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Editorial summary
Signatures of mutagenesis provide a powerful tool
for dissecting the role of somatic mutations in both
normal and pathological processes. Significantly,
cancer genomes are dominated by mutation signatures
distinct from those that accumulate in normal tissues
with age, with potentially important translational
implications.

Deconvoluting mutational signatures in the
cancer genome
The initiation and progression of human cancers are
fueled by mutations and driven by adaptive selection.
Consequently, many of the heritable phenotypic changes
required to transform normal cells become etched in the
cancer genome. Advances in high-throughput sequencing over the past decade have brought a greater appreciation for the number and types of DNA alterations
that accumulate during cancer evolution. These somatic
alterations are typically classified as either “driver” mutations, which confer selected cancer phenotypes, or the
far more numerous “passenger” mutations, which hitchhike with driver mutations but in and of themselves are
not thought to be directly selected. Both the multiplicity
and heterogeneity of these changes have unfortunately
confounded attempts to reduce the evolutionary complexity of most cancers to a targetable number of recurring driver mutations. Additionally, whether normal
mutation rates and processes are sufficient to explain
the mutation patterns found in cancer has been debated
for decades. In the last few years, DNA sequence analyses of cancer genomes have allowed the detection of
distinct mutational signatures and, more recently, those
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occurring during aging. These findings have implications
for our understanding of cancer initiation, evolution,
and potentially for therapy.
Stratton and colleagues at the Sanger Center, among
others, have recently developed bioinformatic and computational tools to deconvolute mutational signatures
that are over-represented in cancer genomes [1, 2].
Building on a large biochemical literature, they have
inferred that some of the distinct mutational processes
operative during the evolution of a tumor can be resolved by analyses of the bases immediately 5′ and 3′ of
the mutated base [3]. Their initial studies show that
more than 20 mutational signatures, representing a
diversity of mutational processes underlying the development of cancer, can be identified across multiple cancer
types.
Unlike cancer cells, normal cells replicate their genomes with extraordinary accuracy and have an armamentarium of postreplicative DNA repair pathways to
ensure genetic stability. Neither DNA replication nor
postsynthetic DNA repair is, however, without error and
some of the more than 50,000 estimated DNA damage
events which occur daily within each normal cell can
result in mutation. The majority of these mutations, destined to become passenger mutations should the resulting lineage ever be expanded, confer no demonstrable
phenotype. The catalog of mutations present in a cancer
genome at the time of sampling, therefore, is the sum of
“normal” mutational processes occurring from the time
an egg is fertilized and mutational processes occurring
in tumors from the time a cancer is initiated. Some
of these normal mutagenic processes will occur intermittently, e.g., caused by exposure to environmental
mutagens, while others, such as replication errors,
would be predicted to generate mutations at a more
constant rate.
Now, using data from The International Cancer
Genome Consortium (ICGC) of 10,250 cancer genomes
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across 36 cancer types, Alexandrov et al. have extended
these analyses to deconvolute from cancer genomes the
signatures of mutations that likely occurred during normal aging from those that were acquired during malignant transformation [4]. They identified two mutational
signatures, designated Signatures 1 and 5, for which the
number of attributable mutations was proportional to
the chronological age of the cancer patient at diagnosis.
Interestingly, both signatures exhibit different mutation
frequencies in different tissues and are not themselves
correlated; only three cancer types show an agecorrelation for both signatures (i.e., breast cancer, lowgrade glioma, and medulloblastoma). This is likely to
suggest that the underlying mechanisms of mutation are
different for each signature.
Signature 1 is largely made up of C>T substitutions at
CpG dinucleotides, which are likely caused by spontaneous deamination of 5-methylcytosine, enzymatic deamination of cytosine, or polymerase errors [5]. The
cancer types exhibiting high Signature 1 mutation frequencies are chiefly derived from epithelia with high
turnover and the signature may well mark the number
of cell replications. Signature 5 primarily features a combination of C>T and T>C transitions, exhibits a degree
of transcriptional strand bias, and may result from an
endogenously generated metabolite(s). In contrast to
Signature 1, the frequency of Signature 5, which also
displays substantial variation between cancer types, is
highest mainly in cancers of the brain, kidney, and
thyroid.

Mutation rates and cancer initiation
A striking finding of the studies is that no more than a
quarter of the mutations found in cancer genomes
exhibit any correlation with age or carry signatures of
the physiological mutagenic processes operative during
normal aging. Whether the mutation rate of cancer cells
is elevated relative to normal has been continuously
debated since the original description of the mutator
phenotype hypothesis [6]. Defects in pathways governing
genetic stability were reasoned to facilitate tumorigenesis
by fueling the reiterative process of mutation, selection,
and clonal expansion that drives cancer progression.
One of the earliest and most emphatic conclusions of
cancer genome sequencing studies was that, as predicted
by the mutator phenotype hypothesis, cancers carry vast
and varied numbers of mutations.
The quantification of the relative contribution of
physiological mutagenic processes to the cancer genome
now reinforces the concept that elevated rates of mutation accumulation underpin the cancer phenotype. The
distinct mutational signatures of age-associated and
tumor-associated mutations also emphasize the fundamental differences between the mechanisms shaping
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normal and cancer genomes. Importantly these findings
are also inconsistent with the proposal that the majority
of risk among different tissues to the development of tumors can be explained by the number of normal stem
cell divisions in those tissues [7]. The large numbers of
mutations found in cancers was originally cited in
support of this; however, the lack of a common and
dominant age-related mutational signature argues
against random mutations arising during DNA replication in normal, non-cancerous stem cells as the
chief source of mutagenesis. The differences in agerelated mutational signatures between different tissues
must represent intrinsic differences in the lifetime exposures to endogenously and exogenously generated
DNA damaging agents as well as differences in the
postsynthetic DNA repair and replicative capacities of
different cell types.

Implications for medicine
Aging is the greatest risk factor for malignancy. Modulating the mutagenic processes underlying Signatures 1
and 5 could therefore offer the possibility of delaying
cancer initiation and other age-related pathologies. Additionally, changes in mutation signatures might aid in
early cancer diagnosis or in the quantification of genotoxic exposures especially through the application of
“liquid” biopsies. The results of Alexandrov et al. suggest
that, in contrast to the prevailing focus of oncology on
blocking key signaling hubs in growth pathways of
tumor cells, mutation accumulation itself represents an
underappreciated therapeutic target. As high levels of
mutation are potentially deleterious, it has been proposed that the mutation frequency of the cancer genome
is thresholded at a level below which cancers can
maximize their genetic diversity but still maintain fitness, i.e., the population avoids undergoing an “error
catastrophe” [8]. In addition, while it is known that
prognosis and mutation load are correlated in both colorectal and endometrial cancers, it is increasingly being
appreciated that a high neoantigen load, secondary to a
high mutation load, is also a major determinant of
response to immunomodulatory therapies in certain
cancers [9]. These observations have led to the proposal
that both the frequency and rate of mutation of cancer
cells, rather than individual driver mutations, might be
an effective target. Treatment of cancer cells with mutagenic nucleoside analogs, for example, might result in
ablation of the tumor through induction of an immunologically mediated error catastrophe [8].
Thus far, the identification of specific mutational signatures attributable to specific biological processes is
largely correlative; of particular note, the age-correlated
signatures identified by Alexandrov et al. were obtained
from tumor genomes and not from histologically normal,
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aged tissues. Further analyses and experimentation in
model organisms are required before one can infer a
causal mechanism. It will be necessary, for example, to
modulate the rate-limiting step in specific biological pathways to determine if this results in alterations of the corresponding mutational signature. Ultimately, the direct
investigation of in vivo somatic mutation rates and signatures, for both tumor and normal tissue, will require
accurate sequencing of single cells and molecules [10].
Cancer is first and foremost a disease of DNA, where
evolutionary changes are driven by selection of stochastically generated pre-existing variants. It has long been
argued that the rates and mechanisms of mutation operative in normal cells cannot account for the large
numbers and types of mutations found in cancer and
that defects in pathways governing genetic stability must
be dysregulated to facilitate tumorigenesis. For the first
time, it has become possible to quantify mutational signatures that likely occurred during normal aging relative
to those that were acquired during malignant transformation and tumor progression. The capacity to accumulate mutations, rather than to mutate any particular
subset of genes, has once again been confirmed as one
of cancer’s key hallmarks.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
All authors read and approved the final manuscript.
Acknowledgements
We thank Dr. Ashwini Kamath and Ms. Rebekah Ross for critical review. This
publication was supported by the National Institutes of Health under award
numbers NCI P01-CA077852, NCI R01-CA160674, NCI R33-CA181771, and
NHLBI T32-HL007093. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Institutes
of Health. We apologize to all the authors whose work could not be cited
due to space limitations.
Author details
1
Department of Pathology, University of Washington, Seattle, WA 98195,
USA. 2Department of Medicine, Division of Oncology, University of
Washington, Seattle, WA 98195, USA. 3Department of Biochemistry, University
of Washington, Seattle, WA 98195, USA.

References
1. Nik-Zainal S, Alexandrov LB, Wedge DC, Van Loo P, Greenman CD, Raine K,
et al. Mutational processes molding the genomes of 21 breast cancers. Cell.
2012;149:979–93.
2. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV,
et al. Signatures of mutational processes in human cancer. Nature.
2013;500:415–21.
3. Alexandrov LBB, Nik-Zainal S, Wedge DCC, Campbell PJJ, Stratton MRR.
Deciphering signatures of mutational processes operative in human cancer.
Cell Rep. 2013;3:246–59.
4. Alexandrov LB, Jones PH, Wedge DC, Sale JE, Campbell PJ, Nik-Zainal S,
et al. Clock-like mutational processes in human somatic cells. Nat Genet.
2015;47:1402–7.
5. Shen JC, Rideout WM, Jones PA. High frequency mutagenesis by a DNA
methyltransferase. Cell. 1992;71:1073–80.

Page 3 of 3

6.

Loeb LA, Springgate CF, Battula N. Errors in DNA replication as a basis of
malignant changes. Cancer Res. 1974;34:2311–21.
7. Tomasetti C, Vogelstein B. Variation in cancer risk among tissues can be
explained by the number of stem cell divisions. Science. 2015;347:78–81.
8. Fox EJ, Loeb LA. Lethal mutagenesis: targeting the mutator phenotype in
cancer. Semin Cancer Biol. 2010;20:353–9.
9. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al.
Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl
J Med. 2014;371:141119140020009.
10. Schmitt MW, Kennedy SR, Salk JJ, Fox EJ, Hiatt JB, Loeb LA. Detection of
ultra-rare mutations by next-generation sequencing. Proc Natl Acad Sci
U S A. 2012;109:14508–13.

