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Abstract

Eukaryotic cells continuously experience DNA damage that can perturb key molecular processes
like DNA replication. DNA replication forks that encounter DNA lesions typically slow and may
stall, which can lead to highly detrimental fork collapse if appropriate protective measures are not
executed. Stabilization and protection of stalled replication forks ensures the possibility of
effective fork restart and prevents genomic instability. Recent efforts from multiple laboratories
have highlighted several proteins involved in replication fork remodeling and DNA damage
response pathways as key regulators of fork stability. Homologous recombination factors such as
RADS51, BRCAL, and BRCAZ2, along with components of the Fanconi Anemia pathway, are now
known to be crucial for stabilizing stalled replication forks and preventing nascent strand
degradation. Several checkpoint proteins have additionally been implicated in fork protection.
Ongoing work in this area continues to shed light on a sophisticated molecular pathway that
balances the action of DNA resection and fork protection to maintain genomic integrity, with
important implications for the fate of both normal and malignant cells following replication stress.

Introduction

Faithful transmission of genetic information depends on accurate duplication of the genome
by the DNA replication machinery. However, DNA lesions that arise spontaneously or due to
endogenous or exogenous DNA damaging agents pose a challenge to replication fork (RF)
progression (1). DNA replication is conducted by a multi-protein molecular machine
comprised of DNA polymerases, a DNA helicase complex, and a multitude of accessory
proteins that ensure the accurate duplication of all genomic sequences precisely once each
cell cycle. Replication stress perturbs DNA replication, often resulting in RF slowing or
stalling (2). Blockage of a replicative DNA polymerase by a lesion on the leading strand
template often results in helicase uncoupling, causing single stranded DNA (sSDNA)
accumulation that triggers a DNA damage response (DDR) (3). Subsequently, either the
processive polymerase is temporarily replaced with a translesion synthesis (TLS)
polymerase to bypass the lesion, or replication is resumed downstream of the lesion by
repriming and/or recombinational mechanisms (4). A major determinant of pathway choice
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in such situations involves the ubiquitination of PCNA on K164, with potentially error-prone
TLS requiring PCNA mono-ubiquitination, and PCNA poly-ubiquitination instead
promoting error-free template switching (5). Certain barriers represent an even greater
challenge to DNA replication, such as in the case of interstrand DNA crosslinks (ICLs),
which involve covalent linkage of the two DNA strands. Some mechanistic models suggest
that RF stalling at ICLs is followed by lesion unhooking and subsequent DNA repair prior to
the resumption of DNA synthesis, whereas others invoke fork traverse of the ICL followed
by post-replicative repair (6-8). For the RF to successfully negotiate impediments and for
replication to proceed, cells rely on accessory proteins to stabilize and remodel the blocked
RF (1). Resolving stalled RFs requires a complex signaling pathway to coordinate lesion
repair and fork processing in order to avoid DNA double-strand breaks (DSBs) and other
undesirable outcomes associated with RF destabilization and collapse (Figure 1).

Accumulation of ssDNA due to RF stalling activates ATR-mediated checkpoint signaling,
which also requires the PCNA-like RAD9A-RAD1-HUS1 (9-1-1) complex and the adaptor
and ATR activator TOPBP1 (9). Upon activation, ATR phosphorylates a plethora of
substrates, including the transducer kinase CHK1, that trigger protective responses such as
cell cycle arrest and DNA repair (10). With respect to DNA replication, ATR activation halts
new origin firing and promotes RF stability by regulating several key downstream proteins
in fork reversal, protection, and restart (11). In response to RF stalling, phosphorylation by
ATR of the Bloom Syndrome (BLM) and Werner Syndrome (WRN) helicases is required for
accurate fork restart (12). Checkpoint kinases also regulate the activity of several nucleases
that participate in fork restart (13). Apart from the checkpoint machinery, several additional
proteins, including homologous recombination (HR) proteins, nucleases, translocases, and
many others, play significant roles in overseeing the resolution of stalled RFs.

Roles for homologous recombination proteins in protecting stalled

replication forks against nascent strand nucleolytic degradation

HR is a primary cellular mechanism for error-free DSB repair. Remarkably, growing
evidence also highlights key roles for several HR pathway members, such as RAD51 and
BRCAL/2, in protecting stalled RFs and orchestrating a delicate balance between necessary
resection events and excessive nascent strand degradation (14-18). Upon binding ssDNA at
a conventional resected DSB, RAD51 promotes homology search and strand exchange,
essential steps in HR-mediated DSB repair (19). At stalled RFs, BRCA?2 and accessory
proteins promote the stabilization of the RAD51 nucleoprotein filament along sSDNA,
protecting newly synthesized DNA strands from nucleolytic degradation (20, 21).

Nucleases such as MRE11, EXO1, DNA2 (DNA replication helicase/nuclease 2), and CtIP
have traditionally been studied in the context of DSB repair, where they contribute to DSB
end resection as a critical early step in HR. However, key roles for these nucleases in stalled
RF remodeling have also been identified in recent years (16). For example, MRE11, in
coordination with CtIP, can initiate DNA resection and generate sSSDNA gaps at stalled forks,
enabling RAD51 nucleofilament formation that facilitates fork reversal and template
switching (15). On the other hand, excessive nuclease activity can result in the degradation
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of stalled RFs and fork collapse (15, 22—-24). Hence, maintaining tight control over nucleases
that are attracted to stalled RFs is crucial for successful, mutation-free outcomes.

One key element for the regulation of nuclease activity at RFs involves HR proteins, such as
RADS51, which protect newly synthesized DNA from MRE11-mediated degradation (25).
Based in part on analysis of DNA replication using single molecule DNA fiber assays,
Schlacher, Jasin and colleagues proposed that BRCAZ deficiency leads to destabilization and
degradation of the stalled forks by MRE11, resulting in genomic instability (20, 21).
Subsequently, crosstalk between HR proteins and members of the Fanconi Anemia (FA)
pathway was implicated in modulating stalled RFs. FA is an inherited genomic instability
syndrome caused by mutation in any of several proteins that function to coordinate multiple
repair processes, including HR, and checkpoint signaling, particularly in the context of ICL
repair (26). Included among the FA proteins are BRCA1 (FANCS), BRCA2 (FANCD1),
RADS51 (FANCR), and RAD51C (FANCO). Other FA pathway components, most notably
FANCD?2, have also been implicated in fork protection (27).

Recent work established that FA/BRCA proteins stabilize RAD51 at stalled RFs to protect
nascent strands from MRE11-dependent fork degradation (21, 28). Meanwhile, several other
factors have been tabbed as facilitators of nascent strand degradation by MRE11. For
instance, it was recently shown that RAD52 promotes stalled RF degradation in BRCAZ-
deficient cells by priming MRE11-dependent resection (18). The histone methyltransferases
MLL3/4 as well as PTIP, CHD4, and PARP1, additionally modulate MRE11 recruitment at
stalled RFs (17, 29, 30). Interestingly, MLL3/4 or PTIP loss restored RF stability and
chemoresistance without correcting HR defects in BRCA1/2 deficient cells. These data
reveal a novel mechanism in which protecting stalled RFs can promote viability and drug
resistance in BRCA1/2-deficient cells irrespective of their HR capacity. In parallel,
D’Andrea and colleagues delineated another pathway involving EZH2 (enhancer of zeste 2
polycomb repressive complex 2 subunit) and MUS81 that impacts fork stability as well as
PARP inhibitor (PARPI) sensitivity in BRCAZ-deficient cancers (23). EZH2, a histone lysine
methyltransferase, methylates H3K27 at stalled forks, promoting MUS81 endonuclease
recruitment and subsequent MUS81-mediated fork degradation. Loss of EZH2 promotes
fork stability and confers PARPI resistance in BRCA2-deficient tumors. Similar results have
been observed for MUSB81 inactivation in BRCAZ mutant cells, although there are
conflicting reports with respect to its effects on PARPI sensitivity (11, 19). Interestingly, the
EZH2-MUS81 pathway does not regulate fork protection in BRCAI-deficient tumors,
suggesting distinct functions for BRCA1 and BRCAZ2 in fork protection (23). These and
other studies raise an important point regarding the multiple, separable roles for BRCA1/2
and RAD51 in HR, fork protection, and stress responses. For instance, Nussenzweig and
colleagues observed that although 53BP1 loss rescues the HR defects and PARPI sensitivity
of BRCAI mutant cells, it does not restore normal sensitivity to ICL-inducing agents,
suggesting a requirement for BRCAL in ICL repair that is independent of HR (31). Recent
studies describing separation of function mutants of RAD51 and BRCAZ2 provide further
evidence that their fork protection activities can be distinguished mechanistically from HR,
as discussed below (24, 32).
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Accurate fork reversal is essential for stabilization of stalled replication

forks

Restart and resolution of stalled RFs often requires RF remodeling and formation of a
“chicken foot” structure known as a reversed fork (RVF) (33). RVFs reflect the remodeling
of a typical three-way junction at a RF into a four-way junction, created by annealing the
two newly synthesized DNA strands to generate an additional regressed arm (34). Foiani and
colleagues first visualized RVFs using electron microscopy, and this remains the primary
method for detecting such structures (1, 33, 35, 36). RVFs are frequently observed in
response to oncogene-induced replication stress, underscoring the relevance of RVFs in
cancer (34). Restructuring a stalled RF into a RVF not only stabilizes the fork, but also
promotes accurate fork restart. Optimally, RF reversal promotes the transient pausing of
replication to restrict extensive ssDNA accumulation, allow sufficient time for DNA repair,
and promote completion of replication by a second incoming fork during ICL repair (34).
However, it has become clear that faulty RF reversal can lead to adverse pathological
consequences. For example, fork remodeling can promote DNA strand misalignment,
contributing to genomic instability (37). Without adequate fork protection, RVFs can be
subject to extensive nuclease activity, leading to fork degradation and the formation of
aberrant DNA structures (15, 16). Recent work indicates that DDR factors such as RNF168
and 53BP1 enable efficient DNA replication and suppress chromosomal instability by
preventing the excessive accumulation and nucleolytic processing of RVFs at difficult-to-
replicate genomic regions, even in the absence of exogenous stressors (38).

Several SNF2-family translocases, such as SMARCAL1 (SWI/SNF-related, matrix-
associated, actin-dependent regulator of chromatin, subfamily a-like 1), HLTF (helicase-like
transcription factor), and ZRANBS3 (zinc finger RANBP2-type containing 3), have been
implicated in initiating fork reversal. Initially, SMARCAL 1 was identified as a gene of
interest in patients with Schimke immuno-osseous dysplasia (39). Subsequent work from the
Elledge and Cortez labs demonstrated the importance of SMARCALL in regulating fork
reversal to maintain genomic stability (40, 41). Both loss and overexpression of
SMARCAL1 can be deleterious for the genome, highlighting the importance of
SMARCAL1 regulation, which occurs via interactions with RPA and phosphorylation by
ATR (37). The concentration and DNA-binding orientation of RPA dictates its interaction
with SMARCAL1, thereby regulating SMARCAL1 engagement at RFs. Once at the fork,
SMARCAL1 is subject to ATR-mediated phosphorylation, which suppresses SMARCAL1-
dependent fork reversal activity (37).

ZRANB3 was uncovered by the Elledge group as a PCNA interacting protein that promotes
fork reversal upon its interaction with polyubiquitinated PCNA (42). PCNA
polyubiquitination is regulated in part by the yeast RAD5 homolog HLTF, and the HIRAN
domain of HLTF can also stimulate fork reversal activity (37). Other DNA translocases, such
as RAD54 and FANCM, have been implicated in fork reversal as well (43). More recently,
studies have revealed that the loss of SMARCALL1 and other translocases such as ZRANB3
and HLTF rescues fork degradation in BRCAI1/2-deficient cells in response to replication
stress, presumably by limiting the generation of DNA structures that are substrates for fork
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degrading nucleases (15, 18, 22, 36, 42). Unlike PTIP or MLL3/4 depletion, SMARCALL1 or
ZRANBS3 depletion does not confer chemoresistance in BRCAI-deficient cells, even though
genomic stability is restored (22). Although the detailed mechanisms of these SNF2-family
fork remodelers are still being resolved, the recent work underscores the importance of fork-
remodeling enzymes in genome maintenance.

RADS51 is required to stabilize reversed forks

Upon fork remodeling by nucleases and translocases, RAD51 coats exposed ssDNA at the
RVF, protecting against unregulated nuclease-mediated fork degradation (44). RAD51
loading during fork reversal can occur independently of its association with BRCA2 (14).
Interestingly, other HR mediators, such as RAD54, the RAD51 paralogs, and MMS22L —
TONSL (MMS22-like, DNA repair protein—tonsoku-like, DNA repair protein), support
BRCAZ2-independent RAD51 loading during fork reversal (19, 45, 46). Unlike BRCA2
deficiency, RAD51 loss reduces fork reversal, inhibits MRE11-dependent fork degradation,
and restores fork stability in BrcaZ-deficient cells (18). Together, these data highlight the
importance of RAD51 in fork reversal and degradation, but also as a fork protector. Unlike
the initial loading of RADS51 at reversed forks, subsequent RAD51 nucleoprotein filament
stabilization and successful HR require BRCA2. Notably, the roles of RAD51 in protection
of RVFs against nuclease-dependent fork degradation and in HR are separable, revealed by
analyses of a patient-derived RAD51T131P muytant cell line characterized by Smogorzewska
and colleagues (32). The RAD51T131P mytant protein interacts with DNA and supports HR;
however, it fails to form a stable nucleofilament even in the presence of BRCA2.
Consequently, RAD51T131P mytant cells exhibit increased ssDNA accumulation, RPA
exhaustion, and increased DNA2 and WRN activity, resulting in defective fork protection
and ICL repair. Furthermore, the Costanzo lab showed that RAD51T131P mutant cells are
competent for fork reversal, but fail to protect RVFs from MRE11-dependent degradation
(36). Similarly, BRCAZ2 separation-of-function mutants have been identified that are
defective for fork protection but competent for HR (16, 20).

Intriguingly, RAD51 overexpression promotes increased fork reversal, leading to fork
degradation and replication-associated DSBs (47, 48), perturbs replication elongation, and
triggers unscheduled origin firing (49). Recent proteomic analyses of stalled RFs revealed a
novel factor, RADX, that competes with RAD51 for ssDNA binding at the stalled RFs,
thereby suppressing aberrant fork remodeling (48). Consistent with a role for RADX as a
RAD51 antagonist, RADX overexpression promotes MRE11- and DNA2-mediated fork
degradation, and its loss restores fork protection in cells lacking BRCA1, BRCA2, or
FANCD2 (50). The RAD51 ubiquitylating factor, FBH1, also acts as a negative regulator of
RADS51 function, with loss of RAD51 ubiquitylation resulting in replication stress and
hyper-recombination (51). In sum, RAD51 plays multiple roles in the context of RF stability,
including in fork protection, fork reversal, and HR, and is subject to both positive and
negative regulation at stalled RFs to ensure the maintenance of genomic stability.
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Additional DDR factors besides canonical HR/FA proteins also regulate

replication fork stability

In addition to the HR/FA proteins noted above, several other DDR factors have been
implicated in fork protection. These include the Abraxas paralog ABRO1 (abraxas 2, BRISC
complex subunit) as well as BOD1L (biorientation of chromosomes in cell division 1-like
1), which protect stalled RFs against DNA2- and EXO1-dependent fork degradation (52,
53). Our own laboratory has identified 9-1-1 as another piece in the replication fork
protection puzzle. The 9-1-1 complex is a heterotrimeric DNA binding clamp that stimulates
ATR-mediated checkpoint signaling and DNA repair (54). 9-1-1 dysfunction has been linked
to several of the hallmarks of fork protection defects, including S-phase specific DNA
damage accumulation (55), hypersensitivity to replication stress-inducing agents (56, 57),
and predisposition to radial chromosome formation (58). Indeed, our recent studies have
identified a requirement for the 9-1-1 complex in protecting stalled RFs against MRE11-
dependent nascent strand degradation following replication stress (unpublished results from
Weiss lab). Although 9-1-1 has multiple, separable functions in the DDR (59), it is ATR
activation by 9-1-1 that is particularly important for fork protection, a finding that is
consistent with prior studies linking ATR to replication fork stability (13, 60-62). A
challenge for the field moving forward is to determine how these new players, including
ABRO1, BODL1L, and 9-1-1, fit into the existing landscape of RF protection and repair.
Common phenotypes observed in several of the corresponding mutants are suggestive of
potential functional interactions, and with comprehensive screens and detailed analysis of
the replication forks, the molecular intricacies governing the pathways responsible for
protecting and degrading RFs will be uncovered.

RecQ family helicases resolve reversed forks to promote accurate fork

restart

The RecQ family helicases RECQ1, BLM, and WRN have central roles in RF restoration
and replication restart (34). RECQL is an ATP-dependent DNA helicase that interacts with
RVFs, unwinding the leading strand at the stalled RF and promoting branch migration (63).
RECQ?1 additionally inhibits DNA2 activity in an ATPase-independent manner (64). PARP1-
mediated ADP ribosylation keeps RECQL1 activity at stalled RFs in check, and RECQ1
activity remains inhibited by activated PARP1 until replication stress is relieved. This
mechanism prevents premature RVF restoration (34). RECQ1 also has been implicated in
the generation and release of DNA fragments during RF resection. Pasero and colleagues
observed this role during studies of SAMHD1 (SAM and HD domain—containing dNTP
triphosphohydrolase 1), a dNTP hydrolase that activates MRE11, promoting gapped fork
resection and checkpoint activation. In the absence of SAMHDL, processing of stalled forks
by RECQL1 results in ssDNA release into the cytosol and subsequent induction of interferon
signaling, linking cancer-associated genomic instability to inflammatory responses (65).

Independent of RECQ1, WRN and BLM, other members of the RecQ helicase family, can
also promote fork restart activity in a HR-dependent manner (16). Interestingly, unlike other
RecQ helicases, WRN has 3" t0 5" exonuclease activity, making it a prime candidate for
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restoring forks containing gaps in the leading strand (3). Another helicase/nuclease, DNA2,
is aided by WRN/BLM ATPase activity and resects RVFs to promote the production of 3’
ssDNA overhangs (34, 66). Upon controlled resection by DNA2, RPA and RAD51 bind
ssDNA, leading to strand invasion and formation of Holliday Junctions (HJs) that are
subsequently resolved by the HR machinery (67). However, WRN and BLM have both pro-
and anti-recombinogenic activity, and instead of promoting HR can also promote fork restart
by dissolving HJs (68).

Importance of replication fork stability and restart in promoting

chemoresistance in BRCA deficient tumors

Despite sharing similar names, related disease associations, and clear linkages to DSB

repair, BRCA1- and BRCAZ-deficient tumors are associated with distinct mechanisms of
chemoresistance. Until recently, restoration of HR was the only known mechanism for
promoting cell viability and chemoresistance in BRCA1/2-deficient tumors (69, 70). As
mentioned earlier, Nussenzweig and colleagues determined that eliminating non-
homologous end joining protein 53BP1 in BRCAI-deficient cells restores HR, rescuing the
embryonic lethality of Brcal mutant mice (71). Parallel work in the Ashworth laboratory
showed restoration of cell viability in BRCAZ-deficient tumors by restoring HR (70).
However, multiple groups have gone on to show that independently of HR reinstatement,
restoring stalled replication forks and promoting fork protection and stability enables
chemoresistance in BRCA1/2-deficient tumors (15, 17, 18, 23, 24, 27, 50, 62). In BRCAI-
deficient cancer cells, acquisition of PARPI resistance is associated with the sequential
bypass of the requirements for BRCAL1 for both HR and fork protection through mechanisms
that are dependent upon ATR signaling (62). While fork protection activity contributes to
chemoresistance, it is less certain that it is necessary for tumor suppression. In assessing the
functions of the BRCA1/BARD1 complex, Billing et al. recently found that BARD1 mutants
that are defective for fork protection but competent for HR cause chromosomal instability
but not tumor predisposition (72).

BRCAZ deficiency leads to increased nascent strand degradation but is associated with
relatively normal fork restart activity (20). Until recently, the mechanisms that facilitate fork
restart in BRCAZ-deficient cells remained unclear. Lemacon et al. (11) determined that in
BRCAZ2-deficient cells, MUS81 cleaves the partially resected RVF with a ssDNA flap to
ensure POLD3-dependent fork restart and cell survival, suggesting a possible synthetic
lethal effect in cells upon BRCA2 and MUS81/POLD3 depletion. On the other hand,
D’Andrea and colleagues demonstrated that MUS81 disruption in BRCAZ2-deficient cells
restores fork stability and confers resistance to PARPI, which Lemacon et al. did not observe
(15, 23). This discrepancy regarding the role of MUS81 in regulating fork stability could be
related to its ability to process diverse substrates. Interestingly, MUS81 loss in BRCAI-
deficient cells did not rescue fork stability as observed upon BRCAZ deficiency (15).
Whereas BRCA1 promotes fork restart by promoting the cleavage of stalled RFs by the
SLX-MUS endonuclease complex, BRCA2 suppresses fork breakage, leading to the
suggestion that BRCA2 may participate in a cleavage-free pathway for fork restart, possibly
in conjunction with 53BP1, which counteracts BRCA1-mediated cleavage-coupled restart
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(73). Despite these distinctions between BRCA1 and BRCAZ2 functions, restoration of RF
stability and cell survival is observed in both BRCA1/2-deficient cells upon inactivation of
SNF2-family fork remodelers (22, 36). Given that the pathways critical for cell viability
differ under particular stress conditions and with BRCA1 vs. BRCAZ deficiency, it is
essential to fully resolve the underlying molecular details and leverage this knowledge to
generate potent cancer therapies.

Conclusions

A clear take home message from the above-mentioned studies is that RF remodeling and
stability involves a tightly regulated balancing act among several proteins from different
pathways. A tug-of-war between fork protection proteins and fork degrading nucleases
ultimately determines outcomes related to cell survival and genomic stability. Importantly,
fork remodeling has come to the forefront as a major contributor to chemoresistance and
cancer. With many factors already linked to RF reversal, protection, and restart, and with
more likely to be discovered, one of the challenges that remains in the field is the integration
of these various components into a cohesive model for what happens when RFs encounter
DNA lesions. Given that many of the factors involved in fork protection have been
implicated in cancer and that many commonly used anticancer therapies cause replication
stress or target critical DNA repair proteins, fully resolving the molecular mechanisms in
action at stalled RFs holds great promise for yielding new therapeutic approaches.
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Pax interacting protein
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Single-stranded DNA
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Werner syndrome ATP-dependent helicase
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Figure 1. Molecular mechanisms of replication fork protection and degradation.
DNA replication is constantly threatened by ongoing replication stress. Stabilization of

stalled replication forks is essential for genomic integrity. Fork protection proteins (RAD51,
BRCAL/2, FANCD2, and others) stabilize the stalled fork against nascent strand nucleolytic
degradation. Fork reversal also is a critically important process that is required for accurate
fork restart. Reversal of stalled replication forks is mediated by DNA translocase enzymes
(HLTF, SMARCAL1, ZRANB3 and RAD54) in conjunction with RAD51. RECQ1 and
BLM/WRN helicases promote effective fork restart of reversed forks. Along with these
HR/FA proteins, several other novel proteins, ABRO1, BOD1L, RADX and checkpoint
proteins, such as ATR and the 9-1-1 complex, have also been implicated in regulating fork
stability.
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