1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Semin Cell Dev Biol. Author manuscript; available in PMC 2022 May 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Cell Dev Biol. 2021 May ; 113: 27-37. doi:10.1016/j.semcdb.2020.10.001.

Making Choices: DNA Replication Fork Recovery Mechanisms

Christine M. Kondratick!, M. Todd Washington12", Maria Spies1:2"

1Department of Biochemistry, Carver College of Medicine, University of lowa, lowa City, lowa
52242.

2Department of Radiation Oncology, Carver College of Medicine, University of lowa, lowa City,
lowa 52242.

Abstract

DNA replication is laden with obstacles that slow, stall, collapse, and break DNA replication forks.
At each obstacle, there is a decision to be made whether to bypass the lesion, repair or restart the
damaged fork, or to protect stalled forks from further demise. Each “decision” draws upon
multitude of proteins participating in various mechanisms that allow repair and restart of
replication forks. Specific functions for many of these proteins have been described and an
understanding of how they come together in supporting replication forks is starting to emerge.
Many questions, however, remain regarding selection of the mechanisms that enable faithful
genome duplication and how “normal” intermediates in these mechanisms are sometimes funneled
into “rogue” processes that destabilize the genome and lead to cancer, cell death, and emergence
of chemotherapeutic resistance. In this review we will discuss molecular mechanisms of DNA
damage bypass and replication fork protection and repair. We will specifically focus on the key
players that define which mechanism is employed including: PCNA and its control by
posttranslational modifications, translesion synthesis DNA polymerases, molecular motors that
catalyze reversal of stalled replication forks, proteins that antagonize fork reversal and protect
reversed forks from nucleolytic degradation, and the machinery of homologous recombination that
helps to reestablish broken forks. We will also discuss risks to genome integrity inherent in each of
these mechanisms.
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Introduction

The process of duplicating an organism’s genome is an essential and highly regulated series
of events involving numerous proteins and multi-protein complexes. In eukaryotes, DNA
replication is initiated at origins, and two replication forks proceed in opposite directions
from each origin until running into forks originating from the adjacent origin (1). Both
incomplete replication and over-replication (i.e. replicating a part of genome more than
once) can have genome destabilizing consequences (2—7). DNA replication forks are
constantly encountering obstacles to normal replication which cause replication fork slowing
and/or stalling (8). Prolonged stalling of replication in cells leads to fork collapse, which
involves disassembly of the replisome, fork reversal and/or breakage generating DNA
double strand breaks (DSB), and can lead to gross chromosomal rearrangements, and
genomic instability. To preserve genome stability, cells employ multiple mechanisms, which
respond to replication stress by allowing the cell to stabilize or reverse forks, fix or bypass
DNA damage, and restart replication. In addition, replication fork recovery can allow more
time for DNA repair mechanisms such as base excision repair or nucleotide excision repair
to excise the damage prior to fork restart.

DNA replication forks are blocked by many obstacles including DNA lesions, inter-strand
crosslinks, protein-DNA crosslinks, single strand breaks (SSB), DSB, ongoing RNA
transcription, depletion of nucleotides, and overexpression of oncogenes (3,4,7) (Figure 1).
All of these DNA barriers cause the replication fork to stall upon encountering the blockage.
It is at this point that the cell initiates fork recovery mechanisms. The nature of the
roadblock can, at least in part, dictate the fate of the fork: will it be stabilized, collapsed, or
broken, and what mechanism the cell will employ to repair the fork or restart replication. For
example, as will be discussed later, runoff replication through an SSB or a topoisomerase |
cleavage complexes can result in one-ended DSBs that are repaired by homologous
recombination (9,10), while SSBs bound by PARP1 cause replication fork reversal (11).
Various alternative mechanisms to overcome blocked replication can be utilized with the
primary signal appearing to be the presence of ssDNA gaps at stalled forks due to helicase-
polymerase uncoupling (12,13). The recovery mechanisms utilized by the cell come in
several general categories: damage bypass including translesion synthesis (TLS) and
template switching (TS), fork reversal involving fork remodeling proteins, and fork breakage
resulting in generation of one-ended DSB breaks. The proteins involved in these different
mechanisms have specific activities and interactions that lead cells to choose one mechanism
over another. While several authoritative reviews have described some aspects of the lesion
bypass and fork reversal machinery (2,7,8,14-23), the field is moving forward in a rapid
pace with more information becoming available, especially regarding the mechanisms and
proteins that protect replication forks. This review will focus on what proteins determine and
control the mechanism or “choice” of replication fork recovery and will highlight
outstanding questions regarding these mechanisms.

Damage bypass mechanisms

Damage bypass (Figure 2a&b) is one of several recovery mechanisms cells have to deal with
stalled replication forks at sites of DNA lesions. Cells have developed two methods to
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bypass various forms of DNA damage; one method using “specialized” DNA polymerases
and another that utilizes the newly synthesized sister DNA strand.

One of the major post-translational modifications that occurs at stalled replication forks is
the mono-ubiquitylation of PCNA by the RAD6-RAD18 complex: specifically, the addition
of ubiquitin to the K164 residue on PCNA. Ub-PCNA is seen in cells experiencing
replication stress after hydroxyurea treatment, which depletes dNTPs (24,25).
Destabilization of normal replication due to mutations in DNA polymerases e and 6 as well
as other replication-associated proteins also elicits PCNA ubiquitylation (22,26).
Furthermore, PCNA is mono-ubiquitylated when there is an overexpression of oncogenes
that lead to dysfunctional DNA replication (22). Another major source of replication stress is
the presence of DNA lesions in the template strand, which causes fork stalling and Ub-
PCNA maodification. DNA damage induced by UV irradiation, methyl methanesulfonate
(MMS) treatment, H,O, oxidative stress, 4-nitroquinoine 1-oxide generated bulky adducts,
crosslinking agents such as mitomycin C, and numerous chemotherapeutic agents, all
promote Ub-PCNA maodification (22). However, agents that induce DSBs, such as ionizing
radiation, bleomycin, or endonuclease cleavage, do not result in ubiquitylated PCNA (22).
This post-translational modification of PCNA appears to be a major signal to initiate a
recovery response to replication stress induced by the accumulation of ssDNA at stalled
replication forks.

One of the recovery mechanisms that cells utilize after Ub-PCNA modification is damage
bypass or post replication repair (PRR). PRR seems to be controlled by two non-mutually
exclusive aspects: the proteins present at the stalled replication fork and the type of DNA
lesion present in the template strand. Here, is where this recovery mechanism branches into
either translesion synthesis (TLS) or template switching (TS).

2.1. Translesion synthesis (TLS)

TLS is the most versatile mechanism the cell has to handle the stalling of replication forks at
sites of DNA damage. This mechanism, however, can be somewhat mutagenic (27,28). The
mutagenic potential of TLS is reduced by the diversity and specificity of the specialized TLS
DNA polymerases. Whether or not the cell utilizes TLS prior to other recovery mechanisms
at stalled replication forks is not clear and still remains to be determined.

In TLS, the replicative DNA polymerase is replaced by a specialized TLS DNA polymerase
that can bypass the DNA lesion. Each of the TLS polymerases incorporates nucleotides
opposite damaged DNA templates thereby bypassing a group of specific DNA lesions (see
(29) for a comprehensive review). For example, Pol n) can incorporate two A’s opposite T-T
dimers and 6—4 photoproducts induced by UV irradiation. In humans, loss of Pol n leads to
a genetic condition called xeroderma pigmentosum variant form, which makes these
individuals more susceptible to UV induced skin cancers and other forms of cancer (30,31).
There are five DNA polymerases that carry out most TLS in mammals (32-36). Polymerase
eta (pol ), polymerase iota (pol 1), polymerase kappa (pol ), and REV1 are members of
the Y-family of polymerases. Polymerase zeta (pol C) is a member of the B-family of
polymerases. Each of these enzymes has one or more cognate lesions (32,36), the types of
DNA damage that the given polymerase has evolved to bypass efficiently. Moreover, each of
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these enzymes has unique mechanistic and structural features that allow them to
accommodate their cognate lesions.

Pol n is found in all eukaryotes. The absence of pol n leads to increased sensitivity to UV
radiation and increased rates of UV-induced mutagenesis (37). These effects arise because
the cognate lesions of pol n include thymine dimers (38,39). Steady state and pre-steady
state kinetics studies have shown that the bypass of thymine dimers by pol n is generally
accurate and efficient (38,39). X-ray crystal structures of the catalytic domain of pol n show
that this enzyme has a more spacious active site than replicative polymerases and can readily
accommodate a bulky thymine dimer (40). These structures also show that the incoming
nucleotide forms Watson-Crick base pairs with the template residue during nucleotide
incorporation (Figure 3a).

Pol v is found in insects and higher eukaryotes including mammals. The absence of pol v in
mice leads to increased frequencies of urethane-induced lung cancers (41,42), and the loss of
pol v in human cells leads to increased sensitivity to oxidative stress (43). These effects are
likely because the cognate lesions of pol v include minor-groove purine adducts and
exocyclic guanine adducts that are not capable of forming Watson-Crick base pairs (44,45).
Kinetics studies with pol 1 have shown that the mechanism of nucleotide incorporation is
different on template purines than it is on template pyrimidines (46-48). Incorporation is
generally accurate and efficient on template purines, but is highly inaccurate and inefficient
on template pyrimidines. Structures of the catalytic domain of pol 1 show that when pol 1
binds to DNA containing a purine template, the template forms a Hoogsteen base pair with
the incoming nucleotide (49,50). When pol 1 binds to DNA containing a pyrimidine
template, steric clashes in the active site reduce the efficiency of nucleotide incorporation
(Figure 3b).

Pol x is found in higher eukaryotes including mammals. The loss of pol x in mice leads to
increased spontaneous mutation rates and increased sensitivity to benzo(g)pyrene (BP) (51).
Pol x appears to play two distinct roles in TLS depending on the type of DNA lesion. First,
it efficiently incorporates nucleotides opposite minor-groove and exocyclic purine adducts
(52). Second, it efficiently extends from nucleotides inserted opposite a wide range of DNA
lesions by other TLS polymerases (53,54). Kinetics studies show that pol x incorporates
nucleotides with moderate fidelity and that its cognate lesions do not present any barriers to
nucleotide incorporation (55,56). Structures of pol x show that, unlike pol v, this enzyme
forms Watson-Crick base pairs between the incoming nucleotide and the template residue
(57,58) (Figure 3c).

REV1 is found in all eukaryotes. In mice, depletion of REV1 leads to a reduction in the
frequency of BP-induced lung cancers (59). This suggests that REV1 plays an important role
in the error-prone bypass of BP-induced DNA lesions. Furthermore, depletion of REV1
leads to an increased sensitivity of tumors to cisplatin and cyclophosphamide (60). This
suggests that REV1 plays an important role in the bypass of DNA lesions induced by these
common anti-cancer drugs. The cognate lesions of REV1 include abasic sites and many
minor-groove and exocyclic guanine adducts (61-63). Kinetics studies showed that REV1
greatly prefers to incorporate C opposite all four non-damaged templates as well as a wide
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range of damaged templates (61-63). Structures of REV1 showed the basis for the
extraordinarily unusual substrate specificity of this enzyme. The template base is flipped out
of the DNA helix into a pocket on the protein. A conserved arginine side chain forms
hydrogen bonds with the incoming dCTP (64-66). As a result, the REV1 protein itself is the
template for nucleotide incorporation (Figure 3d).

Pol C is found in all eukaryotes. In yeast, this enzyme is composed of the Rev3 catalytic
subunit as well as two Rev7, one Pol31, and one Pol32 accessory subunits (67)(68). In
addition, pol ¢ is frequently associated with Rev1 in yeast. Loss of pol C leads to a defect in
DNA-damage-induced mutagenesis (27). Kinetics studies have shown that this enzyme is a
promiscuous extender from primer-terminal mispairs and aberrant primer-termini containing
template lesions (69). The structure of Pol C revealed the basis for this promiscuous
extension ability. Unlike other polymerases, Pol C does not contact the primer-terminal base
pair, thereby allowing extension (68,70).This has led to the notion that the role of pol C in
TLS is to extend from nucleotides inserted opposite a wide range of DNA lesions by other
TLS polymerases.

One of the major, unanswered questions regarding TLS is how the most appropriate TLS
polymerase is selected to carry out bypass of different types of DNA lesions. A simple
kinetic selection model for choosing the best TLS polymerase has recently been developed
(15). According to this model, multiple TLS polymerases compete with one another for
bypassing the DNA lesion. Polymerase selection is achieved because of the relative rates by
which each TLS polymerase incorporates nucleotides opposite different types of DNA
damage and the relative rates by which each TLS polymerase dissociates from the DNA
substrate prior to incorporating nucleotides. When a given polymerase binds the DNA
substrate, it will preferentially incorporate nucleotides only if the DNA damage is a cognate
lesion for that polymerase. If it is not a cognate lesion, the polymerase will preferentially
dissociate from the DNA without incorporating nucleotides allowing other TLS polymerases
to attempt to bypass the lesion. Continuing in such a manner, the most appropriate TLS
polymerase will be selected to carryout lesion bypass the vast majority of the time.

2.2. Template switching (TS)

The term template switching (TS) describes a set of molecular events where synthesis of a
nascent DNA strand first uses one DNA strand as a template and then jumps to copying
another strand. Within the context of PRR, TS can be quite accurate (Figure 2b). Under
other circumstances, and especially during break induced DNA replication (BIR), TS
displays high potential to cause extensive mutagenesis and genome rearrangements (16).
Figure 4 depicts two examples of how TS can result in increased copy number of
chromosome segments (Figure 4a) (71) and deletions when an active fork converges on a
collapsed fork resulting in an inter-fork annealing (Figure 4b) (72). TS mechanisms in each
of these cases, (PRR, BIR, and inter-fork annealing) differ in the proteins involved and
thereby in their mechanism.

In PRR, TS is generally signaled by the polyubiquitination of PCNA (poly-Ub-PCNA) on
K164. In budding yeast, poly-Ub-PCNA is carried out by an E2-E3 ubiquitin conjugating-
ligase complex composed of Rad5 (E3 ligase) and Ubc13-Mms2 (E2 conjugating enzyme).
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Rad5 generates K63 poly-ubiquitin linkages onto the mono-ubiquitinated form of PCNA
present at the stalled replication forks. This post-translational modification of PCNA signals
the cell to switch from the TLS to TS. Rad5 has also been shown to bind to Rad18, the E2
conjugating enzyme involved in mono-ubiquitination of PCNA, and TLS polymerases (73).
It has been suggested that it is Rad5 that recruits TLS polymerases to stalled replication
forks (74). In addition to Rad5 having ubiquitin ligase activity, it is also an ATP-dependent
DNA motor belonging to the SWI/SNF helicase family (75) that can catalyze fork reversal
and strand invasion (76-79). Fork reversal entails the conversion of a stalled 3-way
replication fork junction into a 4-way junction by annealing the newly synthesized DNA
strands forming a so-called chicken-foot structure (Figure 2c&e).

The Rad5 protein contains several conserved structural domains: a RING domain, SWI/SNF
helicase domain, and a N-terminal HIRAN domain. The HIRAN domain contains an OB-
fold (oligonucleotide/oligosaccharide binding fold) characteristic of many eukaryotic
ssDNA binding proteins, but with the ability to accommodate 3’-ssDNA ends. It is the
HIRAN domain that provides substrate specificity of Rad5 and its human homolog, HLTF,
by interacting with the free 3’-OH of ssDNA overhangs from duplex DNA at stalled
replication forks (22,80-85). Rad5 can catalyze fork reversal with the help of both the
HIRAN and helicases domains (76,86). Furthermore, the HIRAN domain is required for
interaction of Rad5 with PCNA (87).

In humans, there are two Rad5 homologs, HLTF and SHPRH, which are both able to convert
Ub-PCNA to poly-Ub-PCNA (88-91). Both HLTF and SHPRH form complexes with
RAD18, under non-replication stress conditions. Both of these proteins are also SWI/SNF
helicase-like DNA motors that have dsDNA dependent ATPase activity at stalled replication
forks (85).

HLTF is more closely related to Rad5 containing all of the same structural domains;
whereas, SHPRH has two domains not present in Rad5 and HLTF. These are a H15 linker
histone domain and a PHD-finger domain, which are both associated with binding to
chromatin. Like Rad5, HLTF can generate a chicken-foot structure allowing for bypass of
DNA lesions. HLTF can reverse stalled replication forks by capturing the free 3’'-OH of the
nascent strand (Figure 5a) (80). This enables HLTF to carry out fork reversal by binding the
parental duplex ahead of the fork and the leading strand behind the fork (84). Several in vitro
and cell-based studies have examined the ability of HLTF to reverse stalled replication forks.
In vitro experiments using a circular plasmid containing a fork structure established that fork
reversal by HLTF could proceed for hundreds of bases (85). Alterations to the HIRAN
domain, by either complete deletion or point mutations inhibited HLTF’s ability to reverse
forked substrates; however, the ATPase and ubiquitin ligase activities were not affected (85).
Furthermore, replacing the 3’-OH of the nascent leading strand with a PO,4 also blocked fork
reversal by HLTF (84).

The cellular consequences of deletion of HLTF and mutation of its HIRAN domain,

however, are quite different. A recent cell-based study demonstrated that cells lacking HLTF
were unable to undergo fork reversal and failed to slow DNA replication under conditions of
cellular stress (92). Not surprisingly, these HLTF-deficient cells exhibit a reduction in DSBs
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and increased survival upon replication stress (92). Replication fork and S-phase progression
in the absence of HLTF is achieved primarily by activity of PRIMPOL primase-polymerase
(92), which mitigates excessive fork degradation (Figure 5b) (93). However, REV1 enables
continued replication in cells expressing HLTF HIRAN mutants (92). It is clear from
multiple studies that the HIRAN domain in both Rad5 and HLTF plays a major role in
reversing and recognizing stalled replication forks.

The helicase domains of HLTF and Rad5 play a central role in fork reversal by facilitating
dsDNA translocase activity, which drives the simultaneous unwinding and annealing of the
nascent and parental strands. In addition, the helicase domain of HLTF can promote strand
invasion and catalyze the formation of D-loop structures that are RAD51 independent /n
vitro (94). This is not the case for the yeast Rad5 protein where D-loop formation requires
Rad51. D-loop formation by HLTF or Rad5/Rad51 may provide a means for the cell to move
past the DNA damage (Figures 2b and 2f). D-loop formation can allow to bypass DNA
damage at stalled fork (Figure 2b). It can also happen after the arm formed by annealing of
the nascent strands in the chicken-foot is resected generating an ssDNA overhang. This
overhang can invade duplexed DNA ahead of the fork, or a homologous/homeologous
sequence nearby, creating a D-loop in essence similar to a BIR event (Figure 2f). Several
questions remain including: what DNA fork structures does HLTF remodel or generate?
Does HLTF create a D-loop by using the newly synthesized strand as a template or by using
the reversed fork? What governs the choice between the chicken-foot versus a D-loop
resolution? The mechanism of how HLTF regresses replication forks is starting to present a
clearer, yet somewhat complex, picture of what is happening at stalled forks that enable the
TS branch of PRR.

Less is known about the function of the other human Rad5 homolog SHPRH, which is also
present at stalled replication forks. Loss of SHPRH has been observed in several cancers
including melanoma, ovarian, cervical, breast, and pancreatic. In addition, several tumor cell
lines have a truncated version or mutations of SHPRH effecting normal protein function
(95). SHPRH lacks a HIRAN domain but does have ubiquitin ligase activity and can convert
Ub-PCNA to poly-UB-PCNA in association with Ubc13-Mms2 (91). As stated earlier,
SHPRH can bind chromatin via its PHD domain, which appears to interact with histones that
are trimethylated on lysine residues. SHPRH has been shown to bind both dsDNA and
nucleosomes with a preference for binding to nucleosomes with extra-nucleosomal DNA
(96). Furthermore, SHPRH can interact with various E2 enzymes to ubiquitinate histones
and itself, thus suggesting that SHPRH may remodel nucleosomes adjacent to stalled
replication forks and self-modulate its own activity (96). Although SHPRH is a SWI/SNF
helicase, it has not yet been biochemically shown to reverse stalled replication forks.
Whether SHPRH has chromatin remodeling activities and how this activity is connected to
fork recovery at stalled replication forks remains to be determined.

The loss of either HLTF or SHPRH has been shown to increase chromosomal abnormalities
and genetic instability (89,90). Loss of HLTF from cells via siRNA knockdowns results in
enhanced sensitivity to UV-induced mutagenesis; whereas, loss of SHPRH results in
increased sensitivity to MMS-induced mutagenesis, with the reverse not being the case for
either protein (97). This study by Lin and colleagues showed a dynamic set of protein
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interactions occurring at the replication fork in treated cells depending on the type DNA
damage. As previously stated both HLTF and SHPRH can interact with RAD18 and it
appears that which RAD18 complex is formed may determine which TLS polymerase is
recruited (97). The interaction between SHPRH and RAD18 was enhanced after MMS
treatment but reduced after UV treatment due to a shift to HLTF-RAD18 complex formation.
The preference for the SHPRH-RAD18 complex seems to promote the interaction of
SHPRH with Pol x and Pol n to a lesser extent. These researchers went on further to show
that HLTF is degraded in an ubiquitin dependent manner upon MMS treatment and that
SHPRH-RAD18 complex formation coincided with HLTF degradation. Furthermore, after
UV treatment there appeared to be a moderate increase in the association of HLTF and
SHPRH and this association suppresses the SHPRH-Rad18 interaction. Lastly, HLTF
promotes Ub-PCNA maodification and the recruitment of Pol n to stalled replication forks
after UV-irradiation. This last observation implies the involvement of HLTF in both TLS and
TS branches of the damage bypass recovery mechanism as well as the possibility that Pol 1
is used for synthesis from a D-loop after TS (98). This study along with others suggests a
dynamic interplay of proteins at the stalled replication fork that is affected by the type of
DNA lesions, proteins present, and post-translational modifications of the various proteins.
Furthermore, there seems to be a branching of the TS mechanism with UV-induced lesions
eliciting a recovery response mediated by HLTF and MMS-induced lesions eliciting a
recovery response mediated by SHPRH. The TLS polymerases that are recruited to specific
types of DNA damage appear to also have preferences for interaction partners and their post-
translational modifications. For example, SHPRH prefers Pol « and its association with
Rad18 allows it to poly-ubiquitylate PCNA,; furthermore, Pol x has multiple ubiquitin
binding sites that could interact with poly-Ub-PCNA providing additional substrate
specificity for this polymerase to bypass the lesion.

3. Fork reversal

One useful outcome of replication fork reversal is that it enables the cell to bypass DNA
damage by incorporating the correct nucleotides using the newly synthesized sister strand as
the template instead of the lesion containing strand (99). The ability of cells to reverse
stalled replication forks requires the disassembly of the replisome; however, it also provides
a protection mechanism against fork breakage by, for example, preventing a run off
replication through single strand breaks (SSBs). Poly [ADP-ribose] polymerase 1 (PARP1)
bound to SSBs triggers replication fork reversal, which in turn prevents DSB formation (11),
a feature that reflects the original basis for targeting PARP1 in BRCA-deficient cancers
(100). Fork reversal also protects from fork cleavage by MUSB81 structure selective nuclease,
which has higher enzymatic activity on 3-way replication fork structures than on 4-way
junctions (101). Although fork reversal can allow the cell time to repair or bypass DNA
damage, it can also be deleterious in its own right if not protected. Considering that the
central arm of the reversed fork is produced by annealing of the newly synthesized DNA
strands that can terminate in a double-stranded end resembling a DSB, this structure can
than attract nucleases and helicases involved in processing DSBs, such as MRE11, EXO1,
WRN and DNA2 (8,102-104) (Figure 2e). If not controlled, this nucleolytic processing of
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the nascent DNA in the reversed fork results in generation of massive amounts of SSDNA,
which can result in restoration of forks with gaps and genetic instability (105,106).

Although Rad5, HLTF, and SHPRH can reverse stalled replication forks that encounter DNA
damage, a group of proteins that handle fork reversal is larger and also includes fork
remodeling enzymes SMARCAL1 and ZRANBS3, and proteins that protect the reversed fork
from nucleolytic degradation (Figure 2c and Figure 5a). SMARCAL1 and ZRANB3 are also
members of the SWI/SNF helicase family with ATPase-dependent fork remodeling. Both of
these proteins contain helicase domains that can anneal RPA coated ssDNA bubbles and
reverse chicken-foot DNA structures (107-111). Like other SWI/SNF family members,
SMARCAL1 and ZRANB3 have substrate recognition domains (SRD). SMARCAL1
contains two HARP SRDs and a RPA binding domain; whereas, ZRANB3 has a HARP-like
SRD, HNH nuclease domain, and two PCNA interacting motifs, PIP and APIM.
SMARCAL1 and ZRANB3 are non-redundant proteins having different substrate
specificities, which is in part governed by the fork junction and the additional proteins
associated at the stalled fork.

In addition to reversing stalled replication forks, SMARCAL1 can migrate chicken-foot
structures, similar to HLTF, and can bind to dsDNA at the stalled fork (23,107).
SMARCAL1 prefers to bind sSDNA gaps present at stalled forks. SMARCAL1 can also
restore 3-way replication forks from chicken-foot structures that have been remodeled by
ZRANB3, HLTF, and RAD51 (23,108,112). Its interaction with RPA, specifically the
RPA32 subunit, at the stalled replication forks is what recruits SMARCAL1 to sites of
replication stress (23). RPA’s presence at the stalled replication forks is required for and
directs SMARCAL1’s fork remodeling activities, either fork reversal or fork restoration.
First, let’s consider what happens when RPA is bound to a sSDNA gap on the leading strand.
In this situation, SMARCALL is stimulated to reverse the stalled replication fork generating
a chicken-foot structure. At the same time, the opposite reaction or fork restoration activity
of SMARCALL is inhibited. When RPA is bound to the ssDNA gap on lagging DNA strand,
SMARCAL1 is blocked from reversing the stalled replication fork and fork restoration or
generation of the normal 3-way DNA junction is favored (23). Another interesting
observation from comparison for substrate specificity of SMARCALL1 and HLTF suggested
that while SMARCAL1 tends prefer forks with the leading strand gaps, HLTF processes
forks with lagging strand gaps (84). Lastly, SMARCAL1 can dissolve D-loop structures, but
not prevent their formation by RAD51 (109). Interestingly as stated earlier, HLTF can
catalyze D-loop formation, which could be dissolved by SMARCALL1 or ZRANB3. These
observations seem to suggest a potential way for the cell to shuttle certain stalled replication
forks between the different recovery mechanisms in order to efficiently resolve the blockage
and restore replication.

ZRANBS3 is another helicase protein involved in the fork reversal mechanism. Cells lacking
ZRANB3 showed increased levels of spontaneous sister chromatid exchange indicating an
involvement of this protein at replication forks and maintenance of genomic stability (109).
Like SMARCALL1, ZRANB3 can remodel stalled replication forks by both fork reversal and
fork restoration although it displays different substrate specificities (Figure 5a) (108,109).
Loss of the helicase activity of ZRANB3 completely impairs the ability of ZRANB3 to slow
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and reverse replication forks in cells treated with DNA damaging agents (113). Thus,
providing further evidence that ZRANB3 is an essential player at stalled replication forks
that aids in the prevention of genomic instability in response to DNA damage.

ZRANB3 contains PCNA binding motifs, PIP and APIM domains, that allow it to interact
with PCNA and a NZF domain that allows it to interact with poly-Ub-PCNA (109,114,115).
It’s through these interactions with PCNA that ZRANB3 is recruited, recognizes, and
promotes reversal of damaged replication forks (116,117) (Figure 5a). Mutations within the
PIP or APIM domains of ZRANBS that inhibit its interaction with PCNA block replication
fork remodeling by slowing fork progression in response to DNA damage (113). Binding of
ZRANB3 to poly-Ub-PCNA is not required for recruitment to stalled replication forks but
instead promotes stabilization of the fork (109). This finding suggests that ZRANB3 may
mediate fork restoration or restart in addition to slowing fork progression and fork reversal.

RPA also appears to regulate ZRANB3’s ability to remodel stalled replication forks although
it lacks a RPA binding domain. ZRANBS is able to reverse forks containing gaps on the
lagging strand regardless if RPA is coating the ssDNA or not. However, lagging strand gaps
coated with RPA inhibits ZRANB3’s ability to facilitate restoration of stalled forks or the
regeneration of a normal 3-way DNA junction. The situation is different with regards to the
leading strand. RPA coated leading strand gaps inhibit ZRANBS3 fork reversal activity;
whereas, the lack of RPA coating this strand does not affect fork reversal by ZRANB3 (108).
Exactly how RPA regulates ZRANB3 fork-remodeling activities remains unknown and
requires additional research. In addition to PCNA interaction motifs, ZRANB3 also has a
HNH domain that provides the protein with an ATP-dependent endonuclease activity on
branched DNA substrates (115). Specifically, this endonuclease activity is able to cut the
DNA 5’ of a lesion on the leading strand leaving a free 3’-OH that can act as a primer end
for strand invasion and displacement of the DNA lesion (115). This free 3’-OH on the
leading strand could also be a substrate for fork reversal activity by HLTF. So, through a
coordinated mechanism that involves ZRANB3 endonuclease activity together with HLTF,
both enzymes could promote fork reversal, damage bypass, and replication fork restoration.
Interestingly, ZRANB3, like SMARCAL1, can resolve pre-formed D-loop structures;
however, ZRANB3 has an addition function over SMARCAL1 in that it can prevent D-loop
formation by RAD51 (109). As previously stated, HLTF can catalyze the formation of D-
loops without RAD51 coating the ssSDNA. All of these observations are pointing to other
possible mechanisms of how these proteins maybe coordinated to enable fork reversal and
restoration. Additional research is necessary to parse out the exact mechanisms and under
what conditions one mechanism is favored over the other.

3.1. Replication fork restoration

After replication forks are reversed into a 4-way structure and DNA damage is bypassed or
repaired, cells need a way to restart DNA replication and restore the replication fork. In
addition to using HR (Figure 2f), fork restoration can also be accomplished by migrating the
reversed fork back into the 3-way junction (Figure 2e—c). Several fork reversal motors
discussed above have been shown to catalyze migration of the 4-way junction in both
directions. Additionally, RECQ1 DNA helicase specifically acts on the reversed fork and
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promotes fork restoration. RECQ1’s ability to restore an active replication fork is dependent
on its ATPase activity and can be inhibited by PARP1 until PARP1 self-parylation releases
RECQ1 from the RECQ1-PARP1 complex (118). Thus, PARP1 not only promotes fork
reversal, but also acts to protect reversed replication forks allowing for chicken-foot
structures to accumulate and not be restored prior to repair or bypass of the DNA damage.

3.2. Replication fork protection

As we mentioned earlier, reversed replication forks can have positive and negative effects on
genome stability. The main process that, when misregulated, can have genome destabilizing
consequences is MRE11-dependent resection of the double strand ends at the reversed fork
by end resection machinery, which includes EXO1, WRN and DNA2 enzymes (8,102-104).
If not resected, this DNA end can also serve as a potent inducer of chromosome
rearrangements similar to DSBs produced by replication fork breakage (119,120). One can
imagine two general mechanisms of restricting DNA degradation at stalled replication forks:
protecting the double strand end generated by fork reversal and preventing fork reversal
altogether (Figure 5 b&c).

Tumor suppressor and recombination mediator BRCAZ2 plays an important role in protecting
reversed replication forks from MRE11-dependent degradation (121). BRCAZ2’s function at
replication forks, however, is somewhat different from its function in HR and involves
different set of interactions with RAD51 recombinase (122). RAD51 is a central player in
HR. Both in HR and at replication forks, its active form is a nucleoprotein filament
assembled on ssDNA. Assembly of the RAD51 filament is aided by the recombination
mediator BRCA2 and RAD51 paralogs (123,124), antagonized by antirecombinases (125)
and the heteroduplex rejection machinery (126), and regulated by post translational
madifications including phosphorylation by c-ABL (127-129). RAD51 function at
replication forks is complex. RAD51 is recruited to uncoupled replication forks with
extended regions of sSSDNA and promotes fork reversal in response to genotoxic stress (12).
Upon fork reversal, it is involved in protection of nascent ssSDNA from degradation (121).
When too much fork reversal depletes factors that protect nascent DNA from MRE11-
dependent degradation, fork degradation can be overcome by RAD51 overexpression (106).
Furthermore, it is the DNA binding ability of RAD51, and not its ability to mediate DNA
strand exchange, that is required for both fork protection and stimulating fork reversal (130).
The ability of RAD51 to be loaded onto ssDNA at reversed replication forks is facilitated by
BRCAZ2, which helps RAD51 to compete with RPA for ssSDNA binding. There are two
regions of BRCAZ2 that directly interact with RAD51: 8 BRC motifs and a region of the C-
terminus (122,131). Interaction of BRCA2 with RAD51 via the BRC motifs is necessary for
RAD51 function in HR. In contrast, fork-related function of BRCA2 involves its C-
terminus, which binds the interface of adjacent RAD51 proteins assembled in the
nucleoprotein filament, thereby stabilizing the filament, and promoting protection of
reversed replication forks (122). Fork protection can be modulated by the phosphorylation of
the C-terminus of BRCAZ2 thus disrupting its ability to stabilize RAD51 nucleoprotein
filament (121,132,133). In addition, a point mutation in RAD51, T131P, destabilizes the
RADA51 filament and cells expressing this RAD51 mutant are unable to protect reversed
replication forks from degradation (134). Another protein, BOD1L also appears to stabilize
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the RAD51 filament, possibly through a direct interaction, and promotes fork protection by
suppressing of FBH1 and BLM helicase activities (135). Finally, Werner helicase interacting
protein 1, WRNP1, prevents uncontrolled MRE11-dependent degradation of nascent DNA
presumably by stabilizing the RAD51 nucleoprotein filament (136).

Among the negative regulators of RAD51 nucleoprotein filament at replication forks is
FBH1, an F-box helicase 1, a bifunctional enzyme with DNA helicase and E3 ubiquitin
ligase activities (137). Human FBH1 displays both pro and anti-recombinogenic activities
(138-141) controlled through self-ubiquitylation as a part of SCF (SKP1, CUL1 and F-box)
ubiquitin ligase complex (142). It also ubiquitylates RAD51 /n vitro and this
posttranslational modification regulates RAD51’s subcellular localization with accumulation
of non-Ub forms in the nucleus after hydroxyurea treatment (143). FBH1 is one of many
proteins that is recruited to sites of DNA damage by PCNA and is involved in the fork
breakage mechanism in cooperation with MUS81 (144,145). In human cells, MUS81 exists
in two subcomplexes, MUS81/EME1 and MUS81/EMEZ2; the latter complex is responsible
for the fork cleavage in S-phase (146). DSBs and apoptosis promoted by FBH1 in
cooperation with MUS81 nuclease in response to replication stress protect melanocytes from
oncogenic transformation (147,148). Downregulation or deletion of FBH1 can compensate
for loss of factors that stabilize the RAD51 nucleoprotein filament, such as WRNIP1 in
human cells (136) and Rad52 in fission yeast (140,141). Unloading of PCNA also limits
FBH1 antirecombinogenic activity and thereby allows loading of recombination proteins at
damaged forks (149).

Another recently identified protein; RADX can also prevent MUS81 cleavage of stalled
replication forks, antagonize the formation of RAD51 filaments, and inhibit fork reversal
(Figure 2c & 5b) (150). RADX is an ssDNA binding protein whose DNA binding ability is
required for protecting/stabilizing the fork. RADX can compete with RAD51 for ssDNA
(151,152) by condensing RPA-coated ssDNA, thus interfering with RAD51 loading
(150,152). Loss or inactivation of RADX in cells facilitates the accumulation of RAD51 at
the forks, which is important for fork reversal and preventing excessive MRE11-dependent
degradation of reversed forks (150,151).

Similar to RADX, DNA repair protein RAD52 is involved in fork protection upstream of the
reversal. RADS52 is recruited to parental sSDNA at stalled forks in cells (106). /n vitro, it
interacts with both ssDNA and dsDNA by wrapping the DNA around the oligomeric protein
ring (153,154). Through these interactions, RAD52 acts as a gatekeeper of stalled replication
forks by configuring them into structures refractory to reversal by RAD51, SMARCAL1 and
ZRANBS3 (105,106). What appears to be at play here is a complex dance between RAD52
and fork-remodeling proteins, such as SMARCAL1, where RAD52 acts as a timer to
facilitate fork protection from reversal, but eventually leading to fork breakage and repair.
Notably, the gatekeeper function of RAD52 is important not only under pathological
condition of replication stress, but also during normal conditions, as excessive fork reversal
followed by MRE11-dependent degradation has been observed upon depletion or
pharmacological inhibition of RAD52 even in the absence of replication stress (106).
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While both acting upstream of replication fork reversal, the function of RAD52 and RADX
is not fully equivalent. Depletion or inhibition of RAD52 results in excessive loading of
RADS51, SMARCAL1 and ZRANB3 at stalled replication forks, ensuing fork reversal and
MREZ11-dependent degradation leading to fork restoration with gaps and genome instability
(106). RAD51 loading at forks in the absence of RADX seems to interfere with reversal and
eventually leads to MUS81 -dependent DSBs (Figure 2d) (150), thus shuttling the cell
towards HR or fork breakage recovery mechanism.

4. Fork breakage

The final fork recovery mechanism involves fork breakage whereby one of the fork arms is
detached leaving a one-ended DSB (155-157) (Figure 2d). Such forks can be then recovered
with the help of HR or HR-related BIR/MiDAS, both in S-phase and during mitosis
(16,158,159) (Figure 2g-h).

In addition to replication fork breakage due to encountering SSBs, detachment of the fork
arm can be catalyzed enzymatically by structure selective nucleases, such as MUS81 (146).
Multiple proteins control the activity of MUS81 nuclease at stalled forks (146,160-164). As
discussed earlier, FBH1 promotes MUS81-dependent DSBs and apoptosis. In addition to its
gatekeeper function at stalled forks (106) and its role in recruiting MRE11 to unprotected
reversed forks (165), RAD52 in human and fission yeast stimulates DSB formation and
these DSBs are important for cell survival in the absence of replication checkpoints
(166,167). Depletion of BRCAZ2 and replication stress elicited by hydroxyurea treatment
also results in RAD52/MUS81 dependent DSBs (168). Notably, studies in different
organisms have identified the role for RAD52 not only in replication fork breakage, but also
in its subsequent repair by BIR and MiDAS mechanisms (158,159,169). These observations
suggest a very complex set of cellular functions for a protein with a small set of biochemical
activities. Similar to other proteins involved in selection of damage tolerance and replication
restoration mechanisms, the cellular functions of RAD52 may be controlled by the nature of
the DNA substrate, interacting partners, and posttranslational modifications. For example,
phosphorylation of human RAD52 at Y104 by cABL kinase modifies its interactions with
DNA and enhances its DNA strand annealing activity /n vitro (170). While a small acidic
protein DSS1, known as an interacting partner of BRCAZ2, affects the RAD52 function in
BIR (171).

5. Conclusions

What has become clear from the extensive research into replication fork stalling is that cells
have numerous ways to deal with replication barriers whether they are initiating a DNA
damage response or reversal of the replication fork to bypass the barrier. The choice of the
recovery mechanism appears to be a complex interplay within the cell consisting of three
non-exclusive ways that these choices are made at stalled replication forks. The first is by
the composition of the proteins present at the stalled fork and whether or not these proteins
are post-translationally modified in response to stalled replication. The second way is by the
structure of the stalled replication fork itself, such as the presence and the size of the leading
or lagging strand gap, as well as the nature and location of the lesion, for which proteins will
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recognize or have substrate specificity. The third is the time during the cell cycle when a
stalled fork occurs and persists. Notably, many of the lesions can be bypassed over multiple
cell division cycles, with every cycle using a different mechanism and possibly producing
multiple alternative alleles and different mutation signatures (172).
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Figure 1. Replication forks encounter numerous impediments to their progression.
On linear eukaryotic chromosomes, DNA replication forks move bidirectionally from

replication origins (ori) and can stall or brake due to encounter with protein DNA complexes
(PDC), modified nucleobases, difficult to replicate regions, single-strand breaks (SSBs),
interstrand DNA crosslinks (ICLs) and ongoing RNA transcription.
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Figure 2. Cells employ multiple mechanisms to process, repair and restart stalled and damaged
DNA replication forks.

Nature of the replication stalling event in part defines the mechanism of fork protection and
restart. a.) Translesion DNA synthesis (TLS) is triggered by ubiquitylation of PCNA and is
carried out by specialized DNA polymerases. b). Poly-ubiquitylation of PCNA promotes
template switching (TS). Stalled forks can also recruit fork reversal motors (c.) or enzymes
that cleave replication forks (d.). e.) Fork reversal generates so-called “chicken foot”
structure whose double strand end requires protection from uncontrolled resection by DSB
resection machinery, but which can also serve to repair the fork by homologous
recombination (HR; f.). g.) One ended DSB generated by fork cleavage or running into SSB
is also processed by the DSB resection machinery allowing the fork to be repaired by HR

(h).
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Figure 3. Structures of damaged DNA templates and incoming dNTPs in the active sites of
translesion synthesis polymerases.

a.) DNA polymerase m incorporating dATP opposite the 5’ T of a thymine dimer (173). b.)
DNA polymerase iota incorporating dCTP opposite an N2-ethyl-guanine (44). c.) DNA
kappa iota incorporating dCTP opposite a benzo(a)pyrene diol epoxide (BPDE)-adducted
guanine (174). d.) Rev1 incorporating dCTP opposite a 1,N2-propano-guanine (65).
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Figure 4. Possible mutagenic consequences of template switching.
a.) BIR is prone to template switching, which can yield large insertions and rearrangements

when multiple forks are involved. b.) TS between merging forks can result in deletions.
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Figure 5. Replication fork protection.
a.) Fork reversal motors and fork protection proteins are recruited to demised forks by

different structural features and proteins already present at the fork. b.) HIRAN domain of
HLTF interacts with 3’-OH group of the nascent strand; in the absence of HLTF, forks
progression depends on repriming by PRIMPOL. FBH1 and RADX prevent RAD51 binding
at replication forks and subsequent fork reversal, while RAD52 gatekeeper function restricts
access by the fork reversal motors. c.) Recombination machinery, and especially BRCA2
and RAD51 protect reversed forks from excessive degradation, which can have genome
destabilizing consequences.
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