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Summary

There is an extensive and growing body of evidence that DNA replication stress is a major driver in
the development and progression of many cancers, and that these cancers rely heavily on replication
stress response pathways for their continued proliferation. This raises the possibility that the
pathways that ordinarily protect cells from the accumulation of cancer-causing mutations may
actually prove to be effective therapeutic targets for a wide range of malignancies. In this review we
explore the mechanisms by which sustained proliferation can lead to replication stress and genome
instability, and discuss how the pattern of mutations observed in human cancers are supportive of
this oncogene-induced replication stress model. Finally we go on to consider the implications of

replication stress both as a prognostic indicator and, more encouragingly, as a potential target in
cancer treatment.
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Despite profound differences between diverse cancer types, virtually all cancer cells share certain
characteristics. These properties, termed hallmarks of cancer, include sustained proliferative
signalling and evasion of growth suppressors, replicative immortality, escape from apoptosis and
from immune destruction, tissue invasion and metastasis, activation of angiogenesis, deregulated
cellular energetics, tumour promoting inflammation and genome instability [1]. Of these, genome
instability is regarded as a key driving force in cancer progression, since it can facilitate the
acquisition of other cancer hallmarks and, consistent with this, is observed early during
tumorigenesis [2, 3].

In hereditary cancers, genome instability has often been linked to the loss of DNA repair functions.
Defective DNA repair can increase the mutation rate, thereby enhancing the likelihood of accruing
further changes that promote tumorigenesis, as predicted by the mutator hypothesis [4]. However,
extensive sequencing of cancer genomes during the last decade has revealed that, in actual fact,
mutations targeting these so-called ‘caretaker’ genes are relatively rare in sporadic cancers,
particularly in early tumour development [5]. Instead, the genes most frequently mutated in
sporadic cancers relate to sustained proliferation and evasion of cell death [5, 6]. Moreover, it is
clear that these cancer ‘driver’ mutations arise in a particular order during tumour development,
with mutations in oncogenes or tumour suppressors, which trigger proliferation, preceding
mutations in genes, such as TP53, which allow cells to evade apoptosis or senescence.

The fact that oncogene activation and genome instability are both early features of cancer
development, together with the observation that oncogene activation is sufficient to induce genome
instability in various experimental models, has led to the proposal that oncogene-induced DNA
damage is the early driver of tumorigenesis [2, 3, 7, 8]. According to this model, cell proliferation,
prompted by oncogene activation or tumour suppressor loss, induces DNA replication stress [3, 9-
11]. This replication stress results in DNA damage and triggers a robust DNA damage response in
precancerous lesions, activating the ATM/TP53/MDM?2 checkpoint pathway and leading to cell cycle
arrest, apoptosis or senescence. In this situation the DNA damage checkpoint serves as a barrier to
tumorigenesis. However, the continued presence of genome instability means that eventually this
barrier may be breached as mutations arise which disable this checkpoint, thus conferring a
proliferative advantage and driving tumour progression (Figure 1). In this review, we consider the
mechanisms by which oncogene activation can lead to replication stress and genome instability in
many tumour types, and then go on to explore the implications that this has for cancer treatment.

Causes of DNA replication stress

The object of DNA replication is to precisely duplicate the genome, prior to cell division. To achieve
this, DNA replication machinery is assembled at thousands of replication origins, in a two-step
process. First, a pre-replicative complex is formed at each origin during origin licensing. Then, in a
temporally controlled fashion throughout S phase, a sub-set of these licensed origins are activated,
leading to complete replisome assembly and the establishment of bidirectional replication forks.
These replication forks travel outwards from the fired origin, generating new DNA copies, until they
meet with converging forks and, ultimately, replication of the entire genome is achieved. Replication
stress occurs when this tightly co-ordinated replication program is disrupted, either by impediments



to fork progression that result in fork stalling or collapse, or through deregulated origin licensing or
firing, as discussed below.

Impaired fork progression

A variety of physical obstacles can inhibit replication fork progression. For example, DNA damage
which has not yet been repaired, ribonucleotides misincorporated by the replicative polymerase in
place of deoxyribonucleotides, or DNA-protein complexes ahead of the replication fork will all cause
fork stalling, and must somehow be bypassed for the fork to advance [12]. Moreover, the highly
stable secondary structures that form at certain DNA sequences, such as hairpins at trinucleotide
repeats or the G-quadruplex structures that can form in GC-rich DNA, are intrinsically difficult to
unwind and to replicate through [13].

Since both DNA replication and transcription act on the same DNA template, conflicts between these
two processes can also occur. Normally, DNA replication and transcription are spatio-temporally
regulated in order to limit this interference. Nevertheless, the recent identification of early
replicating fragile sites (ERFSs), highly transcribed regions of the genome whose marked
susceptibility to replication stress is transcription-dependent, supports that notion that gene
expression can be a significant source of replication stress [14]. How, mechanistically speaking,
transcriptional interference leads to replication stress is still not entirely clear. One possibility is that
head-on collisions between the replication and transcription machinery could cause fork stalls, while
evidence from yeast studies suggests that, even before collision, an increase in positive supercoiling
between a converging replication fork and RNA polymerase Il can block fork progression [15].
RNA:DNA hybrids known as R-loops can also form during transcription when the nascent RNA
transcript invades the DNA duplex, annealing to the template DNA and displacing the non-template
DNA strand. Formation of R-loops is favoured by GC-rich sequences, by negative supercoiling and by
impaired mRNA processing, and has been shown to interfere with replication fork progression [16].

Finally, the availability of resources can impact on replication fork progression and increase the
chances of fork stalling. For example, replication fork speed is reduced when nucleotide pools are
diminished or replication factors are limiting, as well as under conditions that inhibit nucleosome
assembly on the newly synthesised DNA, for instance where histones are in short supply [17-19].

Deregulated origin usage

Strict regulation of the DNA replication program normally ensures that origins do not all fire
simultaneously, but that sufficient origins are activated to complete replication of the entire genome
during S phase. In fact, an excess of origins are licensed during each cell cycle, but many remain
inactive unless nearby replication forks run into problems, in which case, these dormant origins may
then be activated to offset local difficulties in replicating the DNA. It is also essential that any origin
that is fired is activated once and only once in any given cell cycle, in order to prevent re-replication
of sections of the genome. It is perhaps unsurprising then, that deregulation of this tightly controlled
process can be problematic and a variety of inappropriate changes in origin usage are known to
contribute to replication stress [20].

Although many more origins are licensed in each cell cycle than are usually required to complete
DNA replication, reduced origin licensing can pose a problem for replicating cells. Fewer functional



origins may mean that replication forks have to travel further, increasing the chance of stalling and,
where fork stalls occur, fewer dormant origins will be available to compensate. Reduced origin usage
will also increase the likelihood of cells reaching mitosis with incompletely replicated DNA. Where
sister chromatids remain linked by such unreplicated regions, chromosome segregation will be
impaired, leading to chromosome breakage and mitotic abnormalities [21]. As well as the potential
difficulties resulting from insufficient origin usage, excessive origin firing may also be a significant
source of replication stress as it can lead to exhaustion of replication substrates [22]. Increased
replicon numbers will also increase the potential for collisions between the replication and
transcriptional machinery [23]. Re-initiation of replication from origins that have fired already may
cause problems typical of either origin under-use or origin over-use, depending on the frequency of
such re-initiation events [20]. Infrequent re-initiation would give rise to isolated replication forks
which would have to travel a long way before meeting a converging fork, whereas frequent re-
initiation could lead to depletion of replication factors and increase the chances of collisions, either
with the transcriptional machinery or, indeed, head-to-tail conflicts between replication forks as
they follow each other along the same stretch of DNA template.

The chromatin environment

The chromatin context of DNA has a profound influence on its replication, affecting access to the
replication machinery and necessitating the restoration of this chromatin structure once DNA
synthesis is complete. As such, factors which affect this chromatin environment can be a further
source of replication stress. For example, disruption of the epigenetic signature associated with late-
replicating heterochromatin, notably tri-methylated histone H3K9, promotes chromatin accessibility,
advancing replication timing and leading to re-replication [24, 25]. Misregulation of another
epigenetic mark, tri-methylated histone H4K20, also results in re-replication, but in this case by
increasing origin licencing [26]. The proper co-ordination of DNA synthesis with other aspects of
chromatin biology, such as nucleosome repositioning, chromatin assembly on the newly synthesised
DNA and the reconstitution of parental methylation patterns on the nascent DNA strand, are all
important for efficient DNA replication and defects in each of these aspects can trigger replication
stress [27-29].

Oncogene-driven replication stress

It is clear then that replication stress can arise in a variety of ways but a key issue, in terms of cancer
development, is the question of how oncogene activation or tumour suppressor inactivation
contributes to this process. In this respect, the answer is still far from clear cut with recent studies
suggesting that different oncogenes may trigger replication stress through different mechanisms,
and that individual oncogenes operate through multiple mechanisms.

A widespread consequence of oncogene activation or tumour suppressor loss is an overriding of the
controls restricting the onset of S phase [30-33]. This drives an unscheduled proliferative burst which
is not necessarily matched by the metabolic capacity of the cell, and so replication stress is often a
consequence of fork stalling due to an inadequate supply of necessary factors. The fact that this
oncogene-induced replication stress phenotype can often be rescued by the addition of exogenous
nucleosides suggests that nucleotide levels play a key role in this process [34]. Altered replication
timing induced by oncogene activation will also increase the potential for conflicts between the



replication and transcription machinery, as has been demonstrated for cyclin E overexpressing cells
[23].

As well as advancing S phase entry, many oncogenes alter replication licensing and origin firing, with
detrimental consequences for genome stability. Mammalian cells are normally prevented from
entering S phase with reduced origin licensing but a variety of oncogenes sensitise cells to licensing
factor depletion, suggesting that they may compromise or override this licensing checkpoint, leading
to replication stress [35]. Many oncogenes however, appear to cause replication stress through
increased origin activity. Overexpression of oncoproteins such as cyclin E, RAS, MYC or HPV E6 and
E7, has been shown to reduce inter-origin distance, suggesting that origin firing is increased under
these conditions [10, 23, 31, 34]. In the case of MYC overexpression, this effect appears to be
mediated through enhanced recruitment of initiation factors thereby increasing the number of
active origins [36]. Moreover, upregulation of licensing factors is frequently observed in cancer cells
in @ manner that does not simply correlate with increased cell proliferation. For example, Cdc6 is
upregulated in response to RAS, MOS and cyclin E overexpression, while inappropriate reloading of
MCM proteins during S phase has been observed in cells carrying oncogenic cyclin D1 mutations [9,
10, 37, 38]. This misregulation of licensing factors supports re-replication from origins that have
previously been activated, leading to DNA damage.

It is also clear that oncogene activation can trigger substantial changes in chromatin conformation
which may, in turn, influence DNA accessibility, replication timing and genome stability. Significantly
altered patterns of DNA methylation and histone modification in cancer cells are associated with
impaired heterochromatin formation and misregulated gene silencing [27, 39].

Consequences of replication stress

The cellular response to replication stress

Regardless of the initial source of replication stress, stalled replication forks trigger a cellular
response dependent on the protein kinase ATR (Figure 2). When replication forks stall, stretches of
single-stranded DNA (ssDNA) are formed as the replicative helicase continues to unwind the DNA
template ahead of the stalled DNA polymerase [40]. This primed ssDNA serves to recruit several
replication stress response proteins, including ATR. Once activated, through its colocalisation with
other factors at these ssDNA structures, ATR phosphorylates various effector targets to help stabilise
the stalled fork structure and promote fork recovery. In addition, ATR-dependent phosphorylation of
the downstream checkpoint kinase CHK1 triggers its release from chromatin to act on targets
throughout the nucleus. This ATR-CHK1 pathway globally downregulates further origin firing until
the replication stress has been removed, and prevents cells entering mitosis in the presence of
unreplicated DNA [41].

Replication forks stabilised in this way can normally be restarted once the replication stress has been
removed or, where stalling occurs at sites of unrepaired DNA damage, may be rescued through
damage tolerance mechanisms. Damage tolerance pathways allow DNA lesions to be bypassed,
either through recruitment of specialised translesion polymerases, that can replicate past damage
that stalls the replicative polymerases, or by temporarily switching to an undamaged template e.g.
the undamaged sister chromatid or the other nascent DNA strand following fork reversal [42]. These



tolerance mechanisms, along with convergent replication following activation of dormant origins
nearby, help to prevent prolonged fork stalling.

If however, the replication stress persists or if the ATR-dependent response is impaired, then fork
collapse will most likely ensue. In these circumstances, it is widely believed that replisome
components disengage from the fork preventing the resumption of replication [43, 44]. Fork collapse
is associated with the formation of DNA double strand breaks (DSBs), which activate the DNA
damage response kinase ATM. The precise origin of these DSBs is not yet fully understood. Single-
ended DSBs may form if a replication fork passes through a nicked DNA template (replication run-
off), and may also reflect increased accessibility to endonucleases or passive breakage of susceptible
ssDNA under conditions of prolonged stalling and replisome destabilisation (Figure 3) [12, 43].
Moreover, DSBs can arise during attempts to restore replication at such irretrievably stalled forks via
recombination-based restart pathways. Reversed forks, 4-branched DNA structures resembling
Holliday junctions, are subject to endonucleolytic cleavage, giving rise to one-ended DSBs. These
reversed forks form more frequently and appear more susceptible to nucleolytic processing in the
absence of ATR signalling [45, 46].

Genome instability induced by replication stress

Replication stress may lead to genome instability through a variety of mechanisms. At forks stalled
by DNA damage, a variety of error-prone translesion synthesis polymerases can misincorporate
nucleotides opposite damaged templates during lesion bypass, leading to nucleotide substitutions
[47]. In contrast, lesion bypass through homologous recombination (HR) dependent template
switching, utilising the sister chromatid as a template for repair, is usually considered to be a
relatively error-free mechanism for recovery of stalled forks. However, HR can sometimes engage
inappropriate sequences in non-allelic homologous recombination (NAHR), either by switching
register in repeat regions or through recombination of homologous sequences dispersed through
the genome, generating chromosome rearrangements with homology at the breakpoint junctions
[48]. In addition, the stretches of ssDNA that are exposed during replication fork stalling are
especially susceptible to DNA damage, leading to clustered base substitutions, particularly as a result
of cytidine deaminase activity [49].

Following fork collapse, replication-associated DSBs can trigger genome instability through error-
prone repair and replication-restart mechanisms. Unlike other DSBs, replication-induced DSBs at
collapsed forks are single-ended, with no second end available for ‘normal’ DSB repair. Instead,
these single-ended breaks may be repaired, and replication restored, through the HR-dependent
process of break-induced replication (BIR) [50]. In BIR, the broken end invades a homologous
sequence, usually the sister chromatid, re-establishing a replication fork (Figure 4). In the early
stages, this replication is poorly processive and dependent on accessory factors which are
dispensable for normal replication. During this period of low processivity, the extended DNA is
frequently separated from, and then re-invades, the template, in a homology-driven manner. This
cycle of extension, separation and re-invasion, perhaps reflecting a futile attempt to locate the other
side of a two-ended DSB, is then followed by a switch to a more processive polymerase and a long
length of DNA replication. Where the sister chromatid serves as a template for extension during BIR
the genetic sequence should generally be conserved although, in yeast, it has been shown that this
DNA synthesis step is, in fact, remarkably error-prone [51]. Moreover, strand invasion of the



homologous chromosome, rather than the sister chromatid, will lead to loss of heterozygosity, while
invasion at non-allelic sequences can lead to deletions, duplications or translocations [48, 50].

It has been proposed that a Rad51-independent BIR mechanism termed microhomology-mediated
BIR (MMBIR) can also act at single-ended DSBs following fork collapse, and that this process may be
key driver of non-recurrent copy number changes [48, 50]. In contrast to homology-driven BIR,
stretches of ssDNA with only a few bases of microhomology can support the template switch in
MMBIR. This makes MMBIR very inexact, and can lead to deletions, inversions, amplifications or
translocations, depending on the location of the template switch. Moreover, the cycle of template
association, extension and separation characteristic of BIR, means that several of these changes may
occur within a single repair event, producing complex rearrangements with microhomology at the
breakpoint junctions, comparable to the copy number alterations commonly seen in cancer cells [52,
53]. MMBIR has been proposed as a possible mechanism for chromothripsis, in which numerous
genomic rearrangements (several copy number changes and multiple breakpoints) are apparently
acquired at a single chromosome in one catastrophic event [54]. It is conceivable that MMBIR is
especially important for the rescue of collapsed forks under conditions of oncogene-induced
replication stress, where the HR machinery may be overwhelmed by the level of fork stalling and
collapse. In this respect, it is notable that cyclin E overexpression has been shown to induce copy
number alterations through BIR repair of damaged forks, and that the breakpoint junctions of these
rearrangements include microhomologies [55].

End-joining DSB repair mechanisms are considered to be much less important than HR for dealing
with single-ended replication-induced DSBs, yet a body of data exists which implicates classical end-
joining factors in the response to replication stress [56]. At present it remains unclear as to exactly
how end-joining factors function in this response — whether they play a role in signalling, in
regulating HR-dependent processes, or have a direct role in end-joining of replication-induced DSBs.
The use of error-prone end-joining repair in this context would certainly represent a further
potential source of genome instability, given the likelihood of joining the single broken end of one
stalled fork to the broken DNA at a second stalled fork, either on the same chromosome or
elsewhere in the genome, leading to chromosome rearrangements.

In addition to the problems it causes during S phase, replication stress also triggers genome
instability through its impact on chromosome segregation. Following replication stress, unreplicated
regions of DNA or unresolved replication intermediates can persist into late G2 and mitosis, when
they are cleaved by structure-specific nucleases [57]. If such structures are not fully resolved before
the metaphase-anaphase transition, they form anaphase bridges linking the partially-replicated
sister chromatids and restraining segregation. The tension exerted on these linked chromatids leads
to chromosome breakage and uneven segregation of the chromosome arms. This is thought to be a
particular problem at common fragile sites (CFSs), regions of the genome which are recognised as
being especially prone to replication stress. CFSs often occur within very large genes in late
replicating regions of the genome, where completion of replication prior to mitosis can be difficult to
ensure. In some cases, this may be due to the extensive time required for transcription of these
large genes, resulting in a temporal overlap with DNA replication and to conflicts between the two
processes [58]. In other cases, it has been suggested that these regions are inherently difficult to
replicate due to AT-rich regions of secondary structure which cause increased fork stalling [59, 60].



In general, a paucity of origins around CFSs may prevent the rescue of stalled replication through
dormant origins, and makes completion of replication prior to mitosis more difficult to achieve in
these late-replicating regions [60, 61]. It has also recently emerged that replication stress can lead to
centrosome duplication leading to multipolar mitosis and aberrant chromosome segregation [62].
Moreover, aberrant mitoses, as a result of lagging chromosomes or chromosome fragments,
frequently lead to micronuclei formation. The DNA contained within such micronuclei is especially
prone to replication stress, due to the poor import of replication and repair factors, resulting in a
spectrum of genomic rearrangements characteristic of chromothripsis [63, 64].

Finally, while chromatin structure and epigenetic modifications may influence replication stress, it is
also likely that replication stress can have reciprocal effects on the chromatin environment and
thereby on gene expression. For example, fork stalling interrupts histone recycling, perturbing the
balance between new and old histones in association with chromatin assembly factors. Once
replication resumes, this imbalance will result in the loss of histones bearing parental marks and an
overrepresentation of new histones, including monomethylated H3K9, at the site of the fork stall
[29]. Loss of parental histones alters the epigenetic profile of the newly synthesised DNA relative to
parent template, while accumulation of methylated H3K9 promotes heterochromatin formation.
These chromatin changes are likely to lead to local changes in gene expression as a consequence of
replication stress.

Replication stress in tumour development

In recent years, high-throughput sequencing of cancer genomes has identified thousands of
mutations in cancer tissues. These studies have revealed the large variation in mutation spectra
between different cancers, and even between different samples within the same cancer type,
highlighting the difficulty of determining which particular changes are important with respect to
tumorigenesis. Interestingly, in early studies, relatively few targets were identified on a frequent
basis, with the most common changes occurring predominantly in oncogenes or tumour
suppressors. These findings lent support to the oncogene-induced replication stress model for
cancer development, which suggested that unregulated proliferation may be the initial driving force
for genome instability and tumorigenesis [5]. If correct, then cancer genomes might also be
anticipated to bear patterns of genome instability associated with replication stress.

In this respect, it is interesting to note that several studies of recurrent copy number alterations in
cancer tissues have identified changes in large gene sequences at a comparable level to those seen
for oncogenes and tumour suppressors [65-67]. This is despite the fact that, in contrast to
oncogenes/tumour suppressors, there is no apparent selective pressure for mutation of these large
genes. Since long genes are known to be especially susceptible to replication stress, this has been
taken as strong evidence to support the view that replication stress contributes to the generation of
focal deletions in cancers [6]. In addition, surveys of non-recurrent copy number alterations in breast
and ovarian cancers revealed the most prevalent type of alteration to be segmental head-to-tail
tandem duplications with microhomology junctions [52, 53]. This type of change was recently
demonstrated to occur as a consequence of BIR repair of collapsed forks, and so suggests that these
mutations may have arisen as a result of fork collapse in breast and ovarian cancers [55].



Single nucleotide substitutions (SNS) have also been examined and have been found to occur more
frequently in very large genes in a variety of cancer tissues, including colorectal cancers, head and
neck cancers and melanomas [68]. Possible mechanistic explanations for this observed increase in
SNSs in large genes invoke replication stress as a causative factor, either by increasing the
prevalence of ssDNA in these regions, which would be more susceptible to DNA damage and less
likely to undergo base repair, or by driving mutagenic BIR repair in regions prone to fork stalling and
collapse. In breast cancer genomes, localized regions of hypermutation (“kataegis”), usually at the
site of somatic rearrangements, have also been suggested to result from enzyme activity on ssDNA
[69]. Finally, chromothripsis has been identified in various cancer genomes including, notably, up to
25% of bone cancer samples in one study [70]. Highly mutagenic MMBIR following fork stalling, and
replication stress in micronuclei, have both been proposed to play a role in triggering chromothripsis
[54, 64].

Replication stress and cancer treatment

It is clear from the previous discussion that replication stress is a key driver in the development and
progression of many cancers. The transforming potential of this replication stress should initially be
kept in check by a robust DNA damage response, but continued genome instability may eventually
override this barrier, supporting cancer progression [11]. Whereas disruption of this DNA damage
checkpoint can facilitate cancer development, a functional replication stress response may well
remain important for the survival of these cancer cells, in the face of continued replicative stress. On
this basis, several predictions can be made with regard to cancer cell behaviour.

Firstly, if they are already subject to high levels of oncogene-induced replication stress, cancer cells
may be less able than normal cells to tolerate additional genomic insults. This should provide a
therapeutic window for selective killing of cancer cells, through the application of exogenous
genotoxic treatments to which they are more sensitive. In line with this fact, many therapies in
current use do indeed cause replicative stress [71].

Secondly, cancer cells that are able to respond effectively to high levels of replication stress should
have a survival advantage, which would most likely lead to poorer patient outcomes. There is some
evidence to suggest that this is the case, since misregulation of replication-associated genes has
been reported in a number of cancers and overexpression of a subset of these genes has been
correlated with poor patient survival [72-74].

Thirdly, in cancers that have been induced by, and continue to experience high levels of oncogene-
driven replicative stress, the ATR-CHK1 replication stress response will likely be crucial for cancer cell
survival, and the abrogation of this response should allow for their selective elimination. At first
glance this may seem counter-intuitive, since loss of ATR-CHK1 function enhances replication stress-
induced genome instability. Indeed, mice which are haploinsuifficient for either kinase are tumour-
prone, presumably due to a relatively inefficient response to endogenous replicative stress levels,
helping to drive tumorigenesis [75, 76]. However, mice with more severely reduced levels of ATR are
not cancer-prone, and it has been suggested that this is because a certain threshold of ATR activity is
required to maintain the survival of transformed cells that are experiencing greater levels of
replicative stress than normal tissues [77, 78]. This view is supported by studies demonstrating
synthetic lethality between oncogene-induced replication stress and an impaired replication stress



response. For example, siRNA knockdown of ATR proves lethal in a background of oncogenic RAS
expression, while the development of MYC-induced lymphomas or pancreatic adenocarcinomas is
completely prevented in mice with severely reduced ATR levels [78, 79]. The ATR-CHK1 pathway is
therefore emerging as a promising therapeutic target.

Inhibitors of the ATR-CHK1 pathway

In the last twenty years a range of CHK1 and ATR antagonists have been developed and tested as
potential chemotherapeutic agents. Most early studies focused on the use of CHK1 inhibitors to
potentiate the toxicity of existing genotoxic chemotherapies. The staurosporine analogue, UCN-01,
was one of the first such inhibitors to be identified as a potential anticancer treatment, although it
should be noted that this agent acts on numerous kinases and is not, in fact, selective for CHK1.
Nevertheless, UCN-01 was shown to enhance the cytotoxicity of genotoxic drugs such as
doxorubicin, cisplatin and irinotecan in preclinical trials [80-82]. More selective CHK1 inhibitors
(LY2603618, PF0047736, MK-8776) and CHK1/2 dual inhibitors (AZD7762) were subsequently
developed, and these also showed promise in preclinical studies as potentiating agents for genotoxic
chemotherapeutics [83-87]. Unfortunately, despite some preliminary evidence of their anti-tumour
activity, clinical trials with several of these compounds have revealed toxicity issues, while the
development of MK-8776, which was not associated with cardiotoxicity, has, rather disappointingly,
been terminated due to business reasons [88-90]. Other, newer CHK1 inhibitors are however,
reported to be in development, including SAR-020106, CCT244747 and V158411, which have been
shown to enhance the antitumour activity of irinotecan and gemcitabine in mouse xenograft models,
and GDC0425 and GDCO0575, currently in Phase | clinical trials in combination with gemcitabine
(Tablel) [91-93]. Several of these next generation CHK1 inhibitors have shown themselves to be
relatively well tolerated when used in vivo, while CCT244747 is particularly notable as being the first
CHK1 inhibitor to achieve effective bioavailability through oral administration [92].

As well as their role in enhancing the effect of other chemotherapy agents, CHK1 inhibitors are also
being investigated for their potential as monotherapy. Monotherapy with CHK1 inhibitors has been
reported to be ineffective in a variety of tumour models, and yet there is also ample evidence of
their efficacy as a single agent. For example, CHK1 inhibitors are cytotoxic towards MYC-driven
lymphoma cell lines and result in regression of MYC-induced lymphomas in a mouse model [78, 94].
Similar results have also been reported in the case of MYC-induced neuroblastomas and pancreatic
cancers, as well as for melanoma cells which exhibit high levels of replication stress [92, 95, 96]. In
contrast, K-RAS®*?Y

replication stress, were unresponsive to treatment with CHK1 inhibitors [78]. These data provide

-induced pancreatic adenocarcinomas, which do not exhibit elevated levels of

strong support for the rationale outlined above, that an intact ATR-CHK1 response is fundamentally
important to the survival of cancer cells with high levels of replicative stress, and that abolishing this
response can be very effective in treating such cancers. Moreover, this reliance on ATR-CHK1 applies
not only to oncogene-induced replication stress, but also to cells experiencing replication stress as a
consequence of other defects in DNA metabolism. For example, cancer cells with defects in the
Fanconi anaemia (FA) DNA repair pathway are hypersensitive to CHK1 inhibition, as compared with
FA-proficient cells [97]. Ablation of ATR-CHK1 function is also reported to be synthetically lethal with
loss of the single strand break repair factor XRCC1, and loss of the ERCC1-XPF nuclease, which
functions in the repair of bulky DNA adducts, interstrand crosslinks and DSBs [98, 99].



The development of ATR inhibitors has lagged behind that of CHK1 inhibitors but has followed a
similar trajectory [100]. The initial wave of compounds identified as having ATR inhibitory activity
(Schisandrin B, NU6027, NVP-BEZ235), although capable of potentiating cancer cell sensitivity to a
wide range of genotoxic treatments, suffered from a lack of selectivity or were required at relatively
high concentrations to be effective [101-103]. High throughput screening has since identified several
compounds that display much higher levels of selectivity and potency against ATR (Table 1) [104]. Of
these, VE-821 was found to be capable of sensitising a wide range of different cancer cell lines to
radio- and chemotherapy [105-108]. An analogue of this compound with increased potency and ATR
selectivity, VX-970 (VE-822), has been shown to sensitise a pancreatic cancer xenograft model to
ionising radiation and gemcitabine, while not increasing the sensitivity of normal cells to these
treatments [109]. This compound was the first ATR inhibitor to enter clinical development, where it
is currently undergoing assessment of its safety, tolerability, and pharmacokinetics, in combination
with gemcitabine, cisplatin and etoposide, in subjects with advanced solid tumors. Similarly
promising preclinical results have been obtained with another ATR inhibitor, AZD6738, which has
been shown to possess significant anti-tumour activity when used in combination with radiotherapy,
gemcitabine or cisplatin, or as a monotherapy in cells with compromised DNA repair pathways [110,
111]. Importantly, this compound seems to be well tolerated and suitable for oral dosing and it too
is in Phase 1 clinical trials to establish its safety, both as a stand-alone treatment and in combination
with radio- and chemotherapy.

Conclusion

Oncogene activation is widely recognised to trigger DNA replication stress, early in tumorigenesis,
through dysregulation or disruption of the normal DNA replication program. This leads to genome
instability as stalled and collapsed replication forks become subject to a variety of error-prone repair
or replication restart processes. Accordingly, mutations characteristic of replication stress-induced
genome instability have been identified in various cancer genomes. In order to withstand replicative
stress, cells rely on the ATR-CHK1 pathway to stabilise stalled fork structures and promote recovery.
Cancers cells that experience high levels of oncogene-induced replication stress are therefore
heavily reliant on this checkpoint response and its abrogation should allow for their selective
elimination. As such, the ATR-CHK1 pathway represents an attractive chemotherapeutic drug target,
and a number of ATR and CHK1inhibitors have been developed in recent years. Several of these have
proved effective in preclinical studies and are now in clinical trials to evaluate their effectiveness
both as monotherapies and in combination with other agents.

Future Perspective

While the development of ATR and CHK1 inhibitors as cancer therapeutics shows considerable
promise for the future, there are, of course, some key issues yet to be addressed. For instance,
pharmacodynamic assessments of these compounds will need to give careful consideration to the
order and timing of treatments when given in combination with other therapies, so as to maximise
their effectiveness. When used alongside genotoxic agents that cause replication fork stalling, it may
take some time for cells to enter S phase and encounter problems for which the ATR-CHK1 pathway
becomes indispensable, and so, delayed administration or multiple dosing of the ATR/CHK1 inhibitor
may be important to enhance cancer cell killing in this context [112].



Perhaps even more importantly, tumour profiling, to identify those patients most likely to benefit
from ATR/CHK1 inhibitors, should increase the therapeutic index for these treatments. It is clear that
certain tumour cells are more sensitive to killing by ATR/CHK1 inhibitors than others, either as
combination therapy or as monotherapy, and this increased sensitivity seems to correlate with the
degree of replication stress experienced [78, 112]. Although oncogene activation frequently leads to
replication stress, individual oncogenes may do so through different mechanisms and to different
extents in different cell contexts [20, 113]. Reliable measures of replication stress will therefore be
crucial for predicting how sensitive a particular tumour is likely to be to ATR-CHK1 inhibition. As
such, the identification of validated biomarkers for enhanced replication stress is likely to be an
important area of research in the next few years.

The most commonly used markers for replication stress in preclinical studies are readouts of ATR
activation, by means of CHK1 or histone H2AX phosphorylation. However, H2AX is also
phosphorylated, independently of ATR, in response to DNA DSBs and so is not a reliable marker for
replicative stress. Similarly, only one of the two ATR phosphorylation sites of CHK1, Ser345, appears
to be a specific marker for ATR activity, which may prove useful in a clinical context [102]. Other
possible biomarkers for patient selection may be derived from monitoring the expression levels of
replication stress response proteins. Upregulation of several replication-associated proteins has
been correlated with poor patient outcomes in a variety of tumour types, suggesting that these
cancer cells may have increased their resistance to replicative stress [72-74]. Inhibition of ATR-CHK1
function may prove to be a particularly effective way of overriding this adaptation in tumours
exhibiting such replication stress ‘signatures’.

Preclinical studies have also reported synergistic outcomes when ATR-CHK1 inhibition is combined
with disruption of various DNA damage response (DDR) pathways [97-99, 108, 110]. This may be due
to an increase in unrepaired damage in DDR-defective cells, leading to increased fork stalling and
elevated levels of replication stress, or may be because these DDRs become essential for cell survival
once forks collapse in the absence of ATR-CHK1 function. A number of DDR defects have thus far
been identified as conferring sensitivity to ATR-CHK1 inhibition, and the advent of whole
exome/genome sequencing should, in the future, provide the means of identifying patients/tumours
with such defects. At present however, interactions between specific DDR defects and ATR-CHK1
dependence remain relatively poorly characterised and are not always unequivocal. For example,
mutations of the MRE11-RAD50-NBS1 complex have been correlated with increased sensitivity to
ATR-CHK1 inhibition, in both patients and cell lines, and yet, other studies have demonstrated an
increased resistance to CHK1 inhibition in MRE11-deficient cells [110, 114, 115]. A more extensive
characterisation of the biology behind these interactions is clearly required.

As well as intrinsic defects that sensitise to ATR-CHK1 inhibition, cancer cells may also acquire
conditional DDR defects which are synergistic with such treatment, as reported for tumour cells
under conditions of hypoxia [106]. Moreover, the development of novel pharmaceutical strategies
for DDR inactivation means that it is becoming increasingly feasible to induce DDR defects, through
treatment with specific DDR inhibitors, such as the PARP inhibiter olaparib. In this respect, it is
notable that simultaneous targeting of CHK1 and the p38/MK2 global stress response pathway,
required for prolonged checkpoint maintenance, results in strongly synergistic effects in KRAS- and
BRAF-driven tumour cells [116]. A number of other drug combinations might also be envisaged to
enhance ATR/CHK1 inhibitor utility, by enhancing levels of replication stress. For example, inhibition



of the cell cycle regulator WEE1 triggers a burst of CDK activity which increases initiation of
replication, leading to nucleotide depletion and fork stalling [22]. Accordingly, combined inhibition of
WEE1 and CHK1 gives rise to synergistic antiproliferative effects, providing a rationale for further
clinical investigation of these combined therapies [87, 117]. Several other inhibitors currently in
clinical development have also been reported to cause replication stress and may, in future, be
usefully exploited in combination with ATR-CHK1 inhibitors. These include MLN4924, a neddylation
inhibitor which prevents the degradation of CDT1 leading to DNA re-replication, and OTS167, an
inhibitor of the AMP-activated serine/threonine kinase MELK (maternal embryonic leucine zipper
kinase) whose activity is required to reduce replication stress in glioblastoma cells [118-121]. Finally,
in addition to the ATR or CHK1 kinases themselves, other aspects of the cellular response to
replication stress can also be envisaged as potential therapeutic targets for future development.
Factors involved in the recruitment and activation of ATR (e.g. ATRIP, TOPBP1, PRP19) are possible
drug targets for the future, as are downstream-acting factors, such as proteins involved in
recombinational repair and BIR.

We envisage that exploiting the dependence of many cancer cells on a functional replication stress
response will be an important theme for cancer treatment in coming years. A number of inhibitors
targeting the replication stress response are already being clinically evaluated and there is significant
potential to extend this repertoire of treatments, through new developments and co-treatment
strategies. The development of robust biomarkers to facilitate patient selection, ensuring that the
most appropriate cohorts are chosen for treatment, may well be crucial to seeing good returns on
this strategy, and should genuinely allow us to enter the era of personalised medicine.

Executive summary
Causes of replication stress

e Replication stress occurs when the tightly regulated program of DNA replication is disrupted,
either by impediments to fork progression or through deregulated origin licensing/firing.

e Oncogene activation or tumour suppressor inactivation may lead to replication stress by
overriding the controls restraining S phase entry or by altering replication licensing and
origin firing.

Consequences of replication stress

e When replication forks stall, an ATR-CHK1 dependent replication stress response helps to
stabilise and restart stalled forks.

e |nthe case of persistent replication stress, or where ATR-CHK1 function is impaired, stalled
forks can collapse, leading to DNA DSB formation.

e Replication stress can give rise to genetic changes through error-prone repair and
replication-restart mechanisms, and can also cause problems during chromosome
segregation leading to chromosome breakage and non-disjunction.

e  Mutation signatures suggestive of replication stress have been identified in many cancer
genomes.

Replication stress and cancer treatment



Cancer cells that exhibit high levels of replication stress become dependent on the ATR-
CHK1 replication stress response for survival. This fact can be exploited for therapeutic
purposes.

CHK1 and ATR inhibitors show significant promise as cancer therapies, both as
monotherapies and as potentiating agents for other drugs.

The development of biomarkers to identify susceptible cancers will be important for the
effective clinical application of these inhibitors.
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Figure legends
Figure 1. Oncogene-induced DNA replication stress model for cancer progression

Increased cellular proliferation, as a consequence of oncogene activation, is an early event in cancer
development which leads to DNA replication stress and genome instability. In precancerous lesions,
the DNA damage response (DDR) helps to restrain cancer progression by triggering cell death, but
inactivation of this damage checkpoint allows cells to escape from apoptosis or senescence and
complete the transition from precancerous lesion to cancer.

Figure 2. The ATR-dependent replication stress response

At stalled forks, stretches of ssDNA, bound by the single-stranded DNA binding protein RPA, are
generated by uncoupling of the replicative helicase and polymerase. The checkpoint protein
complexes, RAD9-RAD1-HUS1 (9-1-1) and ATR-ATRIP, bind to the junction of the 5’primer and this
ssDNA. TOPBP1 is then recruited through its binding to RAD9. TOPBP1 interaction activates the ATR
kinase, leading to phosphorylation of CHK1 and other effectors. ATR- and CHK1-dependent
phosphorylation events serve to maintain the stability of the replisome and promote fork restart, to
inhibit late origin firing and delay cell cycle progression.

Figure 3. Formation of replication-dependent DNA double strand breaks

Single-ended DNA double strand breaks (DSBs) may result from fork collapse through a variety of
possible mechanisms, including replication run-off at single-strand nicks ahead of the replication
fork, passive breakage or nucleolytic cleavage of persistent ssDNA at forks stalled by a DNA lesion (
A) or nuclease digestion of a reversed fork structure.

Figure 4. Repair of a collapsed fork by break induced replication

Repair of a single-ended DSB (A) and re-establishment of replication at a collapsed fork can be
achieved through break induced replication (BIR). BIR is initiated by resection of the 5’ strand (B),
generating a 3’ overhang which can invade a homologous template (C) to form a replication fork
which extends both leading and lagging strands through low processivity polymerisation (D). The 3’
end separates from the template (E) and then reinvades to establish another replication fork (F). This
process can occur multiple times before a more processive fork is established (G) and replication
continues over a substantial distance (H).



Table 1. CHK1 and ATR inhibitors currently in development (preclinical and clinical studies)

Compound Target Notable clinical or preclinical data References

SAR-020106 CHK1 Effective in in vivo preclinical studies in combination with | [91]
gemcitabine and irinotecan

CCT244747 CHK1 Effective in preclinical studies as a single agent in MYCN- | [92]
driven retinoblastoma model or in combination with
gemcitabine or irinotecan. Can be administered orally.

V158411 CHK1 Effective against multiple p53-deficient tumours in [93]
combination with irinotecan in preclinical studies. No
additional systemic toxicity observed in vivo.

GDC0425/ GDC0575 CHK1 In Phase 1 clinical trials in combination with gemcitabine | NCT01359696/

NCT01564251

VE-821 ATR Sensitises pancreatic tumours to ionising radiation and [107]
gemcitabine in xenograft model.

VX-970 ATR Analogue of VE-821. In Phase 1 trial in combination with NCT02157792
gemcitabine, cisplatin and etoposide.

AZD6738 ATR Well tolerated and suitable for oral administration. NCT02223923,
Currently in Phase 1 clinical trials as monotherapy and in | NCT01955668,
combination with radio and chemotherapy NCT02264678

[110]

[111]
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