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Genome instability, defined as higher than normal rates of mutation, is a double-edged sword. As a
source of genetic diversity and natural selection,mutations are beneficial for evolution. On the other
hand, genomic instability can have catastrophic consequences for age-related diseases such as
cancer. Mutations arise either from inactivation of DNA repair pathways or in a repair-competent
background due to genotoxic stress from celluar processes such as transcription and replication
that overwhelm high-fidelity DNA repair. Here, we review recent studies that shed light on endog-
enous sources ofmutation and epigenomic features that promote genomic instability during cancer
evolution.
Introduction
DNA is the template for the basic processes of replication and

transcription, making the maintenance of genetic stability critical

for viability. Even before the discovery of the double helix in 1953,

it was known that exogenous agents that we are exposed to in

our everyday lives, such as X-rays, ultraviolet (UV) light, and

various chemicals, can cause genetic changes that can promote

cancer (Friedberg, 2008). It took an additional 10 years after its

stable structure was elucidated to recognize that DNA is also

subject to constant assault from endogenous sources during

normal metabolism (Lindahl, 1993; Lindahl and Nyberg, 1972).

Although both exogenous and endogenous lesions have the po-

tential to modify the basic building blocks of genetic information,

the relative contributions of intrinsic and extrinsic factors to

organ-specific cancer incidence remains unclear (Tomasetti

and Vogelstein, 2015; Wu et al., 2016).

It has been estimated that each human cell is subject to

approximately 70,000 lesions per day (Figure 1) (Lindahl and

Barnes, 2000). The majority of lesions (75%) are single-strand

DNA (ssDNA) breaks, which can arise from oxidative damage

during metabolism or base hydrolysis. ssDNA breaks can also

be converted to DNA double-strand breaks (DSBs), which

although much less frequent, are more dangerous. Given this

extraordinary daily barrage of endogenous and exogenous DNA

damage, it became evident that cells must have acquired en-

zymes during evolution that repairedDNA anomalies and thereby

restored genome integrity (Friedberg, 2008; Lindahl and Barnes,

2000). In a personal perspective 21 years after the discovery of

the double helix, Francis Crick wrote, ‘‘We totally missed the

possible role of enzymes in repair although . I later came to

realize that DNA is so precious that probablymany distinctmech-

anisms would exist. Nowadays, one could hardly discuss muta-

tion without considering repair at the same time’’ (Crick, 1974).

Thanks to thepioneeringwork of Tomas Lindahl, PaulModrich,

and Aziz Sancar (who shared the 2015 Nobel Prize in Chemistry),

among others, various DNA repair pathways were identified that
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protect cells from different lesions to which they are subjected

(Figure 2) (Kunkel, 2015). Tomas Lindahl discovered the pathway

that repairs modified bases (base excision repair [BER]), and

Paul Modrich discovered a distinct pathway that detects and re-

moves bases that are mis-incorporated during DNA replication

(mismatch repair [MMR]) (Figure 2D), whereas the mechanism

for removal of bulky adducts in DNA (nucleotide excision repair

[NER]) (Figure 2C), was proposed by Aziz Sancar. Each of these

DNA repair pathways excise a damaged region and insert new

bases to fill the gap (Figures 2A–2D).

The mechanisms for DSB repair are distinct and consist of two

sub-pathways called homologous recombination (HR) and non-

homologous end-joining (NHEJ). During HR, the DSB is repaired

by exchanges of equivalent regions of DNA between homolo-

gous or sister chromosomes, whereas NHEJ religates the ends

without the use of a template. NHEJ frequently leaves insertions

or deletions at the breakpoint and therefore tends to be error

prone whereas HR-mediated repair is of higher fidelity. Each of

the DNA repair pathways needs to be coordinated with a series

of signaling responses that arrest cell division or trigger cell

death in case the lesions are irreparable (Haber, 2015).

Although DNA repair pathways have been extensively studied,

the precise identity and sources of DNA damage that shape the

mutational landscape of the cancer genome remain unclear. The

Cancer Genome Project and the Cancer Genome Atlas have in-

tersected with the field of DNA repair in the last few years as ge-

netic mutations responsible for cancer have been identified.

These large scale sequencing and bioinformatics approaches

have revealed a remarkable diversity of somatic mutations, as

well as specific signatures of DNA damage and errors in DNA

repair in various cancers. These errors may occur if specific

DNA repair and/or checkpoint pathways are inactivated, if DNA

editing enzymes are deregulated, or if the damage load over-

whelms DNA restorative capacity. Although exogenous agents

such as carcinogens were once thought to be the major source

of mutation, technological advances in the detection of DNA
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Figure 1. Estimated Frequencies of DNA

Lesions and Mutations Associated with

Dysfunctional DNA Repair
damage have revealed diverse and abundant types of endoge-

nous DNA damage. Like noxious foreign chemicals, baseline

DNA damage by endogenous processes may also overwhelm

functional DNA repair machinery to generate mutations. Here,

we review how endogenous sources of DNA damage and chro-

matin organization contribute to mutational processes that have

been recorded in cancer genomes.

Inactivation of DNA Repair Pathways in Cancer
The classic mutator hypothesis (Loeb et al., 1974; Nowell, 1976)

postulates that loss of DNA repair genes leads to genome insta-

bility, which in turn increases mutation rates at other genomic

sites, leading to cellular transformation. Consistent with this hy-

pothesis, an elevated mutation load associated with defective

DNA repair underlies various hereditary cancers. For example,

hereditary non-polyposis colon cancer is caused by defective

MMR, and a large fraction of hereditary breast and ovarian can-

cers are accounted for by mutations in genes (BRCA1 and

BRCA2) that control DSB repair by HR (Figure 2E). Until recently,

it has been difficult to detect germline or somatic DNA repair de-

ficiencies in most types of cancer. However, next-generation

sequencing has revealedmorewidespread deficits in DNA repair

pathways across different cancers. For example, it has been

found that men with advanced high-risk prostate cancer are

more than five times as likely to harbor either heritable or somatic

mutations in HR-mediated repair genes (most commonlyBRCA2

and ATM) and MMR genes (MLH1 andMLH2) than patients with

low-risk tumors are (Pritchard et al., 2016). Whole-genome se-

quences of breast cancers have also revealed deficiencies in

both HR and MMR (Morganella et al., 2016; Nik-Zainal et al.,

2016). Although these discoveries will undoubtedly provide

new targets for therapy, it remains puzzling why malfunction of

DNA repair genes is associated with organ-specific cancers

despite their ubiquitous expression and function in all cell and

tissue types. Variations in cancer risk could result from tissue-

specific vulnerabilities to distinct intrinsic or extrinsic factors

leading to distinct mutational processes.

Base Substitution and Rearrangement Signatures in
Cancer
The classification of different mutation and rearrangement types

into distinct signatures has uncovered pathways associated with
defective DNA maintenance (Alexandrov

and Stratton, 2014). Although different

mutational processes inevitably operate

during the course of malignancy, there

can be specific mutation types that domi-

nate the repertoire for a particular cancer

type. For example, a high proportion of

thymine to guanine (T>G) base mutations

found at the immunoglobulin (Ig) genes is

the dominant feature of chronic lympho-
cytic leukemia, which reflects the activity of the error-prone

DNA polymerase h during somatic hypermutation (Figure 3C)

(Alexandrov et al., 2013). In melanoma, the majority of mutations

are cytosine to thymine (C>T) at adjacent pyrimidine residues,

which reflect the generation of thymine dimers after exposure

toUV light. By classifyingmutations according to the substitution

and the sequence context immediately surrounding the mutated

base and chromosomal rearrangements types (ie. deletions,

duplication, inversions, and translocations), it is possible to

deconvolve the spectrum of mutations into combinations of

individual mutation types (Morganella et al., 2016; Nik-Zainal

et al., 2016). In this way, tumors can be characterized by a com-

bination of distinct signatures with different relative strengths

that reflect the underlying mutational processes that occurred

during tumorigenesis.

These analyses have revealed distinct signatures associated

with deficiencies in HR, MMR, and NER in various cancers (Hel-

leday et al., 2014). Interestingly, a mutational signature attributed

to impaired BER activity has not been found so far, perhaps

because loss of BER would compromise fitness. In some in-

stances, the mutation(s) underlying the deregulated DNA repair

pathway has not been determined, suggesting that new care-

taker genes could be uncovered. It is also conceivable that in

some cases, signatures might not reflect constitutive loss of

DNA repair activity per se, but rather a strong intermittent pro-

cess that temporarily overwhelmed the DNA repair capacity or

provoked error-prone repair. Just as transient UV exposure will

produce a signature similar to that expected in NER-deficient

cancers, cellular processes such as oncogene activation, hor-

mone signaling, and inflammation may occur sporadically in

bursts, which could overwhelm an intact DNA repair pathway.

In this context, recent single-cell analyses of triple negative

breast cancer suggest that the majority of copy number aberra-

tions are acquired in moments of crisis, followed by clonal

expansions that produce the tumor mass (Gao et al., 2016).

Examples include chromothripsis, in which amassive rearrange-

ment was acquired in a single event, and chromoplexy, which

involves coordinate and simultaneous rearrangements of multi-

ple chromosomes (Zhang et al., 2013). Recent work also

challenges the classic theory that pancreatic cancer evolves

gradually through random acquisition of driving mutations,

instead favoring a model where multiple driving mutations occur
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simultaneously through genome rearrangements (Notta et al.,

2016). These bursts of genomic instability may be facilitated by

replication stress or transcriptional stress (described below) in

an otherwise DNA-repair-proficient background.

Stochastic Errors in DNA Replication or Spontaneous
Deamination as a Source of Mutation
Among the estimated 70,000 lesions per day that a normal cell is

forced to copewith, each has the potential to be converted into a

mutation. The most frequent single-nucleotide substitutions

found in normal tissues and human tumors are transversion mu-

tations that change a purine nucleotide to another purine (A>G)

or a pyrimidine nucleotide to another pyrimidine (C>T)(Alexan-

drov and Stratton, 2014). Likely sources of these mutations are

misincorporation by DNA polymerases or spontaneous deami-

nation of cytosine to uracil.

Each time a cell divides, 63 109 nucleotides are replicated by

DNA polymerases. DNA polymerases are also responsible for

filling in single-strand gaps of DNA when mutated bases are

excised during NER, MMR, and BER. Replication is predicted to

generate mutations at a low but constant rate, and the variation

in cancer risk across different tissues might be explained by the

total number of cell divisions in normal stem cells derived from

that tissue (Tomasetti and Vogelstein, 2015). Recently, mutation

rates in human stem cells have been determined to accumulate

at a steady rate of approximately 40 novel mutations per year in

various tissue types (Blokzijl et al., 2016). Someof thesemutations

could be generated during translesion synthesis (TLS), which al-

lows cells to efficiently complete DNA replication across sites of

DNA damage (Goodman and Woodgate, 2013). DNA translesion

polymerases are error prone and are thought to promote toler-

ance of DNA damage, which can contribute to cancer evolution.

The most recurrent set of mutations that accumulate in stem

cells with high division rate represents the aging signature (Alex-

androv and Stratton, 2014), which has also been found to be the

most common base substitution signature in cancer. This signa-

ture, which correlates with patient age, is made up of predomi-

nantly C>T transitions at CpG dinucleotide motifs, reflecting

the inherent mutability of methylated cytosine (Lindahl, 1993).

Indeed, C>T substitutions at CpGsmake up 25%of somatic mu-

tations in TP53 codons, implying that mutations associated with

this signature might drive tumorigenesis (Olivier et al., 2010).

The deaminated product of methylated cytosine is thymine,

which leads to transition mutations if the T:G mismatch is not
Figure 2. DNA Repair Pathways and Mutations Associated with Dysfu
(A) Spontaneous deamination of 5-methylcytosine (C*) generates an aging si
deamination converts C>T, which is recognized by thymine DNA glycosylase (T
nucleotide, which is replaced by polymerase beta (POLb).
(B) Reactive oxygen species (ROS) oxidizes guanine to form 8-oxoG. 8-oxoG can
detected by OGG1 before replication or if the 8-oxoG:A pairing is not recognized
(C) Exposure to UV light generates cyclobutane pyrimidine dimers, which are reco
flap endonucleases. Polymerase delta (POLd) synthesizes DNA to restore C:G
dinucleotides.
(D) DNA polymerase errors induce mismatch repair (MMR) through MSH2/MSH6
POLd. Failure to complete MMR results in base substitutions.
(E) DNA DSBs are repaired using non-homologous end joining (NHEJ) or hom
deletions, as does an inherently error-prone form of end-joining (alternative end joi
pairing. Normal HR is an error-free repair mechanism, but abortive HR may yield c
which are common in HR-deficient cancers. BRCA1 and CtIP promote DNA end
normal HR.
recognized and repaired prior to DNA replication (Figure 2A). In

addition to incorporating the mutation, DNA replication also in-

creases the probability of spontaneous deamination through

transient exposure of ssDNA and during post-replicative conver-

sion of cytosine to 5-methylcytosine (Lindahl, 1993). Although

70% to 80% of CpG cytosines are methylated in mammalian

cells, the CpG dinucleotide occurs with a frequency of less

than one quarter of that which would be expected by random

chance. It has been proposed that CpG deficiency is due to

the increased mutation rate of 5-methylcytosine (Scarano

et al., 1967), which likely stems from inefficient excision of T:G

mismatches. 5-methylcytosine is demethylated by TET family

DNA demethylases through a 5-hydroxymethylcytosine interme-

diate. Recent work shows that sites of 5-hydroxymethylcytosine

are associated with C>G transversions in cancer genomes, and

increased C>G correlates with the expression of TET enzymes

(Supek et al., 2014). Thus, modified cytosine might also be inher-

ently mutagenic.

Aging poses the greatest risk for cancer. The free radical the-

ory of aging posits that reactive oxygen species produced by

normal cellular metabolism are responsible for the damage to

biomolecules resulting in organismal aging (Harman, 1956).

One of the most common lesions arising from reactive oxygen

is 8-oxoguanine (8-oxoG), which can result in mispairing with

adenine resulting in G>T substitutions if 8-oxoG is not removed

prior to DNA replication (Figure 2B). Even though 8-oxoG has

long been believed to be a primary driver of mutagenesis in

both nuclear and mitochondrial DNA, a mutational signature

attributed to oxidative DNA lesions has not been found in primary

cancers or in mitochondrial DNA during aging (Helleday et al.,

2014; Kennedy et al., 2013). The lack of G>T substitutions asso-

ciated with age might indicate that removal of 8-oxoG is

extremely efficient (Banerjee et al., 2006) (Figure 2B). In contrast,

T:G mismatches that arise during spontaneous deamination of

5-methylcytosine might either occur more frequently or might

not be recognized as efficiently by the MMR machinery or the

thymine DNA glycosylase (TDG), which recognizes T:G mis-

matches (Figure 2A).

DNA Editing as a Source of Mutation
ssDNA is a substrate for the cytosine deaminase family of en-

zymes, which includes APOBECs and activation-induced

cytidine deaminase (AID) (see below) (Swanton et al., 2015).

APOBECs normally function in protecting against retroviruses
nctional Repair
gnature, characterized by CpG>TpG transition mutations. 5-methylcytosine
DG). Apurinic/apyrimidinic endodeoxyribonuclease (APE) excises the abasic

pair with adenine and may generate G>T mutations if 8-oxoG:C pairing is not
by MUTYH after the first round of replication.

gnized by nucleotide excision repair (NER) factors and excised by XPG and XPF
pairing. Failure to complete NER results in C>T transition mutations at CC

. Exonuclease I (EXO1) removes a short patch of DNA that is resynthesized by

ologous recombination (HR). Normal NHEJ may result in small insertions or
ning), which relies on short homologous sequences (microhomologies) for base
hromosomal rearrangements, such as tandem duplications or large deletions,
resection during HR, whereas BRCA2 promotes strand invasion to facilitate
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and other mobile elements (Swanton et al., 2015). APOBEC3B is

upregulated in approximately half of all cancers and promotes

chemotherapy resistance in estrogen-receptor-positive breast

cancer (Alexandrov et al., 2013; Burns et al., 2013; Law et al.,

2016). The APOBEC mutational burden ranks second only to

the aging signature in cancer (Alexandrov et al., 2013; Burns

et al., 2013). APOBEC-induced mutations occur either as

strand-coordinated clusters (kataegis) or as scattered mutations

(Alexandrov et al., 2013). APOBEC-associatedmutational signa-

tures occur at a higher rate on the lagging strand (Haradhvala

et al., 2016; Morganella et al., 2016), which during DNA synthesis

endures longer exposure as ssDNA relative to the leading strand

(Figure 3A). In addition, collapsed replication forks are repaired

by HR, which generates a long 30 ssDNA overhang during end

resection that, in theory, can be a substrate for APOBEC

(Figure 3A). Interestingly, localized APOBEC hypermutations

show marked colocalization and appear to be coupled to

genomic rearrangements (Alexandrov et al., 2013), perhaps

because of high levels of ssDNA formed as a result of replication

stress and transcription stress (see Gene Activation Can Desta-

bilize the Genome) (Kanu et al., 2016) (Figures 3A and 3B).

The Ig genes are targets of high density AID-mediated cytidine

deamination during somatic hypermutation and class-switch

recombination in B cells (reviewed in (Di Noia and Neuberger,

2007). AID has a preference for deaminating cytosine residues

flanked by a 50 purine, making its signature distinguishable

from APOBECs, which show a variety of sequence preferences

(Swanton et al., 2015). In either case, the U:G mismatches, if

replicated, will generate C>T transition mutations (Figure 3C).

Alternatively, these mismatches can be processed into DSBs,

leading to class-switch recombination (Figure 3D). In addition

to the Ig heavy- and light-chain loci, AID initiates recurrent

DSBs in non-Ig loci, predominantly within B cell super enhancers

and regulatory clusters (Meng et al., 2014; Qian et al., 2014).

Some of these off-target sites are proto-oncogenes that, when

translocated to potent Ig enhancers, lead to their constitutive

expression. Despite the risk of B cell genomic instability associ-

ated with AID off-target deamination activity and DSB formation

(Figure 3D), the majority of the AID-generated uracils in non-Ig

loci are corrected by high-fidelity DNA repair and hence are

not detectable as mutations (Liu et al., 2008). Thus, AID-medi-

ated cytosine deamination seems to be differentially repaired

depending on genomic context. The mechanisms that allow

high-fidelity BER and/or MMR machineries to perform error-

prone repair at some loci whereas others are spared from muta-
Figure 3. Causes and Consequences of Enzyme-Induced Cytosine De
(A) ssDNA exposed during replication fork progression is a substrate for cytosin
Stalled replication forks expose ssDNA on both the leading and lagging strand, w
fork reversal. Endonuclease cleavage causes replication fork collapse into one-e
(B) ssDNA exposed during transcription is a substrate for cytosine deamination. RN
the transcription bubble and behind the RNAP as a result of negative supercoilin
exposes long stretches of ssDNA on the non-template strand. R-loops may be res
(C) Mechanism of enzyme-induced somatic hypermutation (SHM). Cytosine deam
UNG to generate an abasic site opposite the G. Apurinic/apyrimidinic endodeoxy
the abasic site is replicated over prior to repair, this can give rise to transition or tr
substitution occurs. Mutations at neighboring A:T base pairs can occur if the U:G p
eta (Polh).
(D) Mechanisms of enzyme-induced rearrangements and class-switch recombin
through BER or MMR will form DNA DSBs, leading to chromosomal rearrangem
tion is not known but might be linked to B cell transformation (Liu

et al., 2008). Numerous alternative possibilities have been sug-

gested for differential repair, including distinct chromatin struc-

tures that might recruit error-prone versus high-fidelity repair

factors, variation in repair capacity during the cell cycle, and dif-

ferences in the replication timing of the targeted genes (Liu and

Schatz, 2009).

Influence of Chromatin Organization on Regional
Mutation Rates
There is a great variation in the mutation load in cancer, ranging

from frequencies of less than onemutation perMb in some child-

hood cancers to greater than 250 mutations per Mb in ultramu-

tated biallellic MMR-deficient brain tumors (Shlien et al., 2015).

Most cancers have been found to harbor elevated rates of

base substitutions in heterochromatic late replicating regions

and reduced rates in early replicating regions (Schuster-Böckler

and Lehner, 2012). Highmutation densities correlate with repres-

sive histone modifications (e.g., H3K9me3 and H4K20me3) and

anti-correlate with marks of open chromatin such as H3K4me3,

GC content, and genes with higher expression (Schuster-Böck-

ler and Lehner, 2012) (Figure 4A). This association is upheld

across diverse tissue and signature types and is also conserved

in S. cerevisiae, in which nucleotide mis-incorporations are

dominant during late phases of the cell cycle (Waters and

Walker, 2006). This suggests that replication timing and the chro-

matin landscape can influence lesion formation and DNA repair

fidelity.

It has been suggested that base substitutions in cancer are en-

riched in genomic regions that undergo late replication because

of differential DNA repair rather than differences inmutation rates

(Supek and Lehner, 2015; Zheng et al., 2014). One possibility is

that early S phase templates have more time to recognize and

repair mutations prior to mitosis. In addition, the DNA MMRma-

chinery, which is coupled to DNA replication, appears to bemore

effective in euchromatic early replicating regions (Supek and

Lehner, 2015; Zheng et al., 2014) (Figure 4B). NER also reduces

the rate of mutation in genic regions (Zheng et al., 2014), and

differences in repair rates between transcribed and non-tran-

scribed DNA have been linked to high-fidelity-transcription-

coupled NER (Haradhvala et al., 2016; Morganella et al., 2016;

Nik-Zainal et al., 2012) (Figure 4B). Consistent with differences

in repair across the genome, when either the NER or MMR

pathway is lost, mutations are more evenly distributed (Supek

and Lehner, 2015; Zheng et al., 2014).
amination
e deamination. Active replication forks expose ssDNA on the lagging strand.
hich activates ATR to stop replication and stabilize the fork through controlled
nded DNA DSBs, which must be resected before repair by HR.
A polymerase (RNAP) exposes ssDNAwhile synthesizing nascent RNA (red) at
g (left). Transcription stress induces the formation of R-loops (middle), which
olved in DSBs through cleavage by TC-NER components XPF and XPG (right).
ination generates a U:G mismatch, which is recognized by uracil glycosylase

ribonuclease (APE) excises the abasic nucleotide which is repaired by POLb. If
ansversion mutations (N). If the U:G mismatch is replicated prior to repair, C>T
air is recognized by theMMRpathway and repaired by error prone polymerase

ation (CSR). If cytosine deamination occurs nearby on opposite strands, repair
ents or CSR.
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Figure 4. Replication Timing and Protein-DNA Interactions Influence Regional Mutation Rates
(A) Early replicating regions of the genome are associated with high levels of H3K4me3, transcription, increased chromatin accessibility, and low levels of
H3K9me3.
(B) In cancer genomes, accessible early replicating regions have fewer base-pair substitutions. MMR is more likely to recognize mismatches in early replication
regions. NER is also more efficient in transcribed, accessible chromatin.
(C) DNA accessibility determines efficiency of NER (adapted from Sabarinathan et al., 2016). Repair of UV-induced lesions is efficient within DNase I hyper-
sensitive sites (DHSs), but is impaired by nucleosome occupancy and transcription factor binding. Conversely, UV-induced mutations are more frequent where
DNA-binding proteins interfere with NER machinery.
(D) Whereas DSBs are more efficiently repaired in accessible chromatin, chromosome rearrangements in cancer genomes accumulate at early replicating
regions.
Even within accessible chromatin, there is variation in muta-

tion density (Figure 4C). For example, in several cancer types,

including melanoma, ovarian, lung, astrocytoma, esophageal,

and prostate cancers, there is increased mutation at the peaks

of DNase I hypersensitive sites relative to accessible flanking re-

gions, even though both regions are nucleosome free (Perera

et al., 2016; Sabarinathan et al., 2016) (Figure 4C). In melanoma,

such regulatory regions have mutation rates four times higher

than flanking sequences. Evidence suggests that peaks of

accessible chromatin within regulatory DNA (i.e., promoters)

are bound by proteins such as the transcription initiationmachin-

eries that exclude NER and other repair proteins (Perera et al.,

2016; Sabarinathan et al., 2016) (Figure 4C). Genome-wide

analysis of excision repair after UV damage in primary skin fibro-

blasts has demonstrated a reduction in repair within transcrip-

tion factor binding sites at DNase I hypersensitive sites, whereas

NER-deficient cells do not show any increased promoter muta-

tion density (Perera et al., 2016; Sabarinathan et al., 2016). Inter-

estingly, recent sequencing of individual neurons from the

human prefrontal cortex revealed that each neuron has a distinct

genome with more than 1,000 mutations per cell (Lodato et al.,

2015). Mutation hotspots in neurons occurred predominantly at

transcriptionally-active loci and at DNase I hypersensitive sites

(Lodato et al., 2015). This suggests the possibility that even in

neurons, mutation hotspots can result from the exclusion of

repair proteins by DNA-bound factors. Impaired DNA damage

repair is also a common feature of neurodegenerative diseases

(McKinnon, 2013). In neuronal progenitors, however, recurrent
650 Cell 168, February 9, 2017
DNA DSB clusters occur in gene bodies of late-replicating

genes, possibly contributing to functional diversity during

neuronal development (Wei et al., 2016).

Influence of Chromatin Organization on Large-Scale
Chromosomal Rearrangements
Chromosomal rearrangements (deletions, tandem duplications,

inversions, and translocations) are initiated by DNA DSBs. Over-

all, rearrangements are 10- to 1,000-fold less frequent than so-

maticmutations but also show regional variation across a cancer

genome. However, in stark contrast to substitution mutations,

which are predominant in heterochromatin, rearrangements

are enriched in early replicating regions (Morganella et al.,

2016; Sima and Gilbert, 2014), including those that may arise

through a single catastrophic event (Baca et al., 2013; Zhang

et al., 2013).

Unlike the case for base substitutions, it appears that

increased DNA damage rather than deficient DNA repair might

underlie the predominance of rearrangements in early replicating

regions (Figure 4D). While different chromatin environments may

selectively utilize NHEJ or HR pathways (Chiolo et al., 2011;

Tsouroula et al., 2016), it is generally believed that the hetero-

chromatin superstructure confers a barrier to DSB repair.

Consistent with this, euchromatic DSBs are more rapidly re-

paired than heterochromatic DSBs (Goodarzi et al., 2008)

(Figure 4D). Thus, early replicating regions of the genome might

be expected to harbor fewer rearrangements, unless there were

an overabundance of DSBs in these regions relative to late



replicating regions. One hallmark feature of early replicating

euchromatin is the association with gene-rich, transcriptionally

active, and DNase I accessible regions (Figure 4A). Nearly three

quarters of expressed genes are estimated to be early replicating

(Sima and Gilbert, 2014). As discussed below, there is evidence

that high levels of transcription and the increased probability of

conflicts with the replication machinery pose a substantial threat

to genome integrity (Aguilera, 2002).

Oncogenic Stress Promotes DNA Damage and Genomic
Rearrangements in Early Replicating Regions
Oncogene activation is a major driving force in cancer develop-

ment (Halazonetis et al., 2008). Oncogenes stimulate new repli-

cation origin firing, which depletes nucleotide pools, decreases

replication fork speed, and results in stalled replication forks,

which are prone to collapse into DSBs (Halazonetis et al.,

2008). Replication stress leads to exposure of tracts of ssDNA

that are substrates for endonuclease cleavage, which generates

DSBs (Cortez, 2015), or for APOBEC3-deaminase-mediated

mutagenesis (Kanu et al., 2016). By deregulating the timing of

replication initiation and progression, oncogenes might also

disrupt the spatio-temporal segregation that normally prevents

conflicts between transcription and DNA replication (Halazonetis

et al., 2008). This might be exacerbated by oncogenes such as

c-myc, which amplifies gene expression at all active genes

(Nie et al., 2012), thereby posing a further impediment to replica-

tion. Recent studies in bacteria indicate that replication-tran-

scription collisions can cause replication fork stalling and DNA

breaks leading to two types of mutation signatures: duplications

and deletions within the transcriptional unit and promoter-local-

ized base substitutions (Sankar et al., 2016).

Oncogene-induced DNA damage is not random, but preferen-

tially occurs at fragile sites (Sarni and Kerem, 2016). In contrast

to late replicating common fragile sites (CFSs), early replicating

fragile sites (ERFSs) appear near mammalian origins of replica-

tion within highly expressed gene clusters enriched for repetitive

elements and CpG dinucleotides (Barlow et al., 2013). These re-

gions may be particularly susceptible to replication-transcription

collisions, creating the potential for genome rearrangements.

Indeed, ERFSs identified in primary B cells account for a large

fraction of recurrent amplifications and/or deletions in human

diffuse large B cell lymphomas (Barlow et al., 2013).

In addition to oncogenes, recent cancer genome sequencing

studies have identified the histone methyltransferases KMT2C

and KMT2D, among the most broadly mutated genes in human

cancer (Lawrence et al., 2014). KMT2C and KMT2D belong to

the family of mammalian mixed-lineage leukemia (MLL) genes

that encode histone methyltransferases, responsible for methyl-

ation at H3K4 at a subset of active gene promoters and en-

hancers (Lee et al., 2013). Despite their mutation in many

cancers, the roles of KMT2C and KMT2D in genome stability

have only recently been uncovered. KMT2C- and KMT2D-

dependent H3K4 methylation was found to be induced at repli-

cation forks upon replication stress (Ray Chaudhuri et al.,

2016), and KMT2D physically interacts with the helicase

RECQL5 to prevent collisions between transcription and replica-

tion machineries (Kantidakis et al., 2016; Saponaro et al., 2014).

Like RECQL5-deficient cells, KMT2D-deficient cells exhibited
transcription stress associated with RNAPII pausing, stalling,

and backtracking, leading to chromosomal aberrations primarily

within ERFSs (Kantidakis et al., 2016). Thus, cancer-driving

oncogenes and mutations in KMT2C and KMT2D could poten-

tiate DNA breaks and chromosomal rearrangements preferen-

tially in early replicating regions.

Gene Activation Can Destabilize the Genome
Like oncogenes, hormone stimulation of gene expression may

induce genome instability (Haffner et al., 2010; Ju et al., 2006;

Lin et al., 2009; Williamson and Lees-Miller, 2011). In estrogen-

receptor-positive breast cancer cells, estrogen stimulation

boosts expression of a broad cohort of genes, promotes cell

cycle entry, and increases DNA damage (Ju et al., 2006; William-

son and Lees-Miller, 2011). Robust transcription at estrogen-

responsive genes results in co-transcriptional structures known

as R-loops, or RNA:DNA hybrids associated with unannealed

ssDNA (Stork et al., 2016) (Figure 3B). Although RNA processing

factors normally resolve RNA:DNA hybrids, it has been sug-

gested that hormones or other stimuli that promote high levels

of transcription might overload the system, resulting in the accu-

mulation of R-loops (Stork et al., 2016). The displaced ssDNA

non-transcribed strand can then act as a substrate for cytosine

deamination by APOBEC, which through the activation of BER

pathways can lead to DSB formation (Periyasamy et al., 2015)

(Figure 3B). Alternatively, unprocessed R-loops can activate

the transcription-coupled NER (TC-NER) endonucleolytic ma-

chinery, which can excise the RNA:DNA hybrid, generating a

DSB upon encounter with a replication fork (Cortez, 2015; Stork

et al., 2016) (Figure 3B). Interestingly, a correlation was observed

between genomic rearrangements in breast tumors and estro-

gen-responsive genes, suggesting a tissue-specific vulnerability

to a endogenous but potentially genotoxic agent (Stork et al.,

2016). In summary, ssDNA associated with R-loops can be mu-

tagenetic and recombinogenic.

Independent of collisions with replication forks, transcription

itself might contribute to genome instability. Over 20 years

ago, it was demonstrated that an increased transcription level

stimulates spontaneous mutagenesis in yeast (Datta and

Jinks-Robertson, 1995). Recent genome-wide sequencing ap-

proaches in mammalian cells have revealed that transcription-

ally-active regions also harbor more translocations and are

more fragile than less-active regions (Barlow et al., 2013; Chiarle

et al., 2011; Klein et al., 2011). One potential source of transcrip-

tional stress is the superhelical tension produced as RNA poly-

merase traverses DNA. For example, negative supercoiling

(underwinding) can lead to stretches of ssDNA behind the

advancing polymerase, with potential for enzyme-induced cyto-

sine deamination and mutation (Figure 5A). Torsional stress is

normally relieved by topoisomerases, enzymes that catalyze

transient cleavage of the DNA backbone, followed by one rota-

tion of the DNA strand before resealing (Pommier et al., 2016).

The broken DNA intermediates are thought to be sequestered

from the DNA damage surveillance machinery. However, at

some unknown frequency, topoisomerases fail to complete the

reaction, which can result in trapped cleavage complexes and

persistent DNA damage on one or both DNA strands

(Figure 5B). Notably, several DNA alterations, including oxidative
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Figure 5. Canonical and Non-canonical Topoisomerase Activity and Gene Activation
(A) Upon gene activation, canonical topoisomerase activity promotes gene expression. The enzymes TOP1 and TOP2 cleave one or both strands to alleviate
positive supercoiling ahead of and negative supercoiling behind RNA polymerase (Pol II). ssDNA behind Pol II can be a substrate for cytosine deamination.
(B) Non-canonical, abortive TOP2 reactions result in protein-linked DNA breaks that are resolved the NHEJ repair pathway. Abortive TOP2 activity also promotes
transcription by an unknown mechanism. Persistent DNA damage may also result in chromosomal alterations.
lesions, base modifications, mismatches, and ssDNA breaks

enhance the frequency of persistent topoisomerase cleavage

complexes (Pommier et al., 2016). These can eventually give

rise to DSBs and short deletions (Lippert et al., 2011; Takahashi

et al., 2011), implicating trapped cleavage complexes as a

source of mutation.

Recently, non-canonical roles for topoisomerases have also

been observed, in which prolonged topoisomerase-mediated

DNA damage is necessary to promote transcription (Figure 5B).

In cells activated by diverse stimuli, including heat shock, serum

induction, insulin, androgen, estrogen, and various neuronal

stimuli, the transcriptional program appears to require persistent

topoisomerase-mediated DNA damage that is recognized by

the DNA damage transducers ATM, DNA-PKcs, and PARP1

(Bunch et al., 2015; Haffner et al., 2010; Ju et al., 2006;

Lin et al., 2009; Madabhushi et al., 2015; Perillo et al., 2008;

Wong et al., 2009). For example, upon activation of postmitotic

neurons with NMDA, H2AX is rapidly phosphorylated in tran-

scribed regions of early-response genes (Madabhushi et al.,

2015). It is postulated that DNA damage signaling might be

necessary for the release of paused RNA polymerase at pro-

moters or for conformational changes that facilitate promoter-

enhancer interactions (Calderwood, 2016).

Although persistent DNA damage induced by non-canonical

topoisomerase activity promotes transcription, it can also lead

to genome instability. For example, androgen stimulation in

prostate cells leads to TOPO2b-dependent androgen receptor

target gene expression, as well as genomic recombination

events at activated loci, leading to prostate cancer rearrange-
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ments (Haffner et al., 2010; Lin et al., 2009). The probability of

aberrant rearrangements is likely to be exacerbated by defi-

ciencies in HR, which are found in as many as 25% of advanced

prostate cancers (Pritchard et al., 2016). It has been speculated

that the inflammatory mileau might stabilize TOP2-DNA cleav-

age complexes, perhaps due to increases in reactive oxygen

species surrounding the prostate lesion (De Marzo et al., 2007;

Pommier et al., 2016). Inflammation also induces the expression

of hundreds of pathogen-associated genes, which require

topoisomerase I for nucleosome remodeling and transcriptional

elongation (Rialdi et al., 2016). If such inflammatory transcrip-

tional responses similarly result in persistent topoisomerase

lesions, they might contribute to mutation and/or chromosomal

rearrangements.

Conclusions and Future Perspectives
Themutational landscape of cancer is generated through a com-

bination of environmental and endogenous stresses that cause

base substitutions, insertions, deletions, and chromosomal rear-

rangements. A major lesson from recent work is that even in

repair-sufficient cells, endogenous and oncogenic stress can

occasionally overwhelm normal genomemaintenance pathways

(Figure 6). One major outcome of these stresses is exposure of

ssDNA, which is subject to nuclease activity, spontaneous hy-

drolysis, and enzyme-induced deamination that often results in

base substitutions or processing into DSBs. Hormonal signaling

and inflammatory responses may act similar to oncogenes by

driving cells to undergo high levels of transcriptional activity or

replication stress that leads to genome instability.



Figure 6. Replication and Transcription Stress Contribute to the

Mutational Landscape of Cancer
An emerging model for how mitogenic signaling promotes genome instability
at early replicating fragile sites (ERFSs). Oncogenes, hormones, and inflam-
mation can promote unscheduled activation of replication and transcription
programs. This can result in replication stress and transcription stress through
mechanisms that are largely unknown. The generation of ssDNA and DSBs at
ERFSs can lead to genomic instability.
Despite the fact that each cell in the human body is exposed

to thousands of DNA lesions per day, most are efficiently re-

paired. Unfortunately, it is not possible with current technologies

to accurately quantify the steady-state levels of several types of

DNA lesions. For example, the most reliable method to detect

ssDNA breaks (i.e., the alkali comet assay) is sensitive to only

a few thousand lesions per cell (or one ssDNA break every

million bp). Similarly, it is difficult to estimate the frequency

and location of replication-associated DSBs and protein-

blocked lesions arising from abortive topoisomerase activity.

Although the phosphorylation of the histone variant H2AX, or

g-H2AX, has been extensively used as a surrogate marker of

DSBs, it also marks single-stranded regions exposed during

replication stress and spreads over hundreds of kilobases.

However, recent DNA break capture and next-generation-

sequencing-based methods have begun to quantitate and pre-

cisely locate genomic co-ordinates of low frequency DNA

lesions, translocations, and other infrequent complex rearrange-

ments (Canela et al., 2016; Frock et al., 2015; Lensing et al.,

2016; Zhang et al., 2015). These emerging technological and

computational advances should enable a better understanding
of the various sources, risk factors, and mechanisms that

contribute to genome instability.

Our comprehensive understanding of genome maintenance

pathways is a direct result of decades of work investigating

DNA repair mechanisms. This is the basis for current clinical can-

cer treatments predicated on chemotherapy and ionizing radia-

tion that damage DNA and in turn overwhelm the cellular DNA

repair capacity in highly proliferative tumor cells. As effective

as they have been, treatments that produce DNA damage on a

global scale frequently result in side effects, secondary tumors,

and drug resistance. Precision therapies based on synthetic

lethality exploit cancer-specific mutations by targeting deficient

DNA repair and thereby reduce collateral damage to normal cells

(Lord et al., 2015). Tumors with defective DNA repair might also

respond well to immune checkpoint inhibitors by generating mu-

tations that produce neoantigens that enhance T cell reactivity

(Schumacher and Schreiber, 2015). Additionally, by manipu-

lating highly intricate DNA repair pathways, it has become

possible to generate site-specific nucleotide substitutions of

DNA through CRISPR/Cas9 base editing (Komor et al., 2016;

Nishida et al., 2016; Paquet et al., 2016), which might provide

a complementary approach to correcting known germline muta-

tions that predispose individuals to cancer. In conclusion, a

deeper understanding of how DNA lesions are generated, pro-

cessed, and repaired will continue to provide insights and new

opportunities for cancer prevention and treatment.
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Schuster-Böckler, B., and Lehner, B. (2012). Chromatin organization is amajor

influence on regional mutation rates in human cancer cells. Nature 488,

504–507.

Shlien, A., Campbell, B.B., de Borja, R., Alexandrov, L.B., Merico, D., Wedge,

D., Van Loo, P., Tarpey, P.S., Coupland, P., Behjati, S., et al.; Biallelic

Mismatch Repair Deficiency Consortium (2015). Combined hereditary and so-

matic mutations of replication error repair genes result in rapid onset of ultra-

hypermutated cancers. Nat. Genet. 47, 257–262.

Sima, J., and Gilbert, D.M. (2014). Complex correlations: replication timing and

mutational landscapes during cancer and genome evolution. Curr. Opin.

Genet. Dev. 25, 93–100.

Stork, C.T., Bocek, M., Crossley, M.P., Sollier, J., Sanz, L.A., Chédin, F., Swi-

gut, T., and Cimprich, K.A. (2016). Co-transcriptional R-loops are the main

cause of estrogen-induced DNA damage. eLife 5.

Supek, F., and Lehner, B. (2015). Differential DNA mismatch repair underlies

mutation rate variation across the human genome. Nature 521, 81–84.

Supek, F., Lehner, B., Hajkova, P., and Warnecke, T. (2014). Hydroxymethy-

lated cytosines are associated with elevated C to G transversion rates. PLoS

Genet. 10, e1004585.

Swanton, C., McGranahan, N., Starrett, G.J., and Harris, R.S. (2015). APOBEC

Enzymes: Mutagenic Fuel for Cancer Evolution and Heterogeneity. Cancer

Discov. 5, 704–712.

Takahashi, T., Burguiere-Slezak, G., Van der Kemp, P.A., and Boiteux, S.

(2011). Topoisomerase 1 provokes the formation of short deletions in repeated

sequences upon high transcription in Saccharomyces cerevisiae. Proc. Natl.

Acad. Sci. USA 108, 692–697.

Tomasetti, C., and Vogelstein, B. (2015). Cancer etiology. Variation in cancer

risk among tissues can be explained by the number of stem cell divisions. Sci-

ence 347, 78–81.

Tsouroula, K., Furst, A., Rogier, M., Heyer, V., Maglott-Roth, A., Ferrand, A.,

Reina-San-Martin, B., and Soutoglou, E. (2016). Temporal and Spatial Uncou-

pling of DNADouble Strand Break Repair PathwayswithinMammalian Hetero-

chromatin. Mol. Cell 63, 293–305.
Cell 168, February 9, 2017 655

http://refhub.elsevier.com/S0092-8674(17)30005-3/sref50
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref50
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref50
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref51
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref51
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref51
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref51
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref52
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref52
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref53
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref53
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref53
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref53
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref54
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref54
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref54
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref54
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref55
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref55
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref55
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref56
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref56
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref56
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref56
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref56
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref57
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref57
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref57
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref57
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref58
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref58
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref58
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref58
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref59
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref59
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref59
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref59
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref60
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref60
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref61
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref61
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref61
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref62
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref62
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref62
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref62
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref63
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref63
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref63
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref64
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref64
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref64
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref64
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref65
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref65
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref65
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref65
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref66
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref66
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref66
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref67
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref67
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref67
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref67
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref68
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref68
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref68
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref69
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref69
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref69
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref69
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref70
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref70
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref70
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref70
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref71
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref71
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref71
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref72
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref72
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref72
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref73
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref73
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref73
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref73
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref74
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref74
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref75
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref75
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref75
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref76
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref76
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref77
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref77
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref77
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref78
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref78
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref78
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref78
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref78
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref79
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref79
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref79
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref80
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref80
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref80
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref81
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref81
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref82
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref82
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref82
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref83
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref83
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref83
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref84
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref84
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref84
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref84
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref85
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref85
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref85
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref86
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref86
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref86
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref86


Waters, L.S., and Walker, G.C. (2006). The critical mutagenic translesion DNA

polymerase Rev1 is highly expressed during G(2)/M phase rather than

S phase. Proc. Natl. Acad. Sci. USA 103, 8971–8976.

Wei, P.C., Chang, A.N., Kao, J., Du, Z., Meyers, R.M., Alt, F.W., and Schwer, B.

(2016). Long Neural Genes Harbor Recurrent DNA Break Clusters in Neural

Stem/Progenitor Cells. Cell 164, 644–655.

Williamson, L.M., and Lees-Miller, S.P. (2011). Estrogen receptor a-mediated

transcription induces cell cycle-dependent DNA double-strand breaks. Carci-

nogenesis 32, 279–285.

Wong, R.H., Chang, I., Hudak, C.S., Hyun, S., Kwan, H.Y., and Sul, H.S. (2009).

A role of DNA-PK for the metabolic gene regulation in response to insulin. Cell

136, 1056–1072.
656 Cell 168, February 9, 2017
Wu, S., Powers, S., Zhu, W., and Hannun, Y.A. (2016). Substantial contribution

of extrinsic risk factors to cancer development. Nature 529, 43–47.

Zhang, C.Z., Leibowitz, M.L., and Pellman, D. (2013). Chromothripsis and

beyond: rapid genome evolution from complex chromosomal rearrangements.

Genes Dev. 27, 2513–2530.

Zhang, C.Z., Spektor, A., Cornils, H., Francis, J.M., Jackson, E.K., Liu, S.,

Meyerson, M., and Pellman, D. (2015). Chromothripsis from DNA damage in

micronuclei. Nature 522, 179–184.

Zheng, C.L., Wang, N.J., Chung, J., Moslehi, H., Sanborn, J.Z., Hur, J.S., Col-

lisson, E.A., Vemula, S.S., Naujokas, A., Chiotti, K.E., et al. (2014). Transcrip-

tion restores DNA repair to heterochromatin, determining regional mutation

rates in cancer genomes. Cell Rep. 9, 1228–1234.

http://refhub.elsevier.com/S0092-8674(17)30005-3/sref87
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref87
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref87
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref88
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref88
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref88
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref89
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref89
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref89
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref90
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref90
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref90
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref91
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref91
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref92
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref92
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref92
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref93
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref93
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref93
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref94
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref94
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref94
http://refhub.elsevier.com/S0092-8674(17)30005-3/sref94

	Endogenous DNA Damage as a Source of Genomic Instability in Cancer
	Introduction
	Inactivation of DNA Repair Pathways in Cancer
	Base Substitution and Rearrangement Signatures in Cancer
	Stochastic Errors in DNA Replication or Spontaneous Deamination as a Source of Mutation
	DNA Editing as a Source of Mutation
	Influence of Chromatin Organization on Regional Mutation Rates
	Influence of Chromatin Organization on Large-Scale Chromosomal Rearrangements
	Oncogenic Stress Promotes DNA Damage and Genomic Rearrangements in Early Replicating Regions
	Gene Activation Can Destabilize the Genome
	Conclusions and Future Perspectives
	Acknowledgments
	References


