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Abstract 

Genomes undergo different types of sporadic alterations including DNA damage, point 

mutations and genome rearrangements that constitute the basis for evolution. However, these 

changes may occur at high levels as a result of a cell pathology resulting in genome 

instability, a hallmark of cancer and a number of genetic diseases. In the last two decades 

evidence has accumulated that transcription constitutes an important natural source of DNA 

metabolic errors that can compromise the integrity of the genome. Transcription can create 

the conditions for high levels of mutations and recombination by its ability to open the DNA 

structure and remodel chromatin to make it more accessible to DNA insulting agents, and to 

become a barrier to DNA replication. Here we review the molecular basis of such events from 

a mechanistic perspective with particular emphasis on the role of transcription as a genome 

instability determinant. 
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INTRODUCTION  

 

Genomes are subjected to different types of changes from point mutations to large genome 

rearrangements and chromosome number variation that constitute the basis for evolution. 

These changes accompany sexual reproduction via a developmentally controlled process, 

which reached its evolutionary peak in eukaryotic meiosis. However, all type of cells, 

including mitotically dividing cells, undergo genome changes that, even though occurring at 

extremely low level, may have considerable consequences in development and fitness. Such 

changes respond to a stochastic process triggered by lesions in the DNA generated in most 

cases by either endogenous metabolites or external genotoxic agents. Cells possess powerful 

systems to respond to such insults based on the sensing and repair of DNA damages and 

coupling to the cell cycle to warrant proper cell proliferation or apoptosis, which are grouped 

under the general term of DNA Damage Response (DDR) (1). However, when such systems 

fail DNA damage accumulates at high levels and the genome becomes highly unstable, which 

constitutes a hallmark of cancer and a number of genetic diseases (2). 

 DNA is not only the substrate of Replication, Repair and Recombination (3Rs), it is 

also the substrate of Transcription. Any DNA lesion or secondary structure able to stall a 

DNA polymerase is potentially able to block an RNA polymerase (RNAP) (3). Cells use this 

in their favor through the mechanism of Transcription-Coupled Repair (TC-NER, see the 

sidebar titled Transcription-coupled DNA Repair) (4). Nevertheless, transcription also creates 

the conditions for high levels of mutations (Transcription-Associated Mutation, TAM) and 

recombination (Transcription-Associated Recombination, TAR) as well as DNA breaks, 

chromosome rearrangements and chromosome loss by its ability to open the DNA structure 

and promote chromatin remodeling making DNA more accessible to genotoxic agents, and to 

become a barrier to DNA replication (5). Here we review the molecular basis of all such types 
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of events under the general term of Transcription-Associated Genome Instability (TAGIN). 

Recent reviews have been devoted specifically to TAM, TAR or to TAGIN as a general 

phenomenon (6-8) emphasizing the resulting mutation and rearrangement events. Here we 

review TAGIN from a mechanistic perspective referred to as the transcriptional activity in 

normal cells, but also as pathology of cells defective in different DNA and RNA nuclear 

processes, the potential role of TAGIN in tumorigenesis and genetic diseases being discussed 

at the end. 

 

TRANSCRIPTION-ASSOCIATED GENOME INSTABILITY EVENTS 

Single mutations 

In the early 70’s, transcription was shown to increase the reversion rates of the ICR191 

mutagen in Escherichia coli (9), providing a first indication for TAM. Later work established 

the mutagenic potential of active transcription in bacteria and yeast by measuring the rates of 

spontaneous reversion on specific alleles under the control of inducible promoters (10, 11). A 

major limitation of reversion assays is that they detect only a specific subset of mutations, 

although this is also their strength since it enables the analysis of specific events. The 

reversion system originally used in yeast, which is based on a LYS2 allele and detects one-

base pair (bp) frameshift reversion, demonstrated that TAM frequency augments with 

increasing levels of transcription (11). The system used in E. coli (10) detects C-to-T 

transitions on the non-transcribed strand (NTS) of a mutant allele of the kanamycin-resistance 

gene (KanR) under the control of a regulated promoter in either orientation, allowing the 

monitoring of the reversion frequencies when the KanR allele was on the transcribed strand 

(TS) or the NTS. The results obtained with this system demonstrated that the frequency of C-

to-T transitions rises with transcription and occurs preferentially on the NTS. Cytosine, which 

is the most-unstable base of nucleic acids, is frequently converted to uracil by spontaneous 
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deamination in living cells. Uracil persisting in the DNA during replication can mispair with 

adenine and cause C-to-T transitions (Figure 1a). Further studies using LYS2-based 

frameshift reversion assays in yeast and reversion assays that detect other kinds of mutations 

than C-to-T transitions in bacteria led to similar results, demonstrating that transcription 

induces mutations, particularly on the NTS (6, 8). 

 Consistent with these conclusions, transcriptional induction of regulated genes in 

response to starvation in bacteria correlates with increased mutagenesis within these genes 

(12). The empirical evidence of TAM has been reinforced by subsequent comparative 

genomic studies pointing into similar conclusions. Such studies revealed a bias in the 

distribution of specific base substitutions toward the coding strand in mammalian genes as 

well (13, 14), indicating again that base substitutions occur more frequently in the NTS during 

evolution. Specific TS repair mechanisms such as the one exemplified by TC-NER (see the 

sidebar titled Transcription-coupled DNA Repair) could contribute to reduce the frequency of 

TAM at the TS. 

Forward mutation assays have also been used to gain insights into the spectrum of 

transcription-associated mutations. In these assays the majority of mutations were base 

substitutions under low transcription and insertion-deletions of few nucleotides within short 

tandem repeat sequences under high transcription, as shown in yeast (15) (Figure 1a). 

Altogether, these data plus posterior reports reviewed recently (6, 8) indicate that transcription 

may be mutagenic. 

 

DNA breaks, recombination and chromosomal rearrangements 

Evidence that recombination events are promoted by transcription in bacteria was obtained in 

E. coli by analyzing lambda-phage site-specific recombination (16). However the first 

example that transcription enhances homologous recombination (HR) was reported in 
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Saccharomyces cerevisiae, in which a genetic screen for genomic fragments stimulating 

mitotic recombination in a direct-repeat system identified a segment of the rDNA that was 

named HOT1 (17). Later work has shown that the stimulation of recombination induced by 

the insertion of HOT1 at ectopic locations in the yeast genome was caused by its ability to 

promote transcription by RNAPI (18). T1 and T4-phage mediated transduction is enhanced by 

transcription in bacteria (19), and RNAPII-driven transcription also induces TAR as first 

shown in yeast with a direct-repeat recombination system under the control of the inducible 

pGAL promoter (20) and in mammalian cells using two alleles transcribed at high and low 

levels (21). Analogous results were also obtained with an RNAPIII-transcribed system in S. 

cerevisiae (22). In the late 90’s, HOT1 and different recombination systems transcribed by 

RNAPII have been used as tools to provide evidence of TAR as a general phenomenon and to 

gain insights into its mechanistic basis (5). The vast majority of TAR events have been 

detected genetically in direct-repeat assays as deletions occurring majorly via single strand 

annealing (SSA) (Figure 1b). As such events results from double-strand breaks (DSB), their 

increase is interpreted as the result of an increase of spontaneous DNA breaks. Specific 

genetic studies performed in yeast support this conclusion (23). Many other reports confirm 

that transcription enhances spontaneous recombination and DNA breaks at different regions in 

bacteria, yeast and human cells, as collected in a recent review (8). Collectively, the results 

support a model in which TAR would be caused by DNA breaks within the actively 

transcribed region. 

The induction of DNA breaks, recombination and genome rearrangements by 

transcription has been shown in different situations, pointing to complex and varied sources of 

TAGIN that can be modulated by different factors. Thus, exogenous genotoxic agents 

increases TAR in direct-repeat recombination assays in yeast (24), convergent transcription 

significantly enhances deletions in chimeric E. coli plasmids containing the M13 phage (25), 
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and TAR is strongly stimulated when transcription collides with replication (26). In addition, 

specific yeast hyper-recombination mutants such as hpr1, altered in transcription elongation 

and messenger ribonucleoprotein particle (mRNP) biogenesis, specifically stimulate TAR 

(27), indicating that TAR may not be just the result of high transcription, as discussed next. 

 

 

CHANGES IN DNA STRUCTURE POTENTIALLY RELATED TO 

TRANSCRIPTION-ASSOCIATED GENOME INSTABILITY  

Topological constraints and DNA topoisomerases 

Transcription induces positive supercoiling (over-winding) ahead and negative supercoiling 

(under-winding) behind the advancing RNAP (28) (Figure 2a). These local topological 

changes, which can be further constrained by DNA-binding proteins (e.g. transcription factors 

at promoters) and chromatin loops, may accumulate in highly transcribed regions and at sites 

of transcription start or termination, in particular at divergent or convergent genes, 

respectively. Such topological constrains may explain the increased TAR observed under 

convergent transcription in E. coli mentioned above (25).  

Negative supercoils associated with transcription are primarily resolved by 

Topoisomerase 1 (Top1) (29). Concordantly, regions of under-wound DNA are enriched with 

Top1 and map to transcriptionally active chromatin in the human genome (30). Top2 

activities are required to relax positive supercoils generated ahead of an elongating RNAP and 

act in addition to Top1 at highly transcribed genes and promoter regions (31). In the absence 

of Top1 and Top2 activities, torsional stress accumulates at transcribed regions leading to 

transient underwound DNA that might result in stretches of single-stranded DNA (ssDNA) 

behind the RNAP (Figure 2a). Indeed, co-transcriptional negative supercoiling produced in 

the absence of Top1 and Top2 is linked to increased recombination, as observed at the highly 
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repetitive rDNA locus and within a region located between convergent genes in yeast (32, 

33). It is likely that this excess in negative supercoiling leads to more DNA breaks, probably 

due to a potential increase in ssDNA stretches that could increase the susceptibility to 

genotoxic agents or could facilitate the formation of non-B DNA structures that would evolve 

into a DSB after replication. Nevertheless, no definitive evidence has yet been provided that 

transcription is required for the increase in recombination caused by Top1-deficiency (see 

below), as the topological constrains generated during replication may be in principle 

sufficient to explain this phenomenon. 

 Also important in the context of genome instability, the reaction catalyzed by 

topoisomerases involves DNA breakage and covalent binding of the enzyme to one of the 

DNA termini, which are both reversed upon completion of the reaction. Failures in finishing 

the reaction lead to a DNA break with the topoisomerase trapped to one of the ends, a 

structure called topoisomerase cleavage complex (Top1cc or Top2cc). Such DNA breaks are, 

whether directly or indirectly, presumably responsible for the increased recombination and 

chromosome rearrangements observed upon treatment with topoisomerase inhibitors, such as 

camptothecin, but whether such Topcc structures are formed at higher levels in transcribed 

DNA sequences as a major source of TAR is not known yet. Nevertheless, the processing of 

abortive Top1-iniciated reactions has been proposed as a mechanism responsible for the 

specific TAM signature consisting of 2-bp deletions at short tandem repeats in yeast (34, 35) 

(Figures 1a and 2b). Removal of the Top1cc intermediate would generate a 2-nucleotide gap 

that would be converted into a ligatable nick upon realignment of the DNA strands, leading to 

the 2-bp deletion after replication.  

Finally, Top1 also functions as a site-specific endoribonuclease (36). In yeast, this 

activity on ribonucleotides incorporated erroneously in the DNA leads to modified ssDNA 

nicks (ribonucleoside-2'-3'-caclic phosphate-terminated nicks) that can be repaired in an error-
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free fashion or can generate 2-nucleotide deletions when it occurs within a dinucleotide repeat 

sequence (37, 38). However, evidence for the contribution of this mechanism in TAM or TAR 

is yet scarce. 

 

Non-B DNA structures 

DNA can adopt alternative conformations that differ from the canonical B structure. These 

non-B DNA structures include hairpins, cruciforms, left-handed Z-DNA, triplex DNA (also 

called H-DNA), G-quadruplexes, and RNA-DNA hybrids. The formation of non-B DNA 

conformations requires unwinding of the DNA sequence, as occurs during replication, 

transcription or recombination, and is strongly favored by negative supercoiling (Figure 2a). 

Once unwound, the ability to adopt such structures depends on the DNA sequence. Sequences 

containing motives prone to form non-B DNA are widespread in the human genome and are 

associated with genome instability, behaving as hotspots for DSB that may subsequently 

trigger chromosomal rearrangements and being at the origin of several human genetic 

diseases (39, 40). Part of the genetic instability associated with non-B DNA structures relies 

in the interference with replication, by either blocking the replisome, providing substrates to 

nucleases, promoting DNA polymerase slippage, or interfering with Mismatch Repair (41).  

However, transcription also appears to play a role in the formation of non-B DNA 

structures. In the first place, transcription increases the probability of non-B structures to be 

formed as a consequence of DNA supercoiling. Thus, the rates of instability at different 

trinucleotide repeats sequences – which are prone to form non-B structures such as hairpin, 

cruciforms or triplex DNA– is increased by negative supercoiling in E. coli (42). In the 

second place, studies of E. coli and yeast have shown that transcription of sequences capable 

to adopt non-B DNA conformation can induce genomic instability (43-45). In human cells, 

transcription promotes contraction of CAG and expansion of GAA repeat tracts (46, 47). 
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Noteworthy, these repeat-length changes were observed in the absence of replication. 

Replication-independent instability induced by large tracts of GAA repeats was also observed 

in yeast (48) and trinucleotide instability takes place in non-proliferative human tissues (e.g. 

brain) (40). This instability could rely on the accumulation of stalled RNAPs at repeated 

sequences, as non-B DNA structures formed within gene bodies can impede transcription 

elongation (3).  

Finally, since RNAP stalling serves as a signal for TC-NER (4) prolonged stalling of 

the RNAP at a non-B DNA structure, in the absence of DNA lesions could trigger 'gratuitous' 

repair (Figure 2b). Although NER normally proceeds error-free, its action in the absence of 

DNA damage puts genome stability at risk because it involves an ssDNA intermediate that 

can easily suffer damage and gap-filling DNA synthesis that might introduce errors. This is 

particularly relevant for DNA sequences containing repeats, as the putative formation of non-

B DNA structure might impede the completion of the repair reaction and increase the error 

rates of DNA polymerases. In support of this idea, NER was shown to promote triplex-

induced mutagenesis and contraction at CAG repeats (49, 50). Consistently, a reduction of 

genomic instability induced by cruciform-forming short inverted repeats was observed in 

yeast and mammalian cells lacking the NER XPF-ERCC1 (Rad1-Rad10 in yeast) nucleases 

(51). Other enzymes involved in NER, including the XPB and XPD helicases were shown to 

bind (and unwind in the case of XPD) G-quadruplexes (52). Therefore, DNA repair coupled 

to transcription could be misled by non-B DNA structures as a potential source of TAGIN 

(Figure 2b). More work will be required to dissect the role of NER, and possibly other repair 

pathways, in TAGIN potentially induced by non-B DNA structures. 
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DNA DAMAGE ACCUMULATED AS A CONSEQUENCE OF TRANSCRIPTION 

Non-enzymatically driven base damage during transcription 

As indicated, the accumulation of negative supercoils behind the elongating polymerase 

favors DNA unwinding and may create stretches of ssDNA, to which genotoxic agents may 

access more efficiently. These regions of ssDNA in the gene body, which may be stabilized 

by the formation of secondary structures or RNA-DNA hybrids, are likely responsible for the 

increased vulnerability of transcribed DNA (Figure 2). Accordingly, treatment with DNA 

damaging drugs such as 4-NQO and MMS increased recombination of transcribed genes in 

yeast (24) and UV-C and bezo[a]pyrenediolepoxide-induced mutagenesis was significantly 

increased when a reporter gene was transcribed in mouse embryonic stem cells (53). The 

results are consistent with the idea that transcribed DNA is more easily damaged by external 

genotoxic agents. In support of a role for transcription-associated DNA damage in TAM, the 

analysis of transcription-dependent reversion rates in different S. cerevisiae mutant 

background revealed that TAM largely depends on the activity of Rev3, the catalytic subunit 

of the error-prone translesion DNA polymerase ζ (11) and increases in DNA repair deficient 

strains (54). 

Notably, accumulation of apurinic/apyrimidinic (AP) sites is enhanced in highly-

transcribed DNA and largely derived from the removal of uracil from the DNA (55). Uracil 

can be present in DNA as a result of spontaneous cytidine deamination or of mis-

incorporation of deoxyuridine monophosphate (dUMP) during replication. In support of the 

latter, a reduction in TAM has been observed in conditions in which intra-cellular dUTP 

concentrations were kept low. Interestingly, increased cytidine deamination occurs within 

UV-induced photolesions located on the TS of active human genes (56), in agreement with 

the idea that transcription-dependent conformational changes in the DNA increases its 

susceptibility to being damaged.  
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Enzyme-mediated instability 

Specialized cytidine deaminases belonging to the AID/APOBEC (activation-induced cytidine 

deaminase/apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like) superfamily 

provide the best example of enzyme-mediated DNA damage at active genes in vertebrates. 

AID expression is restricted to B cells, where it initiates the processes of somatic 

hypermutation (SHM) and class switch recombination (CSR) at the switch (S) regions of the 

immunoglobulin genes required for antibody diversification (57). Transcription is required for 

both processes, enabling AID-catalyzed deamination of cytidine to uridine in the transiently 

exposed ssDNA that will result in a DSB responsible for CSR. The formation of R loops 

behind the RNAP that are stabilized by G-quadruplexes presumably generated at the G-rich 

displaced ssDNA (58), may contribute to make the DNA strands more accessible to AID at 

the S regions. Thus, SHM is a landmark for TAM that relies on transcription-associated 

increase of DNA accessibility to a mutagenic agent, in this case a nucleotide-modifying 

enzyme.  

 Beyond its normal roles on immunoglobulin genes, AID can erroneously act on 'off-

target' genes promoting chromosome translocations and generating mutations that may 

activate oncogenes (59). Off-target AID activity mostly occurs downstream of the 

transcriptional start site of a subset of transcribed genes, in agreement with the requirement of 

transcription for its activity. However, transcriptional activity may not be sufficient for AID 

targeting. Physical association of AID with the Spt5 transcription elongation factor enables 

AID targeting at stalled RNAPII (60), which may be enriched at off-target genes. In support 

of this hypothesis, off-target AID activity was recently found to occur within regions of 

overlapping sense and antisense transcription (61) as well as at transcribed enhancers and 

promoters (62). Indeed, a positive correlation between mutation rates and transcription was 
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demonstrated in mammalian cells using a reversion assay, in hyper-mutating cell lines 

expressing AID (63), consistent with the idea that the accumulation of negative supercoils 

behind the elongating polymerase favors DNA unwinding, creating the stretches of ssDNA on 

which AID would act (64). This has been recapitulated with the ectopic expression of AID in 

E. coli and yeast, supporting the importance of co-transcriptionally formed secondary 

structures and ssDNA stretches in AID-mediated genomic instability as determined by single 

mutations, deletions and translocations (65-67).  

 APOBEC family members can be induced in several cell types as part of the innate 

immune response and are important to restrain viral infections and retrotransposon mobility. 

Under some yet poorly defined circumstances, APOBEC enzymes - which act specifically on 

cytidines within ssDNA - may target nuclear DNA (68). Due to their sequence preferences, 

APOBEC deaminases generate characteristic mutation signatures that in some cases correlate 

with APOBEC expression levels in cancerous cells (69, 70) or are enriched in the NTS of 

highly expressed genes (71). This together with the recent finding that expression of 

APOBEC proteins in yeast leads to clustered mutations in active genes across the genome 

(72) suggests that the impact on genome instability of APOBEC family members might also 

occur in association with transcription. 

 AID and APOBEC are good examples of enzymes that better access transcribed DNA 

and are potentially responsible for TAGIN but these enzymes are specific for vertebrates. 

Studies on whether transcription may directly affect the accessibility to general nucleases and 

DNA modifying enzymes are scarce. However, evidence shows that transcription may also 

generate structures that are target of specific nucleases, as in the case of cruciform DNA (51) 

or R loops (73). Importantly, the potential of transcription to block the progression replication 

forks (RF) that in turn could demand the action of nucleases or other enzymes to facilitate 
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replication resumption may also be an important source of enzyme-mediated instability 

associated with transcription, as discussed next.  

  

REPLICATION AS A MAJOR PLAYER IN TRANSCRIPTION-ASSOCIATED 

RECOMBINATION AND REARRANGEMENTS 

Replication fork stall and restart at transcribed DNA regions 

Obstacles on the template DNA, such as DNA lesions, secondary DNA structures or DNA-

bound non-histone proteins can impede RF progression. Transcription complexes represent a 

prominent example of DNA-bound proteins hindering RF progression, as first shown in 

bacteria and yeast (74, 75). Replication impairment is a major issue in dividing cells and 

needs to be solved to avoid persistent RF stalling, a manifestation of replication stress that 

represents a major source of genomic instability (Figure 3a). Replication checkpoint factors 

act on stalled RF and promote their stabilization ensuring that the replisome remains 

associated with the template and is proficient in resuming replication, eventually implicating 

translesion DNA synthesis, transitory template switching to the sister chromatid, or transient 

replication fork reversal to bypass the obstacle (41). However, RF may break thus activating 

the intra-S checkpoint, and/or DNA polymerases can dissociate from the DNA leading to RF 

collapse (Figure 3a). RF breakage and increased HR can indeed be detected using systems in 

which ssDNA breaks are induced either enzymatically or by specific mutations in the 

Rad3/XPD DNA helicase, as shown in S. cerevisiae (76, 77). However, it is also likely that a 

blocked RF does not necessarily break, as has been shown in Schizosaccharomyces pombe 

using a strong protein barrier (78) in which case replication restart may proceed via template 

switching. In S. pombe DNA synthesis at HR-restarted forks is error-prone at an early stage, 

RF slippage and template switching occurring frequently, and thus contributing to the 

generation of GCR (79-81). 
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The repair of a broken RF via HR initiated by invasion of the resected 3’-end into the 

homologous sister chromatid would lead to RF restart (Figure 3a). However, HR may occur 

at ectopic sites sharing homologies, leading to a genetically detectable hyper-recombination 

phenotype as well as chromosomal rearrangements depending on the location of the recipient 

molecule (Figure 1b). Transcription may either enhance damage capable of blocking RF 

progression or may by itself constitute an impediment to normal RF progression as the source 

of transcription-associated DNA breaks and recombination (Figure 3b). The importance of 

transcription in reducing RF progression as a source of instability has been shown in human 

cells depleted of Top1 or the chromatin reorganizing factor FACT in which either RF 

progression as determined by DNA combing or DNA breaks as determined by single-cell 

electrophoresis were suppressed by inhibiting transcription (82, 83) (Figure 3b).  

Finally, repair of one-ended DSB as the one putatively generated at a broken RF may 

also occur by break-induced replication (BIR), a form of non-reciprocal HR that frequently 

leads to loss of heterozygosity and chromosomal rearrangements (84-86). Although it is 

unlikely that BIR represents a bona fide form of RF restart, because it is initiated by DSB not 

necessarily associated with replication, BIR may also occur at microhomologies between a 

resected single-stranded 3’-end and an ssDNA gap, structures that are also found at RFs and 

stalled transcription complexes. Interestingly, DNA synthesis by BIR has been shown to be 

mutagenic (87, 88), which reveals that this process may also be a potential source of 

instability in eukaryotes potentially associated with transcription. 

 

Head-on versus co-directional collisions between replication and transcription 

Depending on the orientation of a particular gene relative to the origin of replication, 

collisions between the transcriptional and replication machineries can occur in a head-on 

orientation (genes encoded on the lagging strand) or a co-directional orientation (genes 
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encoded on the leading strand). The detrimental potential of head-on conflicts has long been 

recognized, and they constitute a stronger hindrance for replisome progression than co-

directional ones in vitro (89). A stronger impact of head-on versus co-directional collisions 

both on recombination and RF progression has been shown in direct-repeat constructs in S. 

cerevisiae in which RF stalling visualized by two-dimensional gel electrophoresis correlated 

with an increase in TAR (26). TAR could be a consequence of RF restart after a transcription-

replication encounter and indeed, such a restart has been shown to require the RecA HR factor 

in Bacillus subtilis (90). Co-directional conflicts are frequent in prokaryotes as the replication 

machinery proceeds more rapidly than transcription complexes, and RF progression does not 

seem to be profoundly altered in normal conditions, as recently reviewed (91). The 

organization of bacterial genomes, in which most genes and virtually all rDNA loci are found 

in co-directional orientation with replication, contributes to keep head-on collisions low. This 

may be relevant for evolution as genes located in head-on orientation show faster adaptive 

variations due to increased TAM (92) and the doubling time of E. coli strains in which the 

highly transcribed rrn operon is replicated in head-on orientation, opposite to normal, is twice 

that of normal cells (93). 

In vitro studies have shown that a replisome blocked as a consequence of a frontal 

encounter with transcription remains stable and can resume replication in the presence of 

accessory factors such as the T4 Dda helicase or the Mfd translocase (89, 94). In E. coli, the 

Rep, UvrD and DinG accessory helicases may displace proteins ahead of advancing RF, and 

are required for replication through the rDNA locus placed in head-on orientation (95) 

whereas the B. subtilis accessory helicase PcrA assists RF progression through protein-

coding, rRNA and tRNA genes (96). As in bacteria, accessory DNA helicases act at RF and 

enable their progression by removing obstacles in eukaryotes. The best-characterized example 

is the budding yeast Rrm3 helicase, which is part of the replisome and promotes replication of 
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protein-bound DNA, including tRNA genes (97, 98). RF pausing occurs frequently in yeast, 

most pausing sites coinciding with the coding region of highly transcribed RNAPII genes 

(99). The relevance of transcription as an important barrier to RF progression and 

recombination is even more evident in transcription-elongation defective THO mutants (100) 

or in the absence of the Rrm3 helicase (26, 99). Therefore, it seems that collisions with 

transcription, in particular in head-on orientation, demand the action of specific factors to 

allow RF progression and maintenance of genome integrity. Indeed, the fact that replication 

termination takes place at fork pausing elements, of which the majority coincides with 

transcription clusters (101), supports the idea that transcription may suppose an important 

barrier to RF progression that cells can also use to their benefit. 

The deleterious effects of potential collisions, as manifested in different forms of 

TAGIN may be enhanced by the accumulation of torsional stress, which can also compromise 

the integrity of the RF (26, 82, 83, 102). This may be particularly relevant in cases in which 

transcribed genes are gated to the nuclear envelope, as shown in yeast (103), since it 

considerably restrains the rotation freedom of the template DNA. A mechanism has been 

described to minimize the torsional stress resulting from concomitant replication and 

transcription at the nuclear pores, in which the activation of the replication checkpoint leads to 

the release of transcribed genes from the nuclear envelope (104). Thus, the DNA would gain 

more flexibility in resolving the transcription-blocked RF. The possibility that a number of 

transcription-associated DNA breaks may occur in the proximity of the nuclear periphery is 

yet an open question that needs to be properly addressed.  

 

Avoiding collisions that threaten genome stability 

In eukaryotes, initiation of DNA replication takes place at multiple origins on each 

chromosome and is a tightly controlled event restricted to the S phase of the cell cycle, thus 
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allowing a potential temporal separation of transcription and replication. Some genes, 

however, need to be transcribed during S phase, including histone, rRNA and tRNA genes, 

which creates a challenge to the cell. In bacteria, the challenge would be even greater since 

transcription and replication occur concomitantly. Cells use different ways to avoid 

potentially deleterious transcription-replication collisions. 

A strategy to avoid such collisions is to restrain the amount of arrested RNAPs, which 

may furthermore lead to backed-up arrays of stalled transcription complexes. In support of 

this idea, bacterial transcription elongation factors (e.g. DskA, GreA/B, Mfd) are required to 

resolve replication-transcription conflicts in vivo (105, 106). Similarly, mutants deficient in 

Rho-dependent transcription termination suffer DSB that depend on replication, suggesting 

that termination factors function in the release of obstructing RNAP during replication (107). 

Replisome pausing, which is primarily caused by DNA-bound RNAP, is a frequent event 

during bacterial replication (108), and only remains innocuous if replication can resume 

normally owing to the activities of accessory helicases and transcription co-factors. In 

situations in which transcription elongation is compromised, stalling and subsequent 

backtracking of the RNAP can lead to an arrested RNAP. Collision of the replication 

machinery with such arrested RNAP was shown to generate DSB and thus represents a threat 

to genomic stability (109). Indeed, proteins of the replication restart machinery accumulate at 

the highly transcribed rDNA locus in B. subtilis, indicating that co-directional collisions are 

not always harmless (110).   

In eukaryotes, one way to avoid collisions between transcription and replication is to 

restrain replication at transcribed regions. This can be achieved by the presence of an RF 

barrier (RFB) downstream of highly transcribed genes, the best-characterized example being 

found at the budding yeast rDNA locus, the region at which transcription raises the major 

challenge to replication. The budding yeast rDNA locus is composed of about 150 rDNA 
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repeats, each one comprising the RNAPI-transcribed 35S and the convergent RNAPIII-

transcribed 5S pre-rRNA genes. About half of the repeats are transcribed at a given time and 

both the active and the repressed fractions are important for the stability of the locus (111, 

112). The rDNA intergenic spacer contains an origin of replication (rARS) and a DNA 

element acting as RFB downstream of the 35S gene (113). The RFB possess a polar RF 

blocking activity that is mediated by binding of a specialized protein called Fob1 and allows 

avoiding frontal collisions between RNAPI and the replication machinery at the 35S gene 

(114). The sophisticated organization of the rDNA region evidences the importance of 

avoiding transcription-replication collisions, and how frequent can such collisions potentially 

be in the rDNA region. Interestingly, only a subset of the rARS are actually fired to initiate 

replication in a given S phase, active rARS localizing downstream of transcriptionally active 

genes (115).  

Recent work has shown that the Sir2 and the Rpd3 histone deacetylases control the 

activation of rARS, Sir2 having a repressive effect that can be counteracted by Rpd3 (116). 

Consequently, Sir2-deficient yeast cells have a higher density of active RF at the rDNA 

regions, a feature particularly relevant given the fact that sir2 mutants show a strong increase 

in rDNA recombination (117). Even though in the past such rDNA hyper-recombination in 

sir2 cells was believed to be due to a better accessibility of the HR machinery into a more 

open chromatin at the rDNA locus, rDNA hyper-recombination in sir2 cells may be a 

consequence of a significant increase in the frequency of collisions. Nevertheless, Sir2 is also 

known to silence a bidirectional RNAPII promoter called E-pro, which locates close to the 

RFB in the intergenic rDNA spacer. A low rDNA copy number has been shown to induce 

transcription from E-pro, which in turn leads to cohesin dislodgment (118, 119). 

Transcription-induced dissociation of cohesin consequently promotes unequal recombination 
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events between rDNA repeats allowing their amplification, providing an additional 

mechanism by which sir2 cells enhance rDNA copy number change. 

 Another strategy to avoid collisions is to act on the replication machinery in conditions 

requiring extensive transcription, as recently described in conditions of osmostress, in which a 

large number of stress-responsive genes are induced. The stress-activated protein kinase Hog1 

was shown to achieve a delay in origin firing and a slowing down of RF progression by 

directly targeting the Mrc1 component of the replication complex (120).  

However, opposite strategies in which transcription is repressed prior to the passage of 

the replication machinery have also been described. Thus, replication and intra-S checkpoint 

proteins act on the Maf1 transcriptional repressor and consequently lead to a global repression 

of tRNA gene transcription in budding yeast (121). Particularly interesting is the case of the 

RecQL5 DNA helicase involved in genome integrity maintenance. In addition to its functions 

at RF and/or recombination intermediates, the mammalian RecQL5 helicase has been 

proposed to down-regulate transcription during S phase by means of direct binding to 

RNAPII (122). Importantly, RecQL5 and the transcription elongation factor TFIIS compete 

for the same binding site on RNAPII and RecQL5 promotes elongation, avoiding RNAPII 

stalling and backtracking (123, 124). This indicates that RecQL5 could contribute to the 

avoidance of collisions by a mechanism that is not necessarily coupled to replication. Along 

the same line, a slowdown of RF progression was observed at a transcribed locus in RNAPII 

mutants in which transcription is ineffective and correlates with an increase in recombination 

(125). Therefore transcription of a DNA region may block RF progression as a major cause of 

TAGIN. 
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R LOOP-MEDIATED TRANSCRIPTION-ASSOCIATED GENOME INSTABILITY 

Co-transcriptional R loops as a source of genome instability  

One important source of TAGIN is co-transcriptional R loops, which are formed by 

reinvasion of the nascent RNA molecule into the DNA template (Figure 4a). Although R 

loops are not necessarily responsible for TAGIN, evidence suggests that their relevance in 

genome instability is higher than previously foreseen. They were first shown in S. cerevisiae 

as responsible of the high increase in transcription-dependent recombination of hpr1 mutants 

of the THO complex involved in mRNP biogenesis and export (126). Transcription-

elongation impairment is also a feature of these mutants, suggesting that such impairment 

may also contribute to TAR. In chicken DT40 and human HeLa cells, depletion of the SRSF1 

RNA processing factor was also shown to cause genome rearrangements and accumulation of 

R loops (127).  

 One possible explanation for the role of these RNA-binding proteins in R loop 

prevention is its putative role in protecting the RNA and assembling the mRNP, so that this 

would reduce its capacity to react with the DNA template. This is supported by the 

observation that overexpression of other RNA-binding proteins such as yeast Tho1 and Sub2 

and human RNPS1 suppresses the instability associated with yeast THO mutants and human 

SRSF1-depleted cells (128, 129). Further research in yeast and human cells have generated an 

important body of results showing that a number of RNA metabolism and processing factors 

cause both R loop accumulation and genome instability as measured by DSB accumulation 

detected by γH2AX, genome rearrangements or minichromosome loss as well as RNA-DNA 

hybrid detection via the specific anti-RNA-DNA monoclonal S9.6 antibody (130-134). 

Therefore, even though R loops also have a physiological role in transcription activation and 

termination as well as in replication initiation as reviewed recently (135), they are a major 

contributor to TAGIN. 
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From co-transcriptional R loops to genome instability via replication 

R loops can enhance the occurrence of single mutations, however most experimentally 

reported cases indicate that R loops are related to DNA break-induced instability, such as 

recombination, genome rearrangements and chromosome instability. The ssDNA present in 

an R loop would be in principle highly susceptible to DNA genotoxic agents, but the way by 

which an R loop can lead to a recombinogenic DNA break may be diverse. The most accepted 

mechanism is the one relying on the potential capacity of an R loop to stall or block RF 

progression (Figure 4a). RF stalling and/or blockage has been shown to occur in yeast THO 

mutants at the lacZ 3’-end region (136), where R loops are preferentially accumulated (126). 

In addition, impaired replication in Caenorhabditis elegans thoc2 mutants is partially 

suppressed by microinjection of RNase H1, which degrades the RNA moiety of RNA:DNA 

hybrids (137). Similarly, T7 promoter-driven transcription of S regions of the 

immunoglobulin genes in bacterial systems have been shown to pause or stall replication 

(138). In bacteria, defective replication through the rrn locus is suppressed by RNase H1 

overexpression, suggesting that transcription-replication collisions are promoted by R loops 

(95). Other studies indeed show that R loops mediate genome instability as a result of 

transcription-replication conflicts both in human and yeast cells (82, 83, 100, 137, 139-141), 

or that R loops accumulate at triplet repeats often present at rare fragile sites (see the sidebar 

titled Fragile Sites) when they are transcribed under the T7 promoter in bacteria (142, 143), 

provided that fragile sites are mediated by stressed replication. Importantly, the activity of 

Top1 was also shown to restrain the deleterious effect of transcription-replication collision by 

preventing the formation of R loops (82, 144). Interestingly, the bacterial replisome can use 

the nascent RNA transcript as a primer to restart replication after colliding with transcription 

(145) and persistent R loops have been recently shown to initiate unscheduled replication in 
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the rDNA locus (146), revealing a novel kind of transcription-dependent threat to genome 

stability. It would be important to know whether or not this type of event can contribute to 

TAGIN in RNAPII-transcribed genes.  

 An unsolved question is whether an R loop is sufficient to provoke RF stalling or a 

more complex chromatin structure is involved. The observations that R loops in S. cerevisiae, 

C. elegans and human cells are linked to chromatin marks of condensation, such as histone 

H3S10P that correlates with R loops and can be diminished by RNAse H1 overexpression 

suggests that it may not be just the R loop but an R loop-mediated chromatin reorganization 

causing a more compacted or closed chromatin that is responsible for RF stalling and genome 

instability (147) (Figure 4a). Indeed, the FACT reorganizing complex is required for the RF 

to move through a transcribed region and in its absence R loops accumulated, favoring the 

idea that R loop-mediated TAR and DNA breaks are in part caused by an irregular chromatin 

structure (83). Importantly, rare fragile sites such as FRAXA in the FMR1 gene and frataxin 

(FXN), which are associated with fragile X syndrome and Friedreich ataxia, respectively, 

accumulate R loops and undergo histone H3 K9me2 responsible for the silencing that causes 

the disease (148, 149). A similar, but non-pathological, R-loop-dependent silencing 

mechanism occurs over mammalian gene terminators (150). 

 If an R loop-containing region is encountered by an RF, the cell needs to actively 

promote the passage of the fork over that region. The observation that the DSB repair factor 

and tumor suppressors BRCA1 and BRCA2 partially prevent the accumulation of R loops in 

human cells suggests that the DDR may participate in this process (151, 152). Since BRCA2 

plays a role stabilizing RF and is the FANCD1 component of the Fanconi Anemia (FA) 

pathway of repair, it is possible that the FA pathway contributes to removing R loops by 

promoting resumption of the RF stalled at the R-loop-containing region (M. García-Rubio, C. 

Pérez-Calero, S. Barroso, E. Tumini, E. Herrera-Moyano, I. Rosado and A. Aguilera, 
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unpublished data). The possibility exists therefore that replication restart and HR can 

indirectly contribute to the removal of a fraction of R loops. 

 

Co-transcriptional R loop-mediated instability in the absence of replication 

TAGIN mediated by R loops seems to also be possible in the absence of replication. This 

could be supported by the fact that NER factors, including TC-NER functions and the 

XPG/Rad2 nuclease are required for the formation of DNA breaks at R loops (73) (Figure 

4a). It is likely that such factors could act at the R loop generating ssDNA breaks or gaps in 

the absence of replication, which can eventually lead to DSB upon replication. Consistent 

with this idea, co-transcriptional R loops can initiate DNA breaks in non-growing bacteria 

(153). Also, the requirement for BRCA1 to recruit the SETX RNA-DNA helicase at 

transcription termination sites to potentially remove R loops accumulated at the 3’ end of 

human genes, supports indeed that R loops with a potential physiological role can 

compromise genome integrity without a link to replication (154). In favor of this idea, it has 

recently been found that the ATM checkpoint protein, which sense DSB, is activated in an R 

loop-dependent manner by transcription blocking lesions, such as those generated by UV 

light, as a key event of the DDR in non-replicating cells (155). Therefore, it is likely that an R 

loop can lead to DNA breaks by different means. This could depend on the cell cycle stage at 

which they are accumulated, their local effect on the chromatin structure, their location along 

the genes (whether at 5’ or 3’-ends), or their size (135). These features would need to be 

explored further not only to understand how R loops contribute to TAGIN but also to 

determine what is the percentage of TAGIN events that are mediated by R loops in normal 

cells and the key cellular functions responsible for their prevention or processing. 
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TRANSCRIPTION-ASSOCIATED INSTABILITY IN HUMAN DISEASE AND 

CANCER 

 

Since replication stress has been reported in pre-cancerous and cancerous cells and evidence 

supports the idea that it can drive tumorigenic processes (156, 157), it is expected that 

transcription conditions leading to replication stress and TAGIN might also be related to 

cancer. This could be for instance the case of tumorigenesis caused by expression of the 

cyclin E oncogene (158). In cells overexpressing the cyclin E oncogene, concomitant 

enhancement of transcriptional activity and replication could generate a large amount of 

torsional stress, impeding RF progression and possibly leading to abundant reversed forks 

(159). Transcription-replication encounters might also be relevant in the case of MYC 

oncogene expression, which leads to both global increases in transcriptional activity and to 

the induction of premature origin firing (160). However, whether transcription-replication 

interference contributes to the replication stress and TAGIN associated with oncogene 

expression remains to be addressed.  

 In addition, mutations in a number of genes important for RF restart and repair, such 

as BRCA1 and BRCA2, lead to strong cancer predisposition. Appealing new data converge in 

a role for both BRCA proteins in the prevention or repair of damage generated by co-

transcriptional R loops formation (151, 152, 154), suggesting that a major function of BRCA 

proteins may be to prevent accumulation of R loops that would otherwise lead to substantial 

genomic instability. Therefore, co-transcriptional R loops may be a source of TAGIN as well 

as an important tumorigenic event, and some tumor suppressors may act by preventing their 

occurrence. 

 At a different level, breakpoint analysis of common translocations associated with 

cancer (161), has revealed a strong correlation with fragile sites (see the sidebar titled Fragile 
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Sites). Provided the evidence discussed above, the finding that active transcription contributes 

to expression of both early and common fragile sites (141, 162) emphasizes the importance of 

TAGIN in cancer. Compelling evidence of the connection between TAGIN and cancer is 

provided by the human RECQL5 helicase, which acts on both the RNA polymerase and the 

RF to avoid deleterious collisions (124), since Recql5 knockout mice are cancer prone and 

show increased chromosomal instability (163).    

 TAGIN may also be associated with a number of neurodegenerative diseases. A large 

number of human neurodegenerative and neuromuscular diseases including Huntington’s 

disease, myotonic dystropohy 1, Fragile X syndrome and Fridreich’s ataxia, are caused by 

expansions of unstable trinucleotide repeats at specific genome locations (40). Noteworthy, 

the concerned repeats all locate in transcribed regions, albeit not necessarily within coding 

sequences. Using engineered repeat-containing constructs it was shown that transcription 

promotes both trinucleotide contractions and expansions (46, 47) and that CAG repeat 

expansions correlate with R loops (143, 164) and with transcription in different mouse tissues 

(165). As with cancer, the data suggest that TAGIN is an important element promoting the 

appearance of the disease, even though it is unlikely to be responsible for the clinical 

manifestations.  

   

 

 



	
   28	
  

SUMMARY POINTS 

 

1. DNA regions undergoing transcription have a higher probability of mutating or suffering 

DNA breaks resulting in recombination and genome rearrangements.  

 

2. Transcription-associated genome instability is of great relevance in cell proliferation and 

differentiation, provided the link of genome instability with cancer and a number of cancer-

prone genetic diseases; it supposes that RNA-coding DNA sequences may accumulate more 

variability and changes than the rest of the genome.  

 

3. TAGIN may be due to a major accessibility of genotoxic agents to transcribed DNA, 

caused by the probable opening of DNA strands promoted by local co-transcriptional negative 

supercoiling or chromatin remodeling. 

 

4. Transcription and derived DNA and chromatin structural changes may have the ability to 

block the progression of the RF and to cause genome instability; transcription may be a 

natural source of replication stress and a potential activator of the DDR, in particular under 

pathological conditions.  

 

5. TAGIN may also be partially due to the possible aberrant action of different DNA repair 

pathways on co-transcriptional structures mistaken as false DNA damage.  
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FUTURE ISSUES 

 

1. We need to define the most prominent co-transcriptional structures triggering RF breakage, 

whether a stacked RNAP, a closed chromatin structure, an RNA-DNA hybrid, a co-

transcriptionally formed ssDNA break or DNA damage, or a transcription-mediated defect in 

the DDR. It is likely that such a structure is different depending on the cell pathology 

involved.  

 

2. We need to establish which cellular functions, from transcription factors to RNA 

processing an export factors and from DNA replication proteins to DDR factors, trigger 

TAGIN when they are defective.  

 

3. We need to understand how transcription may cause different types of events from 

deletions to large chromosomal rearrangements, whether there is a preferential cell cycle 

phase favoring one type of event versus another or whether this has to do with either the 

specific structural features of the transcribed DNA or with the type of RNA generated 

(whether tRNA, rRNA, mRNA, lncRNA, etc.).  

 

4. Deciphering the mechanisms of TAGIN is key to gain a more complete understanding of 

the causes and consequences of genome instability and its putative role in cancer as well as of 

the biochemical steps and pathways that may initiate a tumorigenic process. 
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Glossary 

 

DNA damage response (DDR): Set of mechanisms that allows the detection of DNA lesions, 

their signaling and subsequent repair. 

 

Chromatin remodeling: Dynamic changes in the chromatin structure at a DNA region that 

involve post-translational histone modification or alteration of nucleosome architecture. 

 

Homologous recombination (HR): DSB repair mechanism that uses identical or 

homologous stretches of DNA as template to restore the broken DNA sequence. 

 

Single strand annealing (SSA): Homology-directed DSB repair pathway involving DNA-

end resection and annealing of the resulting ssDNA to promote recombination between 

tandem DNA repeats. 

 

Messenger ribonucleoprotein particle (mRNP): Complex of mRNA and proteins forming 

during eukaryotic transcription that is involved in processing, export and translation of the 

transcript. 

 

G-quadruplexes: Four-stranded nucleic acid structures in which tetrads of hydrogen-bonded 

guanine bases are stacked on top of each other. 

 

R loop: non-B DNA structure formed by an RNA-DNA hybrid and the displaced ssDNA of 

the original DNA duplex. 
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Replication fork (RF): DNA area that is unwound by the replicative helicase to allow DNA 

synthesis of the complementary strands.  

 

Replication stress: Situation in which replication progression is impaired, leading to RF 

slow-down or stalling. 

 

Replication checkpoint: Checkpoint activated in case of impaired RF progression that leads 

to origin firing inhibition and stalled RF stabilization. 

 

Template switching: Process by which a replicating DNA polymerase continues DNA 

synthesis using a different DNA molecule as template. 

 

Replication fork (RF) reversal: Regression of the RF that causes the leading strand to 

hybridize with the complementary lagging strand forming a four-branched structure. 

 

Intra-S checkpoint: Checkpoint activated by DSB during S phase that leads to DNA 

synthesis down-regulation and promotes DSB repair. 

 

FACT: Chromatin remodeler complex that disrupts the interaction between the H2A/H2B 

dimers and H3/H4 tetramer of nucleosomes during transcription elongation. 

 

Break-induced replication (BIR): One-ended DSB repair pathway that is initiated by strand 

invasion into a homologous DNA duplex followed by replication. 
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Loss of heterozygosity: The loss of the normal allele at a originally heterozygous locus 

caused by a deletion or mutational event. 

 

Cohesin: Protein complex that ensures sister chromatid cohesion during replication and at 

sites of DSB, thus favoring equal recombination events. 

  

Fanconi Anemia (FA) pathway: A DNA repair pathway that removes interstrand crosslinks 

and other types of DNA damages that block replication fork progression. 
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Sidebars 
 

TRANSCRIPTION-COUPLED DNA REPAIR 

Transcription-Coupled Repair refers to the processes that enable efficient repair of the 

transcribed strand of active genes as compared to elsewhere in the genome. Its hallmark is 

TC-NER, a sub-pathway of NER. TC-NER is conserved from bacteria to humans and initiates 

when an RNAP encounters a DNA lesion that impairs its progression (4). The stalled RNAP 

subsequently triggers, with the assistance of specialized factors, the recruitment of the NER 

machinery. The Mfd protein couples transcription and repair in E. coli. Alternatively, the 

reaction can be mediated by the coordinated action of the UvrD helicase and the NusA 

transcription elongation factor (166). In eukaryotes, a number of factors cooperate to enable 

TC-NER, the best-characterized being the human Cockayne’s syndrome protein B (CSB) 

(167). Other factors affecting TC-NER include CSA, the UV-stimulated scaffold protein A 

(UVSSA), ubiquitin-specific protease 7 (USP7), XPA-binding protein 2 (XAB2) and FACT 

in humans and proteins affecting transcription elongation in yeast (168), but the specific 

function of these factors, whether direct or indirect, is unclear. The actions taking place at a 

stalled RNAP during TC-NER have not yet been resolved and several, not necessarily 

exclusive, models involving RNAP degradation, remodeling, backtracking or forward 

translocation have been proposed. 

 

 

FRAGILE SITES  

Fragile sites refer to specific genomic locations that are prone to suffer gaps, breaks and 

constrictions in metaphase chromosomes upon mild inhibition of replication in higher 

eukaryotes (169). Rare fragile sites are found in a small subset of the population and are often 

due to the expansion of nucleotide repeats. These are in some cases associated with human 



	
   54	
  

genetic disorders (e.g. Fragile X syndrome). Common fragile sites (CFS) represent a normal 

component of chromosomes present in all human genomes. CFS are typically late replicating 

regions characterized by their paucity in replication origins that forces a given RF to travel 

over long distances (170), these features making them highly vulnerable to replication stress. 

CFS often overlap with large tumor suppressor genes (e.g. FRA3B and FRA16D) and have 

been associated with recurrent cancer-specific breakpoints (161). Early replicating fragile 

sites are a new class that are not observable cytologically and coincide with clusters of highly 

expressed genes, many of which are related to cancer (162). Regions highly prone to break 

under replication stress exist in all organisms. They are called differently but may be 

functionally equivalent to CFS, such as the Slow Replicating Zones in yeast (171) or other 

types of fragile sites. 
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Figure Legends 

 

Figure 1 

Genome instability events induced by transcription. (a) Examples of transcription-associated 

mutation. Spontaneous cytidine deamination can lead to C-to-T transition if the resulting 

uracil is not repaired prior to replication (top). Two-base pairs (2-bp) deletion can occur 

following topoisomerase 1 (Top1) cleavage at sequences containing short tandem repeats 

(bottom). The proposed model involves a short single-stranded DNA (ssDNA) gap as 

intermediate, whose ends are ligated after realignment of the sequence (enabled by the 

presence of tandem repeats). (b) Examples of transcription-associated recombination and 

rearrangements. Transcription of a sequence containing direct repeats can lead to the deletion 

of a region containing one of the repeats and the intervening sequence if single-strand 

annealing (SSA) is used to repair a double strand break (DSB) (top). This type of event can be 

easily followed genetically if the intervening sequence contains a marker. Transcription can 

lead to DSB or to ssDNA gaps, which may be converted to DSB by replication or nuclease 

activities (bottom). Subsequent DSB repair may lead to chromosome rearrangements if error-

prone DSB repair mechanisms are involved, such as Non-homologous End-Joining (NHEJ) or 

Break-Induced Replication (BIR), or to different rearrangements (e.g. deletion, inversion, 

translocation) if homologous recombination (HR) takes place with an ectopic homologous 

DNA sequence as template. 

 

Figure 2 

Changes in primary DNA structure mediated by transcription. (a) Transcription requires a 

transient unwinding of the DNA that generates positive supercoiling (+) ahead of the RNA 

polymerase (RNAP) and negative supercoiling (-) behind it. The negative supercoiling favors 
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DNA unwinding and leads to a major susceptibility of the DNA strands to spontaneous base 

modifications (e.g. cytidine deamination), or to the actions of either genotoxic agents leading 

to base damage (red star) or enzymes that could cause single-stranded DNA (ssDNA) breaks 

or base damages. DNA unwinding also favors the formation of non-B DNA structures (e.g. 

hairpins, G-quadruplexes (G4) DNA, or DNA:RNA hybrids). (b) DNA nicks or ssDNA gaps 

can arise as a consequence of enzyme-driven processes at transcribed DNA. They could result 

from unfinished topoisomerisation reactions and subsequent removal of the trapped 

Topoisomerase (Top1cc) (left), from stalling of RNAP at a non-B DNA structure that may 

trigger gratuitous transcription-coupled repair (TC-NER) (middle), or from non-B DNA 

structures formed during transcription that could promote nuclease-mediated DNA cleavage 

(right). 

 

Figure 3 

Transcription as a threat to replication fork integrity. (a) Collisions between transcription and 

replication machineries may impede replication fork (RF) progression leading to RF stalling 

(top left). Activation of the replication checkpoint acts on the arrested fork, preventing RF 

collapse and triggering fork restart (left). The presence of single-stranded DNA (ssDNA) gaps 

in transcribed DNA (top right), or a direct collision between a transcribing RNAP and the 

replisome (top left) can also lead to RF collapse, and therewith to a double strand break (DSB) 

whether or not nuclease-mediated. The occurrence of DSB in replicating cells triggers the 

intra-S checkpoint (right). Upon repair of the DSB, replication may be restarted. (b) Examples 

of RF progression impairment, seen by DNA combing analysis as short DNA synthesis tracts 

(red: first labeling pulse of DNA synthesis; green: second labeling pulse of DNA synthesis; 

blue: DNA), and DNA break accumulation, seen by single-cell electrophoresis as comet tails, 

in transcriptionally active HeLa cells depleted of the FACT complex. Both phenotypes are 
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suppressed in the presence of the transcription inhibitor cordycepin (83), as visualized by 

shorter DNA synthesis tracts and non-detectable comet tails (images provided by E. Herrera-

Moyano). 

Abbreviations: RPA, Replication Protein A; ATR, Ataxia Telangiectasia and Rad3 Related; 

CHK1, Checkpoint Kinase 1; ATM, Ataxia Telangiectasia Mutated; CHK2, Checkpoint 

kinase 2. 

 

Figure 4 

R loops as a source of replication stress and genome instability. (a) The single-stranded nature 

of the displaced DNA strand within the R loop makes it more vulnerable to genotoxic agents 

and enzymatic activities such as Activation-Induced cytidine Deaminase (AID) and nucleases 

(top). Base damage (red star) can lead to mutagenesis, whereas ssDNA nicks or gaps lead to 

replication fork (RF) collapse during replication, as depicted in Figure 3. Co-transcriptionally 

formed R loops, with or without the transcribing RNAP (middle), whether or not accompanied 

by heterochromatinization (bottom), can impede RF progression, leading to fork stalling, 

potential collapse and breakage (see Figure 3). 
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