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ABSTRACT

A universal response to replication stress is repli-
cation fork reversal, where the nascent complemen-
tary DNA strands are annealed to form a protective
four-way junction allowing forks to avert DNA dam-
age while replication stress is resolved. However, re-
versed forks are in turn susceptible to nucleolytic
digestion of the regressed nascent DNA arms and
rely on dedicated mechanisms to protect their in-
tegrity. The most well studied fork protection mech-
anism involves the BRCA pathway and its ability to
catalyze RAD51 nucleofilament formation on the re-
versed arms of stalled replication forks. Importantly,
the inability to prevent the degradation of reversed
forks has emerged as a hallmark of BRCA deficiency
and underlies genome instability and chemosensi-
tivity in BRCA-deficient cells. In the past decade,
multiple factors underlying fork stability have been
discovered. These factors either cooperate with the
BRCA pathway, operate independently from it to aug-
ment fork stability in its absence, or act as enablers
of fork degradation. In this review, we examine these
novel determinants of fork stability, explore the emer-
gent conceptual underpinnings underlying fork pro-
tection, as well as the impact of fork protection on
cellular viability and cancer therapy.

INTRODUCTION

The genome is at its most vulnerable during DNA repli-
cation since this process seldom progresses completely un-
obstructed. Several factors of endogenous and exogenous
origin can pose obstacles to the progression of replica-
tion forks resulting in replication stress. A global response
upon encountering replication stress involves the remodel-
ing of replication forks to enable the annealing of nascent

DNA strands, a process known as replication fork rever-
sal. Fork reversal, intrinsically coupled to an initial fork
slowing response, is thought to safeguard fork integrity by
granting tolerance to transient replication stress. Mecha-
nistically, the protective effect of fork reversal is thought
to manifest in distinct ways: (i) Fork regression, which ac-
companies fork reversal, allows for the template lesion to
be brought back into a double-stranded DNA configura-
tion permissive to excision repair; (ii) The regressed com-
plementary arms of nascent DNA can potentially allow for
the bypass of template DNA obstructions by employing the
nascent strand of the sister chromatid as a template; (iii)
Fork reversal allows forks under stress to assume a dor-
mant configuration until the replication stress can be re-
solved, thereby protecting them from adverse outcomes of
unrestrained progression such as fork breakage. However,
in certain genetic backgrounds or under conditions of pro-
longed fork arrest, reversal can render forks susceptible to
nucleolytic resection. Excessive nucleolytic resection (also
known as degradation) of reversed forks is often associated
with the accumulation of chromosomal abnormalities. Fork
degradation is thus a prominent mechanism of genome in-
stability. In addition, fork degradation is considered a ma-
jor predictor of chemosensitivity and cellular fitness. The
best described mechanism ensuring protection against fork
degradation involves the BRCA proteins (comprised of the
breast cancer susceptibility factors BRCA1 and BRCA2)
and components of the Fanconi anemia (FA) tumor sup-
pressor pathway, which are known effectors of homologous
recombination (HR) in metazoan cells. These mechanisms
rely on stabilizing RAD51 nucleofilaments on the regressed
nascent DNA of reversed replication forks. However, re-
cent work has revealed a multitude of additional factors and
pathways that directly affect fork protection by either influ-
encing RAD51 nucleofilament formation or through com-
pletely distinct mechanisms. In this review, we examine the
recent advances in the understanding of the classical fork
protection pathways, as well as the emerging determinants
of fork protection.
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THE CLASSICAL FA/BRCA FORK PROTECTION
PATHWAY

The role of RAD51 in orchestrating protection of stressed
replication forks was first documented in Xenopus laevis egg
extracts. It was observed that upon inhibiting the chromatin
binding of RAD51, the nuclease MRE11 drives the accu-
mulation of internal ssDNA gaps in replicating DNA (1).
Subsequently, a more general role for RAD51 in protecting
nascent DNA was established in mammalian cells when it
was revealed that loss of BRCA2, a known effector of the
HR pathway, resulted in excessive MRE11-dependent re-
section of hydroxyurea (HU)––stalled replication forks (2).
This resection of nascent DNA occurred due to the inabil-
ity of these cells to form stable RAD51 nucleofilaments,
thereby resulting in a diminished ability of RAD51 to pro-
tect stalled replication forks. Subsequent studies established
the role of the other core HR effector BRCA1 as well as the
FA pathway components FANCA and FANCD2 as serving
critical functions in RAD51 stabilization on nascent DNA,
hence protecting stalled forks from degradation (3). These
initial studies also established chromosomal instability as a
direct consequence of fork degradation (2,3), therefore iden-
tifying a major mechanism of genome instability and can-
cer predisposition associated with mutations in the BRCA
and FA genes. In addition to this, the well appreciated role
of BRCA1 and BRCA2 mutations in cancer predisposition
has led to the BRCA pathway being most widely studied
in the context of fork protection, with RAD51 as the pri-
mary effector. Indeed, perturbing RAD51 activity in WT
cells through the ectopic expression of the BRC4 peptide
(which sequesters RAD51 from chromatin) or of RADX
(which competes with RAD51 for ssDNA) renders forks
susceptible to degradation (2–4). Similar effects were ob-
served upon treatment with B02, a small molecule inhibitor
of RAD51 (5).

A critical enabler of excessive fork degradation in cells
lacking a functional FA/BRCA-pathway is fork reversal.
However, the potential role of fork reversal in the resec-
tion of stalled forks was first established in the context
of BRCA-proficient cells subjected to HU-mediated fork
stalling. Specifically, cells subjected to prolonged HU treat-
ment were found to exhibit fork degradation through an
alternative pathway involving the nuclease DNA2 and the
WRN helicase (6). Importantly, this degradation was en-
hanced upon the depletion of RECQ1, a specialized he-
licase responsible for restarting reversed replication forks.
Moreover, depletion of RAD51 rescued this degradation,
in line with its previously established role in mediating fork
slowing and reversal upon exposure to replication stress (7).
Subsequent work in BRCA-deficient systems showed that
the SNF2 family translocases SMARCAL1, ZRANB3 and
HLTF, which remodel replication forks into reversed fork
substrates, are essential for the degradation of stalled forks
(5,8,9). Intriguingly, studies in BRCA-deficient cells also
shed light on the surprising dichotomous roles of RAD51
in both protecting stalled replication forks upon formation
of stable nucleofilaments, as well as promoting their degra-
dation by orchestrating fork reversal (9). These opposing
roles of RAD51 were further exemplified through gradi-
ents of RAD51 depletion using titrated RNA interference

in BRCA-proficient cells, where partial RAD51 depletion
promoted fork degradation but complete depletion rescued
fork stability (4).

The study of fork reversal in BRCA2-deficient cells also
provided valuable insights into the mechanisms underlying
the pathological consequences of fork degradation. Specifi-
cally, in BRCA2-deficient cells, the degradation of reversed
forks prompts a controlled induction of double strand
breaks (DSBs) by MUS81, triggering a POLD3-mediated
fork restart––highly reminiscent of the break induced repli-
cation (BIR) pathway of fork rescue (10). Indeed, it was
shown that RAD52 promotes MRE11-mediated degrada-
tion, setting the stage for fork cleavage, in line with its role in
orchestrating BIR––dependent DNA synthesis, likely dur-
ing mitosis (11,12). However, it is still unclear whether BIR
contributes to chromosomal aberrations in cells lacking
BRCA1 or FA pathway function.

EMERGING DETERMINANTS OF FORK PROTEC-
TION

RAD51-dependent fork protectors

Recent studies have revealed the existence of several previ-
ously unknown factors involved in the protection of stalled
forks from degradation. Interestingly, these factors em-
ploy fork protection mechanisms often distinct from the
FA/BRCA pathway. However, several of these mechanisms
still rely on the fork protection activity of RAD51. A rel-
atively well-studied enabler of RAD51-mediated fork pro-
tection is BOD1L, which operates in the FA pathway of
genome stability (13). However, unlike the mechanism pre-
viously described for the FA pathway (3), loss of BOD1L
promotes fork degradation in a manner dependent on
DNA2 rather than MRE11. Despite this, these observa-
tions remain in line with the role of excessive nuclease-
mediated resection as underlying genome instability in FA
cells (14). Further studies have revealed that the fork pro-
tection function of BOD1L occurs through its interaction
with the histone methyltransferase SETD1A which trig-
gers the histone chaperone function of FANCD2 to me-
diate RAD51 recruitment at stalled forks, in addition to
inhibiting the pro-resection activity of CHD4 (15). These
functions of BOD1L-SETD1A likely explain the role of
FANCD2 in protecting against fork degradation in BRCA-
deficient cells (16,17). Another recently described fork pro-
tection factor operating through RAD51 is WRNIP1 (18).
Specifically, WRNIP1 was shown to mediate both replica-
tion fork restart as well as protection through its distinct
ATPase activity and RAD51 stabilization functions, respec-
tively. Interestingly, WRNIP1 depletion results in MRE11-
dependent fork degradation and does not enhance fork
degradation in BRCA2 depleted cells, suggesting a poten-
tial epistasis through RAD51 stabilization. Despite protect-
ing against two different nucleolytic degradation pathways,
both BOD1L and WRNIP1 interact with BRCA2, imply-
ing their potential roles as effectors in BRCA-mediated fork
protection (13,18).

A unique player in the RAD51-mediated fork protection
pathway is RAD52. Despite its role in promoting MRE11-
mediated degradation in BRCA2-deficient cells (9), recent
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studies revealed that inactivation of RAD52 itself, in an
otherwise BRCA-proficient background, predisposes forks
to MRE11-mediated degradation (19). This fork protec-
tion function is unrelated to any RAD51-stabilizing activity
of RAD52. Rather, RAD52 likely functions to safeguard
RAD51 pools in cells upon induction of replication stress
by counteracting the fork reversal function of SMARCAL1.
Moreover, this function appears to operate independently
of the RAD52-MUS81 pathway of fork rescue.

RAD51-independent fork protectors

The occurrence of fork degradation independently of de-
fects in a RAD51-mediated fork protection mechanism
was documented in HR-proficient cells subjected to pro-
longed HU-mediated fork stalling (6). As mentioned in
previous sections, prolonged stalling triggers fork degrada-
tion through the alternative DNA2-WRN-associated path-
way. This degradation is further exacerbated by inactivat-
ing the helicase RECQ1, which functions in resolving re-
versed fork intermediates. Importantly, in later studies, us-
ing RADX depletion to ameliorate potential defects in
RAD51 function failed to prevent fork degradation in this
setting (4). Functional evidence suggests that this DNA2-
mediated degradation aids in the restart of stalled/reversed
replication forks. Indeed, these findings appear to be in line
with the previously described role of DNA2 in suppressing
the prevalence of reversed forks in fission yeast, thereby pre-
sumably preventing fork collapse (20).

Interestingly, recent work has revealed novel players
which operate specifically in protecting replication forks
from undergoing degradation through the DNA2-WRN
pathway. One such fork protection factor is ABRO1, a
paralog of ABRAXAS, a BRCA1-interacting protein (21).
ABRO1-mediated fork protection occurs independently of
RAD51-mediated protection. Interestingly, the inability of
ABRO1-deficient cells to protect forks from the DNA2-
WRN pathway of degradation correlates with pathologi-
cal defects in genome maintenance, such as accumulation
of mitotic defects and 53BP1 nuclear bodies.

We recently uncovered an unexpected role for PCNA
ubiquitination in protecting stalled replication forks from
degradation through the DNA2-WRN pathway (22). In line
with the apparent mutual exclusivity of DNA2-WRN de-
pendent fork degradation pathways and defects in RAD51-
mediated fork protection, we found that suppression of
fork degradation by PCNA ubiquitination does not involve
RAD51 activity. Rather, defects in fork protection in cells
unable to ubiquitinate PCNA at the K164 residue (PCNA-
K164R cells) were associated with previously described de-
fects in PCNA unloading from the lagging strand, caused
by defective Okazaki fragment ligation (23) resulting from
the inability to mitigate replication-associated gaps (22). In
accordance with previous literature (24,25), the inability to
unload PCNA from the lagging strand coincided with a loss
of CAF-1 function in replication-associated nucleosome as-
sembly, presumably caused by its abnormal sequestration
through aberrant PCNA interactions. Indeed, we found that
independent inactivation of factors governing each step, in-
cluding: PCNA ubiquitination, LIG1 (Okazaki fragment
ligation), ATAD5 (PCNA unloading) and CAF-1, triggered

DNA2-driven fork degradation. Similar to ABRO1, the
BRCA-independent nature of the PCNA ubiquitination-
dependent fork protection was confirmed by the finding
that loss of PCNA ubiquitination further exacerbated fork
degradation in BRCA2-depleted cells. Like ABRO1, the
failure to protect forks upon loss of PCNA ubiquitination
was associated with pathological consequences such as HU-
induced DSBs and the accumulation of 53BP1 nuclear foci.

Recent work has revealed roles for AND1 and TIM1,
members of the fork protection complex (FPC, composed
of TIM1, TIPIN, CLASPIN and AND1) in protecting
stalled forks from MRE11-mediated degradation. A role for
TIM1 in fork protection was identified through the char-
acterization of the PCNA-interacting genome surveillance
protein SDE2 and its function in preventing fork degrada-
tion (26,27). Specifically, SDE2 was found to promote the
association of TIM1 with replication forks, ensuring their
protection from MRE11-mediated resection upon stalling.
Similarly, AND1 was found to protect replication forks
from MRE11-mediated degradation (28). Importantly, it
was observed that ssDNA at digested fork substrates ef-
ficiently recruited RAD51 upon AND1 ablation, suggest-
ing that RAD51 mediates fork protection independently of
AND1 - and by extension the FPC.

A unique fork integrity pathway depends on the Y-family
polymerase POLK. Recent studies showed that inactiva-
tion of POLK results in MRE11-dependent degradation
of stalled forks (29). Notably, the ability of POLK to pro-
tect stalled forks appears to be linked to its role in restart-
ing stalled replication forks in a manner dependent on the
FA pathway. Furthermore, in line with known roles of Y-
family polymerases in binding to ubiquitinated PCNA in
order to mediate DNA damage tolerance (30,31), the ubiq-
uitin binding domain (UBD) of POLK is essential for fork
restart. However, it remains unclear whether the interac-
tions of POLK with ubiquitinated PCNA entirely account
for its fork protection function since, as mentioned above,
PCNA ubiquitination operates in a distinct fork stabil-
ity pathway, which restricts degradation by DNA2-WRN
(22). Furthermore, whether the fork protection function of
POLK depends on RAD51 stabilization, as seen with the
FA/BRCA pathway, remains unclear. Aside from POLK,
other Y-family polymerases have also shown to potentially
help bolster fork integrity. Recent work revealed a depen-
dence of FA mutant cells, which are hypersensitive to inter-
strand crosslink (ICL)-inducing agents, on POLI for fork
protection and restart upon stalling (32). Roles for POLN
and POLK in promoting crosslink repair have also been re-
ported (32,33), suggesting a possible general function of Y-
family polymerases in mitigating ICL-induced replication
stress.

Components of the non-homologous end joining
(NHEJ) pathway of DSB repair have also been implicated
in protecting the stability of stalled replication forks. Recent
works have revealed a role for the NHEJ effector RIF1 in
protection from the DNA2-WRN pathway of degradation
(34,35). Notably, this fork protection function occurs inde-
pendently of 53BP1, but instead depends on interactions of
the C-terminal domain of RIF1 with protein phosphatase
1 (PP1). DNA2-mediated degradation in RIF1-deficient
cells was found to promote genome instability and sensi-
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tivity to replication stress, owing to defects in replication
fork restart. Interestingly, in these studies, both DNA2
and WRN were found to be hyperphosphorylated in the
absence of RIF1. However, if this hyperphosphorylation
alters the function of DNA2-WRN at replication forks is
unclear.

Despite the well-documented role of the loss of 53BP1,
a master regulator of NHEJ, in restoring HR in BRCA1-
deficient cells, 53BP1 loss has not been previously reported
to exhibit functions in fork protection (36,37). Interestingly,
in addition to promoting BRCA1-RAD51 recruitment at
DSBs, the 53BP1 interactor TPX2 was recently shown to
function in protecting stalled replication forks (38). This ac-
tivity of TPX2 occurs in a manner parallel to the BRCA1
fork protection pathway and through its interaction with
Aurora A. However, unlike in BRCA1-deficient cells, loss
of 53BP1 ameliorates fork stability in TPX2-deficient cells,
revealing a previously unappreciated function of 53BP1 in
fork protection. Moreover, recent work also revealed an
unexpected role of 53BP1 in suppressing DNA2-mediated
nascent strand degradation in BRCA-proficient cells (39).
Interestingly, this role of 53BP1 in replication fork protec-
tion was found to not be universally conserved, but rather
stochastically dependent on cellular context and the na-
ture of 53BP1 inactivation. These findings potentially rec-
oncile the previously contrasting observations regarding
the role of 53BP1 in maintaining replication fork stability
(5,38,40,41).

Recently, the Ku complex was found to mediate fork pro-
tection in Schizosaccharomyces pombe (42). It was shown
that upon binding DNA ends of reversed replication forks,
Ku suppresses extensive resection of these structures. Upon
fork reversal, the removal of Ku by the MRN-Ctp1 com-
plex acts as a rate-limiting step prior to long range resec-
tion by EXO1. Intriguingly, the nuclease activity of MRE11
was found to be dispensable for the removal of Ku. This is
in contrast to previous reports of Ctp1 homologs Sae2 (S.
cerevisiae) and CtIP (human) functioning to trigger the en-
donuclease activity of MRE11 at protein-blocked 5′ DNA
ends (43,44). In light of the well-documented role of the
MRE11 nuclease activity in resecting forks, these observa-
tions suggest a differential regulation of MRE11 at forks
without RAD51 protection defects, or perhaps simply a
differential regulation of MRE11 at stalled forks in fission
yeast.

Despite its role in the initiation of fork resection, loss
of CtIP was recently found to result in DNA2-mediated
degradation of stalled forks (45). While this activity ap-
pears to depend on its nuclease activity, CtIP-mediated fork
protection was found to operate in the same pathway as
BOD1L. Furthermore, loss of CtIP showed synergy with
loss of BRCA1 in fork degradation and compromised the
survival of BRCA1-deficient cells. Epistasis of CtIP with
BOD1L in fork protection implies a possible indirect role
of CtIP in contributing to RAD51-mediated stabilization
(13,15). Indeed, recent work characterizing loss-of-function
CtIP mutations found in individuals with high breast cancer
risk, revealed a function for CtIP in stabilizing RAD51 at
replication forks, thereby protecting them from degradation
(46). The study of these mutations revealed that the fork-
protective activity of CtIP depends on its Sae2-like domain

and works by antagonizing the anti-recombinase activity
of FBH1. Similar to CtIP, the MRE11-interacting protein
EXD2, was also revealed as a guardian of fork stability.
Through its nuclease activity, EXD2 prevents the accumu-
lation of reversed forks which may otherwise be degraded
(47). Similar to CtIP, which contributes to the survival of
BRCA1-deficient cells, EXD2 is also required for cellular
fitness in both BRCA1 and BRCA2 deficient cells.

Emerging insights into fork reversal pathways in fork degra-
dation

As mentioned in previous sections, fork reversal is an
important prerequisite for nuclease-mediated degradation
of replication forks. In BRCA-deficient cells, fork rever-
sal underlying fork degradation is RAD51-dependent. Im-
portantly, RAD51 paralogs, namely RAD51B, RAD51C,
RAD51D, XRCC2 and XRCC3, have also been revealed
to be critical modulators of RAD51-mediated fork reversal
(48). Specifically, the complex comprised of RAD51B,C,D
and XRCC2 was found to be essential for fork slowing and
reversal, thereby priming them for degradation in BRCA-
deficient settings.

RAD51-dependent fork reversal is typically catalyzed
by the SNF2-family DNA translocases SMARCAL1,
ZRANB3 and HLTF (5,8–10). Interestingly, despite hav-
ing distinct fork substrate preferences (49,50), depletion of
each of the individual fork remodelers SMARCAL1, HLTF
and ZRANB3 results in a complete rescue of fork stabil-
ity in BRCA-deficient cells (5). This suggests that, at least
in the context of BRCA deficiency, SMARCAL1, HLTF
and ZRANB3 may act cooperatively to mediate fork re-
versal, with each translocase playing an essential role (Fig-
ure 1A). Interestingly, in cells unable to ubiquitinate PCNA,
we uncovered that fork degradation showed no dependence
on HLTF, a partial dependence on ZRANB3 and a com-
plete dependence on SMARCAL1 (22) (Figure 1B). The
partial dependence on ZRANB3 in this context is some-
what expected since PCNA polyubiquitination at the K164
residue enhances the interaction with PCNA and the fork
slowing/reversal function of ZRANB3 (51,52). It remains
unclear whether the lack of dependence on HLTF for fork
reversal in PCNA ubiquitination-deficient cells reflects the
role of HLTF in directly ubiquitinating PCNA (53,54),
which may contribute to fork slowing by ZRANB3. HLTF
also possesses an intrinsic translocase activity dependent on
its HIRAN domain and readily remodels replication forks
in vitro, as well as in cells upon the induction of replica-
tion stress (55–57). Overall, observations made in PCNA-
ubiquitination deficient cells suggest that fork reversal may
occur even without the coordinated activity of HLTF,
ZRANB3 and SMARCAL1. Furthermore, each of these
translocases have different fork substrates: SMARCAL1
shows a preference for leading strand-gaps, ZRANB3 for
lagging strand gaps, and HLTF for unphosphorylated 3′-
OH groups––potentially on leading strands or in the form
of overhangs (49,50,57,58). Therefore, the selective activity
of any of the translocases could potentially result in differ-
ences in the reversed fork structure. These differences may
define the mechanism of fork degradation with regard to the
nucleases involved (MRE11-EXO1 versus DNA2) as well as
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Figure 1. Fork reversal factors and their impact on fork degradation. (A) Fork degradation in the context of BRCA-deficiency requires a coordinated func-
tion of the SNF2-family translocases SMARCAL1, ZRANB3 and HLTF, in addition to RAD51, in order to mediate fork reversal. Inactivation of either
of these translocases is sufficient to rescue fork stability in BRCA-deficient cells. (B) Fork degradation in the context of PCNA ubiquitination primarily
involves the fork reversal activity of SMARCAL1, whereas ZRANB3 and HLTF show reduced roles. (C) Fork reversal and subsequent degradation in the
context of 53BP1, FANCA, FANCC, FANCG, BOD1L or VHL inactivation depends on the helicase FBH1. Interestingly, in this context, BRCA2 aids in
FBH1-mediated fork degradation by putatively bolstering RAD51 function against the RAD51-inhibitory effects of FBH1.
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dependence on RAD51 nucleofilament formation for fork
protection. For example, the MRE11 nuclease is able to uti-
lize its endonuclease activity and subsequently catalyze 3′-
5′ resection, enabling it to potentially act on both arms of
reversed replication forks and prime the long range 5′-3′ re-
section activity of EXO1 (59,60). Therefore, it is possible
that MRE11-mediated degradation is preferable in symmet-
rical reversed fork structures. In contrast, DNA2 is only able
to catalyze 5′-3′ resection and is also known to show activ-
ity against 5′ ssDNA flaps arising during long-flap Okazaki
fragment maturation (61–63). This raises the possibility of
DNA2 requiring an asymmetrical reversed fork structure
composed of an exposed 5′ ssDNA end in order to act
as the sole nuclease responsible for resection. We there-
fore propose that in PCNA ubiquitination-deficient cells,
the selective activity of SMARCAL1 in recognizing lead-
ing strand gaps, in combination with the relative inactivity
of ZRANB3, results in a preponderance of reversed fork
structures revealing a 5′ overhang. This 5′ overhang may
be subsequently degraded by DNA2 independently of the
initial endonuclease and 3′-5′ resection activity of MRE11
(Figure 1B).

Recently, fork degradation mechanisms which operate by
catalyzing fork reversal independently of the SNF2-family
translocases were uncovered (39). Specifically, cells deficient
of FANCA, FANCC, FANCG, BOD1L, VHL or 53BP1,
showed fork degradation which depended on RAD51 and
the FBH1 helicase, previously found to catalyze fork rever-
sal (64). Importantly, fork degradation in these contexts can
occur independently of SMARCAL1, ZRANB3 and HLTF
(Figure 1C). Furthermore, upon SMARCAL1, ZRANB3
and HLTF abrogation, FBH1-mediated fork reversal and
degradation in a 53BP1-deficient background was found to
be dependent on BRCA2. BRCA2 was also required for
fork reversal and subsequent degradation upon inhibition
of RAD51 with the specific inhibitor B02. These findings
reveal a previously uncharacterized role of BRCA2 in cat-
alyzing fork reversal, likely in the same pathway as FBH1
(Figure 1C). These observations are further complemented
by the inability of BRCA-deficient cells to mediate efficient
replication fork slowing upon exposure to low levels of repli-
cation stress (65). Conceptually, this could potentially un-
derline the importance of BRCA2 in augmenting the func-
tion of RAD51 in restraining fork progression during repli-
cation stress. Additionally, the role of BRCA2 in mediating
fork reversal could also offer a potential explanation for the
dependence of BRCA-deficient cells on the concerted func-
tions of SMARCAL1, ZRANB3 and HLTF in orchestrat-
ing fork reversal and subsequent degradation. Collectively,
these findings reveal the existence of a number of fork re-
modeling pathways that directly influence the degradation
of stalled replication forks.

While reversed forks appear to be the primary substrate
for nucleolytic degradation, alternative fork substrates sus-
ceptible to nuclease activity have also been reported. The
initial observation of MRE11-dependent post-replicative
ssDNA gaps in RAD51-depleted X. laevis extracts, implies
the existence of an entry point for MRE11 behind repli-
cation forks (1). Similar observations were later made in
BRCA2-depleted X. laevis extracts (8). Importantly, while
fork reversal contributes to extensive fork degradation,

MRE11-dependent post-replicative gap expansion could
also contribute to nascent DNA loss. A recent study inves-
tigating the effect of HU-induced metabolic imbalances on
replication forks showed that accumulation of reactive oxy-
gen species (ROS) triggers MRE11-dependent fork degra-
dation as well gap accumulation (66). It was revealed that
ROS specifically triggers ATM-dependent MRE11 phos-
phorylation, essential for the degradation of both stalled
forks as well as post-replicative gap extension in progress-
ing forks in HR-deficient cells. Since the absence of ROS
precludes the apparent MRE11 activity at stalled forks,
it is possible that the combined activity of MRE11 at re-
versed fork junctions as well as behind replication forks
underlies HU-induced nascent DNA degradation. In this
scenario, the absence of post-replicative gaps should pre-
clude MRE11-dependent fork degradation. However, re-
cent work identified separation-of-function BRCA2 mu-
tants which rescued post-replicative gap formation but not
fork protection (65). Overall, this suggests that while post-
replicative gaps present a substrate for MRE11 activity, they
may not be essential for the degradation of stalled forks,
at least as measured by the DNA fiber assay. Nonetheless,
it is possible that these gaps still play a role in enhancing
nuclease-dependent fork instability. Further work will be
needed to delineate their precise contribution.

The emerging role of chromatin dynamics in fork protection

The importance of nucleosome positioning and chromatin
context during DSB resection is well documented (67,68).
This raises the question of whether nucleosome dynamics
and chromatin states also affect the susceptibility of stalled
replication forks to nucleolytic degradation.

The presence of nucleosomes in double stranded DNA
directly counteracts long range nucleolytic resection (69). In
recent work, we demonstrated that perturbing replication-
associated nucleosome deposition by inactivating chro-
matin assembly factor-1 (CAF-1), predisposes stalled forks
to DNA2-dependent degradation (Figure 2A) (22). Indeed,
previous research in yeast delineated the role of CAF-1
in establishing nucleosome periodicity, which closely corre-
lates with Okazaki fragment length (70,71). Importantly, in
the context of PCNA ubiquitination deficiency, where the
inability to unload PCNA from lagging strands putatively
sequesters CAF-1 away from active replication forks, the
stability of reversed forks is compromised (22). This sug-
gests a function of CAF-1 in stabilizing reversed replica-
tion forks. The role of nucleosomes in protecting reversed
forks was elucidated in further detail in RNF168-depleted
systems, wherein histone H2A ubiquitination was found to
be essential for fork progression, stability and restart (41).
Through psoralen-crosslinking coupled with EM under de-
naturing conditions, reversed forks were found to be in-
creased in RNF168-depleted cells and to contain ssDNA
bubbles consistent with standard nucleosome periodicity.
These observations indicate that nucleosomes can assemble
on reversed forks and influence replication fork dynamics.

Chromatin remodelers were found to be important in
determining the replication-coupled periodicity of nucleo-
somes (71) and influence DNA resection (67,68), suggest-
ing their potential role in impacting fork stability. Interest-
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Figure 2. The impact of histone modifications and nucleosome remodeling on replication fork stability. (A) The ability to mediate efficient histone chap-
erone activity by CAF-1 and FANCD2 is associated with replication fork protection. The chaperone activity of CAF-1 is enabled by efficient PCNA-
unloading from the lagging strand, which in turn depends on Okazaki fragment ligation and efficient lagging strand gap-filling by ubiquitinated PCNA.
The fork protective histone chaperone activity of FANCD2 depends on the histone methyltransferase activity of SETD1A, which in turn restricts the
activity of the CHD4, a member of the repressive NuRD complex. HAT1 promotes replication fork protection putatively through histone acetylation
as well as ensuring timely PCNA unloading. (B) Nucleosome remodeling may contribute to fork degradation by enhancing the activity of nucleases to
reversed fork substrates. CHD4 enables the resection of stalled replication forks in cells deficient in BRCA2 and FANCD2, by promoting the activity of
MRE11. The methyltransferase activity of the PTIP interacting histone methyltransferases MLL3/4 promote fork resection in BRCA-deficient cells by
enabling the recruitment of MRE11. Similarly, the H4K8 acetyltransferase activity of PCAF promotes the recruitment of MRE11/EXO1 to stalled forks
in BRCA-deficient cells. Finally, in yeast models, the methyltransferase and acetyltransferase activities of SET1 and GCN5 respectively are required for
nucleosome remodeling events enabling the MRX complex to resect DNA at stalled replication forks.

ingly, in yeast, the MRE11-RAD50-XRS2 (MRX) complex
(equivalent to the MRN complex in metazoans), was shown
to directly participate in chromatin remodeling to facili-
tate resection at stalled replication forks (72). Specifically,
MRX-associated remodeling depends directly on the activ-
ity of the yeast chromatin remodelers CHD1, ISW1 and
the RSC complex, which in turn rely on the H3K4 methyl-
transferase and acetyltransferase activities of SET1 and
GCN5 respectively, enabling increased chromatin accessi-
bility (Figure 2B). Similarly, in BRCA-deficient cells, the
H3K4 and H4K8 methyltransferase activities of MLL3/4
and PCAF, respectively, promote the resection of stalled
replication forks (Figure 2B) (37,73).

Interestingly, histone modifications that increase chro-
matin accessibility and subsequent remodeling do not ex-
clusively work to facilitate fork resection but rather can also
promote fork protection. For example, a dependence on
the H3K4 methyltransferase SETD1A for fork protection
was observed in mammalian cells (15). Here, the require-
ment of H3K4 methylation was found to restrict the activity
of CHD4, an ATPase component of the repressive NuRD

complex, and promote the histone chaperone activity of
FANCD2, thereby assisting in fork stability (Figure 2A).
Conversely, depletion of CHD4 was shown to restore fork
protection in BRCA2-deficient cells by suppressing the re-
cruitment of MRE11 at HU-stalled forks (Figure 2B) (37).
Similarly, the loss of the histone acetyl transferase HAT1,
primarily associated with increased chromatin accessibility,
also renders stalled forks susceptible to degradation (Figure
2A) (74). Another fork protection factor putatively depen-
dent on chromatin accessibility is FANCJ. Notably, loss of
FANCJ is associated with both fork degradation as well as
abnormal chromatin compaction via H3K9-trimethylation
(H3K9me3) at nascent DNA upon treatment with HU
(75,76). However, it remains unclear whether excessive chro-
matin compaction at stressed nascent DNA in FANCJ-
deficient cells directly underlies fork degradation or simply
reflects a protective mechanism against excessive fork re-
section. Recent work in fission yeast implies that de novo
chromatin compaction at replication forks during replica-
tion stress may indeed confer protection against fork insta-
bility (77). Specifically, replication stress was shown to trig-
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ger H2BK33-deacetylation and H3K9me3 accumulation
at replication forks. Importantly, H2BK33-deacetylation
was found to prevent the untimely uncoupling of repli-
some components, thereby aiding fork restart and protect-
ing against fork collapse.

Collectively, these observations underline the importance
and the context-dependency of histone modifications in di-
rectly enabling the activities of chromatin remodelers and
histone chaperones, thereby defining the nucleosomal land-
scape for the resection of stalled forks.

FORK PROTECTION AND THE IMPACT ON CELLU-
LAR SURVIVAL

Restoration of fork protection

Recent studies identified an association between the restora-
tion of fork stability and chemoresistance in BRCA-
deficient cells, making fork stability an important com-
ponent of the etiology of BRCA-mutant cancers. (5,37).
As mentioned in earlier sections, a fundamental determi-
nant of replication fork degradation is fork reversal medi-
ated by the SNF2 family DNA2 translocases SMARCAL1,
ZRANB3 and HLTF (5,8–10). Perturbing the activities of
each of these fork remodelers restored not only fork pro-
tection but also resistance to cisplatin and PARP inhibitors
(PARPi) in BRCA1-deficient cells (5). However, the im-
pact of abolishing fork reversal through translocase inac-
tivation on genome stability in BRCA-deficient cells is less
clear. While abolishing fork reversal by SMARCAL1 and
ZRANB3 depletion rescued DSB formation and chromo-
somal aberrations in BRCA1/2-depleted cells treated with
camptothecin (CPT) (5), ZRANB3 loss in BRCA2-depleted
cells was found to further exacerbate chromosomal abnor-
malities upon treatment with HU (9). These divergent ef-
fects can be possibly explained by the differences in how
HU and CPT create replication stress, thereby resulting in
varied outcomes upon abolishing fork reversal in BRCA-
deficient cells. Further work is needed to precisely reconcile
these differences.

As mentioned in the previous section, loss of CHD4 re-
stores both chemoresistance and fork protection in BRCA2-
deficient cells (37,78). A possible explanation for this is
the function of CHD4 as a chromatin remodeler, acting in
in a manner opposing SETD1A-mediated H3K4 methyla-
tion thereby facilitating resection (15). However, previous
work has suggested that the mechanism of chemoresistance
upon CHD4 depletion in BRCA2-deficient cells is through
the enhancement of RAD18-mediated PCNA ubiquitina-
tion (78). Since loss of PCNA ubiquitination enhances fork
degradation in BRCA2-depleted cells (22), it is plausible
that PCNA ubiquitination triggered by CHD4 loss could
bolster fork protection in BRCA2-deficient cells. However,
loss of CHD4 in BRCA2-deficient cells may also contribute
to chemoresistance independently of fork protection, by
augmenting PCNA ubiquitination-dependent translesion
synthesis (TLS). Similar to the loss of CHD4, inactivation
of the NHEJ component PTIP and of the PTIP-interacting
H3K4 methyltransferases MLL3/4 also rescues fork stabil-
ity and confers chemoresistance to BRCA2-deficient cells
(37).

Restoration of RAD51 function was recently shown to
rescue fork stability in cellular backgrounds which fail to

form stable RAD51 nucleofilaments at stressed replica-
tion forks. Specifically, the loss of RADX, a competitor
of RAD51 in binding to ssDNA, restores fork protection
in cells deficient in components of the FA/BRCA pathway
(4,79). Increasing RAD51 binding to DNA by perturbing
RADX restores fork protection independently of restor-
ing the function of upstream FA/BRCA pathway compo-
nents. On similar lines, in recent work we uncovered that
loss of E2F7, a transcriptional repressor of RAD51, re-
stores RAD51 recruitment to chromatin, thereby promot-
ing fork stability in BRCA2-deficient cells (80).

Through unbiased CRISPR knockout screens, we also
established that loss of the acetyltransferase TIP60, previ-
ously described as a suppressor of 53BP1 (81,82), confers
resistance to the PARPi olaparib, and restores replication
fork protection to BRCA2-deficient cells (83). Importantly,
the olaparib resistance upon TIP60 depletion was depen-
dent on the NHEJ effectors 53BP1 and REV7, and involved
suppression of resection at olaparib-induced DSBs. How-
ever, it is unclear whether the restoration of fork stability
in BRCA2-deficient cells upon TIP60-depletion also arises
as a result of suppression of DNA resection, dependent on
NHEJ components.

Fork protection and cell survival

Restoration of fork protection is associated with acquired
chemoresistance (5,37). However, much of recent work sug-
gests that the restoration of fork protection may not always
translate to enhanced cell survival. Rather, this may depend
on the context of the genetic background as well as the na-
ture of replication stress encountered.

In the initial characterization of the function of BRCA2
in protecting stalled replication forks, it was found that HU-
induced fork degradation did not directly translate into HU
sensitivity (2). This is in contrast to the role of fork pro-
tection in restoring chemoresistance to both BRCA1- and
BRCA2-deficient cells (37). Unlike the loss of BRCA2 func-
tion, loss of BRCA1 was found to confer sensitivity to HU
(84). This fork protection function occurs independently
of the BRCA1–PALB2 interaction (and therefore its inter-
action with BRCA2), but rather depends on the interac-
tion of BRCA1 with BARD1 (84,85). This mutual inde-
pendence of BRCA1 and BRCA2 in their fork protection
activities might, in part, explain the observed differential
impact of fork degradation on cellular survival. Inactiva-
tion of fork reversal has only been documented to restore
chemoresistance to BRCA1-deficient cells (5), suggesting a
differential impact of SMARCAL1, HLTF and ZRANB3
inactivation in the context of either BRCA1 or BRCA2 de-
ficiency on DNA damage accumulation and repair. Inter-
estingly, BRCA1 deficient cells were shown to mount an
adaptive response to cisplatin pre-treatment by upregulat-
ing PRIMPOL-mediated repriming, thereby counteracting
fork reversal and degradation and ensuring cell survival
(86).

Fork protection defects are also a hallmark of FA path-
way deficiency (3,87). In the absence of FANCD2, aberrant
activity of DNA2 was found to underlie defective ICL re-
pair (14), suggesting a role for FA-mediated fork protection
at ICL-stalled forks. In line with this, inactivation of fork
protection factors such as BOD1L-SETD1A, which oper-
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ate in the same pathway as FANCD2 in preventing DNA2-
mediated degradation of forks, underlies sensitivity to ICL-
inducing agents (13,15). Similarly, RAD51 mutations iden-
tified in individuals with FA-like presentation were shown
to cause fork degradation and ICL sensitivity (88). Impor-
tantly, recent work also revealed that BRCA2 DNA-binding
domain (DBD) mutants engender FA-like presentations,
sensitivity to ICLs via excessive DNA2-mediated resection
and fork protection defects (89). Intriguingly, unlike what
was observed for BRCA1 (5), fork reversal through SMAR-
CAL1, HLTF and ZRANB3 did not play a role in ICL-
induced fork resection in these BRCA2 DBD-mutant cells.
Conceptually, these findings indicate overlapping functions
of the BRCA pathway with the FA pathway of ICL repair
and highlight the importance of BRCA2-RAD51-mediated
fork protection in cellular survival upon treatment with
ICL-inducing agents.

Recent evidence has linked the restoration of fork protec-
tion to synthetic viability in BRCA-deficient backgrounds.
Knockdown or genetic ablation of PARP1 was shown to re-
store viability to mouse embryonic stem cells (mESCs) bear-
ing a homozygous genetic knockout of BRCA2 (BRCA2-
KO) (90). Importantly, it was found that loss of PARP1 had
no effect in restoring HR but rather restored fork protec-
tion to these cells. Similarly, loss of either PTIP or RADX,
which promotes fork stability in BRCA-deficient cells, also
restores synthetic viability to BRCA2-KO mESCs, without
rescuing HR (37,79).

In line with the role of fork protection in restoring viabil-
ity, the further enhancement of fork degradation was shown
to contribute to synthetic lethality in BRCA-deficient cells.
BRCA-deficient cells were found to be hyperdependent on
FANCD2 for fork protection and survival (16,17). How-
ever, FANCD2 was also found to enhance the recruitment
of POLQ to damaged DNA, thereby promoting alternative
end-joining (17), in line with a role for POLQ in enhanc-
ing the survival of BRCA-deficient cells. Indeed, BRCA-
deficient tumors were found to be dependent on POLQ-
mediated alternative-NHEJ for survival (91,92). Loss of
CTIP function, which underlies fork degradation, also syn-
ergizes with the loss of BRCA1, resulting in a further ex-
acerbation of fork degradation and synthetic sickness in
BRCA1-deficient cells (45). Similar to FANCD2, the deu-
biquitinase USP1 was found to be required for fork protec-
tion in BRCA1 deficient cells and loss of USP1 triggered
lethality in these cells (93). Finally, loss of PRIMPOL re-
sults in fork degradation and exacerbates the growth de-
fects of BRCA1-mutant cells (86). Collectively, these obser-
vations highlight the importance of fork protection in deter-
mining cellular fitness in the context of BRCA deficiency.

Fork stability and PARPi sensitivity

Restoration of fork stability often correlates with resistance
to PARPi (Figure 3A). Restoration of fork stability by ab-
rogating fork reversal was shown to ameliorate PARPi sen-
sitivity in BRCA1-deficient cells (5). Similarly, RADX de-
pletion, which restores fork protection in BRCA-deficient
cells without rescuing HR, also restores PARPi resistance
in BRCA2-deficient cells (79). Furthermore, treatment with
olaparib in concert with HU further enhances fork degra-

dation in BRCA2-deficient cells (94). The amelioration of
PARPi sensitivity upon restoration of fork protection ap-
pears in many cases to be context-dependent. For example,
abrogation of fork reversal has not been documented to im-
prove survival upon PARPi treatment in BRCA2-deficient
cells. On similar lines, RADX inactivation, while restoring
fork protection to BRCA1-deficient cells, does not impact
the survival of these cells upon treatment with PARPi (4).
These observations indicate that conventional fork protec-
tion, while a contributing factor, may not be the primary
determinant of PARPi sensitivity.

A specific context in which PARPi sensitivity correlates
with fork protection defects is that of the activation of
ssDNA-induced innate immune response. Nucleolytic pro-
cessing of stalled replication forks was shown to induce acti-
vation of the cGAS-STING pathway triggered by the pres-
ence of cytosolic ssDNA (95). Furthermore, PARPi treat-
ment was shown to trigger the expression of interferon-
stimulated genes and activation of the cGAS-STING path-
way in BRCA2-deficient cells, owing to the presence of cy-
tosolic DNA (96). Similarly, in mouse models of BRCA1-
deficient ovarian cancer, the cGAS-STING pathway was
found to be critical for PARPi-dependent reduction of tu-
mor size (97). It is therefore possible that, in the context of
an intact innate immune signaling, restored fork protection
becomes an important component of acquired PARPi resis-
tance. Indeed, in orthotopic transplantation mouse models,
acquired PARPi resistance of BRCA2-deficient tumors was
found to coincide with restoration of fork stability (37). This
suggests that fork protection is a potential mechanism by
which tumors avoid immune surveillance and become resis-
tant to PARPi in vivo.

A significant body of work identified restoration of DSB
repair as a major mechanism of acquired PARPi resis-
tance. Our recent work showed that loss of E2F7 promotes
PARPi resistance in BRCA2-deficient cells, and this corre-
lates with both fork protection and HR restoration (80).
BRCA2 DBD mutants that display fork protection defects
(likely explaining their MMC sensitivity) also show sensitiv-
ity to PARPi (89). While moderately compromised, HR was
not abolished in these cells. Moreover, we recently showed
that loss of the acetyltranferase TIP60 confers PARPi resis-
tance to BRCA2-deficient cells through the restoration of
accurate end-joining DSB repair (83). In BRCA1-deficient
cells, loss of 53BP1 or of the Shieldin complex, which is a
critical effector of 53BP1-mediated NHEJ, restores HR and
PARPi resistance (36,98–104). Collectively, these findings
underline the importance of intact DSB repair as a major
determinant of PARPi resistance (Figure 3A).

Another mechanism implicated in PARPi-mediated cy-
totoxicity is the trapping of PARP1 and PARP2 proteins
on the chromatin. Trapped PARP1/2 could directly pose
obstacles to DNA replication, and thereby potentially un-
derlie fork degradation and DSB formation (Figure 3A,B).
The cytotoxic effects of trapped-PARP lesions were first
described in DT40 chicken lymphoblasts, where the ge-
netic depletion of PARP1 was found to suppress PARPi
sensitivity (105). Furthermore, recent studies revealed that
loss of ALC1 drives PARPi sensitivity in HR-deficient
cells by prohibiting the release of trapped PARP1 and
PARP2 from chromatin (106–108). Genome-wide CRISPR
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Figure 3. Proposed mechanisms of PARPi-mediated cellular lethality in BRCA-deficient cells. (A) The original models proposed fork degradation and
DSB-induction as major mechanisms contributing to PARPi-mediated synthetic lethality in BRCA-deficient cells. Specifically, PARPi-induced trapping of
PARP1/2 on the chromatin poses obstacles to replication fork progression thereby causing replication stress which putatively results in fork degradation
and/or fork cleavage. (B) A proposed alternative model suggests ssDNA gap induction as the major mechanism underlying PARPi-mediated cellular
lethality. In HR-deficient cells, PARPi can potentially create persistent ssDNA gaps by inhibiting timely fork slowing in the face of replication stress as
well as interfering with the resolution of ribonucleotide excision intermediates owing to PARP-trapping. PARPi can also interfere with the resolution of
Okazaki fragment ligation by inhibiting lagging strand gap-filling and cause the potential accumulation of trapped PARP at unligated Okazaki fragment
intermediates. A combination of persistent ssDNA gaps and unligated Okazaki fragments may lead to cellular lethality in HR-deficient cells.

screens have recently uncovered misincorporated ribonu-
cleotides as a major source of PARP-trapping lesions (109).
Specifically, TOP1-mediated cleavage of misincorporated
ribonucleotides was shown to underlie PARPi sensitivity
in RNASEH2-knockout cells, suggesting a role of TOP1
cleavage products in engaging and subsequently trapping
PARP1. PARP-trapping was also shown to contribute to
the transcriptional repression of p21 leading to an unbri-
dled increase in fork speed, which could potentially exacer-
bate the effect of trapped-PARP lesions encountered by the
replication fork (110).

We recently showed that PCNA-K164R cells, which have
fork protection defects, are not sensitive to PARPi but in-
stead exacerbate the PARPi sensitivity of BRCA-deficient
cells (22). This further indicates that fork protection is un-
likely to be a universal determinant of PARPi resistance.
Instead, we found that lack of PCNA ubiquitination syn-

ergizes with BRCA deficiency in suppressing the accumula-
tion of ssDNA gaps, which correlates with the synergistic
sensitivity to PARPi. This raises the possibility that persis-
tent ssDNA gaps, rather than defects in fork protection, are
responsible for PARPi sensitivity. This is further corrobo-
rated by recent work showing that PARPi treatment results
in formation of replication associated gaps, potentially ex-
acerbating the predisposition to gap formation of BRCA-
deficient cells (Figure 3B) (65,111). In these studies, PARPi
resistance was found to be associated with increased capac-
ity to suppress PARPi-induced gaps. Furthermore, restora-
tion of gap suppression in the absence of fork protection
was sufficient to confer PARPi resistance to BRCA2- or
FA-deficient cells. The role of HR in suppressing ssDNA
gaps is supported by the findings that RAD51 is required for
post-replicative gap filling in response to bulky DNA lesions
or the absence of translesion synthesis (1,112,113). How-
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ever, the precise mechanism underlying the formation of
PARPi-induced gaps remains unclear. One possibility could
be related to the role of PARP1 in mediating fork slowing
and reversal upon encountering replication stress (114). As
BRCA-deficient cells are defective in fork slowing/reversal
and gap-filling (22,37,65), unrestrained fork progression
upon PARPi treatment could give rise to an accumulation
of spontaneously occurring gaps resulting from endogenous
replication stress in these cells. Another putative source of
PARPi-induced ssDNA gaps are TOP1 cleavage products
of misincorporated ribonucleotides (109), which could be-
come persistent due to the inhibition of ssDNA gap re-
pair by PARP1. In both situations, the persistence of newly
acquired replication-associated gaps could become exacer-
bated in the absence of BRCA-mediated post-replicative re-
pair. Indeed, studies in X. laevis egg extracts established a
role for RAD51 and BRCA2 in suppressing gaps both at the
junctions of replication forks, as well as MRE11-dependent
gaps behind them (1,8), thus solidifying a bona fide connec-
tion between the BRCA/RAD51-mediated HR and novel
gap evasion.

An unexpected role for PARP1 and PARP2 in ensur-
ing the ligation of Okazaki fragments that escaped conven-
tional ligation during S-phase DNA synthesis was recently
revealed (115). Perturbation of Okazaki fragment matura-
tion through chemical inhibition of FEN1 in PARP1/2-
deficient cells was found to cause lethality. These observa-
tions suggest that an aberrant accumulation of unligated
Okazaki fragments could itself be toxic to cells. Recent
work including ours suggests that the inability to miti-
gate replication associated gaps, for example upon loss
of PCNA ubiquitination, causes lagging strand synthesis
defects through the preferential accumulation of lagging
strand-associated gaps likely owing to frequent reprim-
ing by Pol� (22,116,117). This indicates the possibility
that, upon PARPi treatment, ssDNA gaps preferentially
accumulate on the lagging strand in the absence of gap-
filling pathways such as the BRCA pathway. Persistent lag-
ging strand gaps undergoing delayed gap-filling in BRCA-
deficient cells could later necessitate the engagement of
PARP1/2 at unligated Okazaki fragment substrates. In this
situation, PARPi could further exacerbate the prevalence of
toxic unligated Okazaki fragments as well as lead to PARP-
trapping lesions at these substrates, resulting in selective cy-
totoxicity in these cells (Figure 3B).

In conclusion, while fork protection may confer PARPi-
resistance in certain backgrounds, it is possible that mech-
anisms which allow cells to evade catastrophic DSB-
induction, PARP-trapping and ssDNA gap accumulation
comprise the major channels by which PARPi resistance is
restored.

CONCLUDING REMARKS

In the past decade, replication fork degradation has
emerged as a major mechanism underlying cancer-
associated genome instability. Fork protection and its
determinants have gained prominence in the context of
BRCA deficiency. This is due to the fact that fork degra-
dation observed in BRCA-deficient cells revealed fork
protection as a major mechanism by which the BRCA

pathway ensures genome stability. These findings are
especially significant since they reveal a protective function
of the BRCA pathway against replication stress, which is
frequently encountered by cells undergoing DNA replica-
tion. Due to the relatively ubiquitous nature of replication
stress, as opposed to DSBs––which represent the most
severe form of DNA damage––replication fork protection
can be regarded as a more clinically relevant mechanism
by which genome stability is maintained by the BRCA
pathway. In recent years, fork protection has also emerged
as a major determinant cell survival and chemosensitivity,
highlighting the inability to protect replication forks as
a therapeutic vulnerability in BRCA-deficient cancers.
Therefore, gaining a better understanding of the underpin-
nings of fork stability has important implications in the
etiology of BRCA-deficient cancers as well as other cancers
susceptible to fork degradation.

Recent efforts in characterizing fork protection defects
have yielded not only a better understanding of how the
BRCA pathway orchestrates fork protection, but also re-
vealed a multitude of other factors which govern fork sta-
bility. Importantly, these newly emerging factors belong to
pathways which either cooperate with the BRCA pathway
or act independently of it in protecting replication forks.
In this review, we examined these factors on the basis of
their dependence on RAD51 to orchestrate fork protection,
and the mechanisms of fork resection they protect against
(MRE11, DNA2-WRN). We further examined the down-
stream effects of the loss of fork protection upon the inac-
tivation of these pathways on genome stability, as well as
the impact of their combined inactivation with the BRCA
pathway on cell viability. We also explored the emerging role
of nucleosome remodeling and chromatin dynamics as de-
terminants of stalled fork resection. Importantly, histone
modifications and nucleosome remodeling may have a di-
rect impact on the accessibility of nucleases to stalled fork
substrates, thereby influencing fork resection.

The inability to protect replication forks is associated
with a vulnerability to treatment with chemotherapeutics
in BRCA-deficient cells. Conversely, the artificial restora-
tion of fork stability in BRCA-deficient cells has been shown
to restore chemoresistance to these cells. This highlights
the challenges in the treatment of BRCA-deficient cancers.
In the last section, we examined mechanisms underlying
the restoration of fork stability to BRCA-deficient cells.
These include restoration of the RAD51 fork protective
function, inactivation of replication fork reversal, increas-
ing the reliance of BRCA-deficient cells on proteins which
bolster fork stability (such as FANCD2, USP1 and PRIM-
POL). Finally, we evaluated fork degradation as a mech-
anism contributing to PARPi-mediated synthetic lethal-
ity. Recent findings showed that fork degradation, though
often associated with PARPi sensitivity, may not be uni-
versally causative of PARPi-mediated cellular lethality. In-
stead, a more significant correlation may be found between
PARPi sensitivity and the inability to mitigate replication-
associated ssDNA gaps. These gaps may arise as a result of
the effect of PARPi in suppressing key functions of PARP1
in mediating replication fork slowing upon stress encounter,
as well as inducing PARP-trapping as a result of the aborted
resolution of misincorporated ribonucleotides during DNA
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replication. We suggest an importance of unligated Okazaki
fragments as lesions potentially contributing to PARPi-
mediated cellular lethality. Collectively, these observations
imply a complex role of fork protection in determining pro-
gression as well as therapeutic outcomes in BRCA-mutant
cancers. Furthermore, the breadth of the emergent determi-
nants of fork stability discussed here, may indicate a more
significant role of fork stability in cancer etiology than pre-
viously anticipated.

ACKNOWLEDGEMENTS

We would like to thank Dr. Claudia M. Nicolae for critical
reading of the manuscript.

FUNDING

National Institute of Environmental Health Sciences [NIH
R01ES026184]; National Institute of General Medical Sci-
ences [NIH R01GM134681]; St. Baldrick’s Foundation.
Funding for open access charge: Pennsylvania State Uni-
versity.
Conflict of interest statement. None declared.

REFERENCES
1. Hashimoto,Y., Ray Chaudhuri,A., Lopes,M. and Costanzo,V.

(2010) Rad51 protects nascent DNA from Mre11-dependent
degradation and promotes continuous DNA synthesis. Nat. Struct.
Mol. Biol., 17, 1305–1311.

2. Schlacher,K., Christ,N., Siaud,N., Egashira,A., Wu,H. and Jasin,M.
(2011) Double-strand break repair-independent role for BRCA2 in
blocking stalled replication fork degradation by MRE11. Cell, 145,
529–542.

3. Schlacher,K., Wu,H. and Jasin,M. (2012) A distinct replication fork
protection pathway connects Fanconi anemia tumor suppressors to
RAD51-BRCA1/2. Cancer Cell, 22, 106–116.

4. Bhat,K.P., Krishnamoorthy,A., Dungrawala,H., Garcin,E.B.,
Modesti,M. and Cortez,D. (2018) RADX modulates RAD51
activity to control replication fork protection. Cell Rep., 24, 538–545.

5. Taglialatela,A., Alvarez,S., Leuzzi,G., Sannino,V., Ranjha,L.,
Huang,J.W., Madubata,C., Anand,R., Levy,B., Rabadan,R. et al.
(2017) Restoration of replication fork stability in BRCA1- and
BRCA2-deficient cells by inactivation of SNF2-family fork
remodelers. Mol. Cell, 68, 414–430.

6. Thangavel,S., Berti,M., Levikova,M., Pinto,C.,
Gomathinayagam,S., Vujanovic,M., Zellweger,R., Moore,H.,
Lee,E.H., Hendrickson,E.A. et al. (2015) DNA2 drives processing
and restart of reversed replication forks in human cells. J. Cell Biol.,
208, 545–562.

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

8. Kolinjivadi,A.M., Sannino,V., De Antoni,A., Zadorozhny,K.,
Kilkenny,M., Techer,H., Baldi,G., Shen,R., Ciccia,A., Pellegrini,L.
et al. (2017) Smarcal1-mediated fork reversal triggers
Mre11-dependent degradation of nascent DNA in the absence of
Brca2 and stable Rad51 nucleofilaments. Mol. Cell, 67, 867–881.

9. Mijic,S., Zellweger,R., Chappidi,N., Berti,M., Jacobs,K.,
Mutreja,K., Ursich,S., Ray Chaudhuri,A., Nussenzweig,A.,
Janscak,P. et al. (2017) Replication fork reversal triggers fork
degradation in BRCA2-defective cells. Nat. Commun., 8, 859.

10. Lemacon,D., Jackson,J., Quinet,A., Brickner,J.R., Li,S., Yazinski,S.,
You,Z., Ira,G., Zou,L., Mosammaparast,N. et al. (2017) MRE11
and EXO1 nucleases degrade reversed forks and elicit
MUS81-dependent fork rescue in BRCA2-deficient cells. Nat.
Commun., 8, 860.

11. Bhowmick,R., Minocherhomji,S. and Hickson,I.D. (2016) RAD52
facilitates mitotic DNA synthesis following replication stress. Mol.
Cell, 64, 1117–1126.

12. Sotiriou,S.K., Kamileri,I., Lugli,N., Evangelou,K., Da-Re,C.,
Huber,F., Padayachy,L., Tardy,S., Nicati,N.L., Barriot,S. et al.
(2016) Mammalian RAD52 functions in break-induced replication
repair of collapsed DNA replication forks. Mol. Cell, 64, 1127–1134.

13. Higgs,M.R., Reynolds,J.J., Winczura,A., Blackford,A.N., Borel,V.,
Miller,E.S., Zlatanou,A., Nieminuszczy,J., Ryan,E.L., Davies,N.J.
et al. (2015) BOD1L is required to suppress deleterious resection of
stressed replication forks. Mol. Cell, 59, 462–477.

14. Karanja,K.K., Lee,E.H., Hendrickson,E.A. and Campbell,J.L.
(2014) Preventing over-resection by DNA2 helicase/nuclease
suppresses repair defects in Fanconi anemia cells. Cell Cycle, 13,
1540–1550.

15. Higgs,M.R., Sato,K., Reynolds,J.J., Begum,S., Bayley,R., Goula,A.,
Vernet,A., Paquin,K.L., Skalnik,D.G., Kobayashi,W. et al. (2018)
Histone methylation by SETD1A protects nascent DNA through the
nucleosome chaperone activity of FANCD2. Mol. Cell, 71, 25–41.

16. Michl,J., Zimmer,J., Buffa,F.M., McDermott,U. and Tarsounas,M.
(2016) FANCD2 limits replication stress and genome instability in
cells lacking BRCA2. Nat. Struct. Mol. Biol., 23, 755–757.

17. Kais,Z., Rondinelli,B., Holmes,A., O’Leary,C., Kozono,D.,
D’Andrea,A.D. and Ceccaldi,R. (2016) FANCD2 maintains fork
stability in BRCA1/2-deficient tumors and promotes alternative
end-joining DNA repair. Cell Rep., 15, 2488–2499.

18. Leuzzi,G., Marabitti,V., Pichierri,P. and Franchitto,A. (2016)
WRNIP1 protects stalled forks from degradation and promotes fork
restart after replication stress. EMBO J., 35, 1437–1451.

19. Malacaria,E., Pugliese,G.M., Honda,M., Marabitti,V., Aiello,F.A.,
Spies,M., Franchitto,A. and Pichierri,P. (2019) Rad52 prevents
excessive replication fork reversal and protects from nascent strand
degradation. Nat. Commun., 10, 1412.

20. Hu,J., Sun,L., Shen,F., Chen,Y., Hua,Y., Liu,Y., Zhang,M., Hu,Y.,
Wang,Q., Xu,W. et al. (2012) The intra-S phase checkpoint targets
Dna2 to prevent stalled replication forks from reversing. Cell, 149,
1221–1232.

21. Xu,S., Wu,X., Wu,L., Castillo,A., Liu,J., Atkinson,E., Paul,A.,
Su,D., Schlacher,K., Komatsu,Y. et al. (2017) Abro1 maintains
genome stability and limits replication stress by protecting
replication fork stability. Genes Dev., 31, 1469–1482.

22. Thakar,T., Leung,W., Nicolae,C.M., Clements,K.E., Shen,B.,
Bielinsky,A.K. and Moldovan,G.L. (2020) Ubiquitinated-PCNA
protects replication forks from DNA2-mediated degradation by
regulating Okazaki fragment maturation and chromatin assembly.
Nat. Commun., 11, 2147.

23. Kubota,T., Katou,Y., Nakato,R., Shirahige,K. and Donaldson,A.D.
(2015) Replication-Coupled PCNA Unloading by the Elg1 Complex
Occurs Genome-wide and Requires Okazaki Fragment Ligation.
Cell Rep., 12, 774–787.

24. Janke,R., King,G.A., Kupiec,M. and Rine,J. (2018) Pivotal roles of
PCNA loading and unloading in heterochromatin function. Proc.
Natl. Acad. Sci. USA, 115, E2030–E2039.

25. Gali,V.K., Dickerson,D., Katou,Y., Fujiki,K., Shirahige,K.,
Owen-Hughes,T., Kubota,T. and Donaldson,A.D. (2018)
Identification of Elg1 interaction partners and effects on
post-replication chromatin re-formation. PLos Genet., 14, e1007783.

26. Rageul,J., Park,J.J., Jo,U., Weinheimer,A.S., Vu,T.T.M. and Kim,H.
(2019) Conditional degradation of SDE2 by the Arg/N-End rule
pathway regulates stress response at replication forks. Nucleic Acids
Res., 47, 3996–4010.

27. Rageul,J., Park,J.J., Zeng,P.P., Lee,E.A., Yang,J., Hwang,S., Lo,N.,
Weinheimer,A.S., Scharer,O.D., Yeo,J.E. et al. (2020) SDE2
integrates into the TIMELESS-TIPIN complex to protect stalled
replication forks. Nat. Commun., 11, 5495.

28. Abe,T., Kawasumi,R., Giannattasio,M., Dusi,S., Yoshimoto,Y.,
Miyata,K., Umemura,K., Hirota,K. and Branzei,D. (2018) AND-1
fork protection function prevents fork resection and is essential for
proliferation. Nat. Commun., 9, 3091.

29. Tonzi,P., Yin,Y., Lee,C.W.T., Rothenberg,E. and Huang,T.T. (2018)
Translesion polymerase kappa-dependent DNA synthesis underlies
replication fork recovery. Elife, 7, e41426.

30. Bienko,M., Green,C.M., Crosetto,N., Rudolf,F., Zapart,G.,
Coull,B., Kannouche,P., Wider,G., Peter,M., Lehmann,A.R. et al.



7236 Nucleic Acids Research, 2021, Vol. 49, No. 13

(2005) Ubiquitin-binding domains in Y-family polymerases regulate
translesion synthesis. Science, 310, 1821–1824.

31. Kannouche,P.L., Wing,J. and Lehmann,A.R. (2004) Interaction of
human DNA polymerase eta with monoubiquitinated PCNA: a
possible mechanism for the polymerase switch in response to DNA
damage. Mol. Cell, 14, 491–500.

32. Wang,R., Lenoir,W.F., Wang,C., Su,D., McLaughlin,M., Hu,Q.,
Shen,X., Tian,Y., Klages-Mundt,N., Lynn,E. et al. (2020) DNA
polymerase iota compensates for Fanconi anemia pathway
deficiency by countering DNA replication stress. Proc. Natl. Acad.
Sci. USA, 117, 33436–33445.

33. Moldovan,G.L., Madhavan,M.V., Mirchandani,K.D.,
McCaffrey,R.M., Vinciguerra,P. and D’Andrea,A.D. (2010) DNA
polymerase POLN participates in cross-link repair and homologous
recombination. Mol. Cell. Biol., 30, 1088–1096.

34. Mukherjee,C., Tripathi,V., Manolika,E.M., Heijink,A.M., Ricci,G.,
Merzouk,S., de Boer,H.R., Demmers,J., van Vugt,M. and Ray
Chaudhuri,A. (2019) RIF1 promotes replication fork protection and
efficient restart to maintain genome stability. Nat. Commun., 10,
3287.

35. Garzon,J., Ursich,S., Lopes,M., Hiraga,S.I. and Donaldson,A.D.
(2019) Human RIF1-protein phosphatase 1 prevents degradation
and breakage of nascent DNA on replication stalling. Cell Rep., 27,
2558–2566.

36. Bouwman,P., Aly,A., Escandell,J.M., Pieterse,M., Bartkova,J., van
der Gulden,H., Hiddingh,S., Thanasoula,M., Kulkarni,A., Yang,Q.
et al. (2010) 53BP1 loss rescues BRCA1 deficiency and is associated
with triple-negative and BRCA-mutated breast cancers. Nat. Struct.
Mol. Biol., 17, 688–695.

37. Ray Chaudhuri,A., Callen,E., Ding,X., Gogola,E., Duarte,A.A.,
Lee,J.E., Wong,N., Lafarga,V., Calvo,J.A., Panzarino,N.J. et al.
(2016) Replication fork stability confers chemoresistance in
BRCA-deficient cells. Nature, 535, 382–387.

38. Byrum,A.K., Carvajal-Maldonado,D., Mudge,M.C.,
Valle-Garcia,D., Majid,M.C., Patel,R., Sowa,M.E., Gygi,S.P.,
Harper,J.W., Shi,Y. et al. (2019) Mitotic regulators TPX2 and
Aurora A protect DNA forks during replication stress by
counteracting 53BP1 function. J. Cell Biol., 218, 422–432.

39. Liu,W., Krishnamoorthy,A., Zhao,R. and Cortez,D. (2020) Two
replication fork remodeling pathways generate nuclease substrates
for distinct fork protection factors. Sci. Adv., 6, eabc3598.

40. Her,J., Ray,C., Altshuler,J., Zheng,H. and Bunting,S.F. (2018)
53BP1 mediates ATR-Chk1 signaling and protects replication forks
under conditions of replication stress. Mol. Cell. Biol., 38,
e00472-17.

41. Schmid,J.A., Berti,M., Walser,F., Raso,M.C., Schmid,F., Krietsch,J.,
Stoy,H., Zwicky,K., Ursich,S., Freire,R. et al. (2018) Histone
ubiquitination by the DNA damage response is required for efficient
DNA replication in unperturbed S phase. Mol. Cell, 71, 897–910.

42. Teixeira-Silva,A., Ait Saada,A., Hardy,J., Iraqui,I., Nocente,M.C.,
Freon,K. and Lambert,S.A.E. (2017) The end-joining factor Ku acts
in the end-resection of double strand break-free arrested replication
forks. Nat. Commun., 8, 1982.

43. Anand,R., Ranjha,L., Cannavo,E. and Cejka,P. (2016)
Phosphorylated CtIP functions as a co-factor of the
MRE11-RAD50-NBS1 endonuclease in DNA end resection. Mol.
Cell, 64, 940–950.

44. Cannavo,E. and Cejka,P. (2014) Sae2 promotes dsDNA
endonuclease activity within Mre11-Rad50-Xrs2 to resect DNA
breaks. Nature, 514, 122–125.

45. Przetocka,S., Porro,A., Bolck,H.A., Walker,C., Lezaja,A.,
Trenner,A., von Aesch,C., Himmels,S.F., D’Andrea,A.D.,
Ceccaldi,R. et al. (2018) CtIP-mediated fork protection synergizes
with BRCA1 to suppress genomic instability upon DNA replication
stress. Mol. Cell, 72, 568–582.

46. Zarrizi,R., Higgs,M.R., Vossgrone,K., Rossing,M., Bertelsen,B.,
Bose,M., Kousholt,A.N., Rosner,H., Network,T.C., Ejlertsen,B.
et al. (2020) Germline RBBP8 variants associated with early-onset
breast cancer compromise replication fork stability. J. Clin. Invest.,
130, 4069–4080.

47. Nieminuszczy,J., Broderick,R., Bellani,M.A., Smethurst,E.,
Schwab,R.A., Cherdyntseva,V., Evmorfopoulou,T., Lin,Y.L.,
Minczuk,M., Pasero,P. et al. (2019) EXD2 protects stressed

replication forks and is required for cell viability in the absence of
BRCA1/2. Mol. Cell, 75, 605–619.

48. Berti,M., Teloni,F., Mijic,S., Ursich,S., Fuchs,J., Palumbieri,M.D.,
Krietsch,J., Schmid,J.A., Garcin,E.B., Gon,S. et al. (2020)
Sequential role of RAD51 paralog complexes in replication fork
remodeling and restart. Nat. Commun., 11, 3531.

49. Poole,L.A. and Cortez,D. (2017) Functions of SMARCAL1,
ZRANB3, and HLTF in maintaining genome stability. Crit. Rev.
Biochem. Mol. Biol., 52, 696–714.

50. Betous,R., Couch,F.B., Mason,A.C., Eichman,B.F., Manosas,M.
and Cortez,D. (2013) Substrate-selective repair and restart of
replication forks by DNA translocases. Cell Rep., 3, 1958–1969.

51. Ciccia,A., Nimonkar,A.V., Hu,Y., Hajdu,I., Achar,Y.J., Izhar,L.,
Petit,S.A., Adamson,B., Yoon,J.C., Kowalczykowski,S.C. et al.
(2012) Polyubiquitinated PCNA recruits the ZRANB3 translocase
to maintain genomic integrity after replication stress. Mol. Cell, 47,
396–409.

52. Vujanovic,M., Krietsch,J., Raso,M.C., Terraneo,N., Zellweger,R.,
Schmid,J.A., Taglialatela,A., Huang,J.W., Holland,C.L., Zwicky,K.
et al. (2017) Replication fork slowing and reversal upon DNA
damage require PCNA polyubiquitination and ZRANB3 DNA
translocase activity. Mol. Cell, 67, 882–890.

53. Motegi,A., Liaw,H.J., Lee,K.Y., Roest,H.P., Maas,A., Wu,X.,
Moinova,H., Markowitz,S.D., Ding,H., Hoeijmakers,J.H. et al.
(2008) Polyubiquitination of proliferating cell nuclear antigen by
HLTF and SHPRH prevents genomic instability from stalled
replication forks. Proc. Natl. Acad. Sci. USA, 105, 12411–12416.

54. Unk,I., Hajdu,I., Fatyol,K., Hurwitz,J., Yoon,J.H., Prakash,L.,
Prakash,S. and Haracska,L. (2008) Human HLTF functions as a
ubiquitin ligase for proliferating cell nuclear antigen
polyubiquitination. Proc. Natl. Acad. Sci. USA, 105, 3768–3773.

55. Blastyak,A., Hajdu,I., Unk,I. and Haracska,L. (2010) Role of
double-stranded DNA translocase activity of human HLTF in
replication of damaged DNA. Mol. Cell. Biol., 30, 684–693.

56. Achar,Y.J., Balogh,D. and Haracska,L. (2011) Coordinated protein
and DNA remodeling by human HLTF on stalled replication fork.
Proc. Natl. Acad. Sci. USA, 108, 14073–14078.

57. Kile,A.C., Chavez,D.A., Bacal,J., Eldirany,S., Korzhnev,D.M.,
Bezsonova,I., Eichman,B.F. and Cimprich,K.A. (2015) HLTF’s
ancient HIRAN domain binds 3′ DNA ends to drive replication
fork reversal. Mol. Cell, 58, 1090–1100.

58. Hishiki,A., Hara,K., Ikegaya,Y., Yokoyama,H., Shimizu,T., Sato,M.
and Hashimoto,H. (2015) Structure of a novel DNA-binding
domain of Helicase-like transcription factor (HLTF) and Its
functional implication in DNA damage tolerance. J. Biol. Chem.,
290, 13215–13223.

59. Garcia,V., Phelps,S.E., Gray,S. and Neale,M.J. (2011) Bidirectional
resection of DNA double-strand breaks by Mre11 and Exo1.
Nature, 479, 241–244.

60. Paull,T.T. and Gellert,M. (1998) The 3′ to 5′ exonuclease activity of
Mre 11 facilitates repair of DNA double-strand breaks. Mol. Cell, 1,
969–979.

61. Ayyagari,R., Gomes,X.V., Gordenin,D.A. and Burgers,P.M. (2003)
Okazaki fragment maturation in yeast. I. Distribution of functions
between FEN1 AND DNA2. J. Biol. Chem., 278, 1618–1625.

62. Fortini,B.K., Pokharel,S., Polaczek,P., Balakrishnan,L.,
Bambara,R.A. and Campbell,J.L. (2011) Characterization of the
endonuclease and ATP-dependent flap endo/exonuclease of Dna2.
J. Biol. Chem., 286, 23763–23770.

63. Rossi,S.E., Foiani,M. and Giannattasio,M. (2018) Dna2 processes
behind the fork long ssDNA flaps generated by Pif1 and
replication-dependent strand displacement. Nat. Commun., 9, 4830.

64. Fugger,K., Mistrik,M., Neelsen,K.J., Yao,Q., Zellweger,R.,
Kousholt,A.N., Haahr,P., Chu,W.K., Bartek,J., Lopes,M. et al.
(2015) FBH1 catalyzes regression of stalled replication forks. Cell
Rep., 10, 1749–1757.

65. Panzarino,N.J., Krais,J.J., Cong,K., Peng,M., Mosqueda,M.,
Nayak,S.U., Bond,S.M., Calvo,J.A., Doshi,M.B., Bere,M. et al.
(2020) Replication gaps underlie BRCA-deficiency and therapy
response. Cancer Res, 81, 1388–1397.

66. Somyajit,K., Spies,J., Coscia,F., Kirik,U., Rask,M.B., Lee,J.H.,
Neelsen,K.J., Mund,A., Jensen,L.J., Paull,T.T. et al. (2021)
Homology-directed repair protects the replicating genome from
metabolic assaults. Dev. Cell, 56, 461–477.



Nucleic Acids Research, 2021, Vol. 49, No. 13 7237

67. Chen,H. and Symington,L.S. (2013) Overcoming the chromatin
barrier to end resection. Cell Res., 23, 317–319.

68. Price,B.D. and D’Andrea,A.D. (2013) Chromatin remodeling at
DNA double-strand breaks. Cell, 152, 1344–1354.

69. Adkins,N.L., Niu,H., Sung,P. and Peterson,C.L. (2013) Nucleosome
dynamics regulates DNA processing. Nat. Struct. Mol. Biol., 20,
836–842.

70. Smith,D.J. and Whitehouse,I. (2012) Intrinsic coupling of
lagging-strand synthesis to chromatin assembly. Nature, 483,
434–438.

71. Yadav,T. and Whitehouse,I. (2016) Replication-Coupled
nucleosome assembly and positioning by ATP-dependent
chromatin-remodeling enzymes. Cell Rep., 15, 715–723.

72. Delamarre,A., Barthe,A., de la Roche Saint-Andre,C., Luciano,P.,
Forey,R., Padioleau,I., Skrzypczak,M., Ginalski,K., Geli,V.,
Pasero,P. et al. (2020) MRX increases chromatin accessibility at
stalled replication forks to promote nascent DNA resection and
cohesin loading. Mol. Cell, 77, 395–410.

73. Kim,J.J., Lee,S.Y., Choi,J.H., Woo,H.G., Xhemalce,B. and
Miller,K.M. (2020) PCAF-mediated histone acetylation promotes
replication fork degradation by MRE11 and EXO1 in
BRCA-deficient cells. Mol. Cell, 80, 327–344.

74. Agudelo Garcia,P.A., Lovejoy,C.M., Nagarajan,P., Park,D.,
Popova,L.V., Freitas,M.A. and Parthun,M.R. (2020) Histone
acetyltransferase 1 is required for DNA replication fork function
and stability. J. Biol. Chem., 295, 8363–8373.

75. Peng,M., Cong,K., Panzarino,N.J., Nayak,S., Calvo,J., Deng,B.,
Zhu,L.J., Morocz,M., Hegedus,L., Haracska,L. et al. (2018)
Opposing roles of FANCJ and HLTF protect forks and restrain
replication during stress. Cell Rep., 24, 3251–3261.

76. Schwab,R.A., Nieminuszczy,J., Shin-ya,K. and Niedzwiedz,W.
(2013) FANCJ couples replication past natural fork barriers with
maintenance of chromatin structure. J. Cell Biol., 201, 33–48.

77. Feng,G., Yuan,Y., Li,Z., Wang,L., Zhang,B., Luo,J., Ji,J. and
Kong,D. (2019) Replication fork stalling elicits chromatin
compaction for the stability of stalling replication forks. Proc. Natl.
Acad. Sci. USA, 116, 14563–14572.

78. Guillemette,S., Serra,R.W., Peng,M., Hayes,J.A.,
Konstantinopoulos,P.A., Green,M.R. and Cantor,S.B. (2015)
Resistance to therapy in BRCA2 mutant cells due to loss of the
nucleosome remodeling factor CHD4. Genes Dev., 29, 489–494.

79. Dungrawala,H., Bhat,K.P., Le Meur,R., Chazin,W.J., Ding,X.,
Sharan,S.K., Wessel,S.R., Sathe,A.A., Zhao,R. and Cortez,D.
(2017) RADX promotes genome stability and modulates
chemosensitivity by regulating RAD51 at replication forks. Mol.
Cell, 67, 374–386.

80. Clements,K.E., Thakar,T., Nicolae,C.M., Liang,X., Wang,H.G. and
Moldovan,G.L. (2018) Loss of E2F7 confers resistance to
poly-ADP-ribose polymerase (PARP) inhibitors in BRCA2-deficient
cells. Nucleic Acids Res., 46, 8898–8907.

81. Tang,J., Cho,N.W., Cui,G., Manion,E.M., Shanbhag,N.M.,
Botuyan,M.V., Mer,G. and Greenberg,R.A. (2013) Acetylation
limits 53BP1 association with damaged chromatin to promote
homologous recombination. Nat. Struct. Mol. Biol., 20, 317–325.

82. Li,M.L., Jiang,Q., Bhanu,N.V., Wu,J., Li,W., Garcia,B.A. and
Greenberg,R.A. (2018) Phosphorylation of TIP60 suppresses 53BP1
localization at DNA damage sites. Mol. Cell. Biol, 39, e00209-18.

83. Clements,K.E., Schleicher,E.M., Thakar,T., Hale,A.,
Dhoonmoon,A., Tolman,N.J., Sharma,A., Liang,X., Imamura
Kawasawa,Y., Nicolae,C.M. et al. (2020) Identification of regulators
of poly-ADP-ribose polymerase inhibitor response through
complementary CRISPR knockout and activation screens. Nat.
Commun., 11, 6118.

84. Daza-Martin,M., Starowicz,K., Jamshad,M., Tye,S., Ronson,G.E.,
MacKay,H.L., Chauhan,A.S., Walker,A.K., Stone,H.R.,
Beesley,J.F.J. et al. (2019) Isomerization of BRCA1-BARD1
promotes replication fork protection. Nature, 571, 521–527.

85. Billing,D., Horiguchi,M., Wu-Baer,F., Taglialatela,A., Leuzzi,G.,
Nanez,S.A., Jiang,W., Zha,S., Szabolcs,M., Lin,C.S. et al. (2018)
The BRCT domains of the BRCA1 and BARD1 tumor suppressors
differentially regulate homology-directed repair and stalled fork
protection. Mol. Cell, 72, 127–139.

86. Quinet,A., Tirman,S., Jackson,J., Svikovic,S., Lemacon,D.,
Carvajal-Maldonado,D., Gonzalez-Acosta,D., Vessoni,A.T.,

Cybulla,E., Wood,M. et al. (2020) PRIMPOL-mediated adaptive
response suppresses replication fork reversal in BRCA-deficient
cells. Mol. Cell, 77, 461–474.

87. Lossaint,G., Larroque,M., Ribeyre,C., Bec,N., Larroque,C.,
Decaillet,C., Gari,K. and Constantinou,A. (2013) FANCD2 binds
MCM proteins and controls replisome function upon activation of s
phase checkpoint signaling. Mol. Cell, 51, 678–690.

88. Wang,A.T., Kim,T., Wagner,J.E., Conti,B.A., Lach,F.P.,
Huang,A.L., Molina,H., Sanborn,E.M., Zierhut,H., Cornes,B.K.
et al. (2015) A dominant mutation in human RAD51 reveals its
function in DNA interstrand crosslink repair independent of
homologous recombination. Mol. Cell, 59, 478–490.

89. Rickman,K.A., Noonan,R.J., Lach,F.P., Sridhar,S., Wang,A.T.,
Abhyankar,A., Huang,A., Kelly,M., Auerbach,A.D. and
Smogorzewska,A. (2020) Distinct roles of BRCA2 in replication
fork protection in response to hydroxyurea and DNA interstrand
cross-links. Genes Dev., 34, 832–846.

90. Ding,X., Ray Chaudhuri,A., Callen,E., Pang,Y., Biswas,K.,
Klarmann,K.D., Martin,B.K., Burkett,S., Cleveland,L., Stauffer,S.
et al. (2016) Synthetic viability by BRCA2 and PARP1/ARTD1
deficiencies. Nat. Commun., 7, 12425.

91. Mateos-Gomez,P.A., Gong,F., Nair,N., Miller,K.M.,
Lazzerini-Denchi,E. and Sfeir,A. (2015) Mammalian polymerase
theta promotes alternative NHEJ and suppresses recombination.
Nature, 518, 254–257.

92. Ceccaldi,R., Liu,J.C., Amunugama,R., Hajdu,I., Primack,B.,
Petalcorin,M.I., O’Connor,K.W., Konstantinopoulos,P.A.,
Elledge,S.J., Boulton,S.J. et al. (2015)
Homologous-recombination-deficient tumours are dependent on
Poltheta-mediated repair. Nature, 518, 258–262.

93. Lim,K.S., Li,H., Roberts,E.A., Gaudiano,E.F., Clairmont,C.,
Sambel,L.A., Ponnienselvan,K., Liu,J.C., Yang,C., Kozono,D. et al.
(2018) USP1 is required for replication fork protection in
BRCA1-deficient tumors. Mol. Cell, 72, 925–941.

94. Ying,S., Hamdy,F.C. and Helleday,T. (2012) Mre11-dependent
degradation of stalled DNA replication forks is prevented by
BRCA2 and PARP1. Cancer Res., 72, 2814–2821.

95. Coquel,F., Silva,M.J., Techer,H., Zadorozhny,K., Sharma,S.,
Nieminuszczy,J., Mettling,C., Dardillac,E., Barthe,A., Schmitz,A.L.
et al. (2018) SAMHD1 acts at stalled replication forks to prevent
interferon induction. Nature, 557, 57–61.

96. Reislander,T., Lombardi,E.P., Groelly,F.J., Miar,A., Porru,M., Di
Vito,S., Wright,B., Lockstone,H., Biroccio,A., Harris,A. et al. (2019)
BRCA2 abrogation triggers innate immune responses potentiated by
treatment with PARP inhibitors. Nat. Commun., 10, 3143.

97. Ding,L., Kim,H.J., Wang,Q., Kearns,M., Jiang,T., Ohlson,C.E.,
Li,B.B., Xie,S., Liu,J.F., Stover,E.H. et al. (2018) PARP inhibition
elicits STING-dependent antitumor immunity in Brca1-deficient
ovarian cancer. Cell Rep., 25, 2972–2980.

98. Bunting,S.F., Callen,E., Wong,N., Chen,H.T., Polato,F., Gunn,A.,
Bothmer,A., Feldhahn,N., Fernandez-Capetillo,O., Cao,L. et al.
(2010) 53BP1 inhibits homologous recombination in Brca1-deficient
cells by blocking resection of DNA breaks. Cell, 141, 243–254.

99. Xu,G., Chapman,J.R., Brandsma,I., Yuan,J., Mistrik,M.,
Bouwman,P., Bartkova,J., Gogola,E., Warmerdam,D., Barazas,M.
et al. (2015) REV7 counteracts DNA double-strand break resection
and affects PARP inhibition. Nature, 521, 541–544.

100. Noordermeer,S.M., Adam,S., Setiaputra,D., Barazas,M.,
Pettitt,S.J., Ling,A.K., Olivieri,M., Alvarez-Quilon,A., Moatti,N.,
Zimmermann,M. et al. (2018) The shieldin complex mediates
53BP1-dependent DNA repair. Nature, 560, 117–121.

101. Ghezraoui,H., Oliveira,C., Becker,J.R., Bilham,K., Moralli,D.,
Anzilotti,C., Fischer,R., Deobagkar-Lele,M., Sanchiz-Calvo,M.,
Fueyo-Marcos,E. et al. (2018) 53BP1 cooperation with the
REV7-shieldin complex underpins DNA structure-specific NHEJ.
Nature, 560, 122–127.

102. Mirman,Z., Lottersberger,F., Takai,H., Kibe,T., Gong,Y., Takai,K.,
Bianchi,A., Zimmermann,M., Durocher,D. and de Lange,T. (2018)
53BP1-RIF1-shieldin counteracts DSB resection through CST- and
Polalpha-dependent fill-in. Nature, 560, 112–116.

103. Dev,H., Chiang,T.W., Lescale,C., de Krijger,I., Martin,A.G.,
Pilger,D., Coates,J., Sczaniecka-Clift,M., Wei,W., Ostermaier,M.
et al. (2018) Shieldin complex promotes DNA end-joining and



7238 Nucleic Acids Research, 2021, Vol. 49, No. 13

counters homologous recombination in BRCA1-null cells. Nat. Cell
Biol., 20, 954–965.

104. Gupta,R., Somyajit,K., Narita,T., Maskey,E., Stanlie,A.,
Kremer,M., Typas,D., Lammers,M., Mailand,N., Nussenzweig,A.
et al. (2018) DNA Repair Network Analysis Reveals Shieldin as a
Key Regulator of NHEJ and PARP Inhibitor Sensitivity. Cell, 173,
972–988.

105. Murai,J., Huang,S.Y., Das,B.B., Renaud,A., Zhang,Y.,
Doroshow,J.H., Ji,J., Takeda,S. and Pommier,Y. (2012) Trapping of
PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res., 72,
5588–5599.

106. Blessing,C., Mandemaker,I.K., Gonzalez-Leal,C., Preisser,J.,
Schomburg,A. and Ladurner,A.G. (2020) The oncogenic helicase
ALC1 regulates PARP inhibitor potency by trapping PARP2 at
DNA breaks. Mol. Cell, 80, 862–875.

107. Juhasz,S., Smith,R., Schauer,T., Spekhardt,D., Mamar,H.,
Zentout,S., Chapuis,C., Huet,S. and Timinszky,G. (2020) The
chromatin remodeler ALC1 underlies resistance to PARP inhibitor
treatment. Sci. Adv., 6, eabb8626.

108. Verma,P., Zhou,Y., Cao,Z., Deraska,P.V., Deb,M., Arai,E., Li,W.,
Shao,Y., Puentes,L., Li,Y. et al. (2021) ALC1 links chromatin
accessibility to PARP inhibitor response in homologous
recombination-deficient cells. Nat. Cell Biol., 23, 160–171.

109. Zimmermann,M., Murina,O., Reijns,M.A.M., Agathanggelou,A.,
Challis,R., Tarnauskaite,Z., Muir,M., Fluteau,A., Aregger,M.,
McEwan,A. et al. (2018) CRISPR screens identify genomic
ribonucleotides as a source of PARP-trapping lesions. Nature, 559,
285–289.

110. Maya-Mendoza,A., Moudry,P., Merchut-Maya,J.M., Lee,M.,
Strauss,R. and Bartek,J. (2018) High speed of fork progression
induces DNA replication stress and genomic instability. Nature, 559,
279–284.

111. Cong,K., Kousholt,A.N., Peng,M., Panzarino,N.J., Lee,W.T.C.,
Nayak,S., Krais,J.J., Calvo,J., Bere,M., Rothenberg,E. et al. (2019)
PARPi synthetic lethality derives from replication-associated
single-stranded DNA gaps. bioRxiv doi:
https://doi.org/10.1101/781989, 25 September 2019, preprint: not
peer reviewed.

112. Piberger,A.L., Bowry,A., Kelly,R.D.W., Walker,A.K.,
Gonzalez-Acosta,D., Bailey,L.J., Doherty,A.J., Mendez,J.,
Morris,J.R., Bryant,H.E. et al. (2020) PrimPol-dependent
single-stranded gap formation mediates homologous recombination
at bulky DNA adducts. Nat. Commun., 11, 5863.

113. Benureau,Y., Pouvelle,C., Tavares,E.M., Dupaigne,P., Despras,E.,
Cam,E.L. and Kannouche,P. (2020) Replication intermediate
architecture reveals the chronology of DNA damage tolerance
pathways at UV-stalled replication forks in human cells. bioRxiv
doi: https://doi.org/10.1101/2020.10.12.336107, 12 October 2020,
preprint: not peer reviewed.

114. Berti,M., Ray Chaudhuri,A., Thangavel,S., Gomathinayagam,S.,
Kenig,S., Vujanovic,M., Odreman,F., Glatter,T., Graziano,S.,
Mendoza-Maldonado,R. et al. (2013) Human RECQ1 promotes
restart of replication forks reversed by DNA topoisomerase I
inhibition. Nat. Struct. Mol. Biol., 20, 347–354.

115. Hanzlikova,H., Kalasova,I., Demin,A.A., Pennicott,L.E.,
Cihlarova,Z. and Caldecott,K.W. (2018) The importance of
Poly(ADP-ribose) polymerase as a sensor of unligated okazaki
fragments during DNA replication. Mol. Cell, 71, 319–331.

116. Taylor,M.R.G. and Yeeles,J.T.P. (2018) The initial response of a
eukaryotic replisome to DNA damage. Mol. Cell, 70, 1067–1080.

117. Guilliam,T.A. and Yeeles,J.T.P. (2020) Reconstitution of translesion
synthesis reveals a mechanism of eukaryotic DNA replication
restart. Nat. Struct. Mol. Biol., 27, 450–460.

https://www.doi.org/10.1101/781989
https://www.doi.org/10.1101/2020.10.12.336107

