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Abstract

Base excision repair is critical for the maintenance of genome stability because it repairs at least
20,000 endogenously generated DNA lesions per cell per day. Several enzymes within the base
excision repair pathway exhibit sequence context dependency during the excision and DNA synthesis
steps of repair. New evidence is emerging that germ line and tumor-associated variants of enzymes
in this repair pathway exhibit sequence context dependence that is different from their ancestral
counterparts. We review what is known about the ancestral and variant base excision repair proteins
within various sequence contexts. We suggest that altering the sequence context preferences of base
excision repair proteins could give rise to rare cellular variants that might have a selective advantage
in response to environmental exposure or to the tumor microenvironment.

Sequence context specific mutagenesis in the human genome

As the DNA sequence of the human genome began to emerge, investigators employed various
types of analyses to categorize the types of mutations that were present in humans. In 1994,
Hess and colleagues scored all mutations in the entire primate database of gene-pseudogene
pairs [1]. They found that the highest rates of transition, transversion, and deletion were in a
C-G pair with a 3' GC neighbor. Using a novel methodology to estimate mutation rate and the
Human Gene Mutation Database, which records mutations only if they result in a phenotype,
Krawczak and coworkers showed that CpG sites were hypermutable compared to the overall
base mutation rate [2]. They also demonstrated that CpG sites with 5’ pyrimidines and 3’ purines
appeared to have the highest mutation rate in the human sequences that they compared. In a
study of 2.6 million Single Nucleotide Polymorphisms (SNPs) in the human genome, Zhao
and Boerwinkle also showed that the mutation rate is highest at CpG sites and that the bases
immediately neighboring the 5’ and 3’ sites of the mutated site (SNP) were most likely to be
C and G, respectively [3]. These observations were later confirmed in a study of 8.2 million
SNPs. In this study, base substitutions were 6-fold overrepresented at CpG sites [4]. Thus, it
is generally agreed that methylated CpG sites have the highest mutation rate in the human
genome, and that the mutagenicity of these sites is influenced by the bases immediately
preceding and following the mutated site.

Sequence context is an important aspect of base substitution mutagenesis. A likely and
generally accepted scenario to explain the fact that CpG sites are hotspots of mutagenesis is
that due to the inherent instability of DNA, 5’ methylcytosine deaminates to thymine, resulting
in a T-G mispair. This mispair is usually recognized by Thymine DNA glycosylase (TDG),
which initiates repair of the mispair by removing the thymine base. However, if the T-G mispair
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is refractory to repair, a mutation results. Sequence context is likely to influence the local
structure of the DNA at the site of mutation. For example, in a study of the T-G mispair
embedded with various sequence contexts, Mitra and colleagues found thata 5’ C and 3’ A
induce the greatest conformational flexibility in the DNA molecule and suggest that this
influences mutagenesis [5]. One possibility is that TDG may interact less stably with a T-G
mispair that is embedded within a flexible local sequence, leading to mutagenesis instead of
repair. The effects of sequence context on base substitution mutagenesis have been known
since some of the earliest mutagenesis studies were performed. In this minireview, we attempt
to summarize what is known about the sequence context specificities of the short patch base
excision repair (BER) system, and relate them to base substitution mutagenesis. We then
speculate on how aberrant BER alters the sequence context rules and how that might affect the
cancer genome.

Endogenous Mutation Mechanisms

The rate of endogenous DNA damage has been estimated to be at least 20,000 lesions per cell
per day [6],[7]. Such damage likely results from reactive oxygen species (ROS) that are
generated as part of normal cellular metabolism. Base damage is also generated by exogenous
agents, including ionizing radiation and methylating agents that are frequently used to treat a
variety of human cancers. Specific DNA sequences such as microsatellites and CpG sites have
been shown to exhibit increased susceptibility to mutation. The instability of microsatellites,
which are stretches of simple repeated sequence, has been primarily attributed to DNA
polymerase slippage during replication in the absence of damage and can also be attributed to
non-canonical DNA structures [8], [9], [10]. The expansion or reduction of these repeated
sequences has been extensively observed in tumor cells, highlighting the biological
implications of their mutability. In addition to inherent instability during replication, frameshift
frequencies within microsatellites are increased in the presence of oxidative damage relative
to non-iterated sequences [11]. The CpG DNA sequence plays a key role in regulation of gene
expression, as stretches of this short repeat are often found near promoter regions. Control of
gene expression is facilitated by the methylation state of cytosine in these sequences;
methylation at this position serves to suppress gene expression. Alteration of cytosine
methylation and subsequent gene misregulation has been observed in tumors and likely
contributes to tumorigenesis [12]. Methylation also affects stability of the cytosine nucleotide;
5-methylcytosine tends to undergo spontaneous deamination to thymidine, generating a T-G
mispair. Maintaining the integrity of the methylation state of cytosine in a CpG context is
critical to preserve appropriate gene expression.

Sequence context also affects the stability of DNA duplexes containing abasic sites. Using
differential scanning calorimetry and temperature-dependent UV absorbance
spectrophotometry, Gelfand and colleagues show that the presence of an abasic site has
significant enthalpic consequences on DNA stability, and that sequence context affects the
magnitude of destabilization [13]. Molecular modeling also indicates that flanking sequence
around an abasic site determines the ability of the unpaired base to become extrahelical [14].
Intrinsic thermodynamic differences between various DNA sequences containing abasic sites
present the BER system with a variety of substrates that may have different repair efficiencies,
despite containing a common lesion.

Eukaryotic Base Excision Repair

The base excision repair (BER) pathway is the primary cellular defense against the majority
of endogenous DNA damage. Resolving such a high level of damage is critical to maintaining
genomic integrity and ultimately, cellular viability. Cells that are BER deficient or have
aberrant BER function risk high levels of mutation that may lead to cellular transformation and
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cancer [15]. The BER pathway facilitates the resolution of such DNA damage, including abasic
sites, oxidative lesions and alkylated and alternative bases [16]. In short patch repair, thought
to be the major BER repair pathway, a damage-specific DNA glycosylase works to remove
the damaged base, leaving an abasic site. A monofunctional DNA glycosylase generates an
abasic site by hydrolyzing the N-glycosidic bond between the base and the deoxyribose group
[17]. AP endonuclease 1 (APE1) then nicks the DNA backbone, leaving a free 5'-terminal
deoxyribose phosphate (dRP) and a 3'-hydroxyl [18]. In addition to base removal, bifunctional
glycosylases also have innate AP-lyase activity and form an abasic site with a 3’ dRP group
and a 5’ phosphate [17]. APE1 removes the 3’ dRP, generating a 3'-hydroxyl and this is the
substrate for DNA polymerase  (Pol ). In mammalian cells, Pol 3 binds the nicked backbone
and its own dRP lyase domain removes the 5’ dRP [19]. Pol § then fills in the abasic site with
the complementary Watson-Crick base and the resultant substrate is sealed by the DNA ligase
I1I/XRCC1 complex, completing the repair process [20]. Alternatively, the BER pathway may
also be initiated by the NEIL1/2 DNA glycosylases, which remove the damaged base and leave
behind free phosphates at both the 3" and 5’ ends [21]. PNK acts on the resulting DNA substrate,
removing the 3'-phosphate. DNA Pol 8 then binds to the site of damage and fills the gap with
the complementary nucleotide. XRCC1/DNA ligase Il again completes repair by sealing the
nicked DNA backbone.

BER Proteins and Sequence Context

MPG

The efficiency of the BER pathway is affected by local DNA sequence context. This pathway
is responsible for repairing a variety of lesions, and employs a range of glycosylases to initiate
the process. The glycosylase used is dependent on the type of damage present in the DNA, and
the activity of many DNA glycosylases is affected by the local DNA sequence. The catalytic
efficiency of DNA pol B is also dependent on local DNA context. Differences in repair rates
based on sequence context may lead to specific sequences being mutated at disproportionately
higher rates. If such sequences are found within growth control genes or regulatory sequences,
sequence context based mutagenesis could have implications for tumor development or
progression. BER proteins demonstrated to function with specificity for sequence context are
discussed below.

Human N-methylpurine-DNA glycosylase (MPG) is responsible for removal of methylated
purine DNA adducts, including 3-methyladenine (3-meA) and 7 methylguanine (7-meG). Ye
and colleagues mapped the repair of 3-meA and 7-meG adducts both in vivo and in vitro in the
promoter and first exon of the PGK1 gene [22]. Repair of both of these adducts in normal
fibroblast cells was found to be heterogeneous; 7-meG and 3meA persist in DNA for varying
periods of time depending on their DNA sequence context. This variation may have
implications for genome stability, as lesions that persist longer in DNA have a greater chance
of leading to transcriptional pausing or resulting in mutagenesis. In vitro excision of 149
different 7-meG lesions within the same sequence using recombinant MPG indicates that the
first order rate of removal for 7-meG varies up to 185-fold depending on the lesion’s position
within the DNA sequence. However, removal of 3-meA by MPG in vitro did not depend on
sequence context. Therefore, any sequence context effect observed in vivo for removal of 3-
meA is not attributed to MPG and is likely the result of subsequent repair processes.

MPG also appears to excise hypoxanthine (Hx) from DNA in a sequence context dependent
manner, with up to a 17-fold difference in the steady-state rate constant ratio Ke;t/Kwm
determined in vitro [23]. While Hx excision was shown to be dependent on both DNA binding
and catalysis, DNA binding was found to be the primary contributor to sequence specific
excision differences. The 17-fold differences in steady-state rate constants are attributed to
greater variability in DNA binding affinity.
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Uracil DNA glycosylase (UDG) recognizes and removes uracil from DNA; this activity has
been shown to be dependent upon sequence context [24], [25]. Initial studies using 40 different
uracil sites found more than a 10-fold difference in rates of removal within double-stranded
DNA [24]. The crystal structure of UDG complexed with double-stranded DNA indicates that
the DNA is dramatically bent in the local region where the uracil residue is located [25].
Molecular dynamic simulations performed on two distinct DNA sequences known to have
significant differences in UDG activity indicate that the more flexible the local sequence, the
more efficiently the uracil is removed [25]. Kinetic constants of DNA binding and catalysis
were compared between the two sequences; the activity disparity is attributable to DNA
binding.

Methyl-CpG-binding protein 4 (MBD4), a thymine/uracil glycosylase, contains a methyl-CpG
binding domain and lacks endonuclease activity [26]. MBD4 exhibits a preference for
mismatches within a CpG context. Mice deficient in MBD4 exhibit a 3-fold increase in C—T
transitions specifically at CpG sites, and also show reduced survival in a background of
spontaneous intestinal neoplasia [27]. This observation highlights the biological significance
of a glycosylase that is more efficient in repairing damage in a CpG sequence context.

Human thymine glycosylase (TDG) removes thymidine from G: T mispairs that result from the
deamination of 5’ methylcytosine (m5C) or cytosine. Invitro incision assays have demonstrated
that the activity of TDG has been shown to be most efficient when the mispair is in a CpG
context [28]. Excision in a CpG context was 3-12 fold greater compared to ApG, CpC and
TpC. The reported crystal structure of the catalytic domain of TDG complexed with abasic
DNA provided insight regarding observed CpG specificity [29]. In a CpG context, the
enzyme’s insertion loop interacts with the guanine involved in the mispair and the guanine 3’
to the mispaired thymidine residue; this interaction stabilizes the loop and promotes nucleotide
flipping and/or chemistry.

The Nei-like NEIL1 and NEIL2 glycosylases remove damaged bases from DNA and provide
the substrate for an APE1-independent BER pathway. NEIL1 works on thymine glycol,
formamidopyrimidine-A and —G; both NEIL1 and NEIL2 excise 5-hydroxyuracil (5-OHU).
Both NEIL1 and NEIL2 exhibit a preference for repairing 5-OHU within the single stranded
DNA in a bubble structure compared to double-stranded DNA [30].

Pol B is the primary polymerase responsible for gap filling and removal of the dRP group during
BER. The catalytic efficiency of this polymerization by the wild-type protein is linked to the
DNA sequence surrounding the abasic site. Base stacking forces within DNA and between
DNA and protein facilitate stability of the duplex within the active site of Pol p. Crystal
structures of DNA complexed with Pol B show that protein-DNA interactions are formed up
to 4-5 base pairs upstream of the active site [31]. These interactions help form the nucleotide-
binding pocket and therefore contribute to polymerase fidelity. Beard and colleagues evaluated
the effects of altering the duplex DNA sequence upstream of the active site by incorporation
of abasic sites, mismatches or extra nucleotides [32]. An upstream abasic site disturbs base
stacking interactions and produces a significant loss of catalytic efficiency of Pol B. This
observed effect is greater when the abasic site is in the primer rather than the template.
Introduction of a frameshift intermediate in the form of an extrahelical unpaired nucleotide
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affects efficiency in a similar fashion; this effect is maintained with an extra base placed up to
five nucleotides upstream of the abasic site to be repaired. The base composition of the primer
terminus also affects the catalytic efficiency of Pol  primers with a terminal pyrimidine are
more efficiently extended than those with a purine [32]. These results indicate that the sequence
context immediately upstream of an abasic site affects the rate of repair.

Misincorporation of dATP directly opposite an 8-oxo0-dG lesion by Pol f is also dependent on
sequence context [33]. Using a 5 base pair gapped substrate with a central 8-oxo-dG lesion,
Efrati and colleagues found that the downstream sequence affects incorporation opposite 8-
0x0-dG by means of dNTP-stabilized misalignment. Alteration of downstream sequence
affects the identity of the dNTP selected by Pol B during such misalignment. Surprisingly, the
presence of 8-0x0-dG in this sequence context was also found to reduce Pol B fidelity on the
surrounding sequence. Thus, the fidelity of Pol  appears to be affected by the sequence
surrounding a lesion, as well as the lesion itself when extending multiple bases.

The Cancer Genome and Sequence Context Dependent Mutagenesis

BER variants and sequence context dependence

Several germline SNPs in BER genes were documented in individuals who did not have cancer
or other diseases at the time of sample collection as part of the Environmental Genome Project
(http://www.genome.utah.edu/genesnps/). BER variants have been identified in human
tumors; for example see [34], [35], [36]. Importantly, the majority of the germline and tumor
associated variants have not been characterized in detail. We will focus on a few examples for
which a shift in sequence context dependence has been demonstrated.

The OGG1 S326C variant is present in the germline of at least 18.5% of individuals who have
been tested. The presence of this variant has been shown to be associated with increased
incidence of oral, lung, and prostate cancer [37], [38], [39], [40], [41], [42], [43]. OGGLlisa
bifunctional DNA glycosylase and is critical for the removal of the 80xoG base from DNA.
S326C has been shown to dimerize, unlike the WT protein, and generally to have a lower
catalytic efficiency than WT OGG1, as shown in Figure 1 [44]. However, subtle changes in
sequence context dependent incision rates were also identified in that the sequence context
dependent recognition of S326C is completely different to that of WT OGGL. The rates of
excision and AP site cleavage of 80xoG opposite T and G are 3.7 and 5.6 lower than that of
WT OGGL1. Thus, ifa T or G is misincorporated opposite 80xoG, for example, by a translesion
DNA polymerase, cells with the S326C variant will be less likely to remove the
misincorporated base versus cells with WT OGG1. After DNA replication occurs, a mutation
will be generated that could rarely be observed in cells with the WT OGG1. To the best of our
knowledge, little is known about the how the surrounding sequence context influences base
excision and AP site incision by the S326C variant, so even more variation in repair rates at
specific sites could be present in cells expressing this variant.

Approximately 30% of human tumors express Pol B variants [34]. We have shown that the
1260M and K289M prostate and colon cancer-associated variants, respectively, induce cellular
transformation in immortalized mouse cells [45]. Importantly, these variants induce specific
types of base substitutions at increased frequencies within certain sequence contexts [46],
[47]. For example, when synthesizing DNA in vitro, I260M predominately expands a TC
dinucleotide repeat sequence within the HSV-tk target. WT Pol B induces mainly deletions
within this same sequence [47]. The K289M variant induces C to G base substitutions within
the AACAAA sequence, which resembles a mutation hotspot within the APC gene, a gene that
is frequently mutated in colon carcinoma, as shown in Figure 1 [46]. This was validated in an
in vitro assay, suggesting that the sequence context dependent misincorporation exhibited by
K289M is an inherent property of the enzyme. It is likely that if these variants are present in
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cells, they will have a higher propensity than WT Pol 3 to make errors during the gap filling
step of BER, eventually resulting in mutations that are rarely observed in cells with WT Pol

B.

Cancer-associated consequences of mutagenesis

Mutations in BER genes, like the ones described above, can lead to deficient or aberrant repair
of the coding regions of the genome. In the case of cancer, this could be manifested as a mutation
in a key growth control gene, such as Ras, as shown in Figure 1. For example, mice that are
deficient in the OGG1 enzyme appear to accumulate mutations in the Ras oncogene [48].
Similar results might be obtained for the S326C or other OGG1 variants if such a study were
performed. This would ultimately result in altered cellular signaling that could lead to a lack
of response of cells to growth controls, leading to uncontrolled proliferation and, eventually,
cancer. This scenario could be imagined for several different oncogenes, other types of growth
control genes, and genes that function in the control of metastasis.

Proteins rarely act alone and usually function as parts of complexes. Alteration of residues that
are on the surface of proteins could lead to defects in protein-protein interactions and complex
formation. This could result in less interaction of a specific protein with its partners, or
sequestration of other members of the complex. In both cases, the processes that require the
altered proteins will likely be compromised.

Mutations induced by BER variants could also occur in the noncoding regions of the genome.
These types of mutations could affect splicing if they occurred at a splice site or within introns
themselves, which are also important during the splicing reaction, as shown in Figure 1.
Mutations in noncoding DNA could also alter microRNAs (miRNAs), which have been shown
to have an important role in the regulation of gene expression [for example see Didiano [49]].
This could result in inefficient binding of a miRNA to its target sequence, and result in a
deficiency in posttranscriptional regulation, which could lead to over-or underexpression of a
protein in the cell, as shown in Figure 1. Mutations in the 3’ UTRs of genes, the sites of miRNA
target sequences, could have similar effects. In fact, the miRNA target appears to be defined
not only by the sequence to which the miRNA binds, but also by the surrounding sequence
context, so mutations anywhere within the 3' UTRs of genes could effect gene expression.

Cancer is associated with a mutator phenotype

In 1974, Loeb proposed that cancer results from a mutator phenotype [50]. The basic idea is
that the numbers of mutations found in tumors is much larger than what is found in somatic
cells, as has recently been shown to be the case [51]. The low numbers of mutations in somatic
cells is indicative of a low mutation rate and, conversely, the high numbers of mutations in
tumor cells is suggestive of the presence of a high mutation rate. The mutator phenotype was
originally suggested to be driven by mutations that arose in proteins that function to maintain
genome stability; these early mutations likely arise as part of a stochastic process during DNA
replication or repair. One example of this is that mutations in certain mismatch repair genes
are associated with Heterologous Nonpolyposis Colon Cancer (HNPCC) [52]. Mismatch repair
functions to maintain genome stability by repairing mistakes made during DNA replication
and recombination. Thus, in the absence of mismatch repair, a strong mutator phenotype is
present and has the possibility to lead to an even higher mutation rate should other genes that
function in genome stability maintenance sustain mutations.

The environment selects for novel variants

Mutagenesis drives evolution because it produces many types of variants, one or more of which
emerge via natural selection. As noted above, BER functions in the removal and correct repair
of at least 20,000 endogenous lesions per cell per day. These lesions are likely to occur in
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regions of the genome that code for proteins and in noncoding regions. Thus, BER proteins
are likely to act upon the DNA of both coding and noncoding regions of the genome. As
discussed above, many of the BER proteins are known to exhibit sequence context dependent
catalysis. We suggest that alterations of BER proteins, resulting from germline or somatic
SNPs, could change their sequence context dependence; some examples are already known.
This could have important consequences for mutation of both coding and noncoding regions
of the human genome. Novel cellular variants that are not usually present could arise and be
at a selective advantage to respond to selective pressure from the environment. Alteration of
sequence context dependent repair could be an underlying mechanism for predisposition to
cancer in people carrying germline variants in BER genes, depending upon the environment
to which an individual is exposed. BER protein variants that arise in somatic cells could also
be capable of altering sequence context dependent repair, and this could lead to tumorigenesis
or more aggressive disease if these variants are generated and selected by the tumor
microenvironment.

In summary, BER is critical for genome stability maintenance. This process is responsible for
the repair of a variety endogenous damage. It appears that many of the proteins that function
in BER exhibit sequence context dependent repair during binding and catalysis. Several
variants of these genes are present in people that could predispose them to cancer. BER variants
also arise in tumors. These BER variants could exhibit sequence context dependent repair.
Therefore, the mutator phenotype that is an underlying mechanism of cancer, is likely to be
driven not only by mutations in genes that result in a lack of repair or growth control, but also
by mutations that result in changes to sequence context dependency. These types of mutations,
which are likely to occur in both coding and noncoding regions of the genome, could result in
rare variants that can be selected by the cellular environment and lead to cancer. These rare
variants might also lead to resistance to various cancer therapies.
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Figure 1. S326C OGG1 and K289M Pol B Variants Induce Sequence Context Dependent Mutations
8ox0G arises within the DNA. If not excised before DNA replication, a DNA polymerase may
bypass itand insert the incorrect base. If 80xoG is paired with G, the S326C OGG1 will remove
it much slower than WT OGG1. This could lead to additional bypass and mutagenesis, which
ultimately results in tumorigenesis. 8oxoG could also be excised, especially in the presence of
WT OGG1. This would generate a 3' dRP, which would be removed by Apel. If K289M filled
in the gap, it could insert the wrong base within the sequence context shown, leading to a
mutation. If the mutation arises in a growth control gene such as Ras, aberrant signaling and
proliferation would lead to tumorigenesis. The mutation would be just as likely to arise in
noncoding DNA, such as a splice site, miRNA-encoding sequence, or a miRNA target ina 3’
UTR. This could effect gene expression, and ultimately lead to tumorigenesis or more
aggressive disease. Importantly, because the mutations that arise are likely to be within
sequence contexts that are not usually amenable to mutation in cells with WT BER enzymes,
rare cellular variants might result and be selected by the environment.
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