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Accumulation of oxidized bases such as 8-oxoguanine in either nuclear or mitochondrial DNA triggers
various cellular dysfunctions including mutagenesis, and programmed cell death or senescence. Recent
studies have revealed that oxidized nucleoside triphosphates such as 8-oxo-dGTP in the nucleotide pool
are the main source of oxidized bases accumulating in the DNA of cells under oxidative stress. To coun-
teract such deleterious effects of nucleotide pool damage, mammalian cells possess MutT homolog-1
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2-OH-dATP mulation of oxidized bases in cellular DNA. Depletion or increased expression of the MTH1 protein have
Nucleotide pool revealed its significant roles in avoiding programmed cell death or senescence as well as mutagenesis,
MTH1 and accumulating evidences indicate that MTH1 is involved in suppression of degenerative disorders
0GG1 such as neurodegeneration.
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1. Introduction

Cellular components such as lipids, proteins and nucleic acids
are at high risk of being oxidized by reactive oxygen species
(ROS). ROS are inevitable byproducts of electron transport in
the mitochondria or other normal metabolic pathways and are

Abbreviations: 8-0x0G, 8-oxoguanine; 8-0xo-dGTP, 8-0x0-2'-deoxyguanosine
triphosphate; 2-OH-A, 2-hydroxyadenine; 2-OH-dATP, 2-hydroxy-2'-deoxy-
adenosine triphosphate; AIF, apoptosis-inducing factor; BER, base excision repair;
NO, nitric oxide; PARP, poly(ADP-ribose) polymerase; ROS, reactive oxygen species;
SOD, superoxide dismutase; SSBs, single strand breaks.
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also generated as useful products for various biological processes
such as host defense, neurotransmission, vasodilation and signal
transduction. Their production is markedly enhanced by various
environmental exposures. Such oxidative damage is considered to
be a major cause for various types of cellular dysfunction resulting
in cell death or mutagenesis, which may in turn cause degenerative
disorders and neoplasms [1].

Organisms are equipped with defense mechanisms to mini-
mize the accumulation of ROS. For example, superoxide dismutases
convert superoxide to oxygen and hydrogen peroxide and the
latter is further detoxified by peroxidases or catalases. Mice lack-
ing the SOD2 gene encoding mitochondrial superoxide dismutase
have severe abnormalities in development and growth, including
cardiomyopathy and neurodegeneration [2]. Once excessive ROS
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accumulates in the cells, these cells can no longer avoid severe
oxidative damage. Even in the presence of functional superoxide
dismutases, accumulation of oxidized macromolecules in human
tissues gradually occurs during normal aging; hence, oxidative
damage has been implicated in aging and degenerative disorders
and may well be the major cause of these disorders [1].

Among the various types of oxidative damage to cellular
macromolecules, damage to nucleic acids is particularly haz-
ardous because of the genetic information present in cellular DNAs
(nuclear and mitochondrial), can be altered. Furthermore, oxidized
nucleotides can disturb various cellular processes. Such oxidative
damage accumulating in cells often results not only in mutagenesis,
but also in programmed cell death. The former can initiate carcino-
genesis in somatic cells, and mutations fixed in germ lines cause
genetic polymorphisms or cause hereditary diseases with a mal-
function of the gene(s), while the latter often causes degenerative
diseases [3-6].

There are two pathways for the accumulation of oxidized bases
in cellular DNA or RNA: one is a result of the incorporation
of oxidized nucleotides generated in nucleotide pools while the
other is a result of the direct oxidation of bases in DNA or RNA
[7]. Recent progress in studies of the sanitization of nucleotide
pools, as well as DNA repair, has revealed that the impact of oxi-
dation of free nucleotides is unexpectedly large, in comparison
with the direct oxidation of DNA [8]. In this review, we focus
on the programmed cell death induced when oxidized purine
nucleoside triphosphates are accumulated in the nucleotide pools
and how their sanitizing enzyme MTH1 prevents such biological
consequence.

2. Oxidation of purine nucleotides and their incorporation
into cellular DNA

Among the nucleobases, guanine is known to be the most sus-
ceptible to oxidation and its simple oxidized form, 8-oxoguanine
(8-0x0G), is one of the major oxidation products in DNA or
nucleotides [9]. In vitro exposure of the guanine base to HyO, and
ascorbic acid or to Fe(Il)~-EDTA generates 8-9 times more 8-0xoG
residues in the nucleotide dGTP than in DNA. Interestingly, the
C-8 position of dATP is not oxidized in the treatments; instead,
the C-2 position of dATP is oxidized, thus yielding 2-hydroxy-2'-
deoxyadenosine triphosphate (2-OH-dATP). However, treatment
with Fe(11)~-EDTA generates 2-hydroxyadenine (2-OH-A) residues
in DNA to as little as 1.5% of the level of 2-OH-A residues that are
formed from dATP [10]. Free nucleotides are thus more susceptible
to oxidation by ROS than is DNA.

These in vitro studies indicated that dGTP is likely to be most
susceptible to oxidation by in vivo generated ROS, thus generat-
ing 8-0x0-dGTP. Although there have been few reports measuring
the in vivo concentration of 8-0xo-dGTP in the nucleotide pool, it
has recently been reported that 8-oxo-dGTP is present at 0.2-2 pM
range in the mitochondrial dNTP pools of several rat tissues under
normal conditions [11].

It has been established that 8-oxo-dGTP and 2-OH-dATP are
frequently misinserted opposite template adenine or guanine,
respectively, in DNA by various DNA polymerases for bacterial
genomes, and in the nuclear and mitochondrial DNA in mammals,
because of their altered base pairing properties [11-18] (Fig. 1A).
8-0x0G pairs with adenine and cytosine at equal efficiency because
it prefers the syn-form compared with guanine, which takes mostly
an anti-form and exclusively pairs with cytosine. However, 2-OH-A
also can pair with guanine in a syn-form in addition to thymine. It
has been shown that these oxidized nucleotides indeed increased
certain mutations when they were introduced into Escherichia coli
or mammalian cells [19,20].

As summarized in Fig. 1B, 8-0xo-dGTP is misinserted opposite
template adenine as well as cytosine in DNA, thus causing mainly
anA:Tto C:G transversion mutation after two rounds of replication.
2-OH-dATP tends to be misinserted opposite guanine mostly, thus
inducing mainly G:C to T:A transversion mutation.

3. MTH1 is a major oxidized purine nucleoside
triphosphatase in mammals

E. coli mutT mutants exhibit the strongest mutator phenotype
among all known E. coli mutator mutants and the spontaneous
occurrence of A:T to C:G transversion mutation increases 1000-
fold compared with wild-type. Maki and Sekiguchi demonstrated
that the MutT protein hydrolyzes 8-0xo-dGTP to 8-0xo-dGMP and
pyrophosphate, thus sanitizing the nucleotide pool [12]. The MutT
protein also efficiently hydrolyzes 8-oxo-GTP and mutT mutants
accumulate 8-0xoG in DNA and mRNA; 8-0xoG in the latter also
results in the production of mutant proteins [21]. The E. coli
0rf135 protein hydrolyzes 2-OH-dATP [22] and its mutants exhibit
a 2-fold increase in the spontaneous occurrence of A:T to C:G
transversion. The introduction of 2-OH-dATP, but not 8-oxo-dGTP
or other nucleotides, into Orf135 mutants, specifically increases
the mutation frequency compared with wild-type [23]. MutT and
Orf135 proteins share the nudix (nucleoside diphosphate linked
moiety X) motif corresponding to the 23 residues from Gly37
to Gly59 of E. coli MutT, which constitute the phosphohydro-
lase module for hydrolysis of phosphate bonds of the substrates
[24,25].

We have identified a human homolog of the MutT protein
and designated it as MTH1 (MutT homolog-1) [26-28]. However,
it is now referred to as NUDT1 because it is the first identified
protein with the nudix motif in eukaryotes. In contrast to MutT,
MTH1 efficiently hydrolyzes two forms of oxidized dATP, 2-OH-
dATP and 8-0x0-dATP, as well as 8-0xo-dGTP. It also hydrolyzes
the corresponding ribonucleotides, 2-OH-ATP, 8-0xo-GTP and 8-
0x0-ATP. Among these, MTH1 has the highest affinity to 2-OH-ATP
(Km =4.3 uM), while the highest catalytic efficiency was observed
in 2-OH-dATP (kcat/Km=1.68s"1 uM-1) [29,30]. We determined
the solution structure of MTH1 by multi-dimensional heteronu-
clear NMR spectroscopy [31]. The protein adopts a highly similar
folding pattern to E. coli MutT, despite the low sequence similar-
ity outside the conserved nudix motif [32]. The substrate binding
pockets are dissimilar, which might account for the different
substrate specificities observed for the two enzymes [33]. Based
on the arrangement of the pocket-forming residues, combined
with the mutagenesis data, we generated models for the sub-
strate recognition of MTH1 in which Asn-33 and Asp-119 play
pivotal roles in discriminating the oxidized form of the purine,
namely 8-0x0G and 2-OH-A, while Trp-117 is important for deter-
mining the affinity with purine rings [34,35]. Among known
proteins with the nudix motif, two other mammalian proteins,
MTH2 (NUDT15) and NUDT5, were identified with the potential to
hydrolyze either 8-oxo-dGTP or 8-oxo-(d)GDP to 8-oxo-(d)GMP,
respectively [36-38]. NUDT5 also hydrolyzes 8-oxo-dADP and to
a lesser extent 2-OH-dADP [39]. The discovery of NUDT5 with 8-
oxo-(d)GDPase activity, further revealed that MTH1 and MutT can
both hydrolyze 8-oxo-GDP [38,40]. MTH1 also recognizes oxidized
forms of dATP and ATP as mentioned above. Therefore, we expect
that their diphosphate forms can be hydrolyzed by MTH1, suggest-
ing that MTH1 is the most powerful enzyme for the sanitization
of nucleotide pools [8] (Fig. 1B). Gene knockdown experiments for
MTH1, MTH2 and NUDTS5 in cultured human cells revealed that
MTH1 deficiency induced an increased occurrence of A:T to C:G
transversion mutations when 8-oxo-dGTP was introduced into cells
[41].
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Fig. 1. Altered base pairing and mutagenesis caused by the oxidation of nucleic acids, and defense mechanisms in mammals. (A) Altered base pairing of 8-oxoguanine and
2-hydroxyadenine. During DNA replication, 8-0xoG (G°) and 2-OH-A (A®) can pair with adenine (A) and guanine (G) as well as with cytosine (C) or thymine (T), respectively.
(B) Mutagenesis caused by 8-0xoG and 2-OH-A. 8-OxoG accumulates in DNA as a result of the incorporation of 8-oxo-dGTP from nucleotide pools or because of the direct
oxidation of guanine in DNA. This buildup increases the likelihood of an A:T to C:G or G:C to T:A transversion. On the other hand, 2-OH-A is derived mainly from the

incorporation of 2-OH-dATP from nucleotide pools. The accumulation of 8-0xoG
MUTYH. See text for details (modified from Ref. [6] with permission).

4. MTH1 deficiency increases susceptibility to cellular
dysfunction caused by ROS

We reported that lung adenomas/carcinomas developed spon-
taneously in 8-0xoG DNA glycosylase 1 (OGG1)-null mice at about
1.5 years after birth, and that 8-oxoG was highly accumulated in
their genomes because of the lack of excision repair of 8-oxoG
[42]. In that study, we found that no tumor was formed in the
lungs of mice lacking both the OGG1 and MTH1 proteins, despite an
increased accumulation of 8-0xoG in these mice. This observation
suggests that Mth1 gene disruption resulted in a suppression of the
tumorigenesis caused by an OGG1 deficiency. If cell death is caused
by the accumulation of a large amount of oxidized purine nucleo-
side triphosphates in nucleotide pools with MTH1 deficiency, in
addition to the accumulation of 8-0xoG in cellular DNA because of
the OGG1 deficiency, then cells with premutagenic lesions might

or 2-OH-A in DNA is minimized through the coordinated actions of MTH1, OGG1 and

not survive to produce precancerous cells with mutations in either
proto-oncogenes or tumor suppressor genes. This might be why
carcinogenesis is suppressed in mice lacking both the OGG1 and
MTH1 proteins [43].

We have demonstrated that MTH1-null mouse embryo fibrob-
lasts (MEF) are highly susceptible to cell dysfunction and death
caused by exposure to H,0,, with condensed nuclei and degen-
erated mitochondria in which electron dense deposits were seen
in place of intact cristae [44]. The cell death observed was not
dependent on either poly(ADP-ribose) polymerase or caspases. A
continuous accumulation of 8-0xoG, both in the nuclear and mito-
chondrial DNA, was observed after exposure to H,0;. All of the
H»0;-induced alterations observed in MTH1-null MEFs were effec-
tively suppressed by the expression of wild-type human MTH1
(hMTH1), while they were only partially suppressed by the expres-
sion of mutant hMTH1 which possessed either only 8-oxo-dGTPase
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or 2-OH-dATPase activity. MTH1 thus protects the cells from H0,-
induced cell dysfunction and death by hydrolyzing oxidized purine
nucleotides.

It has been shown that hMTH1 depletion in p53-proficient
human cancer-derived or SV40-transformed cell lines promotes
H»0,-induced apoptosis through a Noxa- and caspase-3/7-
mediated signaling pathway [45]. In contrast, AMTH1 depletion in
primary human cells results in rapid cellular senescence with an
increased accumulation of 8-0xoG in genomic DNA and upregula-
tion of tumor suppressor genes including p53, especially under high
oxygen tension (20%) [46]. In both cases, nuclear accumulation of
v-H2AX immunoreactivity was observed, suggesting that incorpo-
ration of 8-0x0G into nuclear DNA results in double-strand breaks,
thus inducing p53-dependent responses. These results indicate that
the nucleotide pool is a critical target of intracellular ROS and that
oxidized nucleotides, unless continuously eliminated, can rapidly
induce programmed cell death or senescence [8].

5. Two distinct pathways of cell death are triggered by
8-0x0G accumulating in nuclear and mitochondrial DNAs

Under oxidative stress conditions, generation of 8-0xo-dGTP in
the nucleotide pool as well as direct oxidation of guanine in DNA
results in the increased accumulation of 8-0xoG in nuclear and
mitochondrial DNAs [44,47], thus inducing programmed cell death
or senescence (Fig. 2). However, it is not clear which form of DNA
is involved—nuclear or mitochondrial—or how such programmed
processes are executed. To distinguish the biological effects of
8-0x0G accumulation in nuclear or mitochondrial DNA, we estab-
lished cells that accumulate 8-oxoG selectively in either type of
DNA by expression of a nuclear or mitochondrial form of human
0OGG1 proteins. These selectively excise 8-0xoG opposite cytosines
in DNA in OGG1-null mouse cells [48,49]. The increased accumula-
tion of 8-0x0G in nuclear DNA caused poly(ADP-ribose) polymerase
(PARP)-dependent nuclear translocation of apoptosis-inducing fac-
tor (AIF). On the other hand, the increased accumulation of 8-0x0G
in mitochondrial DNA caused mitochondrial dysfunction followed
by Ca2* efflux and activation of calpains. Both types of cell death
were accompanied by increased accumulation of single strand
breaks (SSBs) in the respective DNAs. These were suppressed by
knockdown of MUTYH that excises adenine inserted opposite 8-
0x0G in DNA during replication, thus initiating base excision repair
(BER). Recently, it has been shown that DNA polymerase X\ effi-
ciently insert cytosine opposite 8-0xoG after adenine excision by
MUTYH, thus ensuring the faithful repair of A:8-oxoG mispairs
[50]. Under increased accumulation of 8-0xoG in template DNA,
however, MUTYH might induce futile BER because an adenine can
be reinserted opposite an 8-0xoG during BER, thus causing accu-
mulation of SSBs in the nascent strand [51] (Fig. 2A). Knockdown
of MUTYH resulted in escape from both types of cell death, indi-
cating that MUTYH functions as a molecular switch for the two
types of programmed cell death when 8-0x0G accumulatesineither
nuclear or mitochondrial DNA. These results indicate that MUTYH-
dependent excision of adenines paired with 8-oxoGs lead to the
accumulation of SSBs in each type of DNA [48]. SSBs accumulating
in nuclear DNA activate PARP followed by nuclear translocation of
AIF, thus executing cell death [52,53] (Fig. 2B). In contrast, SSBs
accumulating in mitochondrial DNA results in their degradation,
and in mitochondrial dysfunctions such as ATP depletion and open-
ing the membrane permeability transition pore. These lead to Ca%*
efflux from mitochondria causing activation of the Ca2*-dependent
proteases, calpains, in the cytoplasm. Activated calpains induce
lysosomal rupture and cell death [54,55] (Fig. 2C).

We recently found that mice lacking MUTYH, OGG1 and MTH1
proteins are highly susceptible to the rapid development of various

(A)

ROS

% )
dGTP —» ERGEengy R;;:i:é;;;m —-—-?‘-“—“
MTH1 l dATP-'"é
f Replication
. :
8-0x0-dGMP + PPi e G p
ssssesansimsanen. A O

AP endonuclease

single strand breaks

G0:8-0x0G (SSBs)

(B)
Nuclear DNA with SSBs

== | Cell death

NAD* ATP
PAR = {1 ietion — depletion

(©)
Mitochondrial DNA with SSBs

Mitochondrial

dysfunction
Calpain
activation Cathepsin

-3l o | = [Cotsean]

Fig. 2. MUTYH-dependent programmed cell death triggered by accumulation of 8-
oxoguanine in nuclear and mitochondrial DNA. (A) Reactive oxygen species (ROS)
oxidize dGTP in the nucleotide pool and, to a lesser extent, guanine in DNA. 8-
0x0-dGTP escaping from hydrolysis by MTH1 is utilized by DNA polymerases as
a substrate for DNA synthesis, thus increasing the accumulation of 8-0xoG (G°) in
DNA. During the next round of replication, adenine (A) can be inserted opposite
8-0x0G in DNA, MUTYH excises the adenine in the nascent strand and AP endonu-
cleases incise the abasic sites. Cytosine (C) or adenine may be inserted opposite
8-0x0G during repair replication; however, insertion of adenine causes futile cycle
of the base excision repair (BER), thus accumulating single strand breaks (SSBs) in
the nascent strand when 8-0xoG accumulates to a large extent in the template DNA.
(B) When 8-0x0G accumulates highly in nuclear DNA, poly(ADP-ribose) polymerase
(PARP)binds the SSBs generated by MUTYH-initiated BER, thus increasing poly(ADP-
ribosyl)ation (PAR) resulting in nuclear translocation of apoptosis-inducing factor
(AIF) in mitochondria. AIF executes apoptotic cell death with large chromoso-
mal DNA fragmentation. (C) 8-OxoG accumulated highly in mitochondrial DNA
causes degradation of mitochondrial DNA through MUTYH-initiated BER, thus caus-
ing mitochondrial dysfunction. Mitochondrial membrane permeability transition
(MMPT) initiated by ATP depletion causes Ca?* efflux from mitochondria, thus an
increased Ca* in the cytoplasm activates calpains, which in turn cause lysosomal
rupture to execute cell death (modified from Ref. [48] with permission).

types of spontaneous tumors (our unpublished data), thus demon-
strating that MUTYH-dependent programmed cell death is why
mice lacking both OGG1 and MTH1 proteins do not develop the
lung tumors observed in mice lacking only the OGG1 protein.

6. Oxidation of the nucleotide pool for mitochondrial DNA
causes MUTYH-dependent cell death

We reported that both 8-0xoG accumulation and the expression
levels of MTH1 are highly increased in the cardiovascular tissues of
a rat model of genetic hypertension compared with control rats,
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suggesting that the oxidation of nucleotide pools may play a role
in the development of hypertension [56]. Cardiovascular tissues
are constitutively exposed to nitric oxide (NO), a vasodilator and
neurotransmitter, which produces peroxynitrite in the presence of
superoxide [1]. Peroxynitrite itself produces the hydroxyl radical,
which is known to vigorously oxidize nucleic acids in vitro; how-
ever, it has not been clear whether or how NO participates in the
oxidation of nucleic acids in vivo [57].

We examined whether hMTH1 would prevent cellular dys-
function induced by sodium nitroprusside, a spontaneous NO
donor [58]. Exposure caused 8-0xoG accumulation in the DNA
of proliferating MTH1-null cells, which underwent mitochondrial
degeneration and subsequently died. Quiescent MTH1-null cells
also died with the 8-0xoG accumulation but only when it affected
mitochondrial and not nuclear DNA. In both proliferative and
quiescent conditions, the accumulation of 8-oxoG in DNA and
the consequent cell death were effectively prevented by hMTH1
treatment. Knockdown of MUTYH in quiescent MTH1-null cells sig-
nificantly reduced cell death, suggesting that 8-0xoG incorporated
into mitochondrial DNA is a main cause of this form of cell death.
To verify this possibility, an artificially modified hMTH1 with a
mitochondrial targeting peptide (mTP), namely mTP-EGFP-hMTH1,
which localizes exclusively in mitochondria, was expressed in
MTH1-null cells [58]. mTP-EGFP-hMTH]1 selectively prevented the
accumulation of 8-0xo0G in mitochondrial, but not nuclear DNA,
after exposure of proliferating cells to NO and also efficiently pre-
vented cell death. We thus conclude that exposure of cells to NO
causes oxidation of mitochondrial deoxynucleotide pools and that
the buildup of oxidized bases in mitochondrial DNA initiates cell
death.

It is likely that the accumulation of 8-0x0G in nuclear DNA by
the incorporation of 8-oxo-dGTP from the nucleotide pools does
not induce acute cell death [58]. The MUTYH protein in mammalian
cells functions in a replication-coupled manner by association with
proliferating cell nuclear antigen (PCNA), replication protein A
(RPA) and MutS homolog 6 (MSH6) in the nucleus [59-61] and
the levels of MUTYH in the nucleus increased 3- to 4-fold dur-
ing progression of the cell cycle and reached maximum levels in
S phase compared with levels in early G1 and that MUTYH was
localized at the site of DNA replication [62]. Therefore, MUTYH
in nuclei selectively recognizes and excises adenine inserted into
the nascent strand opposite template 8-0xoG in DNA, but not the
template adenine that pairs with 8-0xoG in nascent strand derived
from 8-0x0-dGTPin the nucleotide pool. Thus, 8-0xoG derived from
nucleotide pool may not result in accumulation of SSBs through
MUTYH-initiated BER. It is likely that mismatch repair might rec-
ognize 8-0xoG inserted opposite template adenine in DNA [63] and
0GG1 also excises 8-0x0G inserted opposite template cytosine in
DNA [64,65]. However, these processes are not so efficient because
8-0x0G level in nuclear DNA in the absence of MTH1 is still high
24 h after exposure to NO, which might cause delayed cell death
through further replication (Fig. 2A and B).

In mitochondria, MUTYH might function independently of repli-
cation because mitochondria lack replication coupling factors such
as PCNA [43]. It has been shown that the bacterial MutY protein
can excise an adenine opposite an 8-0xoG regardless of the origin
of the adenine base; the template adenine that pairs with an 8-oxoG
in the nascent strand derived from 8-o0xo-dGTP in the nucleotide
pool (Fig. 2A: gray dotted line), or adenine inserted into the nascent
strand opposite template 8-0xoG [66]. Therefore, in mitochondria,
MUTYH can excise adenine opposite 8-0xoG regardless of their ori-
gin, as does bacterial MutY. We thus suggest that the accumulation
of 8-0x0G in mitochondrial DNA in the absence of MTH1 results in
excess formation of SSBs in both strands of DNA through MUTYH-
initiated BER. This would cause double-strand breaks and thereby
induce mitochondrial degeneration followed by cell death (Fig. 2A

and C), particularly when cells are exposed to excess NO under
conditions of inflammation or excitotoxicity [58,67].

7. Neuronal accumulation of 8-0x0G causes
neurodegeneration, which can be suppressed by MTH1

Oxidatively damaged bases, such as 8-0xoG accumulates in both
nuclear and mitochondrial DNAs during aging [44,68,69] and such
accumulation appears to increase dramatically in patients with var-
ious neurodegenerative diseases, such as Parkinson’s disease (PD)
[70,71], Alzheimer's disease (AD) [72,73] or amyotrophic lateral
sclerosis (ALS) [74,75]. We have shown that a significant increase
of 8-0x0G in mitochondrial DNA was accompanied by an elevated
expression of MTH1 [71], the mitochondrial form of OGG1 (0GG1-
2a)[76] and an N-terminally truncated form of MUTYH encoded by
an alternatively spliced MUTYH mRNA in the substantia nigra neu-
rons of patients with PD [77]. In postmortem tissue specimens from
patients with AD, the expression levels of MTHT1 in the entorhinal
cortex were also elevated, whilst the levels of MTH1 apparently
decreased in the stratum lucidum at CA3, corresponding to mossy
fiber synapses, where MTH1 was highly expressed in the control
subjects [78]. In contrast, expression level of 0GG1-2a was found
to decrease in the orbitofrontal gyrus and the entorhinal cortex in
patients with AD compared with control subjects [79]. The accumu-
lation of 8-0x0G was increased in most of the large motor neurons
in patients with ALS, with a decreased expression of 0GG1-2a but
not MTH1. It is thus likely that OGG1-2a is indeed unstable under
increased oxidative stress, compared with MTH1 [75].

We reported that the levels of 8-0xoG in cellular DNA and
RNA increased in the mouse nigrostriatal system during tyrosine
hydroxylase (TH)-positive dopamine neuron loss induced by the
administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) [80]. In contrast to wild-type mice, MTH1-null mice exhib-
ited a greater accumulation of 8-oxoG in mitochondrial DNA,
accompanied by a more significant decrease in TH- and dopamine
transporter-positive fibers in the striatum after MPTP administra-
tion [80]. We thus demonstrated that MTH1 indeed protects the
dopaminergic neurons from oxidative damage in nucleotide pools.
This was especially effected by preventing 8-0xoG accumulation in
the mitochondrial DNA of striatal nerve terminals of dopaminergic
neurons [81], which is likely to cause mitochondrial dysfunction
through the MUTYH-initiated BER as shown in Fig. 2A and C.

Recently, a transgenic mouse has been established in which
the human MTH1 is expressed [82]. Wild-type mice exposed
to 3-nitropropionic acid, an inhibitor for mitochondrial succi-
nate dehydrogenase, develop neuropathological and behavioral
symptoms that resemble those of Huntington’s disease, with
an increased 8-oxoG accumulation in medium spiny neurons
in striatum. hMTH1 transgene expression conferred a dramatic
protection against these Huntington's disease-like symptoms,
including weight loss, dystonia and gait abnormalities, striatal
degeneration and death [82]. The findings indicate that oxidized
nucleoside triphosphates such as 8-oxo-dGTP accumulating in
nucleotide pools in medium spiny neurons have a significant con-
tribution to their degeneration.

Enhanced oxidative stress has been implicated in the excito-
toxicity of the central nervous system and 8-oxoG was reported
to be accumulated in the rat hippocampus after administration of
kainate, an excitotoxin for glutamate receptors [83]. We reported
that the 8-0xoG levels in mitochondrial DNA and cellular RNA
increased significantly in the CA3 subregion of the mouse hip-
pocampus 6-12h after kainate administration but returned to
basal levels within a few days [67]. 8-Ox0oG accumulation in mito-
chondrial DNA was remarkable in CA3 microglia, whereas that in
nuclear DNA or cellular RNA was also detected in the CA3 pyrami-
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dal cells and astrocytes. MTH1-null and wild-type mice exhibited
a similar degree of CA3 neuron loss after kainate administration;
however, the 8-oxoG levels that accumulated in mitochondrial
DNA and cellular RNA in the CA3 microglia increased signifi-
cantly in the MTH1-null mice in comparison with wild-type mice
[67]. This demonstrated that MTH1 efficiently suppresses the
accumulation of 8-0xoG in both cellular DNA and RNA in the
hippocampus—especially in microglia—caused by the excitotoxi-
city that plays a major role during neurodegeneration [84].

We examined the expression levels of MTH1 and OGG1 in the
mouse hippocampus after kainate administration. The Mth1 mRNA
level decreased soon after kainate administration and then quickly
recovered beyond the basal level. A continuously raised MTH1 pro-
tein level was observed, whereas the Oggl mRNA level remained
constant [67]. These results may indicate that oxidative stress in
brain induces expression of MTH1 especially in microglia, thus
avoiding cellular dysfunction.

8. Future perspectives

Oxidative DNA damage has been considered as one of major
threats for organisms, causing mutagenesis and carcinogenesis
[5]. Because bases of free nucleotides in the nucleotide pools
are more susceptible to oxidation by ROS, compared with those
in DNA, oxidized nucleotides generated in the nucleotide pools
have greater impact as causes for mutagenesis through their
incorporation into DNA. Beyond mutagenesis, the incorporation
of oxidized nucleotides into nuclear or mitochondrial DNA from
the damaged nucleotide pools triggers programmed processes
resulting in cell death or senescence. Such programmed pro-
cesses are involved in tumor suppression or neurodegeneration
in animal models [67,80,82]. MTH1, a major sanitizing enzyme
for oxidized nucleotide pools plays a crucial role by suppressing
their accumulation in cellular DNA. In addition to oxidized purine
deoxyribonucleoside triphosphates, MTH1 efficiently hydrolyzes
oxidized purine ribonucleoside triphosphates such as 2-OH-ATP,
8-0x0-ATP and, to a lesser extent, 8-oxo-GTP. As a result, cellular
dysfunction may also be caused by their incorporation into RNA.
Alternatively, such oxidized purine ribonucleoside triphosphates
might interfere with various pathways of signal transduction or
metabolisms in which ATP or GTP function as essential mediators
of co-factors, thus suggesting that free forms of oxidized purine
nucleotides might themselves exert a certain degree of cytotoxicity.
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ABSTRACT

Nucleotides function in a variety of biological reac-
tions; however, they can undergo various chemical
modifications. Such modified nucleotides may be
toxic to cells if not eliminated from the nucleotide
pools. We performed a screen for modified-
nucleotide binding proteins and identified human
nucleoside diphosphate linked moiety X-type motif
16 (NUDT16) protein as an inosine triphosphate
(ITP)/xanthosine triphosphate (XTP)/GTP-binding
protein. Recombinant NUDT16 hydrolyzes purine
nucleoside diphosphates to the corresponding nu-
cleoside monophosphates. Among 29 nucleotides
examined, the highest k..//K,., values were for
inosine diphosphate (IDP) and deoxyinosine diphos-
phate (dIDP). Moreover, NUDT16 moderately hydro-
lyzes (deoxy)inosine triphosphate ([d]ITP). NUDT16
is mostly localized in the nucleus, and especially in
the nucleolus. Knockdown of NUDT16 in HeLa MR
cells caused cell cycle arrest in S-phase, reduced
cell proliferation, increased accumulation of
single-strand breaks in nuclear DNA as well as
increased levels of inosine in RNA. We thus
concluded that NUDT16 is a (deoxy)inosine
diphosphatase that may function mainly in the
nucleus to protect cells from deleterious effects
of (d)ITP.

INTRODUCTION

Intracellular free nucleotides play essential roles as precur-
sors in the synthesis of DNA and RNA, and as molecules
for energy storage, cofactors of metabolic pathways and
regulators of signal transduction. Free nucleotides can,
however, undergo various chemical modifications by

endogenous and exogenous reactive molecules, some of
which are inevitably produced in living cells. Chemical
modifications may alter the properties of nucleotides,
including their interaction with other molecules (1).
Some modified deoxynucleotides are known to be
incorporated into and to accumulate in newly synthesized
DNA during DNA replication. Modified nucleotides,
accumulated in either the nucleotide pool or DNA, may
inhibit DNA or RNA polymerases during replication
or transcription, reduce polymerase fidelity or alter the
DNA structure, thus resulting in mutagenesis and carcino-
genesis (2,3), cell death and degenerative disorders (4,5)
or senescence and aging (6). In addition to DNA metab-
olism, the other biological functions of canonical nucleo-
tides may also be adversely affected by modified
nucleotides. Therefore, because modified nucleotides are
constantly generated under physiological conditions, it is
crucially important to understand how they are eliminated
from cells.

It had been established that cells are equipped with
specific enzymes to hydrolyze modified nucleoside triphos-
phates to the corresponding monophosphates to
avoid their deleterious effects (4,7). Deoxyuridine
triphosphatase (dUTPase), for example, hydrolyzes
dUTP, thus preventing its incorporation into DNA. We
have previously demonstrated that MTHI1 hydrolyzes
oxidized purine nucleoside triphosphates, such as
8-0x0-2'-deoxyguanosine triphosphate (8-oxo-dGTP) or
8-0xoGTP and prevents their incorporation into DNA
or RNA (4).

Deamination of purine bases is one of the major
chemical modifications that occurs to nucleotides under
physiological conditions (8). Deamination of adenine
at C6 or guanine at C2 generates hypoxanthine or
xanthine, respectively, suggesting that (deoxy)inosine tri-
phosphate ([d]ITP) and (deoxy)xanthosine triphosphate
([d]XTP) can be generated from (d)ATP and (d)GTP,
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respectively. Moreover, IMP is abundant in cells as a
normal intermediate of de novo synthesis of purine nucleo-
tides (9), and most cells can generate IDP or ITP from
IMP (10). If IDP is converted to dIDP by ribonucleotide
reductase, increased dITP levels will result (I1).
Incorporation of such deaminated purine nucleotides
into DNA or RNA causes genomic mutations or synthesis
of abnormal proteins because hypoxanthine and xanthine
can mis-pair with cytosine or thymine (12,13).

In human and rodents, ITPA, an inosine triphosphatase
(ITPase), has been reported to hydrolyze (d)ITP and XTP
to the corresponding nucleoside monophosphates and
pyrophosphates (14,15). We have previously reported
that Itpa knockout (KO) mice die before weaning with
features of growth retardation and heart failure. In
addition, these mice show accumulation of IMP in
cellular RNA in various tissues or accumulation of ITP
in the nucleotide pool of erythrocytes (16). The heart
failure in 7tpa-KO mice suggests that an accumulation of
ITP in the nucleotide pool might impair some functions of
adenosine triphosphate (ATP), such as ATP-dependent
actomyosin contraction (17). In humans, some variants
of ITPA are reported to be associated with decreased
[TPase activity (18,19). In erythrocytes of ITPA-deficient
individuals, it was established that the level of ITP, which
is not detected in normal individuals, is increased to a
detectable level, as observed in Itpa-KO mice. ITPA defi-
ciency in patients with inflammatory bowel disease is,
however, likely to be related to azathioprine intolerance,
but does not cause any severe phenotype (19,20). To date,
it is not known why ITPA deficiency causes a severe
phenotype in mouse but not in humans. We, therefore,
hypothesized that human cells are equipped with a com-
pensatory mechanism which can efficiently suppress the
ITPA deficiency.

In the present study, to identify novel ITP hydrolyzing
enzymes or proteins that target ITP, we performed a com-
prehensive screen of proteins that specifically bind to ITP
immobilized on Sepharose beads. We identified human
nucleoside diphosphate linked moiety X-type motif 16
(NUDT16) protein (Swiss-Prot accession no.. Q96DE0.2).

MATERIALS AND METHODS

Purification and identification of modified
nucleotide-binding proteins

Modified nucleotide-binding proteins were purified and
identified with pull-down assays as follows. y-amino-
octyl-nucleoside 5'-triphosphate-Sepharose (phosphate-
NTP Sepharose) and/or 2'/3'-0-(2-aminoethyl-
carbamoyl)-nucleoside 5'-triphosphate-Sepharose (ribose-
NTP Sepharose) for GTP, ATP, XTP, ITP, 8-oxo-GTP
and 2-OH-ATP were purchased from Jena Bioscience
(Jena, Germany) and used for pull-down assays. The cell
extract of SH-SYS5Y cells was prepared by sonication of
cells in lysis buffer [1 ml for 5 x 10 cells, 25 mM Tris-HCl
pH 7.5, 100mM NaCl, 10mM MgCl,, 0.05% Nonidet
P-40 (NP-40), 1 mM dithiothreitol (DTT), 1% protease
inhibitor cocktail (Nacalai Tesque, Kyoto, Japan)] and
clarified by centrifugation, as described previously (21).

Protein concentration in the supernatant was measured
with a DC-protein assay kit (Bio-Rad, Hercules, CA,
USA) using bovine serum albumin (BSA) as a standard.
Twenty microliters of each phosphate-NTP Sepharose,
ribose-NTP Sepharose, and Sepharose carrier matrix
were individually suspended in 1ml of the supernatant,
incubated for 15min at 4°C, and washed three times
with the lysis buffer without protease inhibitor cocktail.
Bound proteins in each pulled-down sample were eluted
with 40 pl of 2 x SDS sampling buffer (Sigma-Aldrich, St
Louis, MO, USA), separated by SDS-PAGE, stained by
silver staining with EzStain Silver kit (ATTO Co., Tokyo,
Japan), and analyzed by LC-MS/MS, as described
previously (21). Collision-induced dissociation spectra
were acquired and compared with those in the
International Protein Index (IP1 version 3.26; European
Bioinformatics Institute, Hinxton, UK) using the
MASCOT search engine (Matrix Science, Boston, MA,
USA). The high-scoring peptide sequences (MASCOT
score >45) assigned by MASCOT were manually con-
firmed by comparison with the corresponding collision-
induced dissociation spectra. Finally, we selected as can-
didate proteins those proteins for which multiple peptides
were identified in this analysis.

Nucleotide-hydrolyzing assay with His-NUDT16

Each substrate nucleotide was incubated in reaction buffer
(25mM Tris-HCI pH 7.5, 150mM KCI, 5mM MgCl,,
0.01% NP-40, 100 ug/ml BSA, ImM DTT) for 10 min at
37°C. Then, an equal volume of reaction buffer containing
100 uM recombinant NUDT16 with a His-tag at the N
terminus (His-NUDT16), was mixed with the substrate
solution. The mixture was further incubated at 37°C for
0-60 min, and then mixed with ice-cold EDTA to a final
concentration of 50mM to stop the reaction. The reaction
products were clarified by centrifugation at 9000g for
5min at 4°C, and then separated on a Wakopak Handy
ODS column (Wako, Osaka, Japan) or on a TSK gel
DEAE-2SW column (Tohso, Tokyo, Japan) using an
HPLC system, at a flow rate of 0.6ml/min with HPLC
buffer 1 (0.1 M potassium phosphate buffer pH 4.0) or
at 0.8 ml/min with HPLC buffer 2 (75mM sodium phos-
phate buffer pH 6.4, 5% acetonitrile, 0.4mM EDTA).
Nucleotides were quantified by ultraviolet (UV) absorp-
tion. Kinetic parameters, k¢, and K, were calculated by a
fit of the velocity data to the Michaelis—Menten equation
using the SigmaPlot analysis software version 11 with
Enzyme Kinetics Module 1.3 (Systat Software, San Jose,
CA, USA).

Free phosphates were quantified colorimetrically with a
modified Malachite Green phosphate detection method
using Biomol Green reagent (Enzo Life Sciences
International, Plymouth Meeting, PA, USA) (22,23).
One-hundred microliters of the Biomol Green reagent
was added to 50pul of each reaction mixture, and the
mixture was incubated for 30 min at room temperature.
The change in absorbance at 620 nm was measured and
used to determine free phosphate concentrations by com-
parison with a standard curve.

,89_

0102 ‘9 Aey uo ngnyebiry N nysnAy (@) 1e Bio sieuinolpioxo teuy/:dny wouy papeojumod



siRNA and transfection

All siRNA oligonucleotides used in this study, NUDTI16
siIRNA#I (Silencer Select NUDTI6 siRNA; #s43642),
NUDTI6 siRNA#H2 (Silencer NUDTI6 siRNA: #:
38731), control siRNA#I (Silencer Select Negative
Control #1 siRNA, Cat#4390844) and control siRNA#2
(Silencer Negative Control #1 siRNA, Cat#AM4635)
were purchased from Applied Biosystems (Foster City,
CA, USA). HeLa MR cells were transfected with
siRNAs by electroporation using a Microporator-Mini
(Digital Bio Technology, Seoul, Korea), according to the
manufacturer’s instructions. In brief, 10° cells were sus-
pended in 10pul of R buffer (provided in the
MicroPoration kit) and mixed with 1pl of one of the
siIRNAs (50 uM) before electroporation. The transfected
cells were suspended in fresh culture medium. After incu-
bation for 24h, the cells were reseeded in new culture
dishes at a density of 1.515 x 10*/cm®. After an additional
incubation, the cells were subjected to further assays.

Immunofluorescence microscopy for NUDT16 and
single-stranded DNA

To perform immunofluorescence microscopy for
NUDTI6 and single-stranded DNA (ssDNA). Hela
MR cells were seeded onto LaB-Tek two-well chamber
slides (Thermo Fisher Scientific, Rockford, 1L, USA),
24h after transfection with control siRNA#I or
NUDTI6 siRNA#1. The cells were further cultured for
48h and fixed with 4% paraformamide in phosphate
buffered saline (PBS) containing 0.1% Triton X-100.
The fixed cells were treated with anti-NUDT16 or with
anti-nucleolin (sc-8031, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in combination with Alexa Fluor
488-conjugated  goat anti-rabbit 1gG  (A-11034,
Invitrogen, Carlsbad, CA, USA) or Alexa Fluor
594-conjugated  goat anti-mouse 1gG  (A-11032,
Invitrogen).  Nuclei  were  counterstained  with
4'-diamino-2-phenylindole (DAPI) (50ng/ml; Vector
Laboratories, Burlingame, CA, USA). Digitized images
were separately captured from identical fields using an
LSM-510 Meta confocal microscopy system (Carl Zeiss,
Oberkochen, Germany).

To detect ssDNA, slides were incubated with a 100 x
dilution of anti-ssDNA (#18731, IBL, Takasaki, Japan) in
combination with Alexa Fluor 488-conjugated goat
anti-rabbit IgG. The anti-ssDNA antibody was raised
against fragmented and denatured bovine DNA, and rec-
ognizes single stranded regions of DNA with a length of at
least six deoxynucleotides length (24,25). Nuclei were
counterstained with DAPI. The slide was observed
under an Axioskop 2 plus, equipped with AxioCam and
AxioVision software (Carl Zeiss). A total of 100 cells were
examined for each preparation.

Quantification of deoxyinosine or inosine by LC-MS/MS

The DNA deoxyinosine or RNA inosine levels were
determined as follows. The preparation and digestion of
nuclear DNA samples were performed according to
methods described previously (26), except that 10mM 2,
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2, 6, 6-tetramethylpiperidine-N-oxyl (TEMPO, Wako)
and 20 uM 2'-deoxycoformycin, an adenosine deaminase
inhibitor, kindly provided by the Chemo-Sero-
Therapeutic Research Institute (Kumamoto, Japan),
were added to all reagents at all stages of manipulation,
according to the method described by Taghizadeh ez al.
(27). RNA was prepared using an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) in the presence of 20 mM
TEMPO and 20 uM 2'-deoxycoformycin. DNA or RNA
samples were digested with Nuclease P1 (Yamasa, Chiba,
Japan) and alkaline phosphatase (Sigma-Aldrich) in the
presence of  20mM TEMPO and 20 uM
2'-deoxycoformycin, and digested samples were subjected
to LC-MS/MS analysis using the Shimadzu VP-10 HPLC
system connected to the API3000 MS/MS system
(PE-SCIEX), as described previously (26).

Cell cycle analysis

Flow cytometric analysis of the cell cycle was performed
as previously described (28,29). Briefly, 1 x 10° cells were
suspended in 1 ml PBS containing 0.2% Triton X for the
naked nuclei preparation. Then, the cell suspension was
passed through a nylon mesh membrane. Five microliters
of RNase A (I mg/ml) and 50 pl of propidium iodide (PI)
(Img/ml) were then added to the suspension. DNA
content and cell numbers were analyzed with an LSR
flow cytometer (Becton Dickinson, San Jose, CA, USA).
The data were analyzed with CellQuest and ModFit
software (Becton Dickinson).

Karyotype analysis

Fifty-percent confluent cultures of HeLa MR cells were
treated with 0.1 pg/ml colcemid (Nacalai Tesque) for
30min and then harvested. After hypotonic treatment
(75mM KCl), cells were fixed in freshly prepared
Carnoy’s fixative (methanol:acetic acid; 3:1), and the cell
suspension was dropped onto a glass slide, air-dried and
immediately stained with freshly prepared Giemsa staining
solution (Merck, 25 x diluted in PBS) for 20 min. After
rinsing the slide twice in PBS and twice in distilled
walter, a cover slide was mounted onto the air-dried slide
with Permount mounting medium (Thermo Fisher
Scientific). The slide was observed under an Axio
ImagerA.l plus equipped with AxioCam and AxioVision
software (Carl Zeiss). A total of 30 cells in metaphase were
examined for each preparation.

Statistical analysis

All results are expressed as the mean + SD. Statistical
analysis was performed using Stat View 5.0 (SAS
Institute, Cary, NC, USA) and each method of statistical
analysis is shown in detail in the figure legends. P < 0.05
was considered statistically significant.

Supplementary materials and methods

Descriptions of the following materials and procedures are
provided in Supplemental Experimental Procedures: free
nucleotides, synthetic oligonucleotides, isolation of human
NUDTI6 and mouse Nudtl6 ¢cDNAs, construction of
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expression plasmids, expression and purification of recom-
binant His-NUDT16 protein, anti-NUDT16, western blot
analysis, cell culture, cell proliferation assay, Hoechst
33342/P1 assay, real-time quantitative RT-PCR, and
comet assay.

RESULTS
NUDT16 selectively binds to ITP, XTP and GTP

To search for ITP-binding proteins, we purified proteins
from whole-cell extracts prepared from SH-SYSY cells
using a pull-down method incorporating various
NTP-immobilized Sepharose beads (Figure 1A). The
purified proteins were fractionated by SDS-PAGE and
visualized by silver staining. The proteins in the gel were
digested with trypsin and subjected to LC-MS/MS
analysis (see ‘Materials and Methods’ section). By
comparing retrieved proteins with multiple peptide se-
quences among all samples, we identified peptide frag-
ments derived from NUDTI16 only in the samples bound
to phosphate/ribose-ITP, phosphate/ribose-XTP and
ribose-GTP Sepharose beads, but not in samples bound
to any other NTP Sepharose beads (Figure 1B and

A | 1. Purification of binding proteins with NTP-Sepharose ]

] 2. Fractionation of the proteins by SDS-PAGE }———
A\

] 3. Identification of the proteins by LC-MS/MS }

I 4. Specificity check by western blot ] -4

B
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Figure 1. NUDTI6 selectively binds to XTP, ITP and GTP. (A)
Experimental scheme depicting the screen for nucleotide-binding
proteins. Proteins in extracts prepared from SH-SYS5Y cells were
pulled down with NTP-immobilized Sepharose beads and subjected
to SDS-PAGE, LC-MS/MS analysis and western blot analysis. (B)
Amino acid sequence of NUDTI16. Peptides detected by LC-MS/MS
analysis in the screen are shown in bold (Mascot Ion Score >45). (C)
Each sample, pulled down from the extract (219 pg total protein), was
subjected to western blot analysis using anti-NUDTI16 (lower panel).
An arrowhead indicates signals for NUDT16.

Supplementary Table S1). Western blot analysis of
pull-down samples, prepared independently of the above
samples using anti-NUDTI16, confirmed the LC-MS/MS
results by identifying the same nucleotide-binding 20 kDa
NUDTI6 protein (Figure [C).

NUDT16 is a (deoxy)inosine diphosphatase

Because NUDTI16 is a member of the nudix family of
proteins, including the nucleoside triphosphatase MTHI
(NUDTI1), we performed biochemical analysis of nucleo-
tide hydrolyzing activity using recombinant NUDTI16
protein. His-NUDT16 was expressed in Escherichia coli
(E. coli) and then purified. Samples from each purification
step were subjected to SDS-PAGE and a His-NUDT16
polypeptide of ~23kDa, (its calculated molecular weight
is 23.45kDa) was purified to near homogeneity after size
exclusion column chromatography (Figure 2A).

When several canonical nucleotides were incubated with
the purified His-NUDTI16 protein, we found that
His-NUDT16 effectively hydrolyzed IDP to IMP
(Figure 2B, lower). We then determined the optimal con-
ditions for the IDP hydrolysis by His-NUDTI16.
His-NUDT16  exhibited a  temperature-dependent
increase in its IDP hydrolyzing activity up to 60°C
(Supplementary Figure SI1A). IDP hydrolysis by
His-NUDT16 gradually increased from pH 6.5 to 8.5
(Supplementary Figure SIB). IDP hydrolysis by
His-NUDT16 was completely dependent on the presence
of divalent cation, and increased linearly with increasing
Mg*" concentration up to ImM and then reached a
plateau level (Supplementary Figure S1C). Zn*' also
increased His-NUDT16 activity in a dose-dependent
manner, however, the activity observed in the presence
of 10mM Zn*" was less than one-third of that observed
in the presence of | mM Mg*". His-NUDT6 exhibited no
IDP hydrolysis in the presence of 5mM Mn>", Co®" or
Ca®". KCl, and to a lesser extent NaCl, moderately
increased the activity in a dose-dependent manner up to
500mM (Supplementary Figure S1D). Based on these
results and in view of physiological conditions, we per-
formed subsequent analyses of His-NUDTI16 activity
under the conditions of 25mM Tris-HCI (pH 7.5),
5mM Mg”" and 150 mM KCl at 37°C.

To obtain an over view of substrate specificity for
NUDT16, we incubated His-NUDT16 with various nu-
cleotides at 10 or 100 uM (Figure 2C). The products
were then analyzed and quantified by HPLC.
His-NUDT16 hydrolyzed nucleoside triphosphates/
diphosphates (NTPs/NDPs) to the corresponding nucleo-
side monophosphates (NMPs), and had substrate prefer-
ences for purine nucleotides. Especially at substrate
concentrations of 10puM, ITP, dITP, XDP, GDP,
dGDP, IDP and dIDP were efficiently hydrolyzed. In
contrast, His-NUDT16 did not generate any hydrolyzed
product from 7-Me-GDP, ATP, CTP, UTP, 2-OH-ATP,
dATP, dCTP, dUTP, TTP nor 2-OH-dATP, even at
100 uM. Because these substrates were not hydrolyzed,
they are not represented in Figure 2C.

His-NUDT16 produced IMP from both ITP and IDP
(Supplementary Figure S2 upper). To confirm the
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Figure 2. His-NUDT16 hydrolyzes (d)IDP in preference to other nu-
cleotides. (A) Samples from the purification of recombinant
His-NUDT16 were subjected to SDS-PAGE and GelCode Blue
Staining. Lane 1, supernatant of E. coli extract; lane 2, flow-through
fraction from the His-tag purification; lane 3, eluate from His-tag
purification; lane 4, fraction recovered by ammonium sulfate precipita-
tion; lane 5, sample after dialysis; lane 6, eluate from cation exchange
chromatography; lane 7, fraction recovered from gel filtration chroma-
tography. (B) IDP (200 uM) was incubated with 400nM His-NUDTI16
for 1h at 37°C. Reaction products were analyzed by HPLC
(lower panel), and were compared with substrate IDP incubated
without His-NUDT16 (upper panel). HPLC chromatograms of both
samples obtained by absorbance at 249 nm are shown. (C) Nucleoside
di- or triphosphates (10 or 100uM) were incubated with 50nM
His-NUDTI16 for 1'h at 37°C. The reaction products were analyzed
by HPLC. The graph shows the concentration of each nucleoside
monophosphate product.

generation of free phosphates (Pi) in these reactions, we
analyzed the products using the Malachite Green phos-
phate detection method to distinguish Pi from pyrophos-
phates (PPi). Hydrolysis of IDP by His-NUDTI16
generated almost the same amounts of IMP and Pi;
however, hydrolysis of ITP by His-NUDTI16 generated
IMP but not Pi (Supplementary Figure S2 lower). These
results indicate that NUDT16 hydrolyzes IDP to IMP and
Pi, while ITP is hydrolyzed to IMP and possibly PPi.
Because His-NUDT16 efficiently hydrolyzed ITP, dITP,
XDP, GDP, dGDP, IDP and dIDP, we performed a
detailed analysis of the hydrolysis kinetics for these
substrates (Table 1). Fitting Michaelis-Menten type
kinetics to the initial rates of reaction revealed a positive
correlation for each substrate. Among the substrates, the
keat/ Ky values for IDP and dIDP were 251 x 10° and
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Table 1. Kinetic parameters of His-NUDT16

K Kot Keie] Ko Goodness-of-curve fit

Substrate M min~" 10°s~'M™! R

IDP 0.062 0.931 251 0.973
dIDP 0.088  0.966 183 0.990
GDP 0.330  0.518 26.1 0.987
dGDP 0.319  0.492 25.7 0.988
XDP 15.7 2.60 2.76 0.978
ITP 22.1 3.06 2.31 0.980
dITP 24.1 3.20 2.21 0.999

183 x 10°s™" M ™", respectively. These were at least seven
times higher than the ke/Kn value for GDP
(26.2 x 10°s~' M), which was the third highest among
the substrates analyzed. IDP and dIDP were, therefore,
identified as the best substrates for His-NUDT16.

We also expressed mouse His-tagged NUDT16 protein
(HissmNUDTI16) in E. coli and analyzed dITP
hydrolyzing activity using extracts prepared from E. coli
cells with or without expression of HissmNUDT16. E. coli
extract without His-mNUDT16 generated dIDP and
dIMP from dITP. In contrast, E. coli extract with
His-mNUDTI16 generated only dIMP from dITP
(Supplementary Figure S3). Thus, we concluded that
mouse NUDT16 also hydrolyzes dIDP to dIMP.

Expression of NUDT16 in human cell lines and tissues

We determined the levels of NUDT/6 mRNA in 21 human
tissues by real-time quantitative RT-PCR (Supplementary
Figure S4). NUDT16 mRNA was detected in all tissues
examined and the highest expression was observed in lung
and kidney. Next, we examined levels of NUDT16 mRNA
and protein in HeLa MR cells with or without (si)RNA
silencing. Real-time quantitative RT-PCR revealed that
NUDTI6 mRNA levels in HeLa MR cells were equivalent
to those in heart and mammary gland. The introduction of
NUDTI6 siRNA#I significantly reduced the mRNA level
to 17% of the control after 3 days (Figure 3A). Western
blot analysis with anti-NUDTI16 revealed a significantly
reduced expression of a 20 kDa protein in HeLa MR cells,
2 and 4 days after the introduction of NUDT16 siRNA#1
(Figure 3B). Other bands were consistently and uniformly
detected in samples from cells treated with control
siRNA#1 and NUDT16 siRINA#1. The expression of the
20kDa band partially recovered 7 days after the treat-
ment, thus demonstrating that the 20kDa protein is the
endogenous NUDT16 protein of HeLa MR cells.

Next, we examined subcellular localization of NUDT16
protein in HeLa MR cells by immunofluorescence
confocal laser scanning microscopy with anti-NUDT16
and anti-nucleolin, a nucleolar marker (Figure 3C).
NUDTI16 immunoreactivity was mostly detected in the
DAPI-positive nuclei and partially detected in the cyto-
plasm (Figure 3C-a,b,d). The signal for NUDTI16 was
not uniformly localized in nuclei, but was intensely
localized in a few small regions. The intense NUDTI16
signals were mostly colocalized with the intense nucleolin
signals where DAPI signals were faint (Figure 3C-d-f).
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Figure 3. NUDTI6 is mainly localized in nuclei, and especially in
nucleoli. (A) Relative mRNA level after transfection of NUDTI6
siRNA. Three days after transfection with siRNAs, cells were har-
vested. The NUDTI6 mRNA level relative to that of the control
was determined by real time quantitative RT-PCR and is shown as
the mean + SD of triplicate experiments. (B) Cells were transfected
with siRNAs and harvested 2, 4, and 7 days after transfection. Cell
extracts (10 ug total protein) were subjected to western blot analysis
with anti-NUDTI16. An arrowhead indicates signals for NUDTI6.
(C) Intracellular localization of NUDT16. HeLa MR cells were trans-
fected with control siRNA#I (a-f) or with NUDTI6 siRNA#1 (g-).
The cells were subjected to immunofluorescence microscopy with
anti-NUDT16 (green, b and h) and anti-nucleolin (red, ¢ and i).
Nuclei were stained with DAPI (blue, a and g). Merged signals are
shown in panel d (blue and green), e (green and red) and f (blue,
green and red). Bars indicate 10 um.

Furthermore, most of the NUDT16 signals disappeared in
cells treated with NUDTI16 siRNA#1 (Figure 3C-h). We
thus concluded that NUDTI16 protein is mostly localized
in nucleoli.

Knockdown of NUDT16 expression suppresses
proliferation of HeLLa MR cells

To elucidate the biological functions of NUDTI6, we
examined the effects of NUDTI6 knockdown in HelLa

A siRNA Cell proliferation assay
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Figure 4. Knockdown of NUDTI6 suppresses proliferation of HeLa
MR cells. (A) Experimental schedule. HeLa MR cells were transfected
with siRNAs on Day 0. The transfected cells were then further
incubated for 24h before replating at a density of 1.5x 10%/cm?,
After an additional incubation, the cells were subjected to further
analysis. (B) Cell proliferation assay. The cells in (A) were analyzed
for cell proliferation. The graph shows the mean £ SD of results from
three independent siRNA transfections. Two-way repeated measures
ANOVA, P<0.0001. (C) HeLa MR cells treated with NUDTI6
siRNA#1 show slightly abnormal progression of the cell cycle. Three
days after siRNA transfection with NUDT16 siRNA#1 or with control
siRNA#I, cells were subjected to flow cytometry. Left panels indicate
representative histograms of DNA contents in isolated nuclei from
these cells. Data are mean £+ SD of results from three independent
siRNA transfections and were analyzed using Student’s r-test.

MR cells. Twenty-four hours after the introduction of

siRNA, the cells were reseeded. We then compared cell
proliferation rates between cells treated with control
siRNA#I and those treated with NUDTI6 siRNA#I
(Figure 4A). NUDTI6 siRNA#I significantly suppressed
cell proliferation compared with the control siRNA
(Figure 4B). Introduction of NUDTI6 siRNA#2,
which has a different target sequence for NUDTI6, also
similarly suppressed the proliferation of HeLa MR cells,
confirming the effect of NUDTI6 knockdown
(Supplementary Figure SSA and B). Next, we performed
a flow cytometric analysis of DNA content of HeLa MR
cells after NUDTI6 knockdown. Cell cycle analysis
revealed significantly increased S-phase and decreased
G1 phase populations after introduction of NUDTI6
siRNA#1 (Figure 4C). Moreover, Hoechst 33342/PI
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staining of the cells revealed that introduction of
NUDTI6 siRNA#1 caused no obvious increase in the
dead cell fraction (PI positive) in comparison to control
siRNA#I (Supplementary Figure S6). We observed no
subGl fraction, indicating that NUDT16 knockdown did
not induce cell death in our experimental conditions
(Figure 4C).

Accumulation of inosine nucleotides in RNA and of single
strand breaks in DNA after knockdown of NUDT16
expression

The localization of NUDTI16 in nuclei strongly suggested
that NUDT16 contributes to sanitization of the nuclear
nucleotide pool, which supplies precursors for the synthe-
sis of RNA and DNA. We, therefore, measured inosine in
cellular RNA and deoxyinosine in nuclear DNA in
HeLa MR cells after NUDTI6 knockdown by siRNA.
The inosine level in RNA was significantly increased in
cells treated with NUDTI6 siRNA#1 (36.1 + 1.35
inosine residues per 10° guanosine residues) compared
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inosine residues per 10° guanosine residues) (P = 0.0125)
(Figure SA right). However, there was no significant dif-
ference in the deoxyinosine level in DNA between the two
conditions (Figure SA left). These results suggested that
ITP or dITP levels are increased after NUDTI6
knockdown, and that their incorporation into RNA or
DNA may be similarly increased; however, deoxyinosine
incorporated into newly synthesized DNA might be
quickly eliminated by DNA repair enzymes. DNA repair
processes often form ssDNA regions as repair inter-
mediates (30-32). Therefore, we examined ssDNA accu-
mulation in nuclear DNA of HeLa MR cells by
immunofluorescence detection using an anti-ssDNA
antibody after siRNA treatment. The anti-ssDNA
antibody was raised against fragmented bovine DNA.
and recognizes ssDNA generated by double- or
single-strand DNA breaks (33). Following treatment
with NUDTI16 siRNA, the percentage of ssDNA-positive
HeLa MR cells (13.9%) was 5.3 times higher than that
treated with control siRNA (P = 0.000252) (Figure 5B).
ssDNA regions can be generated by either single- or

with cells treated with control siRNA#I (31.9 £ 1.05 double-strand breaks in DNA. In the comet assay, HeLa
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Figure 5. Knockdown of NUDT6 in HeLa MR cells increases the number of inosine residues in RNA and the level of single strand breaks in
nuclear DNA. HeLa MR cells were independently transfected with siRNAs three times. Three days after transfection, cells were subjected to the
following analysis. (A) Quantification of inosine or deoxyinosine by LC-MS/MS. HeLa MR cells were harvested to determine the levels of inosine
and deoxyinosine [dI]. The numbers of deoxyinosine residues [dI] per 10° nucleosides in DNA or inosine residues per 10° guanosine [G] in RNA from
three independent transfections are shown. Student’s z-test, P = 0.0125 (RNA). (B) Knockdown of NUDTI/6 induces the accumulation of ssDNA in
nuclei of HeLa MR cells. HeLa MR cells transfected with control siRNA#1 (a-c) or with NUDTI6 siRNA#1 (d-f) were subjected to immuno-
fluorescence microscopy with anti-ssDNA (green, b and e). Nuclei were stained with DAPI (blue, a and d). Merged signals are shown in ¢ and f (blue
and green). Percentages of ssDNA-positive nuclei among DAPI-positive nuclei are shown in the bar graph. Data are mean + SD of three inde-
pendent siRNA transfections. Student’s t-test, P = 0.000252. (C) Comet assay under alkaline conditions. Tail moments of at least 15 cells were
calculated for each group and box-and-whisker plots are shown for three independent assays. Mann-Whitney U-test, P <0.05. (D) Chromosomal
abnormality. Transfected cells were prepared as in (B). Mitotic cells with chromosomal abnormalities (a) were defined as cells with chromatid
breakage (b; solid arrowheads), chromatid gap (c; open arrowheads) and/or premature separation (d; arrows). These cells were counted and per-
centages of cells with chromosomal abnormalities among thirty mitotic cells are shown in the bar graph. Chromatid breakage, chromatid gap, and
premature separation in control cells were 8%, 2% and 0%, respectively, and in NUDT16 knockdown cells werel2%, 4% and 1%, respectively. Data
are mean + SD from three independent siRNA transfections.
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MR cells transfected with NUDT16 siRNA showed a sig-
nificantly increased tail moment under alkaline conditions
in three independent experiments (£ <0.05, Mann-
Whitney U-test), but not under neutral conditions
(Figure 5C and Supplementary Figure S7). Cells exposed
to hydrogen peroxide, which is known to cause
double-strand breaks, exhibited a significantly increased
tail moment, even under neutral conditions; therefore we
concluded that knockdown of NUDTI6 caused accumu-
lation of single-strand breaks in nuclear DNA. Next,
chromosome  abnormalities  including  chromatid
breakage, chromatid gap, and/or premature separation
were examined in mitotic cells. The percentage of the
cells with abnormal chromosomes in HeLa MR cells
treated with NUDTI6 siRNA was 1.8 times higher than
that in cells treated with control siRNA, although the dif-
ference was not significant (P = 0.115) (Figure 5D).

DISCUSSION

In the present study, we reported two major findings; first,
NUDTI16 hydrolyzes (d)IDP/(d)ITP and second,
NUDTI16 deficiency induces accumulation of single
strand breaks in nuclear DNA and growth arrest in
human cells.

Previously, Ghosh et al. (34) reported that NUDTI16
recognizes the 5'-cap structure of U8 small nucleolar
RNA (snoRNA) and weakly hydrolyzes it to produce
non-capped-snoRNA with guanosine 5-monophosphate
at its S'-terminus and an excised cap. First guanosine
residue of U8 snoRNA itself is linked to the triphosphate
following the 5'-cap, and thus mimicking a GTP structure.
GTP was shown to be weakly hydrolyzed by NUDT16 in
the present study. Therefore, both 5'-capped U8 snoRNA
and GTP can be converted by NUDT16 to guanosine
5-monophosphate (GMP) at the 5-terminal end of
snoRNA and to free GMP, respectively. Thus, it is
likely that hydrolysis of GTP and decapping of US
snoRNA are essentially the same enzyme reaction of
NUDTI16. We also showed that in a human cell line,
NUDTI16 is localized in nuclei, mainly nucleoli.
Similarly, Ghosh et al. (34) have reported that X29
protein, the Xenopus homolog of NUDTI16, is primarily
a nucleolar protein in Xenopus cells in vitro.

As shown in Figure 6, NUDTI6 efficiently hydrolyzes
(d)IDP, and hydrolyzes (d)ITP to a lesser extent. (d)ITP
and (d)IDP can be generated by deamination of adenine
nucleotides or phosphorylation of (d)IMP (35). ITPA,
which is relatively abundant in the cytoplasm and which
is encoded by ITPA, is known to hydrolyze (d)ITP to
(d)IMP and pyrophosphate (14,15). The study of
NUDTI16 reaction kinetics revealed that NUDT16 has a
lower hydrolysis rate but a higher affinity for (d)ITP
compared with ITPA (for ITP; NUDTI6, key 3.2min"",
Km 22.1 uM; ITPA, ke 34800min~", K, 510 uM) (15).
NUDTI16, therefore, might be an important enzyme for
the elimination of (deoxy)inosine nucleotides from nuclei,
especially at low concentrations. Because NUDTI6 is
localized mainly in nucleoli, NUDTI16 may prevent the
incorporation of inosine nucleotides into ribosomal

ITPA /NUDT16
NTPase NUDT16 l
ITP e IDP é—-l IMP
NDK
RNR
NUDT16
NTPase
R
P > diDP —p dIMP

NDK T

ITPA /NUDT16

Figure 6. Model of biological roles of NUDTI16. NUDTI16 eliminates
()IDP and (d)ITP from the nucleotide pools in cooperation with
ITPA. NDK; nucleoside diphosphate kinases, RNR; ribonucleotide
reductase.

RNA (rRNA) during transcription. An increase in the
RNA inosine level, observed after the knockdown of
NUDTI6 supports this hypothesis. NUDTI16, but not
ITPA, has a strong hydrolysis activity for (d)IDP. In the
pathway converting abundant cellular IMP to ITP by
phosphorylation (10), IDP is an important intermediate.
In addition, IDP is expected to be converted to dIDP by
ribonucleotide reductase (36), and dIDP can be
phosphorylated, thereby resulting in increased levels of
dITP (11).

8-0x0-dGTP is known to be incorporated into genomic
DNA and to induce mutation in both mammalian and
bacterial cells (3). Human NUDTS5, which hydrolyzes
8-0x0-dGDP, was reported to decrease spontaneous
mutation in E. coli mutT~ cells deficient in 8-oxo-dGTP
hydrolyzing activity (37). Taken together with our findings
on NUDT16, these results support the importance of the
elimination of modified (deoxy)nucleoside diphosphates
from the nucleotide pools.

In the present study, we observed the deoxyinosine
levels in nuclear DNA within the normal ranges previous-
ly observed by Taghizadeh er al. (27) even after
knockdown of NUDTI6. However, knockdown of
NUDTI6 expression increased the fraction of
ssDNA-positive cells. We assume that the dITP level in
the nuclear nucleotide pool must increase after NUDT16
knockdown, thus resulting in increased incorporation of
deoxyinosine into newly synthesized DNA. The
deoxyinosine in DNA is immediately removed by the
DNA repair process, resulting in an accumulation of
ssDNA. Bradshaw and Kuzminov (38) described the in-
corporation of dITP/dXTP into the genomic DNA of
rdgB~ E. coli cells, which lack bacterial ITPase. In
E. coli cells, DNA containing deoxyinosine can be
excised by Endo V-initiated nucleotide excision repair,
thus resulting in DNA strand breakage (32). Both Endo
V and another enzyme, alkyl-adenine-DNA glycosylase
(AAG, MAG, ANPG, MPG) were reported as candidates
for hypoxanthine specific DNA repair enzymes in
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mammalian cells (39-41). It is well known that increased
accumulation of ssDNA triggers the DNA damage
response, to induce delay in S-phase, and then cell cycle
arrest (42). We, therefore, assume that the DNA damage
response, to the accumulation of ssDNA, suppresses cell
cycle progression, thus increasing the S-phase population
and resulting in a decreased proliferation rate. On the
other hand, knockdown of NUDTI16 expression induced
a 13.3% increase in RNA inosine levels. RNA editing by
adenosine deaminases is a well-known system of
post-transcriptional regulation and the major source of
inosine in RNA; therefore, more inosine residues are
present in RNA compared with deoxyinosine residues in
DNA (43,44). Inosine, produced in RNA by such a
regulated system, is thought to cause important modifica-
tions to the functions of non-coding RNA, or to alter
amino acid sequence encoded by mRNA (45,46). In
other words, unregulated incorporation of inosine
during RNA transcription might impair RNA functions.
In the present study, we demonstrated that NUDT16 con-
tributes to the suppression of such inosine incorporation
into RNA. Although the increased level of inosine in
RNA under NUDTI16 deficiency was statistically signifi-
cant and the net increase was much higher than the basal
level of deoxyinosine in DNA (4.3 inosine/10°G versus
0.63 deoxyinosine/10°dG), the higher basal level of
inosine in RNA (32 inosine/10° G), which is likely to be
generated by RNA-editing (45,46), made the difference
appear small.

We previously reported that frpa~'~ mice showed
growth retardation and heart failure and did not survive
beyond 2 weeks after birth (16). Following this report, we
found that primary mouse embryonic fibroblasts (MEFs)
prepared from /tpa~'~ mice showed a significantly pro-
longed doubling time and chromosomal abnormalities,
accompanied by increased ssDNA and deoxyinosine
residues in nuclear DNA (47). However, once Itpa™'~
MEFs  were s}pontaneously immortalized,  the
immortalized /rpa~'~ MEFs had neither of these pheno-
types. Furthermore, immortalized Itpa~'~ MEFs ex-
hibited significantly increased levels of Nudti6 mRNA
and protein. siRNA-mediated knockdown of Nudti6 in
immortalized Itpa™'~ MEFs significantly increased
deoxyinosine levels in nuclear DNA. and thus reproduced
the ITPA-deficient phenotype. We, therefore, concluded
that mouse NUDT16 functions as a backup enzyme for
the ITPA deficiency by eliminating (d)IDP, and to a lesser
extent (d)ITP from the nucleotide pools in MEFs. In
wild-type MEFs, knockdown of Nudtl6 did not result in
such phenotypes, indicating that mouse ITPA can com-
pensate for the deficiency of NUDTI6 in MEFs. In
contrast, our present data suggested that human ITPA
itsell cannot completely compensate for the deficiency of
NUDTI16 in HeLa MR cells, although double deficiency
of ITPA and NUDT16 would cause more severe pheno-
types. Human individuals with ITPA deficiency show no
obvious phenotypes. Thus, ITPA deficiency causes quite
different effects in mouse and human. Comparing the ex-
pression level or enzyme activity of NUDTI6 between
mouse and human might explain why human cells have
a significant tolerance to ITPA deficiency. In the present
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study, partial reduction of NUDTI6 expression in HeLa
MR cells was sufficient to cause growth suppression and
accumulation of single-strand breaks in nuclear DNA.
Therefore, defective NUDT16 might lead to genome-
instability syndromes in human individuals.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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ABSTRACT

Mammalian inosine triphosphatase encoded by ITPA
gene hydrolyzes ITP and dITP to monophosphates,
avoiding their deleterious effects. ltpa- mice
exhibited perinatal lethality, and significantly higher
levels of inosine in cellular RNA and deoxyinosine in
nuclear DNA were detected in lipa~ embryos than in
wild-type embryos. Therefore, we examined the
effects of ITPA deficiency on mouse embryonic
fibroblasts (MEFs). /tpa™ primary MEFs lacking ITP-
hydrolyzing activity exhibited a prolonged doubling
time, increased chromosome abnormalities and
accumulation of single-strand breaks in nuclear
DNA, compared with primary MEFs prepared
from wild-type embryos. However, immortalized
Itpa~ MEFs had neither of these phenotypes
and had a significantly higher ITP/IDP-hydrolyzing
activity than I/tpa~ embryos or primary MEFs.
Mammalian NUDT16 proteins exhibit strong dIDP/
IDP-hydrolyzing activity and similarly low levels
of Nudi’6 mRNA and protein were detected in
primary MEFs derived from both wild-type
and Iltpa~ embryos. However, immortalized /tpa™
MEFs expressed significantly higher levels
of Nudit16 than the wild type. Moreover, intro-
duction of silencing RNAs against Nudit16 into
immortalized /tpa~ MEFs reproduced ITPA-deficient
phenotypes. We thus conclude that NUDT16 and
ITPA play a dual protective role for eliminating

dIDP/IDP and dITP/ITP from nucleotide pools in
mammals.

INTRODUCTION

The accumulation of modified or damaged bases in
genomic DNA is a major threat for the alteration of
genetic information as a result of mutagenesis or even
for programmed cell death. It has been established that
such damaged bases in genomic DNA arise from two inde-
pendent pathways: one is a consequence of the direct mod-
ification of the normal bases in the DNA and the other is
that of the incorporation of modified nucleotides
generated in resident nucleotide pools (1,2).

To control the quality of the nucleotide pools, organisms
possess a number of nucleoside triphosphatases, which
degrade non-canonical nucleoside triphosphates to the cor-
responding monophosphates. We had identified and
characterized three mammalian enzymes: (i) oxidized
purine nucleoside triphosphatase encoded by MTHI gene
for 8-o0x0-2'-deoxyguanosine triphosphate (8-oxo-dGTP),
8-0x0GTP, 2-hydroxy-2'-deoxyadenosine triphosphate
(2-OH-dATP) and 2-OH-ATP (3,4); (ii)) inosine
triphosphatase encoded by ITPA gene for deaminated
purine nucleoside triphosphates such as 2'-deoxyinosine
triphosphate  (dITP), ITP and 2'-deoxyxanthosine
triphosphate (dXTP) and XTP (5,6); and (iii) a newly dis-
covered enzyme, dCTP pyrophosphatase encoded by
DCTPPI gene for halogenated dCTPs such as 5-iodo-2'-
deoxycytidine triphosphate (7).

To clarify the biological significance of the damaged
nucleotides and the enzymes that eliminate them, we had
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