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Abstract

The gain of a selective advantage in cancer as well as the establishment of complex traits during 

evolution require multiple genetic alterations, but how these mutations accumulate over time is 

currently unclear. There is increasing evidence that a mutator phenotype perpetuates the 

development of many human cancers. While in some cases, the increased mutation rate is the 

result of a genetic disruption of DNA repair and replication or environmental exposures, other 

evidence suggests that endogenous DNA damage induced by AID/APOBEC cytidine deaminases 

can result in transient localized hypermutation generating simultaneous, closely-spaced (i.e. 

“clustered”) multiple mutations. Here, we discuss mechanisms that lead to mutation cluster 

formation, the biological consequences of their formation in cancer and evidence suggesting that 

APOBEC mutagenesis can also occur genome-wide. This raises the possibility that dysregulation 

of these enzymes may enable rapid malignant transformation by increasing mutation rates without 

the loss of fitness associated with permanent mutators.

Introduction

The processes that underlie complex genome alterations that occur during evolution and 

carcinogenesis are under extensive investigation. While DNA damage and errors during 

DNA transactions are generally accepted as key sources of mutation, the robustness of DNA 

repair mechanisms and high fidelity of DNA replication minimizes these errors, resulting in 

a stable genome. Adaptive evolution or cancer development, however, often require multiple 

mutations. As mutation rates are normally low and most individual mutations are neutral or 

deleterious, several hypotheses have been proposed to explain how beneficial genetic 

alterations are accumulated during germ line and cancer cell evolution. Here we discuss the 

potential effect of one of these mechanisms, transient hypermutation, and its potential to 

generate simultaneous mutations during carcinogenesis.

Evolutionary processes generally occur in the background of rare genetic changes. Recent 

whole-genome sequencing of parent-offspring trios estimated the rate of single nucleotide 

variations in the human germ line as 1×10−8 mutations per base pair per generation [1]. Such 
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low mutation rates limit the number of productive evolutionary paths because insufficient 

mutations are accumulated to cross “fitness valleys.” Despite low mutation rates across a 

variety of organisms and viruses, reports of regionally high mutation densities suggest that 

locally increased mutation rates may occur transiently [2,3] and play a role in producing the 

multiple mutations needed for evolution. In addition, recent large scale sequencing of cancer 

genomes has indicated that many tumors have accumulated more mutations than would be 

expected from the spontaneous somatic mutation rate [4], supporting the hypothesis that 

many cancers acquire a mutator phenotype that facilitates their development [5]. Somatically 

acquired alterations of DNA repair capacity and replication fidelity appear to be relatively 

rare causes of increased mutation rates, occurring primarily in a subset of colorectal and 

endometrial cancers [6]. Analysis of spatial mutation distributions and mutation spectra in a 

variety of cancers indicates that some “mutation clusters” (i.e. closely-spaced base 

substitutions and single nucleotide insertions or deletions) can occur simultaneously [7,8], 

suggesting that transiently elevated mutation rates may play an important role in 

carcinogenesis.

How does hypermutation occur?

Regionally elevated mutation rates can be generated by increased susceptibility of particular 

areas of the genome to damage and error, or through local inhibition of DNA repair (Figure 

1). Inherent chromosome features such as heterochromatic regions and telomeres can impact 

mutation incidence by both of these means. DNA bound within nucleosomes has been 

reported to be resistant to damage, but also less accessible to repair [9], whereas human 

telomeres accumulate more UV lesions while also being resistant to repair [10]. Studies in 

Escherichia coli [11,12] and yeast [13-17] have shown that transient increases in mutation 

rates can occur anywhere in the genome that is involved in homology-directed DNA double 

strand break (DSB) repair. The requirement of the trans-lesion synthesis polymerase, pol 

zeta to mediate hypermutation in DNA flanking DSBs [13,14] suggested that DNA lesions 

persisting in single stranded (ss) DNA regions formed by 5′ to 3′ resection during the break 

repair may contribute to the elevated mutation frequencies in these regions (Figure 1c).

Damage to ssDNA is a source of hypermutation

Yang et al. directly tested this possibility by exposing ssDNA regions generated during DSB 

repair to exogenous DNA base damage and measuring the resulting mutation frequencies 

[18,19]. Exposure to UV light or the base alkylating agent methyl methanesulfonate (MMS) 

strongly increased CAN1 mutation frequencies near DSBs. Sequencing of UV-induced 

CAN1 mutations provided further support to the notion that lesions in ssDNA initiate hyper-

mutability. In this system, the UV light induced strand biased mutations occurring 

exclusively at pyrimidines 5′ of the DSB and at purines 3′ of the DSB [19]. The lack of the 

complementary mutations in these spectra suggested an absence of the complementary DNA 

strand, whereas the specific bases mutated were consistent with mutagenesis stemming from 

pyrimidine dimers in the ssDNA overhangs remaining after 5′ to 3′ resection of the DSB. 

MMS produced a similar switching of strand bias spectra (mutated cytosines 5′ of the DSB 

and guanines 3′ of the DSB), consistent with the mutations being induced by a single-

strand-specific lesion, N3-methyl cytosine. Damage-induced hypermutation also extends to 

other sources of ssDNA and forms of DNA damage. Sub-telomeric locations prone to 
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telomere uncapping and consequently single strandedness have been shown to be 

mutagenized by UV light, MMS, and even APOBEC3G cytidine deaminase [19,20] in a 

manner consistent with lesion accumulation in the persisting DNA strand.

Enzymatic deamination of ssDNA causes hypermutation

In mammalian B-cells, hypermutation of chromosomal DNA is strongly linked to ssDNA 

formed during transcription. However, in this case, the DNA damage is induced by 

activation-induced cytosine deaminase (AID). During the establishment of high-affinity 

antibodies, activated B-cells express AID to initiate somatic hypermutation (SHM) of 

immunoglobulin genes, resulting in localized mutation clusters with densities approaching 1 

mutation/kbp [21]. Initiation of this process is dependent on transcription of the targeted 

regions [22] which can include non-immunoglobulin genes [23]. Biochemical and genetic 

analysis of AID activity suggests this dependence is largely a result of AID's specificity for 

ssDNA over dsDNA [24,25]. This enzyme efficiently deaminates transient ssDNA 

associated with transcription bubbles [24,26,27] as well as in R-loop forming sequences 

[28,29]. AID can also deaminate ssDNA intermediates generated during other DNA 

transactions (e.g. DSB repair) [30,31], and in some cases by recruitment to specific 

sequences [32,33]. Hence, the general association of this enzyme with transcription 

intermediates in cells is likely due to this source of ssDNA being more abundant, as well as 

to specific interactions with RPA [34,35], Spt5 [36], other RNA PolII associated factors [37] 

and the exosome [38] that target AID to both strands of actively transcribed regions. Similar 

enzymatic deamination of cytidine in ssDNA may be a widespread source of damage-

induced hypermutation. AID belongs to a family of eleven cytidine deaminases, including 

APOBEC1 and seven APOBEC3 enzymes, which normally function in editing mRNA [39] 

and retroelement (i.e. retroviruses and retrotransposons) restriction [40], respectively. Other 

AID/APOBEC family members share AID's specificity for ssDNA [41,42], the ability to 

deaminate ssDNA in transcription bubbles in vitro [26,43,44], and the ability to damage 

nuclear DNA, hence leading to elevated mutation rates [45,46].

Damage to ssDNA is the primary source of clustered mutations in yeast

Importantly, where rates of spontaneous mutation in ssDNA are not sufficient to produce 

alleles with multiple mutations [3], lesion densities associated with exogenous and elevated 

endogenous damage to ssDNA regions can induce multiple mutations within a single or few 

generations. In fact, damage to ssDNA appears to be the primary mechanism by which 

simultaneously induced clustered mutations occur in Saccharomyces cerevisiae. Selection of 

MMS-induced mutations in closely-spaced URA3 and CAN1 genes [8] revealed large 

regions of hypermutation. These mutation clusters exhibited “strand-coordination” (i.e. runs 

of mutations occurring in the same type of base), a hallmark of transient hypermutation that 

indicates the mutations were induced simultaneously (Figure 2). Moreover, an excess of 

mutated C:G pairs in clusters compared to mutations in the rest of the genome also implied 

the contribution of the ssDNA-specific N3-methyl cytosine lesion in cluster formation. One 

subset of clusters again identified homology-directed DSB repair as a likely source of 

ssDNA targeted for hyper-mutation and simultaneous mutations. These clusters were 

composed of strand-coordinated mutated cytosines at the 5′ side of the cluster, switching to 

mutated guanines towards the 3′ side. This correlates with the MMS-induced mutational 
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spectra 5′ and 3′ of I-SceI induced DSBs [18]. Bi-directional resection is the only known 

process that explains the incidence of switching clusters without invoking an extended chain 

of events. However, the lengths of these mutation clusters imply that these repair processes 

occasionally generate ssDNA regions up to 100 kbps long, even without a genetic deficiency 

in homologous recombination, which are known to produce ssDNA regions tens of kbps 

long [47,48]. Along with DSB repair, MMS can also induce clustered mutations associated 

with destabilized replication forks. Ablation of either TOF1 or CSM3, members of the 

replication fork protection complex, increased the frequency of strand-coordinated mutation 

clusters which additionally displayed mutational strand biases dependent on the direction of 

replication through the area where clusters were selected [8]. Thus, ssDNA regions exposed 

during normal DNA metabolism, such as DSB repair or replication, can accumulate base 

lesions and ultimately result in the production of simultaneously induced clustered 

mutations. A third class of large completely strand-coordinated clusters selected with the 

URA3-CAN1 mutation cluster system indicates that additional sources of ssDNA are 

suitable targets for damage-induced mutation clusters. While a variety of processes could 

potentially generate such clusters, their similarity - in length and mutation density - to 

switching clusters suggests that a DSB repair process involving only one DNA end may 

provide the ssDNA.

Mutation clusters accumulate in cancer genomes

Early efforts to understand the mutagenic processes that could drive carcinogenesis found 

evidence of closely-spaced multiple mutations resembling the damage-induced clusters 

described above. When sequencing the LacZ mutation reporter from spontaneous tumors 

derived from the Big Blue mouse [49], Wang et al. found that several tumors contained 

multiple mutations in the LacZ gene. Because of the short inter-mutation distances and no 

evidence of a permanent increase in the mutability of the reporter, the authors proposed that 

the mutations were unlikely to be independent in time, but rather occurred simultaneously or 

within a few cell divisions. Sequencing of the genomic regions flanking the reporter 

determined that the LacZ mutations were often part of larger “mutation showers” composed 

primarily of base substitutions spaced 100 to 1000 bp apart that extended up to 30 kbp in 

length.

More recently, analyses of mutation distributions identified by high-throughput sequencing 

of human cancers has uncovered frequent incidence of clustered mutations. Groups of 2 or 

more mutations whose spacing was unlikely based on random mutagenesis [8,50] (Figure 3) 

have been found among multiple myeloma, prostate, head-and-neck cancers, and colorectal 

cancers. Further evaluation of mutation spectra, revealed these clusters existed in three 

classes based on stand-coordination (A- or T-coordinated, C- or G-coordinated, and non-

coordinated), the non-coordinated class predominating.

The majority of A- or T-coordinated clusters as well as a subclass of non-coordinated 

clusters occurring in known regions of SHM were found within multiple myeloma samples. 

The specificity for this cancer type suggests that these clusters are likely related to B-cell 

SHM. Supporting this, these clusters were composed primarily of mutated cytosines in the 

sequence context of WRC (all mutation contexts include the complementary sequence; 
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mutated base is underlined; W = adenine or thymine; R = adenine or guanine) and mutated 

adenines in the context of WA [8]. The motifs correspond to the respective sequence 

preferences of AID [51-53] and pol eta [54,55] mediated mutations during SHM.

APOBEC cytidine deaminases induce clustered mutations in cancer

We identified clustered mutations displaying C- or G-coordination in random locations of 

whole-genome sequenced tumors from four cancer types: multiple myeloma, prostate, head-

and-neck, and colorectal cancers [8,50]. This class of clustered mutations was composed 

almost exclusively of mutations occurring at the tri-nucleotide DNA sequence, TCW, 

suggesting that an enzymatic activity may be involved in this mutagenesis. The nearly 

exclusive substitution of the mutated cytosine by either T or G, suggested that this 

mechanism may also involve error-prone trans-lesion synthesis past abasic sites [56-58], 

which can be generated by glycolytic removal of a damaged base. Moreover, approximately 

40% of C- or G-coordinated clusters occurred within 20 kbp of a genomic rearrangement 

breakpoint. As these rearrangements are often generated by aberrant DSB repair processing, 

the proximity of C- or G- coordinated clusters to rearrangement sites suggested that, as seen 

in the generation of MMS-induced clustered mutations in yeast, an ssDNA intermediate of 

the repair process may have been targeted. Based on the specific mutated motif (TCW) and 

the co-localization of clusters with rearrangement breakpoints, we proposed that at least one 

member of the AID/APOBEC family of cytidine deaminases was inflicting the base damage 

that generated the clusters. Seven APOBECs (APOBEC1, 3A, 3B, 3C, 3DE, 3F, and 3H) 

deaminate cytosine to uracil specifically in the DNA sequence TC (reviewed in [40]), of 

which several specifically target TCW. The related cytidine deaminases, AID and 

APOBEC3G respectively modify WRC [53] and CC [59], two sequences excluded in the 

identified mutation clusters [8] (see Box 1). Additionally, AID/APOBEC deaminase 

activities are specific for ssDNA ([24,41] and reviewed in [40]) and can induce DSBs 

[46,60,61], which could lead to chromosome rearrangements. These features all correlate 

with a potential role in mutagenizing ssDNA DSB repair intermediates.

Additional mechanistic studies further indicate that APOBEC cytidine deaminases indeed 

have the biological capacity to generate mutation clusters by targeting induced as well as 

naturally occurring ssDNA regions. Along with specificity for ssDNA regions, which may 

have limited excision repair capacity, some APOBEC family members display unique 

biochemical characteristics that actively promote localized hypermutation. AID and 

APOBEC3G bind ssDNA strongly (displaying binding constants (Kd) of ~100 nM) and can 

translocate to catalyze multiple deaminations in a single binding event [53,62-64]. The role 

of this processivity in generating the observed clustered TCW mutations in human cancer, 

however, is currently unclear as this feature appears to not be universal among APOBEC 

enzymes that target TCW sequences. For example, APOBEC3A binds ssDNA much more 

weakly (Kd~100 μM) and displays only weak processivity in vitro [43,65]. APOBEC 

activity on ssDNA in yeast also produces base substitution patterns similar to those seen in 

C- or G-coordinated clusters in cancer. Expression of human APOBEC3G has been shown 

to induce multiple C to T and C to G mutations while excluding C to A transversions within 

regions of ssDNA through Ung1 mediated conversion of deoxyuridine to abasic sites and 

subsequent pol zeta and REV1 dependent error-prone trans-lesion synthesis [20]. Moreover, 
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expressing hyper-active mutants of human AID and APOBEC3G [66] and lamprey 

APOBEC [67] in yeast directly induces clustered strand-coordinated mutations.

Expanding the number of cancer types displaying evidence of APOBEC-induced clustered 

mutations, Nik-Zainal et al. reported similar strand-coordinated clustering of mutated 

cytosines among 21 whole-genome sequenced breast cancers [7]. Spatially clustered 

mutations, referred to as “kataegis” (Greek for thunderstorm), became visually apparent by 

graphing the inter-mutation distance for each pair of mutations in a “rainfall” plot. (Note: in 

the current literature both terms, kataegis and mutation clusters, are interchangeably used, 

often in the same paper [66-69]). This analysis identified tracts of mutations as long as 14 

Mb, where many of the mutations were separated by only 10 to 5000 bps. As with the 

clustered mutations observed in multiple myeloma, prostate, head-and-neck, and colorectal 

cancers, kataegis events were composed of strand-coordinated substitutions of cytosine to 

either thymine or guanine, primarily within the trinucleotide sequence of TpCpX (X = any 

nucleotide). Additionally, some kataegis events co-localized with various chromosome re-

arrangements including complex events characteristic of chromothripsis. Recent evaluation 

of 507 sequenced tumor genomes identified kataegis in lung adenocarcinoma, liver cancer, 

B-cell lymphoma, acute lymphoid leukemia, pancreatic cancer, chronic lymphoid leukemia, 

and medulloblastoma [6], indicating that while such events are rare in each sample, they are 

spread across a large variety of cancer types.

An APOBEC mutagenesis pattern is widespread in human cancers

Analysis of exome sequenced cancers has likewise identified strand-coordinated clustered 

TCW mutations within a wide variety of cancer types [50]. As seen in whole genome 

sequenced cancers, TCW clusters were identified in head-and-neck, prostate, and breast 

cancers among mutations from 2680 exome sequenced cancers, primarily from The Cancer 

Genome Atlas (TCGA). This analysis also expanded the cancer types where these events are 

seen to include bladder, cervical, lung adenocarcinoma, lung squamous cell carcinoma, 

uterine endometrial, ovarian, colorectal, rectal, stomach, and kidney cancers [50]. Despite 

the widespread observation of C- or G-coordinated mutation clusters in 13 distinctly 

different tumor types, the frequency at which such events occur is heavily dependent upon 

cancer type: bladder, cervical, head-and-neck, breast, lung adenocarcinoma, and lung 

squamous cell carcinoma are clearly enriched in such clusters compared with other cancer 

types where these clusters appear to occur at a background level (Table 1). The biological 

impact of clustered mutations, especially in terms of cancer development, is currently 

unknown. While multiple mutations are necessary to deregulate cell growth and 

proliferation, genes whose alterations are causative in cancer are distributed across the 

human genome. Consequently, the inactivation of multiple cancer drivers by a single 

mutation cluster is unlikely, and limits the potential carcinogenic roles of this type of 

transient hyper-mutation to 1) increasing the likelihood an individual tumor suppressor is 

inactivated by a single mutagenic event, 2) inducing multiple mutations jointly required for 

activating an oncogene, or 3) altering the functionally of regulatory sequences. The same 

processes that lead to cluster formation (i.e., damage to transiently formed ssDNA) can also 

result in individual, scattered mutations. Thus, damage to multiple, simultaneously occurring 
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ssDNA regions may establish a global transient hypermutation, a subset of which may be 

synergistic mutational events that provide a significant growth advantage for cancer cells.

Do APOBEC cytidine deaminases contribute to cancer by genome-wide mutagenesis?

The AID/APOBEC-induced mutations are prime candidates for generating genome-wide 

“mutation storms” that could initiate or promote cancer. Beyond commonly inducing 

clustered TCW mutations in a variety of human tumors, several AID/APOBEC family 

members have been shown to directly induce cancer. Collateral mutagenesis by AID is 

known to contribute to multiple human B-cell derived cancers (reviewed in [70]). Altered 

expression of AID in mice can result in not only immune system malignancies but also lung 

[71] and liver [72] cancers, indicating that AID expression in some non-B-cell human 

cancers (e.g. colorectal [73], lung [74], and liver [75]) may be one underlying cause. 

Similarly, liver specific over-expression of APOBEC1 in mice induces hepatocarcinoma 

[76], suggesting that relaxed control of the AID/APOBEC family, including the TCW 

targeting deaminases, may constitute a powerful carcinogenic force resulting from genome-

wide mutagenesis. A general presence of a TpCpX mutation motif has been noted in several 

pan-cancer analysis publications [68,69]: Drier et al., for example, note enrichment with this 

signature in areas adjacent to rearrangement breakpoints.

TCW mutations are statistically over-represented in cancer

Applying a statistical method (Box 2) to the 2680 cancer exomes described above revealed 

that the same cancer types that display increased incidence of C- or G-coordinated clusters 

(i.e. bladder, cervical, head-and-neck, breast, lung adenocarcinoma, and lung squamous cell 

carcinoma) also frequently display dramatic over-representation of scattered mutations 

occurring in the TCW motif [50]. Moreover, this method highlighted the increased presence 

of TCW mutagenesis in one molecular subtype of breast cancer, HER2-enriched, suggesting 

that mutagenesis can be associated with specific features of tumor development. 

Complementary de novo pattern recognition analysis of mutations in 7042 tumors similarly 

identified APOBEC mutagenesis as a prominent mutation signature in 16 of 30 cancer types 

analyzed [6], including the 6 cancer types previously highlighted in the hypothesis-driven 

TCGA analyses [50,77]; all together these works establish APOBEC enzymes as one of the 

most widespread mutational forces during cancer progression.

Genome-wide APOBEC mutagenesis correlates with APOBEC expression

Why specific cancer types display such strong mutagenesis at the TCW motif is currently 

unclear. Several studies indicate that increased expression of APOBEC3B likely contributes 

in part. Burns et al. demonstrated that breast cancer cell lines exhibiting increased 

APOBEC3B mRNA levels, as measured by qPCR, microarray, or RNA-seq, correlated with 

increased levels of DNA damage and cytidine deaminase activity in extracts [46]. 

Importantly, this deaminase specifically targets cytidines in the TCW context, consistent 

with the over-representation of mutations in TCW within both mutation clusters and whole-

exomes of some breast cancer samples. Direct comparison of APOBEC3B RNA-seq to 

either total C to T transitions or TCW mutations within various exome sequenced cancers 

identified positive correlations within breast cancers and lung adenocarcinomas and 

generally high APOBEC3B expression in head-and-neck, bladder and lung squamous cell 
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carcinoma [46,50,77]. This relation implied that APOBEC3B is responsible for the 

overwhelming mutation of TCW in multiple cancer types and that its expression is one 

factor dictating the extent to which this mutation pattern occurs. However, roles for other 

APOBECs in TCW mutagenesis cannot be excluded. Expression of several APOBECs can 

correlate with the number of TCW mutations across multiple cancer samples (although 

lesser so than 3B) [50] and polymorphic deletion of APOBEC3B results in an increase in 

breast [78-80] and liver cancers [81], suggesting a complicated relationship between the 

APOBEC enzymes, TCW mutagenesis and cancer incidence.

How is APOBEC mutagenesis limited?

The access that AID/APOBEC family cytosine deaminases have to chromosomal DNA is 

normally limited by mechanisms that impact expression level, cellular localization, substrate 

specificity, and enzymatic activity. AID exemplifies the multifaceted regulation of these 

enzymes. AID protein levels are tightly controlled transcriptionally (reviewed in [82]), 

through the activity of miR-155 and miR-181 micro-RNAs [83-85], and through active 

degradation through interactions with REG-γ [86]. Nuclear import and export mechanisms 

also control AID's distribution between the cytoplasm (AIDs primary location) and the 

nucleus [87-89] where its activity on chromosomal DNA is further controlled by protein co-

factors like Spt5 and RPA, multiple phosphorylation events [90,91] and ubiquitination [92] 

that modulate the enzyme's association with DNA. Specific aspects of this regulation are 

clearly shared among other AID/APOBEC family members. As the APOBEC3 enzymes 

function in innate immunity, their transcription is inducible by traditional modulators of the 

immune response (i.e. viral infection [81,93,94], CpG DNA [95], Toll-like receptor signaling 

[96], cytokines [97] and interferons [95,98,99]) as well as by DNA damage signaling [100], 

and hormones like estrogen [101]. The APOBEC3 enzymes also display defined cellular 

localization [102], being primarily expressed in the cytoplasm with the exceptions of the 

pan-cellular expression of APOBECs 3A and 3C and the nuclear localization of 

APOBEC3B whose import into the nucleus is controlled through the same mechanism 

utilized by AID [103]. Once translated, protein levels of at least APOBEC3A are controlled 

by proteosomal targeting through an interaction with Tribbles3 [104] and the deaminase 

activity of APOBEC1 is modulated by protein-protein interactions. APOBEC1 specificity 

for the C6666 of the apoB mRNA is enhanced by an auxiliary protein, ACF1 [105,106]; 

however the extent to which similar co-factors or post-translational modifications limit other 

APOBECs’ access to chromosomal DNA is unknown.

Can transient APOBEC activation induce genome-wide hypermutation?

Dysregulation of any of these control mechanisms may play an important role in 

determining the extent of APOBEC mutagenesis that occurs within an evolving tumor. 

Elevated expression of APOBEC3B and potentially other APOBEC enzymes during the 

course of a tumor's evolution appears to be one mechanism that likely contributes in part to 

APOBEC mutagenesis. However, APOBEC3B expression varies greatly, spanning 3 orders 

of magnitude within any given cancer type [50,77]. While such variation could result from 

large differences in the constitutive levels of APOBEC3B mRNA between tumors, it is just 

as likely to result from transient induction of expression over time. Moreover, the sensitivity 

of APOBEC expression to such a wide range of exogenous factors suggests that 
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environmental exposures could transiently elevate APOBEC levels resulting in transient 

hypermutation of TCW sequences (Figure 4). A role for the immune response in inducing 

AID/APOBEC expression and in turn hypermutation is particularly appealing. Viral 

induction of AID has been shown to contribute to carcinogenesis [107] and three of the 

cancer types where TCW mutagenesis is most prominent (i.e. bladder, cervical, and head-

and-neck) are linked to viral infection.

Is substrate availability a limiting factor for APOBEC mutagenesis?

An increased availability of ssDNA substrate is an additional parameter that may also 

contribute strongly to the number of TCW mutations in a sample. The enrichment of both 

clustered and scattered TCW mutations near chromosome rearrangement breakpoints 

suggests that the formation of ssDNA, potentially during aberrant DNA DSB repair is likely 

a limiting factor for APOBEC-induced mutagenesis. DSBs could contribute to the formation 

ssDNA targeted by APOBECs by at least two mechanisms dependent on the repair pathway 

utilized. All homology-directed repair mechanisms produce ssDNA intermediates during 5′ 
to 3′ resection from the broken DNA ends. In addition, break-induced replication (BIR), a 

specialized form of homology-directed repair, produces large amounts of ssDNA during 

long-tract conservative DNA synthesis following strand-invasion [108]. Such DSB-

associated events are likely involved in the formation of APOBEC-induced mutation 

clusters. However, the number of segmental copy number alterations (a surrogate measure of 

the number of DSBs) failed to correlate with the total number of TCW mutations in 449 

breast cancer samples [50], indicating that DSBs may be a minor source of the ssDNA target 

dictating the extent of genome-wide TCW mutagenesis. Transcription or DNA replication 

may provide alternatives. Altered levels of transcription during tumor progression could 

either increase the amount of ssDNA or formation of stable R-loops and G-quadruplexes that 

can serve as AID/APOBEC substrates [26,29]. An association between transcription and 

AID-induced mutagenesis is well documented. Establishing whether the level at which a 

sequence is transcribed influences the ability of other APOBEC enzymes to induce mutation 

in vivo, however requires further investigation. Similarly, the discontinuous synthesis of the 

lagging strand provides a consistent and sizable target for ssDNA-specific mutagenesis. 

During normal replication, RPA may limit the ability of some APOBECs to induce 

mutations [109]. However in yeast, genetic perturbation of the replication fork increases 

both general mutagenesis, as well as the incidence of clustered mutations originating from 

damaged ssDNA [8].

Does replication stress provide a substrate for APOBEC mutagenesis?

APOBEC deamination of ssDNA during replication may have a profound impact on 

carcinogenesis. The enhanced proliferation of cancer cells would itself increase the total 

APOBEC mutational load accumulated in cells by simply increasing the number of genome 

replications that have occurred. Moreover, oncogene-induced replication stress may also 

increase the amount and persistence of ssDNA. Activation of oncogenes like Ras, Cyclin E, 

Cdc25A, and E2F1 induces hyper-replication, increased ssDNA formation, and ultimately 

activation of the DNA damage checkpoint following conversion of stalled replication forks 

into DSBs [110-114]. ATM and p53 dependent signaling pathways activated by the 

formation of ssDNA appear to limit further progression towards a cancer state by inducing 
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cell senescence [111,112]. The large amount of persistent ssDNA formed during this 

oncogene-induced senescent state would serve as an ideal target for APOBEC enzymes and 

could thereby lead to inactivation of multiple genes that contribute to the DNA damage 

barrier to tumorigenesis. Such a mechanism would seemingly invoke transient 

hypermutation, as induction of multiple mutations would likely be required during the cell 

generation that transitions from a non-dividing state to one of active proliferation. Several 

lines of evidence suggest APOBEC-mediated genome-wide transient hypermutation may be 

one means to overcome a senescent barrier during an oncogene-induced replication stress. 

Specifically, databases of p53 mutations are statistically enriched in alterations at the 

sequence TC[59], and most TCW mutations occur late during breast cancer progression 

[115] when a senescent barrier would likely be inactivated. Moreover, tumor samples that 

have experienced significant TCW mutagenesis are frequent among cancer subtypes 

associated with amplification of the HER2 oncogene [8], which is known to induce an ATM 

dependent DNA damage response and senescence in mouse tumors [116].

Can mutation bursts accelerate cancer development?

APOBEC hypermutation is likely often a transient event, because its substrate, ssDNA, 

would be present in abundance only in a small fraction of cells undergoing abnormal DNA 

transactions (dysfunctional replication forks, multiple DSBs, etc.). We speculate that the 

impact of such mutational bursts in promoting tumorigenesis may differ from endogenous 

mutators caused by genetic defects. APOBEC mutagenesis combines the features of an 

endogenous mutagen with those associated with momentary exposure to exogenous 

environmental agents or drugs. Importantly, transient hypermutation may be more 

carcinogenic than the sustained mutagenesis associated with moderate permanent mutators. 

While both types of mutagenesis would produce similar number of mutations over large 

periods of time, transient hypermutation can rapidly generate multiple mutations which can 

overcome multilayer growth control mechanisms and promote carcinogenic growth. As 

opposed to permanent mutators, transient hypermutation also decreases the likelihood of 

subsequent deleterious mutations reducing any proliferative advantage a cancer cell may 

have acquired. Moreover, along with increased mutations, permanent mutators, especially 

those associated with genetic disruption of DNA repair activities, elevate DNA damage 

loads that in turn can trigger apoptosis. Transient induction of DNA damage, however, 

increases mutagenesis, but also may provide time for most apoptosis triggering DNA lesions 

to be repaired. Consequently, cells may be able to accumulate several cancer driving 

mutations during a transient exposure to DNA damage while initially escaping the p53 

dependent genome surveillance machinery. The ability to avoid apoptosis may thus be one 

reason potentially transient forms of hypermutation (i.e. APOBECs, environmental 

exposures) appear to be common among human tumors as compared permanent mutators 

involving defects in DNA repair enzymes [6].

Conclusion

Transient hypermutation enables the induction of multiple mutations within a single cell 

generation without the establishment of a persistent mutator phenotype that may reduce a 

cell's fitness through accumulation of deleterious mutations. Simultaneous timing of 

mutations provides the opportunity to induce synergistic changes to rapidly produce new 
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functions or a growth advantage. Such hyper-mutability over localized regions of a genome 

can form mutation clusters that may be important steps during the evolution of new protein 

functions [117] or alteration of DNA regulatory sequences [118]. Recent efforts to sequence 

human tumors genomes have revealed that mutation clusters are surprisingly common 

during cancer development. The biological importance of mutation clusters during 

tumorigenesis is currently unknown. However, the incidence of clustered mutations at TCW 

correlates with frequent genome-wide hyper-mutation at the same DNA sequence, 

suggesting that the same mechanisms that induce mutation clusters may also create multiple 

mutations genome-wide. Moreover, the highly regulated expression of the APOBEC 

proteins [93,95,96,98,119] and the transient nature of their ssDNA target likely limit the 

opportunity of these enzymes to deaminate chromosomal DNA. This suggests that -- like 

clustered mutations -- scattered TCW mutations may accumulate over a short time- span. 

Scattered simultaneous mutations have the potential to accelerate cancer progression through 

the inactivation of multiple tumor suppressor genes. Knowing whether scattered TCW 

mutations occur simultaneously or are accumulated through time will be critical not only to 

our understanding of the mutator phenotype that occurs in cancers, but also to how these 

cancers should be monitored and treated. While analysis of allelic fractions may provide 

evidence regarding the timing of TCW mutations [115,120], sequencing of paired 

neoplasms, primary tumors, and re-growths or metastases may provide the best evidence to 

understand how genetic alterations are accumulated, the role of transient mutageneisis in 

cancer, and how tumors evolve during disease progression.
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Box 1: Signatures of AID/APOBEC-induced hypermutation in human cancer 
genomes

Increased mutation frequencies for di- and tri-nucleotide sequences that are the 

preferential targets of AID/APOBEC family cytidine deaminases has now been reported 

in a variety of human cancers. Different AID/APOBECs display different sequence 

preferences with AID favoring the sequence WRC, APOBEC3G favoring CC, and seven 

APOBECs (i.e. APOBEC1, 3A, 3B, 3C, 3DE, 3F,and 3H) all capable to mutating TC and 

TCW motifs. Current exome and whole-genome sequencing of tumors suggests that of 

AID/APOBEC family members, TC-specific APOBECs provide the most extensive 

mutagenesis of human cancers, with the enrichment of WRC mutations associated with 

AID being limited mainly to lymphoid cancers and little to no over-represented mutation 

of the CC dinucleotide associated with APOBEC3G (e.g. CC di-nucleotides are excluded 

from reported mutation clusters). The large contribution of TC-specific APOBECs 

towards the total mutation load in many tumor types underscores the importance of 

assessing the biochemical and cellular characteristics of these enzymes that underlie their 

ability to hypermutate TCW sequences genome-wide.
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Box 2: A Hypothesis-driven analysis of APOBEC mutagenesis

A hypothesis-based statistical assessment APOBEC mutagenesis employed existing 

mechanistic knowledge about APOBEC cytidine deaminases and mutagenesis in 

persistent ssDNA to generate a simplified mutation spectrum indicative of APOBEC 

activity (i.e. the number of TCW→TTW or TCW→TGW; termed as “TCW mutations”). 

This analysis provided sufficient power to assign a p-value for to most whole-genome or 

exome sequenced cancer samples. TCW →TTW or →TGW mutations in cancers 

displaying APOBEC mutagenesis are often greater than 3-fold more abundant than 

expected by random mutagenesis, constituting up to 68% of total mutations identified in 

individual exome-sequenced samples [50] and even 95% of mutations within one 

outstanding case of whole-genome sequenced breast cancer [7].
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Figure 1. Sources and mechanisms of DNA damage-induced transient hyper-mutation
Repair of DNA lesions (stars) is inhibited in A: double stranded DNA by heterochromatin 

and telomeres and in B: single stranded DNA by the lack of a template strand to complete 

excision repair. DSB repair intermediates, uncapped telomeres, uncoupled replication forks 

and R-loop forming sequences (Red line indicates RNA) contain single strand DNA regions 

known to be targets of transient hypermutation. C: Mutation clusters are produced by 

genome-wide DNA damage. Inhibited DNA repair in ssDNA regions results in persistent 

DNA lesions in these areas. Error-prone gap-filling synthesis, mediated in part by specific 

trans-lesion synthesis polymerases in a lesion specific manner (e.g. pol zeta and 

REV1function in bypass of abasic sites), mis-inserts nucleotides across from the modified 

bases. Spheres indicate base changes which are colored based on the identity of the 

nucleotide prior to mutation (C = red and G = green). In cases of high lesion density, 

multiple mis-insertions occur in a single ssDNA gap, resulting in the formation of a 

mutation cluster.
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Figure 2. Strand-coordinated clustered mutations are induced simultaneously
Multiple simultaneously acquired DNA lesions (stars) that occur on opposite DNA strands 

will be converted to mutations during replication and segregated in a strand-specific manner 

into daughter cells during division. When all the mutation inducing lesions are of a similar 

type (e.g. N3 methyl-cytosine, deamination of TCW) the resulting simultaneous mutations 

will be strand-coordinated. Each subsequent round of mutation accumulation reduces the 

probability of maintaining strand-coordination within a cluster. Spheres indicate base 

changes which are colored based on the identity of the nucleotide prior to mutation (C = red 

and G = green).
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Figure 3. Identification and classification of mutation clusters in human cancers
Mutation clusters were identified in human tumors as groups of closely-spaced changes 

whose distribution is unlikely to be randomly generated. Following identification, clusters 

can be classified by strand-coordination, genomic location, and mutated motifs as a means to 

suggest mutagenic factors that caused the event. Spheres indicate base changes which are 

colored based on the identity of the nucleotide prior to mutation (C = red, G = green, A = 

blue and T = yellow). Localization of some non-coordinated clusters to known regions of 

somatic hyper-mutation (SHM) in multiple myeloma samples and enrichment of mutations 

in WRC and WA sequences indicate these clusters are the result of AID and pol eta activity 

during antibody maturation. Likewise the localization of C- or G-coordinated clusters near 

chromosome rearrangements and the enrichment of mutations in the sequence TCW suggest 

a mechanism involving APOBEC activity on ssDNA containing DSB repair intermediates. 

The mechanisms producing randomly located non-coordinated and A- or T-coordinated 

clusters are less clear.
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Figure 4. APOBEC-induced transient hyper-mutation during cancer evolution
(middle) Generation of isolated persistent single stranded DNA regions (e.g. a resected 

DSB) are targets for APOBEC cytidine deamination (stars) resulting in clustered mutations 

(mutations are depicted as spheres: C = red, G = green, A = blue and T = yellow). Individual 

clusters can inactivate a single tumor suppressor gene, activate an oncogene (e.g. oncogenic 

Ras: “O-Ras”), or alter transcriptional profiles by modifying microRNAs or transcription 

factor expression. Additional genetic alterations accumulated during subsequent cell 

divisions lead to cancer progression. (left) Multiple viral infections may each transiently 

induce APOBEC activity resulting in waves of APOBEC signature mutations that ultimately 

lead to dis-regulated cell proliferation. (right) Formation of multiple ssDNA regions in a 

cell, as occurs during oncogene-induced replication stress, allows APOBEC-induced 

mutagenesis to inactivate multiple cancer genes simultaneously including those responsible 
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of proliferative barriers that can hold pre-cancerous cells in a senescent state (e.g. TP53, 

ATM).
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