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Abstract

Transcription requires unwinding complementary DNA strands, generating torsional stress, and
sensitizing the exposed single strands to chemical reactions and endogenous damaging agents. In
addition, transcription can occur concomitantly with the other major DNA metabolic processes
(replication, repair, and recombination), creating opportunities for either cooperation or conflict.
Genetic modifications associated with transcription are a global issue in the small genomes

of microorganisms in which noncoding sequences are rare. Transcription likewise becomes
significant when one considers that most of the human genome is transcriptionally active. In

this review, we focus specifically on the mutagenic consequences of transcription. Mechanisms
of transcription-associated mutagenesis in microorganisms are discussed, as is the role of
transcription in somatic instability of the vertebrate immune system.
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INTRODUCTION

The maintenance of genome integrity is usually considered in relation to the three Rs:
replication, repair, and recombination. This review focuses on how the other major DNA
metabolic process---transcription---affects stability of the underlying DNA template. This

is of particular significance when one considers that functional genes make up only 1% of
the human genome, and yet recent estimates indicate that up to 80% of the human genome
may be transcriptionally active (24a). An effect of transcription on mutagenesis was first
recognized in microorganisms almost a half-century ago, but the diverse causes and potential
evolutionary implications of transcription-associated mutagenesis (TAM) have only recently
been appreciated.
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Transcription typically copies only one DNA strand, leaving the other (nontranscribed)
strand in a transiently single-stranded state (32) that renders it chemically reactive and
vulnerable to endogenous DNA damage. Within the transcription bubble transiently created
by RNA polymerase (RNAP), only a short tract of single-stranded DNA (ssDNA) is exposed
(Figure 1). Following RNA polymerization, the transcript and its complementary DNA
strand exit RNAP through separate channels (99), thereby disrupting short RNA:DNA
hybrids and promoting the reannealing of DNA strands. However, very long tracts of
ssDNA can form if the transcript threads back and stably base pairs with its template.

The resulting three-strand structure is referred to as an R-loop (Figure 1). Within R-

loops the nontranscribed strand (NTS) is not only vulnerable to damage, it can also

assume secondary structures that perturb or trigger other DNA metabolic processes. In
prokaryotes, transcription and translation are coupled, with immediate transcript engagement
by ribosomes preventing stable R-loop formation (34). In eukaryotes, where transcription
and translation occur in separate cellular compartments, cotranscriptional processing of
transcripts (e.g., splicing and nuclear transport) similarly discourages R-loop formation

(58). Finally, transcription produces twin domains of positive and negative supercoiling
(63). Positive supercoils are generated ahead of the transcription machinery and reflect
overwinding of the helix as DNA strands are separated (Figure 1). Behind the machinery, the
corresponding underwound state of DNA leads to the accumulation of negative supercoils.
Underwinding exposes both DNA strands to endogenous damage and promotes R-loop
formation, whereas overwinding can impede further strand separation. Supercoils are
relaxed by topoisomerases, which nick and reseal one or both strands of DNA (97).

The potential effects of transcription on DNA stability become more complex if one
considers that transcription occurs concurrently with and is influenced by other major
DNA metabolic processes. Superimposed on top of transcription-associated DNA damage,
for example, is the occurrence of transcription-coupled repair (TCR). TCR is triggered by
damage in the transcribed strand (TS) that blocks RNAP and leads to recruitment of the
nucleotide-excision repair (NER) machinery. This results in the preferential repair of lesions
in the transcribed relative of the NTS of DNA (36). Potential conflicts between transcription
and DNA replication have attracted particular attention; these conflicts are exacerbated

by R-loop formation and are the major source of transcription-associated recombination
(reviewed in 1). Transcription-replication conflicts are defined as codirectional if the
replication fork moves in the same direction as the transcription machinery and as

head-on if the two converge (Figure 2). In the codirectional orientation, the TS is the
leading strand of replication; in the head-on orientation, the TS is the lagging strand of
replication. Head-on conflicts are generally considered more detrimental than codirectional
conflicts and have been invoked to explain the co-orientation of most bacterial genes with
replication-fork movement, especially the highly transcribed ribosomal RNA operons, (65).
However, because the rate of bacterial replication is approximately ten times faster than
that of transcription, codirectional conflicts may also occur when the replication apparatus
overtakes RNAP. In eukaryotes, the transcription and replication machineries move at
similar rates, and transcription and replication are usually temporally separated within the
cell cycle. Even so, transcription-replication conflicts within very long genes are inevitable
and have been linked to common fragile sites in mammalian genomes (41). Here, only
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contributions of replication-transcription conflicts to localized mutagenesis are considered,
and we refer the reader to several excellent reviews that deal with transcription-associated
recombination and gross chromosome alterations (1, 40).

Although TAM clearly has pathological effects on genome integrity, it has been harnessed
during evolution to drive localized and very rapid genetic change. This is particularly evident
in the vertebrate immune system, where transcription is required for somatic hypermutation
(SHM) and class-switch recombination (CSR) within immunoglobulin (Ig) genes. TAM

also provides a potential source of replication-independent genetic change in nongrowing
cells, and this has been implicated in stress-induced mutation in bacteria (103) and in
trinucleotide-repeat instability in eukaryotes (59). Below, we summarize the characterized
sources of TAM in bacteria, discuss specific mechanisms of TAM that have been uncovered
in budding yeast, and consider the specific example of transcription-associated instability in
the vertebrate immune system.

TRANSCRIPTION-ASSOCIATED MUTAGENESIS IN BACTERIA

The first suggestions of TAM date to the early 1970s, when it was reported that induction of
the lac operon increased reversion caused by the frameshift mutagen ICR-191 in Escherichia
coli (43). It similarly was reported that derepression of /is genes increased UV-induced
reversion in Salmonella typhimurium (86). Another 20 years passed, however, before a link
between mutagenesis and transcription was definitively established.

The detection of TAM in bacteria (as well as in yeast; see below) has relied primarily

on selective systems in which transcription can be varied at will. Most studies have used
reversion assays, which are inherently limited because they detect only a subset of all
possible mutations. A potential complication in reversion assays is that a transcription-driven
increase in the corresponding gene product may shorten the time needed to express the
selected phenotype and thereby artificially inflate the measured rate. In contrast to the
functional restoration required by reversion assays, forward mutation assays select against
the encoded protein. Although the spectrum of mutation types detected is much broader,
elevated transcription can exacerbate an associated phenotypic lag (i.e., the wild-type gene
product must be diluted out before the mutant phenotype is expressed), and this has the
potential to underestimate or completely mask TAM. Finally, in addition to inherent biases
associated with a given assay, the magnitude and/or mechanism of TAM may be affected

by location of the reporter on a plasmid versus the chromosome, orientation of the reporter
relative to replication fork movement, and the specific growth conditions used. These issues
should be borne in mind in the TAM descriptions that follow.

DNA Damage and Strand-Related Asymmetries in Mutation Accumulation

An early observation of a strand-related bias in mutation accumulation was made in £.

coli, where the sequence change diagnostic of hydrolytic cytosine deamination to uracil was
strongly biased to the NTS of /ac/ (26). In this and other experiments that have focused

on a particular type of damage, strain backgrounds that are defective in its repair are often
used. By convention, the sequence of the NTS, which is identical to that of the mRNA,

is the sequence reported. Thus, as illustrated in Figure 3, deamination of cytosine on the
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NTS results in C > T mutations, whereas deamination of cytosine on the TS generates

G > A sequence changes. Thus, by comparing the accumulation of C > T versus G >

A changes, one can infer relative deamination of the NTS versus TS strand, respectively.
Comparative analysis of genes in £. coliand S. enterica indicates that the cytosine
deamination bias primarily reflects an asymmetry associated with transcription rather

than replication (28). Although it was not possible to infer whether the strand-associated
asymmetry reflected preferential damage of the NTS and/or biased repair of the TS via TCR,
a subsequent comparison of mutation patterns in expressed versus nonexpressed DNA was
more consistent with the former (29). The enhanced deamination of the NTS inferred in vivo
is consistent with much faster cytosine deamination in ssDNA than in double-stranded DNA
in vitro (30).

The first direct demonstration of a correlation between transcription level and preferential
deamination of cytosine on the NTS came through analyzing reversion of a missense allele
under control of the highly inducible fac promoter (6). It was found that the bias for cytosine
deamination on the NTS was evident only if transcription was highly activated. Importantly,
the NTS bias was maintained when the direction of transcription through the reporter was
reversed and was thus independent of the sequence of the NTS. That the NTS has single-
strand characteristics relative to the TS is additionally supported by its enhanced sensitivity
to enzymatic deamination following expression of a mammalian cytosine deaminase (see
below).

In addition to the specific case of cytosine deamination, an NTS bias is also evident

for spontaneous oxidative lesions (53) and for damage generated by the alkylating

agent methylmethane sulfonate (MMS) (25). Oxidative damage to guanine generates 7,8-
dihydro-8-oxo-guanine (8-0xoG), which mispairs frequently with adenine and gives rise

to GC > TA mutations. Reversion of a TGA stop codon via 8-0xoG-associated G > T
transversions was examined at a reporter inserted in both orientations relative to the strong
tac promoter. Significantly, transcription from P, elevated G > T tranversions only if the
stop codon was on the NTS, consistent with enhanced transcription-associated damage to
this strand (53). Interestingly, high levels of transcription reduced reversion when the TGA
was on the TS, suggesting that preferential repair of lesions on the TS via TCR may

also contribute to some of the strand specificity. A strand bias of MMS-induced mutations
was similarly assayed by scoring reversion of a CCA missense allele inserted in either
orientation relative to P, (25). Inducing transcription caused mutations only at cytosines in
the NTS, consistent with methylation targeted to sSDNA. Whether TAM in these systems
primarily reflects sSDNA within the transcription bubble or more extensive sSDNA exposed
within R-loops has not been specifically addressed.

The observation that many different types of base substitutions accumulate in a
transcription-dependent fashion underscores the generality of TAM (46, 52). Mutagenesis is
initiated more frequently on the NTS than on the TS strand of active genes, but whether all
nucleotides on the NTS are equally mutable is unclear. It has been suggested, for example,
that the folding of ssDNA into stem-loop structures exposes bases in single-strand loops

to endogenous damage and renders them hypermutable. The mfd program developed by
Wright and colleagues uses the free energy of all possible stem-loop structures to derive a
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mutability index for each base within a short stretch of sSDNA (105). Correlations have been
observed between the calculated mutability index and reversion rates at specific sites in £.
colireporters (11, 87), and a similar correlation has been noted for highly mutable sites in
the p53 tumor suppressor gene (107) and in Ig genes (106, 108).

Effects of Starvation/Stress on Mutagenesis

TAM is readily observed when transcription is induced to high levels in a reporter fused

to a heterologous promoter, but elevated transcription is also a natural response of bacteria
to amino acid starvation. Starvation generally induces/derepresses only those genes relevant
to biosynthesis of the corresponding amino acid and is additionally modulated as part

of the ppGpp-mediate stringent response. An effect of the stringent response was found
when examining reversion of /euBand argH alleles in E. coli, and it was speculated

that this could reflect an associated increase in transcription (102). A correlation between
reversion and starvation-induced transcription was subsequently established (104), and

the relationship between the two is linear (81). One important consequence of starvation-
stimulated transcription is that mutagenesis is higher in those genes in which changes can
potentially be beneficial (reviewed in 103), and it is possible that a similar phenomenon may
underlie some examples of adaptive mutation (18).

A relationship between stress-associated transcription and reversion has also been

reported in Bacillus subtilis. In this case, the correlation was made under prolonged
starvation conditions in which mutations accumulated in a replication-independent, but time-
dependent, manner (80). It has been argued that such stress-induced mutations represent

an adaptive response that fosters rapid evolutionary change (reviewed in 31). Interestingly,
recent work in E. coli has demonstrated the importance of R-loops in mutagenesis that
occurs in stressed cells (100). In this case, a hovel mechanism of transcription-initiated
genetic instability was proposed in which an exposed 3" end of the RNA within an R-loop is
used to initiate origin-independent replication. A subsequent encounter of DNA polymerase
with a nick on the template strand is hypothesized to generate a double-strand end that then
initiates recombination-associated mutagenesis.

Replication-Transcription Conflicts

Head-on encounters between highly transcribed ribosomal RNA genes and replication forks
slow DNA synthesis and affect overall fitness (92). A strong codirectional orientation

bias also has been reported for a set of core genes common to diverged B. subtilis

strains (75). Comparative analyses of these strains suggested that nonsynonymous changes
accumulate faster in core genes with the head-on orientation and that there is a positive
correlation between these changes and transcript abundance. In the few cases in which

the direction of replication-fork movement on mutagenesis within a defined reporter has
been directly examined, mutation rates were higher in the head-on orientation than in the
codirectional orientation. In B. subtilis, for example, reversion of a #/sC nonsense allele
was affected by the direction of replication but only under conditions of high transcription
(75). In E. coli, forward mutations in rpoB were similarly higher in the head-on orientation
than in the codirectional orientation, but the specific contribution of transcription was

not examined (92). Although the reason why head-on conflicts are more mutagenic than
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codirectional conflicts is not known, studies in yeast suggest there may be a recombination
connection. In particular, recombination-associated DNA synthesis is more error prone than
replicative DNA synthesis (44, 95), and head-on transcription-replication conflicts stimulate
recombination more than do codirectional conflicts (79).

TRANSCRIPTION-ASSOCIATED MUTAGENESIS IN YEAST

TAM has been well documented in Saccharomyces cerevisiae, but similar reports have not
emerged from the other major yeast model, Schizosaccharomyces pombe. Although all the
data described below were obtained using budding yeast, there is no a priori reason to
suspect that results will not be widely applicable to other eukaryotes. An early indication
that TAM occurs in yeast came 20 years after initial reports in bacteria. As in bacteria, it
was found that limiting a specific amino acid was associated with elevated reversion of a
gene in the corresponding biosynthetic pathway, and it similarly was speculated that this
might be related to starvation-associated induction of transcription (55). Definitive evidence
of TAM was obtained following fusion of a forward- or reverse-mutation reporter to the
highly inducible, galactose-regulated pGAL promoter (17). Subsequent studies of TAM
have used pGAL or the heterologous tetracycline/doxycycline-regulated p7ET promoter.

As in bacterial cells, there is a direct proportionality between the transcript level and
mutagenesis (48). Although head-on encounters between transcription and replication forks
in yeast also slow DNA replication more than do codirectional encounters (20, 79), reversing
the direction of replication through a pTET-driven frameshift reporter had no significant
effect on the reversion rate. There were, however, orientation-specific effects evident in

the corresponding spectra (48, 49). On a genome-wide scale, the accumulation of DNA
polymerase correlates with high transcription, indicating that both head-on and codirectional
conflicts slow replication in yeast (4).

A central question has been whether results obtained with a small number of reporter

genes are relevant on an evolutionary timescale. This has recently been addressed through
comparative analysis of S. cerevisiae and Saccharomyces paradoxus genomes, as well as
by sequencing spontaneous mutations that accumulate over hundreds of generations in
budding yeast. Both types of analysis revealed a positive correlation between transcription
and mutagenesis (73). Importantly, analyses were confined to intronic sequences, thereby
removing confounding selective constraints on the analyzed sequences. Below, we focus on
the diverse mechanisms that contribute to TAM in budding yeast.

DNA Damage as a Source of Transcription-Associated Mutagenesis

The most extensive TAM studies have been done using LYS2-based frameshift reversion
assays that detect either net +1 or —1 events. Genetic studies with these systems (17, 50,

66), as well as recent experiments with nonsense reversion assays (2, 51), have implicated
DNA damage as a major source of TAM. Key observations have been that TAM increases
when an error-free mechanism of lesion bypass (i.e., template switch or homologous
recombination) is impaired, increases when either NER or base-excision repair (BER) is
inactivated, and decreases in the absence of the error-prone translesion synthesis (TLS) DNA
polymerase Pol G (for a review of repair/bypass pathways in yeast, see 9). In nonsense
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reversion assays, all detectable base substitutions were elevated, but a strong proportional
increase in transversions at GC base pairs was noted (2, 51). Although no preferential
accumulation of spontaneous damage on the NTS was evident, it should be noted that
nonsense reversion assays are incapable of detecting the CG > TA mutations characteristic
of cytosine deamination. In relation to possible strand specificity, enzymatic deamination

of cytosine by human activation-induced deaminase (AID) was reported to target both
DNA strands, suggesting that negative supercoiling behind the transcription machinery may
be relevant. However, deamination occurred preferentially on the NTS when conditions
favoring R-loop formation were used (33).

Topoisomerase 1 as a Mutagen in Transcriptionally Active DNA

Sequence analysis in a pGAL-LYS2 forward-mutation assay revealed that most, if not all,
mutation types were elevated by transcription, but established small deletions of 2--5 bp

as a specific signature of TAM. These events made up ~25% of mutations if a reporter

was highly transcribed but were absent if transcription occurred at very low levels (61).
Subsequent analyses of mutagenesis in pGAL-CANI and pTET-CANI reporters confirmed
the short-deletion TAM signature and demonstrated that events accumulate at discrete
tandem-repeat hot spots (62, 96). The size of the deletion corresponded to the size of the
repeat unit, and the repeat was present in only —two to four copies prior to the deletion
event. Furthermore, the primary sequence of the repeat unit was highly variable, indicating
that any repeat can potentially harbor a transcription-associated deletion. Significantly,
short deletions were completely eliminated upon loss of topoisomerase 1 (Topl), an
enzyme that resolves transcription-associated supercoils by nicking and resealing one strand
of DNA. Subsequent work demonstrated that the Top1-dependent hot spots are of two
distinct types: those that reflect processing of a covalently trapped Top1 cleavage complex
and those that reflect incision at a ribonucleoside monophosphate (rNMP) embedded in
duplex DNA (Figure 4) (15). It should be noted that this particular TAM signature is
expected to be associated only with a eukaryotic-specific type 1B enzyme, which forms

a 3"-phosphotyrosyl link to the nicked DNA. It is possible, however, that other types of
topoisomerase-mediated damage may have mutagenic consequences that have yet to be
defined.

RNA: DNA Hybrids Initiate Complex Mutations in Highly Transcribed DNA

The mutagenic consequences of Topl incision at an rINMP are most evident in the absence
of RNase H2, an enzyme that initiates error-free removal of 1--3 rNMPs from DNA as

well as the degradation of the RNA component of R-loops (13, 91). Studies in RNase H2-
deficient strains have revealed the occurrence of complex mutations, which are characterized
by multiple, simultaneous sequence changes that extend identity between the arms of an
imperfect inverted repeat. Although these mutations are evident only under conditions of
highly activated transcription, they are mechanistically distinct from rNMP-initiated small
deletions, in that they do not require Topl activity and are strongly affected by the direction
of replication-fork movement (49). The effect of replication direction coupled with multiple
sequence changes suggests a template-switch mechanism, with persistent rNMPs in the
DNA template being the likely trigger. An additional requirement for RNase H1, which
likely only processes R-loops, for the generation of complex mutations suggests that either
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the RNA primers of Okazaki fragments or cotranscriptional R-loops may be the source of
the relevant rNMPs (49).

Replacement of Thymine with Uracil in Transcriptionally Active DNA

Hydrolytic or enzymatic release of a base from the phosphodiester backbone generates an
apurinic/apyrimidic (AP) site that is a potent block to both DNA and RNAPs. Genetic
studies with a frameshift reversion assay revealed that TAM increased when AP-site repair
was disrupted, indicating that AP sites are one type of damage that initiates TAM (66).
Yeast has five DNA N-glyosylases that remove abnormal or damaged bases from DNA
(reviewed in 9), and each was eliminated to determine its contribution to AP-site formation.
The only glycosylase relevant to TAM was uracil N-glycosylase (UNG), which specifically
excises uracil from DNA (50). Uracil in DNA can result from cytosine deamination,

as noted previously, or can arise through use of dUTP in place of dTTP during DNA
synthesis. The relevance of the latter was demonstrated by showing a reduction in TAM
upon overproduction of Dutl, an enzyme that hydrolyzes dUTP to prevent its use during
DNA synthesis (50). It should be noted that the assays used did not exclude introduction

of uracil into transcriptionally active DNA via spontaneous cytosine deamination as well.
The reason why elevated levels of uracil are incorporated into DNA under high-transcription
conditions remains a subject of investigation.

Does Transcription Contribute to Mutagenesis in Nongrowing or Stressed Cells?

Budding yeast does not have a stress response analogous to the SOS system of bacterial
cells, which promotes global mutagenesis through the activation of TLS polymerases (31).
Nevertheless, in yeast, as in bacterial cells, starvation for a specific nutrient or provision

of a specific carbon source can induce the expression of genes encoding the corresponding
biosynthetic or catabolic activities (reviewed in 45). It seems likely that TAM will be
relevant to at least some examples of so-called adaptive mutation in yeast (39), but this issue
has not been specifically addressed. Indeed, genome-wide positions of DNA turnover in
stationary-phase cells have been correlated with transcription in microarray-based analyses
(19). Such replication-independent DNA synthesis likely reflects repair reactions, which

in turn may reflect transcription-associated damage to the DNA template. A relevant
observation may be the recent report that abnormal transcription in nondividing yeast

cells contributes to trinucleotide repeat instability (114). The specific relationship between
transcription and the instability of sequences that can adopt non-B secondary structures (e.g.,
stem-loops, triplexes, or G-quadruplexes) has been the subject of a recent review (7) and is
not further considered here.

TRANSCRIPTION-ASSOCIATED MUTAGENESIS IN HIGHER EUKARYOTES

Given the universality of DNA structure and the high conservation in basic DNA
metabolic processes, it seems likely that many of the TAM mechanisms documented in
microorganisms will extend to higher eukaryotes. Attempts to link elevated transcription
to increased forward mutation in a specific target gene have been unsuccessful, however
(60, 71). This could reflect either a correspondingly lengthened phenotypic lag or, given
the proportionality between transcription and mutagenesis observed in microbial systems,
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an insufficient level of transcription to detect an effect. More recently, a very specific case
of TAM emerged when examining the strand-specificity of UV-induced mutations in the
hprtgene (42). Furthermore, comparative genome analyses suggest a global link between
transcription and mutagenesis (35, 78). Although a focus on TAM in individual genes has
generally been unsuccessful, evolution has co-opted this process to drive maturation of the
vertebrate immune system. The remainder of this review focuses on this specialized case of
TAM, in which some of the lessons learned may be more generally applicable.

Features of Somatic Hypermutation and Class-Switch Recombination

Vertebrate antibody genes undergo three genetic alterations that result in antibody
maturation (Figure 5): SHM , gene conversion (GC), and CSR. We summarize here recent
work regarding the transcription dependence of SHM and CSR, focusing mainly on
mammalian systems. More extensive discussion of relevant literature and detailed models
for the role of transcription in AlD-generated hypermutations may be found in other reviews
(85, 93, 94).

The variable segment of an Ig molecule interacts with an antigen. SHM generates point
mutations that enable antibody-antigen interactions to be fine-tuned and optimized by
affinity selection. SHM occurs within variable segment of Ig genes, where it is confined

to an ~1,500-bp region that begins ~150 bp downstream of g promoters; and within the

S regions, which are targets of CSR. CSR is a region-specific recombination event that
replaces the default constant segment of the Ig heavy chain () with one of the other constant
segments, thereby changing the functional consequence of an antibody-antigen interaction.

AID is a B-cell specific deaminase that converts cytosines to uracils in ssSDNA but not in
double-stranded DNA (10, 14, 21, 90) and is required to initiate SHM and CSR (3, 37, 67).
During SHM, AlD-generated uracils are either not repaired, leading to CG > TA transitions,
or are repaired by error-prone pathways to create other types of mutations. During CSR,
processing of AlD-generated uracils within noncoding switch (S) regions creates double-
strand breaks that initiate genetic rearrangement; collateral base substitutions are also
acquired within the S regions. Both SHM and S-region mutations occur at frequencies that
are several orders of magnitude higher than the normal somatic mutation frequency and both
require transcription of the target sequences.

The Role of Transcription in Somatic Hypermutation and Class-Switch Recombination

AID immunoprecipitates with RNAP 11 (69), and ChlP-seq analysis demonstrates that AID
associates with nearly 6,000 genes in stimulated murine B cells (112). Genes associated
with AID have a corresponding mRNA abundance 40 times greater than that of genes that
did not recruit the protein. In transcriptionally active genes, AID and RNAP Il peaked at
the transcription start site, and AID occupancy mirrored RNAP 1l density along individual
genes. Although most of the non-1g genes that recruited AID were not hypermutated in
stimulated wild-type B cells, mutations did accumulate in an UNG ™~ background (112).
These and earlier results (8, 64, 74, 88) demonstrate that AID targets many RNAP II-
transcribed genes but that the level of deamination-associated, off-target mutagenesis is
much lower in other genes than in Ig genes.
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A key question regarding the transcription dependence of SHM is how AID is recruited

to transcribed DNA. At least three possibilities have been considered, and these are not
mutually exclusive: (&) transcription promotes formation of non-B DNA structures to

which AID preferentially binds, () transcription-associated chromatin modifications recruit
AID, and (¢) specific transcription-associated protein factors recruit AID. As mentioned
previously, transcription can generate a variety of non-B DNA structures. It has been
suggested, for example, that formation of stem-loop structures in the variable segment of

Ig genes sensitizes bases in single-strand loops to deamination by AID (106, 108). Within

S regions, the asymmetric distribution of guanines on the NTS promotes R-loop formation
(113), with the displaced strand furthermore having the ability to form G-quadruplex DNA
(22, 23). AID may interact specifically with the ssDNA within these structures, or these
structures may cause the elongating RNAP 11 to pause or stall. AID may also interact

with DNA in stalled transcription bubbles (24). One difficulty in explaining SHM based on
transcription-associated, non-B DNA structures alone is that these structures are inherently
asymmetric and primarily affect only one DNA strand. By contrast, AlD-associated cytosine
deamination lacks a strand bias (88, 109), and closely spaced nicks on both DNA strands

of S regions are likely required to create the double-strand breaks required for CSR. One
possibility is that negative supercoiling behind the transcription machinery renders both
DNA strands accessible to AID, and this might explain the inverse correlation between Topl
level and SHM frequency (54).

There are complex changes in chrormatin regions of Ig genes during antibody maturation,
and these are more fully discussed in other reviews (for example, 57). It is useful to

note, however, that in heavy-chain genes, different S regions are transcribed in response

to different cytokine stimuli, and only the transcribed regions undergo switching and
hypermutation (109). Although activating histone marks and germ-line transcripts are found
in the Sy region even in unstimulated B cells, active hypermutation of other S regions
requires cytokine activation of B cells (68). Interestingly, treatment of hypermutating cells
with the histone deacetylase inhibitor, trichostatin A, increased histone H4 acetylation and
resulted in hypermutation of a normally unmutated constant-segment exon (101).

Numerous proteins or protein complexes have reported interactions with AID (56). Many of
the AlD-associated nuclear proteins are involved in transcription and RNA processing, and it
is possible that AID is part of transcripton ‘factories’ that contain many transcription-related
protein factors (72). The DRB sensitivity-inducing factor (DSIF) complex, for example,
causes RNAP |1 to pause shortly after promoter clearance and, following release from

this pause, DSIF travels with the elongating polymerase (38, 77, 111). AID interacts

with the Spt5 component of DSIF in vitro and in vivo and the co-occupancy of genes

with AID and RNAP Il depends on the presence of Spt5 (76). Although Spt5 occupancy

of genes correlates with hypermutation frequencies associated with CSR (76), recent

work demonstrated that Spt5 knockdown slightly increased SHM (98). With regard to
SHM, it was suggested that knockdown of Spt5 reduced RNAP |1 processivity, promoting
transcription termination and RNA degradation by the exosome.

Components of the RNA exosome complex interact with AID (5), and their knockdown
reduces both CSR (5) and SHM (98). Furthermore, addition of RNA exosome-enriched
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extracts to an in vitro transcription system enhances the ability of AID to target both DNA
strands (5). An attractive model is that degradation of pre-mRNA by the RNA exosome upon
stalling of RNAP Il makes both DNA strands accessible to AID. ChIP-Seq analysis has
shown that replication protein A (RPA), an AID cofactor in CSR, is localized to Ig switch
regions but not to most non-lg AlD-targeted genes (112). In addition, depletion of a specific
isoform of the pre-mRNA splicing factor SRSF1 (serine/arginine rich splicing factor-1)

has been reported to suppress SHM in chicken DT40 cells without affecting off-target
mutagenesis. It was suggested that an isoform-associated reduction of splicing specifically at
variable segments creates cotranscriptional R-loops, thereby generating the requisite SSDNA
substrates for AID (47).

It is likely that local changes in DNA structure and chromatin remodeling, along with the
help of protein chaperones and enzymes, together conspire to hypermutate a transcribed
gene in an AlID-dependent manner. Although the focus here has been on the specific
relationship between AID and transcription during targeted mutagenesis in the vertebrate
immune system, it is important to note that AID is only one member of the larger APOBEC
(apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like) family of cytosine
deaminases (89). APOBECs have been implicated in the generation of clustered mutations
(“kataegis™) in tumor cells (82), with persistent sSDNA generated during double-strand
break repair providing the substrate for a similar phenomenon in budding yeast (12, 70, 83,
84). It seems likely that the sSDNA component of cotranscriptional DNA structures will also
be a target of APOBECs as well as endogenous DNA damage.
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ACRONYMS/DEFINITIONS

Activation-induced deaminase (AID)
enzyme that deaminates cytosine in DNA to uracil and is required for postinfection genetic
alterations in Ig genes

Apurinic/apyrimidinic (AP) site
site in DNA that is missing a base; also referred to as an abasic site

Base-excision repair (BER)
incises the DNA backbone adjacent to an abasic site and initiates replacement of an abasic
site with a nucleotide specified by the complementary strand

Immunoglobulin (1g)
antigen-binding protein that comprises two heavy and two light chains; also referred to as an
antibody
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Nontranscribed strand (NTS)
DNA strand that has the same sequence as the RNA transcript; also referred to as the coding
strand

Nucleotide-excision repair (NER)
removes a lesion-containing oligonucleotide, leaving a 20--25 nt gap that is filled in using
the undamaged strand as template

Replication protein A (RPA)
heterotrimeric complex that binds sSDNA and prevents pairing between complementary
strands

R-loop
three-strand structure in which RNA is base-paired with one strand of duplex DNA, leaving
the other DNA strand unpaired

RNA polymerase (RNAP)
the enzyme/complex that makes an RNA copy of a DNA template; RNAP 11 specifically
synthesizes mMRNA

Switch (S) regions
GC-rich, repetitive regions upstream of the constant segment of Ig heavy-chain exons where
class-switch recombination occurs; are several kb in length

Topoisomerase 1 (Topl)
eukaryotic Type 1B enzyme that relaxes supercoils and forms a 3”-phosphotyrosyl linkage
when it nicks DNA

Transcribed strand (TS)
strand of DNA copied by RNAP

Transcription-associated mutagenesis (TAM)
localized changes in DNA that are associated with transcription of the target sequence

Transcription-coupled repair (TCR)
NER subpathway that specifically removes damage from the transcribed strand of active
genes

Trandesion synthesis (TLS)
polymerization of DNA opposite lesions by specialized, low-fidelity DNA polymerases

Uracil N-glycosylase (UNG)
enzyme that removes uracil from DNA, creating an AP site
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SUMMARY POINTS

Transcription creates transient regions of sSDNA, which is more chemically
reactive and damage accessible than duplex DNA. ssDNA exists within the
transcription bubble created by RNAP, is enhanced by negative supercoiling,
and is associated with R-loop structures.

In bacterial cells, TAM preferentially targets the NTS of active genes and
is influenced by the direction of replication-fork movement. Importantly,
transcription may be relevant to stress responses and adaptation to adverse/
novel environments.

In budding yeast, transcription elevates all mutation types. Documented
causes of TAM include an increase in associated DNA damage, an elevation
in direct dUMP incorporation into the underlying DNA template, and
recruitment of Topl to relieve associated supercoiling.

Genetic alterations associated with SHM and CSR in the vertebrate immune
system provide an example of the importance of transcription in regulated
genetic instability.

Comparative genome analyses suggest that transcription modifies the
mutation landscape in both prokaryotes and eukaryotes on an evolutionary
timescale.
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(-) supercoils (+) supercoils

Figure 1.
Effects of transcription on the DNA template. The transcription bubble and a trailing R-loop

are indicated as small and large rectangles, respectively. Circles indicate normal intertwining
of DNA strands; compressed or extended ovals correspond to over- or underwound strands,
respectively, and the regions of associated positive (+) or negative (=) supercoils are
indicated. RNAP is depicted as a blue oval, and the blue arrow indicates its direction of
movement on the DNA template. DNA and RNA strands are black and red, respectively;
yellow triangles indicate damage to sSDNA.

Annu Rev Genet. Author manuscript; available in PMC 2022 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jinks-Robertson and Bhagwat Page 21

a Co-directional

€= €=

b Head-on

€ €

Figure2.
Conflicts between the replication and transcription machineries. Movement of the replisome

and RNAP in the same or opposite direction can cause (&) codirectional or (6) head-on
conflicts, respectively. Red and black lines represent RNA and DNA, respectively; dashed
lines depict newly synthesized DNA; blue ovals represent RNAP. Yellow and blue arrows
indicate the direction of the replication fork and RNAP movement, respectively.
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Figure 3.
Inferring strand specificity from mutation patterns associated with cytosine deamination.

Yellow and pink boxes indicate consequences of cytosine deamination on the nontranscribed
strand (NTS) and transcribed strand (TS), respectively.
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b Sequential Top1 cleavage
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Figure 4.

Mechanisms of Top1 mutagenesis in transcriptionally active DNA. Two distinct mechanisms
of Topl-dependent mutagenesis are shown, with a hypothetical dinucleotide repeat
highlighted in gray. When Top1 incision occurs, the active-site tyrosine forms a covalent
linkage to the 3"-PO, on one side of the DNA nick, leaving a 5"-OH on the other side. (a)
Topl becomes trapped as a stabilized cleavage complex (step i), and its removal by unknown
proteins generates a 2-nt gap within the 2-bp tandem repeat (step ii). Realignment of the
DNA strands converts the gap to a nick (step iii), which facilitates ligation and produces

the mutation intermediate (step iv). (fop) Replication of the newly ligated strand results in
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a permanent, 2-bp deletion (step v); replication of the other strand results is of no genetic
consequence. (&) Topl incises at the position of an INMP (red R). The 2’-OH of ribose
attacks the phosphotyrosyl bond, releasing Top1 and generating a 2”,3"-cyclic phosphate
(red triangle; step i). A second incision by Topl upstream of the nick (step ii) releases

the intervening oligonucleotide and transiently traps the covalent enzyme-DNA intermediate
(step iii). Realignment of the two DNA strands by the repeat sequence correctly orients the
Top1-DNA complex and the 5'-OH, enabling efficient Top1-mediated rejoining of the ends
(step iv). Replication of the top strand fixes the 2-bp deletion (step v).
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Figure5.
A model for somatic hypermutation (SHM) and class-switch recombination (CSR) during

antibody maturation. Different sequence elements are shown as rectangles or ovals of
different colors. The direction of transcription is indicated by a rightward arrow. AID is
recruited at a proximal pause site for RNAP I1. Following release from the pause, AID
travels with RNAP Il as it transcribes DNA and converts cytosine to uracil on each DNA
strand. Uracil is excised by uracil N-glycosylase (UNG) and processed by error-prone
base-excision repair (BER) or by mismatch repair (MMR) to introduce point mutations,
which are indicated by asterisks. To initiate CSR, double-strand breaks are generated by AP
endonuclease (64a) incision at UNG-generated apurinic/apyrimidinic AP sites. Broken ends
are ligated by the nonhomologous end-joining (NHEJ) pathway, and the intervening DNA is
released as a switch circle. Abbreviations: C, constant segment (only the |, e, a regions are
shown); S, switch region preceding each C segment; V/(D)J, variable segment.
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