed to hydrogen peroxide
for 1 hour exhibited a dose-dependent increase in the frequency of mutations in Hprt (a
useful marker for this type of experiment, because loss-of-function mutations at this locus
confer resistance to a toxic compound) both 5 and 8 days after treatment (Diaz-Llera et
al., 2000). The mutant frequency in cells treated with 2.7 mM H2O2 increased from
threefold at day 5 to fivefold at day 8, indicating that mutations in these cells continue to
arise after treatment. In both the treated and nontreated cells, the most commonly
observed base-pair substitution was G:C→A:T. However, this base-pair substitution was
found 2.5 times more frequently in cells exposed to hydrogen peroxide than in unexposed
cells, suggesting the induction of this base-pair substitution by ROS. This result led to
the speculation that the spectrum of mutations found under routine cell growth conditions
is due to endogenous oxidative stress.
The conditions in which cultured mammalian cells are routinely grown do not
represent the conditions that are found in the body. One major difference is oxygen
tension. A recent comparison of mutations within a transgenic lacZ gene in mouse
embryo fibroblasts (MEFs) grown in 20% oxygen or 3% oxygen revealed far lower levels
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of mutations for the cells grown in 3% oxygen (see Hornsby Perspective at
http://sageke.sciencemag.org/cgi/content/full/2003/30/pe21). This was particularly the
case for G:C→T:A base-pair substitutions and, to a lesser extent, for G:C→A:T
substitutions (Busuttil et al., 2003). These results therefore suggest that the oxidative
stress that occurs when MEFs are grown in 20% oxygen is mutagenic. Comparison of
this study with that presented above also shows that different cell types, approaches, and
mutational targets can lead to both similar (G:C→A:T substitutions) and different
(G:C→T:A substitutions) observations for the types of mutations induced by oxidative
stress.

Mutations induced by treatment of DNA with oxidants
Isolated DNA can be directly treated with an oxidizing agent and then introduced into
cells to determine the mutagenic effect of treatment. This approach provided a novel
mutational signature for oxidative stress in a series of studies conducted in the laboratory
of Lawrence Loeb. In an initial experiment (Tkeshelashvili et al., 1991), M13mp2
singlestranded DNA (a bacteriophage vector that also contained a lacZ insert) was
incubated with copper ions to cause oxidative stress and transformed into SOS-induced
Escherichia coli. (The SOS system of E. coli is activated by forms of DNA damage that
block DNA replication; this system allows damaged DNA to be replicated by low-fidelity
DNA polymerases.) The use of single-stranded DNA allowed for unambiguous
identification of the mutation that occurred. Ninety percent of the mutations identified
were single base-pair substitutions, with C→T and G→T events representing 43 and 33%
of the induced base-pair substitutions, respectively. Surprisingly, a tandem base-pair
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substitution associated with ultraviolet (UV) mutagenesis, CC→TT (Hutchinson, 1994),
was found in 14% of the sequenced samples.
The above experiment was interpreted as evidence for the induction of tandem
CC→TT mutations by oxidative stress. To test this possibility, a single-stranded
bacteriophage containing lacZα, a portion of the lacZ gene with an inactivating base-pair
substitution, was designed to detect single C→T or tandem CC→TT base-pair
substitutions that would restore gene activity (Reid and Loeb, 1993). This reversion
construct (that is, designed to detect base-pair substitutions that revert the nonfunctional
construct to one that is functional) was treated with iron or copper in combination with
hydrogen peroxide
and transformed into SOS-induced E. coli. UV exposure was used as a control. Whereas
most induced reversion mutations were C→T base-pair substitutions, tandem CC→TT
mutations represented nearly 3% of the total mutations induced by oxidative stress and
7% of the mutations induced by UV. The tandem mutations were not observed in
untreated samples. Moreover, the hydroxyl scavenger mannitol was found to reduce the
frequency of ROS-induced tandem mutations but not those induced by UV. These results
provide further evidence that oxidative stress can induce tandem CC→TT mutations and
suggest further that a separate mutagenic pathway is followed after UV exposure to form
these tandem mutations.

base
Guanine

modification
8-Oxoguanine
Cyanuric acid
Oxaluric acid

mutation
G to T
G to T
G to T

reference
(Moriya, 1993)
(Henderson et al., 2002)
(Henderson et al., 2002)
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Adenine
Thymine

Cytosine

Oxazalone

G to T

2,6-Diamino-4hydroxy-5formaidopyrimidine
2-Hydroxyadenine

G to T
A to T

Thymine glycol
Formylamine
Urea
Uracil glycol

T to C
T to C
T to C
C to T

5-Hydroxyuracil

C to T

(Henderson et al., 2002)
(Wiederholt and Greenberg,
2002)
(Kamiya et al., 1995)
(Bjelland and Seeberg,
2003)
(Guy et al., 1991)
(McNulty et al., 1998)
(Purmal et al., 1998)
(Kreutzer and Essigmann,
1998)

Fig. 2.1:Specific oxidative DNA lesions and the mutations they produce.
In a third study by the Loeb group (Newcomb et al., 1999), the induction of
tandem CC→TT mutations by oxidative damage was again demonstrated in E. coli, this
time by treating a double-stranded plasmid with hydrogen peroxide, nickel, and the
tripeptide glycine-glycine- histidine or hydrogen peroxide plus copper (the metalcatalyzed Fenton reaction). This study used a novel assay based on the polymerase chain
reaction to detect the tandem mutations at a CC target site in the rat polβ gene located on
the plasmid. However, this assay could not detect the induction of CC→TT mutations at
the endogenous polβ locus in mammalian cells exposed to hydrogen peroxide. As
discussed below, we have now been able to make such a demonstration in mammalian
cells deficient in MMR.

Mutations induced by oxidatively modified nucleotides
Another approach to demonstrate a role for oxidative stress in mutation induction is to
transfect oxidatively modified nucleotides directly into cells. Inoue et al. (Inoue et al.,
1998) transfected 8-hydroxydeoxyguanosine triphosphate (8-OH-dGTP) or 2hydroxydeoxy-adenosine triphosphate (2-OH-dATP) into E. coli and selected for lacI
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mutants. The mutation frequencies in cells transfected with 8-OH-dGTP or 2-OH-dATP
were increased 2.4-fold and 2.5- fold, respectively, above the mutation frequency in
nontransfected cells. No increase in mutant frequency was observed when unmodified
nucleotides (dGTP or dATP) were tested, ruling out the possibility that the induced
mutations were caused by a nucleotide pool imbalance. A:T→C:G transversions were
found in 69% of mutant clones induced by 8-OH-dGTP. These mutations are the result
of the favorable pairing between adenine and 8-OHdG. When 2-OH-dATP was
transfected into cells, 43% of the identified mutations were G:C→T:A transversion
mutations. These mutations are the result of the favorable pairing between guanine and
2-OH-dA. In total, this approach reveals that oxidatively damaged nucleotides in the
nucleotide DNA precursor pool
can play mutagenic roles.

Mutations in cells deficient in free radical scavenging
Free radical scavenger proteins neutralize free radicals before they can cause damage to
DNA or other macromolecules. If free radical scavengers play a role in reducing the
mutagenic effects of oxidative stress, the elimination of these scavengers should increase
mutagenesis in deficient cells, particularly when these cells are exposed to oxidizing
agents. In one study (Alhama et al., 1998), the cytotoxic and mutagenic responses in
both untreated and hydrogen peroxide–treated E. coli strains defective in (i) catalase
activity (katG katE), which can detoxify hydrogen peroxide, or (ii) superoxide dismutase
(SOD) activity (sodAsodB), which can scavenge superoxide radicals, were examined.
Under normal growth conditions, the sodA sodB mutant frequency was nearly fivefold
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higher than the wild-type mutant frequency, and the katG katE mutant frequency was
nearly threefold higher than that found in wild-type cells.
Despite the increased mutation frequency, the spontaneous mutational spectrum
for the katG katE deficient cells showed no shift when compared with that of wild-type E.
coli. However, when these cells were exposed to hydrogen peroxide, over 43% of all
induced mutations in the lacI gene were G:C→T:A transversion mutations as compared
with 17% in the untreated cells (Ruiz-Laguna and Pueyo, 1999). Likewise, there was no
substantial increase in the percentage of spontaneous G:C→T:A transversion mutations,
as compared with wild-type cells, in the sodA sodB defective cells when mutations in a
second mutational target, the supF gene, were monitored. However, when the
concentration of iron, which participates in the Fenton reaction, was increased in these
cells via the inclusion of a mutation in the gene encoding a repressor of iron uptake (fur),
almost half of all mutations (49%) were G:C→T:A transversion mutations (Nunoshiba et
al., 1999). Both sets of experiments implicate 8-OH-dGTP in the induction of mutations
and confirm a role for the free radical scavengers in preventing oxidative mutagenesis.
These enzymes become particularly important when intracellular concentrations of
radicals are increased above those normally present within the cells.

Mutations in cells deficient in repair of oxidative lesions
A number of DNA repair pathways have been implicated in the prevention of oxidative
mutagenesis via direct repair of oxidative damage. There are several base excision repair
(http://sageke.sciencemag.org/cgi/content/full/2003/16/pe8) enzymes that are
involved in helping the cell cope with 8-OH-dGTP, which readily binds to both cytosine
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and adenine. When bound to cytosine, the FPG (formamidopyrimidine-DNA
glycosylase) or OGG1 (http://sageke.sciencemag.org/cgi/content/full/2003/36/nw126)
(8-oxoG DNA N-glycosylase/AP lyase) enzymes (in prokaryotes and eukaryotes,
respectively) function to remove the 8-OH-dGTP adduct. If this adduct is bound to
adenine, the MutY or MYH1 enzymes (in prokaryotes and eukaryotes, respectively)
function to remove the adenine base.
In one set of experiments, untreated and gamma-irradiated M13 DNA, with lacZα
inserted as a reporter gene, were transformed into wild-type and fpg deficient E. coli (in
which the single-stranded DNA is converted into double-stranded DNA), followed by
measurement of mutant frequencies and mutational spectra (Kuipers et al., 2000).
Gamma radiation causes significant amounts of oxidative damage (Cadet et al., 2003).
The spontaneous mutant frequencies were the same for the wild-type and fpg deficient
cells, as were the mutational spectra, with G:C→A:T and G:C→T:A found in
approximately half and one-quarter of mutant cells, respectively. However, examination
of the strand distribution of G:C→T:A mutations revealed that there was a 3.5-fold
higher level for the (−) strand (the replication template) versus the (+) strand in the fpg
deficient cells when compared with the wild-type cells, as would be expected if 8-OHdGTP were playing a causal role. This ratio increased to 7.0-fold when the frequency of
mutations in irradiated DNA transformed into the fpg deficient cells was compared with
the mutation frequency in identically treated DNA transformed into wild-type cells.
These data provide evidence that the FPG protein plays a role in preventing G:C→T:A
mutations caused by 8-OHdGTP. ogg1 deficient yeast cells also exhibit elevated levels
of G:C→T:A mutations (Thomas et al., 1997).
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Following up on the above experiments with the fpg deficient E. coli cells, the
same group examined spontaneous and gamma radiation–induced mutations in cells that
were deficient for both fpg and mutY (Kuipers et al., 2000). In these cells, 66% of
spontaneous mutations and 87% of induced mutations were G:C→T:A transversions.
These levels represent 10- and 20-fold increases, respectively, when compared with
spontaneous and induced levels in wild-type cells. G:C→T:A mutations were the
predominant mutation within the K-ras proto-oncogene of lung tumors developing in
mice with an equivalent genotype; that is, null for both Myh and Ogg1 (Xie et al., 2004).

Oxidative Mutagenesis and MMR
The set of experiments discussed immediately above demonstrates the importance of base
excision repair in averting oxidative mutagenesis. Other studies have suggested that
MMR proteins can also interact with oxidative lesions (Colussi et al., 2002; Mazurek et
al., 2002; Wyrzykowski and Volkert, 2003), but the ways in which they do so have not
been resolved. Regardless of how such an interaction might take place, a number of
experimental approaches have strongly suggested that MMR plays a role in preventing
oxidative mutagenesis, and others have suggested that oxidative stress can induce
frameshift mutations in repeated sequences, which are a signature event associated with
MMR deficiency. These experiments and a possible molecular explanation are provided
below, as are experiments showing a role of MMR in preventing oxidative mutagenesis.
Oxidative stress induces frameshift mutations characteristic of MMR-deficient cells
Jackson et al. (Jackson et al., 1998) cloned several out-of-frame microsatellite sequences
into plasmids containing the β-lactamase gene and transformed E. coli for the purpose of
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determining the effect of oxidative stress on microsatellite stability. Microsatellite
sequences contain runs of mono- or dinucleotides; high levels of frameshifts within these
sequences are a hallmark of MMR deficiency (Buermeyer et al., 1999). The spontaneous
frameshift frequency for both dinucleotide [(CA)11 and (CA)12] and mononucleotide
[(A)10 and (G)10] sequences in a wild-type repair-proficient strain of E. coli was found
to be approximately 10-5. As expected, when an MMRdeficient strain (mutH) was used,
a large (340-fold) increase in frameshift mutations was observed. When plasmid DNA
was treated with 1 or 50 mM hydrogen peroxide in the presence or absence of metals and
then transformed into repair-proficient cells, frameshift mutations restoring gene
expression were observed at levels as high as 10-fold above those observed when
untreated DNA was added to the same cells. This was the first demonstration that
oxidative stress could induce mutations characteristic of MMR deficiency. These results
could be reproduced when the cells were treated with the hydrogen peroxide and metals
instead of pretreatment of the plasmid DNA (Jackson and Loeb, 2000).
Subsequent studies have shown that oxidative stress can also induce frameshift
mutations in mammalian cells. In one study, a plasmid containing the gene encoding
green fluorescent protein (GFP) was modified to contain a CA microsatellite with 13
repeats. Loss of one repeat unit creates an in-frame coding region allowing expression of
GFP. This plasmid was transfected into a corrected version (a version with restored
MMR function) of the MMR-deficient HCT116 human colon cancer cell line, and the
percentage of cells expressing GFP was measured by flow cytometry after exposure of
the cells to hydrogen peroxide (Gasche et al., 2001). Among several procedures tested,
repeated exposure to hydrogen peroxide had the strongest effect, increasing the frequency
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of expressing cells as high as 16-fold when compared with control cells.
In a separate study (Maneval and Eckert, 2004), microsatellite mutation
frequencies were examined in a human lymphoblastoid cell line. These cells were
transfected with a vector containing the herpes simplex virus thymidine kinase (tk) gene
with an in-frame (TTCC/AAGG) microsatellite sequence. Because a variety of
mutational events could inactivate tk (for example, base-pair substitutions, gross
rearrangements, and frameshifts), the relative percentage of these events could be
compared. Frameshift mutations were most common in this assay in both untreated
(62%) and hydrogen peroxide–treated cells (60%). Nonetheless, a fivefold increase in
the mutant frequency after exposure was consistent with the induction of frameshift
mutations by oxidative stress.

Oxidative stress depletes MMR
The above experiments show that oxidative stress can cause mutations characteristic of
MMR deficiency, albeit at lower frequencies. One possible explanation is that oxidative
stress directly reduces MMR functionality. To address this possibility, Chang et al.
(Chang et al., 2002) examined MMR activity in cell extracts from human
erythroleukemia (HEL) cells exposed to hydrogen peroxide for 24 hours. The extracts
were used to measure the detection and repair of heteroduplex DNA containing either a
G/T mismatch or a two–base-pair loop [insertion/deletion loop (IDL)]. The DNA
preparations were then introduced into a mutS strain of E. coli (to prevent further repair),
and the repair that had occurred in the HEL cell extracts was visualized by the presence
of galactosidase activity, which makes the bacterial colonies blue. Cellular exposure to

172
hydrogen peroxide was found to reduce both mismatch and IDL repair. To ensure that the
reduction in repair was caused by loss of MMR activity, the extracts from the hydrogen
peroxide–treated cells were complemented with recombinant human MutSα (hMutSα) or
hMutLα protein complexes, or a mixture of both protein complexes. Recombinant
hMutSβ protein was also used for restoration of IDL repair. MutS and MutL dimers
combine to create functional MMR complexes (Buermeyer et al., 1999). In most cases,
significantly increased levels of repair were observed when purified MutL or MutS
protein complexes were added to the extracts from hydrogen peroxide–treated cells, and
for both assays MMR levels were restored to near-normal levels when both a MutS and a
MutL complex were added to the cell extracts. Additional work showed that intracellular
protein concentrations of hMSH6 (part of the MutSα complex) and hPMS2 (part of the
MutLα complex) were considerably decreased after hydrogen peroxide exposure, but the
concentrations of other MMR proteins were unchanged. This observation shows
specificity for the effect of oxidative stress on MMR function.
The MMR pathway might be particularly sensitive to environmental impairment
because it is also sensitive to hypoxia (Mihaylova et al., 2003) and metals (Jin et al.,
2003). The above study was the first to suggest that oxidative stress decreases MMR
levels by specifically targeting several of the MMR proteins. MMR-deficient cells have
spontaneous mutator phenotypes because they can’t repair base-pair mismatches that are
a consequence of DNA replication (Buermeyer et al., 1999). Therefore, environmental or
endogenous perturbation of MMR proteins suggests a second pathway for mutations
induced by oxidative stress, with the first being direct DNA damage.
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Oxidative mutagenesis in MMR-deficient cells
The possibility that oxidative stress is simultaneously decreasing MMR and causing
oxidative DNA lesions raises the possibility of a synergistic interaction. If so, it is
important to define the types of mutations that are induced by oxidative stress in MMRdeficient cells. To address this, our laboratory has conducted several studies to identify
mutations caused by oxidative stress in MMR null mouse cells.
In one study, we measured the frequency of mutations in Aprt (a useful mutational
target because it is both selectable and dispensable in mammalian cells) in mouse cells
deficient for the MMR protein MLH1. We found that 35% of mutant Aprt alleles from
hydrogen peroxide–exposed Mlh1 null cells had two well-separated base-pair
substitutions, as compared with 9% of mutant alleles from untreated Mlh1 null cells (Shin
et al., 2002a). Only one base-pair substitution is required to eliminate Aprt expression
(Khattar and Turker, 1997a; Shin et al., 2002b), ruling out the possibility that both
mutations were required for the selected phenotype. This result suggests that the
induction of alleles with multiple mutations can be a signature for oxidative mutagenesis
in MMR null cells. Interestingly, multiple mutations within the TP53
(http://sageke.sciencemag.org/cgi/content/full/2002/1/pe1) gene in human cancers have
been reported (Strauss, 1997, 2000). Cancers have high levels of oxidative stress
(Toyokuni et al., 1995).
The most common spontaneous base-pair substitution within mouse Aprt in Pms2
null cells is A:T→G:C (60% of all base-pair substitutions detected) (Shao et al., 2002;
Shin et al., 2002a), a base-pair substitution that is relatively rare in DNA repair–
proficient cells. To determine whether this observation could be explained by an
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increased rate of A:T→G:C mutations relative to other base-pair substitutions, we
developed a reversion assay to examine A:T→G:C, G:C→A:T, and G:C→T:A
substitutions within Aprt in the Pms2 null cells (Shin and Turker, 2002). The results
demonstrated an approximately 10- to 20-fold increase in the spontaneous rate of
A:T→G:C base-pair substitutions relative to the rates for other base-pair substitution
events. The A:T→G:C mutation rate fell fourfold when the cells were grown in
the presence of an antioxidant mixture, thereby demonstrating that (i) oxidative stress
plays an important role in the formation of this mutation, and (ii) PMS2 protein plays a
role in blocking its formation. The antioxidant mix did not decrease the rate of
G:C→T:A mutations, most likely because the OGG1 and MYH1 proteins are actively
suppressing these mutations even in MMR null cells.
The reversion construct we used to detect G:C→A:T mutations had the added
advantage of allowing us to detect tandem GG:CC→AA:TT events within the same
codon. This feature allowed us to compare the relative frequencies of each mutational
event in a single assay (Shin-Darlak et al., 2005). Spontaneous reversion mutations were
relatively rare (~0.6-6) in a wild-type kidney cell line, and all were single C→T base-pair
substitutions. As expected, spontaneous mutations were far more common in the Pms2
null cells (37 x 10-6). Whereas most were single C→T events (88%), the remainder
(12%) were tandem CC→TT events (50). These tandem events do not occur
spontaneously in DNA repair–proficient cells (20). Tandem CC→TT events were
induced by UV in the repair–proficient cells (16%) at frequencies consistent with
previous studies (Khattar and Turker, 1997a). Surprisingly, most of the mutations (64%)
induced by UV in the Pms2 null cells were tandem events, suggesting a role for Pms2 in
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suppressing these mutations when caused by UV damage. Having confirmed the ability
of this assay to detect the induction of tandem CC→TT mutations, we next asked if we
could detect the induction of tandem mutations by oxidative stress as shown in E. coli by
Loeb and colleagues (see above). Although we could not do so when the DNA repair–
proficient cells were exposed to a mixture of hydrogen peroxide, copper, and iron, almost
all (94%) revertants from the Pms2 null cells exposed to the same mixture exhibited
tandem CC→TT mutations. This observation confirms that tandem CC→TT mutations
can indeed be a signature for oxidative mutagenesis, but that MMR deficiency may be a
prerequisite.

Overexpression of hMTH1 in MMR null cells can suppress mutagenesis
As discussed above, contamination of the DNA precursor pool with oxidatively damaged
nucleotides can cause mutations (Inoue et al., 1998). MTH1 protein hydrolyzes 8-oxodG and 2-oxo-dA, which provides a means of “sanitizing” these oxidized bases from the
nucleotide pool. It is a homolog of E. coli MutT. In a study conducted by Russo et al.
(51), hMTH1 cDNA was transfected into mouse embryo fibroblasts (MEFs) derived from
mice null for Msh2. Two hMTH1-expressing cell clones were isolated, characterized,
and shown to have 10- and 50-fold increased levels of MTH1 activity, respectively,
relative to nontransfected cells. These expression levels led to 2- and 17-fold decreases,
respectively, in the spontaneous Hprt mutation rate. The mutation rate in the
highly expressing clone was near that observed for wild-type MEFs, strongly suggesting
that MMR plays an important role in preventing mutations caused by oxidized
nucleotides (that is, eliminating these damaged nucleotides eliminates the need for
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MMR).
The most common mutation at the Hprt locus in the nontransfected MMR null
cell lines was a frameshift within a run of guanine nucleotides (36%). The level of
frameshift mutations dropped 28-fold in the highly expressing clone relative to the
untransfected cells, suggesting that 8-oxo-dG plays a role in generating frameshift
mutations. As we found in the Pms2 null cells (Shin et al., 2002a), A:T→G:C mutations
were the most common base-pair substitution event in the nontransfected Msh2 null cells
(38% of all base-pair substitutions). The frequency of these mutations was reduced 44fold in the highly expressing hMTH1 clone suggesting that 2-oxo-dA is largely
responsible for their formation in the MMR null cells, and by extension that MMR is
responsible for preventing the mutagenic effect of incorporated 2-oxo-dA.

Do Mutational Spectra Suggest an Interaction Between Aging, MMR, and Oxidative
Stress?
One of the few areas of aging-related research and theory in which there is near-universal
agreement is that oxidative stress increases with aging (Martin et al., 1996). Based on the
above presentations, we speculate that there is a synergistic interaction in which oxidative
stress both causes DNA damage and compromises MMR. This interaction would lead to
increased rates of mutations with aging that should have characteristics of mutations
caused by oxidative damage and/or MMR deficiency. For example, evidence for
microsatellite instability has been detected in human peripheral blood cells as a function
of age (Ben Yehuda et al., 2000; Krichevsky et al., 2004).
Almost all work examining the spectrum of mutations that accumulate with aging
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has been performed in the mouse, and most studies designed to examine small mutational
events have examined mutations in prokaryotic transgenes. These transgenes allow a
broad spectrum of base-pair substitutions and in some cases frameshift events to be
measured. A recent study using the transgenic MutaMouse (which carries multiple
copies of lacZ) to examine mutations in different regions of the digestive tract in
young (2 months) and old (23 months) mice (Ono et al., 2004) found that the frequency
of multiple base-pair substitutions increased with aging in cells of the distal part of the
intestine and the colon (8 of 92 mutant genes in old mice versus 1 of 83 mutant genes in
young mice). Moreover, nearly 30% of these age-related base-pair substitutions were
A:T→G:C transversions. As mentioned above, we have reported both multiple mutations
(42) and A:T→G:C transversions (Shin and Turker, 2002) to be potential signatures of
oxidative mutagenesis in MMR null cells.
We also reported tandem mutations as a signature of oxidative mutagenesisis in
MMR null cells (Shin-Darlak et al., 2005). An analysis of several thousand mutations in
the transgenic lacI gene of Big Blue mice of different ages revealed an age-related
increase in tandem mutations, particularly in the kidney, liver, and adipose tissue (the
colon and intestine were not examined) (Hill et al., 2003). However, most of these
tandem mutations were GG→TT events, not CC→TT as we observed in the MMR null
cells exposed to oxidative stressors. Our assay would not have detected the GG→TT
events.
A recent comparison of base-pair substitutions within lacZ for five tissues (the
brain, heart, liver, spleen, and small intestine) of young (3.5 months) and aged (32
months) transgenic mice revealed remarkably similar mutational spectra for all tissues in
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the young cohort, with the predominant substitution identified as G:C→A:T transitions
(Dolle et al., 2002). Such mutations are generally believed to be caused by spontaneous
cytosine deamination. This result shows that developmentally related mutations are
similar in a wide range of tissues. The G:C→A:T transitions increased significantly in
the brains and hearts of aged versus young mice, with almost all of these mutational
events occurring at CpG dinucleotides, the target for DNA methylation. Because lacZ is
heavily methylated in the transgenic mice, this result suggests strongly that deamination
of methyl cytosine is the predominant age-related base-pair substitution in these
nonproliferative tissues. In contrast, the age-related increases in G:C→A:T transitions in
the liver and small intestine were mostly at non-CpG sites, suggesting another cause such
as oxidative mutagenesis. Further evidence for oxidative mutagenesis was seen in the
small intestine, the most proliferative tissue examined, where significant increases were
observed in G:C→T:A mutations and one–base-pair deletions at repeat sequences. A
discussed above, both mutational events can be signatures for oxidative mutagenesis
under certain conditions. However, it does not appear that G:C→T:A mutations are
preferentially enhanced in MMR null cells (Shin and Turker, 2002), suggesting that
perhaps another repair pathway or a salvage pathway can also be inhibited during the
aging process in response to oxidative stress or other age-related factors. Tandem
mutations were not reported for this study.
Conclusions
Oxidative stress clearly has mutagenic consequences, but these consequences are often
difficult to measure in DNA repair–proficient cells because of the large number of
protective systems (such as free radical salvage and DNA repair) that cells have at their
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disposal. Oxidative stress also appears to inhibit MMR. As suggested by studies
presented here, this combination could lead to an age-related accumulation of mutations
that are characteristic of oxidative mutagenesis in MMR-deficient cells. By extension,
this could explain an age-related increase in cancers in tissues that are chronically
exposed to oxidative stress, particularly in tissues that have large numbers of cycling
cells. Admittedly, these possibilities are quite speculative, as are essentially all
hypotheses that try to tie together mutation, aging, and cancer (Turker, 2000). However,
they at least raise some questions that can be answered experimentally with work
designed to determine the effect of oxidative stress on MMR and perhaps other DNA
repair pathways, and the types of mutations caused by oxidative stress in cells in which
these pathways are impaired. Finally, this is just a piece of the puzzle. We did not
discuss large nuclear mutations or mitochondrial mutations induced by oxidative stress.
The latter mutations may also contribute to oxidative stress, setting up conditions of a
feedback cycle between oxidative stress and oxidative mutagenesis (Turker, 2000).
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