
Cell proliferation involves numerous processes that 
need to be tightly coordinated to ensure the preserva-
tion of genome integrity and to promote faithful genome 
propagation. Efficient and error-free DNA replication is 
key for the faithful duplication of chromosomes before 
their segregation. Coordination of DNA replication with 
DNA-damage sensing and repair and cell-cycle progres-
sion ensures, with a high probability, genome integrity 
during cell divisions, thus preventing mutations and DNA 
rearrangements. Although such events can be harmful 
for the cell and the organism, they also drive evolution 
at the molecular level and generate genetic variation. 
Genetic instability can also have a specialized role in the 
generation of variability in developmentally regulated 
processes, such as immunoglobulin (Ig) diversification1. 
Nevertheless, genetic instability is usually associated with 
pathological disorders, and in humans it is often associ-
ated with premature ageing, predisposition to various 
types of cancer and with inherited diseases (TABLE 1). 
Notably, the well-established principle that cancer risk 
increases with age has a parallel in yeast, in which ageing 
is associated with increased genetic instability2.

Genetic instability refers to a range of genetic altera-
tions from point mutations to chromosome rearrange-
ments and can be divided into classes according to the 
type of event stimulated. Chromosomal instability (CIN) 
refers to changes in chromosome number that lead to 
chromosome gain or loss3. CIN is caused by failures in 
either mitotic chromosome transmission or the spindle 
mitotic checkpoint. Micro- and minisatellite instabil-
ity (MIN) leads to repetitive-DNA expansions and 
contractions and can occur by replication slippage, by 
mismatch repair (MMR) impairment or by homologous  

recombination (HR). Instability leading to mutations, 
including base substitutions, micro-insertions and micro-
deletions, is mainly associated with replication errors, 
impairment of base excision repair (BER) and MMR, 
or error-prone translesion synthesis. Instability leading 
to rearrangements refers to events that involve changes  
in the genetic linkage of two DNA fragments. Increases in 
HR-mediated events — such as unequal sister-chromatid  
exchange (SCE) and ectopic HR between non-allelic 
repeated DNA fragments — or in end-joining between 
non-homologous DNA fragments can result in gross 
chromosomal rearrangements (GCRs) such as trans-
locations, duplications, inversions or deletions. What 
these instability events leading to rearrangements have 
in common is that they are generated by DNA breaks. 
As the term GCR is primarily used to refer to the events 
that occur between non-homologous or divergent DNA 
sequences, in this Review we refer to HR and GCR events 
separately to emphasize the mechanistic differences 
between them. Despite the broad spectrum of proteins 
and breakpoints that are associated with rearrangements, 
the common feature is their association with replication 
stress. Indeed, replication failures seem to be the primary 
cause of cancer; the checkpoint that senses DNA damage 
and replication failures is a potential anticancer barrier4.

Genomic instability that leads to mutations has been 
reviewed extensively elsewhere (for example, REF. 5). 
Although we briefly discuss MIN, the recent advance-
ments in our understanding of the mechanisms of repli-
cation fork progression and checkpoints — together with 
the burst of information about cis and trans elements that 
control instability leading to rearrangements — provide 
an excellent opportunity to bring all these important 
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Spindle mitotic checkpoint
A quality-control mechanism 
that blocks anaphase entry, 
arresting cell growth until all 
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attached to the mitotic spindle 
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Abstract | Genomic instability in the form of mutations and chromosome rearrangements 
is usually associated with pathological disorders, and yet it is also crucial for evolution. 
Two types of elements have a key role in instability leading to rearrangements: those that 
act in trans to prevent instability — among them are replication, repair and S-phase 
checkpoint factors — and those that act in cis — chromosomal hotspots of instability 
such as fragile sites and highly transcribed DNA sequences. Taking these elements as a 
guide, we review the causes and consequences of instability with the aim of providing  
a mechanistic perspective on the origin of genomic instability.
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Replisome
A complex of proteins involved 
in DNA replication elongation 
that moves along the DNA as 
the nascent strands are 
synthesized.

discoveries together to get a broad overview of genome 
instability (GIN). Here we review the causes and conse-
quences of instability that lead to rearrangements, with 
the aim of providing an integral view of the mechanisms 
that are responsible for the preservation of chromosome 
integrity. For simplicity, we will use the term GIN, even 
though we only refer to instability leading to rearrange-
ments. We begin with an overview of the basic aspects of 
replication-fork (RF) progression and how defects in this 
process can become a source of DNA breaks.

Replication as a source of DNA breaks
Under natural conditions, DNA is most vulnerable 
during the S phase of the cell cycle. During replica-
tion the replisome must overcome obstacles (such as 
DNA adducts, secondary structures or tightly bound 
proteins) that can cause RF stalling, which can com-
promise genome integrity if not properly processed 
(FIG. 1). Eukaryotic cells have developed checkpoint 
functions that are constantly monitoring the integrity 
of the DNA and serve to coordinate replication with 

Table 1 | A selection of eukaryotic genes with a role in the maintenance of genome integrity (part 1)

Saccharomyces 
cerevisiae

Mammals Function Human disease GCR HR

Replication

CAC1, 2 and 3 CHAF1A and B, p48 Chromatin assembly Not known High High

ASF1 ASF1A and B Chromatin assembly Not known High High

TOP1 TOP1 Topoisomerase I Not known Not known High

TOP2 TOP2A and B Topoisomerase II Not known  Not 
known 

High

MCM4 MCM4 Replicative helicase subunit Cancer predisposition Not known  High

ORC3–ORC5 ORC3–6L Origin replication complex Not known High Not known  

CDC6 CDC6 Replication initiation Not known Not known  High

CDC9 LIG1 Ligase I Not known Not known  High

POL1–PRI1 and 2 POLA1– PRIM1 and 2 Polymerase –Primase complex Not known High High

DPB11 TOPBP11 Polymerase  subunit, checkpoint mediator Not known High Not known  

POL3 (also called 
CDC2)

POLD1 Polymerase Not known Not known  High

POL30 PCNA PCNA Not known Normal High

RAD27 FEN1 Flap endonuclease Not known High High

RFA1, 2 and 3 RPA70, 32 and 14 Replication factor A, checkpoint signalling Cancer predisposition High High

PIF1 PIF1 RNA–DNA helicase Not known High Not known  

RRM3  Not known DNA Helicase Not known Normal High

RFC1–5 RFC1–5 Clamp loader, checkpoint sensor Not known High High

Checkpoint

PDS1 PTTG1 Mitotic arrest Not known High Not known  

RAD9 Not known Damage-checkpoint mediator Not known High High

MEC1 ATR Transducer kinase Seckel syndrome High High

TEL1 ATM Transducer kinase Ataxia telangiectasia; cancer 
predisposition

High High

CHK1 CHEK1 Effector kinase Rare tumours; cancer 
predisposition

High Not known  

RAD53 CHEK2 Effector kinase Li-Fraumeni syndrome 
variant; cancer predisposition

High Not known  

DUN1 Not known Effector kinase Not known High High

DDC1–RAD17–MEC3 RAD9–RAD1–HUS1 PCNA-like complex Not known High Not known  

RAD24 RAD17 RFC-like, S-phase checkpoint Not known High High

CTF18 CHTF18 RFC-like, cohesion Not known Not known  High

ELG1 Not known RFC-like Not known High High

DDC2 ATRIP Signalling Not known High High
The table lists genes in which mutations have been shown to increase homologous recombination (HR), gross chromosomal rearrangements (GCR) or both, without 
specifying whether the increase is strong or weak. See Supplementary information  S1 (table) for the references from which the information was derived. PCNA, 
proliferating cell nuclear antigen; RFC,  replication factor C complex.
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Table 1 | A selection of eukaryotic genes with a role in the maintenance of genome integrity (part 2)

Saccharomyces 
cerevisiae

Mammals Function Human disease GCR HR

DSB repair

MRE11 MRE11 HR and NHEJ Ataxia telangiectasia-like  
disease

High High

XRS2 NBS1 HR and NHEJ Nijmegen breakage syndrome, 
cancer predisposition

High Not known  

RAD50 RAD50 HR and NHEJ Not known High High

RAD52 RAD52 HR Not known High Not known  

RAD51, 54, 57 and 59 RAD51, 51B-D, XRCC2, 3 
and RAD54

HR Not known High Not known  

Not known BRCA1 Damage checkpoint mediator Familial breast, ovarian  
cancer

High High

Not known BRCA2 (also known as 
FANC-D1)

Repair of crosslinks, HR Familial breast cancer High Not known  

YKU70–YKU80 KU70–KU80 NHEJ Not known High Not known  

DNL4 LIG4 NHEJ Lig4 syndrome High Not known  

H2A H2AX Chromatin decondensation Not known High Not known  

SRS2 FBH1 HR Not known Normal High

TOP3 TOP3A and B HR Not known High High

SGS1 BLM RecQ helicase Bloom syndrome; cancer 
predisposition

High High

 WRN RecQ helicase Werner syndrome; cancer 
predisposition

High Not known  

Other repair pathways

RAD5 Not known Post-replicative repair Not known High High

RAD18 RAD18 Post-replicative repair Not known High High

MSH2 MSH2 MMR HNPCC; cancer predisposition High Not known  

Not known FANCA–G, D1 (also known 
as BRCA2), D2 and L

Crosslinkage repair Fanconi Anemia; cancer 
predisposition 

High High

mRNP biogenesis

 HPR1–THO2–MFT1–
THP2 

THOC1, 2 and THOC5–7 THO complex, mRNP biogenesis Not known Not known High

SUB2–YRA1 UAP56–ALY mRNP biogenesis to export Not known Not known  High

Not known ASF/SF2 Pre-mRNA splicing Not known High Not known  

THP1–SAC3 SHD1 and/or GANP mRNA export Not known Not known  High

RRP6 EXOSC10 Nuclear exosome Not known Not known High

RNA14 CSTF3 mRNA 3 -end processing Not known Not known  High

NAB2 Not known hnRNP Not known Not known  High

Others

TSA1 PRDX2 Thioredoxin peroxidase Not known High Not known  

CDC5 CDC5L Cell-cycle regulator kinase Not known Not known High

CDC13 POT1 Telomere capping Not known Not known  High

CDC14 CDC14A and B Cell-cycle phosphatase,  
mitotic exit

Not known Not known  High

YCS4 NCAPD2 Mitotic condensation Not known High Not known  

SMC5–SMC6 SMC5–SMC6 Cohesion-related and/or repair Not known High Not known  

SIC1 Not known G1–S transition Not known High Not known  

The table lists genes in which mutations have been shown to increase homologous recombination (HR), gross chromosomal rearrangements (GCR) or  
both, without specifying whether the increase is strong or weak. See Supplementary information  S1 (table) for the references from which the information was 
derived. HNPCC, hereditary non-polyposis colorectal cancer; hnRNP, heterogeneous nuclear ribonucleoprotein; MMR, mismatch repair; mRNP, messenger 
ribonucleoprotein; NHEJ, non-homologous end joining.
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Figure 1 | Replication fork progression and stalling. Replication is catalysed by the replisome multisubunit complex, 
which contains replication elongation factors. The eukaryotic MCM helicase unwinds the parental duplex to allow 
access to the DNA polymerase  primase (Pol –Pri). Processive elongation is catalysed by the replicative polymerases  
and  (Pol / ). This polymerase switch is mediated by the replication processivity clamp (PCNA) that is loaded by the 
replication factor C complex (RFC) and stabilizes DNA polymerases. During DNA synthesis in the discontinuous lagging 
strand, primer RNA displacement results in a flap structure that is cleaved by the Rad27 nuclease (FEN1 in humans); the 
resulting intermediate is processed by the DNA2 helicase, RNase H (RNH), pol  and DNA ligase I (Lig1). Cohesins hold 
the two sister chromatids together until anaphase. Encountering an obstacle can cause replication-fork (RF) stalling, 
leading to ssDNA gaps and double-stranded breaks (DSBs). Several factors associate with the RF to prevent its collapse, 
including the Saccharomyces cerevisiae Rrm3 helicase, the Mrc1 checkpoint mediator in association with Tof1 and 
Csm3, or the nucleosome assembly factor Asf1. ssDNA gaps and DSBs are sensed by the S-phase checkpoint which is 
activated through Tel1 (ATM in humans) and Mec1 (ATR in humans) (see BOX 1). In the case of a DSB, the checkpoint 
signalling spreads around the DSB site by histone H2AX phosphorylation ( H2AX) in humans (H2A in yeast).  
ATRIP/Ddc2, ATR/Mec1 interacting protein; CHK1/Chk1 and CHK2/Rad53, serine/threonine-protein kinases;  
MCM, replicative helicase; MR(X)N, a nuclease complex; RPA, replication protein A; Sgs1, ATP-dependant helicase. 

DNA adduct
A DNA sequence that is 
covalently-bound to a chemical 
residue such as cisplatin or 
benzopyrene.

repair, chromosome segregation and cell-cycle pro-
gression. The importance of the checkpoint response 
as a DNA surveillance mechanism is reflected by the 
fact that most checkpoint factors are evolutionarily 
conserved and many are tumour suppressors (TABLE 1). 
Among the cellular checkpoints, S-phase checkpoints 
are crucial for maintaining genome integrity — they 
respond to RF stalling and intra-S-phase damage 
by preventing RF collapse and breakdown (BOX 1).  
Consistently, yeast S-phase checkpoint mutants, such as 
rfc5, show a strong increase in genome rearrangements, 
whereas mutations in genes involved in G1 and G2 
damage checkpoints, such as RAD9, have little effect 
on rearrangements6,7.

When a stalled RF remains associated with a func-
tional replisome, DNA synthesis can resume after the 
obstacle has been removed. RFs can also be delayed to 
allow coordination of fork processing and repair with 
replication resumption8. Nevertheless, under replication 
stress, which is caused by a replication inhibition and/or 
S-phase checkpoint inactivation (BOX 1), RFs can collapse 
causing replisome disassembly, ssDNA gaps and DNA 
breaks9,10 (FIG. 1).

Replication-associated DNA breaks can be generated 
in several ways. First, an RF can encounter a ssDNA nick, 
which results in discontinued synthesis of the nascent 
strand and leads to a double-stranded break (DSB)11. 
If the nick is on the leading strand, the DSB would be 
one-ended and could promote the restart of synthesis 
by break-induced replication (BIR) (FIG. 2a). Second, RF 
progression or leading-strand synthesis can be blocked; 
in this case, leading-strand and lagging-strand synthesis 
are uncoupled12–14. This can be followed by fork reversal 
leading to the formation of a Holliday junction (HJ) 
or a ‘chicken-foot’ structure if the replisome is destabi-
lized10,15,16. An RF can restart after reversal of the HJ back 
to a fork, or following HJ-cleavage and BIR (reviewed in 
REF. 17) (FIG. 2b). Third, lesions could block the synthesis 
of only one DNA strand without impeding fork progres-
sion. A lesion that blocks lagging-strand synthesis creates 
a ssDNA gap (or a DSB if the lesion is a nick) between 
two flanking Okazaki fragments. Lesions other than 
nicks that block leading-strand synthesis can be bypassed 
by the RF, which restarts downstream of the lesion leav-
ing ssDNA gaps behind13,18 (FIG. 2c). ssDNA gaps are then 
repaired by error-prone translesion synthesis (TLS) or 
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Loss-of-heterozygosity
(LOH). The loss of one of the 
alleles at a given locus as a 
result of a genomic change, 
such as mitotic deletion, gene 
conversion or chromosome 
missegregration.

preferentially by error-free HR using the sister chromatid 
as a template19. In the current view, HR is initiated by 
DSBs, but the possibility that ssDNA gaps could initiate 
HR repair without being converted into DSBs first cannot 
yet be excluded20. RF stalling and collapse can therefore 
elicit DNA breaks that could be a source of GIN (FIG. 3).

Elements contributing to genome instability
The development of genetic assays in Saccharomyces 
cerevisiae in the early 1980s was crucial to the study of 
genetic regulation of GIN in eukaryotes. The observation 
that artificially constructed DNA repeats could be used as 
active HR substrates21,22 opened up the possibility of using 
genetic assays for the identification of mutations that 
increased HR between repeated DNA fragments23 (FIG. 3).  
HR between artificial repeats can serve as a model for GIN 
that involves interspersed repeat sequences (LINES and 
SINES) in mammals. HR-mediated deletions between 
ectopic repeats are one source of loss-of-heterozygosity 
(LOH). However, many rearrangements associated with 
cancer or genetic diseases in fact occur between non-
homologous or divergent DNA regions, implying that 
they can occur by mechanisms other than HR (FIG. 3).  

Our understanding of the origin of such events was greatly 
enhanced by the development in the late 1990s of yeast 
genetic assays that focus on GCRs involving one chro-
mosome arm, between a centromere-linked locus and a 
telomere-proximal marker24,25.

Studies in the past three decades, primarily in yeast 
and mammals, have led to the identification of three key 
contributors to GIN: suppressors — proteins that act  
in trans to prevent GIN; fragile sites — DNA regions that 
are frequently found at the breakpoints of GIN events; 
and transcription — highly transcribed DNA regions 
show high recombination frequencies. 

Suppressors of genome instability
In this Review we use the term suppressor to define a gene 
or protein that acts in trans to preserve genomic integrity. 
The large and increasing number of eukaryotic functions 
with a suppressor activity makes it impossible to evaluate 
them here individually. For this reason, information on 
functionally relevant suppressors can be found in TABLE 1 
(full references can be found in the Supplementary infor-
mation S1 (table)); this section focuses on suppressors 
from the perspective of the different biological processes 
in which they function. Suppressors are classified into 
groups according to their functional relationships. It is 
worth noting that in the term suppressor we also include 
replication factors; even though their primary function is 
genome replication, we want to include all proteins that, 
through their proper action, prevent the formation of 
intermediates that could lead to instability.

Classic genetic studies in Escherichia coli and 
S. cerevisiae have shown that mutations in DNA ligase I, 
DNA polymerase I (  in S. cerevisiae), DNA polymerase III  
( in S. cerevisiae  Replication factor A, DNA thymi-
dylate kinase or DNA adenosine methylase strongly 
increases the levels of spontaneous chromosomal 
exchanges23,26–28 (FIG. 4a). These findings have provided 
evidence that impairment of replication can be a source 
of recombinogenic DNA breaks. Mutations in many loci 
can result in increased recombination; among them are 
those that encode the Rad27 Flap endonuclease, which 
is involved in the removal of RNA primers from Okazaki 
fragments, the Sgs1 helicase and the nucleosome assem-
bly factors Cac1 and Asf1 that are required during 
replication29–32 (TABLE 1). This list of mutations indicates 
that hyper-recombination is predominantly associated 
with substrates that arise from replication failures. A 
number of replication mutants, such as rfa1 and rad27, 
are synthetic lethal with rad52 and other mutations that 
affect HR24,29, implying that DSBs are the most frequent 
outcome of such replication failures. Breaks can result 
from defective sealing of Okazaki fragments or from RF 
stalling. Two lines of evidence support the latter: HR is 
induced by the natural RF block near the MAT locus in 
Schizosaccharomyces pombe33 and transcription causes 
RF stalling in S. cerevisiae34,35.

GCRs are stimulated in yeast by mutations that affect 
replication proteins such as Rfa1, Rad27, the chromatin 
assembly factors Cac1 and Asf1, or the cyclin depend-
ent kinase (CDK) inhibitor Sic1 that cause premature 
entry into S phase and, in several cases, accumulation 

 Box 1 | Replication and the S-phase checkpoint

During replication, the MCM helicase unwinds the parental duplex to allow access to 
the DNA polymerase  primase that synthesizes RNA primers, which are elongated 
by the replicative polymerases  and  (FIG. 1). Replication through obstacles can 
make the replisome pause or stall. The S-phase checkpoint responds to replication 
fork (RF) stalling and to intra-S-phase damage (mainly ssDNA gaps and double-
stranded breaks (DSBs)), preventing the firing of late replication origins and entry 
into mitosis. In this way the checkpoint contributes to the maintenance of functional 
forks by preventing their collapse10,141,142. Several factors associate with the RF to 
prevent stalling or collapse. In Saccharomyces cerevisiae, these include the Rrm3 
helicase143, required for RF progression through natural impediments, Mrc1, which 
forms a complex with Tof1 and Csm3 and functions in RF maintenance together with 
the Sgs1 helicase, and the Asf1 chromatin assembly factor9,144–146 (FIG. 1).

The mammalian transducer kinases ataxia telangiectasia mutated (ATM) and ataxia 
telangiectasia and RAD3 related (ATR) are the key players in triggering the S-phase 
checkpoint response. ATR acts in response to stalled RFs and other types of damage 
that lead to the accumulation of ssDNA, such as UV-induced damage or resected 
DSBs, whereas ATM responds directly to DSBs to which it is recruited through the 
MRN complex (MRE11–RAD50–NBS1) (reviewed in REF. 147). ATR is recruited by its 
cofactor ATRIP, which recognizes RPA-coated ssDNA, but requires further activation 
by the RAD9–RAD1–HUS1 (9–1–1) replication processivity clamp (PCNA)-like 
complex, which is loaded onto stalled forks by the RAD17 ‘RFC-like’ complex. ATR 
and ATM kinases phosphorylate the effector kinases CHK1 and CHK2 to trigger the 
checkpoint response (reviewed in REF. 147). In this sequence of events, MCM is 
phosphorylated, which contributes to its association with active forks; in yeast, the 
ATR orthologue Mec1 phosphorylates Sgs1 and Mrc1 to prevent replisome 
disassembly and collapse9,144 (FIG. 1).

Restarting of the RF is mediated by the S-phase checkpoint to prevent unscheduled 
recombination148. This was deduced from the observation that yeast S-phase 
checkpoint mutations (such as rad53) and mutations in checkpoint targets (such as 
Sgs1) cause fork collapse in the presence of replication inhibitors, and accumulation 
of Holliday junction structures9,10,33,149. If DSBs are generated, histone H2AX is 
phosphorylated ( H2AX) at its C-terminal tail150 as one of the earlier events occurring 
at the break site151. H2AX spreads around the break, thus amplifying the initial 
damage signal and resulting in large, megabase-long chromatin domains that are 
responsible for the stable accumulation of damage-response and cohesion factors 
that favour repair by sister-chromatid exchange152,153. If this entire process is 
disrupted by replication stress or S-phase checkpoint inactivation, breaks 
accumulate that could trigger genomic instability.

R E V I E W S

208 | MARCH 2008 | VOLUME 9  www.nature.com/reviews/genetics

© 2008 Nature Publishing Group 

 

http://www.nature.com/nrg/journal/v9/n3/suppinfo/nrg2268.html
http://www.nature.com/nrg/journal/v9/n3/suppinfo/nrg2268.html
http://www.expasy.org/uniprot/P26793
http://www.expasy.org/uniprot/P35187
http://www.expasy.org/uniprot/Q12495
http://www.expasy.org/uniprot/P32447
http://www.expasy.org/uniprot/P22336
http://www.expasy.org/uniprot/P38634


of breaks24,25,31,36–39. GCRs are also strongly increased by 
mutations that affect S-phase checkpoint proteins such 
as Rfc5, Rad24 or Mec1, which contribute to the stabili-
zation and restarting of stalled RFs6,7,40 (TABLE 1). Thus, it 
seems that GCRs might be associated with breaks gen-
erated by stalling and/or collapse of RFs. This conclu-
sion has now been extended to mammals based on the 
findings that frequent chromosome breaks are seen in 

mouse cell lines with defective alleles of MCM4 or RPA1 
(REFS 41,42). The identification of S-phase checkpoint 
mutants, such as dbp11 (TABLE 1), that increase GCRs but 
not HR supports the notion that S-phase checkpoints 
promote restart of collapsed RFs by HR. Checkpoint 
inactivation could lead to non-homologous mechanisms 
of repair such as non-homologous end joining (NHEJ) 
or breakage–bridge fusion, causing GCRs.

Nature Reviews | Genetics 

DSB 

DSB 

ssDNA gap 

HR-dependent restart 

BIR 

a 

b

c

HJ resolution 

Direct restart 

Lesion 
bypass 

Lesion 
repair 

Lagging-strand lesion 
TLS 

HR 

ssDNA gap 

Leading-strand lesion 
TLS 

HR 

Uncoupled 
synthesis 

Fork
reversal

Figure 2 | Formation of double-stranded breaks and ssDNA gaps during replication. a Encountering a ssDNA 
nick in the leading strand template will directly lead to replication-fork (RF) collapse and a one-ended double-stranded 
break (DSB) that could promote restart by break-induced replication (BIR). b DNA adducts or tightly bound proteins 
(indicated by a red rectangle), such as the transcription machinery, can block RF progression or leading-strand 
synthesis. In the latter case, leading-strand and lagging-strand synthesis would be uncoupled. Subsequently, fork 
reversal can take place leading to the formation of a Holliday junction (HJ) or a ‘chicken-foot’ structure. Restart can 
occur by HJ-cleavage followed by BIR but the RF can also undergo direct restart by HJ reversal to a fork after lesion 
bypass through template switching or lesion repair. c Lesions (indicated by a star) can block the synthesis of only one 
DNA strand without impeding fork progression. A lesion that blocks lagging-strand synthesis will not cause RF stalling 
but will create a ssDNA gap between two flanking Okazaki fragments (top), whereas a lesion that blocks leading-strand 
synthesis could be bypassed by the RF, which will restart downstream of the lesion leaving a ssDNA gap behind 
(bottom). In both cases, ssDNA gaps can be repaired by error-prone translesion synthesis (TLS) or by error-free 
homologous recombination (HR) using the sister chromatid as a template (template switching). Whether template 
switching requires conversion of the ssDNA gap to a DSB before repair remains unclear.
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Minisatellite
A class of repetitive sequences, 
7–100 nucleotides each, that 
span 0.5–20 kb and are 
located throughout the 
genome, especially towards 
chromosome ends.

The fact that replication stress increases both HR 
and GCRs indicates that both types of event might be 
induced by similar intermediates (FIG. 3). Therefore, it 
is likely that in addition to the checkpoint, the ability of 
the different repair mechanisms to process replication-
dependent DNA breaks can influence the outcome 
and rate of GIN. Indeed, abolition of HR by rad52∆ 
in yeast strongly increases GCRs, implying a role for 
HR in the suppression of GCR. However, in other HR 
repair genes such as RAD51, or in NHEJ genes such 
as YKU70, YKU80 and DNL4, mutations only slightly 
affect GCR, opening up the possibility that BIR (FIG. 3)  

or a non-standard NHEJ pathway could also play a 
part in GCR suppression25,36.

Nevertheless, not all GCRs arise as a result of breaks 
that are associated with replication defects. For example, 
some translocations are generated by telomere fusions, 
presumably followed by breakage–bridge fusion  
cycles36,40. GCRs can also result from a channelling of 
repair events from standard DSB-repair pathways to 
other type of events, such as de novo telomere addition, 
which is normally suppressed by the Pif1 DNA–RNA 
helicase that inhibits telomerase36,43, or chromosome 
rearrangements that occur when equal SCE promoted 
by cohesion factors fails44,45.

Fragile sites
Fragile sites are DNA sequences that show gaps and 
breaks following partial inhibition of DNA synthesis46. 
They are frequently associated with hotspots for trans-
locations, gene amplifications, integration of exogenous 
DNA and other rearrangements47. There are two types 
of fragile sites, common and rare. Common fragile sites 
account for more than 95% of all known fragile sites and 
are naturally present in mammalian genomes. Rare frag-
ile sites, also known as dynamic mutations, account for 
less than 5% of the cases and arise as a consequence of 
DNA-repeat expansion. Rare fragile sites are associated 
with genetic diseases, such as fragile X mental retardation  
syndrome, Friedrich’s ataxia, Huntington disease, myot-
onic dystrophy or several spinocerebellar ataxias, which 
are caused by the effect of the DNA expansion at the 
RNA or protein level of the locus affected (reviewed 
in REF. 47). Although most of the rare fragile sites are 
destabilized by altering DNA metabolism under folate 
stress, common fragile sites are destabilized if exposed 
to replication stress by aphidicolin, an inhibitor of 
eukaryotic replicative DNA polymerases  and . They 
are composed of AT-rich sequences and are found at the 
breakpoint of chromosome rearrangements that can be 
seen in tumours48.

DNA secondary structures at DNA repeats. Fragile sites  
are usually associated with trinucleotide repeats (TNRs) 
of the type CGG–CCG, CAG–CTG, GAA–TTC and 
GCN–NGC, with specific G-rich tetra- to dodeca-
nucleotide repeats or with long AT-rich repeats, such 
as the 33 or 42 minisatellites of the FRA16B and FRA10B 
common fragile sites49. Fragile sites are conserved in 
mammals50 and are also present in yeast51–53. This, 
together with the observation that mammalian fragile-
site sequences are unstable in yeast and bacteria54–57, 
suggests that fragile sites are ubiquitous and that the 
molecular basis of their instability is inherent in their 
DNA structure and might be related to DNA-repeat 
instability (FIG. 5). Thus, instability of TNRs and AT-rich 
minisatellites seems to be associated with their capa-
bility to adopt unusual secondary structures, such as 
hairpins or DNA triplexes58–61. This feature is common 
to different types of repeated DNA. Accordingly, repeat 
instability is dependent on MMR in mice and yeast, 
consistent with the observation that sequences at repet-
itive DNA sites form short hairpins that are targeted 
by the Msh2–Msh6 MMR system61,62. Furthermore, 
palindromic sequences are associated with genetic 
instability in a SbcCD-nuclease-dependent and MRX-
nuclease-dependent manner in E. coli and yeast, respec-
tively62,63. sbcCD and MRX can cleave hairpins that are 
formed during lagging-strand synthesis, yielding a  
DSB64,65 (FIG. 5).

The observation that expansions and contractions 
depend on repeat orientation relative to replication 
origins54,66–68 suggests that repeat instability is associated 
with replication perturbation of the lagging strand. It is 
possible that hairpins, stem-loops or triplexes that are 
preferentially formed on the lagging strand during its 
transient single-stranded conformation would perturb 
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Figure 3 | Mechanisms of double-stranded break repair leading to different 
chromosome rearrangements. a A double-stranded break (DSB) flanked by two 
homologous DNA repeats can be repaired by single-strand annealing (SSA), which 
depends on Rad52 but not on the strand-exchange functions of Rad51 or Rad54.  
b One-ended DSBs can be repaired by break-induced replication (BIR). This pathway 
normally uses Rad51-mediated strand exchange, but can also occur at low efficiency in 
the absence of Rad51. c Standard homologous recombination (HR) events that occur 
by either the standard DSB-repair (DSBR) model, requiring resolution of two Holliday 
junction structures, or the synthesis-dependent strand-annealing (SDSA) pathway. 
SDSA will only cause rearrangements by unequal gene conversion between non-allelic 
regions (not shown). d In the absence of sequence homology, the ends of two 
different DSBs can be joined together by non-homologous end joining (NHEJ).  
e A broken chromosome can be stabilized by telomere addition. f Breakage–bridge 
fusion can generate translocations and other types of rearrangements. Ku70–Ku80,  
a NHEJ protein complex; Lig4, DNA ligase 4; MR(X)N, a nuclease complex.
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DNA synthesis thereby causing slippage or blockage, 
which would be enhanced under replication stress. This 
is supported by the high instability of repetitive DNA 
in yeast mutants that are defective in replication fac-
tors such as DNA polymerase  and , DNA ligase I or 
PCNA56,69 and in mutants that are defective in S-phase 
checkpoint functions such as Mec1, Rad53, Rad17 or 
Rad24 (REF. 70). Hairpin structures formed at the 5  end 
of a displaced Okazaki fragment could promote tract 
expansions. This is supported by the fact that yeast 
mutants lacking the Rad27 Flap endonuclease show 
length-dependent destabilization of CAG–CTG tracts 
and a substantially higher expansion frequency55 (FIG. 5). 
The fact that secondary structures formed at repetitive 
DNA regions perturb replication is further supported 
by the occurrence of expansions in yeast TNRs that are 
capable of forming hairpins and the lack of expansions 
in yeast TNRs that cannot71.

Replication impairment at fragile sites. As is the case 
with repeat instability, perturbation of replication lead-
ing to DNA breaks or gaps is crucial for fragile-site 
instability72. This instability is detected in cultured cells 
under replication inhibition; additionally, the stability 
of mammalian fragile sites depends on the Mec1 and 
other S-phase checkpoints73. Notably, this is also the 
case in yeast, in which fragile sites are seen in mutants 
in which the replication machinery or the Mec1 S-phase 
checkpoint is affected directly51–53.

Reduced expression of the catalytic subunit of DNA 
polymerase  in yeast stimulates chromosome loss 
and translocations, with breakpoints associated with 
a head-to-head pair of Ty elements that might form 
hairpins52. Fragile sites are also seen in DNA regions 
containing multiple tRNA genes in yeast cells that are 
treated with the replication inhibitor hydroxyurea or 
in yeast lacking the Rrm3 helicase, which is required 
for replication progression through obstacles that are 
created by protein complexes or specific DNA struc-
tures37,74. Two-dimensional-gel electrophoresis reveals 
that replication in E. coli 54,67 and yeast75,76 is stalled at 
CCG and CAG–CTG repeats found in mammalian 
fragile sites, supporting the idea that fragile sites are 
linked to replication impairment through DNA sec-
ondary structures that lead to DSBs (FIG. 5). This has 
been confirmed recently by showing that FRA16D, 
an AT-rich common fragile site in yeast, stalls repli-
cation and accumulates DSBs57. Formation of DSBs 
is supported by the fact that inhibiting DSB repair 
by downregulating the HR repair protein Rad51 and 
NHEJ repair factors DNA–PKCs and ligase IV causes 
the accumulation of DSB-specific phosphorylated 
histone H2AX H2AX) foci at common fragile sites 
in the presence of aphidicolin77. Therefore, fragile 
sites appear when replication progression is impaired, 
mainly at a DNA stem-loop or triplex that impedes 
RF progression, presumably leading to RF stalling 
and formation of DNA breaks that are responsible for  
rearrangements (FIG. 5).

Transcription-associated instability
Transcription of a DNA sequence increases its frequency 
of recombination, a phenomenon referred to as transcrip-
tion-associated recombination (TAR)78. Approximately 
30 years ago it was reported that site-specific recA- 
independent recombination of  DNA in the E. coli 
genome is enhanced by transcription — probably 
owing to enhanced access of the integrase to its target 
sequence79. Later, the stimulation of HR by transcription 
was shown in S. cerevisiae (both for RNA polymerase 
(RNAP) I80 and RNAPII-driven transcription81), in 
S. pombe82, in general transduction in bacteria83 and  
in mammals84. In addition to stimulating recombina-
tion, transcription stimulates mutations, a phenomenon 
referred to as transcription-associated mutation (TAM). 
TAM was first demonstrated almost four decades ago in 
E. coli85,86. Like TAR, it also occurs in all organisms and  
has been shown to occur spontaneously in bacteria  
and yeast78,87,88. A comparative analysis of a 1.5-Mb frag-
ment of a human chromosome containing seven genes, 
with orthologous regions in eight other mammalian spe-
cies, revealed a mutational strand asymmetry that is con-
sistent with an evolutionary shaping of each genome by 
transcription that has produced an excess of G and T over 
A and C on the coding strands in most genes89. Despite 
their products being different, TAR and TAM might be 
two different outcomes of the same initial intermediate. 
Below, we mainly focus on TAR as a mechanism of GIN 
leading to rearrangements, with some references to TAM  
when appropriate.
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Figure 4 | Detection of genome instability and DNA breaks. a Detection of genome 
instability (GIN) caused by replicative stress using a colour-sectoring assay. GIN is 
revealed by hyper-recombination between direct repeats in Saccharomyces cerevisiae 
that are carrying two copies of a long DNA fragment flanking an ADE2 marker between 
them. A high level of deletion of the intervening ADE2 marker are observed as a red 
sectoring of the colonies in a DNA polymerase  mutant, whereas deletions are below 
detection levels in wild-type cells. b Detection of activation-induced cytidine 
deaminase (AID)-mediated transcription-associated recombination by fluorescence-
activated cell sorting (FACS) analysis. Homologous recombination between two 
truncated forms of the GFP gene re-establishes a wild-type GFP copy encoding active 
GFP. The high levels of recombinants in yeast cells in which messenger 
ribonucleoprotein biogenesis is defective and which express human AID (bottom), as 
compared with cells not expressing AID (top), can be directly visualized by FACS 
analysis. The recombinant population emitting green fluorescence is shown in red, the 
non-recombinant in black. c Detection of double-stranded break (DSB) accumulation 
by phosphorylated histone H2AX ( H2AX) foci. HeLa cells treated with neocarzinostatin 
(a genotoxic anticarcinogenic agent that blocks proliferation) accumulate DSBs that are 
signalled by phosphorylation of H2AX. High levels of DSBs can be inferred from the high 
level of anti- H2AX foci observed in treated cells (bottom panel) versus non-treated 
cells (top panel). Part c courtesy of M. Domínguez-Sánchez, University of Seville, Spain.
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Transcription-associated recombination. Key to the 
understanding of TAR and TAM is the fact that ssDNA 
is chemically more unstable than dsDNA90. For exam-
ple, spontaneous deamination of cytosine to uracil by 
hydrolysis occurs 140-fold more efficiently on ssDNA 
than on dsDNA in vivo91. Transient ssDNA regions 
are formed during transcription as a consequence of 
DNA-strand opening, which is caused by the transient 
accumulation of localized negatively supercoiled DNA 
behind the advancing RNAP (FIG. 6a). Consistently, muta-
tion rates correlate with the strength of transcription and 
superhelical stress in bacteria and yeast38,92. Genotoxic 
agents such as 4-nitroquinoline 1-oxide or methyl- 
methanesulphonate increase recombination efficiency 
more than 100-fold when a gene is transcribed93.

Several observations in E. coli and humans indicate 
that the non-transcribed strand (NTS) is more suscep-
tible to damage than the transcribed strand (TS)87,94,95. 
Strand opening by negative supercoiling is not sufficient 
to explain the strand asymmetry of sensitivity to muta-
tions. A more likely explanation is that the NTS but not 
the TS is single stranded, as is the case in R loops in 
which the TS forms an RNA–DNA hybrid. Although 
during transcription a short 8–9 nucleotide RNA–DNA 
hybrid forms at the transcription bubble inside the cata-
lytic pocket of RNAP, it is unlikely that this short bubble 
creates the conditions necessary to increase damage in 
the NTS. Instead, the nascent mRNA extruded from 
RNAP might hybridize with the TS, creating R loops that 
would be facilitated by the local negative supercoiling 

that accumulates behind RNAP (FIG. 6b). Accordingly, R 
loops form in highly transcribed DNA sequences in topA 
mutants in E. coli 96,97, although it remains to be seen 
whether R loops form in natural conditions. However, 
R loops are linked to transcription-associated GIN in 
mutants that are defective in the biogenesis and process-
ing of messenger ribonucleoprotein (mRNP) particles in 
yeast, chicken and human cells98,99.

Transcription is coupled to numerous mRNA meta-
bolic processes, including 5 - and 3 -end mRNA processing 
and mRNP assembly in eukaryotes100,101, or to translation 
in prokaryotes. In eukaryotes, as the nascent mRNA  
is extruded from RNAPII it is coated by proteins, some of 
which contribute to the assembly of an export-competent 
mRNP. In S. cerevisiae, mutations in genes with a role at the 
interface between transcription and RNA export or RNA 
processing increase TAR102–105, these mutations include 
the THO–TREX complex, the Sub2–Yra1 heterodimer, 
Thp1–Sac3 complexes, the nuclear exosome or 3 -end 
RNA processing. It is not known whether the molecular 
intermediate triggering TAR is the same in all cases, but 
the nascent RNA molecule might play a part. The most-
studied case is that of THO-complex mutants. There is 
evidence that R loops are formed in these mutants, imply-
ing that an improper formation of the mRNP molecule 
allows the nascent RNA to hybridize with its DNA tem-
plate98. In THO mutants, R loops are formed in the same 
high-GC and promoter-distant regions in which TAR is 
increased98. Consistently, the human activation-induced 
cytidine deaminase (AID) preferentially mutates the NTS 
of these regions106 (FIG. 4b).

R loops also form in chicken DT40 cells and human 
HeLa cells depleted of the ASF (also known as SF2) splic-
ing factor99, which opens the possibility that ASF also 
has a role in mRNP formation. In this case, R loops are 
linked to GIN and are associated with DSB formation99. 
As will be discussed below, class-switch recombina-
tion (CSR) of Ig genes, a developmentally regulated 
TAR process, also involves R-loop formation107. It can 
therefore be concluded that R loops are a widespread 
structure found in organisms from bacteria to mammals 
with an important role in TAR.

Transient ssDNA accumulation might also be a major 
substrate for recombinogenic DNA adducts in highly 
transcribed genes, although by itself this might not be 
sufficient to explain TAR, as such adducts also seem to 
be intimately associated with replication impairment. 
Consistent with ssDNA having a potential to form sec-
ondary DNA structures at particular repeat segments 
— such as stem-loops that can interfere with DNA repli-
cation — simple repetitive poly-GT tracts are destabilized 
in a transcription-dependent manner by errors that are 
introduced by the replicative DNA polymerase108. In 
addition, both transcription and replication are halted in 
E. coli when the poly-C strand of a poly-GC tract is on 
the TS109. This is reminiscent of the probability of such 
tracts forming ssDNA, and hence secondary structures 
that obstruct the RF, as a consequence of transcription-
dependent negative supercoiling. In this sense, it is partic-
ularly intriguing that, when transcribed, Friedrich’s ataxia 
GAA triplets form R loops in bacteria and in vitro110.
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Figure 5 | Models of double-stranded break formation at fragile sites. a Hairpins, 
stem-loops, triplexes and other secondary DNA structures can be formed at fragile 
sites, preferentially at the lagging-strand template. Such structures can be substrates 
for the MR(X)N nuclease complex or other nucleases, the action of which (represented 
by scissors) creates a nick that can be converted into a double-stranded break (DSB) 
following replication. For simplicity, only a hairpin is shown as a representative 
secondary structure. b Expansions that are caused by the formation of secondary 
structures such as stem-loops, triplexes or hairpin-like structures in the 5  end of an 
Okazaki fragment might reduce the ability of the Rad27 Flap endonuclease (FEN1 in 
humans) to recognize the Flap structure, facilitating breakage of the template strand 
and the consequent formation of a DSB. For simplicity, only a palindrome is shown as 
a representative secondary structure. c Formation of stem-loops or hairpins at both 
the template and daughter strands, preferentially at the lagging strand, can lead to a 
Holliday junction structure that can be resolved into two hairpin-ended molecules 
that will be processed by MR(X)N into a DSB.
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G loops
Structures that are formed 
during transcription that 
contain a stable mRNA–DNA 
hybrid on the transcribed 
strand and a G-quartet DNA 
on the G-rich non-transcribed 
strand.

Although RF impairment can be caused by DNA 
adducts that are formed during transcription, several 
reports suggest that this might not be the only cause 
of RF progression impairment. In S. cerevisiae TAR 
is detected in S phase but not in G1-transcribed con-
structs, suggesting that when transcription is convergent 
to replication, a collision between RNAPII and the RF 
can trigger TAR34. Similarly, head-on collisions of tran-
scription machinery with RFs that are initiated at the  
unidirectional ColE1 replication origin inserted in  
the E. coli chromosome upstream and downstream of the  
rrnB operon cause RNAPs to dislodge — this is not  
the case for co-directional transcription and replica-
tion111. Although topological constraints between con-
verging RNA and DNA polymerases could contribute to 
fork stalling, RF blocks are seen in E. coli and S. cerevisiae 
inside the transcribed region regardless of the distance 
between transcription and replication initiation sites34,112. 
RF stalling and collisions are seen in RNAPI-transcribed 
genes at the rDNA region35, in genes that are highly 
transcribed by RNAPII in both wild type and THO 
mutants34,113, and in RNAPIII-transcribed tRNA genes114. 
Stalling is stronger in the absence of the Rrm3 helicase, 

indicating that the RF must overcome non-nucleosomal 
obstacles in transcribed regions34,37. The observation that 
the Rrm3 helicase is found at highly transcribed genes in 
the yeast genome115 supports the view that transcription 
can be an obstacle to replication, and that Rrm3 would 
be more often required during replication of such highly 
transcribed genes.

The ability of RNAP to interfere with RF progression 
has also been suggested in bacteria. The ability of E. coli 
cells to survive UV damage correlates with their capacity 
to synthesize ppGpp, the stringent response regulator 
that helps to destabilize RNAP open complexes in the 
absence of the HJ resolvase RuvABC. This is explained 
by a reduction in the incidence of stalled RNAP com-
plexes at damaged sites, facilitating nucleotide excision 
repair and allowing RF progression116. Consistently, lack 
of the GreA elongation factor is required for transcrip-
tion to resume, whereas lack of the Mfd transcription-
coupled repair factor, which helps remove RNAP stalled 
at damaged sites, reduces cell viability when repair is 
compromised117.

Therefore, it seems that TAR is linked to the ability 
of RNAP transcription to interfere with RF progression, 
either by physically obstructing the RF or by promoting 
lesions that block DNA synthesis, whether or not it is 
mediated by R loops. This is probably the reason why, 
in S. cerevisiae, specific protein–DNA complexes act as 
RF-block sites, preventing replication from proceed-
ing through highly transcribed rRNA genes, thereby  
avoiding RF–RNAPI collisions118.

AID-mediated class switching and translocations. 
Following V(D)J recombination, catalysed by the site-
specific RAG1 and RAG2 recombinases, Ig genes can 
undergo a second wave of mutations and rearrangements 
in B cells through somatic hyper-mutation (SHM) and 
CSR in vertebrates, and hyper-gene conversion in birds. 
Such events are triggered by the B-cell-specific enzyme 
AID, which deaminates dCs into dUs in actively tran-
scribed DNA (reviewed in REF. 119), representing unique 
and specialized cases of transcription-associated GIN. 
It is probably the best example of a phenomenon that in 
principle is harmful but that has acquired a key devel-
opmentally controlled role in the generation of genetic 
diversity.

Although it is not clear how transcription of switch  
(S) and variable (V) regions of Ig genes acts as a 
signal to target AID action, there is evidence that  
S regions, consisting of highly G-rich sequences, form 
R loops107,120,121 that facilitate the ssDNA configuration 
of NTS, which, as shown in vitro, would be stabilized in 
the form of G loops122. As ssDNA is the natural substrate 
of AID123,124, the NTS of S regions would be its prefer-
ential target (FIG. 6b). However, some data indicate that 
AID can also access the TS125. The observation that AID  
co-immunoprecipitates with RNAPII in activated 
murine splenic cells99,126 or interacts in vitro with the 
RNAPII elongation complex127, opens up the possibil-
ity that the transcriptional machinery could directly 
recruit AID. This possibility could explain the specific 
pattern of SHM found in V segments, the mutation 
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Figure 6 | DNA intermediates that are potentially associated with transcription-
associated recombination. a Local negative supercoiling during transcription 
elongation might facilitate transient ssDNA formation (represented by stars) behind an 
elongating RNA polymerase (RNAP) that would be susceptible to damage and could 
therefore compromise replication fork (RF) progression. b When co-transcriptional 
formation of an optimal mRNA–particle complex is impaired, the RNA can hybridize 
with its template DNA strand forming a transient R loop, which is distinct from the short 
8–9 nucleotide-long DNA–RNA hybrid formed inside the active pocket of the RNAP. The 
single-stranded non-translated strand region can either be more susceptible to damage 
or to the formation of DNA secondary structures that can compromise RF progression. 
This can occur in THO-complex mutants in yeast and in ASF (also known as SF2)-
depleted DT40 and HeLa cells, and also at natural loci such as in the switch (S) regions  
of immunoglobulin (Ig) genes. It is possible that under natural conditions, specific  
mRNA segments have an intrinsically reduced ability to assemble messenger 
ribonucleoproteins (mRNPs) properly, leading to a localized suboptimal mRNP 
conformation that could facilitate R-loop formation. This could be the case for the 
G-rich mRNA fragment of the S region of Ig genes, but also for regions that contain 
specific repeats or sequences susceptible to forming secondary structures.

R E V I E W S

NATURE REVIEWS | GENETICS  VOLUME 9 | MARCH 2008 | 213

© 2008 Nature Publishing Group 

 

http://www.expasy.org/uniprot/P0A6W7
http://www.expasy.org/uniprot/P30958


frequency of which peaks at nucleotide 200 of the 
promoter and disappears after 1.5 kb as AID cannot 
access the DNA128. Because the ssDNA-binding protein 
RPA stimulates AID action in vitro, it is also possible 
that RPA plays a part in AID targeting129, although the 
binding of RPA to transiently formed ssDNA regions or  
R loops during transcription remains to be demon-
strated. Indeed, if this were the case, it would be neces-
sary to explain why AID does not act on any region 
undergoing replication, in which RPA binds to the tran-
siently formed single-stranded lagging strand. Another 
possibility would be that a natural but putatively subop-
timal mRNP packaging of the G-rich S region mRNA 
segment could facilitate the segment’s hybridization 
with its DNA template to form an R loop106 (FIG. 6b). 
Whatever the mechanism of AID targeting, AID-
dependent rearrangements provide a unique system to 
understand the causes and mechanisms of GIN.

The mechanism by which AID-promoted dUs lead to 
SHM is beginning to be clarified119, but little is known 
about the mechanism by which dUs ensure CSR. dUs 
can be targeted by the BER machinery: dUs are recog-
nized by the uracil-glycosylase UNG, which creates an 
abasic site that, by the subsequent action of apurinic– 
apirimidinic (AP) or MRN endonucleases, will give rise 
to ssDNA breaks, which can become DSBs during repli-
cation (FIG. 5). Alternatively, the Msh2–Msh6 dimer could 
recognize the dG–dU mismatch leading to the removal 
of the dU-containing strand, resulting in either muta-
tions or DNA nicks. CSR seems to occur by NHEJ130,131 
and AID activation leads to H2AX foci132, implying 
that DSBs are a pre-requisite for CSR. Nicks could be 
converted into DSBs by the action of endonucleases or 
topoisomerases, or by replication, although the recent 
observation that DSBs are detected in G1 rather than 
S–G2 phases133 suggests that replication is unlikely to be 
required for CSR. The most widely accepted view is that 
staggered nicks that are induced in both strands by BER 
and MMR could constitute a DSB.

Despite the role of AID in the formation of DNA 
breaks, steps that follow deamination might share com-
mon intermediates and mechanisms with GIN that are 
not mediated by AID. This is of great interest because a 
large proportion of adenomas and lymphomas of B and 
T cells are caused by translocations between Ig segments 
and proto-oncogenes, and Ig diversification is mediated 
by breaks that share the potential to induce oncogenic 
translocations. For example, cleavage initiated by RAG 
proteins is linked to translocations found in certain types 
of tumours134. However, most human lymphomas do not 
express RAG proteins but are associated with Ig trans-
locations. One of the best-studied examples is Burkitt’s 
lymphoma, which involves translocations between  
S regions and c-Myc. These translocations occur in mice 
by an AID-mediated mechanism, with the breakpoints 
mapping to a G-rich segment of c-Myc that shares struc-
tural properties of the S regions135,136. Other non-Ig genes, 
such as BCL6, FAS, BCL2, BCR, ABL, TEL1 or AML1 
undergo hyper-mutation or rearrangements in B cells 
from healthy individuals, which suggests that their ORFs 
could also be targets of AID (reviewed in REF. 137).

AID-dependent translocations are detected in murine 
KU80-depleted B cells, indicating that these transloca-
tions might not occur by a standard NHEJ pathway138. 
Indeed, CSR and translocations occur in XRCC4- or 
LIG4-deficient mouse B cells, consistent with a role 
of alternative end-joining in both types of rearrange-
ments139. However, whether other mechanisms (such as 
BIR) generate translocations has not been sufficiently 
investigated. Whatever mechanisms are responsible 
for AID-dependent translocations, they seem to be 
triggered by the same substrates that trigger CSR; they 
should therefore help us to obtain an integrated view of 
GIN mechanisms.

Conclusions and perspectives
The identification and analysis of an increasing number 
of genetic disorders associated with GIN indicates that 
the key elements in the origin of instability are the sup-
pressor genes, which function in trans, and the chro-
mosomal sites such as fragile sites or highly-transcribed 
DNA sequences, which act in cis as hotspots of GIN. The 
identification of the molecular function of suppressors, 
the primary DNA sequence of fragile sites and a better 
understanding of TAR has allowed us to draw a common 
scenario for the origin of GIN. A replication obstacle 
might impede DNA synthesis of one strand or might lead 
to RF stalling and/or collapse resulting in DNA breaks or 
ssDNA gaps, the S-phase checkpoint being required for 
prevention of RF collapse and for RF restart. The grow-
ing list of cellular functions that prevent GIN suggests 
that, ultimately, rearrangements can primarily be the 
result of replication impairment. This impairment can 
be caused locally by particular structures, as in fragile 
sites or highly transcribed DNA, or by malfunction of 
the replication and S-phase checkpoint machinery.

Which DNA-break repair pathway is used in each 
case determines which GIN event takes place in dif-
ferent genetic disorders. For example, if HR or SCE are 
impaired, the predominant GIN event is GCR (TABLE 1).  
However, why replication-generated breaks in some 
cases induce HR and in other cases induce GCRs is 
not clear. Many genetic disorders involve both HR and 
GCRs, suggesting that they both derive from a similar 
initiation event. In order to know the causes of GIN, we 
need to identify the mechanism by which specific DNA 
breaks or ssDNA gaps arise. Thus, the GIN outcome that 
is initiated by a DSB could be different depending on 
whether it occurs in the lagging or the leading strand, 
or as a consequence of RF collapse or reversal (FIG. 2). In 
yeast, DSBs that are generated by the RF encountering 
a ssDNA nick can be repaired by SCE using HR func-
tions11. However, studies using C. elegans RFS-1 (a Rad51 
paralogue) mutants suggest that stalled RFs do not cause 
DSBs like those made with HO and I-SceI endonucleases. 
Instead, RFS-1 has a specialized role in the loading of 
RAD-51 onto the breaks that presumably form at stalled 
RFs140. It is possible that even though HR repairs all types 
of DSBs, they might require different initial processing 
steps depending on how they are generated (by replica-
tion or enzymatically). In addition, we need to know 
how mutations in genes that encode specific replication  
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