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Cancer mutation signatures, DNA damage
mechanisms, and potential clinical implications
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Abstract

Knowledge of cancer genomic DNA sequences has
created unprecedented opportunities for mutation
studies. Computational analyses have begun to
decipher mutational signatures that identify
underlying causes. A recent analysis encompassing 30
cancer types reported 20 distinct mutation signatures,
resulting from ultraviolet light, deficiencies in DNA
replication and repair, and unexpectedly large
contributions from both spontaneous and APOBEC-
catalyzed DNA cytosine deamination. Mutational
signatures have the potential to become diagnostic,
prognostic, and therapeutic biomarkers as well as
factors in therapy development.

Germline versus somatic mutations

Every cancer is distinct. We are all conceived with near
equal amounts of genetic information from each parent,
and yet the resulting genetic blueprint is different for
everyone (except identical twins). During development,
copying and partitioning of DNA takes place during cell
division such that every daughter cell receives a full
genetic complement. Individuals can thus directly
inherit mutations (known as germline mutations) that
predispose to cancer later in life. Additionally, a variety
of factors combine to diminish the fidelity of DNA
copying, resulting in DNA alterations, termed somatic
mutations, that distinguish a daughter cell from its sis-
ter or parent (Figure 1). Because each tumor is derived
from a somatic cell, the repertoire of somatic mutations
that accumulate in each tumor is distinct for each
individual and reflects the underlying processes that
contributed to its development.
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Driver versus passenger somatic mutations in
cancer

A major rationale for sequencing large numbers of cancer
genomes is to identify commonly mutated genes to inform
diagnoses and treatments [1]. The mutations themselves
range from simple base substitution to larger-scale aberra-
tions such as translocations and copy number changes.
The recurrent involvement of a single gene in cancers of
the same type provides strong evidence for a mechanistic
contribution at some stage of tumor development. Such
genes are considered cancer drivers because their alter-
ation is frequently required for tumor formation. Approxi-
mately 140 drivers have been identified and, given the
massive amounts of existing data, only a few drivers
probably remain uninvestigated [2].

As much as 90% to 99% of all mutations are consid-
ered passenger events. These mutations can be silent
base substitutions in coding sequences but the majority
occur in non-coding sequences. Such mutations are less
likely to be biased by selective forces during tumor out-
growth and, therefore, can provide ‘signatures’ reflecting
the original source of DNA damage and insights into
causal mechanisms.

Global analyses of somatic mutations in cancer
Alexandrov and colleagues recently reported a compre-
hensive analysis of mutational signatures, examining
nearly 5 million somatic mutations from over 7,000
tumors that represented 30 different cancer types [3]. This
study was remarkable in three ways. First, it demonstrated
the huge (1,000-fold) range in somatic mutation frequen-
cies in human cancers. Second, computational methods
enabled the deduction of over 20 distinct mutational
signatures. Third, the mutation pattern of each cancer
comprised at least two, and in many instances three or
more, distinct mutational signatures and therefore major
sources of DNA damage. Some of the DNA damage
mechanisms are already established, some can be inferred
based on current knowledge, and others will require more
work to be fully understood.
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Figure 1 External and internal sources of mutation in cancer. A
schematic depiction of major external and internal sources of DNA
damage, a variety of DNA repair mechanisms that serve to
counteract damage, and mutation as an outcome of unrepaired
DNA damage.

Cancer mutation signatures from external sources of DNA
damage

A major external source of DNA damage is ultraviolet
(UV) light, which can crosslink adjacent pyrimidine bases
(CC, CT, TC and TT) [4] (Figure 1). If such a pyrimidine
dimer is not repaired and becomes a substrate for DNA
replication (or local synthesis), then most DNA polymer-
ases will follow the ‘A-rule’ and insert two adenines opposite
the dimer. Late repair or another round of replication can
then immortalize the original lesion as a C-to-T transition
mutation. Thus, the mutational signature of UV light is
predominantly C-to-T transitions in dipyrimidine contexts.
Other features of UV-induced mutagenesis include the oc-
currence of adjacent mutations (mostly CC-to-TT) and a
nontranscribed strand bias due to preferential repair of the
transcribed DNA strand.

Tobacco smoke is another external source of DNA dam-
age (Figure 1), but it leads to a more complex array of
DNA damaging agents and lesions than UV does [5]. For
instance, polycyclic aromatic hydrocarbons are converted
by cellular cytochrome P450 enzymes into activated epox-
ides, which can then react to form alkylated guanine ad-
ducts. These lesions can erroneously base pair with adenine
during DNA replication and, if unrepaired, lead to G-to-T
transversions (equivalent to C-to-A on the opposing DNA
strand), which comprise the most abundant class of muta-
tions in smoking-associated cancers [3].
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Many chemotherapeutics are DNA-damaging agents and,
by definition, external sources of mutation. An effective
chemotherapeutic should eradicate a target cancer and
leave no trace for downstream analysis by sequencing. The
study by Alexandrov and colleagues raises a cautionary note
for treatment of glioblastomas and melanomas with the
DNA methylating agent temozolomide [3]. The presence of
a temozolomide-induced mutational signature in these can-
cers (G-to-A transition mutations at non-CpG sites) sug-
gests not only that the intended therapy may have been
ineffective but also that the drug itself may have increased
the tumor mutation rate, and possibly contributed to tumor
evolution, therapy resistance, and/or poor outcome. Future
studies should consider mutational signatures before and
after chemotherapy and strive to minimize potentially ad-
verse outcomes.

Cancer mutation signatures from internal sources of DNA
damage

Hydrolytic deamination of cytosine bases, and particularly
5-methyl-cytosine (5meC) bases in a CpG context, ap-
pears to be the most prevalent mechanism of mutagenesis
[3] (Figure 1). Deamination of C-to-U or 5meC-to-T and
subsequent DNA replication or misrepair results in a C-to
-T transition mutation biased to CpG dinucleotide motifs.
Interestingly, this is the only mechanism that correlates
with age, suggesting it may be the only source of mutagen-
esis that accrues significantly over a lifetime [3]. Some tu-
mors lack this signature, which suggests that these
cancers might have existed for short periods and/or that
they employ a mechanism of preferential repair. Other
sources of chemical damage, such as oxidation, are less
prevalent and may be eclipsed by more dominant muta-
tional mechanisms.

Defects in DNA repair processes have already been
linked to mutagenesis and carcinogenesis, such as in
hereditary nonpolyposis colorectal cancer, which is due
to inherited defects in mismatch repair [2]. Somatic in-
activation and epigenetic silencing can also result in de-
fective mismatch repair. The study by Alexandrov and
colleagues confirmed the telltale signature of mismatch
repair deficiency: enhanced C-to-T transitions and micro-
satellite instability [3]. By comparison, elevated frequencies
of C-to-A transversions and C-to-T transitions occurred in
a specific trinucleotide context in colorectal and uterine tu-
mors with defects in the proofreading domain of DNA
polymerase €. In addition, an elevated frequency of inser-
tions and deletions (without enhanced C-to-T mutagenesis)
was evident in BRCAI- and BRCA2-mutant tumors, con-
sistent with underlying defects in recombination repair.

This study also highlighted the breadth of genomic DNA
deamination by members of the apolipoprotein B mRNA
catalytic subunit-like (APOBEC)/activation-induced deami-
nase (AID) family of DNA cytosine deaminases [3]
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(Figure 1). These proteins catalyze the conversion of
C-to-U in single-stranded DNA, which can be converted
by replication into C-to-T transition mutations or by ura-
cil DNA glycosylase into an abasic site. This lesion can
then lead to a variety of mutagenic outcomes, including
C-to-T transitions, C-to-G transversions, and DNA breaks
that can precipitate larger-scale aberrations. Most human
cells express up to nine active DNA cytosine deaminases,
with one family member (AID) functioning in antibody
gene diversification and most family members protecting
against virus and transposon replication [6].

Sixteen different tumor types showed evidence of an
APOBEC mutational signature, characterized by both
dispersed and clustered C-to-T transitions and C-to-G
transversions at TC dinucleotides [3]. Mutation clusters,
also called kataegis, implicated extended regions of
single-stranded DNA, the preferred substrate of these
enzymes. Two B cell cancers had an APOBEC signature
and an additional signature consistent with AID activity
[3]. Prior studies have converged upon APOBEC pro-
teins, particularly APOBEC3B, as a major source of mu-
tation in several types of cancer [7-9]. Because this
mutational signature was similar across all sixteen tumor
types, it is likely that APOBEC3B is broadly involved in
cancer mutagenesis. However, additional studies are
needed to assess whether one or more of the APOBEC
family members may also be involved. An additional in-
triguing possibility, given the innate immune function of
APOBEC3B and other family members, is that parasite
infection may contribute to their induction and/or aber-
rant regulation. In terms of overall impact, APOBEC in-
volvement in cancer mutagenesis is second only to
spontaneous deamination of cytosine and 5meC [3].

Epidemiological, translational, and clinical
implications

Each of the cancers studied by Alexandrov and colleagues
appeared to be influenced by two or more sources of DNA
damage, as deduced by their mutational signatures [3]. This
knowledge has a number of important implications. First,
novel signatures, such as the strong C-to-A bias in neuro-
blastomas and T-to-C bias in glioblastomas, will spur re-
search to determine additional DNA damage sources. The
quest to account for all mutational signatures is as much a
mechanistic problem as it is epidemiological. If some of the
unknown signatures are due to external sources (like UV
light and tobacco carcinogens), then measures should be
taken to minimize exposures.

Second, mutational signatures may act as biomarkers for
the underlying mechanisms, and may become diagnostic.
They will likely be even more beneficial if the mutational
signatures and underlying processes correlate with clinical
outcomes or specific treatments, because chemotherapeutic
agents may synergize with underlying DNA damage
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sources (for example, PARP inhibition in BRCA-mutant
cells [10]). Finally, it is important to emphasize that most
internal sources of DNA damage are unavoidable and/or
due to mistakes in DNA maintenance processes. By con-
trast, APOBEC/AID mutagenesis is through the aberrant
action of normal enzymes, which raises the additional pro-
spect of inhibiting these enzymes to slow down rates of
tumor evolution, drug resistance, and metastasis.

Abbreviations
5meC: 5-methyl-cytosine; AID: Activation-induced deaminase;
APOBEC: Apolipoprotein B mRNA catalytic subunit-like; UV: Ultraviolet.
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