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Accurate chromosomal DNA replication is fundamental for

optimal cellular function and genome integrity. Replication

perturbations activate DNA damage tolerance pathways, which

are crucial to complete genome duplication as well as to

prevent formation of deleterious double strand breaks. Cells

use two general strategies to tolerate lesions: recombination to

a homologous template, and trans-lesion synthesis with

specialized polymerases. While key players of these processes

have been outlined, much less is known on their choreography

and regulation. Recent advances have uncovered principles by

which DNA damage tolerance is regulated locally and

temporally — in relation to replication timing and cell cycle

stage —, and are beginning to elucidate the DNA dynamics that

mediate lesion tolerance and influence chromosome structure

during replication.
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Introduction
Complete and accurate replication that happens precisely

once in each cell cycle is essential to maintain genome

integrity, support normal development and prevent dis-

ease. Many sources of replication stress can however

challenge the replisome, causing its transient stalling

and even inactivation [1]. Replication stress cues include

difficult to replicate genomic regions, topological con-

strains, oncogene activation, and various types of DNA

lesions. The challenge for the replisome is enormous,

especially because DNA damage is extremely prevalent,

with approximately 30,000 lesions being generated spon-

taneously in a mammalian cell per day due to aerobic

metabolism and the inherent susceptibility of DNA to

depurination and depyrimidination [2]. In addition, en-

vironmental factors and chemical agents cause modifica-

tions or breaks in the DNA. To complete replication and

prevent formation of deleterious double strand breaks
www.sciencedirect.com 
(DSBs) in the vicinity of the replication fork, it is crucial

for replicating cells to swiftly tolerate the encountered

DNA damage until dedicated DNA repair processes can

remove it. This is primarily managed by DNA damage

tolerance (DDT) mechanisms.

Here we start by summarizing basic concepts of DDT and

mediating factors, highlighting points of controversies on

their modus operandi. The review will focus on findings of

the last two years related to the regulatory mechanisms

and DNA transitions enabling DDT, and outline emerg-

ing concepts on the relationship between DDT and

chromosome structure processes.

DDT modes, activation mechanism, and
mediating factors
Eukaryotic cells use two general strategies to tolerate

lesions encountered during replication: a recombination-

dependent mode that is generally error-free and uses a

homologous template, usually the newly synthesized

sister chromatid (template switching, TS) [3], and a

trans-lesion synthesis (TLS) polymerases-dependent by-

pass mode that can occasionally introduce mutations and

therefore is considered to be error-prone [4] (Figure 1).

However, it is important to note that certain low-fidelity

TLS polymerases such as Polh can replicate over partic-

ular DNA lesions in a relatively accurate manner [4],

while restart of the forks by homologous recombination

(HR) mechanisms has generally proved to be error-prone

[5]. The error proneness of HR mechanisms is largely

related to usage of templates other than the sister chro-

matid [5]. While this is generally not the case for TS,

certain lesions or chromatin features that block fork

movement predispose to strand invasion events that

use limited homology and can result in genome rearran-

gements. Because of this aspect, and of its last-resort

nature, this mode of recombination-mediated DDT is

also known as the salvage pathway of recombination. In

this review, we will focus primarily on TS. For opinions

on the etiology of error-prone HR induced by replication

stress and its place and regulation in the context of

recombination-mediated DDT, we invite readers to re-

cent reviews on these topics [5,6]. In the following, we

will begin by discussing the DNA structural features and

molecular switches contributing to DDT activation.

Single-stranded (ss) DNA, associated with replication and

fork stalling, is crucial for DDT activation [7], although as

we will discuss below, DDT does not need to operate

prevalently at the site of stalling [8�]. In fact, lagging-

strand template damage does not impede fork movement,

since a new Okazaki fragment will allow replication
Current Opinion in Cell Biology 2016, 40:137–144
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Representation of the two main modes of DNA damage tolerance. A lagging-strand template damage is depicted and its postreplicative tolerance

via template switching or trans-lesion synthesis mediated damage-bypass.
downstream the lesion. Leading-strand template damage

may cause uncoupling between the helicase and poly-

merase activities [1], although also in this case, helicase-

coupled repriming that allows continued fork movement

appears to be frequent and a crucial component of DDT

in budding yeast [9��,10]. The repriming mechanism may

be even further diversified in human cells due to the

presence of specialized polymerases containing primase

activities [11�,12�]. It is important to note that both

stalling and repriming cause exposure of ssDNA proximal

to the lesion (Figure 1), and that DNA gaps were ob-

served on both strands of the newly replicated DNA

following exposure to DNA damage [13]. When bound

by RPA, ssDNA serves as a signal to activate DNA

damage response via its damage checkpoint components

[1]. In addition, ssDNA is a binding substrate for the

Rad51 recombinase, as well as for Rad18 and Rad5

proteins, which contain ubiquitin ligase activities and

are crucial components of DDT, due to their ability to

induce (poly)ubiquitylation of the polymerase clamp,

PCNA (Table 1).
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PCNA is ubiquitylated in all eukaryotic species ana-

lyzed to date at a conserved lysine (K) residue, K164

[14,15]. Monoubiquitylation is mediated by the con-

served Rad6 ubiquitin-conjugating enzyme that acts

in complex with the ubiquitin ligase Rad18, a ssDNA-

binding protein that recognizes DNA discontinuities.

Another ubiquitin ligase and ssDNA-binding protein,

Rad5, interacts with Rad18 and, together with the het-

erodimeric ubiquitin conjugation complex, Ubc13-

Mms2, further extends the monoubiquitin modification

to K63-linked polyubiquitin chains [16]. Monoubiqui-

tylated PCNA facilitates interaction with TLS poly-

merases [17,18]. Conversely, polyubiquitylated PCNA

inhibits mutagenic bypass [19] and mediates error-free

DDT via TS [20–22]. TS is manifested by the formation

of bypass recombination structures, preferentially be-

tween sister chromatids [23,24��,25].

Mutagenic bypass depends on TLS polymerases

(Table 1), the diversity of which varies greatly depending

on the species [4]. TS requires a task-force of activities
www.sciencedirect.com
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Table 1

Main factors implicated in DDT in Saccharomyces cerevisiae.

Protein/complex Function in DDT

RFA (RPA) (Rfa1, Rfa2, Rfa3) Recruiting platform for various DDT/DDR factors including Rad18 and Rad5, as well

as Mec1/Ddc2 (ATR/ATRIP)

Pol30 (PCNA) PCNA modifications with mono/poly-ubiquitin and SUMO influence DDT mode

Rad18/Rad6 Mediates monoubiquitylation of PCNA at K164

Rad5/Ubc13, Mms2 Mediates K63-linked polyubiquitylation of PCNA at K164

Siz1/Ubc9 Mediates SUMOylation of PCNA at K164

Srs2 Inhibits unscheduled homologous recombination during replication

Elg1 Facilitates unloading of PCNA from chromatin

DNA polymerase z

(Rev3, Rev7; Pol31, Pol32)

TLS polymerase responsible for most of the observed mutagenesis

Rev1 Required for Pol z-mediated TLS

DNA polymerase h (Rad30) TLS polymerase

DNA polymerase d

(Pol3, Pol31, Pol32)

Mediates DNA synthesis in DDT via template switching

Rad52, Rad51, Rad55/Rad57, Rad54 Required for homology search and strand invasion during template switching

Exo1 Interacts with 9-1-1 complex, promotes ssDNA gap resection and template switching

9-1-1 complex

(Ddc1, Mec3, Rad17)

Required for template switch intermediate formation

Hmo1 Promotes template switching via DNA bending activities

Cohesin complex

(Smc1, Smc3, Mcd1, Scc2)

Facilitates template switching by keeping the homologous DNA sequence in proximity

Ctf4-DNA polymerase a-Primase Required for replicative helicase-coupled repriming during template switching

Smc5/6 complex Facilitates processing of template switch intermediates

STR complex

(Sgs1, Top3, Rmi1)

Mediates dissolution of template switch intermediates

Mus81-Mms4

Slx1-Slx4

Mediate crossover-prone resolution of template switch intermediates in G2/M

Esc2 Facilitates template switching by locally downregulating Srs2 and by promoting template

switch intermediate resolution

Slx5/Slx8 Functions jointly with Esc2 in promoting Srs2 turnover
necessary for formation and/or resolution of the recombi-

nation intermediates (Table 1). The formation of TS

intermediates in budding yeast relies on several factors

associated with repriming, gap-processing, homologous

recombination, PCNA polyubiquitylation and Pold-me-

diated DNA synthesis [9��,23,26�,27] (Table 1). Rad51 is

crucial for TS, but is globally repressed during replication

by the anti-recombinase Srs2, which is present at replica-

tion forks via its interaction with SUMOylated PCNA

[20,21], a PCNA modification induced during replication

[16]. Thus, how Rad51 functions together with factors

required for PCNA polyubiquitylation in TS [23]

remained puzzling. An answer to this conundrum comes

from recent findings showing that local assembly of Rad51

at damaged sites is facilitated by the conserved SUMO-

like domains (SLDs)-containing factor, Esc2. Esc2 binds

to replication-associated DNA structures and to SUMOy-

lated PCNA readers, Elg1 and Srs2, facilitating local

down-regulation and turnover of Srs2 [28��,29].

TS involves pseudo-double Holliday-Junctions as crucial

intermediates [24��]. The replication checkpoint safe-

guards TS by protecting the intermediates against preco-

cious processing by nucleases [30��], thereby facilitating

their dissolution by the Sgs1-Top3-Rmi1 (STR) complex
www.sciencedirect.com 
[23,31] (Figure 2). SUMO-dependent processes involving

the Smc5/6 complex and Esc2 also facilitate the turnover/

resolution of TS intermediates induced by genotoxic stress

[32–34]. Recent work revealed that cooperation between

STR and Smc5/6 is crucial also for resolving endogenous

TS intermediates, which can block cell division and cause

cell death if left unresolved [35��]. TS intermediates that

persist till G2/M can be processed by crossover-prone

Mus81-Mms4 and Slx4 nucleases [30��,36�], whose activity

is upregulated by mitotic cell cycle kinases, Cdk1 and Plk1/

Cdc5 [37] (Figure 2).

PCNA modifications and chromatin
organization in DDT pathway choice
PCNA polyubiquitylation occurs after PCNA monoubiqui-

tylation, but the concomitant presence of Rad18 and Rad5

on ssDNA may make PCNA polyubiquitylation more

prevalent at the site of lesion in S phase (Figure 2). Sub-

stantiating this view, a deletion mutation in the Pold non-

catalytic subunit, Pol32, which renders cells defective in

both DDT branches (Table 1), causes accumulation of

polyubiquitylated PCNA [38]. The additional local coordi-

nation of Rad51 recruitment to damaged sites [28��,29]

provides the right context for TS. This scenario explains

why mutation rates are low early during replication in both
Current Opinion in Cell Biology 2016, 40:137–144
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Figure 2
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Hypothetical model of temporal regulation of DNA damage tolerance modes. Template switching is preferred over mutagenesis in S phase. PCNA

polyubiquitylation and chromatin organization features established in S phase favor template switching, whereas other mutagenic pathways

involving trans-lesion synthesis polymerases and error-prone nucleases are often potentiated in G2/M.
yeast and human cells [39,40], while damage-bypass by TS

occurs even early in S-phase [26�,41��,42].

Besides post-translational modifications of PCNA, chro-

matin organization emerged as an important regulator of

DDT. Three examples are discussed here: chromatin

status, sister chromatid cohesion and chromosome archi-

tectural changes mediated by DNA bending. First, the

closed or open state of chromatin was shown to influence

local rates of mutations [43,44]; this can be explained by

the fact that the chromatin status affects the replication

timing of the genomic locus considered, with the closed

chromatin being replicated preferentially late. However,

it is also possible that the nucleotide sequence of DNA

and the DDT pathway employed for endogenous lesion

tolerance influence its dynamic packaging into chromatin.

Indeed, impediments to DNA replication and global

replication stress were shown to favor gene silencing

and cause changes in gene expression [45–47], suggesting
Current Opinion in Cell Biology 2016, 40:137–144 
a two-way relationship between DDT and chromatin

structure. Second, sister chromatid cohesion, which is

established during replication, is negatively influenced

by replication stress situations associated with misman-

agement of ssDNA, defective TS and altered fork topol-

ogy [9��,10,48]. On its turn, sister chromatid cohesion,

largely mediated by acetylated cohesin rings, facilitates

error-free DDT by keeping the recombination template

in proximity [9��,10]. Third, genome architectural tran-

sitions involving intra-chromosomal DNA bending

events mediated by a conserved High-Mobility Group

B (HMGB) protein, Hmo1, favor TS over mutagenic

bypass early during replication in budding yeast, proba-

bly by facilitating engagement of the lesion-containing

ssDNA filament in recombination with the homologous

duplex [41��].

Thus, the picture that emerges is that DDT modes are

temporally regulated, with a preference for TS over TLS
www.sciencedirect.com
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early during replication (Figure 2). The temporal regula-

tion of DDT pathways is largely compounded by chro-

matin organization events and post-translational

modifications of PCNA (Figure 2). Additionally, it may

involve cell-cycle dependent regulation of DDT factors’

levels or activity, as reported for upregulation of TLS

factors’ gene expression in G2/M [49] and for structure-

specific endonucleases’ activity by mitotic kinases [37].

The above-mentioned DDT events potentiated in mito-

sis are more prone to induce mutations and cause genome

rearrangements. Thus, they may represent the last-resort

options employed by the cells when faced with persistent

DNA lesions, enabling cell division, but often at the price

of genome integrity.

DDT at the fork and behind the fork
Whether DDT occurs primarily at the fork or behind the

fork is controversial. This notion is important, because

the two scenarios have different implications for genome

stability. If DDT occurs predominantly at the replication

fork, cells can only detect the damage locally, due to

exposure of ssDNA at individual forks, but are not able to

assess the lesions present on unduplicated DNA ahead of

the forks. This would be required to estimate the total

amount of inflicted damage before shifting to induction

of potentially deleterious mutagenesis. Moreover, fork

restart by HR pathways is generally error-prone [5,6]. On

the other hand, the uncovering of fork remodeling activ-

ities that can stabilize stalled forks by promoting fork

regression and of various specialized TLS polymerases,

may have led to the hypothesis that DDT at the fork

would provide quick solutions for lesions-bypass. Sever-

al factors have fork-remodeling activities in vitro and

contribute to DDT. These include Rad5 and its human

ortholog, HLTF [50,51], and DNA translocases with

strand annealing activities, SMARCAL1 and ZRANB3

[52–55], which do not have clear orthologs in yeast.

Thus, fork regression provides means of DDT at stalled

replication forks when fork progression per se is per-

turbed.

However, lagging-strand templates do not pose any prob-

lem for fork movement, and coordinated repriming

events on the leading strand can often relieve the prob-

lem, allowing potentially time-consuming polymerase

swapping and recombination-mediated processes to take

place in defined regions behind replication forks. Several

converging lines of evidence obtained in the last years

bring support for DDT behind the fork as a prevailing

mode of damage-bypass when lesions allow replicative-

helicase advance: (i) replicative-helicase coupled reprim-

ing is important for DDT, providing in vivo evidence for

postreplicative DDT [9��]; (ii) the structures of TS inter-

mediates, visualized by a combination of 2D gel and

electron microscopy (EM) provide evidence for the post-

replicative gap-filling model [24��], although they do not

rule out that reversed forks might have formed earlier in
www.sciencedirect.com 
the process before being resolved or converted into other

recombination intermediates [56]; (iii) factors that con-

tribute to gap-processing during Okazaki fragment pro-

cessing, such as 9-1-1 and Exo1 play an important role in

TS beyond what is expected if their contribution were

limited to lagging-strand lesions [26�,27]; (iv) limiting

critical error-free and error-prone DDT factors to G2/

M allows normal tolerance of lesions [38] and reveals

productive DDT synthesis tracts [57].

The above notions should not be interpreted as to mean

that DDT at the fork is exceedingly rare, nor that it must

be associated with an error-prone outcome. The existence

of factors manifesting in vitro fork-remodeling activity,

present in both yeast and mammalian cells, but the more

frequent visualization of reversed forks in mammalian

cells, but not yeast, following different DNA damaging

conditions [8�,9��,13], may cause a false dichotomy in the

field with regard to concepts of DDT regulation and

prevalence of fork remodeling in different model sys-

tems. Various lines of evidence suggest that also in

mammalian cells exposed to DNA damage, such as

UV, discontinuities are created in the newly synthesized

strands and are subsequently filled in using the newly

synthesized strand as template [58], likely in a manner

analogous to the TS mechanism identified in yeast mod-

els [24��]. Moreover, as mentioned above, many DDT

factors are highly conserved from yeast to humans, and

the ones belonging to the error-free branch often function

as tumor suppressors.

It is important to note, however, that certain lesions, such

as inter-strand crosslinks and replication fork barriers that

block replicative-helicase advance are more likely to

induce fork remodeling. In this vein, recent work in

budding yeast identified that genomic sequences contain-

ing intrinsic replication fork barriers or natural pausing

sites trigger a replication stress response accompanied by

formation of recombination structures that are distinct in

terms of genetic dependency, and potentially fine struc-

ture, from those arising at stalled replication forks [35��].
If those recombination structures are substantially com-

posed of reversed forks will remain to be addressed

however by future studies.

Repetitive sequences or regions that block fork progres-

sion are an example of genomic locations where fork-

remodeling events are likely beneficial. Such sequences

are much more prevalent in the human genome than in

yeast. This may explain also why some fork remodeling

activities, such as provided by, for example, ZRANB3 and

SMARCAL1, were not found in yeast. Interestingly,

these factors are related to chromatin remodelers. We

propose that they may prevalently function in specific

chromatin contexts, such as those that predispose to

silencing and cause increased fork pausing. The fragility

of repetitive regions is also enhanced by various genotoxic
Current Opinion in Cell Biology 2016, 40:137–144
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treatments. Increased percentage of reversed forks

observed in mammalian cells using genome-wide enrich-

ments of replication intermediates [8�] may be a reflec-

tion of these sequences differences and explain why

different drug treatments cause a similar increase in fork

reversal. In addition, it is possible that in mammalian

cells, endogenous metabolites that mimic the effect of

inter-strand crosslinkers [59] are more abundant com-

pared to yeast systems, providing an explanation both for

the increase in overall fork reversal events associated

with replication, and a molecular rationale for the signifi-

cantly more developed and diversified Fanconi Anemia

(FA) repair pathways in mammalian cells compared to

yeasts.

Conclusion and perspective
Sources of DNA damage are many and varied. To deal

with these problems, cells are equipped with a versatile

kit of DDT factors. Their temporal and local activity is

coordinated by additional regulatory checkpoint and cell

cycle kinases, as well as by chromatin organizational

features. The underlying factors mediating DDT trans-

actions are generally highly conserved, and accumulating

evidence speaks for commonality in principles of regula-

tion, rather than mechanistic divergence between yeast

and mammalian cellular systems. However, inherent ge-

nome sequences differences between yeast and mamma-

lian cells are likely to cause distinct outcomes with

respect to the prevalence of fork remodeling events

mediating DDT and the DDT location relative to the

fork. Recent studies suggest that DDT and replication

fork topology may be intricately related with epigenetic

stability and sister chromatid cohesion. An important

topic for the future will be to reveal, beyond DDT

mechanisms and regulators, the principles that integrate

DDT within other replication-associated genome integ-

rity processes, including chromatin state and chromosome

structure.

Acknowledgements

We apologize to our colleagues whose contributions are not cited due to
space limitations. DB acknowledges the Italian Association for Cancer
Research (AIRC IG 14171), Fondazione Telethon (GGP12160), and FIRC
for funding. IP is currently supported by an AIRC/Marie Curie iCARE
fellowship and was partly supported by an EMBO long-term fellowship.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Branzei D, Foiani M: Maintaining genome stability at the
replication fork. Nat Rev Mol Cell Biol 2010, 11:208-219.

2. Lindahl T: Instability and decay of the primary structure of DNA.
Nature 1993, 362:709-715.

3. Branzei D: Ubiquitin family modifications and template
switching. FEBS Lett 2011, 585:2810-2817.
Current Opinion in Cell Biology 2016, 40:137–144 
4. Waters LS, Minesinger BK, Wiltrout ME, D’Souza S, Woodruff RV,
Walker GC: Eukaryotic translesion polymerases and their roles
and regulation in DNA damage tolerance. Microbiol Mol Biol
Rev 2009, 73:134-154.

5. Lambert S, Carr AM: Replication stress and genome
rearrangements: lessons from yeast models. Curr Opin Genet
Dev 2013, 23:132-139.

6. Branzei D, Szakal B: DNA damage tolerance by recombination:
molecular pathways and DNA structures. DNA Rep 2016.
Special Review issue, in press.

7. Davies AA, Huttner D, Daigaku Y, Chen S, Ulrich HD: Activation of
ubiquitin-dependent DNA damage bypass is mediated by
replication protein A. Mol Cell 2008, 29:625-636.

8.
�

Zellweger R, Dalcher D, Mutreja K, Berti M, Schmid JA, Herrador R,
Vindigni A, Lopes M: Rad51-mediated replication fork reversal
is a global response to genotoxic treatments in human cells. J
Cell Biol 2015, 208:563-579.

This paper shows that fork reversal is induced upon a variety of genotoxic
reagents in human cells, suggesting this as a global stress response
promoting fork stability. It opens a trail for conversations on possible
different responses to replication stress and stalled forks among different
cellular systems.

9.
��

Fumasoni M, Zwicky K, Vanoli F, Lopes M, Branzei D: Error-free
DNA damage tolerance and sister chromatid proximity during
DNA replication rely on the Polalpha/primase/Ctf4 complex.
Mol Cell 2015, 57:812-823.

This study for the first time demonstrates that replicative helicase-
coupled repriming is required for template switching and keeps sister
chromatids in proximity. Aberrant repriming leads to faulty strand anneal-
ing and reversed fork formation as a consequence of an altered ssDNA
metabolism in the vicinity of the fork.

10. Branzei D, Szakal B: Priming for tolerance and cohesion at
replication forks. Nucleus 2016:0.

11.
�

Garcia-Gomez S, Reyes A, Martinez-Jimenez MI, Chocron ES,
Mouron S, Terrados G, Powell C, Salido E, Mendez J, Holt IJ et al.:
PrimPol, an archaic primase/polymerase operating in human
cells. Mol Cell 2013, 52:541-553.

Together with Ref. [12�], this paper identifies a specialized TLS polymer-
ase containing primase activity. This polymerase can facilitate fork restart
and prime for postreplicative DDT.

12.
�

Mouron S, Rodriguez-Acebes S, Martinez-Jimenez MI, Garcia-
Gomez S, Chocron S, Blanco L, Mendez J: Repriming of DNA
synthesis at stalled replication forks by human PrimPol. Nat
Struct Mol Biol 2013, 20:1383-1389.

13. Lopes M, Foiani M, Sogo JM: Multiple mechanisms control
chromosome integrity after replication fork uncoupling and
restart at irreparable UV lesions. Mol Cell 2006, 21:15-27.

14. Bergink S, Jentsch S: Principles of ubiquitin and SUMO
modifications in DNA repair. Nature 2009, 458:461-467.

15. Zeman MK, Cimprich KA: Finally, polyubiquitinated PCNA gets
recognized. Mol Cell 2012, 47:333-334.

16. Hoege C, Pfander B, Moldovan GL, Pyrowolakis G, Jentsch S:
RAD6-dependent DNA repair is linked to modification of PCNA
by ubiquitin and SUMO. Nature 2002, 419:135-141.

17. Stelter P, Ulrich HD: Control of spontaneous and damage-
induced mutagenesis by SUMO and ubiquitin conjugation.
Nature 2003, 425:188-191.

18. Kannouche PL, Wing J, Lehmann AR: Interaction of human DNA
polymerase eta with monoubiquitinated PCNA: a possible
mechanism for the polymerase switch in response to DNA
damage. Mol Cell 2004, 14:491-500.

19. Haracska L, Torres-Ramos CA, Johnson RE, Prakash S,
Prakash L: Opposing effects of ubiquitin conjugation and
SUMO modification of PCNA on replicational bypass of DNA
lesions in Saccharomyces cerevisiae. Mol Cell Biol 2004,
24:4267-4274.

20. Pfander B, Moldovan GL, Sacher M, Hoege C, Jentsch S: SUMO-
modified PCNA recruits Srs2 to prevent recombination during
S phase. Nature 2005, 436:428-433.
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0300
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0300
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0305
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0305
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0310
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0310
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0315
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0315
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0315
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0315
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0320
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0320
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0320
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0325
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0325
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0325
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0330
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0330
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0330
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0335
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0335
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0335
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0335
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0340
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0340
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0340
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0340
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0345
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0345
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0350
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0350
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0350
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0350
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0355
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0355
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0355
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0355
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0360
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0360
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0360
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0365
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0365
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0370
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0370
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0375
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0375
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0375
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0380
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0380
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0380
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0385
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0385
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0385
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0385
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0390
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0390
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0390
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0390
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0390
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0395
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0395
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0395


DNA damage tolerance Branzei and Psakhye 143
21. Papouli E, Chen S, Davies AA, Huttner D, Krejci L, Sung P,
Ulrich HD: Crosstalk between SUMO and ubiquitin on PCNA is
mediated by recruitment of the helicase Srs2p. Mol Cell 2005,
19:123-133.

22. Zhang H, Lawrence CW: The error-free component of the
RAD6/RAD18 DNA damage tolerance pathway of budding
yeast employs sister-strand recombination. Proc Natl Acad Sci
U S A 2005, 102:15954-15959.

23. Branzei D, Vanoli F, Foiani M: SUMOylation regulates Rad18-
mediated template switch. Nature 2008, 456:915-920.

24.
��

Giannattasio M, Zwicky K, Follonier C, Foiani M, Lopes M,
Branzei D: Visualization of recombination-mediated damage
bypass by template switching. Nat Struct Mol Biol 2014,
21(2014):884-892.

This paper uses 2D gel and EM to visualize template switch intermedi-
ates, providing direct support for postreplicative DDT as the prevalent
mechanism. Together with Refs. [26�,41��], it also provides mechanistic
insights on recombination-mediated gap-filling.

25. Carotenuto W, Liberi G: Mitotic inter-homologue junctions
accumulate at damaged DNA replication forks in recQ
mutants. DNA Rep 2010, 9:661-669.

26.
�

Karras GI, Fumasoni M, Sienski G, Vanoli F, Branzei D, Jentsch S:
Noncanonical role of the 9-1-1 clamp in the error-free DNA
damage tolerance pathway. Mol Cell 2013, 49:536-546.

This paper highlights a checkpoint-independent role of 9-1-1 in template
switching and demonstrates together with Ref. [39], a temporal prefer-
ence in template switching in S phase.

27. Vanoli F, Fumasoni M, Szakal B, Maloisel L, Branzei D: Replication
and recombination factors contributing to recombination-
dependent bypass of DNA lesions by template switch. PLoS
Genet 2010, 6:e1001205.

28.
��

Urulangodi M, Sebesta M, Menolfi D, Szakal B, Sollier J,
Sisakova A, Krejci L, Branzei D: Local regulation of the Srs2
helicase by the SUMO-like domain protein Esc2 promotes
recombination at sites of stalled replication. Genes Dev 2015,
29:2067-2080.

This paper uncovers how recombination-mediated damage bypass is
enabled at damaged sites by local downregulation of the anti-recombi-
nase Srs2.

29. Urulangodi M, Szakal B, Branzei D: SUMO-mediated global and
local control of recombination. Cell Cycle 2015, 15:160-161.

30.
��

Szakal B, Branzei D: Premature Cdk1/Cdc5/Mus81 pathway
activation induces aberrant replication and deleterious
crossover. EMBO J 2013, 32:1155-1167.

This paper uncovers a damage checkpoint-regulated temporal program
of recombination intermediate resolution that impacts on genome integ-
rity, and shows that persistent recombination DDT intermediates are
resolved before anaphase by an error-prone pathway facilitated by
mitotic kinases.

31. Liberi G, Maffioletti G, Lucca C, Chiolo I, Baryshnikova A, Cotta-
Ramusino C, Lopes M, Pellicioli A, Haber JE, Foiani M: Rad51-
dependent DNA structures accumulate at damaged
replication forks in sgs1 mutants defective in the yeast
ortholog of BLM RecQ helicase. Genes Dev 2005, 19:339-350.

32. Sollier J, Driscoll R, Castellucci F, Foiani M, Jackson SP, Branzei D:
The Saccharomyces cerevisiae Esc2 and Smc5-6 proteins
promote sister chromatid junction-mediated intra-S repair.
Mol Biol Cell 2009, 20:1671-1682.

33. Mankouri HW, Ngo HP, Hickson ID: Esc2 and Sgs1 act in
functionally distinct branches of the homologous
recombination repair pathway in Saccharomyces cerevisiae.
Mol Biol Cell 2009, 20:1683-1694.

34. Branzei D, Sollier J, Liberi G, Zhao X, Maeda D, Seki M, Enomoto T,
Ohta K, Foiani M: Ubc9- and mms21-mediated sumoylation
counteracts recombinogenic events at damaged replication
forks. Cell 2006, 127:509-522.

35.
��

Menolfi D, Delamarre A, Lengronne A, Pasero P, Branzei D:
Essential roles of the Smc5/6 complex in replication through
natural pausing sites and endogenous DNA damage
tolerance. Mol Cell 2015, 60:835-846.

Using the cell-cycle-regulated alleles of Smc5/6, this paper demonstrates
that the Smc5/6 complex fulfills its essential functions in G2/M and is
www.sciencedirect.com 
crucial in collaboration with Sgs1-Top3-Rmi1 complex to process tem-
plate switch intermediates induced by endogenous replication stress.
This study is also the first to implicate Smc5/6 complex in guiding
replication through natural pausing sites and preventing their fragility,
providing insights about the replication stress response triggered at those
regions.

36.
�

Gritenaite D, Princz LN, Szakal B, Bantele SC, Wendeler L,
Schilbach S, Habermann BH, Matos J, Lisby M, Branzei D et al.: A
cell cycle-regulated Slx4-Dpb11 complex promotes the
resolution of DNA repair intermediates linked to stalled
replication. Genes Dev 2014, 28:1604-1619.

This paper shows how mitotic kinases modulate the assembly of scaffold
complexes on chromatin, and that this is important to enable the temporal
program of recombination and DDT intermediate resolution.

37. West SC, Blanco MG, Chan YW, Matos J, Sarbajna S,
Wyatt HD: Resolution of recombination intermediates:
mechanisms and regulation. Cold Spring Harbor Symp Quant
Biol 2015. pii: 027649.

38. Karras GI, Jentsch S: The RAD6 DNA damage tolerance
pathway operates uncoupled from the replication fork and is
functional beyond S phase. Cell 2010, 141:255-267.

39. Lang GI, Murray AW: Mutation rates across budding yeast
chromosome VI are correlated with replication timing.
Genome Biol Evol 2011, 3:799-811.

40. Stamatoyannopoulos JA, Adzhubei I, Thurman RE, Kryukov GV,
Mirkin SM, Sunyaev SR: Human mutation rate associated with
DNA replication timing. Nat Genet 2009, 41:393-395.

41.
��

Gonzalez-Huici V, Szakal B, Urulangodi M, Psakhye I,
Castellucci F, Menolfi D, Rajakumara E, Fumasoni M, Bermejo R,
Jentsch S et al.: DNA bending facilitates the error-free DNA
damage tolerance pathway and upholds genome integrity.
EMBO J 2014, 33:327-340.

This paper uncovers that genome architectural changes involving DNA
bending facilitate template switching over mutagenesis in S phase, thus
impacting on the temporal DDT program and genome integrity.

42. Ortiz-Bazan MA, Gallo-Fernandez M, Saugar I, Jimenez-Martin A,
Vazquez MV, Tercero JA: Rad5 plays a major role in the cellular
response to DNA damage during chromosome replication.
Cell Rep 2014, 9:460-468.

43. Schuster-Bockler B, Lehner B: Chromatin organization is a
major influence on regional mutation rates in human cancer
cells. Nature 2012, 488:504-507.

44. Makova KD, Hardison RC: The effects of chromatin
organization on variation in mutation rates in the genome. Nat
Rev Genet 2015, 16:213-223.

45. Dubarry M, Loiodice I, Chen CL, Thermes C, Taddei A: Tight
protein–DNA interactions favor gene silencing. Genes Dev
2011, 25:1365-1370.

46. Sarkies P, Reams C, Simpson LJ, Sale JE: Epigenetic instability
due to defective replication of structured DNA. Mol Cell 2010,
40:703-713.

47. Jasencakova Z, Scharf AN, Ask K, Corpet A, Imhof A, Almouzni G,
Groth A: Replication stress interferes with histone recycling
and predeposition marking of new histones. Mol Cell 2010,
37:736-743.

48. Branzei D: DNA damage tolerance branches out towards sister
chromatid cohesion. Mol Cell Onc 2015 http://dx.doi.org/
10.1080/23723556.2015.1035478.

49. Waters LS, Walker GC: The critical mutagenic translesion
DNA polymerase Rev1 is highly expressed during G(2)/M
phase rather than S phase. Proc Natl Acad Sci U S A 2006,
103:8971-8976.

50. Blastyak A, Pinter L, Unk I, Prakash L, Prakash S, Haracska L:
Yeast Rad5 protein required for postreplication repair has a
DNA helicase activity specific for replication fork regression.
Mol Cell 2007, 28:167-175.

51. Achar YJ, Balogh D, Haracska L: Coordinated protein and DNA
remodeling by human HLTF on stalled replication fork. Proc
Natl Acad Sci U S A 2011, 108:14073-14078.
Current Opinion in Cell Biology 2016, 40:137–144

http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0400
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0400
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0400
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0400
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0405
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0405
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0405
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0405
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0410
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0410
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0415
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0415
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0415
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0415
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0420
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0420
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0420
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0425
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0425
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0425
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0430
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0430
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0430
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0430
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0435
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0435
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0435
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0435
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0435
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0440
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0440
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0445
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0445
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0445
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0450
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0450
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0450
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0450
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0450
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0455
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0455
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0455
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0455
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0460
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0460
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0460
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0460
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0465
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0465
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0465
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0465
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0470
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0470
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0470
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0470
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0475
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0475
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0475
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0475
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0475
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0480
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0480
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0480
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0480
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0485
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0485
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0485
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0490
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0490
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0490
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0495
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0495
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0495
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0500
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0500
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0500
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0500
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0500
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0505
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0505
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0505
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0505
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0510
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0510
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0510
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0515
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0515
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0515
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0520
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0520
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0520
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0525
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0525
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0525
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0530
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0530
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0530
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0530
http://dx.doi.org/10.1080/23723556.2015.1035478
http://dx.doi.org/10.1080/23723556.2015.1035478
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0540
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0540
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0540
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0540
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0545
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0545
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0545
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0545
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0550
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0550
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0550


144 Cell nucleus
52. Bansbach CE, Betous R, Lovejoy CA, Glick GG, Cortez D:
The annealing helicase SMARCAL1 maintains genome
integrity at stalled replication forks. Genes Dev 2009, 23:
2405-2414.

53. Ciccia A, Nimonkar AV, Hu Y, Hajdu I, Achar YJ, Izhar L,
Petit SA, Adamson B, Yoon JC, Kowalczykowski SC et al.:
Polyubiquitinated PCNA recruits the ZRANB3 translocase to
maintain genomic integrity after replication stress. Mol Cell
2012, 47:396-409.

54. Weston R, Peeters H, Ahel D: ZRANB3 is a structure-specific
ATP-dependent endonuclease involved in replication stress
response. Genes Dev 2012, 26:1558-1572.

55. Yuan J, Ghosal G, Chen J: The HARP-like domain-containing
protein AH2/ZRANB3 binds to PCNA and participates in
Current Opinion in Cell Biology 2016, 40:137–144 
cellular response to replication stress. Mol Cell 2012, 47:
410-421.

56. Neelsen KJ, Lopes M: Replication fork reversal in eukaryotes:
from dead end to dynamic response. Nat Rev Mol Cell Biol 2015,
16:207-220.

57. Daigaku Y, Davies AA, Ulrich HD: Ubiquitin-dependent DNA
damage bypass is separable from genome replication. Nature
2010, 465:951-955.

58. Lehmann AR: Postreplication repair of DNA in ultraviolet-
irradiated mammalian cells. J Mol Biol 1972, 66:319-337.

59. Kottemann MC, Smogorzewska A: Fanconi anaemia and the
repair of Watson and Crick DNA crosslinks. Nature 2013,
493:356-363.
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0555
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0555
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0555
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0555
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0560
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0560
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0560
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0560
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0560
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0565
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0565
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0565
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0570
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0570
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0570
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0570
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0575
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0575
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0575
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0580
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0580
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0580
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0585
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0585
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0590
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0590
http://refhub.elsevier.com/S0955-0674(16)30056-4/sbref0590

	DNA damage tolerance
	Introduction
	DDT modes, activation mechanism, and mediating factors
	PCNA modifications and chromatin organization in DDT pathway choice
	DDT at the fork and behind the fork
	Conclusion and perspective
	References and recommended reading
	Acknowledgements


