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a b s t r a c t

Mutations are rare in normal cells. In contrast, multiple mutations are characteristic in most

tumors. Previously we proposed a “mutator phenotype” hypothesis to explain how pre-

cancer cells may acquire large number of mutations during carcinogenesis. Here we extend

the “mutator phenotype” hypothesis considering recently discovered biochemical activities
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whose aberrant expression may result in genome-wide random mutations. The scope of this

article is to emphasize that simple random point mutations can drive carcinogenesis and

highlight new emerging pathways that generate these mutations. We focus specifically on

random point mutations generated by replication errors, oxidative base damage, covalent

base modifications by enzymes, and spontaneously generated abasic sites as a source of

mutator mutants.

© 2005 Published by Elsevier B.V.
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1. Introduction

Carcinogenesis is a multi-step process in which cancer cells
evolve from a single, normal diploid stem cell by succes-
sive rounds of clonal selection. Normal stem cells can be
transformed to impending cancer cells spontaneously or by
environmental carcinogens. These pre-cancerous cells typ-
ically do not have a diagnostic phenotype. In the case of
solid tumors, it may take more than 20 years from the
time cancer progenitor cells are formed by carcinogen expo-
sure to the clinical appearance of a tumor. During this
time there occurs sequential rounds of clonal evolution, in
which a single stem cell is expanded by stepwise selection
to populate a tumor. Successive waves of clonal expansion
and selection of pre-cancerous cells expressing key muta-
tions (within oncogenes and tumor-suppressor genes) drive
tumor progression. It is has been postulated that in labora-
tory models at least six altered cellular phenotypes must be
expressed [1] implying that at least six different metabolic
pathways are altered. Analysis of cancer deaths as a func-
tion of age shows that between two and ten events, presum-
ably mutations, are necessary to produce most adult human
cancers. Since mutations are random events. We desire to
know the source of the large number of mutations that are
required to generate the key mutations that determine tumor
phenotypes.
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Fig. 1 – The maintenance of the genome is ensured by high
fidelity DNA synthesis, DNA repair systems, cell cycle
checkpoints, and apoptosis. Deregulation of any of these
pathways can be achieved via induced or spontaneous
gene mutation and results in the acquisition of a mutator
phenotype, and thus an increase in the rate of
mutagenesis. The increased mutational load enhances the
probability of generating mutations in proto-oncogenes and
tumor-suppressor genes. This can lead to the clonal
proliferation and selection of a series of lineages resulting
in malignancy. In principle an elevated rate of mutation,
need not always result in malignancy. Rather, intact
genomic integrity pathways that were activated via an
increase in mutational load can halt carcinogenesis by
triggering apoptosis or cellular senescence.

2. Misincorporation and unrepaired DNA
lesions may drive origin of cancer cell lineages

On undamaged DNA templates, the accuracy of replicative
DNA polymerases is approximately one misincorporation
event per 105–106 nucleotides polymerized [3]. Errors in DNA
synthesis, coupled to excision events by proof reading exonu-
clease activity and mismatch repair (estimated to contribute
further about 100–1000-fold toward accuracy of DNA synthe-
sis), are infrequent enough to account for the low mutation
rates in normal human somatic cells [3]. Thus, in principle
one can account for the accuracy of DNA replication by stud-
ies with purified components. A reduction in the accuracy of
DNA replication can be a major source of spontaneous muta-
genesis.

Endogenous and environmental agents constantly damage
the human genome and this damage needs to be repaired
prior to cell division. Normal human cells are very proficient
at the repair of DNA damage and additional processes prevent
the accumulation of mutations during development by regen-
eration and replacement of tissues. One can envision that
the overall mutation rate in cells is governed by equilibrium
In most tumors, cancer cells are phenotypically hetero-
eneous and exhibit alterations in the nucleotide sequence
f genomic DNA and multiple chromosomal abnormalities;
hese continue to accumulate spontaneously towards more
nd more malignant phenotypes. Given, however, that normal
uman cells replicate their DNA with exceptional accuracy,

ncorporating approximately one random error during DNA
eplication, it would be expected that each cell could amass
nly 1–2 mutant genes during its life span [2]. Thus, only if the
utations occurred exclusively on specific oncogenes and/or

umor-suppressor genes could one account for the 2–10 rate
imiting changes that occur during tumorigenesis. Instead,
e observe thousands of mutations in cancer cells, and we
ypothesize that only a few of these occur at specific sites. In
rder to account for the large number of mutations present

n tumors, we propose that early during tumorigenesis; pre-
ancer cells must exhibit a mutator phenotype. By elevating
he mutation rate, the probability of generating mutations in
ncogenes and tumor-suppressor genes increases, and this
an lead to clonal proliferation and selection of sequential
ineages resulting in malignancy. However, an elevated rate
f mutation not only leads to cancer but can also increase
he incidence of apoptosis and senescence or affect other
ey pathways and thus the acquisition of a mutator phe-
otype may not always advance cells towards malignancy

Fig. 1).
In this minireview we emphasize simple point mutations

random mutations) as the source for the induction of mutator
henotype. We consider recent studies that unveil new mech-
nisms for the generation of genetic instability, and studies
hat extensively evaluate tumors for the presence of clonal

utations. Lastly, we consider the implication of multiple ran-
om mutations in tumors.
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between mechanisms that generate changes in DNA sequence
(DNA damage and errors in DNA synthesis), counterbalanced
by the efficiency of DNA repair. In normal human cells, the
protective shield provided by DNA repair pathways is exten-
sive, and consequently the majority of lesions are excised
during DNA replication and therefore mutations in normal
cells are exceedingly rare event. Mutations that inactivate DNA
repair enzymes have been demonstrated in rare recessive dis-
eases, the classical prototype is xeroderma pigmentosum (XP),
in which there is a 1000-fold increase in skin cancer. Such
inherited rare diseases have provided definitive evidence for
the association of deficits in DNA repair with increased inci-
dence of human cancers. On the other hand, the evidence for
the involvement of mechanisms that generate mutations, i.e.
mutator mutants is less well established.

3. Cellular origin of human cancers

It has been hypothesized that many cancers arise from
stem cells and evidence toward cancer-stem cell hypothe-
sis has continued to accumulate [4,5]. First, stem cells iso-
lated from acute myelogenous leukemia (AML) and breast
cancers form tumors when introduced into NOD/SCID mice
that are immunologically defective [6,7]. Second, Kielman et al.
reported that embryonic stem cells (ES cells) with mutations
in APC (found in human colorectal cancer) could no longer

changes. This includes simple point mutations, changes in the
number of repetitive DNA sequences termed microsatellites
(MIN or MSI) as well as rearrangements, losses, and gains of
large segments of DNA within chromosomes termed chromo-
somal instability (CIN).

The MIN phenotype has been most clearly observed in
individuals with hereditary non-polyposis coli (HNPCC) that
harbor mutations in mismatch repair genes. This instabil-
ity occurs in repetitive sequences both in exons and introns.
Furthermore, smaller degrees of changes in lengths of repet-
itive sequences are observed in many other tumors. Some
of these alterations are associated with decreased expres-
sion or aberrant methylation of mismatch repair genes. It has
been implied that microsatellite instability is generated by
slippage of DNA polymerases during copying of simple tan-
dem repeats and thus repetitive sequences are hot spots for
mutagenesis. So far, we lack definitive evidence for mutations
in DNA polymerases in tumors that exhibit MIN phenotype.
The prevalence of microsatellite instability in tumors harbor-
ing mutations in mismatch repair genes (listed in [13]) pro-
vides an important indicator of the pervasiveness of MIN in
tumors.

The CIN phenotype is characterized by alterations in large
segments of chromosomes including: losses, gains, transloca-
tions, inversions, deletions and amplifications [14,15]. Unlike
cancer cells with MIN phenotype, which are frequently diploid,
cells exhibiting the CIN phenotype are usually aneuploid. The
differentiate into various cellular lineages. They hypothesize
that APC mutations prevent embryonic signaling cues for dif-
ferentiation into different cellular lineages and confer a stem
cell-like phenotype [8]. Third, Hemmati et al. investigated the
properties of different pediatric brain tumors (medulloblas-
toma, astrocytoma and glioma) and observed that tumor-
progenitor cells were multi-potent. As xenografts in neonatal
rat brains they differentiated into neurons and glial cells [9].
Furthermore, Singh et al. isolated from human medulloblas-
tomas and glioblastomas, tumor-initiating CD133+ cells which
after injection into brain of SCID mice formed tumors [10].
These empirical observations indicate that some human can-
cers may arise from totipotent cells. Until recently mutation
rates and DNA repair capacity of stem cells have not been
delineated. Cervantes et al. now report that mutation rate of
mouse embryonic stem cell is 10–100-fold less than that in
mouse embryonic fibroblasts [11]. This important study needs
to be verified with other markers and extended to human
stem cells. These results, if extrapolated to human stem cells
that are the progenitors of cancer, indicates that it is even
more unlikely that normal mutation rates can generate the
large numbers of mutations required to form tumors. It can
be argued that long-lived stem cells would accumulate DNA
damage and special mechanisms would be required to guaran-
tee that this damage is not passed on to daughter cells. Cairns
has postulated that stem cells keep the same parental DNA
strands through successive divisions [12].

4. Characterization of mutator phenotypes

Mutator phenotype and genetic instability are general con-
cepts associated with an accumulation of random genetic
majority of human cancers display a CIN phenotype and har-
bor anueploid cells [16]. Duesberg and coworkers have argued
that aneuploidy is the somatic event that initiates tumorige-
nesis [17,18]. Recently, Rahman and coworkers have provided
evidence supporting the link between aneuploidy and cancer,
they reported biallelic mutations in spindle checkpoint gene
BUB1B is associated with aneuploidy in a human disease, MVA
(mosaic-variegated aneupoidy) [19]. MVA is a rare recessive
disease characterized by early onset of cancer. Thus in at least
one rare inherited disease, mutations in a gene that affects
chromosomal segregation is associated with human cancer
[19].

5. Mechanisms for acquiring random
mutation in the genome

5.1. Mutations in DNA repair genes can increase
burden of point mutations and thus can initiate
carcinogenesis

Human cells encode proteins that are tailored to specifically
remove different lesions in DNA, e.g. alkylated, abasic and
modified bases are removed by base excision repair (BER), UV-
damaged, cross-linked DNA are eliminated by nucleotide exci-
sion repair (NER) [20]. Increasingly, we are presented with the
evidence that many of the DNA repair proteins are mutated or
inadequately expressed in human tumors, and consequently
resulting in deficits in DNA repair perhaps accounting for or
contributing to mutation accumulation during tumorigenesis.
In each of above repair pathways, hereditary diseases have
been identified that contain mutations in DNA repair pro-
teins. Until recently, the one exception has been BER. However,
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hereditary colon cancers that lack mutations in mismatch
repair proteins have been found to harbor mutations in the
MutY, a DNA glycosylase in the BER pathway. MutY protects
against oxidative damage; deficits in MutY result in G to T
transversions throughout the genome including the APC gene
[21,22].

5.2. Spontaneous mutations generated by low-fidelity
DNA synthesis catalyzed by family Y DNA polymerases

Despite the proficiency of DNA repair in normal human
cells, some DNA lesions escape detection and repair and are
present when cells divide resulting in misincorporation of
non-complementary nucleotides. The classic replicative DNA
polymerases (�, �, and �) stall upon encountering base adducts.
This presented an interesting paradox; many base alterations
that block DNA synthesis by replicative DNA polymerase are
present in cells and yet cells harboring these DNA lesions
replicate their genome and undergo cell division. The recent
discovery of a new family of DNA polymerases (family Y: �, �,
�) known as translesion (or bypass) polymerases and an addi-
tional member of family B known as DNA polymerase �, which
are able to bypass DNA lesions addresses this paradox. The
ability to synthesize past lesions thus provides a backup mech-
anism for rescue of stalled replication forks [23–26]. One model
for lesion bypass suggests that at stalled replication forks,
family Y DNA polymerases are recruited to bypass the DNA
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DNA polymerase � efficiently bypasses abasic site, 2-acetyl-
aminofluorene (AAF), oxygen-damaged thymine (thymine gly-
cols), 1,N6-ethenodeoxyadenosine and base adduct gener-
ated by polycyclic hydrocarbons (benzo[a]pyrene, (B[a]P) that
are present in tobacco smoke and environmental pollutants
[40–45]. Murine cells lacking Pol � are highly sensitive to killing
and mutagenesis by B[a]P and in contrast to wild type cells, Pol
� deficient cells fail to recover from S-phase arrest after treat-
ment with B[a]P-dihydrodiol epoxide [46,47]. Mutagenic prop-
erties of Pol � may arise from its proficient ability to extend
from both damaged and undamaged mispaired primer ter-
mini [48,49]. Thus the benefit of ensuring continuity of DNA
synthesis by copying the damaged DNA template may result
in generation of spontaneous mutations.

5.3. Unusual biochemical activities of family X DNA
polymerases

DNA polymerases �, 	, and terminal transferase (TdT) belong
to the family X DNA polymerases which includes DNA
polymerase-
. Pols � and 	 have been implicated in non-
homologous end joining pathway of double-strand break
repair and V(D)J recombination, respectively [50]. TdT is
expressed only in lymphoid cells, incorporates deoxynu-
cleotides on to a primer in a template-independent man-
ner, and plays a pivotal role in diversification of variable
region of immunoglobulins during V(D)J recombination [51].
esion, which is followed by resumption of processive DNA
ynthesis by replicative DNA polymerases [27]. The bypass
olymerases are perhaps one of the major constitutive sources
or the generation of spontaneous random mutations — this
s clearly the case in bacteria and yeast but remains to be ade-
uately demonstrated in human cells [28]. The Y-family DNA
olymerases synthesize DNA with very low-fidelity using both
amaged and undamaged DNA templates. Their fidelity has
een estimated to be ∼1000–4000-fold lower than the replica-
ive DNA polymerases [29]. Loss of Pol � expression in XP-V
atients results in a 1000-fold increase in the incidence of
kin cancers after UV exposure [30]. It is has been postulated
hat spontaneous skin cancers are also associated with muta-
ion and/or diminished production of Pol � [31–33]. Synthesis
ast the UV-lesions is also presumed to occur through collab-
ration with another error-prone bypass DNA polymerase, Pol
. Considering the large number of bypass polymerases, the

echanism for specificity and recruitment is likely to be more
omplex.

DNA polymerase � exhibits the lowest fidelity amongst
nown DNA polymerases [34]. Under certain conditions
ol � is able to bypass abasic, 8-oxo-dG, and N-acetyl-2-
minofluorene-dG lesions [35]. The UV-induced cyclobutane
imers (CPD) blocks Pol �; bypass is inefficient and occurs in
n error-prone manner and is dependent on the sequence
anking the lesion [36,37]. It has been suggested that Pol �

s required for somatic hypermutation in human cells but
aybe dispensable in murine cells [38,39]. Because Pol � vio-

ates “Watson–Crick” base pairing complementarity rule dur-
ng replication of template thymine and is highly error-prone

hile synthesizing past damaged or undamaged DNA, it has
een suggested that Pol � activity may be a major factor in
enerating spontaneous mutations [34].
The constitutive expression of TdT serves as a useful diag-
nostic marker for lymphoblastic lymphomas [52]. Pols � and
	 possess exceptionally low-fidelity which is biased toward
generation of frameshift mutations [53–55]. They proficiently
bypass abasic sites and other DNA lesions by template slip-
page, microhomology-mediated template misalignment or
DNA looping [56–59]. These enzymes have been reported to
exhibit unusual biochemical properties; they initiate DNA syn-
thesis de novo, synthesize unusual structures especially at
the site of DNA lesion or double-strand breaks and incor-
porate ribonucleotides in vitro onto a primer in a template-
independent manner (Pol 	 only) [59,60]. Based on their
exceptionally low-fidelity and atypical polymerase activities,
Hubscher and coworkers have proposed a model where the
unusual DNA structures synthesized by Pols � and 	 at the
site of DNA lesions may act as signal for recruitment of DNA
damage checkpoint pathways [60]. Therefore, the proposed
processing of double-strand breaks by Pols �, 	 and TdT is a
highly mutagenic event leading to generation of large number
of mutations.

Recently Albertella and coworkers have reported a com-
prehensive gene expression analysis of DNA polymerases
in matched normal and malignant tissues. Family X DNA
polymerases 
, � and family Y DNA polymerase �, were fre-
quently overexpressed, whereas family-Y DNA polymerase
� and replicative DNA polymerases � and � were underex-
pressed [61]. The most compelling evidence for the involve-
ment of family X polymerases in human cancer is detec-
tion of expression of mutant/variant forms of DNA poly-
merases 
 in ∼30% (44/149) human cancer [62]. It would
be interesting to determine any correlation between expres-
sion levels of different polymerases and their effect on
mutagenesis.
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6. Mutagenesis by activation-induced
cytosine deaminase (AID)

In at least one mammalian tissue, mutagenesis is an impor-
tant physiological mechanism that generates diversity. B cell
lymphocytes generate diverse panels of low affinity anti-
bodies. Upon antigenic-stimulation, antibodies with progres-
sively higher affinity are produced by class switching and
then followed by somatic hypermutation. Recently, activation-
induced cytidine deaminase (AID) has been identified as the
key enzyme required for generation of high affinity antibod-
ies. AID is a member of RNA-editing APOBEC-1 family. It is
expressed specifically in the germinal center B cells but has
been also been detected in low levels in other tissues [63,64].
AID deaminates cytidine residues in DNA resulting in U:G mis-
matches that are substrates for base excision repair in the
targeted sequences [65]. Constitutive expression of AID has
also been detected in B cell non-Hodgkin lymphomas and high
expression levels have been reported in chronic lymphocytic
leukemia [66–68]. AID activity has been reported to be essential
for c-myc/IgH chromosomal translocations that are diagnostic
of Burkitt’s lymphoma [69].

Ectopic expression of AID and APOBEC-1 family members
in Escherichia coli, mouse pre-B cell line (AID), human B cell and
non-B cell lines (AID) result in elevation of mutation frequency
of DNA targets [65,70–72]. Liver-specific expression of APOBEC-

8. Mutator phenotype hypothesis versus
cellular proliferation and selection hypothesis

To explain the empirical observation that tumor cells harbor
large number of mutations, we have previously proposed that
cancer progenitor cells must express a “mutator phenotype”
which drives selection and evolution of cells to those with
unlimited growth potential. The mutator phenotype hypothe-
sis proposed that spontaneous mutations in genome-stability
genes, for e.g. DNA polymerases, DNA repair enzymes, DNA
damage checkpoint control and chromosome segregation,
results in a state of hyper-mutagenesis that increases the
probability of acquiring additional random mutations. The
random mutations drive the clonal selection for cells with
neoplastic properties [78]. Even if expression of mutator phe-
notype is transient, it is still likely that tumor cells would
contain large numbers of clonal mutations that were ini-
tially generated as random mutations. It can be argued that
a mutator phenotype would generate predominantly muta-
tions that imparted a “reduced fitness” and thus cells bearing
this phenotype would undergo negative clonal selection. How-
ever, mathematical modeling of elevated mutagenesis sug-
gests that negative clonal selection is unlikely to abnegate
mutation accumulation either by cell death or senescence
(Fig. 1) (Beckman and Loeb, Genetics, in press). A more likely
outcome is the persistence of a mutator phenotype during
1 in rabbits and mice can result in liver dysplasia and hepa-
tocellular carcinoma [73]. In another transgenic mice study,
constitutive expression of AID in all tissues resulted in devel-
opment of malignant T-cell lymphomas and micro-adenomas
in lung [74]. These combined experiments suggest that dereg-
ulated expression of AID and APOBEC-1 family members could
result in tumorigenesis by induction of genome-wide random
somatic mutagenesis [75,76].

7. Viral induction of mutator phenotype

The possibility that infection by oncogenic viruses can desta-
bilize cellular genome has been frequently considered but has
lacked experimental evidence. Viral reverse transcriptases can
copy DNA and incorporate non-complementary nucleotides
that induce mutations. A mechanism of tumorigenesis by a
RNA virus designated as “hit-and-run” has received experi-
mental support by Machida et al. Infection with hepatitis C
virus (HCV) both in vitro and in vivo induces mutator phe-
notype [77]. There is a 5–10-fold elevation in the mutation
frequency at multiple loci: Ig heavy chain, BCL-6, p53 and
ˇ-catenin. Direct sequencing of the target genes (BCL-6, p53
and ˇ-catenin) after HCV-infection revealed a wide-spectrum of
mutations including single-base substitutions, deletions and
insertions. There are multiple sources for these mutations.
In tumors (lymphomas and hepatocellular carcinoma) asso-
ciated with HCV-infection, family Y DNA polymerases �, and �

and AID were upregulated. HCV-infection also leads to upreg-
ulation of immunologic (type II) isoform of nitric oxide syn-
thase (iNOS), which generates all forms of reactive nitrogen
species; NO (nitric oxide), nitrites, and nitrates are mutagenic
[77].
tumor progression.
It is instructive to consider arguments against the con-

cept of a mutator phenotype in cancer. First, computational
modeling studies of Tomlinson and Bodmer indicate that
pre-cancerous colonic stem cells need not express a state of
hypermutability to acquire large numbers of new mutations;
the spontaneous mutation rate exhibited by somatic cells
(5 × 10−9/nucleotide/generation) might be adequate. They pos-
tulate that colonic stem cells could undergo several thousand
rounds of cell division during a human life span. This model
could be sufficient to account for mutations in rapidly dividing
tissue that exfoliate but seems inadequate for tissues in which
only a small fractions of cells divide such as in liver [79,80].

Second, Wang et al. sequenced 3.2 megabases of exonic
DNA from 12 tumor cell lines and revealed only three
tumor-specific coding mutations [76]. The authors conclude
that because cells lining the intestinal epithelium periodi-
cally regenerate therefore the small number of substitutions
observed could result from normal mutation rates. However,
when this mutation frequency is extrapolated genome-wide;
the tumor genome could harbor 3000 mutations. The limi-
tation of their DNA sequencing protocol is the inability to
detect random mutations that have occurred after the last
few rounds of clonal selection. With DNA sequencing only the
most frequent mutation at any position would be detected.

Third, Futreal et al. compiled a comprehensive catalog of
genes mutated in human cancer from published literature
[81]. Only 1% (291) of human genes in tumors harbor clonal
mutations, predominantly within gene families that include
protein kinases, transcriptional regulators, and DNA binding
proteins. Mutations in genes directly involved in maintenance
of DNA sequence integrity like mismatch repair, base exci-
sion repair and nucleotide excision repair only accounted for a
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very minor fraction. Two points emerge from the above study
which argues against the mutator phenotype hypothesis: (1)
only a small number of point mutations have been reported
in tumors and (2) mutations in genes responsible for mainte-
nance of DNA sequence integrity are rarely found in human
tumors. Human tumor tissue comprises of genetically hetero-
geneous cells and it is possible that some cells may harbor
multiple mutations in genome-stability genes and only those
that are present in majority of cells would be detectable by
direct DNA sequencing.

9. Random mutations in non-coding
sequence

We have postulated that random mutations drive the expres-
sion of a mutator phenotype and underlie mechanisms that
generate tumor heterogeneity. The human genome is com-
prised mostly of non-coding sequence and probability of
acquiring random deleterious mutations in these sequences
is much lower compared to coding sequences. Thus it seems
reasonable to assume that random mutations should prefer-
entially accumulate in non-coding DNA in tumors and recent
techniques have made in feasible to verify this assumption
[82]. However, non-coding segments of DNA may also be sub-
ject to selection and mutations may have deleterious effects,
for example: (1) mutations in enhancer and promoter regions
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are resistant to any drug. During treatment these cells would
have a selective growth advantage, which could account for
the ability of tumors to evade cancer chemotherapy. Second,
if a mutator phenotype is expressed and required throughout
tumor progression, then agents that inhibit mutation accu-
mulation might delay tumor progression. Third, if cancer cells
contain large numbers of random mutations then an increase
in mutation frequency might selectively kill cancer cells by
exceeding the error threshold required for cell viability. Many
cancer chemotherapeutic agents are mutagens and mutation
induction may account for their selectivity.

Acknowledgements

Work supported in the authors’ laboratory is funded by the
National Institutes of Health (CA 102029). J.B. is supported by
a postdoctoral fellowship from the Natural Sciences and Engi-
neering Research Council of Canada.

r e f e r e n c e s

[1] P. Armitage, R. Doll, The age distribution of cancer and a
multi-stage theory of carcinogenesis, Br. J. Cancer 8 (1954)
1–12.
an modify temporal and spatial control of gene expres-
ion pattern. Further, if mutations are localized in regulatory
egions such as insulator or heterochromatin, which can alter
hromatin structure and perhaps global gene expression pat-
ern and may initiate unscheduled epigenetic events. A prece-
ent for such mechanism has already been reported in some
poradic colon cancers, where both alleles of MLH1 gene pro-
oter has been inactivated by methylation resulting in loss of

xpression of MLH1 gene [83,84]; (2) mutations in the intronic
egions can affect splice-site selection resulting in aberrantly
pliced message and non-functional protein preferentially in
ancer cells [85]; (3) mutation in non-coding 5′ and 3′ untrans-
ated regions can affect message stability and/or half-life of
he proteins [86–89]; (4) mutations in the tRNA can result in
lobal mutagenesis at the protein level that would be unde-
ectable by direct DNA sequencing of genes. Such mutators
ave been described in E. coli and pathological consequences
f tRNA mutations (nuclear and mitochondrial) in humans are
nknown. Rare spontaneous mitochondrial tRNA mutations
ave been found in patients with cancer susceptibility and
eurological dysfunction [90,91]. If the aforementioned muta-
ions are clonal in tumors they should yield clues towards the
unction of non-coding sequences in cellular metabolism.

0. Consequences of a mutator phenotype
n cancer

here are at least three important consequences that can be
voked when one considers the presence of large numbers
f random mutations in cancer cells. First, if indeed thou-
ands of random mutations are present within each cancer
ell, then a tumor containing 109 cells would harbor cells that
[2] A.L. Jackson, L.A. Loeb, The mutation rate and cancer,
Genetics 148 (1998) 1483–1490.

[3] T.A. Kunkel, K. Bebenek, DNA replication fidelity, Annu.
Rev. Biochem. 69 (2000) 497–529.

[4] B.J.P. Huntly, D.G. Gilliland, Leukaemia stem cells and the
evolution of cancer-stem-cell research, Nat. Rev. Cancer 5
(2005) 311–321.

[5] T. Reya, H. Clevers, Wnt signalling in stem cells and
cancer, Nature 434 (2005) 843–850.

[6] D. Bonnet, J.E. Dick, Human acute myeloid leukemia is
organized as a hierarchy that originates from a
primitive hematopoietic cell, Nat. Med. 3 (1997)
730–737.

[7] M. Al-Haji, M.S. Wicha, A. Benito-Hernandez, S.J. Morrison,
M.F. Clarke, Prospective identification of tumorigenic
breast cancer cells, Proc. Natl. Acad. Sci. U.S.A. 100 (2003)
3983–3988.

[8] M.F. Kielman, M. Rindapaa, C. Gaspar, N. van Poppel, C.
Breukel, S. van Leeuwen, M.M. Taketo, S. Roberts, R. Smits,
R. Fodde, Apc modulates embyonic stem-cell
differentiation by controlling the dosage of 
-catenin
signaling, Nat. Genet. 32 (2002) 594–605.

[9] H.D. Hemmati, I. Nakano, J.A. Lazareff, M.
Masterman-Smith, D.H. Geschwind, M. Bronner-Fraseer,
H.I. Kornblum, Cancerous stem cells can arise from
pediatric brain tumors, Proc. Natl. Acad. Sci. U.S.A. 100
(2003) 15178–15183.

[10] S.K. Singh, C. Hawkins, I.D. Clarke, J.A. Squire, J. Bayani, T.
Hide, R.M. Henkelman, M.D. Cuismano, P.B. Dirks,
Identification of human brain tumour initiating cells,
Nature 432 (2004) 396–401.

[11] R.B. Cervantes, J.R. Stringer, C. Shao, J.A. Tischfield, P.J.
Stambrook, Embryonic stem cells and somatic cells differ
in mutation frequency and type, Proc. Natl. Acad. Sci.
U.S.A. 99 (2002) 3586–3590.

[12] J. Cairns, Somatic stem cells and the kinetics of
mutagenesis and carcinogenesis, Proc. Natl. Acad. Sci.
U.S.A. 99 (2002) 10567–10570.



300 d n a r e p a i r 5 ( 2 0 0 6 ) 294–302

[13] A.L. Jackson, L.A. Loeb, The contribution of endogenous
sources of DNA damage to the multiple mutations in
cancer, Mutat. Res. 477 (2001) 187–198.

[14] C. Lengauer, K.W. Kinzler, B. Vogelstein, Genetic instability
in colorectal cancers, Nature 386 (1997) 623–627.

[15] H. Rajagopalan, M.A. Nowak, B. Vogelstein, C. Lengauer,
The significance of unstable chromosomes in colorectal
cancer, Nat. Rev. Cancer (2003) 695–701.

[16] M. Perucho, Cancer of the microsatellite mutator
phenotype, Biol. Chem. 377 (1996) 675–684.

[17] R. Li, A. Sonik, R. Stindl, D. Rasnick, P. Duesberg,
Aneuploidy vs. gene mutation hypothesis of cancer: recent
study claims mutation but is found to support aneuploidy,
Proc. Natl. Acad. Sci. U.S.A. 97 (2000) 3236–3241.

[18] P. Duesberg, C. Rausch, D. Rasnick, R. Hehlmann, Genetic
instability of cancer cells is proportional to their degree of
aneuploidy, Proc. Natl. Acad. Sci. U.S.A. 95 (1998)
13692–13697.

[19] S. Hanks, K. Coleman, S. Reid, A. Plaja, H. Firth, D.
Fitzpatrick, A. Kidd, K. Mehes, R. Nash, N. Robin, N.
Shannon, J. Tolmie, J. Swansbury, A. Irrthum, J. Douglas, N.
Rahman, Constitutional aneuploidy and cancer
predisposition caused by biallelic mutations in BUB1B, Nat.
Genet. 36 (2004) 1159–1161.

[20] J.H. Hoeijmakers, Genome maintenance mechanisms for
preventing cancer, Nature 411 (2001) 366–374.

[21] K. Shinmura, S. Yamaguchi, T. Saitoh, T. Kohno, J. Yokota,
Somatic mutations and single nucleotide polymorphisms
of base excision repair genes involved in the repair of
8-hydroxyguanine in damaged DNA, Cancer Lett. 166
(2001) 65–69.

pressure, and plasma renin and plasma lipid levels, J. Clin.
Pharmacol. 26 (1986) 258–263.

[33] T. Itoh, S. Linn, R. Kamide, H. Tokushige, N. Katori, Y.
Hosaka, M. Yamaizumi, Xeroderma pigmentosum variant
heterozygotes show reduced levels of recovery of
replicative DNA synthesis in the presence of caffeine after
ultraviolet irradiation, J. Invest. Dermatol. 115 (2000)
981–985.

[34] Y. Zhang, F. Yuan, X. Wu, Z. Wang, Preferential
incorporation of G opposite template T by the low-fidelity
human DNA polymerase iota, Mol. Cell. Biol. 20 (2000)
7099–7108.

[35] Y. Zhang, F. Yuan, X. Wu, J.-S. Taylor, Z. Wang, Response of
human DNA polymerase � to DNA lesions, Nucleic Acids
Res. 29 (2001) 928–935.

[36] A. Tissier, E.G. Frank, J.P. McDonald, S. Iwai, F. Hanaoka, R.
Woodgate, Misinsertion and bypass of thymine–thymine
dimers by human DNA polymerase �, EMBO J. 19 (2000)
5259–5266.

[37] A. Vaisman, C. Masutani, F. Hanaoka, S.G. Chaney, Efficient
translesion replication past oxaliplatin and cisplatin GpG
adducts by human DNA polymerase eta, Biochemistry 39
(2000) 4575–4580.

[38] A. Faill, S. Aoufouchi, E. Flathr, Q. Gueranger, C.-A.
Reynaud, J.-C. Weil, Induction of somatic hypermutation in
immunoglobulin genes is dependent on DNA polymerase
�, Nature 419 (2002) 944–947.

[39] J.P. McDonald, E.G. Frank, B.S. Plosky, I.B. Rogozin, M.C.F.
Hanaoka, R. Woodgate, P.J. Gearhart, 129-Derived strains of
mice are deficient in DNA polymerase � and have normal
immunoglobulin hypermutation, J. Exp. Med. 198 (2003)
[22] N. Al-Tassan, N.H. Chmiel, J. Maynard, N. Fleming, A.L.
Livingston, G.T. Williams, A.K. Hodges, D.R. Davies, S.S.
David, J.R. Sampson, J.P. Cheadle, Inherited variants of
MYH associated with somatic G:C → T:A mutations in
colorectal tumors, Nat. Genet. 30 (2002) 227–232.

[23] C. Masutani, R. Kusumoto, S. Iwai, F. Hanaoka,
Mechanisms of accurate translesion synthesis by human
DNA polymerase eta, EMBO J. 19 (2000) 3100–3109.

[24] Z. Livneh, DNA damage control by novel DNA
polymerases: translesion replication and mutagnesis, J.
Biol. Chem. 276 (2001) 25639–25642.

[25] E.C. Friedberg, R. Wagner, M. Radman, Specialized DNA
polymerases, cellular survival, and the genesis of
mutations, Science 296 (2002) 1627–1630.

[26] M.F. Goodman, B. Tippin, The expanding polymerase
universe, Nat. Rev. Mol. Cell. Biol. 1 (2000) 101–109.

[27] L. Haracska, I. Unk, R.E. Johnson, E. Johansson, P.M.
Burgers, S. Prakash, L. Prakash, Roles of yeast DNA
polymerases delta and zeta and of Rev1 in the bypass of
abasic sites, Genes Dev. 15 (2001) 945–954.

[28] E.C. Friedberg, R. Wagner, M. Radman, Specialized DNA
polymerases, cellular survival, and the genesis of
mutations, Science 296 (2002) 1627–1630.

[29] T. Matsuda, K. Bebenek, C. Masutani, F. Hanaoka, T.A.
Kunkel, Low fidelity DNA synthesis by human DNA
polymerase-eta, Nature 404 (2000) 1011–1013.

[30] J.E. Cleaver, K.H. Kraemer, Xeroderma pigmentosum, in:
C.R. Scriver, A.L. Beudet, W.S. Sktm, D. Valle (Eds.),
Metabolic Basis of Inherited Disease, McGraw-Hill, New
York, NY, 1989, pp. 2949–2971.

[31] C. Masutani, R. Kusumoto, A. Yamada, N. Dohmae, M.
Yokoi, M. Yuasa, M. Araki, S. Iwai, K. Takio, F. Hanaoka,
The XPV (xeroderma pigmentosum variant) gene encodes
human DNA polymerase eta, Nature 399 (1999)
700–704.

[32] B.F. Johnson, B. Weiner, R. Marwaha, J. Johnson, The
influence of pindolol and hydrochlorothiazide on blood
635–643.
[40] Y. Zhang, F. Yuan, X. Wu, M. Wang, O. Rechkoblit, J.-S.

Taylor, N.E. Geacintov, Z. Wang, Error-free and error-prone
lesion bypass by human DNA polymerase k in vitro,
Nucleic Acids Res. 28 (2000) 4138–4146.

[41] V.L. Gerlach, W.J. Feaver, P.L. Fischhaber, E.C. Friedberg,
Purification and characterization of pol kappa, a DNA
polymerase encoded by the human DINB1 gene, J. Biol.
Chem. 276 (2001) 92–98.

[42] R.L. Levine, H. Miller, A. Grollman, E. Ohashi, H. Ohmori,
C. Masutani, F. Hanaoka, M. Moriya, Translesion DNA
synthesis catalyzed by human pol eta and pol kappa
across 1,N6-ethenodeoxyadenosine, J. Biol. Chem. 276
(2001) 18717–18721.

[43] P.L. Fischhaber, V.L. Gerlach, W.J. Feaver, Z. Hatahet, S.S.
Wallace, E.C. Friedberg, Human DNA polymerase �

bypasses and extends beyond thymine glycols during
translesion synthesis in vitro, preferentially incorporating
correct nucleotides, J. Biol. Chem. 277 (2002) 37604–37611.

[44] O. Rechkoblit, Y. Zhang, D. Guo, Z. Wang, S. Amin, J.
Krzeminsky, N. Louneva, N.E. Geacintov, Trans-lesion
synthesis past bulky benzo[a]pyrene diol epoxide N2-dG
and N6-dA lesions catalyzed by DNA bypass polymerases,
J. Biol. Chem. 277 (2002) 30488–30494.

[45] S. Avkin, M. Goldsmith, S. Velasco-Miguel, N. Geacintov,
E.C. Friedberg, Z. Livneh, Quantitative analysis of
translesion DNA synthesis across a
benzo[a]pyrene-guanine adduct in mammalian cells, J.
Biol. Chem. 279 (2004) 53298–53305.

[46] T. Ogi, Y. Shinkai, K. Tanaka, H. Ohmori, Pol � protects
mammalian cells against the lethal and mutagenic effects
of benzo[a]pyrene, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
15548–15553.

[47] X. Bi, D.M. Slater, H. Ohmori, C. Vaziri, DNA polymerase
kappa is specifically required for recovery from the
benzo[a]pyrene-di-hydrodiol epoxide (BPDE)-induced
S-phase checkpoint, J. Biol. Chem. 280 (2005) 22343–22355.



d n a r e p a i r 5 ( 2 0 0 6 ) 294–302 301

[48] M.T. Washington, R.E. Johnson, S. Prakash, L. Prakash,
Accuracy of thymine–thymine dimer bypass by
Saccharomyces cerevisiae DNA polymerase eta, Proc. Natl.
Acad. Sci. U.S.A. 97 (2000) 3094–3099.

[49] L. Haracska, L. Prakash, S. Prakash, Role of human DNA
polymerase � as an extender in translesion synthesis,
Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 16000–16005.

[50] K. Ramadan, I. Shevelev, U. Hubscher, The
DNA-polymerase-X family: controllers of DNA quality?
Nat. Mol. Cell. Biol. 5 (2004) 1038–1043.

[51] L.M. Chang, F.J. Bollum, Molecular biology of terminal
transferase, CRC Crit. Rev. Biochem. 21 (1986) 27–52.

[52] J. Suzumiya, K. Ohshima, M. Kikuchi, M. Takeshita, M.
Akamatsu, K. Tashiro, Terminal deoxynucleotidyl
transferase staining of malignant lymphomas in paraffin
sections: a useful method for the diagnosis of
lymphoblastic lymphoma, J. Pathol. 182 (1997) 86–91.

[53] Y. Zhang, X. Wu, F. Yuan, Z. Xie, Z. Wang, Highly frequent
frameshift DNA synthesis by human DNA polymerase 	,
Mol. Cell. Biol. 23 (2001) 7995–8006.

[54] B. Tippin, S. Kobayashi, J.G. Bertram, M.F. Goodman, To slip
or skip, visualizing frameshift mutation dynamics for
error-prone DNA polymerases, J. Biol. Chem. 279 (2004)
45360–45368.

[55] K. Bebenek, M. Garcia-Diaz, L. Blanco, T.A. Kunkel, The
frameshift infidelity of human DNA polymerase lambda.
Implications for function, J. Biol. Chem. 278 (2003)
34685–34690.

[56] J.-B. Duvauchele, L. Blanco, R.P.P. Fuchs, A.M. Cordonnier,
Human DNA polymerase mu (Pol 	) exhibits an unusual
replication slippage ability at AAF lesion, Nucleic Acids

M.J. Keating, L.V. Abruzzo, High expression of
activation-induced cytidine deaminase (AID) and splice
variants is a distinctive feature of poor-prognosis chronic
lymphocytic leukemia, Blood 101 (2003) 4903–4908.

[67] J. Greeve, A. Philipsen, K. Krause, W. Klapper, K. Heidorn,
B.E. Castle, J. Janda, K.B. Marcu, R. Parwaresch, Expression
of activation-induced cytidine deaminase in human
B-cell non-Hodgkin lymphomas, Blood 101 (2003)
3574–3580.

[68] P. Oppezzo, F. Vuillier, Y. Vasconcelos, G. Dumas, C.
Magnac, B. Payelle-Brogard, O. Pritsch, G. Dighiero, Chronic
lymphocytic leukemia B cells expressing AID display
dissociation between class switch recombination and
somatic hypermutation, Blood 101 (2003) 4029–4032.

[69] A.R. Ramiro, M. Jankovic, T. Eisenreich, S. Difilippantonio,
S. Chen-Kiang, M. Muramatsu, T. Honjo, A. Nussenzweig,
M.C. Nussenzweig, AID is required for c-myc/IgH
chromosome translocations in vivo, Cell 118 (2004)
431–438.

[70] R.S. Harris, S.K. Petersen-Mahrt, M.S. Neuberger, RNA
editing enzyme APOBEC1 and some of its homologs can
act as DNA mutators, Mol. Cell 10 (2002) 1247–1253.

[71] A. Martin, M.D. Scharff, Somatic hypermutation of the AID
transgene in B and non-B cells, Proc. Natl. Acad. Sci.
U.S.A. 99 (2002) 12304–12308.

[72] A. Martin, P.D. Bardwell, C.J. Woo, M. Fan, M.J. Shulman,
M.D. Scharff, Activation-induced cytidine deaminase turns
on somatic hypermutation in hybridomas, Nature 415
(2002) 802–806.

[73] S. Yamanaka, M.E. Balestra, L.D. Ferrell, J. Fan, K.S. Arnold,
S. Taylor, J.M. Taylor, T.L. Innerarity, Apolipoprotein B
Res. 30 (2002) 2061–2067.
[57] Y. Zhang, X. Wu, D. Guo, O. Rechkoblit, J.-S. Taylor, N.

Geacintov, Z. Wang, Lesion bypass activities of human
DNA polymerase 	, J. Biol. Chem. 46 (2002) 44582–44587.

[58] G. Blanca, G. Villani, I. Shevelev, K. Ramadan, S. Spadari,
U. Hubscher, G. Maga, Human DNA polymerases � and 


show different efficiencies of translesion DNA synthesis
past abasic sites and alternative mechanisms for
frameshift generation, Biochemistry 43 (2004) 11605–11615.

[59] S. Covo, L. Blanco, Z. Livneh, Lesion bypass by human
DNA polymerase 	 reveals a template-dependent,
sequence-independent nucleotidyl transferase activity, J.
Biol. Chem. 279 (2004) 859–865.

[60] K. Ramadan, I.V. Shevelev, G. Maga, U. Hubscher, De novo
DNA synthesis by human DNA polymerase �, DNA
polymerase 	 and terminal deoxyribonucleotidyl
transferase, J. Mol. Biol. 339 (2004) 395–404.

[61] M.R. Albertella, A. Lau, M.J. O’Connor, The overexpression
of specialized DNA polymerases in cancer, DNA Repair 4
(2005) 583–593.

[62] D. Starcevic, S. Dalal, J.B. Sweasy, Is there a link between
DNA polymerase beta and cancer? Cell Cycle 3 (2004)
998–1001.

[63] T. Muto, M. Muramatsu, M. Taniwaki, K. Kinoshita, T.
Honjo, Isolation, tissue distribution, and chromosomal
localization of the human activation-induced cytidine
deaminase (AID) gene, Genomics 68 (2000) 85–88.

[64] M. Muramatsu, V.S. Sankaranand, S. Anant, M. Sugai, K.
Kinoshita, N.O. Davidson, T. Honjo, Specific expression of
activation-induced cytidine deaminase (AID), a novel
member of the RNA-editing deaminase family in germinal
center B cells, J. Biol. Chem. 274 (1999) 18470–18476.

[65] S.K. Petersen-Mahrt, R.S. Harris, M.S. Neuberger, AID
mutates E. coli suggesting a DNA deamination mechanism
for antibody diversification, Nature 418 (2002) 99–103.

[66] H. McCarthy, W.G. Wierda, L.L. Barron, C.C. Cromwell, J.
Wang, K.R. Coombes, R. Rangel, K.S. Elenitoba-Johnson,
mRNA-editing protein induces hepatocellular carcinoma
and dysplasia in transgenic animals, Proc. Natl. Acad. Sci.
U.S.A. 92 (1995) 8483–8487.

[74] I.M. Okazaki, H. Hiai, N. Kakazu, S. Yamada, M.
Muramatsu, K. Kinoshita, T. Honjo, Constitutive expression
of AID leads to tumorigenesis, J. Exp. Med. 197 (2003)
1173–1181.

[75] S. Anant, N.O. Davidson, Hydrolytic nucleoside and
nucleotide deamination, and genetic instability: a possible
link between RNA-editing enzymes and cancer? Trends
Mol. Med. 9 (2003) 147–152.

[76] T.L. Wang, C. Rago, N. Silliman, J. Ptak, S. Markowitz, J.K.V.
Willson, G. Parmigiani, K.W. Kinzler, B. Vogelstein, V.E.
Velculescu, Prevalence of somatic alterations in the
colorectal cancer cell genome, Proc. Natl. Acad. Sci. U.S.A.
99 (2002) 3076–3080.

[77] K. Machida, K.T.-N. Cheng, V.M.-H. Sung, S. Shimodaira,
K.T. Lindsay, A.M. Levine, M.-Y. Lai, M.M.C. Lai, Hepatitis C
virus induces a mutator phenotype: enhanced mutations
of immunoglobulin and proto-oncogenes, Proc. Natl. Acad.
Sci. U.S.A. 101 (2004) 4262–4267.

[78] L.A. Loeb, K.R. Loeb, J.P. Anderson, Multiple mutations and
cancer, Proc. Natl. Acad. Sci. U.S.A. 100 (2003) 776–781.

[79] I.P. Tomlinson, P. Sasieni, W. Bodmer, How many
mutations in cancer? Am. J. Pathol. 100 (2002) 755–758.

[80] I. Tomlinson, W. Bodmer, Selection, the mutation rate and
cancer: ensuring that the tail does not wag the dog, Nat.
Med. 5 (1999) 11–12.

[81] P.A. Futreal, L. Coin, M. Marshall, T. Down, T. Hubbard, R.
Wooster, N. Rahman, M.R. Stratton, A census of human
cancer genes, Nat. Rev. Cancer 4 (2004) 117–183.

[82] J.H. Bielas, L.A. Loeb, Quantification of random genomic
mutations, Nat. Meth. 2 (2005) 285–290.

[83] M.F. Kane, M. Loda, G.M. Gaida, J. Lipman, R. Mishra, H.
Goldman, J.M. Jessup, R. Kolodner, Methylation of the
hMLH1 promoter correlates with lack of expression of
hMLH1 in sporadic colon tumors and mismatch



302 d n a r e p a i r 5 ( 2 0 0 6 ) 294–302

repair-defective human tumor cell lines, Cancer Res. 57
(1997) 808–811.

[84] J.G. Herman, A. Umar, K. Polyak, J.R. Graff, N. Ahuja, J.P.
Issa, S. Markowitz, J.K. Willson, S.R. Hamilton, K.W.
Kinzler, M.F. Kane, R.D. Kolodner, B. Vogelstein, T.A.
Kunkel, S.B. Baylin, Incidence and functional consequences
of hMLH1 promoter hypermethylation in colorectal
carcinoma, Proc. Natl. Acad. Sci. U.S.A. 95 (1998) 6870–6875.

[85] J.P. Venables, Aberrant and alternative splicing in cancer,
Cancer Res. 64 (2004) 7647–7654.

[86] J. Lasota, J.F. Fetsch, A. Wozniak, B. Wasag, R. Sciot, M.
Miettinen, The neurofibromatosis type 2 gene is mutated
in perineurial cell tumors. A molecular genetic study of
eight cases, Am. J. Pathol. 158 (2001) 1223–1229.

[87] E. Signori, C. Bagni, S. Papa, B. Primerano, M. Rinaldi, F.
Amaldi, V.M. Fazio, A somatic mutation in the 5′UTR of
BRCA1 gene in sporadic breast cancer causes
down-modulation of translation efficiency, Oncogene 20
(2001) 4596–4600.

[88] N. Suraweera, B. Iacopetta, A. Duval, A. Compoint, E.
Tubacher, R. Hamelin, Conservation of mononucleotide
repeats within 3′ and 5′ untranslated regions and their
instability in MSI-H colorectal cancer, Oncogene 20 (2001)
7472–7477.

[89] T. Ruggiero, M. Olivero, A. Follenzi, L. Naldini, R. Calogero,
M.F. Di Renzo, Deletion in a (T)8 microsatellite abrogates
expression regulation by 3′UTR, Nucleic Acids Res. 31
(2003) 6561–6569.

[90] S. Seneca, H. Verhelst, L. De Meirleir, F. Meire, C.
Ceuterick-De Groote, W. Lissens, R. Van Coster, A new
mitochondrial point mutation in the transfer RNA(Leu)
gene in a patient with a clinical phenotype resembling
Kearns-Sayre syndrome, Arch. Neurol. 58 (2001) 1113–1118.

[91] Y. Suzuki, S. Suzuki, M. Taniyama, T. Muramatsu, S. Ohta,
Y. Oka, Y. Atsumi, K. Matsuoka, Multiple tumors in
mitochondrial diabetes associated with tRNALeu(UUR)

mutation at position 3264, Diabetes Care 26 (2003)
1942.


	Generation of mutator mutants during carcinogenesis
	Introduction
	Misincorporation and unrepaired DNA lesions may drive origin of cancer cell lineages
	Cellular origin of human cancers
	Characterization of mutator phenotypes
	Mechanisms for acquiring random mutation in the genome
	Mutations in DNA repair genes can increase burden of point mutations and thus can initiate carcinogenesis
	Spontaneous mutations generated by low-fidelity DNA synthesis catalyzed by family Y DNA polymerases
	Unusual biochemical activities of family X DNA polymerases

	Mutagenesis by activation-induced cytosine deaminase (AID)
	Viral induction of mutator phenotype
	Mutator phenotype hypothesis versus cellular proliferation and selection hypothesis
	Random mutations in non-coding sequence
	Consequences of a mutator phenotype in cancer
	Acknowledgements
	References


