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Abstract. Faithful maintenance of the genome is crucial
to the individual and the species. Oxidative DNA dam-
age, such as 8-0x0-7,8-dihydroguanine (8-0x0G), poses a
major threat to genomic integrity. 8-OxoG can mispair
with 2’-deoxycytidine 5’-triphosphate or with 2’-de-
oxyadenosine triphosphate during DNA replication,
forming Ce8-0xoG and A<8-0xoG mispairs. Human
MutY is responsible for recognition and removal of the
inappropriately inserted adenine in an A*8-0xoG mispair.
If unrepaired, the A+8-0xoG mispairs can result in delete-
rious C:G to A: T transversions. Human MutY functions

in a postreplication repair pathway and is targeted to the
newly synthesized daughter strand of DNA for removal of
the adenine base. The human MutY protein is targeted to
both the mitochondria and the nucleus and associates
with the proliferating cell nuclear antigen, apurinic/
apyrimidinic endonuclease 1, replication protein A and
mutS homolog 6 proteins. Mutations in the human MutY
gene and defective activity of the human MutY protein
have been detected in cancer. A direct correlation be-
tween defective A*8-0x0G repair and increased levels of
genomic 8-0xoG has now been established.
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genomic instability.

Introduction

Oxidative DNA damage

Among the ~100 different types of modified bases
produced, 8-oxo0-7,8-dihydroguanine, or 8-oxoguanine
(8-0x0G, or GO), is one of the most abundant mutagenic
lesions formed from oxidative damage to cellular DNA
(fig. 1). Although accurate measurement of this lesion is
prone to artifact interference from sample oxidation, a
value of between one and five 8-0xoG/10° guanine
residues has been regarded as a baseline for human cells
by the European Standards Committee on Oxidative
DNA Damage (ESCODD) and another laboratory [1-2].
This oxidative damage can be caused by reactive oxygen
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species (ROS), contributing factors in the pathogenesis of
several types of cancer and the etiologies of aging and
other diseases [3—7]. ROS are formed as by-products
during normal cellular metabolism, by genotoxic chemi-
cals and by ionizing radiation to generate a variety of cy-
totoxic DNA lesions, such as abasic sites, single-strand
breaks and modified bases with blocked 3" termini [re-
viewed in 4]. Many of these damaged bases enhance mu-
tagenesis because of mispairing during replication of the
genome; indeed, a family of novel DNA polymerases has
recently been discovered that incorporate deoxynu-
cleotides opposite noninstructional or mutagenic bases,
creating cytotoxic and mutagenic mispairs [8]. In the case
of carcinogenesis, the mutations that arise from these mi-
spairs inactivate tumor-suppressor genes and activate
oncogenes. The mutagenic and carcinogenic potential of
8-0x0G in the stable syn conformation arises through its



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

Oxidation of Guanine

Review Article 2065

lonizing radiation

NH,

Guanine

Figure 1. Structure of 8-0x0G.

readiness to bind both cytosine and adenine during repli-
cation [4]. If the C+8-0x0G intermediate is not repaired
when the strands are replicated, 8-0xoG can mispair with
adenine, forming an A+8-0xoG mispair that, if still unre-
paired and upon further replication, may form an A:T
pair in daughter cells, resulting in C:G to A: T transver-
sions. Most significantly, if the initiating 8-0x0G lesion is
not removed from the genomic DNA, it may again mis-
pair with adenine and continue generating additional
transversions.

Base excision repair and transcription-coupled
repair

Base excision repair (BER) is the most important cellular
process employed for removal of 8-0x0G, although both
nucleotide excision repair (NER) and DNA mismatch re-
pair (MMR) have been shown to play some role [9—-11].
BER cleaves the base only, leaving the sugar-phosphate
backbone intact and generating an abasic site. In Esch-
erichia coli three proteins, MutY, MutM (Fpg), and
MutT, the ‘GO system’ [12], are known to be involved in
defending cellular DNA against the mutagenic effects of
free 8-0x0G. In human cells the same repair system exists
(fig. 2). The first level of defense is the human MutT ho-
molog (MTH1), which has nucleoside triphosphatase ac-
tivity and hydrolyzes oxidized 8-oxo-dGTP to 8-oxo-
dGMP, thus functionally eliminating it from the nu-
cleotide pool so that DNA polymerases cannot insert
8-0x0G opposite template adenine or cytosine [13]
(fig. 2, step 1). Since guanylate kinase is inactive with
8-0x0-dGMP, this cannot be reutilized [14]. The second
level of defense is direct repair, whereby human 8-oxo-
guanine DNA glycosylase protein (OGG1) removes the
mutagenic 8-o0xoG lesion and other oxidized purines
incorporated opposite cytosines [15, 16] (fig. 2, step 2).
Finally, if replication occurs, the human MutY DNA
glycosylase protein removes adenine from A<8-oxoG
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mismatches with its adenine glycosylase activity (fig. 2,
step 3) [17].

Inactivation of the MutY gene in E. coli results in a dom-
inant base transversion mutator phenotype with 97% of
transversions being C:G to A:T [18]. MutY-defective
E. coli exhibit significant increases in their mutation rates
(~30-fold increase in Lac+ reversion) (table 1), which are
corrected by transformation with either E. coli MutY or
human MutY cDNAs. MutY-defective Schizosaccha-
romyces pombe MutY also exhibits a mutator phenotype,
with an ~36-fold increase in the spontaneous mutation
frequency (table 1, [19]), which again was corrected by
transformation with either human MutY or S. pombe
MutY. The spectrum of transversions in combination with
the elevated mutation rate, which can be complemented
by human MutY, supports the notion that the MutY gene
products protect the genome from the deleterious effects
of 8-0x0G [18-20].

In quiescent G/G, cells, which do not undergo DNA
replication, transcription of critical genes occurs continu-
ously, and repair of damage in the transcribed strand
must therefore be faster than in the areas of chromatin
that are transcriptionally inactive. This requires additio-
nal proteins, and it has recently been shown that this
transcription-coupled repair (TCR) of 8-0xoG involves
BRCAL1 and BRCA?2 (breast cancer-associated protein),
xeroderma pigmentosum group G protein (XPG) and
Cockayne syndrome B protein (CSB), among others
[21, 22].

Human MutY protein

The human MutY cDNA has been cloned and sequenced,
as has that from rat and mouse [17, 23, 24], although the
majority of studies to date have centered on human MutY.
The human MutY gene produces up to 10 alternatively
spliced transcripts [25] and encodes multiple forms of the
human MutY protein, which are targeted to both the mi-
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Figure 2. Base excision repair of 8-0x0G using the ‘G system’. Oxidation of guanine leads to the formation of 8-0x0G in genomic DNA,
converting the C: G base pair to a C*8-0x0G mispair. During replication mutagenic dG°TP can also be incorporated opposite template cy-
tosine if dGTP in the nucleotide pool becomes oxidized. MTHI is the enzyme responsible for converting dG°TP to the nonmutagenic
dGOMP (step 1). The C+8-0x0G mispair is directly repaired by OGG1 (step 2), but if not, 8-0xoG can mispair with adenine during repli-
cation (this does not preclude binding again with cytosine). Human MutY removes adenine from the A*8-oxoG mispair (step 3), and after
subsequent processing a polymerase inserts a cytosine opposite 8-0xoG. Depending on the polymerase, an adenine can also be inserted op-
posite 8-0x0G. If the C+8-0x0G and A+8-0x0G mispairs are not repaired, then upon replication not only can the adenine pair with thymine,
resulting in a deleterious C: G to A: T transversion, but the 8-0xoG base will not be removed from the genome. The 8-0x0G base can again
mispair with adenine and cytosine, and thus the mutagenic cycle could begin again.

Table 1. Mutation rates in MutY-deficient bacteria and yeast complemented with eukaryotic MutY.

Sample Mutant/corrected Mutation rate Target References
Bacteria
E. coli CC104 MutY mutant ~20-30-fold increase Lac+ revertants [20, 26]
mutant ~29-52-fold increase Rif resistance [20, 26]
with human MutY corrected ~2-3-fold increase Lac+ revertants [26]
corrected ~1-4-fold increase Rif resistance [26]
E. coli GBE943/DE3 MutY mutant ~42-fold increase Rif resistance [61]
with S.pombe MutY corrected ~3-fold increase Rif resistance [61]
Yeast
S. pombe MutYA mutant ~36-fold increase FOA resistance [94]
with S.pombe MutY corrected ~1-fold increase FOA resistance [94]
with human MutY corrected ~8-fold increase FOA resistance [94]
with human MutY mutant ~42-fold increase FOA resistance [94]
(F518A/F519A)

Rif, rifampicin, FOA, 5-fluoroorotic acid; Lac, LacZ gene.
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tochondria and the nucleus [26—28]. It has been demon-
strated both in vitro and in vivo that human MutY directly
interacts with several proteins involved in other DNA
damage-repair pathways: proliferating cell nuclear anti-
gen (PCNA), apurinic/apyrimidinic endonuclease 1
(APEL), replication protein A (RPA) and mutS homolog
6 (MSHO6) [29, 30]. Defective human MutY has recently
been implicated as a possible causative agent in several
types of cancer. This review encompasses and gathers re-
cent literature to focus on the essential role of human
MutY in protecting genomic integrity against the detri-
mental effects of oxidative DNA damage.

Structure of human MutY gene and human MutY
protein

Human MutY gene and multiple isoforms of human
MutY mRNA

Mammalian MutY cDNAs have been isolated from hu-
man, rat and mouse [17, 23, 24]. The human MutY gene
contains 16 exons and is localized to the short arm of
chromosome 1 between p32.1 and p34.3 [17]. Ohtsubo
et al. showed that the human MutY gene produces three
major classes of human MutY mRNA transcripts [25] —
a, B and y— each of which is also alternatively spliced,
suggesting a total of 10 possible mature transcripts of hu-
man MutY (table 2). The existence of these various iso-
forms, however, remains to be confirmed in normal tis-
sues.

The isoform human MutY « has the same 5" sequence as
the primary reference cDNA [17] and possesses four
splice variants: human MutYal, 2, 3 and 4. Human
MutY al has a 33bp insertion (11 amino acids), while hu-

Table 2. Human MutY Isoforms.
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man MutY a2 has just a 3bp insertion. Human MutY a3 is
the major isoform expressed in most cells and corre-
sponds to the cDNA sequence isolated and characterized
by Slupska et al. (type 1-human MutY [17]). The splice
variants human MutY a1, 2 and 3 probably localize to the
mitochondria, whereas human MutY a4 probably local-
izes to the nucleus (table 2). We recently reported that in
10 microsatellite-stable (MSS) colorectal cancer (CRC)
cell lines in which the level of 8-0x0oG was normal, the
major primary transcript (MutY a3 isoform) was present.
In addition, in one of the MSS CRC cell lines the human
MutY a4 isoform was also present, whereas in another
four MSS CRC cell lines, the human MutY a2 isoform
was also present [31].

Human MutY f isoform has three splice variants — human
MutYf1, 3 and 5 — which are all translated from the sec-
ond AUG, 42 bases downstream from the initial AUG
(table 2). All three human MutY f variants share a com-
mon sequence at the 5” end of their cDNAs, which is iden-
tical to that reported by Takao et al. (type 2-human
MutY), with human MutY 1 containing the same 33bp
insert as human MutYal [26]. Human MutYy also has
three splice variants, human MutYy2, 3 and 4. Human
MutYy3 and human MutY y4 are similar to isoforms hu-
man MutY 83 and human MutY a4, respectively (table 2),
with human MutY y2 and human MutY y3 differing by the
position of the third AUG. Similar to the splice variant
human MutY a4, and all human MutY f isoforms, the hu-
man MutYy variants are also probably localized to the
nucleus (table 2). However, although these transcript vari-
ants are evident, which transcript encodes which
polypeptide, the relative distribution of the isoforms, im-
munological detection and the function of the different
human MutY isoforms are still somewhat open questions.

AUG1T AUG2 AUG3
Muty ]
MLS NLS

Isoform Amino acids AUG 1,2 or3 Probable cellular location Comments

Type 1 MutY al 546 aa 1 mitochondira 33bp insert
MutYa?2 536 aa 1 mitochondira 3bp CAG insert
MutYa3#? 535 aa 1 mitochondira same as Slupska et al. [17]

Type 2 MutYa4 429 aa 3 nucleus similar to MutYy4 isoform
MutYp1 532 aa 2 nucleus same 33-bp insert as MutYal
MutYp3 521 aa 2 nucleus similar to MutYy3 isoform
MutY S5 521 aa 2 nucleus
MutYy2 522 aa 2 nucleus
MutYy3 521 aa 2 nucleus similar to MutY33 isoform
MutYy4 429 aa 3 nucleus similar to MutYa4 isoform

@ Reference Sample.

AUG 1, 2 or 3, from which translation starts; NLS, residues 505-509; MLS, residues 1-14.

Data adapted from Ohtsubo et al. [25].
cDNA not drawn to scale.
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Human MutY structure

The open reading frame of full-length human MutY
(MutY a3 isoform) (table 2) translates into a 535-amino
acid (aa) protein that exhibits 78.0 % identity with mouse
MutY [24], 74.1% with rat MutY [23] and 41% with
E. coli MutY proteins [17]. Both mouse MutY and rat
MutY lack the first 14 amino acids that are found in
type 1 human MutY (see below), such that translation
starts with the second methionine (fig. 3) [17, 23-27].
This means that mouse MutY and rat MutY are both ho-
mologs of type 2-human MutY or the human MutY  iso-
form [25, 26].

Although most structural studies have used E. coli MutY
[32—36], sequence analyses of the mammalian MutY
proteins reveal extensive homology and conservation
with established structural domains found in E. coli
MutY and many prokaryotic and eukaryotic base exci-
sion DNA repair proteins, the so-called helix-hairpin-
helix Glu/Pro.....Asp domain (HhH-GPD) superfamily
(fig. 3) [32, 37—40].

The HhH-GPD in E. coli MutY (aa 114—273 in human
MutY) binds the phosphate backbone of the substrate and
includes the highly conserved Aspl38 in E. coli MutY
(Asp222 in human MutY, aa 207 in both mouse MutY
and rat MutY), which is required for nucleophilic attack
of the adenine base. Human MutY, like rat MutY and
mouse MutY, also contains the conserved distal MutT-
like (NUDIX) domain (aa 354—486) and the iron-sulfur
cluster binding domain (aa 276—-292), a hallmark of the
endonuclease III (endo III) family of proteins. Mam-
malian MutY also contains a conserved adenine recogni-
tion motif (aa 255-273 in human MutY). The crystal
structure of E. coli MutY suggests that residues GIn182,
Glu37 and Aspl86 (aa GIn266, Glul20 and Glu270 in
human MutY)) are important for binding the adenine base.
For binding the adenine partner, the major components
reside in the C-terminal of E. coli MutY [32, 34, 36], but
the N-terminal residues GIn41, Tyr82 and Argl94 are
also required (aa GIn124, Tyr165 and Pro278 in human
MutY). Interestingly, although the above residues and
charges are generally conserved among mammalian
MutY, the Argl94 position in E. coli MutY is instead a
proline residue in human, rat and mouse (Pro278, Pro263
and Pro263, respectively). Both mouse MutY and rat
MutY contain the PCNA binding motif and the putative
APE1l and MSH6 binding domains (aa 509-527,
295-317 and 232—-254 in human MutY) but are missing
the first seven amino acids of the putative RPA binding
domain (aa 8—31 in human MutY) (see below) [29, 30].
E. coli MutY appears to contain only a putative MSH6
binding domain, although any physical interaction be-
tween E. coli MutY and MutS is as yet unproven. Mouse
and rat MutY both possess the nuclear localization signal
(NLS) but not the mitochondrial localization signal
(MLS) (see below).

Human MutY

Subcellular localization of human MutY

Originally, the activities of human MutY were studied in
nuclear fractions [41]; however, in the mitochondria, 8-
0x0(Q is a very abundant DNA lesion formed by exposure
to ROS [42]. Since the oxidative environment of these or-
ganelles creates unfavorable conditions for DNA stabil-
ity, and unlike nuclear DNA, the mitochondrial genome is
not protected by histone proteins, it was proposed that the
mitochondria must possess highly effective means of re-
pairing oxidative DNA damage frequently generated in
their genomes. The accumulation of oxidative DNA le-
sions and alterations in mitochondrial DNA (mtDNA)
have been implicated in the process of aging and in sev-
eral human diseases, such as carcinogenesis [3—7]. Re-
cent studies have indicated that the mitochondria in fact
contain functional base excision repair pathways respon-
sible for the removal of oxidatively damaged DNA
[43—45] and that some mammalian MutY activities were
localized exclusively to the mitochondria [28]. However,
the subcellular location and amount of endogenous hu-
man MutY proteins in human cells are still controversial.
Elegant studies by Takao et al. showed that transfection of
the full-length human MutY cDNA (535 aa) into COS-7
cells, HeLa cells and CHO-9 cells clearly resulted in lo-
calization of the human MutY protein to the mitochon-
dria (type 1-human MutY) with relatively little localiza-
tion to the nucleus [45]. Using immunohistochemistry
and confocal microscopy, Boldogh et al. also showed that
nuclear staining of human MutY was faint in HeLa cells
and that most of the human MutY protein was localized
to the cytoplasm [46]. However, in the same study a west-
ern blot of human MutY protein using isolated organelles
suggested that more human MutY was present in the nu-
clear fraction than in the mitochondrial fraction. A puta-
tive N-terminal MLS (aa 1—14) and a putative C-terminal
NLS (aa 505-509) have been suggested (fig. 3), and the
NLS was shown to be less effective than the MLS as a
protein transport signal [45]. Further studies showed that
nuclear localization of the human MutY protein arose by
alternative splicing, and indeed, a truncated human MutY
clone missing the first 14 amino acids localized to the nu-
cleus (type 2-human MutY)[26]. However, using similar
approaches, other investigators have suggested that type
1-human MutY is in fact localized mainly to the nucleus,
excluding the nucleoli [27].

It has been reported that a single protein band of human
MutY protein was detected in whole cell lysates by west-
ern blot analysis [47]. However, in contrast to these re-
sults, two electrophoretically distinct human MutY iso-
forms have been detected in whole cell lysates of several
cancer cell types by Western blot analysis [46]. The
higher molecular weight band was suggested to be the
type 1-human MutY protein distributed in the mitochon-
dria, whereas the lower molecular weight band was sug-
gested to be the type 2-human MutY protein localized to
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ff-base formation; shaded triangle,

aa required for binding adenine partner (usually 8-0xoG or guanine); shaded circle, aa required for binding adenine; shaded square, Asp138
in E. coli MutY; shaded inverted triangle, conserved serine in E. coli MutY. Data adapted from Lee et al. [23] and reproduced from the

Journal of Neurochemistry, with permission.
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structural domains: HhH-GPD (helix-hairpin-helix domain) (aa 114—-273), an adenine recognition motif (aa 255—273), an iron-sulfur clus-
ter binding domain (aa 276—292) and the MutT-like (NUDIX) domain (aa 354—486). The protein interaction sites for PCNA (aa 509-527),

Figure 3. Alignment of the human MutY amino acid sequence (AAH03178) with rat MutY (AF478683), mouse MutY (AAG16632) and
signals (NLS, 505-509, black-shaded), are also shown. Shaded diamond, E. coli MutY lysine for Schi

E. coli MutY (B38535) sequences. Numbering refers to amino acid number. The alignment to human MutY sequence shows key conserved

APE1 (aa 295-317), MSHG6 (aa 232—-254) and RPA (aa 8—31), as well as the putative mitochondrial (MLS
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the nucleus. In another study, one 57-kDa polypeptide
was detected in the mitochondrial fraction, and two pro-
tein bands, 52 kDa and 53 kDa, were detected in the iso-
lated nuclei of human Jurkat cells [25], although differ-
ences exist between experimental and predicted mole-
cular masses of the isoforms. Variations among these re-
ports may be due to differences among epitopes of human
MutY, and the antibodies raised against them, as well as
differences in the methods of sample preparation and in
the samples analyzed.

DNA repair enzymes such as MSHa have been shown to
translocate to the nucleus upon stimulation with various
genotoxic chemicals [48]. It is plausible that since mito-
chondrial DNA has a higher rate of oxidative damage, hu-
man MutY is predominately located to the mitochondria to
combat this, whereas upon cellular insult, de novo synthe-
sis of human MutY isoforms or translocation of presyn-
thesized human MutY to the nucleus may occur. In this re-
spect, although human MutY has been mainly localized to
the cytoplasm, at the G,/S boundary human MutY is pre-
dominately localized to the nucleus, suggesting that hu-
man MutY expression and localization may be redistrib-
uted [46]. The subcellular localization and immunological
detection of human MutY proteins, however, are con-
tentious and remain to be definitively resolved.

Catalytic mechanism and substrate specificity
of human MutY

E. coli MutY and human MutY are unique DNA
glycosylases

In the bacterial system, the endolll superfamily of DNA
glycosylases are divided into two groups: monofunc-
tional and bifunctional glycosylases. Bifunctional glyco-
sylases, in addition to their glycosylase activity, possess
strong apurinic/apyrimidinic (AP) lyase activity that
cleaves the phosphodiester bond 3" to the AP site by the
reaction of pB-elimination [49], whereas in monofunc-
tional glycosylases this AP lyase activity is absent. Bi-
functional DNA glycosylases, such as endolll, can also
use a highly conserved lysine (Lys120 in endollI) to form
a Schiff-base intermediate that can be covalently trapped
as a protein-DNA complex in the presence of sodium
borohydride [50, 51]. Monofunctional glycosylases, such
as AlkA, lack this conserved lysine [39, 52].

E. coli MutY represents a unique DNA glycosylase since,
although it possesses a serine residue at conserved posi-
tion 120 (Ser120) [32], qualifying it as a monofunctional
glycosylase, some laboratories have reported weak AP
lyase activity [34, 53—55]. Furthermore, the ability to
form a covalent Schiff-base intermediate with its DNA
substrates has also been reported [34, 56, 57]. In contrast,
human MutY does not possess either the conserved lysine
or a serine-like E. coli MutY, but instead possesses a ty-

Human MutY

rosine residue (Tyr204), as do both mouse MutY and rat
MutY (Tyrl89 in both). In E. coli MutY, Lys142 is the
base responsible for Schiff-base formation [57, 58], but at
the corresponding position in human MutY (aa 226),
there is an alanine (Leu211 in mouse MutY and Ile211 in
rat MutY). Human MutY also appears not to possess de-
tectable AP lyase activity [59].

Catalytic mechanism

It has been proposed that before E. coli MutY can cat-
alyze cleavage of the glycosyl bond, the adenine base is
first ‘flipped’ out of the DNA helix and sequestered into
the active site [32]. Asp138 activates a water molecule by
proton abstraction attacking the C1 carbon of the adeno-
sine, releasing the mispaired adenine base. The contro-
versial AP lyase activity seen in vitro could therefore
arise from a reaction between the remaining abasic de-
oxyribose molecule and the nearby nucleophilic e-amino
group of activated Lys142. The attack by Lys142 could
form a Schiff-base intermediate. An alternative mecha-
nism of adenine removal has been proposed whereby
Asp138 deprotonates the e-amino group of Lys142, di-
rectly forming a nucleophile that attacks the C1 carbon
and displaces the adenine base. This could also account
for the observed Schiff-base intermediate [49, 58].

Substrate analysis

The rate of spontaneous mutation in MutY-deficient E.
coli and MutY-deficient S. pombe is 30—40-fold higher
than that observed in the wild-type organisms, with the
vast majority of mutations being C:G to A:T transver-
sions [18, 19]. The major role of E. coli MutY and mam-
malian MutY proteins is the removal of adenine from op-
posite mutagenic 8-0xoG so that this transversion does
not occur, and to date, all isolated MutY proteins from
bacteria and yeast perform this function, as well as exci-
sion of adenine mispaired with guanine [12, 60, 61]. As
expected, human MutY readily cleaves adenine from the
mutagenic A*8-oxoG mispair [25, 26, 59], supporting its
role of protecting the genome from oxidative damage
(table 3). Unexpectedly, however, there appears to be a
length dependence restricting in vitro cleavage of the A*G
duplex. Human MutY cleaves A+G if the duplex length is
35—45 bp but not if the length is 23 bp [59]. This length
dependence does not exist for the A+§8-oxoG mispair. The
lack of activity of human MutY with an A*G mispair in a
23-bp duplex is unpredicted, as S. pombe MutY [61] and
mouse MutY [59] both cleave a 20- or 23-bp duplex con-
taining the A*G mismatch. This may reflect different
affinities for this A*G mismatch among closely related
species, as observed with methylpurine-DNA glycosy-
lase from mice and humans [62]. E. coli MutY and to a
lesser extent S. pombe MutY also cleave adenine from an
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Table 3. Human MutY substrate specificity.

Pair/Mispair Human E. coli References
MutY MutY

AsA N Y® [25, 59, 149]

AC N Y [12, 25, 53, 59]

AG Ys Y [12,25,53,59]

AT N N [25, 53, 59]

CeC N ND [59]

C:G N N [53,59]

CeT N ND [59]

G-T N ND [59]

TT N ND [59]

As8-0x0G Y Y [12,25,59,150]

C+8-0x0G N N [59, 150]

G+8-0x0G & Y [59, 150]

Te8-0x0G N N [59, 150]

2-OH-A°-A Y N [25, 149]

2-OH-A-C Y N [25, 149]

2-OH-A-G Y Y [25, 149]

2-OH-A-T Y N [25, 149]

@ Duplex length > 23 bases.
b Very slight cleavage.
ND, not determined; Y, yes; N, no.

A+C mismatch [61], but human MutY and Jurkat-cell ex-
tracts exhibited no glycosylase activity toward the A<C
mispair [25, 59]. Surprisingly, the partially purified calf
MutY has been reported to possess A+C repair activity, al-
though this could be due to some sample contaminants
[63]. These subtle differences in catalytic activity may re-
flect relative frequencies of mispair formation, suggest-
ing that A*8-0x0G is the major mispair formed. Human
MutY has also been shown to possess weak guanine gly-
cosylase activity toward the G+8-0xoG mispair, although
no glycosylase activity was detected toward pyrimidines
mispaired with 8-0xoG [59].

In E. coli and mammalian cells, 2-hydroxyadenine (2-
OH-A) is a highly mutagenic DNA lesion [64, 65]. Hu-
man MutY has recently been found to remove 2-OH-A
from opposite all four natural bases as well as 8-0xoG
[25], further illustrating the crucial role of human MutY
in preserving genomic integrity.

Mitochondrial type 1-human MutY versus nuclear
type 2-human MutY

Shinmura et al. cloned the two types of mitochondrial
type 1-human MutY (Q324 and H324) as well as the two
types of nuclear type 2-human MutY (Q310 and H310)
for functional studies [66]. The rate of incision of adenine
from an A*8-0x0G mispair was similar between the type
1-Q324 and 1-H324 proteins as well as between the type
2-Q310 and 2-H310 proteins, showing that the polymor-
phism had no major effect on glycosylase activity. Takao
et al. also reported that both human MutY polymorphs
(presumably type 1-Q324 and type 2-Q310) shared the
same substrate specificities with 8-0xoG containing mis-
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pairs in their in vitro transcription/translation (TNT) pro-
tein expression system [26].

A native mammalian MutY has been isolated from calf-
liver mitochondria, and similar to previous reports [26,
66], this MutY possessed adenine glycosylase activity to-
ward the A+8-0x0G mispair [28], with very weak guanine
glycosylase activity toward G+8-0xoG. It remains to be
seen what the true specificities of nuclear and mitochon-
drial human MutY are, since the studies to date use un-
processed type 1-human MutY with the MLS still at-
tached and the isolated calf mitochondrial MutY may be
a degraded form of a larger calf mitochondrial MutY.

Human MutY protein interactions

Repair of nucleotides with base excision

After removal of the mispaired base by a DNA glycosy-
lase (adenine or adenine derivatives in the case of human
MutY), there are two alternative pathways for repair of
the cytotoxic and mutagenic unprocessed abasic sites: a
short-patch repair pathway (1 nucleotide) and a long-
patch repair pathway (2—6 nucleotides) (fig. 4) [67; re-
viewed in 68 and 69]. It has been suggested that the type
of DNA glycosylase determines the appropriate patch-
size repair pathway [70, 71]; for example, repair by
3-methyladenine DNA glycosylase in HeLa cell extracts
occurs via both short- and long-patch pathways, whereas
repair of 8-0xoG by OGG1 and the repair of thymine or
uracil opposite guanine by thymine DNA glycosylase
(TDGQ) are mainly via the short-patch pathway [70—71].
After removal of the target base, there are two subpath-
ways responsible for short-patch repair of the resulting
AP site. The phosphodiester bond 5" to the AP site is
cleaved by APE1 if the DNA glycosylase is monofunc-
tional and is then further processed by f-elimination of
the 5" deoxyribose phosphate residue catalyzed by polS
dRPase activity [72]. If the glycosylase is bifunctional, its
AP lyase activity cleaves the phosphodiester bond 3’ to
the AP site, with APE1 generating a 3" hydroxyl group for
DNA synthesis. Whether the glycosylase is monofunc-
tional or bifunctional, the final two stages of short-patch
repair involve the same enzymes. The DNA gap (1 nu-
cleotide) is filled by polf and then ligated by DNA ligase
I and XRCC1 [69]. Since polf binds DNA ligase I [73],
and polf and pold can replace each other [74, 75], it has
been suggested that both DNA ligase I and pold may also
function in short-patch repair. Likewise, the poly(ADP-
ribose) polymerase-1 (PARP-1) may also play a role in
short-patch repair, as it binds XRCC1 [76]; in fact, it has
been proposed that XRCC1, DNA ligase III, pol B and
PARP-1 may exist as a single multiprotein complex [77].
The long-patch repair pathway (fig. 4) repairs a 2—6 nu-
cleotide patch and is dependent on the PCNA. In addition
to a DNA glycosylase and APE1, flap endonuclease 1
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(or Pol8)
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Figure 4. Removal of oxidative DNA damage with postreplication base excision repair. A glycosylase removes the target base, leaving the
sugar-phosphate backbone intact. For short-patch repair of the resulting AP site, there are two sub-pathways. The phosphodiester bond 5
to the AP site is cleaved by APE1 if the DNA glycosylase is monofunctional and is then further processed by the DNA deoxyribophos-
phodiesterase activity (dRPase) of polp. If the glycosylase is bifunctional, then the AP lyase activity cleaves the phosphodiester bond 3’ to
the AP site, and the resulting DNA with 3” unsaturated aldehyde is processed by APE1, generating a 3" hydroxyl group for DNA synthesis.
Whether the glycosylase is monofunctional or bifunctional, the final two stages of short-patch repair involve the same enzymes. The DNA
gap (1 nucleotide) is filled by polf (or pold) and then ligated by DNA ligase III (or possibly DNA ligase I) and XRCCl in a process that
may involve PARP-1. After the AP site has been processed by APE1 in long-patch repair, polS, pold, pole, PCNA and RFC are recruited to
repair a nucleotide patch of 2—6 bases. The polymerases can be stimulated by FEN-1, WRN and PARP-1 to synthesize DNA and generate
an oligonucleotide flap in the process. RPA and FEN-1 are then localized to this site, where both PCNA and RPA stimulate FEN-1 to cleave
the flap structure. The newly synthesized DNA is then ligated with DNA ligase I. Data adapted with permission from Krokan et al. [69]
and FEBS Letters.

(FEN-1), DNA polymerases f [78], ¢ and ¢ (pol, pol &
and pol € ) and DNA ligase I are also involved [75]. Nei-
ther the DNA glycosylase or the AP endonuclease can re-
move a 5 sugar phosphate and generate a 1-nucleotide
gap, so to remove the 5" sugar phosphate, the DNA poly-
merase first adds several nucleotides to the 3" end of the
nick and exposes the 5" sugar phosphate as part of a sin-
gle-stranded flap structure. For pold to synthesize more

than 1-2 nucleotides, FEN-1, PCNA and replication fac-
tor C (RFC) are required [79, 80]. Along with FEN-1, and
more recently the Werner syndrome defective gene prod-
uct (WRN), PARP-1 activates Polf by increasing polf
strand displacement DNA synthesis [81—84]. This flap
structure is recognized and excised by FEN-1 in a reac-
tion stimulated by PCNA [85], and the newly synthesized
DNA is finally ligated by DNA ligase I [75]. Recent evi-



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

dence from MutY protein interactions has suggested that
MutY repair of A*8-0x0G involves long-patch BER.

Proliferating cell nuclear antigen

PCNA forms a homotrimer with a torus structure, allow-
ing double-stranded DNA to pass through the inside cav-
ity. Loading of PCNA onto DNA requires RFC, resulting
in a PCNA/RFC complex known as the ‘PCNA clamp’
[86]. The formation of this PCNA clamp is a prerequisite
for efficient DNA synthesis activity of pol d and pol &, but
not pol a or B. As well as DNA replication [87, 88],
PCNA plays an essential role in nucleotide excision re-
pair [89, 90], base excision repair, mismatch repair,
branch structure processing, cell cycle control and chro-
matin assembly [91—-93]. In addition to a close associa-
tion with DNA replication, the adenine-specific glycosy-
lase activity of human MutY must be specifically tar-
geted to the newly synthesized nascent DNA strand,
suggesting that there may be some protein—protein inter-
actions between human MutY and those involved in DNA
replication.

In coimmunoprecipitation experiments, PCNA was ini-
tially found to associate with human MutY [29]. Boldogh
et al. provided in situ colocalization evidence demon-
strating that during S-phase, human MutY is specifically
found at the replication foci and in close association with
PCNA, suggesting that postreplicative repair of adenine,
mispaired with either guanine or 8-0x0G, is associated
with DNA replication [46]. Using in vitro binding stud-
ies, PCNA was shown to bind to the C-terminal region of
human MutY (residues 505—527) [29]. A comparison of
the human MutY amino acid sequence with that of the

Table 4. Protein binding motifs in human MutY.
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PCNA binding sites of other PCNA-binding proteins
identified a highly conserved PCNA-binding motif,
OQVLDNFE at residues 512—-519 of human MutY
(table 4, positions 1-8) [29, 91]. Generally, this motif
contains a glutamine at position 1, an aliphatic residue
such as leucine, isoleucine, or methionine at position
4, and a pair of aromatic residues, phenylalanine or tyro-
sine, at positions 7 and 8. The residues flanking the con-
served motif also show a preponderance of proline
residues and charged residues. Alignment of mammalian
MutY protein sequences from mouse and rat with human
MutY showed that putative PCNA binding sites also ex-
ist (table 4).

Binding experiments showed that S. pombe MutY and
S. pombe PCNA interact in yeast [94], and although
S. pombe MutY contains the conserved leucine (Leu441,
Leu515 in human MutY) at position 4 as well as phenyl-
alanine (Phe 444, Phe518 in human MutY) at position
7 within the PCNA binding motif, it does not contain ei-
ther a glutamine at position 1 or a phenylalanine at posi-
tion 8. This indicates that in yeast, the glutamine at posi-
tion 1 and the phenylalanine at position 8 are dispensable
for the S. pombe MutY and the S. pombe PCNA interac-
tion. Several other PCNA-binding proteins also lack this
conserved glutamine [95], although this residue has been
reported as being essential for the interaction between
5’-methylcytosine DNA methyltransferase and PCNA
[96]. Although position 8 of the S. pombe MutY PCNA
binding domain is not an aromatic residue, the two phenyl-
alanine residues at positions 7 and 8 of the PCNA-binding
motif are essential for the interaction between human
MutY and human PCNA as well as that of PCNA with
FEN-1 and DNA ligase 1 [29, 97]. One factor that may en-

Interacting Protein Protein Organism Position Binding Motif
PCNA hMutY H.sapiens 509 e o
rMutY? R.norvegicus 492
mMutY* M.musculus 491
spMutY S.pombe 435
APE1 hMutY H.sapiens 295
rMutY? R.norvegicus 280
mMutY? M.musculus 280
polp H.sapiens 178
RPA hMutY H.sapiens 8 ’
rMutY? R.norvegicus 1 ‘AL
mMutY? M.musculus 1 ez MU ALONS QP
XPA H.sapiens 23 : MLR- 'ILAE
MSH6 hMutY H.sapiens 232 RAIGADPSS/eFV LN CLAOQ
rMutY? R.norvegicus 217 VRAIGADP .s.ﬁu:mﬂmgg
mMutY? M.musculus 217 VRATGADPYLSEeAVS T LW LAOD

Black boxes are conserved residues an grey boxes highlight abundant charged amino acids. *Putative binding site. Has not been shown ex-
perimentally. h, human; r, rat; m, mouse; sp, S.pombe; polp, DNA polymerase §; XPA, Xeroderma pigmentosum protein A.
GenBank no. hMutY, AAH03178; rMutY, AF478683; mMutY, AAG16632; spMutY, Z69240; polp, PO6746; XPA, P23025. Data adapted

with permission from [29, 30].
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hance the interactions could be the presence of clusters of
charged residues flanking the conserved motif.
Experiments demonstrating that human MutY protein ex-
pression is increased in S-phase [46] and that repair of an
A+8-0x0G mispair in a nonreplicating shuttle vector sys-
tem is poor in mammalian cells suggest that human
MutY-catalyzed repair may be replication-dependent
[98]. Using an in vivo repair system, Hayashi et al.
showed that DNA replication enhances the repair of the
A+8-0x0G mispair and that the efficiency of replication-
coupled repair was 10-fold lower in MutY-deficient
murine cells than in MutY-proficient cells [99]. In MutY-
deficient murine cells, expression of a mutant mouse
MutY (Phe500Ala/Phe501Ala) in which the PCNA-bind-
ing motif was disrupted did not increase the repair effi-
ciency of A+8-0x0G, suggesting that the interaction be-
tween PCNA and mouse MutY is critical for MutY-initi-
ated replication-coupled repair of A+8-oxoG. Similar
results were obtained in yeast where the human MutY
mutant Phe518Ala/Phe519Ala and the S. pombe MutY
mutant Phe444Ala, both of which cannot dock with
PCNA, could not reduce the mutation frequency in an
S. pombe MutY-deficient strain [94]. It will be interesting
to see if PCNA can stimulate human MutY glycosylase
activity as it does with other interacting proteins (e.g.,
FEN-1).

Docking of human MutY onto PCNA couples human
MutY adenine excision not only to the replication ma-
chinery but also to the PCNA-dependent long-patch BER
pathway. This may explain the paradox that human MutY
can discriminate and thus be directed to repair misincor-
porated adenines on the daughter strand only. It has been
suggested that PCNA may act as a molecular adaptor, co-
ordinating and regulating the actions of DNA replication,
DNA repair and cell cycle control. The mechanism by
which PCNA selects the appropriate partners remains un-
clear.

Apurinic/apyrimidinic endonuclease 1

Human MutY catalyzes hydrolysis of the N-glycosylic
bond of the mispaired adenine base, generating an AP site
opposite the 8-oxoG base (AP+8-0xoG). Subsequent
steps to repair this AP site are initiated by another BER
enzyme, APE1 [100]. APE1 cleaves the sugar-phosphate
backbone 5" to the AP site, yielding a 5’-deoxyribose
phosphate and 3’-hydroxyl nucleotide free ends. This ab-
normal abasic residue is later removed, and the gap is re-
paired by other components. AP sites are the most com-
mon form of DNA damage, with mammalian cells con-
taining some 50,000—-200,000 AP sites [101, 102].
Using immunoprecipitation studies, human MutY and
APE1 have been shown to associate in human cell ex-
tracts, but reconstruction of a mouse MutY-APE1-DNA
complex with the pure proteins has not been achieved,

Human MutY

presumably because of the requirement of other cofactors
[24, 29]. The interaction of human MutY with APEI
requires residues 295-317 containing the motif
S/PGXYDV/I, where X and Y are any amino acids (table
4, fig. 3). Residue 1 of this motif may be a serine or pro-
line residue, and residue 6 may be a valine or isoleucine
residue. Residues 2 and 5 of this 6-amino acid motif are
conserved among mammalian MutY (i.e., glycine and as-
partate), and 3 and 4 are any amino acids. It is also evi-
dent from the alignment that charged residues flanking
this putative APE1 binding site may be important.

The interaction of human MutY with APEI appears to be
independent of DNA, whereas the interaction between
pol B and APEI requires bound DNA [103]. The mouse
MutY-APE1 interaction, which is independent of APE1
activity, increases the formation of the mouse MutY-DNA
complex and thus increases mouse MutY adenine glyco-
sylase activity [24]. Interestingly, the A+G activity of
E. coli MutY is also enhanced by E. coli AP endonucle-
ases, and the interaction is localized to the C-terminus of
E. coli MutY [104].

Although APEI can displace both thymine-, 8-oxogua-
nine- and uracil-DNA glycosylases from an AP site, di-
rect interactions of APE1 with these glycosylases have
not been demonstrated [105—108]. However, the associa-
tion of human MutY with the downstream enzyme APE1
is of immense biological significance. Since the APe8-
0x0G mispair created by human MutY is a substrate for
OGG1, release of this cytotoxic and mutagenic mispair
by human MutY would allow OGGIl to remove the
8-0x0G lesion, creating two opposing AP sites. Further
processing of these opposing AP sites could result in a
double strand break, thus, release prevents the formation
of a double-strand break only upon physical interaction
with APEL. This may explain why human MutY has high
binding affinity towards A+8-0xoG and AP+8-0xoG mis-
pairs, so that the APE1 interaction may facilitate the re-
lease of the human MutY glycosylase from the products.
After the incision by APE1, pol fand FEN-1 may replace
human MutY through their interaction with PCNA or
APE]1 to complete the repair process.

Replication protein A

RPA, also known as human ssDNA binding protein, is a
trimeric protein complex involved in many cellular
processes, including DNA replication, initiation and
elongation, nucleotide excision repair and DNA recombi-
nation [109, 110]. Human RPA is a heterotrimer com-
posed of a 70-kDa (RPA1), a 32-kDa (RPA2) and a 14-kDa
(RPA3) subunit.

In coimmunoprecipitation experiments, RPA was initially
found to associate with human MutY in HeLa cell ex-
tracts [29]. Using the 34-kDa subunit, RPA binds to the
N-terminus of human MutY (residues 6—32) [29], possi-
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bly by a common motif that is present in other RPA-bind-
ing proteins such as uracil DNA glycosylase (UDG2) and
xeroderma pigmentosum group A protein (XPA) (table 4)
[111]. Alignment of the human MutY RPA binding se-
quence with the N-terminal sequence of both mouse
MutY and rat MutY also suggests a putative RPA binding
site in these mammalian MutY, although the first 8 amino
acids of the site are missing.

As is the case with PCNA, docking of human MutY onto
RPA couples human MutY base excision repair of A+8-
0x0G to DNA replication. In this context, it has been sug-
gested that RPA plays an architectural role in assembly of
the DNA repair complexes [111]. This may also help to
explain the paradox that human MutY can be directed to
repair the misincorporated adenines on the daughter
strand but not on the parental strand. Alternatively,
PCNA-bound human MutY may also recruit RPA so that
factors essential for DNA repair and replication are lo-
calized to the site of DNA damage. This would protect the
exposed single-stranded DNA region under repair and
also localize RPA to stimulate FEN-1 activity in the later
stages of long-patch BER [112]. It is noteworthy that
UDQG?2 interacts with PCNA and RPA and that these pro-
teins colocalize to the replication foci where BER is ini-
tiated to repair misincorporated uracils. The interaction
between human MutY and RPA again suggests that the
human MutY repair pathway requires components of the
long-patch BER pathway. It will be interesting to show
whether human MutY glycosylase activity is also stimu-
lated by RPA as it is by APE1.

MutS homolog 6

The DNA mismatch repair system (MMR) enhances the
fidelity of DNA replication and genetic recombination.
MMR enzymes are also involved in cell cycle arrest, tran-
scription-coupled repair and meiotic recombination
[113—115]. E. coli MMR requires specifically the MutS,
MutL and MutH proteins [115]. A homodimer of MutS
recognizes base-base mismatches and short insertion-
deletion loops. MutL enhances the activities of MutH,
MutS and DNA helicase II, and the MutH endonuclease
cleaves at the 5" end of unmethylated GATC sequences.
Eukaryotic MMR contains multiple MutS and MutL ho-
mologs; however, no MutH homolog has been identified.
The MSH2/MSH6 (MutSa) heterodimer recognizes
base-base mismatches and short insertion-deletion loops,
whereas the MSH2/MSH3 heterodimer (MutSp) recog-
nizes longer insertion-deletion loops [113]. Germline
mutations in human mismatch repair genes result in a
mutator phenotype [114], leading to microsatellite insta-
bility and predisposition to hereditary nonpolyposis
colon cancer (HNPCC) and other cancers [115—118].
Human MutY was initially found present in MSH2 and
MSH6 immunoprecipitates from TK6 cell extracts. Using
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an in vitro binding assay with pure proteins, it was deter-
mined that human MutY directly interacts with MSH6 in
MutSa and not with MSH2 [30]. The MSH6-interacting
domain was localized to the region that includes residues
232-254 of human MutY and is highly conserved among
mammalian MutY (table 4). Although both human MutY
and MSH6 can bind to their DNA substrates, the interac-
tion between both proteins can occur in the absence of
DNA.

As with APEI, the interaction of human MutY with
MutSa was shown to enhance both human MutY binding
and glycosylase activity of Ae8-oxoG-containing oligo-
nucleotides. However, it was also noted that the effect of
MSHa on the human MutY glycosylase activity (a 2-fold
increase) was weaker than on the human MutY binding
affinity toward A+8-o0xoG-containing DNA substrates (an
8-fold increase). Furthermore, in the presence of a 24-fold
excess of MutSa, human MutY adenine glycosylase ac-
tivity was slightly inhibited. Human MutY does not have
any effect on MutSa binding with A<8-oxoG-containing
DNA, which correlates with previous data indicating that
human MutY is the major protein to recognize A+8-0xoG-
containing DNA substrate [47]. The function of this inter-
action is therefore to increase the human MutY glycosy-
lase activity by enhancing DNA recognition and is thus
physiologically important. The increased levels of C: G to
A:T transversions in MSH6 and MMR-deficient cells
may be due to an inefficient interaction with human MutY,
lowering base excision repair, and may also explain the
large increase in genomic 8-0xoG levels in MSH2—/— cells
[10]. Any effect on MSH6 activity has yet to be reported.
Since the protein expression levels of human MutY were
found to be similar in four mismatch repair-deficient cell
lines [30], it will be interesting to see if human MutY gly-
cosylase activity is as well.

Proposed role of human MutY in A¢8-0x0G repair

A proposed role of human MutY in replication-coupled
long-patch repair of A*8-0x0G is shown in figure 5. Ade-
nine is incorporated into the nascent DNA strand oppo-
site 8-0x0G during DNA replication by a DNA poly-
merase (e.g., pold). Human MutY recognizes the mis-
match, interacts with PCNA and then binds to the mispair
(fig. 5, step 1). This links 8-0x0G repair to the replication
machinery. MutSa is sequestered to the site of damage
via MSH6 interaction with human MutY (MutSa may
also bind human MutY in the absence of PCNA, and the
MutSa/human MutY complex may bind PCNA to-
gether). Pold may dissociate from PCNA. In a reaction
stimulated by MutSa, human MutY excises the adenine
base from the daughter strand using its glycosylase activ-
ity (fig. 5, step 2) and remains tightly bound to the result-
ing AP site until APE1 binds to human MutY. Once the
adenine base is released, MutS« dissociates from human



2076 A. R. Parker and J. R. Eshleman

1. Recognition by MutY.

3. Processing of AP site.
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Figure 5. Proposed mechanism of human MutY replication-coupled repair of A+8-0xo0G: step 1, recognition by human MutY; step 2, Ex-
cision; step 3, processing of the AP site; step 4, DNA synthesis; step 5, processing of flap structure; step 6, human MutY dissociation.

MutY. APE1 recognizes the AP site and binds human
MutY, displacing human MutY so that it may access the
AP site (fig. 5, step 3; APE1 may also bind in an excision
complex with human MutY and MutS« in step 2 to fur-
ther enhance glycosylase activity). The AP site is further
processed by APEL. APE1 dissociates from human MutY,
but human MutY remains bound to PCNA (fig. 5, step 4).
Polé localizes to the processed AP site for postrepair
DNA synthesis at the site of damage (if the polymerase
dissociates from PCNA in step 2, then either pold or pole
may be sequestered). Cytosine is incorporated opposite
8-0x0G by the polymerase. New DNA (2—6 nucleotides)
is synthesized, and a flap structure is produced by strand
displacement. RPA binds to human MutY, and FEN-1
binds to PCNA (fig. 5, step 5). Localization of RPA and
FEN-1 to the site of DNA damage/synthesis results in
RPA-stimulated FEN-1 cleavage of the flap structure.
APE1 may also remain at the site of DNA damage/repair
to stimulate FEN-1 via an interaction with PCNA [119].
DNA ligase I is recruited to the site when the flap struc-
ture is cleaved by FEN-1, and the nascent DNA strand is
ligated. Human MutY, FEN-1 and RPA dissociate from

the repair complex (fig. 5, step 6). The C*8-0xoG mispair
is now a substrate for OGGI.

Defective human MutY: a role in carcinogenesis

Data documenting defective DNA repair systems in hu-
man cancers has been well established (e. g., defective nu-
cleotide excision repair in xeroderma pigmentosum and
defective MMR in HNPCC), but reports of defective base
excision repair genes in human cancer have not existed
until recently. In this regard, mutations in the human
MutY gene and defective human MutY activities are just
beginning to be identified in human cancers. Of poten-
tially greater importance are the single-nucleotide poly-
morphisms (SNPs) observed in human MutY, which may
increase an individual’s susceptibility toward malignancy
because of subtle differences in the polymorphic protein
products, especially when such variations are present in
key structural areas of human MutY (fig. 6). However,
preliminary analysis of three of these SNPs does not sup-
port this [120].
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There are several compelling pieces of data supporting a
role for defective human Mu¢Y and human MutY in hu-
man carcinogenesis. One is from a British family de-
scribed by Al-Tassan et al., who discovered an increased
incidence of CRC with inherited biallelic germline MutY
defects [120]. Because three siblings from a single fam-
ily were affected by multiple colorectal adenomas and
carcinoma at relatively young ages, the entire germline
adenomatous polyposis coli (APC) cDNA was se-
quenced. There were no pathogenic mutations in the
germline APC gene of these siblings; however, upon se-
quencing the APC gene in 11 tumors from this family,
they discovered 18 APC mutations, 15 of which were
C:Gto A: T transversions, consistent with a defect in ox-
idative DNA repair. To find the cause of the increased
transversions, they sequenced the entire coding regions of
the MutY, OGGI and MTHI genes. They identified mu-
tations resulting in two nonconservative amino-acid vari-
ants in human MutY. The Gly382Asp mutation was also
found by Shinmura et al. (discussed below) and is located
in the MutT-like domain. The Tyr165Cys mutation (Tyr82
in E. coli MutY) resides in the HhH motif and is highly
conserved in all mammalian MutY as well as in E. coli
MutY proteins (fig. 6). Functionally, it completely abol-
ishes adenine glycosylase activity toward the A+8-oxoG
mispair. The rate of adenine removal was also decreased
in the Gly382Asp mutant. Notably, the three affected sib-
lings were all MutY compound heterozygotes with bial-
lelic germline inactivation, whereas four unaffected sib-
lings were wild type or possessed a single mutant allele.
More recently, the same group identified seven more un-
related patients (three British Caucasian, one Pakistani
and three Indian) with a large number of colorectal ade-
nomas and carcinomas who also possessed biallelic
germline mutations in human MutY [121]. Two patients
were homozygous for the Tyrl65Cys mutation, and
one patient was a compound heterozygote with both
Gly382Asp and Tyr165Cys mutations. Two new truncat-
ing mutations were found in four additional patients: one
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was homozygous for Tyr90X, and three patients were ho-
mozygous for Glu466X. In these patients with germline
human MutY mutations, 98% of APC mutations were
C:G to A: T transversions. No mutations were found in
the coding sequences of OGGI or MTH]I, so these stud-
ies are the first to demonstrate a direct link between de-
fective human MutY and predisposition to colorectal
cancer.

Another piece of compelling data involves 152 British
patients presenting multiple colorectal adenomas
(3—100) and 107 APC-mutation-negative probands with
classic familial adenomatous polyposis (>100 adeno-
mas), who were screened for germline human MutY mu-
tations [122]. Of the patients with 3—100 adenomas,
about 4% (6 patients) possessed biallelic germline de-
fects in the MutY gene. Three patients were compound
heterozygotes and 3 were presumed to be homozygotes, a
total of 9 mutations. Of the mutations, Tyr165Cys and
Gly382Asp accounted for 7 of the mutations, while the
other 2 mutations were novel frame-shift changes:
1103delC (at codon 368) and 1419delC (at codon 473). In
the MutY compound heterozygotes (Tyrl65Cys and
1419delC, 1103delC and Gly382Asp, and Tyr165Cys and
Gly382Asp), the somatic APC gene in each case con-
tained G: C to T: A transversions. Since gene inactivation
can arise through a wide range of mutations (e. g., almost
any frameshift mutation), the fact that the Tyr165Cys and
Gly382Asp mutations are repetitively isolated points to a
‘founder mutation’ effect despite the lack of linkage to a
specific microsatellite allele at D1S2667 [122]. A similar
percentage of Finnish and Danish patients with multiple
adenomas were also compound heterozygotes for the mu-
tations Tyr165Cys and Gly382Asp. Of those with more
than 15 adenomas, nearly one-third possessed biallelic
MutY mutations [122].

In the same study, 6 British patients with multiple adeno-
mas were also found to be heterozygous for a MutY
mutation and the wild-type allele. Two of the 6 possessed
the Tyr165Cys mutation in one allele, and 2 possessed

Tyr90X lle209Val Glud66X
Pro18Leu Gly25Asp| Arg170Pro| Arg260Gin GlIn324His Ser501Phe
i (T | 1 .
[l | B |
Val22Met Tyr165Cys Val232Phe ' Gly382Asp
Arg83X Arg295Cys

<
+

v

Full length human MutY (aa 1-535)
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[] ns

Figure 6. Some human MutY SNPs and mutations (not drawn to scale). Amino acid variants are shown that result from SNPs and human

MutY germline mutations.
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the Gly382Asp mutation. The remaining 2 possessed
new mutations: Arg83X, a truncating mutation, and
Arg295Cys (fig. 6), which is not a conserved residue but
is present in the putative APE1 binding site [29]. Interest-
ingly, no G:C to T: A transversions were observed in APC
from 7 adenomas from 1 of the heterozygotes carrying the
Gly382Asp mutation and a wild-type MutY allele, con-
firming that 1 single wild-type allele is sufficient.

Eight percent of patients who presented with classic ade-
nomatous polyposis carried biallelic human mu¢Y muta-
tions. Tyr165Cys and Gly382Asp were again the most
common mutations, but three new mutations were also
found: a frameshift (252delG at codon 84), an unusual in-
frame duplication (411dupATGGAT at codon 137) and a
nonconservative missense change (Val232Phe). Half of
these patients were heterozygous for a mutY mutation
and the wild-type allele (Tyrl65Cys in two patients,
[1e209Val in one, and Gly382Asp in the other) (fig. 6).
Results from our own laboratory have identified five
MSS CRC cell lines that are defective in human MutY
A*8-0x0Q activity and MutY protein expression [31]. In-
terestingly, in the same five cell lines, the genomic 8-
0x0G levels are elevated more than 10-fold above control
MSS CRC cell lines that possess normal levels and activ-
ities of human MutY protein. In contrast to the findings
of Al-Tassan et al., these cell lines do not possess muta-
tions in the human MutY gene [120], and it is likely that
the reduced expression is due to promoter methylation.
Shinmura et al. identified a missense mutation,
Argl70Pro (G to C transversion), in human MutY in the
lung cancer cell line NCI-H157 [123]. Argl170 resides in
the HhH-GPD motif, which is thought to be involved in
mismatch specificity [32], and is highly conserved in all
mammalian MutY as well as in E. coli MutY (fig. 3). Fur-
ther analysis identified an additional eight SNPs. Al-
though no functional data was presented, some of these
SNPs are located in key structural areas in human MutY;
thus, such base changes could be detrimental to the ac-
tivity of human MutY. The Prol8Leu, Val22Met and
Gly25Asp SNPs are present in the RPA binding site in the
N-terminus of human MutY and could interfere with the
localization of human MutY to the site of DNA replica-
tion. Alternatively, the localization of human MutY to the
mitochondria may be impaired in a way similar to that
found with the Gly12Glu OGG1 mutant in kidney cancer
[124]. The GIn324His SNP has been shown to have no ef-
fect on human MutY glycosylase activity (see above). In-
terestingly, an OGG1 SNP (the Ser326 Cys/Cys geno-
type) appears to increase susceptibility to squamous-cell
lung carcinoma [125], and the OGG1 Ser326 Ser/Cys
polymorphism may alter the impact of some environmen-
tal factors in stomach cancer development [126]. Further
studies from Yamaguchi et al. also identified a novel poly-
morphism creating an altered human MutY g transcript in
the lung cancer cell VMRC-LCD [127]. It was found that

Human MutY

this transcript contained 237 bases of intron 1 due to al-
ternative splicing caused by a G to C substitution at posi-
tion IVS1+5, which resulted in the translation efficiency
of polymorphic protein being 30 % lower than that of the
wild-type human MutY.

Conclusions

Human MutY has the important task of repairing a muta-
genic DNA mispair that, if unrepaired, can generate base
transversions after the next round of DNA replication.
This essential role of human MutY has been masked
somewhat by the promiscuity of other proteins creating
backup systems for the repair of oxidative DNA damage
and, in particular, 8-0xoG. However, it is now becoming
evident that human MutY is engaged in a complex net-
work of molecular interactions that extends to proteins
participating in other DNA transactions, such as recom-
bination, transcription-coupled repair, MMR and NER.
Do the interactions with proteins concerned with repair of
other cytotoxic DNA lesions indicate a role for human
MutY outside the repair of oxidative DNA damage?
Since the interaction of human MutY with MSH6 in-
creases the adenine glycosylase activity of MutY, it is
possible that this interaction is essential for maintaining
genomic stability. Supporting this are the elevated levels
of C:G to A:T transversions observed in MSH6-defi-
cient cells [128]. However, remarkable results from our
own laboratory have suggested that this interaction may
also be important in the repair of alkylating damage and,
as such, the lack of this interaction may render the cells
resistant to certain alkylating mutagens [129] (A. R.
Parker and J. R. Eshleman, unpublished).

Human MutY may also interact with and be a possible
target of c-myc, a protooncogene that is rapidly induced
and constitutively expressed by resting cells following
mitogenic stimuli, which may contribute to the progres-
sion of a wide range of human and animal neoplasias [re-
viewed in 130—132]. C-myc binds to the PCNA binding
domain of p21 to inhibit its interaction with PCNA and to
activate DNA replication [133]. Since human MutY also
has a PCNA binding domain, c-myc could possibly bind
and target MutY. Deregulated c-myc expression could
therefore inhibit MutY binding to PCNA and thus inhibit
repair of 8-0x0G, allowing unscheduled DNA replication
to proceed. It is noteworthy that induction of c-myc ex-
pression causes an induction of ROS [134]. Any attempt
to further define the central role of human MutY in pro-
tecting the genome will probably require identifying
more MutY protein partners and almost certainly require
a comprehensive two-hybrid screen against a cDNA li-
brary. Thus, the emerging complexity of the interactions
of human MutY could be a reflection of its fundamental
role in mutation avoidance.
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An intriguing question is what are the physiological roles
of the proposed MutY isoforms? There is very little data
documenting MutY expression/isoforms from normal
tissue, and so tumor cells are commonly used. Of the
MutY isoforms, only MutY al—3 are predicted to local-
ize to the mitochondria. The other seven are predicted to
localize to the nucleus, which is unexpected because the
nuclear MutY isoforms do not appear to possess an RPA
binding site, previously suggested to aid localization of
MutY to the site of DNA damage/replication. Further-
more, results from our own laboratory have suggested
that the isoforms predominantly present in four MSS
CRC cell lines are MutY a2 and a3, suggesting that no
major nuclear MutY isoform is present in these cell lines
[31]. This may be a significant observation, and the type
of isoforms present may represent a predisposition to
cancer, but it is essential to first determine what isoforms
are present in normal human tissue to serve as a baseline.
Given the crucial role of human MutY in protecting ge-
nomic stability, understanding and determining the pre-
cise physiological functions of human MutY may also
have clinical implications. MutY-defective human and
yeast cells exhibit increased sensitivity toward ROS-
forming agents such as hydrogen peroxide [19, 129], and
since radiotherapy is a major type of treatment for human
cancers, the data suggest that cells with defective MutY
could be utilized clinically as a radiosensitizer. Diagnosis
of defective MutY in human cancer is not clinically rou-
tine, but since defective Mu¢Y and MutY are emerging as
possible candidates for colorectal carcinogenesis [31,
120—-122], this observed sensitivity to ROS-forming
agents may have immense potential therapeutic implica-
tions for CRC. Inhibition of base excision repair has been
previously used as a target for sensitizing colonic tumor
cells to antitumor methylating drugs [135, 136], as well
as for radiosensitizing hamster ovary cells [137]. An al-
ternative approach may be to make the tumors MutY-de-
fective using molecular approaches such as antisense
RNA [138].

Furthermore, organelle targeting of the human MutY
cDNA may be a viable strategy for either protecting nor-
mal cells during cancer therapy or sensitizing tumor cells
to treatment. A variety of diseases arise through specific
mutations in genomic DNA [3—7], which may result from
exposure to ROS. Controlled localization of MutY cDNA
to either the mitochondria or the nucleus may help to pro-
tect the cell from the mutagenic effects of 8-oxoG and
other DNA damage, as has been demonstrated with local-
ization of OGGI and FPG cDNA [139-141]. Alterna-
tively, the increase in MutY could also be employed to in-
crease the rate of production of AP sites that are cytotoxic
to the cell and can, therefore, enhance cell death [100].
The interest in human MutY with regard to carcinogene-
sis and the etiologies of other diseases is only just begin-
ning. The recent discovery of a novel family of error-
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prone DNA polymerases [8] such as polk, which prefer-
entially inserts adenine opposite 8-0x0G, has increased
the interest in base excision repair of DNA, since these
polymerases are now found overexpressed or underex-
pressed in cancers, which can lead to increased rates of
transversions. Increased oxidative DNA modifications
have been found in aging animals, Parkinson’s disease,
Cockayne syndrome and Alzheimer’s disease, to name
but a few [3—7]. The 8-0xo0G lesion has also been found
elevated in several different cancer types (e.g., hepato-
cellular, lung and colorectal carcinoma [142—144]) and
has been implicated in breast and gastric carcinogenesis
[145, 146]. It is noteworthy that C:G to A:T transver-
sions are the most frequent somatic mutations in the tu-
mor suppressor gene p53 in human lung and liver cancers
[147] and are abundant in the Ras oncogenes in non-
small-cell lung cancer [148].
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