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Advances in understanding DNA processing and
protection at stalled replication forks

Kimberly Rickman and Agata Smogorzewska@®

The replisome, the molecular machine dedicated to copying DNA, encounters a variety of obstacles during S phase. Without a
proper response to this replication stress, the genome becomes unstable, leading to disease, including cancer. The immediate
response is localized to the stalled replisome and includes protection of the nascent DNA. A number of recent studies

have provided insight into the factors recruited to and responsible for protecting stalled replication forks. In response to
replication stress, the SNF2 family of DNA translocases has emerged as being responsible for remodeling replication forks

in vivo. The protection of stalled replication forks requires the cooperation of RAD51, BRCA1, BRCA2, and many other DNA
damage response proteins. In the absence of these fork protection factors, fork remodeling renders them vulnerable to
degradation by nucleases and helicases, ultimately compromising genome integrity. In this review, we focus on the recent
progress in understanding the protection, processing, and remodeling of stalled replication forks in mammalian cells.

Introduction
During DNA replication, the replisome encounters many obstacles
that pose a risk to precisely copying the genetic material. The
slowing or stalling of the progressing replication fork that results
from such impediments is termed replication stress (Zeman
and Cimprich, 2014). Endogenous sources of replication stress
include a damaged DNA template, difficult-to-replicate regions
such as repetitive sequences, active transcription machinery,
RNA-DNA hybrids, DNA-protein adducts, and secondary
DNA structures (Zeman and Cimprich, 2014). Alterations in
the cell cycle associated with oncogene activation and rapid
cell proliferation are also a source of replication stress due to
insufficient deoxynucleotide triphosphate pools (Neelsen et al.,
2013; Zeman and Cimprich, 2014; Ahuja et al., 2016). Cellular
responses have evolved to manage replication stress in order to
promote high-fidelity DNA replication to ensure cell viability.
They protect against mutations and guard against tumorigenesis.
Replication stress is associated with the generation of sin-
gle-stranded DNA (ssDNA) at the replication fork, which serves to
recruitand activate the ataxia-telangiectasia and Rad3 related (ATR)
kinase (Saldivar et al., 2017). The ATR kinase modulates the repli-
cation stress response by activating and recruiting DNA repair ma-
chinery, preventing new origin firing, promoting replication fork
stability, and stimulating processing for replication restart (Saldivar
et al., 2017). In the absence of ATR, replication stress leads to ex-
tensive ssDNA formation, which may result in replication protein A
(RPA) exhaustion and DNA breakage (Toledo et al., 2013).
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An improper response to replication stress can result in
replication fork collapse. Replication fork collapse has often been
used to describe the dissociation of the replication machinery
or double-strand break (DSB) formation at stalled replication
forks. In light of new data, replication fork collapse might be
better defined as replication inactivation in which a fork is
no longer able to resume replication (Cortez, 2015). Analysis
of replication forks by iPOND (isolation of protein on nascent
DNA) in mammalian cells has shown that in the absence of
ATR activity, the core components of the replisome are stable.
However, the proteome at the stalled fork is dynamically altered,
reflecting the requirement for ATR activity to modulate the
replication stress response in order to prevent fork collapse
(Dungrawala et al., 2015).

Replication forks that slow or stall can undergo remodeling into
areversed replication fork structure, which has been visualized
by EM (Sogo et al., 2002; Ray Chaudhuri et al., 2012). Reversed
forks are formed when the parental DNA strands reanneal and
nascent DNA strands anneal, forming a “regressed arm,” a
four-way joint molecule resembling a Holliday junction (Fig. 1).
Replicating cells display a baseline level of reversed replication
forks thatis increased upon exogenous genotoxic stress, possibly
as a result of ATR signaling (Ray Chaudhuri et al., 2012; Berti et
al., 2013; Zellweger et al., 2015; Mutreja etal., 2018). Awide array
of replication stress-producing agents, including topoisomerase
inhibitors, DNA interstrand cross-linking agents, DNA synthesis
inhibitors, alkylating agents, and UV radiation, increases
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reversed replication fork

P: parental duplex
D: daughter duplexes
R: regressed arm

Figure 1.

Replication fork intermediates visualized by EM. To visualize replication fork intermediates, replicating cells are treated with the cross-linking

agent psoralen, which cross-links DNA upon UVA exposure. The cross-linked duplex DNA is then visualized by EM, and replication intermediates are analyzed.
ssDNAversus dsDNA is determined by measuring DNA fiber thickness. Progressing replication forks, reversed replication forks, and replication forks containing
ssDNA gaps at the replication fork junction (thick black arrow) and behind the fork (thick white arrow) have been visualized. Scale bars indicate 0.5 kb in main
images and 0.2 kb in insets. EM micrographs are reproduced with permission from Zellweger et al. (2015).

replication fork reversal (Zellweger et al., 2015). Additionally,
cellsundergoing rapid proliferation use replication fork slowing
and fork reversal as a means to protect against genomic instability
produced by endogenous replication stress (Ahuja et al., 2016).
Evidence to support fork reversal as a mechanism to protect
against genomic instability is accumulating (Bétous et al., 2012;
Ray Chaudhuri et al., 2012; Couch et al., 2013; Zellweger et al.,
2015). Fork reversal may serve to protect against extensive ssDNA
generation, provide DNA repair machinery access to the damaged
template, or promote lesion bypass (Cortez, 2015). However,
reversed replication forks are also liable to nuclease processing
and DSB formation (Schlacher et al., 2011, 2012; Ying et al., 2012;
Couch etal., 2013; Neelsen et al., 2013).

In this review, we focus on the processing that occurs at the
replication fork when replication stress is encountered. Re-
cently, a number of studies have provided insight into the dy-
namics of stalled replication forks and the proteins active in
protecting replication forks to prevent genomic instability and
permit resumption of replication. At the forefront of replication
fork stability and protection are RAD51, BRCAl, and BRCA2,
most well known for their role in homologous recombination.
Until recently, it had been inferred that the role of these factors
in the response to replication stress was the repair of DSBs at
collapsed forks as necessary components of homology-directed
repair (HDR). However, it is apparent their roles are much more
pleiotropic. Single-molecule techniques such as DNA fiber
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analysis of replication tracks and EM of replication fork inter-
mediates have greatly contributed to the understanding of these
processes (Vindigni and Lopes, 2017). Armed with these tech-
niques, the field is gaining insight into the activities of BRCAI,
BRCA2, RAD5I, other protection factors, and various nucleases
and translocases at the stalled replication fork (Fig. 2), topics
that will be discussed.

Canonical HDR

During HDR, BRCA1 localizes to DSBs to promote end resection
that generates 3' ssDNA overhangs (Schlegel et al., 2006; Chen
etal., 2008). Resection is initiated by the MRE11-RAD50-NBS1
complex and the CtiP endonuclease to generate 3’ ssDNA tails
that undergo more extensive resection by either the EXOI exo-
nuclease or the BLM-DNA2 helicase nuclease complex (Fig. 3A;
Sartori et al., 2007; Gravel et al., 2008; Mimitou and Symington,
2008; Zhu et al., 2008; Symington, 2014). BRCA2 then medi-
ates the displacement of the ssDNA-binding protein RPA from
the 3" overhangs by loading the RAD51 recombinase. The RAD51
nucleofilament searches for homologous DNA in the sister
chromatid, which is used as a template for precise DNA repair
(Jasin and Rothstein, 2013). Following strand invasion and DNA
synthesis, the four-stranded double Holliday junctions are dis-
solved by either the BLM-TOPOIIla-RMI1-RMI2 complex or re-
solved by nucleolytic processing by GEN1 or MUS81-SLX1-SLX4
(Sarbajna and West, 2014).
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Figure 2. Summary of proteins and their roles in processing or protecting stalled replication forks. Recent observations suggest that many proteins
promote the remodeling of DNA at stalled replication forks into reversed replication fork structures. The remodeled fork requires protection by BRCAL, BRCA2,
RAD51, and several other factors that have been identified. In the absence of replication fork protection, the newly synthesized DNA is subject to degradation by
nucleases. A number of proteins have also been identified as promoting the localization of these nucleases at the stalled fork. Further investigation is required
to determine how these fork remodelers, nuclease regulators, and fork protectors may be operating to promote replication fork stability. It is possible that the
various remodelers, protectors, regulators, and nucleases are operating in a coordinated fashion; however, it is also possible that their roles are DNA lesion

and replication fork structure dependent.

BRCA2 and BRCALl in replication fork protection

Besides the essential function of BRCA2 in HDR, its role in pro-
tecting stalled replication forks has now been extensively de-
scribed. When BRCA2 is deficient, the newly duplicated (nascent)
strand is degraded by MREI1 under conditions of prolonged
hydroxyurea (HU) treatment that completely stalls replication
fork progression (Fig. 3 B; Schlacher et al., 2011). The function of
BRCA2 in replication fork protection was identified by studying
the BRCA2 S3291A separation-of-function mutation (Schlacher
et al., 2011). BRCA2 serine 3291 is a cyclin-dependent kinase
phosphorylation site that regulates the C-terminal interaction
of BRCA2, which is hypothesized to stabilize RAD51 nucleofila-
ments on ssDNA (Esashi et al., 2005; Davies and Pellegrini, 2007).
The S3291A BRCA2 mutant is proficient for HDR activity but is
unable to protect against nascent strand degradation by MREI1
(Schlacheretal., 2011; Feng and Jasin, 2017), which is presumed to
be due to defective RAD51 nucleofilament formation at the stalled
replication fork. Recent studies also suggest that the BRCA2
N-terminal domain and interaction with PALB2 is required for
the recruitment and protection function of BRCA?2 at stalled rep-
lication forks (Murphy et al., 2014; Hartford et al., 2016).

Just like during HDR, the ability of BRCA2 to deposit RAD51
onto ssDNA underlies its protective function at the stalled
replication fork. This conclusion comes from experiments
demonstrating that the disruption of RAD51 nucleofilaments
by expression of the BRC4 peptide also results in nascent
strand degradation. Conversely, overexpression of a RAD51
mutant, K133R, that forms stable nucleofilaments due to loss of
ATPase activity required for its dissociation from DNA, renders
replication forks resistant to degradation (Schlacher etal., 2011).
Furthermore, depletion of RAD51 has been shown to result
in nascent strand degradation at stalled replication forks and
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causes replication fork restart defects (Hashimoto et al., 2010;
Petermann et al., 2010). However, not all studies agree on the
exact role of RAD51 in nascent DNA resection at stalled forks
(Thangavel et al., 2015; Feng and Jasin, 2017; Lemacon et al., 2017;
Mijic et al., 2017). A possible explanation for such a discrepancy
might be different levels of RAD51 depletion (Bhat et al., 2018),
resulting in distinctive cellular outcomes, as will be described
when we discuss replication fork reversal.

The role of fork protection has been extended to include
BRCALI (Schlacher et al., 2012; Taglialatela et al., 2017) and the
BRCAI-binding partner BARDI (Billing et al., 2018). Mutations
disrupting the BARD1 BRCT domain resulted in defective BARD1-
BRCAI recruitment to sites of replication stress and defective
replication fork protection after HU (Billing et al., 2018). While
both BRCAland BRCA2 are required in replication fork protection
pathway, similar to HDR, it is likely their roles differ. Analysis
of DNA replication and repair through the Tus/Ter replication
fork barriers found that BRCAI, but not BRCA2, was required
to suppress tandem duplications, providing evidence that these
factors may operate differently during replication fork stalling
(Willis et al., 2017). Another report suggests a role for BRCA1
in countering 53BP1 activity at the replication fork to promote
cleavage-dependent processing (Xu etal., 2017b). However, these
experiments have not tested if 53BP1 itself had an influence on
nascent strand degradation upon complete replisome stalling. If
itdid, the additional downstream components recently identified
as controlling the amount of ssDNA at a DSB, including REV7/
MAD21.2, SHLDI, SHLD2, SHL.D3, and DYNLLI (Barazas et al.,
2018; Dev etal., 2018; Ghezraoui et al., 2018; Gupta et al., 2018; He
etal., 2018; Mirman et al., 2018; Noordermeer et al., 2018), should
be tested as potential regulators of nascent strand degradation
upon replication stress.
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Figure 3. Distinct roles of BRCA2 and RAD51 in canonical homologous recombination and replication fork protection. (A) HDR of DSBs requires the
formation of 3' ssDNA overhangs. The MRE11-RAD50-NBS1 (MRN) complex senses DSB and with the CtiP endonuclease initiates DNA end resection. The EXO1
exonuclease or the BLM-DNA2 helicase nuclease complex is responsible for more extensive resection. BRCA2 loads and stabilizes RAD51 nucleofilaments
on the ssDNA overhangs displacing the ssDNA binding protein RPA. RAD51 nucleofilament invades the sister chromatid to perform homology search. DNA
synthesis proceeds using homologous DNA for precise repair. (B) Replication fork reversalis proposed to be a global response to replication stress that requires
RADS51 and BRCA2 for fork reversal and fork protection. RAD51-mediated fork reversal entails the annealing of the newly replicated (nascent) strands of DNA
and reannealing of the parental DNA strands. This function is proposed to require RAD51 independently of BRCA2. Subsequently, both RAD51 and BRCA2 are
necessary to prevent nascent strand degradation.

Since the discovery of the replication fork protection function  ralogs, the Fanconi anemia proteins FANCA, FANCD2, and FANC]J
of the canonical homologous recombination factors BRCA2 and  (Schlacher et al., 2012; Somyajit et al., 2015; Billing et al., 2018;
BRCAI, multiple other DNA damage response proteins have also  Peng et al., 2018), as well as BODIL, Abrol, RECQ1, and WRNIP1
been found to have a role in this process including the RAD51pa-  (Higgs et al., 2015; Thangavel et al., 2015; Leuzzi et al., 2016; Xu
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etal., 2017a). These studies indicate that many factors influence
replication fork protection and that further understanding is
required to determine if they operate synergistically, act epi-
statically, or protect different replication fork intermediates
produced by different types of replication stress.

Role of BRCA2 and RAD51 in replication fork reversal

EM analysis of replication fork intermediates from BRCA2-de-
pleted cells showed a decrease in the number of reversed replica-
tion forks. The reversed replication fork numbers were rescued
upon inhibition of the MREI1I nuclease (Lemacon et al., 2017;
Mijic et al., 2017), which suggests that reversed forks form but
are not protected from nucleolytic activity when BRCA2 levels
are low. In agreement, reversed replication fork intermediates
are detected at normal levels at early time points after replica-
tion stress but decrease over time (Lemacon et al., 2017). Analysis
of replication fork species by EM in RAD51-depleted cells also
showed a decrease in reversed replication forks (Zellweger et al.,
2015; Kolinjivadi et al., 2017; Mijic et al., 2017). However, these
levels are not rescued by MREI11 inhibition (Mijic et al., 2017),
which suggests that with inadequate RAD51 activity, replication
forks are not reversed, precluding degradation.

Further insight into the role of RAD51 in reversed fork
formation and fork protection came from studies of the RAD51-
T131P mutant protein (Mijic etal., 2017). This dominant-negative
RAD51 mutant was identified in an individual with Fanconi
anemia-like syndrome. Due to hyperactive ATPase activity, the
RAD51-T131P mutant interferes with normal RAD51 function
(Wang et al., 2015). Cells expressing the RAD5I-TI131P mutant
undergo MRE11-dependent nascent strand degradation at stalled
replication forks, and similar results were observed in Xenopus
laevis egg extracts reconstituted with the RAD51-T131P mutant
(Mijic etal., 2017; Zadorozhny et al., 2017). Consistent with in vivo
data, biochemical analysis showed that the T131P mutant cannot
protect DNA substrates from MREI1l-mediated degradation
and the mutant forms abnormal nucleofilaments (Kolinjivadi
et al., 2017; Zadorozhny et al., 2017). However, in contrast to
RAD51-depleted cells, the decrease in reversed replication fork
numbers in RAD5I1-T131P cells was rescued by MREI11 inhibition
(Mijic et al., 2017). One interpretation of these results is that
cells expressing RAD51-T131P mutant maintain enough RAD51
activity for replication fork reversal, but not enough function to
protect the reversed replication fork from MRE11 degradation.
It is possible that formation of stable RAD51 nucleofilaments
may not be required for replication fork reversal activity but is
required for protection of the regressed replication fork from
nucleolytic activity (Mijic et al., 2017).

Taken together, the EM experiments suggest that RAD5],
independently of BRCA2, is necessary to promote reversal
of stalled replication forks, while both RAD51 and BRCA2 are
required to protect the reversed fork from degradation (Fig. 3 B).
However, all of the experiments addressing the fork protection
function of BRCA2 were performed by RNAi depletion or the
potentially hypomorphic BRCA2 ovarian carcinoma cell line,
so it remains to be determined if BRCA2 is indeed not involved
in replication fork reversal. A distinct possibility is that the
decreased levels of BRCA2 achieved in those studies were enough
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for fork reversal, but not for fork protection. Identification of
BRCA2 mutations that would affect one function, but not the
other, will be necessary to fully understand the role of BRCA2
at the replication fork. Alternatively, it is possible that the
function of RAD51 in replication fork reversal is dependent
upon interaction with other factors such as the RAD51 paralogs
(XRCC2, XRCC3, RAD51B, RAD51C, and RAD51D), RAD52, RAD54,
(Sugawara et al., 2003; Suwaki et al., 2011), or the MMS22L-TON
SL heterodimer (O’Donnell et al., 2010; Piwko et al., 2016).

In addition to the reversed replication fork structures
identified by EM, other replication fork intermediates have
also been observed. The depletion of RAD51 and BRCA2 in
Xenopus egg extracts results in replication fork intermediates
with increased ssDNA at and also behind the replication fork
(Hashimoto et al., 2010; Kolinjivadi et al., 2017). Similar to
unprotected reversed replication forks, internal ssDNA gaps
behind the fork are substrates for MRE11, while ssDNA gaps at
the replication fork junction are not (Hashimoto et al., 2010;
Kolinjivadi et al., 2017). However, it was suggested that the
ssDNA at the replication fork junction may be an intermediate
that precedes replication fork reversal, which may then become a
nuclease substrate after fork remodeling (Kolinjivadi etal., 2017).
Further understanding of the roles of BRCA2 and RAD5] at the
replication fork isneeded in order to determine how they prevent
ssDNA generation and if the mechanism of protection is distinct
at different fork intermediates.

MRE11 recruitment to stalled forks

MREI1l travels with the replisome, and its recruitment to
chromatin is enhanced by exogenous replication stress (Mirzoeva
and Petrini, 2003; Robison et al., 2004; Dungrawala et al., 2015).
While MREI11 is required for the processing of stalled replication
forks, its aberrant activity at unprotected stalled replication forks
in BRCA1/2-deficient cells contributes to increased genomic
instability (Schlacher et al., 2011, 2012; Ying et al., 2012; Ray
Chaudhuri et al., 2016; Taglialatela et al., 2017).

The presence of MREI1 at the replisome following replica-
tion stress is dependent on many factors, including PARP1, PTIP,
and associated methyltransferases MLL3/MLL4 (Ding et al.,
2016; Ray Chaudhuri et al., 2016; Mijic et al., 2017), chromatin
remodeler CHD4 (Ray Chaudhuri et al., 2016), RAD52 (Mijic et
al., 2017), and SAMHDI (Coquel et al., 2018). Depletion or inhi-
bition of these proteins results in decreased MREI11 association
with the stressed replication fork and suppression of genomic
instability in BRCAL- or BRCA2-deficient cells (Ding et al., 2016;
Ray Chaudhuri et al., 2016; Mijic et al., 2017).

Contribution of other nucleases to nascent strand degradation
Recent studies also attribute the resection of unprotected nascent
DNA at stalled forks to EXO1 and CTiP. Depletion of either of
these nucleases rescues nascent strand degradation in BRCA2-
deficient cells (Lemacon et al., 2017). Similarly, knockdown of
EXO1rescues reversed fork levels that are decreased in BRCA1/2-
deficient cells treated with replication stress-inducing drugs
(Lemagon et al., 2017). These data put forth a working model of
resection at unprotected replication forks in the BRCA2-deficient
setting that looks remarkably similar to the genetic requirements
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for resection at DSBs. In the absence of BRCA2, resection may
be initiated by CTiP and MREI1 followed by more extensive
processing by EXOL.

Current data on the involvement of DNA2 in the processing
of stalled replication forks in BRCA2-deficient cells is still
contradictory. One study found that DNA2 depletion does
not rescue nascent strand degradation in BRCA2-deficient
cells (Lemacon et al., 2017), while another showed, in BRCA2-
deficient B cells, that DNA2 inhibition is epistatic with MREI1
in the resection of nascent DNA (Ray Chaudhuri et al., 2016).
It is unclear what accounts for these differences, but the
studies use different cell types and assess the role of DNA2
using two different methods: siRNA depletion and a small-
molecule inhibitor (Ray Chaudhuri et al., 2016; Lemacon et al.,
2017). Further investigation will be required to determine the
dependency on DNA2 in fork processing in the BRCA2-deficient
setting. It has been shown, however, that DNA2 does aberrantly
process nascent DNA at stalled replication forks in cells defective
for replication fork protection by RECQI, BODIL, and Abrol
(Higgs et al., 2015; Thangavel et al., 2015; Xu et al., 2017a). Under
conditions of prolonged replication fork stalling, DNA2 and WRN
are important for replication fork restart (Thangavel et al., 2015).
DNA2 and WRN are also responsible for the hyperresection and
ssDNA formation at DNA interstrand cross-links when DNA is
not properly protected by RAD51 (Wang et al., 2015).

Role of MUS81 in creating DSBs at stalled replication forks
MUS8I is the nuclease responsible for DSB formation during
replication stress leading to replication fork collapse (Hanada
et al., 2007; Franchitto et al., 2008; Bétous et al., 2013b; Fugger
et al., 2013). Increased MUSS81 activity may lead to a high num-
ber of DSBs in the setting of replication stress associated with
oncogene activation (Murfuni et al., 2013; Neelsen et al., 2013).
However, it is now understood, that controlled DNA breakage by
MUS8LI is often a necessary compromise to promote genome sta-
bility and replication restart at forks challenged by replication
stress (Hanada et al., 2007; Franchitto et al., 2008; Regairaz et
al., 2011; Pepe and West, 2014). MUSS81 activity is also required at
late-replicating regions in the genome known as common fragile
sites (CFSs), and without MUS81 processing, CFSs cause genomic
instability during mitosis (Naim et al., 2013; Ying et al., 2013).
In the setting of BRCA2 deficiency, MUSS81 depletion prevents
DSB formation after fork stalling (Lemacon etal., 2017). MUS81de-
pletion rescues reversed fork levels in BRCA2-deficient cells, but
these replication fork intermediates appear to have an ssDNA flap,
which may be a substrate for MUS81 cleavage that is generated by
MREI11 or EXOl resection. When the nascent strand degradation is
inhibited by depletion of MRE11 or EXO1, the DSB formation also
decreases, which is consistent with MUS81 working downstream
of MRE11and EXO1 processing (Lemagon etal., 2017). Importantly,
MUSS] is necessary for resistance to replication stress (HU) in
BRCA2-deficient cells, and MUS81-dependent cleavage is neces-
sary for fork restart (Lai et al., 2017; Lemacon et al., 2017).
MUS81-dependent processing of stalled replication forks is
promoted by EZH2, a histone methyl transferase, but only in
BRCA2-deficient and not in BRCA1-deficient cells (Rondinelli et
al., 2017). The same study found that MUS81 depletion rescued

Rickman and Smogorzewska
Protection at stalled replication forks

replication fork degradation in BRCA2-deficient cells, which is in
contrast to findings reported in a different study (Lemacon etal.,
2017). EZH2 and MREI11 codepletion further augments fork pro-
tection, suggesting a separate mechanism of MUS81 and MRE11
recruitment to stalled fork (Rondinelli et al., 2017).

Modulation of RAD51 activity by RADX and FBH1

RADXisan ssDNA-binding protein recently identified as enriched
at replication forks following replication stress (Dungrawala et
al., 2017). It has sequence similarity to RPA and binds DNA using
RPA-like oligonucleotide/oligosaccharide-binding folds. RADX is
recruited to replication forks where it modulates RAD51 through
a yet-to-be determined mechanism. RAD51, but not BRCA2 pro-
tein, accumulates at stalled replication forks in the absence of
RADX. Conversely, RADX overexpression results in a reduction
of RADSI at stalled replication forks (Dungrawala et al., 2017),
suggesting RADX antagonizes RAD51 function.

Although, RADX is not essential for survival in cells, where
knockout has been tested, its absence slows replication forks and
leads to DSB formation (Dungrawala et al., 2017; Schubert et al.,
2017). These defects in RADX-deficient cells are rescued by de-
pletion of RAD51, SMARCALI, ZRANB3, and the MUS81 nuclease
(Dungrawala et al., 2017). In light of the data described regard-
ing the role of RAD5I in replication fork reversal, these results
suggest that in the absence of RADX, hyperactivity of RAD51
interferes with normal replication and promotes inappropriate
replication fork remodeling that results in increased processing
by MUSS1 (Dungrawala et al., 2017; Fig. 4 A).

RADX levels must be carefully controlled as overexpression
of RADX also increases DNA damage due to enhanced nascent
strand degradation at stalled replication forks. This may be the
result of RADX antagonizing the RAD51 filament formation and
fork reversal. Reciprocally, depletion of RADX and the concomi-
tant increase in RAD51 at the stalled fork rescues nascent strand
degradation, but not HDR, in BRCA2-deficient cells. Interestingly,
RADX depletion also restores fork protection in cells deficient
for BODLI (Bhat et al., 2018). RAD51 nucleofilament formation
in the absence of RADX may be significant enough to protect the
regressed replication forks even in the absence of BRCA2 and
BODLI (Dungrawala et al., 2017; Bhat et al., 2018).

RADX depletion induces resistance to poly (ADP-ribose)
polymerase (PARP) inhibitors in the BRCA2-deficient cells and
increases resistance of RAD51-depleted cells to HU, camptothe-
cin, and cisplatin (Dungrawala et al., 2017). Although still poorly
understood, RADX appears to be a critical regulator of RAD51 at
the stalled replication fork. How the cell balances RADX levels to
enhance replication fork protection without induction of inap-
propriate fork reversal during unperturbed replication will be an
important area of study (Fig. 4 B).

Another effector protein of RAD5I is FBHI, a 3'-5" DNA he-
licase of the UvrD family that contains an F-Box domain, a pro-
liferating cell nuclear antigen (PCNA) -interacting protein (PIP)
box, and an AlkB homologue 2 PCNA interaction motif (APIM;
Kim et al., 2002; Bacquin et al., 2013). FBH1 is recruited to sites
of replication stress through interaction with PCNA (Fugger et
al., 2009; Bacquin et al., 2013). In vitro, FBH1 has DNA unwinding
activity and catalyzes fork regression (Kim et al., 2002; Fugger
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etal., 2015). FBHI can form an SKP1-CULI1-F-box (SCF) complex
with E3 ubiquitin ligase activity that targets K58/64 of RAD51
(Kim et al., 2002; Chu et al., 2015) and may negatively regulate
RADSI localization on chromatin (Chu et al., 2015). UCHL3 acts
as a deubiquitinase that promotes the RAD51-BRCA2 inter-
action and positively regulates RAD51 chromatin localization
(Luo etal., 2016).

Depletion of FBHI increases RADS51 recruitment to
chromatin but ultimately results in a reduced number of
reversed fork species in response to HU, as the helicase activity
of FBHL1 is required for fork reversal (Fugger et al., 2015). FBH1
depletion decreases DSBs in response to replication stress,
and codepletion with MUS81 does not further reduce DSBs
(Fugger et al., 2013). Conversely, the overexpression of FBHI
impairs RAD51 foci formation at replication forks and results
in increased ssDNA and DSBs (Fugger et al., 2009). Depletion
of MUS81 in an FBHI overexpression background rescues
increased DSB formation. This places FBH1 activity upstream
of MUS81 processing in promoting replication fork reversal
(Fugger et al., 2013).

Unlike RADX depletion, FBH1 depletion in BRCA2-deficient
cells does not rescue replication fork protection due to HU
treatment (Higgs et al., 2015; Leuzzi et al., 2016). However,
FBH1 depletion in cells deficient for the fork protection factors
BODIL or WRNIPI does rescue nascent strand degradation of
stalled replication forks (Higgs et al., 2015; Leuzzi et al., 2016).
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These differences provide insight into the layers of regulation
of fork protection by these factors, placing BODIL and WRNIP1
downstream of BRCA2. In this model, BRCA2 is required for
stable RAD51 filament formation on the regressed replication
fork, while BODIL and WRNIP1 are important for protection of
the loaded RAD51 from FBHI and the nucleases. In cells deficient
for BODIL, nascent strand degradation is mediated by DNA2,
whereas nascent strand degradation in WRNIP1-deficient cells
is mediated by MRE11 (Higgs et al., 2015; Leuzzi et al., 2016).
Understanding whether the ubiquitin ligase, helicase activity,
or both functions of FBH1 is responsible for promoting nascent
strand resection in cells deficient for replication protection
requires further investigation.

DNA translocases in replication fork protection and processing
SMARCAL], ZRANB3, and HLTF are ATPase-dependent DNA
translocases of the SNF2 family of chromatin remodelers. These
related proteins have been shown to have similar fork remodeling
activity in vitro. SMARCALI demonstrates affinity for DNA fork
structures and catalyzes strand annealing, fork regression,
and branch migration (Yusufzai and Kadonaga, 2008; Bétous
et al., 2012; Ciccia et al., 2012). ZRANB3 and HLTF also catalyze
replication fork reversal in vitro (Blastyak et al., 2010; Yusufzai
and Kadonaga, 2010; Ciccia et al., 2012; Yuan et al., 2012). Recent
work has further expanded the role of SMARCALIL, ZRANB3, and
HLTF to replication fork reversal in vivo (Fig. 5).
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replication fork through interaction with RPA.

Depletion of SMARCAL1, ZRANB3, or HLTF results in
decreased detection of reversed replication fork intermediates
by EM (Taglialatela et al., 2017; Vujanovic et al., 2017). Consistent
with their function in fork reversal, depletion of any of the
translocases rescues nascent strand degradation at unprotected
stalled replication forks (Kolinjivadi et al., 2017; Taglialatela
et al., 2017; Vujanovic et al., 2017). In the absence of any of the
three translocases, cells become hypersensitive to replication
stress-inducing agents and have increased genomic instability
(Bansbach et al., 2009; Ciccia et al., 2009, 2012; Yuan et al., 2012;
Taglialatela et al., 2017; Peng et al., 2018), but it remains unclear
if the instability is secondary to the inability to reverse stalled
replication forks.

All three translocases have been found to associate with the
replication fork; however, how they do it is distinct. SMARCAL1
travels with the replication fork and becomes further enriched
following replication stress through interaction with RPA
(Bansbach et al., 2009; Ciccia et al., 2009; Postow et al., 2009;
Yuan et al., 2009; Bétous et al., 2012; Dungrawala et al., 2015;
Kolinjivadi et al., 2017). SMARCALL’s interaction with RPA is im-
portant for providing substrate specificity to promote replication
fork reversal and prevent activity during normal DNA replication
(Bétousetal., 2013a). ATR phosphorylation of S652 of RPA-bound
SMARCALL1 has been shown to be important for regulating its ac-
tivity at the replication fork (Couch et al., 2013).

HLTF and ZRANB3 have been shown to interact with PCNA.
HLTF contains a RING finger domain and a N-terminal HIRAN
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domain (Poole and Cortez, 2017). HLTF acts as ubiquitin ligase to
polyubiquitinate PCNA in an MMS2-Ubcl3-dependent manner
(Motegi et al., 2008; Unk et al., 2008). In vitro studies indicate
the HIRAN domain of HLTF recognizes the 3’ end of the leading
strand to promote replication fork reversal (Kile et al., 2015).
Recent work identified FANC] as an HLTF interactor and suggests
that HLTF activity may counter FANC]J activity at the fork to
prevent unrestrained replication in the face of replication stress
(Peng et al., 2018).

ZRANBS3 localization to DNA is amplified upon induction of
replication stress through PIP box- and APIM-dependent bind-
ing of PCNA (Ciccia et al., 2012; Weston et al., 2012; Yuan et al.,
2012). ZRANBS3 also contains an NPL4 zinc-finger motif that
preferentially binds K63 polyubiquitinated PCNA and is required
for its localization to sites of replication stress (Ciccia et al., 2012;
Vujanovic et al., 2017).

Despite similar biochemical activity of the three translo-
cases, it is clear that these proteins are not redundant and that
dissection of their functions requires further characterization.
They may have synergistic functions at the replication fork,
nonoverlapping roles on different replication fork substrates,
or additional roles outside of replication fork remodeling. The
nonoverlapping function is highlighted by observations that
SMARCALI activity is important for replication through diffi-
cult-to-replicate telomeric sequences, a function not attributed
to ZRANB3 or HLTF (Poole et al., 2015). The distinct nature of
SMARCALI activity is also emphasized by the disease Schimke
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immunosseous dysplasia (SIOD) that results from biallelic patho-
genic mutations in SMARCALI, but not HLTF or ZRANB3. Key
features of SIOD are immunodeficiency, skeletal abnormalities,
and renal failure (Boerkoel et al., 2002), and it remains to be
determined if or how the lack of replication fork protection and
genome instability contributes to this disease.

Concluding remarks

Investigations reviewed here strive to better elucidate the cellular
response to replication stress and the role that replication fork
reversal has in this response. These studies provided new insight
about noncanonical roles and regulation of BRCA2 and RAD5I
outside of HDR and shed light on how they protect replication
fork intermediates from nucleolytic degradation. EM has
permitted the observation that a number of factors, such as
RADSI1, FBH1, SMARCALI, ZRANB3, and HLTF, have a role in
promoting replication fork reversal in vivo. However, this work
raises a number of questions. Alterations in the activity of a
number of these factors causes increased genomic instability, so
understanding the tradeoffs between protection against damage
arising from replication and other sources of genome instability
is of interest. The redundancy in roles of a number of factors,
especially translocases and nucleases, leaves open the question of
how these factors specifically operate in response to replication
stress. As replication fork reversal has been shown to be a
ubiquitous response to many types of replication stress, whether
these factors, especially the translocases, act coordinately at the
replication fork or have distinct roles depending on the type of
DNA damage remains unknown.

The majority of the work discussed here was performed in the
context of BRCA1 or BRCA2 deficiency, and it is unclear what the
roles of these proteins are at the replication fork when BRCA pro-
teins are present. The assumption is that a number of these fac-
tors recruited to the reversed replication forks have a role there
even when the fork is properly protected. These roles need to be
better understood and may differentiate between their diverse
functions during replication in wild-type cells.
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