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ABSTRACT

One major challenge during genome duplication is the stalling of DNA replication forks by various forms of template
blockages. As these barriers can lead to incomplete replication, multiple mechanisms have to act concertedly to correct and
rescue stalled replication forks. Among these mechanisms, replication fork regression entails simultaneous annealing of
nascent and template strands, which leads to regression of replication forks and formation of four-way DNA junctions. In
principle, this process can lead to either positive outcomes, such as DNA repair and replication resumption, or less
desirable outcomes, such as misalignment between nascent and template DNA and DNA cleavage. While our
understanding of replication fork regression and its various possible outcomes is still at an early stage, recent studies using
combinational approaches in multiple organisms have begun to identify the enzymes that catalyze this DNA transaction
and how these enzymes are regulated, as well as the specific manners by which fork regression can influence replication.
This review summarizes these recent progresses. In keeping with the theme of this series of reviews, we focus on studies in
yeast and compare to findings in higher eukaryotes. It is anticipated that these findings will form the basis for future
endeavors to further elucidate replication fork remodeling and its implications for genome maintenance.
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INTRODUCTION

Studies in model organisms and human cells have provided
abundant evidence that template barriers frequently obstruct
DNA replication. Examples of these barriers include DNA sec-
ondary structures and topological stress, proteins tightly bound
to DNA, collision with transcriptional machineries and differ-
ent types of DNA lesions generated spontaneously or by ex-
ogenous agents (Zeman and Cimprich 2014). Consequently, cel-
lular machineries that cope with these barriers become in-
dispensible for faithful genome replication and transmission
of genetic information. Though the full atlas of these ma-
chineries is not yet known, the factors identified thus far have
been shown to have pivotal roles in preventing the delete-
rious genetic changes that fuel the development of cancers

and other forms of human diseases (Jackson and Bartek 2009;
Zeman and Cimprich 2014). Thus, the examination of vari-
ous processes by which cells overcome DNA replication barri-
ers has been an important biomedical research topic for many
years.

The cellular processes dealing with replication barriers vary
depending on the situation. Several commonly observed pro-
cesses have been described in recent reviews, and are briefly
summarized here (Lambert and Carr 2013; Berti and Vin-
digni 2016) (Fig. 1). First, repriming downstream of replica-
tion barriers allows replication to continue. Single-strand DNA
(ssDNA) gaps formed between sites of stalled forks and reprim-
ing can be repaired by post-replicative gap filling (Fig. 1A).
Second, specialized DNA polymerases, called TLS (translesion
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Figure 1. Multiple processes cope with DNA replication barriers. A replication barrier on the template DNA is depicted as a star, and a few examples of barriers are

indicated. Parental and nascent DNA strands are depicted as blue and red lines. Newly synthesized DNA in each situation is indicated by dashed lines. (A) DNA
replication can continue when a repriming event occurs downstream of replication fork. Subsequently, the ssDNA gap left behind can be repaired by homologous
recombination. (B) Specialized translesion DNA synthesis (TLS) polymerases can replace the replicative polymerases to synthesize a stretch of DNA using some types
of damaged DNA as template. Subsequent switch from TLS polymerases to replicative polymerase resume further synthesis (not depicted here). (C) As eukaryotic cells

initiate replication at multiple sites, some unreplicated regions caused by stalled replication forks can be synthesized by the converging replication forks (light blue).
(D) When replication barriers are in the form of DNA secondary structures or proteins tightly bound to DNA, DNA helicases (green circle) can remove them, allowing
replisome to resume DNA synthesis. (E) When replication forks encounter lesions on one template strand, recombination-based post-replicative repair enables the

switch of DNA template. This entails one nascent strand invades the sister chromatid and use the other nascent strand as template for replication. After DNA synthesis,
re-annealing of the invading nascent DNA strand and the original template strand leads to the bypass of the damage sites. (F) Replication fork regression (or reversal)
entails the annealing of two nascent DNA strands and re-annealing of two parental DNA strands. A four-way ‘chicken foot’ like junction is formed from a three-way
junction. More details of this type of replication fork remodeling are explained in Fig. 2.

DNA synthesis) polymerases, are able to replicate past certain
types of damaged nucleotides in the template DNA (Fig. 1B).
Third, neighboring replication forks can complete the remain-
ing synthesis left from stalled replication forks (Fig. 1C). Fourth,
specialized DNA helicases can remove or bypass DNA structures
or protein barriers, allowing resumption of synthesis (Fig. 1D).
Fifth, template switching mediated by post-replicative repair
and recombination proteins enables the stalled nascent strand
to use its sister chromatid as a template for synthesis (Fig. 1E).
Sixth, the replication fork can be remodeled in the form of repli-
cation fork regression (or fork regression). This mechanism en-
tails newly synthesized strands annealing to each other, accom-
panied by parental strand re-annealing (Fig. 1F). Although this
process has the potential to restart a stalled replication fork by
switching the template or other mechanisms, it can also gener-
ate undesirable consequences (see below).

Among the aforementioned processes, replication fork re-
gression is the least understood. Fork regression has been used
to explain certain phenotypes manifested by Escherichia coli and
yeastmutants defective in replication (reviewed in Atkinson and
McGlynn 2009), since the idea was first suggested 40 years ago
(Higgins, Kato and Strauss 1976). More recently, the use of mul-
tidisciplined approaches in model organisms and human cells
has begun to delineate mechanisms of fork regression, the an-
tagonistic regulation towhich it is subjected and possible biolog-
ical outcomes. Several studies in yeast have integrated genetic
approacheswith in vitro fork regression assays aswell as a physi-
cal examination of DNA structures by 2D gel electrophoresis and
electron microscopy (EM). These findings have implicated sev-
eral DNA helicases and their regulators in fork regression. They
also pinpointed situations under which fork regression events
occur with increased frequency and linked these events to
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recombinational repair. Regressed forks detectable by EM appear
to bemore prevalent in higher eukaryotic cells than in yeast (Ray
Chaudhuri et al. 2012). This difference is likely associated with
a larger number of enzymes capable of catalyzing fork regres-
sion reactions in higher eukaryotic cells (see below). In these
systems, like in yeast, the fork regression processes are subject
to positive and negative regulations and are linked to multiple
outcomes.

POTENTIAL OUTCOMES OF REPLICATION
FORK REGRESSION

In principle, replication fork regression can generate either help-
ful or harmful outcomes depending on the downstream molec-
ular events. As these outcomes have been discussed in previ-
ous reviews (Neelsen and Lopes 2015; Berti and Vindigni 2016),
only an overview is given here (Fig. 2). Upon fork regression,
the nascent lagging strand can serve as a template for the
nascent leading strand to bypass the lesion on the parental
strand (Fig. 2A). In addition, template re-annealing converts
damaged regions from ssDNA to double-strand DNA (dsDNA)
that can lead to DNA repair, as double-strandedness is required
for several repair processes (Fig. 2B). In either situation, new
DNA can be made and regressed replication forks can be re-
versed back to allow replication assumption (Fig. 2A and B). It
is also possible that regressed replication forks can generate
a more stable DNA structure, considering that stalled replica-
tion forks with large ssDNA regions can be more susceptible to
breakage than regressed fork structures. This outcome is par-
ticularly beneficial if nascent strand DNA synthesis can occur
once fork regression takes place. A stable DNA structure also
increases the chances for neighboring replication forks to syn-
thesize the unreplicated regions (Fig. 2C). It is also possible that
dsDNA ends formed by fork regression or resected DNA ends
could activate the checkpoint kinases (Fugger et al. 2015). Such
events could be useful to coordinate cell cycle delay and lo-
cal increase of origin firing, both of which can help to com-
plete replication (Fig. 2D). Theoretically, these outcomes could
occur at the same time or independently depending on the
fork stalling situation. Further studies are needed to understand
these possibilities.

Replication fork regression has also been predicted to gener-
ate harmful consequences (Fig. 2E–H). First, this process likely
requires removal of the replisome from DNA, which can be diffi-
cult to reinstall (Fig. 2E). It is also possible that ‘reinstalled’ repli-
some may not be as proficient as the initial machinery (Miyabe
et al. 2015). Second, regressed forks can be subject to attack
by structure-specific nucleases that recognize branched struc-
tures, which would lead to double-strand break (DSB) forma-
tion (Hanada et al. 2007; Couch et al. 2013; Neelsen et al. 2013)
(Fig. 2F). Though DSB can provide a way to restart replication
through recombination-based mechanism, as the most delete-
rious formof DNAdamage, DSB can cause cellular lethality if it is
not repaired in time. Third, at repetitive sequences, fork regres-
sion can generate misalignment, leading to expansion or retrac-
tion of DNA repeats (Mirkin 2007; McMurray 2010; Follonier et al.
2013) (Fig. 2G). Fourth, a ssDNA tail formed during fork regres-
sion can be used by recombinationmachinery to invade parental
strands, generating recombination structures. This can lead to
proper DNA repair and reestablishment of replication forks, but
also can lead to chromosomal nondisjunction when left unre-
solved (Fig. 2H) (Sun et al. 2008; Lambert et al. 2010; Mizuno et al.
2013).

Thus far, only some of the theoretical outcomes of fork re-
gression described above have experimental support. For ex-
ample, several nucleases, such as those containing MUS81 and
SLX4, have been implicated in the cleavage of the four-way
DNA junction formed during fork regression (Hanada et al. 2007;
Couch et al. 2013; Neelsen et al. 2013). In fission yeast, when
programed replication fork stalling is adjacent to a recombina-
tion reporter, fork regression can lead to increased recombina-
tion events (Sun et al. 2008; Lambert et al. 2010; Mizuno et al.
2013). Interestingly, these events tend to be highly mutagenic
for unknown reasons. Evidence for other proposed fork regres-
sion outcomes, such as partial disassembly and reassembly of
replisomes, is currently limited. Regardless, the yin-yang effects
associated with fork regression suggest that this process needs
to be tightly regulated in cells. Below, we describe the enzymes
that possess fork regression activity based on in vitro and/or in
vivo evidences and how they are regulated.

ENZYMES AND MECHANISMS INVOLVED
IN REPLICATION FORK REGRESSION

DNA helicases

DNA helicases use ATP hydrolysis to move along DNA in a de-
fined polarity (3′-5′ or 5′-3′) and catalyze DNA strand separation
(DNA unwinding), though some DNA helicases can also carry
out DNA annealing (DNA rewinding). In vitro evidence suggests
that DNA helicases can affect fork regression in several ways
(Fig. 3). Upon leading strand blockage, the DNA polymerases
that synthesize leading and lagging strands can be uncoupled,
allowing further synthesis of the lagging strand (Fig. 3A). 3′-5′

DNA helicases can then unwind a portion of the lagging strand
so that the nascent and template strands are in the form of
ssDNA (Fig. 3A). DNA helicases with the opposite polarity can
do the same on leading strands to produce two ssDNA strands.
As the two nascent strands are complementary to each other,
they can anneal; the same reaction can occur between the tem-
plate sequences. Though annealing can occur spontaneously, re-
cent evidence suggests that the human Rad51 protein binds to
ssDNA, likely on the template strands, and promotes their an-
nealing thus stimulating fork regression (Zellweger et al. 2015)
(Fig. 3A).

Thus far, biochemical tests have shown that several human
3′-5′ DNA helicases catalyze fork regression reactions. These
enzymes can effectively convert model substrates mimicking
stalled replication forks, either in the form of synthetic DNA or
plasmid DNA, into regressed fork structures. These enzymes in-
clude FBH1 and three RecQ family helicase members, namely
WRN, BLM and RecQ5 (Kanagaraj et al. 2006; Machwe et al. 2006,
2007; Ralf, Hickson and Wu 2006; Popuri et al. 2008; Fugger et al.
2015) (Fig. 3A). Interestingly, WRN can also catalyze the reversal
of regression forks in vitro, in a similar fashion as the T4 phage
helicase UvsW (Manosas et al. 2012; Shin et al. 2016). This type
of activity can be important for resetting the fork after fork re-
gression, and is likely common among monomeric SF2 family
DNA helicases (Manosas et al. 2013). Another enzyme capable
of driving the reversal of regressed forks is another RecQ family
enzyme, RECQ1, and this activity can be inhibited by PARP (Ray
Chaudhuri et al. 2012; Berti et al. 2013). It is important to further
understand how these enzymes, alone or with other factors, can
couple fork regression with the restoration of replication forks
after the completion of DNA repair.

In yeast, two 5′-3′ DNA helicases, Pif1 and Rrm3, are thought
to act concertedly to generate regressed replication forks in
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Figure 2. Replication fork regression can lead to different molecular outcomes. Symbols and schematic features are the same as in Fig. 1. (A) Upon replication fork
(RF) regression, the nascent leading strand can use the nascent lagging strand DNA as template to synthesize a stretch of DNA, thus bypassing the lesions on the
parental strand. Subsequent reversal of the regression forks allows the replication fork to resume DNA synthesis. (B) Regression of replication forks can generate
dsDNA regions on templates that include the region containing the damaged DNA. Changing from ssDNA to dsDNA strand forms allows the damaged DNA to be

repaired using the other strand as template by the classical DNA repair pathways. (C) Replication fork regression may generate stable DNA structure, thus preventing
DNA degradation and providing time for the adjacent forks to converge. (D) As dsDNA ends can be generated during replication fork regression, they can elicit the
DNA damage checkpoint responses (DDR) that can induce beneficial consequences in coping with genome stress. (E) Replication fork regression can lead to eviction
of replisome or its components from replication forks. This may generate the need to reload replication machineries for continued DNA synthesis. (F) Replication fork

regression can lead to DSBs when the four-way ‘chicken foot’ DNA structure is cleaved by structure-specific DNA nucleases, such as the Mus81-Mms4 complex. (G)
When fork regression occurs at repetitive sequences, misalignment could occur, and deletion or expansion of the DNA repeats can be produced. (H) The juxtaposition
of homologous nascent and template strands as a consequence of replication fork regression can generate opportunity for recombination. One scenario is depicted

where a nascent strand invades the parental strands to form recombination intermediates, which can be deleterious if not resolved.

the cells when DNA damage checkpoint function is removed,
though whether they can regress DNA fork structures in vitro
remains to be determined (Rossi et al. 2015) (Fig. 3A). Cur-
rently, it is unclear if the yeast RecQ protein Sgs1 is capa-
ble of catalyzing either fork regression or the reversal of this
reaction.

SWI/SNF family motor proteins

Another way to generate fork regression is through DNA motor
proteins that can simultaneously drive the annealing of newly
synthesized strands and that of template strands (Fig. 3B). Spe-
cific members of the SWI/SNF family of DNA motor proteins,
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Figure 3. Possible molecular mechanisms underlying replication fork regression. (A) Replicating fork regression can be catalyzed in part by 3′-5′ DNA helicases, such
as FBH1 and the RecQ family proteins. They can unwind lagging strands to generate ssDNA, the substrate for annealing with nascent leading strand. It is possible that
Rad51 binding to single-stranded parental DNA facilitates re-annealing of parental strands, an event that may drive nascent strand annealing. Budding yeast 5′-3′ DNA

helicases Pif1 and Rrm3 may also play a role in unwinding leading strands. (B) Two family of DNA motor proteins, including the SWI/SNF family and FANCM family
enzymes, can catalyze replication fork regression in vitro. These motor proteins use ATP hydrolysis to translocate along DNA. They appear to catalyze the annealing
of nascent strands and re-annealing of parent strands at the same time.

namely Rad5 in yeast and itsmammalian homolog HLTF, human
Rad54, SMARCAL1/HARP and ZRANB3/AH2 proteins, are primary
examples in eukaryotic cells (Bugreev, Rossi and Mazin 2011;
Betous et al. 2012; Ciccia et al. 2012) (Fig. 3B). Biochemical and
structural data have shown that besides their DNA motor do-
mains that can interactwithDNA,HLTF, SMARCAL1 andZRANB3
each contains a unique substrate recognition domain for recog-
nition of DNA fork structures (Betous et al. 2012; Yuan, Ghosal
and Chen 2012; Mason et al. 2014; Hishiki et al. 2015; Kile et al.
2015; Badu-Nkansah et al. 2016). These proteins also exhibit dif-
ferences in terms of how they are recruited to stalled replication
forks, how they catalyze the reaction, and their co-factors and
additional activities (reviewed in Neelsen and Lopes 2015). For
example, Rad5 also acts as an ubiquitin E3 that adds polyubiq-
uitin chain onto the DNA polymerase processing factor PCNA,
an act critical for the DNA template switch process mentioned
above (reviewed in Bonner and Zhao 2016). ZRANB3 also acts as
a structure-specific ATP-dependent endonuclease during repli-
cation stress response (Weston, Peeters and Ahel 2012).

SMARCAL1 and RAD54, but not ZRANB3, Rad5 or its ho-
mologs, exhibit activity that can drive the reversal of regressed
forks (Bansbach et al. 2009; Bugreev, Rossi and Mazin 2011; Be-
tous et al. 2013). In the case of SMARCAL1, a key determinant
of the directionality of the reactions (fork regression vs rever-
sal of regressed fork) is how its co-factor replication protein A
(RPA) is engagedwith ssDNAatDNA forks. Specifically, RPA bind-
ing of leading strand template DNA directs the SMARCAL1 fork
regression reaction (Betous et al. 2013; Bhat, Betous and Cortez
2015). However, RPA binding of nascent leading strand DNA fa-
vors reversal of fork regression (Betous et al. 2013; Bhat, Betous
and Cortez 2015). For ZRANB3 and HLTF, their involvement in
fork regression is linked to p53 and the associated translesion
polymerase tao, though detailed mechanisms by which these
associations affect ZRANB3 and HLTF functions remain to be
determined (Hampp et al. 2016). Studies as exemplified by the
above have begun to dissect the involvement of complex activi-
ties amongDNAmotor proteins and interactionswith regulators
during fork regression and rescue of stalled replication forks.
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FANCM family motor proteins

A third group of proteins that can drive fork regression in vitro
are the multifunctional FANCM family proteins (Fig. 3B) (re-
viewed in Xue, Sung and Zhao 2015). Human FANCM is one of
the 17 proteins mutated in Fanconi anemia (FA) patients (re-
viewed in Wang and Smogorzewska 2015). FA is a syndrome
characterized by cancer predisposition, developmental abnor-
malities, bonemarrow failure and increased genomic instability.
Themost studied FANCMhomologs are the budding yeastMph1,
fission yeast Fml1 and archaeabacteria Hef. Mph1 and Fml1 ex-
hibit 3′-5′ DNA helicase activities, while FANCM does not. How-
ever, all three can catalyze fork regression, suggesting that they
use DNA motor functions to migrate branch points of joint DNA
structures during this reaction (Gari et al. 2008b, Sun et al. 2008;
Zheng et al. 2011). Consistent with this view, RPA does not pre-
vent their functions in fork regression, while it inhibits those
mediated by 3′-5′ helicases that initiate the process by strand
unwinding (Gari et al. 2008a).

Fork regressionmechanisms of FANCM family proteins share
similarities and exhibit differences from those of SWI/SNF fam-
ily proteins described above. Both types of DNA motor proteins
promote annealing between the nascent strands and between
the template strands. A snapshot of how FANCM family proteins
engage with branched DNA has been provided by atomic force
microscopy (AFM) and EM data (Xue et al. 2014). Mph1 appears
to form oligomers only upon binding to the junction of modeled
replication fork structures. This is analogous to how the bacte-
rial RuvAB complex interacts with DNA junctions during fork re-
gression and branch migration (Yamada et al. 2002). This mode
of action is different from that of SWI/SNF members, such as
SMARCAL1. SMARCAL1 is more similar to T4 phage UvsW and
bacterial RecG, as their interaction with ssDNA binding proteins
can guide their activities. The HARP domain found in SMAR-
CAL1 andUvsWcan serve as thewedge in fork remodeling (Buss,
Kimura and Bianco 2008; Manosas et al. 2012, 2013; Betous et al.
2013; Mason et al. 2014).

Beside fork remodeling activities, FANCM family proteins
also catalyze other DNA transactions. For example, their abil-
ity to displace D-loop structures is key to control the levels
of crossover products during recombinational repair (Sun et al.
2008; Prakash et al. 2009; Sebesta et al. 2011; Lorenz et al. 2012).
In addition, FANCM promotes replicative traversal across inter-
strand crosslinked sites on DNA (Huang et al. 2010). These pro-
teins also have structural roles. For example, FANCM can recruit
the FA core complex, and influence replication and the dam-
age checkpoint partly through binding to the checkpoint kinase
HCLK1 (Collis et al. 2008; Sobeck et al. 2009; Huang et al. 2010;
Luke-Glaser et al. 2010; Schwab, Blackford and Niedzwiedz 2010;
Wang et al. 2013). These additional functionsmake it challenging
to pinpoint how each one specifically contributes to the replica-
tion defects associated with their mutants. The following sec-
tions expound upon the yeastMph1/Fml1 and Rad5 proteins and
discuss their roles in fork regression and replication.

THE Mph1 DNA HELICASE AND ITS
REGULATION

The budding yeast Mph1 and the homologous fission yeast Fml1
have been studied biochemically and genetically. They show po-
tent ability to catalyze the regression of modeled fork structures
and branchmigration of Holliday junction (Sun et al. 2008; Zheng
et al. 2011). Mph1 and Fml1 also efficiently dissociate D-loops in
vitro, an activity that provides the basis for their roles in sup-

pression of crossover levels in vivo (Sun et al. 2008; Prakash et al.
2009). Though regressed fork structures have not been directly
examined in mutants of Mph1 or Fml1 by EM, these cells do ex-
hibit increased levels of fork-associated recombination. In the
case of Fml1, its ATPase activity is required for the increase of
Rad51-mediated gene conversion at a programmed replication
fork blockage (Sun et al. 2008). Similarly, the ATPase activity of
Mph1 is required for increased levels of recombination interme-
diates near replication forks stalled by template lesions in cells
lacking certain recombination regulators (Chen et al. 2009;Mank-
ouri, Ngo andHickson 2009; Choi et al. 2010; Chavez, Agrawal and
Johnson 2011). In both cases, a logical explanation is that the
Fml1/Mph1motor activity channels stalled replication forks into
recombinational repair, since other observed biochemical activ-
ities of the proteins, such as D-loop dissociation, cannot easily
account for the findings.

One regulator of Mph1 is the Smc5/6 complex, an oc-
tomeric chromosomal structural protein complex containing
Smc5, Smc6 and six other non-Smc subunits (Zhao and Blobel
2005). Mph1 and Smc5/6 physically interact in vitro and in vivo
(Chen et al. 2009; Xue et al. 2014). Genetically, the deficiencies
of smc5/6 mutant cells, such as increased levels of recombina-
tion intermediates near impaired replication forks and replica-
tion stress sensitivity, are suppressed bymph1 ATPasemutant or
deletion (Chen et al. 2009; Choi et al. 2010; Chavez, Agrawal and
Johnson 2011). Biochemical studies further showed that Smc5/6
inhibits Mph1-mediated fork regression, but not the D-loop dis-
sociation, by preventing Mph1 from forming oligomers at fork
junctions (Xue et al. 2014) (Fig. 3B). These findings are consistent
with observation that Smc5/6 genetically interacts with Mph1
under fork stalling conditions but not during crossover control
in yeast cells. Together, these data suggest that Smc5/6 is a regu-
lator specific for Mph1-mediated fork regression (Xue et al. 2014).
Positive regulators of Mph1 and Fml1 have also been found. Both
Mph1 and Fml1, like FANCM, interact with the histone-fold com-
plex MHF (Singh et al. 2010; Yan et al. 2010; Bhattacharjee et al.
2013; Xue et al. 2015). In addition, Mph1 and MHF also asso-
ciate with a protein called Mte1, which directly binds to DNA
and helps MHF in promoting Mph1 functions (Silva et al. 2016;
Xue et al. 2016; Yimit et al. 2016). MHF and Mte1 can counter-
act Smc5/6’s effects on Mph1, suggesting an antagonistic regu-
lation of thesemotor proteins (Xue et al. 2016). How exactly these
different regulators guide Mph1 functions in different processes
are exciting questions to be addressed in the future. As these
proteins are conserved, it is possible that similar regulationmay
occur in other organisms.

THE Rad5 DNA HELICASE IN FORK
REGRESSION AND IN OTHER PROCESSES

Rad5 possesses three major functions that pertain to DNA
replication. As described above, its ubiquitin E3 function en-
ables PCNApolyubiquitination,which initiates a recombination-
based template switch (Hoege et al. 2002; Stelter and Ulrich 2003;
Branzei, Vanoli and Foiani 2008). In this capacity, Rad5 acts to-
gether with other members of the post-replicative repair path-
way. These include the Rad6 and Rad18 pair of ubiquitin E2 and
E3 enzymes that monoubiquitinate PCNA and the Ubc13/Mms2
dimeric ubiquitin E2 that collaborates with Rad5 to add ubiqui-
tin chains onto monoubiquitinated PCNA (reviewed in Bergink
and Jentsch 2009). While monoubiquitinated PCNA leads to the
recruitment of translesion DNA polymerases that can bypass
some template lesions, polyubiquinated PCNA binds to other
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proteins such as the yeast Mgs1 and human ZRANB3 (Ciccia et al.
2012; Saugar et al. 2012; reviewed in Ulrich 2014). These interac-
tions contribute to the mechanisms of DNA template switching,
a major means to deal with replication blockages. In addition to
its E3 role, Rad5 can also directly promote TLS through an in-
teraction with the TLS factor Rev1 (Kuang et al. 2013; Xu et al.
2016). Moreover, as described above, the Rad5 DNA motor activ-
ity supports regression of replication fork-like structures in vitro
(Blastyak et al. 2007).

While its interaction with Rev1 requires an N-terminal do-
main of Rad5, both its ubiquitin E3 and DNAmotor functions re-
quire its C-terminal region (Blastyak et al. 2007; Kuang et al. 2013;
Xu et al. 2016). Within this region, the ubiquitin E3 domain is in-
serted within its DNAmotor domain. It has been shown that the
Walker B motif of the Rad5 helicase domain promotes PCNA in-
teractionwithUbc13, and that such an effect likely facilitates the
nearby Rad5 E3 domain in ubiquitin transfer (Ball et al. 2014; Choi
et al. 2015). Although the Walker B motif of Rad5 plays a struc-
tural role in supporting its E3 function, the Rad5 helicase activity
per se is not required for PCNA polyubiquitination, rather it has
a role outside template switching that may be related to its fork
regression functions (Choi et al. 2015).

Whether these three functions of Rad5 coordinate at a stalled
fork and how the protein can deploy a particular activity are not
currently well understood. However, it is clear from several stud-
ies that these activities make separate contributions to geno-
toxic resistance (Minca and Kowalski 2010; Ortiz-Bazan et al.
2014). Another question to be addressed in the future is whether
the Rad5 helicase activity can promote other DNA transactions
related to DNA replication beyond fork regression. Additionally,
it is unclear what the relationship is between Rad5 and Mph1.
Genetic findings suggest that their mutants are additive in caus-
ing genotoxic sensitivity (Choi et al. 2010), suggesting that they
have separate contributions. Since disrupting Smc5/6’s inhibi-
tion of Mph1 partially suppresses the MMS sensitivity of a Rad5
helicase mutant, hyperactive Mph1 may compensate Rad5 mu-
tant’s fork regression defects (Xue et al. 2014). Future work on
Rad5 should lead to a better understanding of the situations in
which it deploys itsmultiple functions and the outcomes of each
reaction.

OTHER PROTEIN FACTORS INVOLVED
IN REPLICATION FORK REGRESSION

DNA damage checkpoint proteins affect replication fork re-
gression through multiple means. Mutating the budding yeast
checkpoint kinase Rad53 increases the levels of regressed repli-
cation forks and ssDNA regions on templates (Sogo, Lopes and
Foiani 2002). A recent study further demonstrates that Rad53
phosphorylates the Rrm3 and Pif1 helicases upon replication
stress, which likely prevents their engagement in fork regression
(Rossi et al. 2015). In the absence of Rad53, the exonuclease Exo1
can degrade ssDNA intermediates required for fork regression
(Cotta-Ramusino et al. 2005). Taken together, these findings sug-
gest that the Rad53 checkpoint pathway favors replication fork
regression by limiting Exo1 functions and disfavors it by limit-
ing Pif1 and Rrm3 functions. It is possible that these opposing
methods of regulation could occur at different replication fork
stalling situations as described above.

A role for the DNA damage checkpoint on fork regression is
also seen in fission yeast. Phosphorylation of the fission yeast
nuclease Dna2 by the DNA checkpoint kinases targets it to
stalled replication forks to remove ssDNA required for fork re-

gression (Hu et al. 2012). The nuclease function of Dna2 in fork
regression is also seen in human cells. In this case, Dna2, in con-
junction with WRN, can degrade reversed replication forks and
promote replication restart (Thangavel et al. 2015).

Besides regulating DNA helicases and nucleases, DNA dam-
age checkpoint signaling can also prevent fork regression
through reducing topological stress. RNA transcripts connected
to DNA templates can be tethered to nuclear pore complexes.
When this occurs in front of replication forks, increased topolog-
ical stress is thought to favor replication fork regression. Rad53-
mediated phosphorylation of several nucleoporins disfavors this
tethering, thus reducing the opportunity for topologically in-
duced fork regression (Bermejo et al. 2011).

Replisome proteins have been also shown to keep replication
fork regression in check. The trimeric Ctf4 is a member of the
replisome and serves as a hub to link several other proteins to
the replicative DNA helicase (Simon et al. 2014; Villa et al. 2016).
Among Ctf4-associated factors is the primase-Polα complex (Si-
mon et al. 2014). It was found thatmutations of Ctf4 and primase
can lead to increased levels of regressed replication forks (Fuma-
soni et al. 2015). This could be caused by a reduction in repriming
events or a stronger tendency of the replisome being dislodged
from stalled forks. It is not known whether a similar scenario
occurs in human cells. In summary, current findings implicate
multiple players, such as Smc5/6, checkpoint kinases and repli-
some members, in regulating fork regression either directly or
indirectly.

CONCLUDING REMARKS

Combined approaches using biochemistry, genetics andphysical
analysis of DNA suggest that eukaryotes contain multiple types
of DNA helicases and motor proteins that affect replication fork
regression. Thus far, a dozen enzymes in higher eukaryotes and
a few in yeasts have been examined to some depth. It is likely
that additional enzymes will continue to be added to the atlas
of the enzymes that participate in fork regression and its regu-
lation. Specific mechanisms of fork regression have been exam-
ined for only a few of these enzymes. These studies suggest that
different DNA helicases and motor proteins may be most suit-
able to function during particular fork blocking situations. Addi-
tional biochemical and biophysical studies are needed to further
delineate detailed mechanisms and compare the roles of these
enzymes.

It is not surprising that fork regression is subject to both
positive and negative regulation, since in principle this process
can lead to fork restart but can also elicit deleterious conse-
quences, such as DNA breaks or recombination intermediates.
Tight regulation may allow other fork rescuing pathways, such
as TLS or template switching, to restart replication, while main-
taining fork regression as a backup pathway. Thus far, nega-
tive regulations have been found in yeast, targeting different
DNA helicases by the Smc5/6 complex and DNA damage check-
point kinases (Xue et al. 2014; Rossi et al. 2015). Positive regula-
tions have been reported in human cells, wherein PARP inter-
action of RECQ1 prevents the latter from catalyzing the reversal
of fork regression (Berti et al. 2013). This regulation may provide
one explanation for the higher amount of regressed forks seen
by EM in human cells compared with yeast. Another possible
explanation is that more proteins catalyzing this reaction are
present in human cells than in yeast (see above). In addition, as
yeast cells exhibit robust recombination, it is possible that re-
gressed replication forks could be channeled into this pathway
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more readily than in human cells. The abundant recombination
intermediates associated with fork regression activity in yeast
are consistent with this idea (Chen et al. 2009; Choi et al. 2010;
Xue et al. 2014). Moreover, while human Rad51 can promote fork
regression (Zellweger et al. 2015), it is unclear whether this is
also true in yeast. Thus, while fork regression can take place in
both single-celled organisms like yeast and higher eukaryotes
such as humans, the relative abundance and outcome can vary
depending on the number of enzymes catalyzing these reac-
tions, their positive and negative regulators, other DNA transac-
tion pathways and replisome functions. Using yeast as a model
system can be a powerful way to delineate aspects of the biol-
ogy associated with fork regression and their effects on genome
replication. Future studies will undoubtedly provide a deeper
understanding into themechanisms that dictate this process, its
regulation and how it is integrated with other fork rescue mech-
anisms.
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