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Abstract

It has been long understood that mutation distribution across genomic space and in time is not
completely random. Indeed, recent surprising discoveries identified multiple simultaneous
mutations occurring in tiny regions within chromosomes, while the rest of the genome remains
relatively mutation-free. Mechanistic elucidation of these phenomena called mutation showers,
mutation clusters, or kataegis is ongoing, in parallel with findings of abundant clustered
mutagenesis in cancer genomes. So far, the combination of factors most important for clustered
mutagenesis is the induction of DNA lesions with unusually long and persistent single-strand
DNA intermediates. In addition to being a fascinating phenomenon, clustered mutagenesis also
became an indispensable tool for identifying a previously unrecognized major source of mutation
in cancer — APOBEC cytidine deaminases. Future research on clustered mutagenesis carries a
promise of shedding light onto important mechanistic details of genome maintenance, with
potentially profound implications for human health.
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INTRODUCTION

Mutations generate the genetic diversity that enables biological evolution by natural
selection and allelic drift (9; 38; 60). The discovery of radiation-induced mutagenesis, which
preceded an understanding of the nature of genetic material, inspired the elegantly simple
concept of random mutagenesis, analogous to stochastic radioactive decay, where each event
is unpredictable in space and time (131). However, elucidating the physical nature of genes
led to the realization that mutation is a result of complex DNA transactions (45), suggesting
that there could be regions of the genome with higher propensity for sequence change. Not
surprisingly, strong mutation hotspots were found in the very first large collection of
mutations within a single gene (12). Later, the drastically unequal chances to find mutations
in different regions of a gene or genome were demonstrated in multiple studies (110). An
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important biological consequence of non-uniform distribution of mutations is that a
disproportionately large number of changes can accumulate in a limited section of a
genome, forming a mutation cluster (Table 1). Crucially, such mutation clusters are
abundant in human cancers (104; 105), afflictions which can be considered cases of highly
accelerated evolution within somatic tissues. Recent studies have revealed various molecular
mechanisms of clustered mutagenesis. These mechanisms, their biological implications, and
the utility of clustered mutagenesis phenomena for dissecting mechanisms of genome
instability are the subject of this review.

LOCALIZED ACCUMULATION OF MUTATIONS OVER MULTIPLE
GENERATIONS

We begin by briefly describing phenomena which should be taken into account in order to
appreciate clustered mutagenesis in its proper context. Mutation clusters may occur in
certain region(s) of the genome evolving over large numbers of germline or somatic
generations; i.e., mutations are clustered in space, but not necessarily in time. Regional
increase in accumulation of mutations may occur in genes under selection pressure towards
higher diversity, such as structural genes for venoms (126) or peptide pheromones (134).
Increased mutation rates also can be associated with the relief of stabilizing selection against
deleterious mutations in duplicated genes (87). Local accumulation of unselected mutations
also may be associated with region-specific increase in mutation rate. Comparison of human
and chimpanzee genomes with an inferred common ancestor sequence highlighted several
“human accelerated regions” (HAR) in which more mutations accumulated during ten
million years of primate evolution than over the preceding hundred million-year mammalian
genome evolution (13; 16; 93). One mechanism suggested for such mutation clustering
posits higher mutation rates and/or biased gene conversion, resulting in faster accumulation
and fixation of mutations in regions associated with hotspots of meiotic crossing-over (41;
42; 67; 82; 97). Increased mutation rate in the vicinity of DNA double-strand breaks
(DSBs), observed in multiple studies (35; 51; 54; 74; 124; 140) also reviewed in (74)), may
result in higher density of mutations around meiotic crossing-over hotspots as well as in
other regions with increased strand breakage. Local increases of mutation density in primate
evolution were detected in late replicating regions (121) as well as in human cancers (65).
This phenomenon, confirmed in many biological systems, may result from complex
interactions of replication and gene expression with accessibility to damage and repair,
nuclear positioning, transcription and chromatin modification (101; 118).

In theory, multiple successive alterations accumulated over time in a single gene or
regulatory region could result in significant fitness increase. However, it may be difficult or
even impossible for an individual to acquire this advantageous combination of mutations
within the time and space constraints of biological evolution. As initially noted by Wright
(136) followed by others (61; 133), the vast majority of individual mutations, within a
cluster conferring high fitness, would be neutral or even deleterious (sign epistasis). Thus,
two states with high fitness often would be separated by a “valley” of lower fitness, which
can be traversed by a combination of steps, although such stepwise traversals would be
evolutionarily disfavored. Such “fitness valleys” impose a strong constraint on protein
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evolution by natural selection (21; 119). A frequent outcome in protein engineering and
directed evolution studies is selection for alleles combining multiple mutations that together
confer higher level of function, even as each individual mutation confers no effect or lower
fitness (48; 76). Based on cross-species comparisons, sign epistasis and fitness valleys
remain part of ongoing protein evolution trends (96). Given mutation rates in genomes of
wild-type cells as low as <107 per gene in somatic (39) and <1072 per gene in germline
(43) generations, the probability of finding even one case of fitness-increasing cluster of
multiple mutations in any given gene would be very low, if mutation rates are distributed
uniformly over time and across genome space.

THE INCIDENCE AND UTILITY OF MUTATION CLUSTERS: EXAMPLES
FROM NATURE

While mutation clustering by random mutagenesis is exceedingly rare, nature has evolved
mechanisms that harness clustered mutagenesis to provide selective advantage and/or
enhance immune function. As these processes are reviewed extensively elsewhere, we only
describe them briefly here.

Retroelement Hypermutation

Life cycles of retroviruses and retrotransposons include reverse transcription of the
element’s RNA, producing RNA-DNA hybrid duplexes. The RNA is degraded promptly,
leaving a transient sSDNA minus strand intermediate, which in turn is the template for
second (plus) DNA strand synthesis (reviewed in (30; 127)). Both retrovirus propagation
and retrotransposon mobility are restricted by ssDNA-specific APOBEC cytidine
deaminases ((52; 116) also reviewed in (7; 29; 100)). Multiple cytosines are converted into
uracils, terminating propagation of the element by mutations inactivating essential functions
and/or impeding synthesis of the second DNA strand. If the sSDNA intermediate with
multiple deaminations is converted successfully into dsDNA and integrated into a
chromosome, it carries multiple mutations (Table 1). As expected, strand-coordinated
APOBEC mutation signatures are strongly biased to the minus strand. Curiously only C—T
transitions, which do not require uracil excision by uracil glycosylase (UDG/UNG), were
observed by several groups (see (100) and below). The relative importance of uracil excision
is debatable, as some papers showed independence of hypermutation from UDG/UNG (56;
115), while in others, elimination of glycosylase activity enhanced hypermutation (102;
138). Given the low density of mutations genome-wide, mutations within a hypermutated
retroelement represent a cluster. APOBEC clustered mutagenesis in mammalian
retroelements is clearly detectable also on an evolutionary scale (6; 22). Ironically, human
immunodeficiency virus (HIV) and possibly other retroviruses utilize hypermutation caused
by APOBEC host defense system in the perpetual molecular arms race to defeat host
defenses (2; 50).

Somatic Hypermutation of Immunoglobulin Genes

Another example of beneficial clustered mutagenesis is somatic hypermutation (SHM) — a
critical component of adaptive immunity (Table 1; reviewed in (70; 78; 90; 130).
Mammalian SHM occurs primarily in mature B-cells within germinal centers. Multiple
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mutations within the immunoglobulin variable (~1 kb) region (i.e., mutation clusters) occur
within a single or a small number of consecutive cell divisions. The resulting antibodies can
have increased affinity to an antigen by several orders of magnitude. Hypermutation is
triggered via targeted cytosine deamination by the ssDNA-specific activation induced
deaminase (AID) enzyme, which has homology to APOBEC deaminases (32). The uracils
are excised enzymatically to generate abasic sites. Lesion bypass by specialized translesion
DNA synthesis (TLS) polymerases and error-prone repair often result in fixation of multiple
mutations (114). Unlike APOBEC mutagenesis of retroelements, there is at most a moderate
strand bias in SHM, which has several potential explanations, including partial accessibility
to AID of the DNA strand paired with RNA within transcriptional R-loop(s) (78; 122).

Sidebar: Complex Mutations

Single-gene mutation spectra often contain a small fraction of closely-spaced base
substitutions and/or frameshifts, which are difficult to explain by mere coincidence of
independent mutation events (40). Such “complex” mutations (Table 1) occur because
error-prone TLS DNA polymerases (77; 117) copy undamaged template in an error-
prone way after inserting a mismatch opposite a damaged template base (see Figure 1a,
b). Thus, complex mutations might be considered the simplest form of clustered
mutagenesis. Several hypothetical mechanisms involve dissociation of a nascent strand
from a template and re-association up- or downstream with the same template (11) or
more complicated events of template switching to imperfect direct or inverted repeats in
the vicinity (ref. (103) and Figure 1c). Multiple mutations result from a combination of
nucleotide incorporation errors, TLS and copying of a very short repeated sequence into
the nascent strand. As noted by Shcherbakova and colleagues, misalignment and
formation of complex mutations can be facilitated by secondary structure formed by
inverted repeats in the template strand (85). Given these considerations, the individual
base changes within a complex mutation should not be treated as independent mutational
events.

THE PHENOMENOLOGY OF MUTATION CLUSTERS IN CANCERS

Sequencing of thousands of human cancer genomes and exomes produced datasets with
millions of mutations, which provide statistical power for detecting characteristic patterns of
mutagenic mechanisms in cancer. Several prominent mutation signatures consisting of
mutated nucleotide and immediate (1-2 nucleotides) surrounding context (reviewed in (5;
10; 53; 94; 106)) have been identified. Another striking pattern of mutagenesis revealed by
genome-wide sequencing of multiple samples of several cancer types was the presence of
many mutation clusters (up to several hundred per sample, see Table 1; also reviewed in
(104; 105)), identified by two independent and complementary analytical methods. Using an
approach based on statistical evaluation of cluster formation probability and on similarities
with general clustering patterns identified in yeast studies (see below), our group (108)
detected clustered mutagenesis in all three types of cancers (multiple myeloma, prostate and
head-and-neck) whose genome mutation catalogues were available for analysis at the time
(Figure 2). Even if the most stringent criterion of strict strand-coordination was imposed,
multiple clusters containing mutations originating from the same nucleotide type in the same
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DNA strand were found (Figure 3a). The most frequent were C- or G-coordinated clusters.
These clusters also showed a high frequency of colocalization with breakpoints of
chromosome rearrangements (Figure 2). Mutations in C- or G-coordinated clusters
frequently occurred at tCw motifs (mutated base capitalized; w corresponds to A or T),
characteristic of a subgroup of ssDNA-specific APOBEC cytidine deaminases (APOBEC1,
APOBEC3A/B/C/D/F/H) (Figure 3a). Apparently these enzymes, which normally attack
ssDNA of retroelements (see above), can cause mutation clusters in chromosomal DNA, if it
persists sufficiently long in single-strand form. However, there were key differences in
chromosomal clusters as compared with mutations in retroviruses and retrotransposons.
Firstly, mutations at the motif for APOBEC3G (cC), which is the major restriction factor for
HIV, were depleted in cancers, indicating this enzyme does not access chromosomal DNA.
Secondly, in contrast to predominant C—T transitions in retroviral restriction, there were
two equally prevalent types of mutations, C—T and C—G (Figure 3c).

In a parallel study, Stratton and colelagues (83) noticed a striking non-uniformity of
mutation distribution in several breast cancer genomes, when visualized by plotting inter-
mutation distances (Figure 3b). Areas with relatively high mutation densities look like
rainfall above genomic sections. These events were termed kataegis (thunder shower in
Greek), which also underscores possible connection with the previously described
phenomenon of “mutation showers” ((132) see Big Blue Mouse sidebar). Similar to our
group, Stratton and colleagues noticed high prevalence of mutations in tCw APOBEC
motifs, strand coordination of mutations at C- or in G-nucleotides of the same DNA strand
and colocalization of kataegis with breakpoints of chromosome rearrangements.

Sidebar: Mutation Showers in Big Blue Mice

The concept of localized hypermutation in a randomly chosen genomic region emerged
from sequencing mutations accumulated in a construct with Lac-repressor carried by
lambda bacteriophage, integrated into a mouse chromosome (named “Big Blue Mouse”
after Lacl mutant screen based on blue colony color (62)). Sommer and colleagues found
that a fraction of Lacl mutant alleles carried 2-5 mutations within small distances,
indicating clustering (15; 55). Sequencing of the region surrounding Lacl revealed even
more mutations in multiple mutant alleles within the 20 kb region containing Lacl.
Sommer and colleagues proposed that mutations occurred during a short period of time,
possibly in a single cell generation, likening this process to showers falling on a patch of
the genome landscape (132). An excess of multiple mutations was also found in human
cancer genes (27; 28; 57) and in cell lines from human kidney epithelium (31). The
finding of mutation showers stimulated hypotheses about simultaneous
(“chronocoordinate” in the terminology suggested by Sommer and colleagues) transient
increase in mutability within a small section of the genome; however, neither the
hypothesis of simultaneous incidence nor the mechanisms of transient localized
hypermutation were supported by data at that time.

Altogether, both studies suggested that in many cancers a combination of two factors,
formation of transient stretches of long ssDNA and access of APOBEC enzymes to ssDNA,
results in mutation clusters. If so, colocalization of APOBEC-signature clusters with
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rearrangement breakpoints could be due to higher chance of ssDNA formation around DNA
breaks and/or higher chance of strand breakage in ssDNA.

MOLECULAR MECHANISMS OF MUTATION CLUSTER FORMATION

There are pressing questions concerning the molecular origins of mutation clusters,
especially in cancers. Several mechanisms underlying mutagenesis generating clusters of
multiple mutations have been elucidated (Table 1). In principle, hypermutation can result
from localized increase in synthesis error, increase in DNA lesions, decrease in lesion repair
or from various combinations of these factors. Studies in model systems demonstrated the
existence of clustered simultaneous mutations and revealed mechanistic sources, which for
all cases so far appear to involve erroneous copying of damaged template usually by error-
prone TLS polymerases (92) and with a single exception are associated with lesions in
ssDNA. Such localized changes can be region-specific or occurr at random with respect to
genomic position.

Replication Preceding Lesion Repair in Double-Strand (ds) DNA

A mechanism of generating clusters of simultaneous mutations could rely on the lesions
caused by acute mutagenesis, randomly distributed across the genome combined with
reduced or absent repair in a subset of the genome. Potent repair mechanisms can correct
lesions in dsDNA to the intact original sequence using the complementary strand as template
for repair synthesis (Figure 4a). Repair mechanisms are so efficient that many thousands of
lesions, spaced as densely as one lesion per several kb, can be repaired in a single cell cycle.
However, if a section of the genome is replicated before repair can complete, TLS would
introduce mutations into multiple positions of the nascent strand(s). Importantly, even
though lesions were introduced into both DNA strands, clustered mutations in a daughter
cell would result from lesions in only one strand. Thus, if lesions are nucleotide- or motif-
specific, mutations in the cluster would be strand-coordinated, i.e., mutations of the same
kind would be found in the same strand. These phenomena were documented in several
whole-genome sequenced (WGS) clones of E. coli grown from cells treated acutely with
ethyl methanesulfonate (EMS), a mutagen which is highly specific for inducing G—A
changes (88). Cluster sizes were in the hundreds of kb, and mutations were either nearly all
G—A ornearly all C—T (as expected if G—A changes occurred in the opposite strand).
Clusters were more frequent in the regions that would replicate earlier after cells were
restored to growth conditions. This work sets a precedent for clusters originating from
locally impeded repair of globally induced lesions in dsDNA, but so far it is the only
example of this kind.

Mutation Clusters Originating from Damaged Single-Strand (ss) DNA in Yeast Models

Cells can repair various kinds of DNA damage accurately even if simultaneous lesions have
occurred in every 1-10 kb, which for the human genome would result in 10° — 106 lesions
genome-wide (44; 69). Most repair pathways use the undamaged complementary strand as a
template for accurate DNA synthesis. This could be an intact strand within an ssDNA gap
formed around excised damage or within a DNA duplex undergoing strand invasion during
template-switching damage avoidance or during recombination repair. While vast numbers
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of lesions in dSDNA can be repaired accurately, there is much less possibility of faithful
repair in patches of ssSDNA. Multiple unrepaired lesions could be copied by error-prone TLS
(92) resulting in mutation clusters. Mutation clusters could also result from dense sSDNA-
specific lesions (see below). Importantly, lesions in ssDNA would result in clustered
mutations either because repair has not occurred before the next round of replication (Figure
4), or if accurate lesion repair was not possible because the second strand was unavailable
(Figure 5). Recent work in yeast models highlighted several possible molecular mechanisms
of ssDNA-associated clusters.

R-loops—Transient stretches of ssDNA called R-loops are formed when nascent mMRNA
remains annealed to the transcribed strand, displacing a loop of non-coding strand DNA (1).
Aguilera and colleagues constructed yeast models where R-loop formation was facilitated by
boosting transcription from inducible promoters and further enhanced by genetic
inactivation of the THO complex linking transcription and mMRNA export (47).
Concomitantly, they expressed activation-induced cytidine deaminase (AlID), a strong
ssDNA mutagen which normally converts cytosines to uracils during somatic hypermutation
of immunoglobulin genes (70). In wild-type yeast, combining high transcription and an
ssDNA-specific mutagen resulted in a 25-fold increase in mutation frequency. Genetic
defects facilitating R-loop formation enhanced mutagenesis by 630-fold. Crucially,
increased mutagenesis was observed despite the presence of base excision repair (BER),
which should remove uracils if re-annealing of DNA strands occurs before DNA replication
(Figure 4b). Interestingly in wild-type yeast, mutations induced by AID were not strand
biased, suggesting that the DNA strand paired with RNA in a dynamic fashion. However in
a THO-complex mutant, where R-loops should be more stable, AID-specific mutations were
mostly in the displaced non-transcribed strand. Although multiple mutations were not
reported, this work demonstrated that ssDNA lesions in R-loops could be a source of
localized hypermutation. Indeed, hypermutation in Ig-genes correlates with transcription of
the immunoglobulin variable region, with evidence suggesting a role for R-loops to provide
ssDNA substrates for SHM (reviewed in (78)).

Resection at site-specific DSBs and uncapped telomeres—In yeast, kilobase
stretches of ssDNA can be generated by 5’—3’ resection, i.e. strand-biased nucleolytic
degradation starting at the ends of double-strand breaks (DSBs) or at unprotected
“uncapped” telomeres (Figure 5a and (37; 81)). This ssSDNA was suggested as a potential
source of increased spontaneous mutation rates around DSBs due to a combination of more
lesions and inaccurate DNA synthesis on ssDNA templates (51; 54; 74; 124). Despite high
levels of spontaneous mutagenesis near DSBs, this was insufficient to cause clusters of
simultaneous mutations (summarized in Fig. 1 of ref. (17)). However, when we and others
applied acute DNA damage (ultraviolet light (UV), methyl-methanesulfonate (MMS),
oxidative damage (H,05,), sulfites, or APOBEC3G cytidine deaminase) to yeast cells where
site-specific DSBs or telomere uncapping were induced by environmental shift, clusters of
multiple mutations were found in regions where ssDNA was expected to form (Table 1 and
(17; 24; 25; 36; 139; 140)). Another important feature of these experimental systems was
that restoration of intact dSDNA could be triggered “at will” after the damage had been
inflicted to ssDNA. The systems were designed to restrict the region-specific sSSDNA
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formation to occur within a single cell cycle, which excluded or severely reduced the chance
of lesions in ssDNA being repaired from a template of the second DNA strand or from
another homologous DNA region. Therefore, all mutations in a cluster likely only arose
from TLS in the same long ssDNA region generated in the yeast chromosome. Indeed,
hypermutation and cluster generation depended on Pol(, an essential component of yeast
TLS.

For APOBEC-mediated mutagenesis, where uracils created from cytosines are first
converted to abasic (AP) sites by uracil excision, the two most frequent kinds of mutations
were C—T and C—G, and TLS-dependent (Figure 5a). This is consistent with previous
studies on TLS at abasic sites (24) and the composition of APOBEC-signature clusters in
cancers (4; 83; 107; 108). Also as expected, C—G mutations depended on catalytic activity
of Revl TLS polymerase. The yeast model clusters carried the signature matching each
specific mutagen used for acute treatment, when such a mutational specificity and signature
was known a priori (17; 25; 139; 140). Moreover, mutation types and motifs were strand-
coordinated and agreed completely with expectations for lesions in a strand left intact after
resection (Figure 5a,b). For example the prevailing category of mutations caused by MMS
were substitutions of cytosines in the strand oriented 3'—5’ towards the site-specific DSB.
Strand-coordinated mutation clusters induced by ssDNA-specific cytidine deaminase
APOBEC3G were also observed by Neuberger and colleagues (128). Whole genome-
sequencing of several yeast isolates with clusters induced by UV in subtelomeric sSDNA
revealed that a single cluster with a size <1% of the yeast genome can contain several times
more mutations that in the remaining >99% of the genome that was double-stranded at the
time of treatment (17). Significantly, most mutations agreed with the expected pattern of
UV-mutagenesis mutating pyrimidines of the unresected strand. This lack of genome-wide
hypermutation was due to high efficiency of nucleotide-excision repair, capable of repairing
thousands of bulky UV lesions in a single cell cycle. As a result, hypermutation was
observed only in regions where ssDNA was formed.

In summary, experiments with acute damage in resected DNA showed that many kilobases
of locally formed ssDNA carrying multiple lesions can be restored efficiently to dSDNA
with multiple mutations.

Break-induced replication at site-specific DSBs—Recently, another source of long
persistent SSDNA stretches was identified in yeast: break-induced replication (BIR). BIR
starts with strand invasion by a resected strand from a one-sided DSB into homologous
sequence within a sister chromatid or homologous chromosome. BIR then extends by a
migrating “bubble” of DNA synthesis to generate the continuous leading strand. Since this
nascent leading strand serves as template for lagging strand synthesis, BIR is conservative,
unlike S-phase replication which is semi-conservative (reviewed in (75)). Malkova and
colleagues found that the two directions of conservative BIR are temporally decoupled,
leaving long stretches of the leading strand in ssSDNA form ((112) and Figure 5¢). In a
follow-up study, they showed that BIR-generated sSDNA is also vulnerable to induction of
vast (up to 170 kb) clusters of simultaneous multiple (up to 15) mutations by acute
methylation damage with MMS (113). Similar to DSB-associated clusters, BIR-associated
clusters matched the expected MMS mutational specificity and the predicted strand-
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coordination. It is noteworthy that the mutation bias associated with BIR is expected to be
distinct from that in the vicinity of a DSB. While a cluster associated with DSB repair (see
Figure 5b) would switch strand-coordination across the DSB, no strand-coordination switch
occurs in BIR-associated clusters (compare with Figure 5c¢). Intriguingly, clusters also were
observed in about half of unselected BIR events. BIR has been recently demonstrated in
model studies with mammalian cells (33; 135). It remains to determine if BIR is also a
source of ssDNA for APOBEC-induced mutation clusters in cancers.

Chronic Damage to DNA in Proliferating Yeast Cells—Based on experiments in
yeast, it became clear how the interplay between ssSDNA formation, DNA damage
specificity, lesion repair in dsDNA, and copying of damaged DNA can result in mutation
cluster formation: (i) Some DNA transaction generates long, persistent SSDNA, which can
accumulate multiple lesions after acute DNA damage; (ii) Cells have robust mechanisms to
restore long ssDNA with multiple lesions into dsSDNA with multiple mutations; (iii)
Damage-induced mutations cluster in the region that underwent prolonged ssDNA exposure,
either because lesions were ssDNA-specific or because most lesions in dSDNA were
repaired accurately. Certainly, this combination of conditions could coincide in natural
settings, e.g., in cells proliferating in the presence of chronic DNA damage, resulting in
mutation clusters.

In order to increase the chance of detecting cells with clusters, we placed the URA3 and
CANL1 reporter genes close together, allowing selection by 5-fluororotic acid and
canavanine, respectively. Multiple mutations inactivating both genes would lead to double
drug resistance (108). Indeed, many double-resistant isolates from yeast populations grown
in the presence of MMS carried not just single mutations in each of the two genes, but
clusters of multiple mutations spanning the double reporter (Figure 6). Mutations in clusters
were different in composition from single mutations scattered over the genome and were
strand-coordinated, in agreement with their expected origin from MMS alkylation of sSDNA
strands with opposite orientation. Strand-coordination strongly implied that mutations in a
cluster occurred simultaneously. Amazingly, in many cases the number of simultaneous
mutations in a cluster exceeded the number of scattered mutations in the rest of the genome,
which likely accumulated over 20-25 generations of growth in the presence of MMS.

From several possible mechanisms with a potential to generate sSDNA resulting in vast
strand-coordinated clusters (Figures 4 and 5) R-loops appear unlikely, because individual
clusters often included non-transcribed regions, and genes transcribed from different strands.
Strand-coordinated clusters could have originated from long ssDNA formed by asymmetric,
one-sided resection at DSBs or by unusual DNA synthesis during BIR (Figure 5b,c).
Interestingly, about 10% of clusters showed a switch of strand bias expected for DSBs with
long-range, two-sided resection (Figure 5b). In order to check if sSDNA formed at
dysfunctional and/or uncoupled replication forks (Figure 4c) also could be involved in
cluster formation, we repositioned the multiple mutation reporter to the other side of the
nearest replication origin (108). We reasoned that formation of ssDNA should be biased
towards either leading or lagging strand, depending on relative orientation to the origin. This
asymmetry should result in strand bias of mutation spectra within strand-coordinated
clusters. We did observe this strand bias, but only in yeast strains deleted for TOF1/CSM3
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(homologs of human TIMELESS/TIPIN), which control replication fork integrity (59; 66),
suggesting that in normal cells ssDNA within replication forks plays a lesser role than DSBs
in cluster formation.

Based on results with MMS-induced mutation clusters we concluded, “Once a mutagen is
present...the limiting factor in cluster formation appears to be the formation of sSDNA,
where the length of sSDNA region and the time it persists are the key parameters
determining the cluster’s mutation density and length” (108). For MMS, it was plausible that
both ssDNA lesions and derived DSBs were induced by this agent — ssSDNA damage by base
methylation ((139) and therein) and DSBs by Ntg1/Ntg2 endonucleases introducing sSDNA
nicks during BER of closely-opposed alkylated bases in dSDNA (72). Alternatively, breaks
could have arisen from replication fork collision with alkylated bases, or with AP-site
intermediates of BER. Telling, mutation clusters were found when yeast were grown in the
presence of other forms of DNA damage, including ssDNA-specific cytidine deaminases,
PmCDAL from lamprey (63; 64) or human AID/APOBEC (128; 129). Cytosine deamination
in ssDNA creates uracils, which are substrates for the yeast uracil DNA glycosylase Ungl
(example on Figure 5a and (25)). AP sites could in turn stimulate ssDNA formation via
breakage and/or replication fork uncoupling. Indeed, wild-type yeast had greater numbers of
mutation clusters than unglA mutants (128). However in multiple studies, clusters also were
observed in the yeast lacking UNG1, suggesting that ssDNA may occur if there is no
increased AP-site formation. This could be via spontaneous breaks and/or uncoupled forks.
Close examination of mutation distribution across the genome suggested that R-loops might
be a secondary source of clusters, especially in tRNA genes (129). Regardless of specific
sources of ssDNA and pathways of damage processing, experiments with yeast proliferating
in the presence of chronic DNA damage indicated the feasibility of multiple mechanisms
associated with lesions in ssDNA, summarized in Figures 4 and 5, as sources of mutation
clusters.

Sidebar: Mutation Clusters in the Human Germline

Meiosis is associated with higher mutation rates than mitotic divisions (73), which could
be due to a general phenomenon of increased mutagenesis in the vicinity of DNA breaks
(74). Increased density of polymorphisms in the vicinity of meiotic break hotspots have
been documented in several studies (8; 82; 97; 120). This correlation was evident even
with the most precise location of crossing-over hotspots and with the most conservative
choice of only low frequency SNPs correlation analysis (97). However, small numbers of
clusters found by three studies reporting de novo mutations in human germline identified
by whole-genome sequencing of parent-child trios (20; 43; 79), were not associated with
hotspots of meiotic crossovers. In the largest and most comprehensive study (43),
clustered mutations showed some preference toward C—G base substitutions. The
underlying mechanisms remain unidentified.

SIGNIFICANCE AND FUTURE PROSPECTS

Mutation clusters are a uniquely valuable analytical tool for dissecting mutagenic processes
operating in human cancers (reviewed in (104; 106)). The APOBEC mutation signature
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(tCw—tTw or —tGw) derived from cluster analysis was used for statistical evaluation of
APOBEC mutagenesis prevalence in many cancer types (19; 107). This analysis highlighted
cervical, bladder, breast, head and neck, and lung cancers as the most enriched with
APOBEC mutagenesis signature, which agreed well with hypothesis-independent mutation
signature deciphering in multiple cancer types (3; 4). Significantly, even in cancers with low
genome- or exome-wide prevalence of APOBEC mutagenesis, there were C- or G-
coordinated clusters displaying APOBEC mutagenesis pattern and colocalization with
rearrangement breakpoints (summarized in Table 1 of (104); also for kidney chromophobe
cancer see Supplemental Figure 5 in (34)). Thus, sSDNA could be the rate-limiting factor
while APOBEC activity is present in the background and makes mutations whenever
ssDNA becomes available. Consistent with this hypothesis, the APOBEC mutagenesis
signature and mutation clusters were detected in plasmids with engineered U/G or T/G
mismatches, when such plasmids were transfected into cultured human cells (26), where
ssDNA gaps were generated by mismatch-triggered excision repair. The mechanisms
producing long, persistent stretches of sSDNA, and distribution thereof, in cancer genomes
are important current questions.

Out of seven APOBEC enzymes with potential roles in chromosomal mutagenesis,
APOBEC3A and APOBECS3B are considered prime suspects. The potential mutagenic role
of APOBECS3B is inferred based on its high expression level breast cancers (18) as well as
several other cancer types (19; 107). However, correlation of APOBEC3A expression with
mutagenesis was also noted (107). To further complicate the issue, cancers from individuals
heterozygous for germline deletion of APOBEC3B, resulting in a fusion transcript encoding
for APOBEC3A polypeptide but carrying the 3-UTR of APOBEC3B, can still have high
prevalence of APOBEC-signature mutagenesis (84). In recent studies, the fusion transcript
showed higher stability, which may contribute to increased mutagenesis (23) and probability
of breast cancer incidence (71; 137).

There is little knowledge about sources and mechanisms of mutation clusters in cancers
other than APOBEC. Some hematological cancers also displayed small numbers of clusters
with AID mutation signature (wrC, w — A or T; r — purine; mutated nucleotide capitalized)
(3; 14; 91; 98; 108). AlD-signature clusters often were associated with immunoglobulin
gene regions as well as with secondary AID genomic targets (70; 89). Secondary targets of
AID mutagenesis and mutation clusters in this type of cancer have been correlated recently
with 3D-linked topological domains formed by gene promoters and enhancers within the
interphase nucleus (98). When AID secondary target regions known at the time of the study
(108) were excluded from cluster analysis in multiple myelomas, we detected no significant
AID mutation signature presence. Moreover, in contrast to high enrichment with APOBEC
mutation signature, the AlD-signature was depleted in C- or G-coordinated clusters, which
supports the view that SSDNA per se is not sufficient for AID-hypermutation in vivo.
Interestingly, the same study found significant numbers of A- or T-coordinated clusters,
with preference to Tw mutation motifs, which is characteristic of DNA synthesis errors of
TLS Poln in 1g-SHM region (111). Paradoxically, A- or T-coordinated clusters were not
associated with AID-targeted regions of the myeloma genomes.
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Non-coordinated clusters in cancers with high prevalence of APOBEC mutagenesis also
show statistically significant enrichment with this mutation signature, probably because of
mixed presence of mutations from other sources (107; 108). The latter also could be taking
advantage of hypermutation in transient sSDNA. Further accumulation of genome-wide
mutation catalogues for cancers that are not hypermutated by APOBEC or by AID may
enable identification of new mutagens operating on ssSDNA opportunstically during the
history of cancer. While long ssDNA intermediates are not expected normally in nuclei, they
might well be common during mitochondrial DNA replication (58). Interestingly, a strand-
biased spectrum of MMS-induced mutations, consistent with action on sSDNA< has been
reported recently (125), suggesting that mitochondrial DNA may be vulnerable to clustered
mutagenesis.

So far most of the cases of clustered mutagenesis in model studies, as well as many observed
in cancers, could be associated plausibly with damage in ssSDNA. But other examples remain
mechanistically poorly understood. It remains unclear if there are mechanisms other than
damage in long persistent ssDNA that can result in cancer mutation clusters. Such
mechanisms hypothetically could involve regions of the genome where lesion repair in
dsDNA is severely inhibited. For example, there are indications that excision repair
pathways are, at most, very weakly active in telomeres(46; 80; 95; 109). If other genomic
regions are similarly impaired in key DNA repair activities, colocalization with cancer
mutation clusters should be investigated. We and others look forward to tackling the
tantalizing challenges of this field in the years to come.
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ACRONYMS AND DEFINITIONS

Mutation cluster group of mutations with unusually close spacing, as

compared to mutations in the bulk of the genome

Strand-coor dinated mutation cluster where a type of base change occurs

mutation cluster exclusively on one DNA strand (e.qg., top strand has only C’s
mutated)

K ataegis alternative description for clustered mutagenesis, often

applied to clusters with other unusual features, such as
strand-coordination or mutagenesis pattern

Mutation shower multiple mutations in a limited genomic space, proposed to

represent a mutation cluster

R-loop DNA strand displaced by a transcript paired with transcribed

strand behind transcription complex
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Retroviruses

Retrotransposons

Retr oelements

Somatic Hyper mutation
(SHM)

Translesion DNA
synthesis(TLYS)

Replication error

Resection

Break-induced
replication (BIR)

Base-excision repair
(BER)

AP-site (abasic site) in
DNA

Apolipoprotein B mRNA
editing enzyme, catalytic
polypeptide-like
(APOBEC)

AID

Mutation motif

Mutation signature

Mutagenesis pattern
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regions of immunoglobulin genes in B-cells

error-prone synthesis by specialized DNA polymerase(s) to
bypass lesions in damaged template, often resulting in
mutations

insertion of mismatched nucleotide(s) into nascent strand by
DNA polymerase copying undamaged template

5’—3’ enzymatic degradation of DNA strand initiated at free
DNA ends (double-strand breaks or uncapped telomeres)

replication initiated by strand-invasion from a free DNA end

repair of base damage in dsDNA initiated by excision of a
damaged base, while backbone is left intact
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cytidine deaminase from APOBEC family operating in
somatic hypermutation (SHM)

preferred DNA sequence associated with certain exogenous
or endogenous mutagenic factors

mutation motif with preference for certain kinds of base
substitutions

increased presence and/or non-random distribution (e.g.,
clustering) of a mutation signature in the genome
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SUMMARY POINTS

Mutations are not completely random in genome space and in time and often
form clusters of individual changes spaced very tightly as compared to mutation
distribution in the rest of the genome.

Mutation clusters are formed on regular basis in specific areas of
immunoglobulin genes in B-lymphocyte genomes by the action of activation-
induced deaminase (AID). This process of somatic hypermutation (SHM)
assures generation of antibodies with high affinity to an antigen.

Multiple mutations can be formed in retroelements by the action of APOBEC
cytidine deaminases, enzymes which are the part of innate immunity system.
ssDNA specific APOBEC enzymes attack ssDNA intermediate of a
retroelement replication cycle, which results in hypermutation of integrated
retroelement.

Mutation clusters are often found in tumor genomes of several cancer types.
Many of these clusters carry clear mutation signature of APOBEC cytidine
deaminases. Mutations are probably induced in accidentally formed unusually
long and persistent stretches of sSDNA in cells where APOBEC enzymes gained
access to chromosomal DNA.

The strongest cases of mutation clustering are so far associated with lesions in
transient stretches of single strand DNA. There is only one report about clusters
originated from lesions to dsDNA. There are no reports about multiple clustered
errors in copying DNA template without lesions.

Lesions in sSDNA can be caused by ssDNA specific environmental agents or by
endogenous sources, such as APOBEC/AID cytidine deaminases. Lesions could
be also caused by agents acting on both ds and ssDNA. In this case, clustering is
due to the lack of repair of the lesions in ssDNA, while lesions in dsDNA are
repaired nearly completely. Error-prone TLS fixes sSDNA lesions into
mutations in the course of generating a second strand on the damaged ssDNA
template.

Clusters in damaged ssSDNA can occur, if the lesions did not get a chance to be
repaired using the existing complementary DNA strand as a template. Examples
include clusters originated from uncoupled replication forks and R-loops

Clusters can occur, if multiple lesions are caused in long stretches of SSDNA
formed by 5'— 3’ resection at free end of double-strand breaks or uncapped
telomeres as well as by break-induced replication.
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FUTURE ISSUES

1. What are sources of sSDNA in cancer clusters with APOBEC mutagenesis
signature?

2. Which APOBEC enzyme(s) cause clusters in cancers?

w

Avre there other prominent sources of lesions resulting in cancer mutation
clusters?

Are there mutation clusters in mitochondrial DNA?
Avre there mutation clusters in telomeric repeats and in subtelomeric regions?

Are there mutation clusters in meiosis?

N o o &

Are there prominent mutation cluster-forming mechanisms originating from
lesions in dsDNA?

8. Are there mutation clusters in somatic cells besides cancer?
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Figure 1. Complex mutations can be generated by a singleerror or obstruction in DNA copying
(a) Misincorporation by error-prone TLS polymerase. Initiating event: A TLS polymerase

inserts a mismatched C (in blue) opposite a damaged T (in orange, with asterisk). Step (i):
The TLS polymerase synthesizes several more bases and misincorporates another base (A
opposite undamaged C), generating a complex mutation event.

(b) Slippage by error-prone TLS polymerase. Initiating event: A TLS polymerase inserts a
mismatched A opposite a damaged G. Step (i): The polymerase synthesizes further,
encountering a T homonucleotide run. Slippage within the run produces a single-nucleotide
bulge. (ii) Synthesis continues beyond homonucleotide run, leaving the bulge uncorrected.
Adapted from Figure 2 in (49).

(c) A replicase is blocked from further synthesis at a hairpin formed by short inverted repeat.
Step (i): A TLS polymerase bypasses the blocking hairpin by switching template and
synthesizing a short stretch (in orange). Step (ii): The newly extended nascent strand then
realigns to original template, despite mismatches to the resolved hairpin (bulging
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nucleotides). A replicase continues synthesis beyond the mismatches, yielding a complex
mutation event. Adapted from Figure 6 in (85).
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Figure2.
Mutation clusters are abundant across multiple cancer types. Clusters are categorized as:

perfectly A- or T-coordinated, C- or G-coordinated, or non-coordinated. Note that nearly
half of C- or G-coordinated clusters are found <20 kb from a breakpoint junction between
two rearranged chromosomes. Adapted from (107; 108).
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Figure 3. Signature of APOBEC mutagenesisin clustersof a breast cancer genome
(a) 18 perfectly C- or G-coordinated clusters with >6 mutations from breast cancer sample

PD4103a (83) are lined up, with the first mutation assigned as relative base position 1.
Mutations are numbered consecutively, from the first mutation in the short arm of
chromosome 1 to the last mutation in the long arm of chromosome X. Numbers listed along
vertical axis denote first and last mutations that comprise each cluster.

(b) All base substitutions from PD4103a are shown in a “rainfall” plot, where distance
between adjacent mutations is plotted on a log scale vs. mutation number (mutation numbers
defined as in (a)). Some regions of “kataegis” are indicated by arrowheads. There are many
more clusters within the kataegic regions than shown in (&), including shorter and/or not
perfectly C- or G-coordinated examples.

(c) C- or G-Coordinated clusters consist predominantly of tCw -> tGw (42.1%) or tCw ->
tTw (44.6%) mutations. tCw -> tAw represent only 13.3%.
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Figure 4. Mutation clustersresulting from lesions that had opportunity for templated repair
(a) Lack of lesion repair in a region of dsDNA. In presence of mutagen, base damage occurs

in both strands of dsDNA. Step (i): Replication of unrepaired template strands results in

TLS-mediated incorporation of mismatches opposite the lesions. Step (ii): Repair after

replication fixes mutation clusters. If a mutagen is base-specific, there will be reciprocal

strand-coordination in the two daughter duplexes. Step (iii): Repair occurs before

replication. Step (iv): Undamaged templates are replicated. Step (v): Daughter duplexes

contain no mutations.
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(b) R-loops. A nascent mMRNA (in green) remains annealed to its DNA template, generating
an R-loop. The displaced ssDNA is damaged. Step (i): A persistent R-loop would block
excision repair and replication would proceed on a damaged template top strand. Step (ii):
TLS and excision repair fix mutation cluster in a daughter duplex. Step (iii): If the mRNA is
removed, the DNA duplex re-anneals, enabling excision repair of damage. Step (iv)
Replication of the repaired template is mutation-free.

(c) Lesions in ssDNA of the lagging strand. Perturbation of lagging strand synthesis exposes
portion of template sSSDNA. Green squares denote RNA primers. Exposed ssSDNA sustains
base damage. Step (i): Error-prone TLS. Step (ii) Subsequent excision repair fixes mutation
cluster in a daughter duplex. Step (iii): Fork regression repositions lesions into dsDNA
section, where excision repair can occur. Step (iv): Damage is repaired. Step (v): Replication
occurs on undamaged template, resulting in mutation-free daughter duplexes.
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Figure 5. Mutation clustersresulting from lesionsin ssDNA without an opportunity for
templated repair

(a) Clusters associated with 5’—3’ resection at uncapped telomeres. Step (i): The protective
cap of a telomere dissociates. The uncapped telomere is recognized as a DSB and is resected
to generate long 3’ ssDNA overhang. Base damage (orange stars) occurs within the exposed
ssDNA, e.g., APOBEC generating uracils. Step (ii): If uracils are not excised, a replicase
simply inserts adenines. Step (iii): Base excision repair excises uracils and uses the adenines
to template repair, resulting in cluster of C to T transitions. Alternatively, DNA with U:A
pairs can be copied without base excision repair, still producing a product withCto T
transitions. Step (iv): If uracils created by C-deamination in sSSDNA are excised by uracil
DNA glycosylase, abasic (AP) sites are generated. Step (v): AP sites are bypassed in an
error-prone manner by TLS polymerases, usually inserting either A or C across AP-sites.
Step (vi): Excision repair fixes mutation cluster containing a mix of C to T transitions and C
to G transversions.
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(b) Clusters associated with 5’—3’ resection around a DSB. Step (i): A two-sided DSB is
resected to generate 3’ ssSDNA overhangs. Base damage at e.g. cytosines (base specificity
shown by orange color) occurs within overhangs. Step (ii): Repair synthesis, using TLS
polymerase(s) inserts bases opposite the lesions in an error-prone way. Step (iii): Excision
repair fixes mutation cluster spanning the DSB region. Note the switch in base specificity of
strand-coordination within these clusters.

(c) Clusters associated with ssDNA generated by break-induced replication (BIR). Step (i):
The 3’ ssDNA overhang from a resected one-sided DSB invades a homologous sequence in
a donor chromosome. Step (ii): Leading strand synthesis (solid arrow) proceeds, while
lagging strand synthesis (dashed arrow) occurs later, exposing long stretches of sSDNA,
which sustain base damage. Step (iii): Completion of lagging strand synthesis and excision
repair fix mutation cluster in repaired chromosome. Note that BIR-associated clusters do not
show a switch in base specificity of strand-coordination (compare (c) with (b))
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Figure®6.

A mutation cluster caused by chronic damage to DNA of proliferating yeast cells (108).
Whole genome sequencing of yeast exposed chronically to MMS revealed a large strand-
coordinated cluster of 26 mutations, which extended for ~200 kb including the CAN1-URA3
double reporter gene region (red bar), illustrating the hypermutable nature of exposed
ssDNA. Strikingly, the rest of genome harbored only 19 mutations.
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