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Abstract

Billions of base pairs of DNA must be replicated trillions of times in a human lifetime. Complete 

and accurate replication once and only once per cell division cycle is essential to maintain genome 

integrity and prevent disease. Impediments to replication fork progression including difficult to 

replicate DNA sequences, conflicts with transcription, and DNA damage further add to the 

genome maintenance challenge. These obstacles frequently cause fork stalling, but only rarely 

cause a failure to complete replication. Robust mechanisms ensure that stalled forks remain stable 

and capable of either resuming DNA synthesis or being rescued by converging forks. However, 

when failures do happen the fork collapses leading to genome rearrangements, cell death and 

disease. Despite intense interest, the mechanisms to repair damaged replication forks, stabilize 

them, and ensure successful replication remain only partly understood. Different models of fork 

collapse have been proposed with varying descriptions of what happens to the DNA and 

replisome. Here, I will define fork collapse and describe what is known about how the replication 

checkpoint prevents it to maintain genome stability.
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Introduction

The diploid human genome consists of over 6 billion base pairs of DNA that must be copied 

completely and accurately each cell division cycle. Given the size of the genome, multiple 

copy machines (replisomes) work simultaneously, each initiated from an origin of 

replication. Initiation is regulated to ensure only a single round of DNA replication per cell 

division cycle.

In a human cell, approximately 30,000–50,000 origins are used creating nearly 100,000 

replication forks [1]. Although the average fork moves at about 1–2kb/minute, replication 
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requires approximately 8 hours due to a controlled replication-timing program that ensures a 

balance between the number of active forks, available replisome proteins, and abundance of 

nucleotide precursors.

Many sources of replication stress can challenge the replisome [2]. These include DNA 

damage since thousands of DNA lesions happen per cell per day. Even very efficient repair 

mechanisms sometimes fail to provide a clean template for DNA synthesis. Environmental 

genotoxins add to this damage burden. Other challenges to replication fork movement 

include difficult to replicate sequences, DNA-protein crosslinks and even collisions with 

transcription complexes [3]. Finally, abnormal situations that disrupt origin timing programs 

such as oncogene activation or chemotherapeutic interventions can greatly increase the 

replication stress burden [4].

While the basic mechanism of DNA synthesis has been known for decades, we are still 

discovering how the replisome works at the molecular level and the regulatory mechanisms 

that ensure success in the context of replication stresses. One of these mechanisms is the 

replication stress response, which includes activation of the replication checkpoint kinase 

ATR and its downstream effector kinase CHK1. These kinases are conserved in all 

eukaryotic organisms (Mec1 and Rad53/Chk1 in budding yeast; Rad3 and Cds1 in fission 

yeast). I point the reader to reviews of how ATR is activated, and how it controls the 

replication checkpoint [5–7].

Here, I will focus on what happens when the replication checkpoint fails and forks collapse. 

I will describe the molecular changes to the DNA and replisome that accompany fork 

collapse, and discuss how the ATR-dependent checkpoint prevents it.

What is Fork Collapse?

In most cases, replication stress only yields a transient pausing of the replisome. In fact, 

most types of lagging-strand template DNA damage will not impede the fork at all since a 

new Okazaki fragment will simply bypass the lesion. Leading strand damage is more likely 

to stall the replisome and uncouple helicase and polymerase activities [8]. However, even in 

these cases, repriming that allows continued fork movement may be possible [9, 10].

Some types of DNA damage and replication stress may cause more persistent fork stalling. 

For example, inter-strand crosslinks can interfere with helicase activities creating a more 

lasting challenge to the fork. There may also be cases in which multiple clustered DNA 

lesions, aberrant replication programs, or other impediments to DNA synthesis yield 

persistent fork stalling. Replication can complete even in these cases because another fork, 

initiated from an adjacent origin, can complete synthesis of the replicon. However, in rare 

cases when two converging forks both stall without an intervening origin or when a fork 

stalls persistently in origin poor regions of the genome, there is a need to restart DNA 

synthesis from the stalled fork. The replication checkpoint ensures these stalled forks remain 

stable and promotes their restart.

Failures to stabilize stalled replication forks will cause their collapse. Fork collapse has been 

used to describe several potentially different processes including replisome protein 

Cortez Page 2

DNA Repair (Amst). Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dissociation and the formation of double-strand breaks at stalled forks [2, 11]. While these 

descriptions of the molecular events are essential to understand the process of fork collapse, 

fork inactivation without one or both of them may happen. Thus, I will define a collapsed 

fork more generally as a replication fork that has lost the capacity to perform DNA 

synthesis. This is an operational definition that can reflect more than one molecular event.

Experimentally, fork collapse can be visualized using a technique called DNA fiber labeling 

or molecular combing [12, 13]. This method monitors incorporation of nucleoside analogs at 

a single molecule level. Thus, the rate of fork elongation, inter-origin distances, frequency of 

origin firing, and frequency of fork collapse can be determined. Typically the method does 

not distinguish where the forks are in the genome, although it can be combined with DNA 

probes to provide site specificity [14].

Alternative methods of measuring fork collapse are possible in systems with highly efficient 

origins of replication that can be induced to fire synchronously. For example, in budding 

yeast, a Meselson-Stahl type of density substitution experiment yielded the first strong 

evidence that the replication checkpoint prevents fork collapse [15]. It is also possible to 

monitor the appearance of abnormal DNA structures during DNA replication in budding 

yeast using two dimensional gels of replication intermediates [16]. Finally, budding yeast 

replication is compatible with chromatin immunoprecipitation (ChIP) to measure the 

abundance of replisome proteins at sites of DNA synthesis [17, 18].

These methods don’t work well in most eukaryotic organisms because they lack highly 

defined, efficient, synchronously firing origins; therefore, it is not possible to track a 

replication fork as it moves through genomic sequence. Instead, more indirect methods to 

monitor fork collapse have been utilized. Assays for double-strand breaks and excess 

ssDNA are fairly easy and can be indicative of fork collapse [19–21]. Electron microscopy 

is a powerful method of visualizing aberrant replication structures although only a few labs 

have this capability [22–24]. Finally, immunofluorescence microscopy and chromatin 

fractionation have been used to examine changes in the spatial patterns of replication 

factories and the overall abundance of replisome proteins on chromatin respectively.

The frequency of fork collapse is rare in normally dividing cells and even in cells treated 

with DNA damaging agents or replication inhibitors. However, fork collapse is much more 

common in cells lacking the ATR-dependent replication checkpoint. For example, about 

40% of forks become inactivated in checkpoint-deficient budding yeast cells treated with a 

DNA damaging agent prior to completing 20kb of DNA synthesis [15].

The best estimates of fork collapse frequency in the absence of added genotoxic stress come 

from bacteria and are based on the phenotypes of mutants in fork repair pathways [25]. 

These analyses indicate that at least 15% of cells undergo replication-dependent 

recombination events during normal growth. Recombination is likely a major mechanism to 

recover from a fork collapse event. However, this is an underestimation of true fork collapse 

rates since the assay only scores crossover recombination products. The poor growth of E. 

coli PriA mutants suggests fork collapse may be as frequent as once per cell per generation 

since this enzyme is required for restarting replication by helicase re-loading [26].
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The frequency of fork collapse in human cells is unknown. However, if we assume that 

recombination during replication is a measure of fork collapse, then its frequency must be 

greater than once per cell division cycle since crossover recombination products generated 

during replication are detected even though they are actively selected against by enzymes 

like the BLM-TOP-RMI1 dissolvase [27].

Consequences of fork collapse

Fork collapse generates the risk of incomplete DNA replication. While it may be possible to 

recover collapsed forks through recombination and break-induced replication [28, 29], the 

trade-off for completing DNA synthesis will be increased genetic instability with deletions 

and chromosomal translocations due to incorrect repair and more error-prone replication. 

Thus, checkpoint mutants have a greatly elevated rate of gross chromosomal instability [30].

In many organisms including budding yeast, mice, and humans, the replication checkpoint 

kinases are essential for cell viability. Preventing fork collapse or recovering stalled forks is 

thought to be the essential function of the replication checkpoint in these organisms. 

Mutations in the ATR HEAT repeats generates a kinase that cannot support cell viability or 

prevent fork collapse, but retains sufficient activity to signal a G2 checkpoint [31]. Thus, 

preventing cell division is not sufficient to rescue cell viability in the absence of fork 

stabilization. Consistent with this interpretation, preventing cell division also does not rescue 

the viability of checkpoint-deficient yeast [15, 32]. Finally, a partially inactive Mec1 mutant 

(mec1-100) cannot inhibit origin firing but does inhibit fork collapse [33, 34]. The mec1-100 

strain is much less sensitive to replication stress than the mec1Δ yeast again suggesting fork 

collapse is the primary cause of cell lethality associated with checkpoint inactivation.

In budding yeast, the lethality caused by mec1Δ can be rescued by increasing intracellular 

dNTP pools [32, 35]. Ribonucleotide reductase is regulated downstream of Mec1. Increasing 

dNTP levels may decrease the frequency of fork stalling and promote repair thereby 

reducing the chance of fork collapse. Atr and Chk1 knockout mice do not survive the earliest 

embryonic stages [36, 37], and the chromosomes from these checkpoint-deficient embryos 

are shattered. Likewise, human cells cannot complete even a single cell division cycle 

without ATR [38]. When replication stress is combined with an ATR-selective inhibitor, 

human cells that are in S-phase lose the ability to complete DNA replication within 45 

minutes [21]. Removing the stress and ATR inhibition does not restore cell viability 

suggesting the essential function of the checkpoint is to prevent fork collapse and not to 

promote fork restart. Similarly, reintroduction of the checkpoint in budding yeast mutants 

after a short treatment with replication stress agents is insufficient to allow completion of 

DNA synthesis or rescue viability [34, 39].

How does the replication checkpoint prevent fork collapse?

ATR and CHK1 phosphorylate hundreds of proteins suggesting there are multiple 

mechanisms by which the replication checkpoint prevents fork collapse. I will discuss three: 

regulation of origin firing to prevent RPA exhaustion, stabilization of the replisome, and 

regulation of fork repair enzymes (Figure 1).
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Origin firing as the target of the replication checkpoint needed to stabilize stalled forks

One possibility is that the replication checkpoint prevents fork collapse as an indirect 

consequence of regulating the replication-timing program. Origin firing is blocked in 

replication checkpoint-proficient yeast even after prolonged HU treatment [40]. Based on 

the replication patterns seen by immunofluorescence imaging and fiber labeling 

experiments, the same is true human cells [41, 42]. In contrast, human cells treated with 

checkpoint inhibitors and HU transition to replication patterns consistent with later stages of 

S-phase [41]. Similar changes can be observed in S. pombe replication patterns [43]. Thus, 

the deregulated origin firing in the checkpoint mutants may cause redistribution of essential 

replisome components to new forks thereby inactivating the old ones prior to completing 

replicon synthesis.

More direct evidence for this model has come recently from studies of the kinetics of fork 

collapse in human cells. When treated with high doses of HU, replication checkpoint-

deficient cells accumulate increasing amounts of ssDNA [21, 44]. This excess ssDNA is at 

least partly due to excess origin firing, and it eventually causes exhaustion of the ssDNA 

binding protein RPA [44]. When the RPA levels are depleted, the exposed ssDNA is no 

longer protected and the forks collapse. Overexpression of RPA is sufficient to delay fork 

collapse in cells treated with HU and an ATR inhibitor [44].

While this mechanism elegantly explains the extensive fork collapse that happens in HU-

treated and checkpoint-inhibited cells, it is likely an incomplete explanation of how the 

checkpoint prevents fork collapse. First, the persistence of stalled forks and the amount of 

replication stress will determine whether RPA exhaustion happens. All forks in HU-treated 

cells would be stalled simultaneously and continuously. This experimental situation would 

be rare in vivo where stabilization of even small numbers of stalled forks is likely to be 

important. Second, origin regulation can be separated from the fork stabilization functions of 

the replication checkpoint in budding yeast [34]. The same is true in vertebrate systems, 

since preventing origin firing in Xenopus in vitro replication systems only reduced the 

number of replication-associated double-strand breaks caused by ATR inhibition by 25% 

[45]. Likewise, we have observed continued fork collapse in HU-treated human cells even 

when new origin firing is blocked (Dungrawala and Cortez, unpublished data). Finally, as 

described below, there are multiple ATR substrates at the fork that must be phosphorylated 

to prevent aberrant fork processing events associated with fork collapse [21, 46, 47].

Replisome stabilization by the replication checkpoint

Historically, prevention of fork collapse was thought to work through stabilization of the 

replisome machinery itself [23, 39, 48]. A fork collapse model emerged suggesting that 

replisome disassembly precedes DNA processing. Evidence for checkpoint-dependent 

replisome stabilization comes from both indirect and direct experimental approaches. These 

data include decreases in the abundance of some replisome components at stalled forks in 

checkpoint-deficient yeast as measured by ChIP [17, 49–51], loss of early PCNA staining 

patterns in human and fission yeast cells [43, 52], and decreases in the amount of some 

replisome proteins bound to chromatin in both Xenopus in vitro replication systems and 

human cells [45, 53, 54].
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However, there are some experimental observations that suggest that replisome stabilization 

is not a key mechanism to prevent fork collapse. Most importantly, not all ChIP studies have 

found replisome protein dissociation at stalled forks in checkpoint-deficient yeast. The 

Labib group in particular found that the replisome remains associated with stalled forks 

using genome wide ChIP analyses and replisome proteins continue to interact in a complex 

[18]. Furthermore, a recent paper examining strand-specific protein localization in budding 

yeast suggested that the checkpoint actually promotes PCNA unloading from the lagging 

strand instead of preventing its dissociation [55].

Table 1 summarizes the evidence for and against replisome stabilization as a key function of 

the replication checkpoint. How can the data for and against the replisome stabilization 

model be reconciled? The Labib group suggests that the focus on a very early firing origin in 

the earlier yeast ChIP studies might have been misleading [18]. The behavior of the 

replisome at very early firing origins may be different than other origins because there are 

sufficient nucleotides to allow some DNA synthesis at these locations. While these 

experimental differences may explain at least some of the disparate yeast data, what about 

vertebrate systems?

Unfortunately, the direct ChIP methods are largely ineffective at monitoring the replisome in 

vertebrates, and all of the data from mammalian cells on replisome stabilization are indirect. 

The studies examining replication factories by PCNA staining convincingly demonstrate 

that the replication checkpoint regulates replication timing [52]; however, they are largely 

incapable of addressing the question of replisome stability and fork collapse. Consider the 

following scenario: as DNA elongation proceeds, there are likely several PCNA molecules 

on the lagging strand template but fewer (perhaps one) on the leading strand template. 

PCNA loading and unloading on the lagging strand is at equilibrium. Treatment with HU 

changes this equilibrium since the rate of loading is greatly decreased (since new Okazaki 

fragments would start much less frequently) while the rate of unloading may be unaffected. 

Thus, the amount of PCNA at forks in HU-treated cells would be reduced (Figure 2). In the 

absence of the checkpoint, new PCNA molecules will associate with aberrantly fired origins 

explaining the altered replication patterns visualized by IF. Since the PCNA staining 

patterns examined by IF imaging is qualitative, it may appear that PCNA is disassociating 

from the existing stalled forks and re-associating with new forks even if the absolute number 

of PCNA molecules per stalled fork is the same in wild-type vs. checkpoint-deficient cells.

Experimental evidence for this explanation comes from measuring the amount of PCNA 

associated with newly synthesized DNA using iPOND (isolation of proteins on nascent 

DNA) [56]. This methodology demonstrated that the amount of PCNA associated with 

nascent DNA reaches equilibrium even as more total DNA is labeled with EdU since the 

rate of unloading and loading at the moving fork balance. In response to HU, a new 

equilibrium is reached rapidly with less overall PCNA associated with the much slower 

moving forks [56].

Importantly, iPOND also provides a way to directly assess replisome stability in checkpoint-

deficient cells. In fact, by combining iPOND with highly quantitative mass spectrometry, all 

replisome subunits can be examined simultaneously. In time-course experiments, we found 
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no evidence that ATR signaling regulates replisome stability in response to replication stress 

(Dungrawala and Cortez, unpublished data). Thus, replisome stabilization does not appear to 

be a major function of the replication checkpoint to prevent fork collapse in either yeast or 

human cells.

Regulation of fork repair activities to prevent fork collapse

In addition to regulating origin firing and potentially controlling replisome stability, the 

replication checkpoint prevents fork collapse by regulating fork repair enzymes directly. 

ATR targets include RecQ helicases like WRN and BLM, nucleases like DNA2 and EXO1, 

and DNA translocases like SMARCAL1. While these enzymes have multiple repair 

activities, one thing they have in common is the ability to regulate a process called fork 

regression or fork reversal.

Fork regression is the movement of the fork backwards opposite the direction needed for 

DNA synthesis. The newly synthesized DNA strands are annealed during this process 

forming a Holliday junction. Fork regression provides three possible advantages to the cell. 

First, it may be a mechanism to limit ssDNA at the fork and thereby promote stabilization. 

Second, if the fork stalled due to a DNA lesion, it places that lesion back into the context of 

double-stranded DNA where excision repair mechanisms can operate. Third, it provides an 

opportunity for lesion bypass through a template switching mechanism.

There is considerable evidence that fork regression is a fork repair mechanism in prokaryotic 

cells. However, electron microscopy and two-dimension gel analyses of replication 

intermediates indicated that regressed forks only formed in replication checkpoint mutants in 

S. cerevisiae [23, 39]. Thus, a model emerged that the replication checkpoint prevents fork 

collapse by preventing fork regression.

More recent data suggest that regulated fork regression is actually a fork stabilization/repair 

mechanism at least in higher eukaryotes, and that only un-regulated regression is a problem. 

The best data supporting this model comes from Lopes and colleagues who have 

documented fork reversal in checkpoint-proficient human and mouse cells in response to 

many types of replication stress including difficult to replicate sequences and oncogene-

induced replication stress [24, 57, 58]. The electron microscopy studies suggest that up to 

30% of all forks reverse in some circumstances [24, 57, 58]. However, this measurement 

must be considered an estimate since detection by electron microscopy involves a 

purification step that may not equally enrich all types of replication intermediates. 

Nonetheless, such a high rate of fork reversal indicates it is a programmed repair mechanism 

that can prevent fork collapse.

While topological stress due to topisomerase inhibition could drive fork regression, other 

types of replication stress such as HU or DNA lesions would require an enzymatic reaction. 

The DNA changes needed for fork regression are actually not energetically difficult. In fact, 

early observations of abundant nascent-nascent DNA hybrids consistent with reversed forks 

was due to spontaneous branch migration after DNA isolation [59]. In vitro studies of fork 

remodeling require modifications to the DNA such as mismatches at the fork junction to 

prevent spontaneous branch migration. Even with these modifications, there are many 
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enzymes that can catalyze fork regression of naked DNA substrates including BLM, WRN, 

HLTF, FANCM, FBH1, ZRANB3, and SMARCAL1 [60–69].

In a living cell, fork-bound proteins are an obstacle to branch migration necessitating a 

motor enzyme for regression. The most obvious blocking protein is the RPA bound to the 

ssDNA at a stalled fork. Thus, it is essential to evaluate fork regression enzymes using 

biochemical reactions containing RPA and preferably, the entire replisome. The only system 

where this has been possible is T4 phage replication. Single-molecule studies of the T4 

replication reaction in the context of a DNA lesion demonstrated that the UvsW translocase 

catalyzed fork regression allowing time for lesion bypass synthesis [70].

The SMARCAL1 enzyme fulfills the requirements for a human fork regression enzyme and 

importantly has structural homology to UvsW suggesting evolutionary conservation of the 

mechanism [71]. First, as a DNA translocase, SMARCAL1 catalyzes fork regression in a 

concerted reaction that does not require the generation of additional ssDNA intermediate 

like a helicase might [61]. Second, SMARCAL1 is recruited to stalled replication forks 

through an interaction with RPA, which becomes more abundant when the fork stalls [72–

76]. Third, SMARCAL1 fork regression activity is stimulated when RPA is bound to the 

leading-strand template but inhibited by RPA bound to the lagging-strand template [62, 77]. 

Thus, its substrate preference is for a stalled fork structure that would form when the leading 

strand polymerase is block. RPA actually stimulates SMARCAL1 regression activity on this 

substrate.

In addition to catalyzing fork regression, SMARCAL1 can also catalyze the opposite 

reaction, fork restoration [62]. Fork restoration re-generates a replication fork structure that 

can resume DNA synthesis. Again, this restoration reaction is regulated by RPA. In this 

case, RPA inhibits SMARCAL1-catalyzed restoration if bound to a longer lagging nascent-

strand and activates SMARCAL1 restoration activity if bound to a leading nascent-strand. 

This is exactly the substrate preference that would be required to restore a normal replication 

fork with gaps on the lagging template-strand. However, the product of the fork regression 

reaction due to a leading strand blockage would typically be a regressed fork in which the 

lagging strand would be longer than the leading in the nascent-nascent duplex. Thus, an 

exonuclease would be needed to generate the preferred SMARCAL1 fork restoration 

substrate. DNA2 appears to fulfill this requirement as it was recently shown to drive restart 

of reversed forks [78].

As yet there is no definitive evidence that SMARCAL1 catalyzes either fork regression or 

restoration in cells. New genetic evidence suggests that the homologous recombination 

protein RAD51 is essential for fork regression [79], and the FBH1 helicase also plays a role 

[69]. Another enzyme, RECQ1 participates in restoring replication forks that form due to 

low dose CPT treatment [80]. The ZRANB3 enzyme can also perform fork regression and 

restoration reactions in vitro [62, 68], but RPA acts as a block to its translocase activity [62]. 

WRN, and BLM associate with RPA, but it is not clear that this binding promotes their 

ability to catalyze fork regression. Thus, clarifying which enzymes catalyze fork regression 

and restoration in vivo remains an important research goal. Furthermore, defining the exact 

substrates and fork remodeling reactions for each of the candidates will be essential.
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The best evidence that SMARCAL1 does remodel replication forks in cells comes from 

studying its regulation by ATR. As would be expected for a repair or fork stabilization 

function, silencing SMARCAL1 by RNA interference in human cells or deletion in mouse 

cells yields increased replication-associated DNA damage and collapsed forks [72, 76, 81]. 

Fork collapse in this circumstance depends on the action of the MUS81 structure-specific 

endonuclease [82]. Importantly, too much SMARCAL1 activity can also cause fork collapse 

[72]. In this case, MUS81 is not absolutely required due to redundancy with additional 

nucleases scaffolded by SLX4 [21]. This is reminiscent of ATR-deficient cells in which 

double-strand breaks are generated at stalled forks even in MUS81-deficient cells by another 

SLX4-dependent nuclease [21, 54]. Furthermore, both ATR inhibition and SMARCAL1 

overexpression yield a pan-nuclear γH2AX pattern providing another genetic link between 

ATR inhibition and too much SMARCAL1 activity [21, 72].

These genetic observations suggest the following hypothesis: In the presence of active ATR, 

SMARCAL1 is regulated by RPA to catalyze fork remodeling reactions that repair or 

stabilize stalled forks and prevent fork collapse. When ATR is inactivated, SMARCAL1 

activity is no longer regulated properly and the structures it generates are substrates for 

SLX4-dependent nucleases (Figure 3). Consistent with this model, SMARCAL1 is a direct 

substrate of ATR [72, 74]; ATR-dependent phosphorylation reduces SMARCAL1 activity in 

vitro and in cells [21]; and silencing or depleting SMARCAL1 in human or Xenopus 

systems reduces the amount of nascent ssDNA observed in response to ATR inhibition [21]. 

Thus, ATR-dependent SMARCAL1 phosphorylation helps to prevent fork collapse by 

ensuring the right amount of stalled fork remodeling or coordinating it with other fork repair 

mechanisms.

Other fork repair enzymes directly targeted by ATR include WRN and BLM. BLM is 

required for fork restart after aphidicolin-induced stalling, and mutation of an ATR 

phosphorylation site on BLM generates an enzyme that is unable to support fork restart [47, 

83]. WRN phosphorylation helps recruit WRN to stalled forks, and WRN-deficient cells 

accumulate double-strand breaks [46]. As is the case for SMARCAL1, the double-strand 

breaks in WRN-deficient cells are caused by the action of MUS81 [82, 84]. Interestingly, 

SMARCAL1 and WRN form a complex that is bridged by RPA [82]. It is not yet known 

whether the complex is important for fork stabilization and repair, but given the similarities 

in phenotypes caused by deficiencies in each individual protein, it is tempting to speculate 

that they cooperate in a fork repair pathway.

There are multiple additional ATR pathway substrates at forks including endonucleases, 

RPA, and the MCM proteins [85–90]. In S. pombe, direct phosphorylation of Dna2 by Cds1 

regulates its association with stalled forks and Dna2 action prevents fork collapse [86]. In S. 

cerevisiae, Exo1 processes collapsed replication forks and reduces fork reversal rates in 

checkpoint-deficient cells [85]. Phosphorylation of RPA is complex and likely controls 

multiple fork stabilization, repair, and restart activities including the action of recombination 

proteins [91]. MCM phosphorylation by ATR promotes the firing of additional nearby 

origins to rescue the stalled fork [89]. Fork rescue explains why many more origins are 

licensed than actually utilized in any single cell division cycle [92–94]. Fork cleavage by 

MUS81 and other SLX4-scaffolded nucleases can cause fork collapse but also promote fork 
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recovery through recombination processes. Their regulation is essential to ensure that they 

act appropriately to promote replication completion. I point the reader to a recent review for 

further discussion of these nucleases [95].

The ability of fork regression and fork cleavage to be both beneficial and detrimental to the 

completion of DNA synthesis depending on context is another illustration of a more 

universal paradigm in DNA repair. Repair mechanisms can sometimes cause more problems 

than they fix. In the case of fork repair, sometimes the best solution is to do nothing since 

replication can normally be completed using other forks or bypass mechanisms. By 

regulating regression and nuclease activities, the checkpoint may ensure that double-strand 

breaks are only generated when no other mechanism can finish replication.

Summary

I have focused this discussion on how the replication checkpoint prevents fork collapse. 

There are many replication fork protection mechanisms that can operate with or 

independently of the checkpoint pathway (the Timeless-Tipin complex for example [96]), 

and I have not discussed even all the known mechanisms by which ATR signaling ensures 

complete replication (see for example its regulation of tethering chromatin to the nuclear 

pore [97]). However, I have tried to emphasize the following concepts: (1) Fork collapse can 

include replisome dissociation and generation of double-strand breaks, but should more 

generally be considered the inactivation of a replication fork prior to completion of replicon 

synthesis. (2) The replication checkpoint prevents fork collapse through multiple 

mechanisms, and this is likely the essential function of the checkpoint to maintain cell 

viability. (3) The mechanisms by which the replication checkpoint prevents fork collapse 

include regulation of origin firing so as to prevent depletion of RPA and direct regulation of 

DNA processing enzymes to control fork regression, cleavage, and other enzymatic events.

There are many unanswered questions. For example, whether a key function of the 

checkpoint is to prevent replisome disassembly remains controversial. A future focus on 

helicase dynamics is probably appropriate since its association with the fork is likely to be 

the key determinant of whether the fork can easily continue DNA synthesis. Fork reversal 

and fork cleavage can be both beneficial and pathological. Regulating these DNA changes 

appears to be an essential aspect of the checkpoint although exactly which enzymes do 

which reactions remains speculative. Finally, we will need to convert our understanding of 

fork collapse into a better ability to intervene in diseases like cancer that are associated with 

higher levels of replication stress and genome instability as well as the rare developmental 

disorders caused by mutations in fork stabilization and repair proteins.
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ATR ATM and Rad3-related
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Figure 1. 
Three models of how the replication checkpoint prevents fork collapse. See text for details.

Cortez Page 17

DNA Repair (Amst). Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Fork stalling causes a decrease in PCNA levels associated with replication forks. After an 

Okazaki fragment is completed and chromatin is deposited, PCNA is unloaded from the 

lagging strand. When a fork is elongating normally, PCNA is rapidly placed back onto the 

lagging strand to support generation of a new Okazaki fragment and continued DNA 

synthesis. When the fork stalls due to nucleotide depletion, PCNA is no longer loaded since 

new Okazaki fragments are not being initiated rapidly. The PCNA that was already on the 

lagging strand is unloaded so the total amount of PCNA at the fork is less. This model 

predicts that the amount of PCNA at forks DNA should be higher in normal replicating cells 

than in HU-treated cells. This is exactly what is observed when the amount of PCNA 

associated with the nascent DNA is examined by iPOND [56].
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Figure 3. 
The checkpoint regulates fork regression and enzymatic cleavage at stalled replication forks. 

Checkpoint-deficient cells have excessive or persistent fork regression creating substrates 

for structure-specific nucleases. Nuclease action generates double-strand breaks and 

excessive ssDNA when the checkpoint is inactive.
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Table 1

Published evidence for and against a function for the replication checkpoint in regulating replisome stability

Evidence the replication checkpoint DOES regulate replisome 
stability

Evidence the replication checkpoint DOES NOT regulate 
replisome stability

ChIP data in S. cerevisiae

DNA polymerase subunits and RPA are reduced in abundance near an 
early firing origin in mec1Δ cells treated with HU. In contrast, the MCM 
helicase but not the polymerases are dissociated from the forks in rad53Δ 
cells [17, 49].

The replisome including polymerase and helicase subunits 
remains stable and associated with forks throughout the genome 
in HU-treated mec1Δ or rad53Δ budding yeast cells [18].

Polα and ε subunits are decreased in abundance near the early origin 
ARS305 in rad53 mutants and Polδ is lost at later times after HU 
treatment [50].

Polα and Cdc45 are retained near the early ARS305 origin in a 
rad53 mutant strain treated with HU even though they also start 
associating with a late origin[98]. Similarly, inactivation of the 
checkpoint using dpb11-1 or rad53 mutants did not cause loss of 
Polε from ARS305 in HU-treated cells [99].

Cdc45 is much less abundant near the early origin ARS305 in HU-treated 
mec1Δtel1Δ cells than in controls [51].

Replisome subunits remain associated with stalled forks induced 
by a protein-based replication fork barrier even when the 
checkpoint is inactivated by mec1 or rad53 deletion [100]

Examination of PCNA abundance on leading vs. lagging strand in 
HU treated cells showed that the checkpoint actually promotes 
PCNA unloading from the lagging strand [55].

Other yeast data

When monitored by 2D gel electrophoresis of replication intermediates, 
the aberrant fork structures in rad53 mutant cells look the same as the 
structures caused by inactivation of replisome proteins [39].

S. pombe cds1Δ cells treated with HU retain the ability to 
synthesize DNA, and the ssDNA accumulated in these 
circumstances is dependent on MCM activity suggesting the 
helicase remains associated with the fork [101].

Checkpoint-deficient fission yeast show decreased PCNA staining in 
early replication patterns and increased PCNA staining in late patterns 
[43]

MMS-treated S. cerevisiae rad53Δexo1Δ double mutants retain 
functional forks that are capable of continuing DNA synthesis 
indicating the replisome may remain stable [102].

Xenopus extract replication data

In Xenopus extracts, Polε dissociates from chromatin when replication 
proceeds in the presence of CPT. The ATM/ATR kinases are needed for 
polymerase reloading in this circumstance [45].

Polε did not dissociate from the replicating Xenopus chromatin in 
response to aphidicolin treatment in checkpoint-deficient extracts 
[45].

When fork collapse was triggered by direct induction of a replication-
associated double-strand break using a nuclease in the Xenopus extracts, 
the GINS subunits of the replicative helicase were lost from 
chromatin[53]. Polε was also lost in this system but MCM2-7, CDC45, 
and POLα were not.

Human and mouse cell data

The total amount of PCNA, POLE, POLD2, and CDC45 associated with 
chromatin is reduced in ATR-deficient cells treated with aphidicolin 
compared to control cells [54]. The level of MCM3 on chromatin was not 
changed.

Checkpoint-deficient human cells show decreased PCNA staining in 
early replication patterns and increased PCNA staining in late patterns 
[52]
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