1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Nat Rev Cancer. 2011 June ; 11(6): 450-457. doi:10.1038/nrc3063.

Human cancers express mutator phenotypes: origin,
consequences and targeting

Lawrence A. Loeb
Departments of Pathology and Biochemistry, University of Washington School of Medicine,
Seattle, Washington 98195, USA

Lawrence A. Loeb: laloeb@u.washington.edu

Abstract

Recent data on DNA sequencing of human tumours have established that cancer cells contain
thousands of mutations. These data support the concept that cancer cells express a mutator
phenotype. This Perspective considers the evidence supporting the mutator phenotype hypothesis,
the origin and consequences of a mutator phenotype, the implications for personalized medicine
and the feasibility of ablating tumours by error catastrophe.

Many years ago, | put forth the concept that the mutation rate of nonmalignant cells is
insufficient to generate the large numbers of mutations that are present in human cancers?.
Instead, it was hypothesized that cancers express a mutator phenotype, and as a result
progressively accumulate? large numbers of mutations during tumour progression.

The human genome is dynamic; it is estimated that each cell undergoes >20,000 DNA
damaging events3-> and >10,000 replication errors per cell per day®. As a result, mutations
occur throughout the genome, including in genes that maintain genetic stability. DNA
damage that escapes correction by base excision repair (BER) or nucleotide excision repair
(NER)* can generate misincorporations during DNA replication’. Misincorporations by
mutant DNA polymerases®’ that escape mismatch repair (MMR)38 result in single-base
substitutions. Unrepaired DNA alterations and crosslinks that block DNA replication can
result in chromosome rearrangements, amplifications and deletions®. The number of proteins
that function in DNA replicative processes in human cells is not known. However, studies in
yeast indicate that >100 genes are required for the maintenance of genetic stability1°.
Among these are genes that encode error-prone DNA polymerases that can replicate past
bulky lesions on DNAIL. Mutations or misregulation of any of these genes could increase
the probability that subsequent mutations will occur in oncogenes (resulting in driver
mutations that confer a growth advantage). Such repetitive cycles of mutagenesis and
selection mimic Darwinian evolution. Most mutations are ‘passengers’ that do not confer a
growth advantage. The concept of cancer being initiated by DNA damage and the generation
of large numbers of driver, mutator and passenger mutations after each round of selection is
illustrated in FIG. 1. In addition to driver mutations, there are subclonal mutations that are
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present in a large proportion of cells as well as random mutations that are generated during
the last round of clonal selection. By the time a solid tumour is detected, it frequently
measures 1 cm? and encompasses 108-109 cells, each cell containing tens of thousands of
clonal, subclonal and random mutations!2.

In order for environmental agents to introduce mutations that cause cancer, the mutations
would need to be in excess of those produced by normal cellular processes. The major
source of endogenous DNA damage is likely to be reactive oxygen species (ROS) and
related reactive molecules3. The principal alteration produced by ROS is 8-0xo-
deoxyguanosine (8-0x0-dG)13, and mice harbouring mutations in genes that encode proteins
that repair oxygen-damaged DNA are cancer-prone*. DNA damage by ROS! as well as
errors by replicative DNA polymerases in vitro®15 and methylcytidine deaminationl8 can
result in a disproportionally high frequency of single GC—AT transitions. These are also
the most frequent mutations that accumulate in human tumours®?. Thus, it is tempting to
speculate that these processes are a major source of mutations in spontaneous tumours.

Evidence for the expression of a mutator phenotype in human cancer has been
presented’819, Recent studies in mice have shown that if the genes encoding the replicative
DNA polymerases Pol & or Pol e are replaced with genes harbouring mutations that render
them error-prone, tumours occur in various tissues?; this lends further credence to the
mutator phenotype concept (BOX 1). The efficiency by which cancers arise with and
without mutator mutations has also been modelled by varying all clinically relevant
parameters2l. The importance of a mutator mutation is greatest when more oncogenic
mutations are required for the commitment to cancer. For cancers that require only one or
two mutations, such as inherited retinoblastoma, a mutator phenotype may not be necessary.
However, for most cancers that require three or more driver mutations, a mutator phenotype
may be inevitable?!. Based on age of onset, it is postulated that prostate cancer, for example,
requires as many as 12 driver mutations!17:118, By contrast, | have argued that human
cancers contain thousands of mutations, many of which are random, and that mutations in
multiple pathways can result in a malignant phenotype.

This Perspective focuses on results obtained from DNA sequencing, and the implications of
a mutator phenotype in cancer. The feasibility of modifying the growth of cancers by
altering the rate of accumulation of mutations is considered. Undoubtedly, changes at the
level of transcription and translation also contribute to a mutator phenotype in cancer.
However, these epigenetic changes will not be considered owing to limited direct evidence
that they are stably transferred from one generation to another in cancer cells, their
reversible nature and the lack of knowledge about the functional significance of specific
alterations.

Sequencing of human tumour DNA

Ironically, the most significant evidence for the existence of a mutator phenotype comes
from The Cancer Genome Atlas, which was designed to catalogue mutations in human
cancers with the expectation of identifying new targets for chemotherapy. The results
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indicate that each tumour is unique and contains tens to hundreds of thousands of
mutations?:18,

It is important to emphasize that the current methods of DNA sequencing detect only the
most frequent substitutions at each position; a single base change is detected only if present
in >10% of the molecules. To detect less frequent substitutions, it is necessary to sequence
either the same region multiple times (deep sequencing) or to sequence single molecules
without errors. Thus, mutations catalogued in The Cancer Genome Atlas and similar cancer
databanks are not derived from deep sequencing and are therefore predominately clonal;
sub-clonal?2:23 and random?23:24 mutations have not been extensively characterized.
Moreover, the nucleotide sequences of repeats and telomeres have not yet been determined
owing to slippage of DNA polymerase during PCR amplification, the lack of fixed primer
sites and complexities in aligning reads. Repetitive DNA sequences often assume non-B
DNA conformations that are frequently mutated?>:26, Also, deletions, insertions and
rearrangements are frequently not reported. As a result, no human genome has yet been
completely sequenced.

Exon sequencing

A compilation of the numbers and types of mutations found in exons from a variety of
tumours is presented in TABLE 1. More than 1,000 different genes have been reported to be
mutated in human tumours, and many tumours contain as many as 100 non-synonymous
mutations. In any tumour type, none of the genes is invariably mutated nor is there a set of
mutated genes that are diagnostic of a specific tumourl’. Next-generation sequencing has
identified many known cancer genes, including TP53, KRAS and epidermal growth factor
receptor (EGFR)?’, as well as genes that previously were not known to be involved in
carcinogenesis. Many genes contain multiple mutations. A single breast tumour, for
example, contained 70 mutant protein kinases; some with three separate substitutions28. The
most frequently reported mutant gene was TP53, and in lung tumours TP53 mutations
correlated with tumour grade: for example, somatic mutations in TP53 were reported in
13%, 24% and 52% of tumours of grades 1, 2 and 5, respectively?°. So far, only a few new
genes have been shown to be commonly mutated, and these are neither highly prevalent nor
in multiple tumour types.

Whole-genome sequencing

The types of somatic mutations in normal human tissue have been difficult to establish.
However, DNA sequences of family members, generations apart, indicate that single-base
transitions are the most common mutations detected3C. Most mutations reported in tumours
(TABLE 1) are also single-base substitutions; CG—TA transitions predominate. In lung
tumour cell lines2331 and melanoma cell lines3!, the mutation frequency on the transcribed
strand is lower than that on the non-transcribed strand, which affirms the concept of
preferential removal of endogenous DNA damage by transcription-coupled NER32, In some
tumours, the range of mutations is unique and is indicative of exposure to environmental
agents. Tobacco smoke contains large amounts of polycyclic hydrocarbons and aromatic
amines33 that form bulky adducts in DNA; when bypassed by a translesion DNA
polymerase (Pol )34, they result in predominantly G—T transversions, which are precisely
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the most frequent errors reported in lung cancers?%:3%:36_ In skin cancer, the most frequent
mutations are found at potential sites of ultraviolet-radiation-induced pyrimidine dimer
formation23-27, Thus, DNA sequencing will increasingly yield important clues about
environmental exposures to mutagens that could enhance a mutator phenotype.

Even in haematopoietic malignancies in which morphological homogeneity is frequently
diagnostic, genetic heterogeneity is extensive. For example, the most successful
demonstration of targeted cancer therapy is the treatment of myelogenous leukaemia with
imatinib37-38, a specific inhibitor of the breakpoint cluster region (BCR)-ABL1 fusion
kinase. Resistance emerges in more than 30% of patients and is most frequently mediated by
a point mutation in the ATP binding site of ABL1 (REF. 39). The emergence of resistance is
associated with pre-existing mutations#C. In one study, whole-genome sequencing revealed
only ten non-synonymous mutations#, of which eight were de novo mutations; however,
none of these mutations was found in 187 other patients.

Heterogeneity within tumours

An important hallmark of cancer®? is cellular heterogeneity. Although subtypes of normal
cells within an organ are morphologically similar, cancer cells within a tumour are strikingly
different. There may be small cells, large cells, cells with multiple nuclei and cells with
different shapes and staining properties within a tumour. Indeed, morphological
heterogeneity is an important criterion for grading tumours. It seems reasonable to suggest
that this morphological heterogeneity derives from functional heterogeneity encoded by
multiple mutations in the cancer genome. The heterogeneity of nuclear DNA in tumours was
first established by cytological studies. Chromosome alterations are found in many types of
neoplastic cells#3, and it has been proposed that aneuploidy (an abnormal number of
chromosomes) is sufficient to explain genetic instability in tumours without requiring gene
mutations?4. Changes in chromosomes can encompass millions of nucleotides and are thus
very difficult to investigate. The simple observation that deletions involving large numbers
of genes are compatible with cell viability indicates the enormous genetic redundancy in
human cells.

Historically, genetic instability in cancer was hypothesized by Boveri#® on the basis of the
effects of aneuploidy on the growth of sea urchin embryos. Foulds*® further observed that
malignant characteristics appeared to occur in a stepwise fashion, and Nowell#” suggested
that genomic instability, governed by the generation and selection of mutations, contributes
to a stepwise progression of tumorigenesis — a recapitulation of Darwinian selection. The
processes of enhanced mutagenesis and Darwinian evolution are not mutually exclusive.

Gene rearrangements

The heterogeneity and complexity of the cancer genome was documented initially by
techniques that analysed gene rearrangements. Rearrangements and large deletions occur at
a much lower frequency in cancer genomes than do single-base substitutions, but they have
the potential to inactivate multiple contiguous genes. Using comparative genomic
hybridization (CGH), oligonucleotide arrays or PCR amplification, it is now feasible to
detect changes involving as few as 250 nucleotides*®. Although these approaches are of
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relatively low resolution, they have been important in demonstrating the multiplicity of
rearrangements that occur within tumours. Fifty-nine recurrent copy number changes have
been identified in lung adenocarcinoma?®, and most of these did not encompass known
cancer genes. Massively parallel sequencing has been used to identify various somatic and
germline rearrangements, and multiple genomic rearrangements at specific loci have been
attributed to single catastrophic events®0,

Microsatellites

Repetitive nucleotide sequences are present throughout the genome and are hot spots for
mutagenesis. Changes in the length of repetitive sequences in DNA51-54 are characteristic of
colon cancer in patients with inherited mutations in MMR genes®>6. Microsatellites are
also frequently mutated in various sporadic human malignancies, often when MMR genes
are silenced®’. Because microsatellites are mutated at a high frequency, they have served to
establish the heterogeneity of cells within tumours and to delineate cell lineages during
tumour evolution®®. Maley et al.>9 used microsatellites as prognostic markers for
progression of a pre-malignant condition, Barrett's oesophagus, to adenocarcinoma of the
oesophagus. Changes in the lengths of poly(dG) tracts in chronic ulcerative colitis correlate
with the presence of occult adenocarcinoma of the colon®0. Some expanded tracts were
found in biopsies located tens of centimetres from the primary tumours, suggesting that the
fields of mutated premalignant cells from which cancer may arise could be very extensive.

Subclonal mutations

In addition to clonal mutations within a tumour, there are likely to be hundreds of thousands
of subclonal mutations that would not be detected by routine DNA sequencing. These
mutations could be the remnants of mutant genes that offered an increased growth advantage
but were outcompeted by other driver mutations. However, as the tumour microenvironment
changes, cells harbouring subclonal mutations could be rejuvenated and drive the malignant
process. Campbell et al.23 used pyrosequencing to identify subclonal mutations among
V(D)J rearrangements at the immunoglobulin G (1gG) locus in chronic lymphocytic
leukaemia. Subclonal mutations could be spatially clustered within a tumour, as indicated in
FIG. 1. Heppnerb® proposed that tumours consist of dynamically evolving subpopulations.
Regions of diversity within tumours®2 have been verified by karyotype analysis63, DNA
fingerprinting® and the identification of microsatellite alterations®®. Furthermore, DNA
sequencing of pancreatic tumours demonstrated a submicroscopic distribution of subclonal
populations within tumours®.

Random mutations

Single-base substitutions are the most prevalent mutations found in human cancers (TABLE
1). They most frequently arise from DNA polymerase errors that escape correction by MMR
or by small alterations in template bases that are copied by translesion DNA polymerases®’.
Most single-base substitutions do not alter protein function®® and are unlikely to confer a
selective growth advantage. A method to detect and identify mutations at predetermined
sites in human cells at a frequency of 1 per 108 base pairs has been established!®. By
comparing the frequency of random mutations in cancer and adjacent normal tissues, the
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mutation frequency in normal tissues was found to be less than one mutation in 108 base
pairs. By contrast, the first six tumours analysed exhibited large numbers of mutations, the
mean being 205 x 1078 mutations per base pairl®. Sequence analysis indicated that all were
single-base substitutions and that most were not clonally expanded. The high number of
random mutations in tumours that was recorded by this technology has been verified by
studies of lung adenocarcinomas in both mice and humans®®.

Metastasis

Most cancer deaths result from metastasis. Understanding the complexities of this process
may be fundamental to effective cancer therapy. Riethmuller and Johnson’® observed single
metastatic cells in bone marrow by staining cells for epithelial cytokeratins. This opened the
path for key observations that were contrary to the predominant dogma that classified
metastasis as a late-stage event in tumour progression. The concept of metastasis arising late
was fuelled by the expectation that early detection of primary tumours and their subsequent
removal would prevent metastatic spread. However, Klein and colleagues quantified
chromosome changes in single metastatic cells in mice and humans bearing primary tumours
for different lengths of time”1-73, They found that chromosome changes in metastatic
lesions were different from those in the primary tumours and, moreover, that discrete
metastatic lesions in the same individual had different chromosome alterations’3. These
results provide strong evidence that metastasis occurs early, and perhaps continuously,
during tumour progression. By contrast, from DNA sequencing studies of pancreatic
tumours it was concluded that metastasis occurs late during tumour evolution®8.

It is important to note that no single genetic alteration or group of genetic alterations has
been shown to drive the metastatic process. All studies report that metastases contain many
clonal mutations that are present in the primary tumours and thereafter acquire additional
mutations during expansion at distant sites?3. The findings that metastatic lesions differ from
the primary tumour and from one another is in accord with the expression of a mutator
phenotype in metastatic lesions?l. An issue that needs to be addressed is whether metastatic
lesions harbour mutations that are generated late in the evolution of the primary tumour
(FIG. 2). It should be noted that the most frequent chromosome alterations in primary breast
tumours and in prostate tumours are rarely present in metastatic lesions’3. The persistence of
independently evolving metastatic lesions has important implications for cancer therapy. If
metastatic spread occurs early during tumour progression and metastases accumulate
mutations that are different from those in the primary lesions, the response of the primary
lesions to chemotherapy may not be indicative of the response of the metastatic lesions.

The impact of mutators on cancer therapy

The expression of a mutator phenotype in human cancers and in particular the accumulation
of subclonal and random mutations has important implications. From the data so far
presented, | estimate that each cancer cell within most tumours contains >10,000 mutations.
By the time a tumour is clinically detected it is likely to contain 108-10° cells and could, in
principle, harbour >1011 different mutations. Therefore, every tumour could contain mutant
genes that will render some cells resistant to any single chemotherapeutic agent. This is a
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major impediment to personalized medicine. It can be argued that, although a tumour will
contain cells that are resistant to any single drug, it is unlikely to contain single cells that are
resistant to multiple drugs that target different pathways. In fact, this provides a strong
theoretical argument for the increased efficacy of combination chemotherapy. The efficacy
of combination therapy can also be based on synthetic lethality’#7®; this phenomenon
describes the loss of cell viability when the function of multiple genes is simultaneously lost,
even though the loss of each gene individually is compatible with cell viability. Synthetic
lethality is probably the basis of the efficacy of poly(ADP-ribose) polymerase (PARP)
inhibitors in patients with mutations in BRCA1 (REF. 76) or BRCA2 (REFS 77,78).
Unfortunately, we lack a sufficient number of effective cancer chemotherapeutic agents that
have limited toxicity and that precisely target a particular range of cellular molecules.
Perhaps the most important immediate therapeutic results from DNA sequencing will be the
identification and quantification of cancer cells with pre-existing resistant mutations. These
cells will selectively proliferate on administration of a drug to which the surrounding cancer
cells are sensitive. Thus, it is important to determine the frequency and types of drug-
resistant mutations in tumours to avoid the use of toxic and ineffective chemotherapeutic
agents.

Targeting a mutator phenotype

It might be more effective to target aberrant processes in tumours than to target specific
genes or pathways. Mathematical models indicate that a mutator phenotype would be most
efficient if expressed early during tumour progression?L. The large numbers of clonal
mutations in tumour cells may not render it feasible to target multiple pathways. | envision
that a decrease in mutation rate would slow down tumour progression, whereas an increase
might facilitate clonal evolution. However, there is probably a maximum mutation
frequency that a tumour can tolerate: a further increase would be detrimental, reducing cell
fitness and enhancing cell killing.

Lethal mutagenesis

The multiple genotypes in viral populations and subclonal mutations in tumours enable them
to overcome environmental diversity. Culturing virally infected cells with mutagenic
nucleoside analogues has been shown to cause a small increase in the mutation frequencies
of RNA tumour viruses’® and HIV80 that obliterates viral infections. The concept of lethal
mutagenesis is counter-intuitive for cancer; an increase in mutations would be expected to
increase mutations in genes that enhance proliferation as well as increase the generation of
resistance mutations. However, this increase in mutation rate might be preferentially
detrimental for cancers that have already accumulated many mutations owing to a mutator
phenotype and prior chemotherapy®L. A tumour can be considered as a cooperative society
of cells, and thus might be analogous to a viral quasi-species82. This approach is currently
being tested using human cancer cells.

Arguments against a mutator phenotype

The concept that cancers exhibit a mutator phenotype is not universally accepted for several
reasons®:83.84_ First, many mutations are detrimental®8 and would be unlikely to increase
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proliferation. To address this, a panel of 66 DNA polymerase | mutants with differences in
fidelity spanning >10,000-fold was established in Escherichia coli8®. All mutants were
cultured together for 350 generations; no wild-type bacteria, antimutators (mutants with
increased replicative fidelity) or high-frequency mutators were recovered. At the end of the
competition, all bacteria exhibited a mutation rate that was 10- to 47-fold greater than that of
wild-type bacteria. This suggests that mutators, over a narrow range in fidelity, can confer a
growth advantage. In addition, mathematical models indicate that the acquisition of mutators
with reduced fitness would not eliminate premalignant mutator clones during tumour
evolution86,

Second, it is argued that tumours undergo thousands of rounds of replication in vivo, and as
a result a sufficient number of mutations might accumulate normally during replication83.
The estimate of thousands of rounds of replication is based on measurements of the length of
each cell division cycle and assumes that all cells are actively dividing throughout the
lifespan of a tumour. However, this assumption ignores the radiographic evidence for the
wide disparities in growth rates of human tumours8’, the evidence for extensive periods of
dormancy during tumour progression88, and the presence of disseminated cancer cells more
then 10 years after the removal of primary tumours®®. If tumours grow exponentially for
thousands of doublings, extensive cell death would be required to restrict their size to that
observed in patients. Skin and gastrointestinal tumours can dispose of large numbers of dead
cells; other solid tumours would have greater difficulty.

Third, with the possible exception of somatic mutations in TP53 in most tumours®® and
mutations in POLB (which encodes Pol @) in stomach and prostate cancer®?, there seem to
be few reported mutations in DNA repair or DNA replication genes in human tumours.
However, many of the genes that are required for the maintenance of genetic stability are
essential, and mutations that drastically alter their activity are likely to result in reduced
fitness. As a result, cells within a tumour may have mutations in multiple genes that increase
mutation rates, and these would only be apparent by either deep sequencing or sequencing
multiple copies of the same gene.

Perspective

The thousands of clonal mutations that have been identified in tumours and the lack of
common mutations show that the cancer phenotype is very complex. Each tumour has
evolved differently as a result of stochastic and environmental processes. Tumour cells
contain thousands of mutations, and it seems reasonable to suggest that mutations in many
pathways can confer similar growth advantages and result in the same malignant properties.
Therefore, it is unlikely that there will be rate-limiting steps or pathways that can be
uniquely targeted to prevent progression of a tumour. Considering the numbers of mutations
in tumours and the paucity of effective drugs, the most important immediate goal for
personalized chemotherapy may be to identify resistant mutations that are already present in
tumours and to avoid toxicity to the patient from the use of ineffective chemotherapeutic
agents.

Nat Rev Cancer. Author manuscript; available in PMC 2014 May 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Loeb

Page 9

The Cancer Genome Atlas has identified thousands of mutations in human tumours. Of
greater importance than accumulating additional data on mutations in large numbers of
human cancers would be studies that are designed to use the power of DNA sequencing to
answer mechanistic questions about the origins of these mutations. Many of these mutations
are in non-coding regions and are presumed to have no selective growth advantage.
However, we are continually learning that these non-coding regions have important
regulatory functions. The most frequent mutations are single-base substitutions; these could
be indicative of errors generated by replicative DNA polymerases. This hypothesis can be
tested by sequentially downregulating each of the different DNA polymerases in cancer
cells. Most recent studies have identified large numbers of deletions and amplifications in
the cancer genome. These could result from stalled replication forks, including those caused
by mutations in DNA polymerases2:92, Although the reported mutations appear to be evenly
distributed throughout the genome, they may be localized to mutational hot spots at
alternative DNA structures3:94, The identification of subclones by deep DNA sequencing
may allow us to identify alternative driver mutations and additional mutations in genetic
stability genes, as well as to determine the presence of drug-resistant mutations before
chemotherapy. Some of the important questions that massively parallel DNA sequencing is
poised to address are listed in BOX 2. Shallow sequencing of tumours from many people
may identify a few additional driver mutations, but it might be more important to sequence a
few tumours or specific genes at great depth to identify the range and frequency of all types
of mutations, including those that do not increase cell growth but are nevertheless revealing
of carcinogenic mechanisms that generate genetic instability.

As an alternative to targeting drugs against individual enzymes or pathways, it might be
feasible to affect the rate of production of mutations in cancer cells. | have postulated that
the progressive accumulation of mutations is one of the underlying processes that
characterize the cancer phenotype. A decrease in the accumulation of mutations could delay
cancer progression and serve as a preventative measure. Conversely, increasing the mutation
rate might exceed the threshold of viability. This option would be targeted to cancers that
have a high frequency of mutations as a result of prior treatment with mutagenic
chemotherapeutic agents. Chemicals that induce lethal mutagenesis in tumours should be
sought and explored therapeutically in individuals who lack other treatment options.
Although many chemotherapeutic agents are already mutagenic, evaluating the therapeutic
potential of highly mutagenic nucleoside analogues may present an additional approach to
cancer therapy.
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Box 1
Mouse models of a mutator phenotype

Mice with mutations in DNA damage repair genes and DNA polymerases have an
increased incidence of cancer. In pioneering studies, Preston and colleagues20-9° created
mutant mice (Pole®X?/ex0 mice and Pold18X%/eX0 mice) in which the endogenous genes
encoding the catalytic subunits of the replicative DNA polymerases Pol & and Pol & were
replaced with genes that encoded mutants of the catalytic subunits that lacked 3’5
proofreading exonucleolytic activity. Pole®*%/eX0 mice and Pold1€X%/eX0 mice had strong
spontaneous mutator and cancer phenotypes (see the figure) in the absence of
environmental stress. The heterozygotes were normal. The homozygotes had reduced
survival that correlated with increased tumour incidence. In Pole&X/€x0pg|d1€X0/ex0 mjce
or mice expressing either mutant DNA polymerase in the presence of inactive mismatch
repair (MMR) genes®, the incidence of different cancers was further increased.

Mice have also been generated with substitutions in the polymerase domain of Pol §%7.
Mice heterozygous for a Pol 6 -L604K substitution did not exhibit an increased incidence
of cancer but tumours progressed more rapidly. Cells from these mutant mice had a
decreased rate of fork progression and an increased number of chromosome
rearrangements®2, and the purified corresponding human mutant polymerase was
defective in copying past altered template nucleotides®2. Translesion DNA
polymerases:98 have an expanded active site9°, which enables them to copy past altered
template bases. Some of these polymerases are overexpressed in mouse and human
tumours, and it has been suggested that they can copy undamaged DNA, incorporate non-
complementary nucleosides and contribute to a mutator phenotypel®. Therefore, in
addition to deficits in DNA repair, alterations in either replicative or translesion DNA
polymerases can generate and/or accelerate tumorigenesis in mice.

Figure is modified, with permission, from REF. 20 © (2009) National Academy of
Sciences.
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Figure 1. Cascade of mutations during tumour progression
In the case of solid tumours, epidemiological evidence indicates that as many as 20 years pass between the time an individual is

exposed to a carcinogen to the clinical appearance of a tumour. Various barriers to tumour progression exist, including DNA
repair processes, the availability of nutrition, the requirement of angiogenesis to allow the tumour to increase in size and
responses to hypoxia. Circles represent mutations in genes that result in enhanced mutagenesis, triangles indicate driver
mutations that are selected on the basis of changes in the tumour microenvironment and white rectangles represent passenger
mutations.
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Figure 2. Dissemination of metastasis early and late during tumour progression
Metastatic spread may occur throughout tumour progression, both early in tumour evolution and as the tumour evolves more

genetic alterations. The metastases may then evolve to develop metastasis-specific mutations that are different to those found in
the primary tumour.
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