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1  |  INTRODUC TION

DNA replication is one of the fundamental cellular processes that 
duplicate genomic DNA during each cell cycle. Although faithful 
DNA replication is necessary for the preservation of genome integ-
rity, the replication fork is constantly challenged by a wide variety of 
factors, resulting in altered progression of replication forks, reduced 
replication fidelity, and DNA breaks. These phenomena during DNA 

replication are collectively referred to as DNA replication stress (RS), 
which is a major cause of genome instability.1 RS is characterized by 
many different causes, and the definition of RS is constantly evolv-
ing. Exogenous factors include DNA lesions that are caused by ultra-
violet light, ionizing radiation, and chemical agents such as alkylating 
agents and cross- linking agents, while endogenous stress includes 
reactive oxygen species, metabolic aldehydes, misincorporated ribo-
nucleotide, and abnormal DNA secondary structures. These lesions 

Received: 9 March 2023  | Revised: 19 April 2023  | Accepted: 29 April 2023

DOI: 10.1111/cas.15845  

R E V I E W  A R T I C L E

Emerging strategies for cancer therapy by ATR inhibitors

Kimiyoshi Yano |   Bunsyo Shiotani

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Abbreviations: APOBEC3, apolipoprotein B mRNA editing enzyme catalytic subunit 3; ARID1A, AT- rich interactive domain- containing protein 1A; ATM, ataxia telangiectasia mutated; 
ATRIP, ATR- interacting protein; BRCA, breast cancer susceptibility; CDC25, cell division cycle 25; CDC45, cell division cycle 45; CDK, cyclin- dependent kinase; CENP, centromere 
protein; cGAS, cyclic GMP- AMP synthase; Chk1, checkpoint kinase 1; CI, confidence interval; CRISPR, clustered regularly interspaced short palindromic repeat; DDK, DBF4- dependent 
kinase; DSB, double strand break; ERCC1, excision repair cross- complementation group 1; ETAA1, Ewing's tumor- associated antigen 1; EXO1, exonuclease 1; FOXM1, Forkhead box M1; 
HGSOC, high- grade serous ovarian cancer; LADC, lung adenocarcinoma; MLL, mixed lineage leukemia; MRE11, meiotic recombination 11; PALB2, partner and localizer of BRCA2; PARP, 
poly(ADP- ribose) polymerase; PCAF, p300/CBP- associated factor; PD- 1, programmed death- 1; PD- L1, programmed death- ligand 1; PFS, progression- free survival; PLK, polo- like kinase; 
Polη, DNA polymerase eta; PrimPol, primase and DNA directed polymerase; RNF4, ring finger protein 4; RPA, replication protein A; SCLC, small cell lung cancer; SMARCA4, SWI/
SNF- related, matrix- associated, actin- dependent regulator of chromatin, subfamily A, member 4; SMARCAL1, SWI/SNF- related, matrix- associated, actin- dependent regulator of 
chromatin, subfamily A like 1; SPOP, speckle- type POZ protein; STING, stimulator of interferon genes; SWI/SNF, switch/sucrose non- fermentable; TopBP1, DNA topoisomerase II 
binding protein 1; UPF2, up- frameshift suppressor 2; XRCC1, X- ray repair cross complementing protein 1; XRCC3, X- ray repair cross complementing protein 3.

Laboratory of Genome Stress Signaling, 
National Cancer Center Research 
Institute, Tokyo, Japan

Correspondence
Bunsyo Shiotani, Laboratory of Genome 
Stress Signaling, National Cancer Center 
Research Institute, 5- 1- 1 Tsukiji, Chuo- ku, 
Tokyo 104- 0045, Japan.
Email: bshiotan@ncc.go.jp

Funding information
Japan Society for the Promotion 
of Science, Grant/Award Number: 
18KK0235, 22H03745 [to BS] and 
22K18033 [to KY]

Abstract
DNA replication stress (RS) causes genomic instability and vulnerability in cancer 
cells. To counteract RS, cells have evolved various mechanisms involving the ATR ki-
nase signaling pathway, which regulates origin firing, cell cycle checkpoints, and fork 
stabilization to secure the fidelity of replication. However, ATR signaling also allevi-
ates RS to support cell survival by driving RS tolerance, thereby contributing to thera-
peutic resistance. Cancer cells harboring genetic mutations and other changes that 
disrupt normal DNA replication increase the risk of DNA damage and the levels of RS, 
conferring addiction to ATR activity for sustainable replication and susceptibility to 
therapeutic approaches using ATR inhibitors (ATRis). Therefore, clinical trials are cur-
rently being conducted to evaluate the efficacy of ATRis as monotherapies or in com-
bination with other drugs and biomarkers. In this review, we discuss recent advances 
in the elucidation of the mechanisms by which ATR functions in the RS response and 
its therapeutic relevance when utilizing ATRis.
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are generally, but not exclusively, physical obstacles to replication 
fork progression.2 Accumulating evidence has revealed that the 
activation of oncogenes, such as Ras, Myc, and Cyclin E, induces 
RS by aberrant replication initiation, RNA:DNA hybrids (R- loops), 
replication– transcription collisions, and defective nucleotide metab-
olism,3 and defects in DNA damage response (DDR) systems lead to 
DNA synthesis slowdown and/or replication fork stalling because of 
irreparable DNA lesions. Subsequently, RS caused by these genetic 
alterations contributes to the further acquisition of genetic muta-
tions and chromosomal aberrations, which promote tumor develop-
ment.4 Therefore, RS is considered one of the hallmarks of cancer.

To safeguard the RS, cells have evolved the DDR network. Ataxia 
telangiectasia and Rad3- related (ATR) kinase acts as a master regula-
tor of the RS response. RS usually results in stretching ssDNA, which 
serves as a platform to recruit ATR kinase. Activated ATR stabilizes 
and restarts the stressed replication fork, suppresses origin firing, ac-
tivates the cell cycle checkpoint, and facilitates DNA repair. Therefore, 
ATR has long been considered a tumor suppressor to maintain genome 
stability in normal cells. However, the mutation in the ATR gene is not 
common in cancer cells, probably because of its essential role in DNA 
replication. Importantly, recent studies have shown that ATR signaling 
contributes to RS tolerance and protects cells from deleterious and 
chronic RS induced by oncogenes during tumor development. Thus, 
cancer cells are more highly dependent on ATR signaling compared 
with normal cells, highlighting the potential of targeting ATR in can-
cer therapy. When ATR is inhibited, large amounts of ssDNA arise in 
the genome, resulting in massive fork collapse and cell death, which is 
termed replication catastrophe. In the absence of a functional check-
point by ATR inhibition, cells prematurely enter mitosis with increased 
DNA damage, triggering a mitotic catastrophe. Here, we discuss re-
cent advances in the elucidation of ATR signaling, preclinical data on 
ATR inhibitors (ATRis) that have led to their entry into clinical trials, 
and potential biomarkers for predicting ATRi efficacy.

2  |  ATR SIGNALING PATHWAY IN 
RESPONSE TO RS

2.1  |  Mechanisms of ATR activation

A broad spectrum of genomic insults that activate ATR, including 
replication interference, DSBs, and other types of DNA lesions, com-
monly expose ssDNA, which is immediately bound and protected 
by RPA.5 The RPA- coated ssDNA is directly recognized by ATRIP, 
a regulatory partner protein of ATR, which recruits the ATR– ATRIP 
complex to ssDNA.6 The recruitment of multiple ATR– ATRIP com-
plexes to RPA– ssDNA promotes the autophosphorylation of ATR 
at T1989, one of the first markers of ATR activation.7 In addition, 
two ATR activator proteins, TopBP1 and ETAA1, are also recruited 
to ssDNA and stimulate ATR kinase activity by directly interacting 
with the ATR- activating domain. TopBP1 is recruited at ssDNA– 
dsDNA junctions where the Rad17 complex and Rad9– RAD1– HUS1 
(9– 1– 1) complexes form the scaffold for TopBP1 recruitment.8,9 

Unlike TopBP1, ETAA1 directly accumulates at the RPA– ssDNA 
via its two RPA- binding motifs.10,11 Alternatively, a fraction of ATR 
that is recruited to the RPA– ssDNA distal to ssDNA– dsDNA junc-
tions is activated through Nbs1 in a TopBP1- dependent manner at 
replication- associated DSBs.12 The detailed mechanisms of ATR ac-
tivation have recently been reviewed elsewhere.13,14 These multiple 
modes of ATR activation can allow ATR to phosphorylate different 
substrates, thereby carrying out diverse functions in the DDR, as 
discussed below (Figure 1).

2.2  |  Cell cycle checkpoint

One crucial function of ATR signaling is to regulate the G2/M cell 
cycle checkpoint following DNA damage. In response to DNA dam-
age, Chk1 is phosphorylated by ATR at multiple sites, stimulating 
the kinase activity of Chk1. Activated Chk1 phosphorylates and in-
activates CDC25 phosphatases (known as CDC25A, CDC25B, and 
CDC25C), which positively regulate CDK activity by removing its in-
hibitory phosphorylation.15 Chk1 also phosphorylates and activates 
Wee1 kinase, which negatively regulates CDK1 activity by adding 
inhibitory phosphorylation.16 Interestingly, a recent study showed 
that, until the S phase ends, ETAA1- mediated ATR activation re-
stricts CDK1- dependent FOXM1 phosphorylation and prevents 
mitotic gene expression by enforcing the S/G2 checkpoint.17 These 
signaling pathways delay cell cycle progression for recovery from 
DNA damage and stalled replication forks.

2.3  |  Origin firing

Inhibition of CDK activity by ATR– Chk1 signaling not only regu-
lates the cell cycle checkpoint but also limits origin firing. The origin 
recognition complex initially loads MCM2– 7 complexes as inactive 
double hexamers onto DNA.18 Helicase activation requires CDC45 
binding, which occurs following the CDK- dependent phosphoryla-
tion of Treslin and DDK- mediated phosphorylation of the MCM2– 7 
complex.19 Following DNA damage, ATR– Chk1 signaling downregu-
lates the kinase activities of CDK and DDK, and thereby prevents 
CDC45 loading and helicase activation to limit origin firing.14 In an-
other mechanism, ATR phosphorylates and stabilizes MLL on chro-
matin, where it methylates histone H3 lysine 4 at the late replication 
origin and inhibits CDC45 loading.20 Based on these mechanisms, 
ATR inhibition triggers unscheduled origin firing, generates exces-
sive ssDNA that exhausts the nuclear pool of RPA, and increases 
fork breakage, resulting in replication catastrophe.21

2.4  |  RS tolerance

Acute and severe RS often give up continuous DNA synthesis, re-
sulting in senescence and cell death. However, cells have evolved 
RS tolerance (also known as DNA damage tolerance) mechanisms 
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aimed at allowing sustainable DNA replication to overcome le-
sions, which support cell survival. RS tolerance mechanisms 
mainly include fork reversal/template switching, translesion DNA 
synthesis (TLS), and repriming. These pathways are regulated by 
fine- tuned mechanisms based on the genetic background and the 
extent of DNA damage (for more detail, see these reviews22,23). 
ATR also plays a key role in the regulation of RS tolerance and 
contributes to fork stability.

Fork reversal can be conceptually divided into the following two 
steps: first, the formation of four- way junction structures by coor-
dinately annealing the two newly synthesized daughter strands, and 
second, fork restart through the removal of DNA lesions or template 
switching. ATR phosphorylates the DNA translocase SMARCAL1, 
thereby limiting its fork regression activity and preventing ab-
errant fork processing through SLX4- associated nucleases.24 In 
ATR- deficient cells, suppression of RNF4 and/or PLK reduces SLX4- 
mediated DSB formation.25 PCAF- mediated histone H4 acetylation 
at stalled forks promotes fork degradation by MRE11 and EXO1 
nucleases in BRCA- deficient cells.26 ATR phosphorylates PCAF to 
limit its association and excessive fork degradation. These findings 
suggest that ATR functions in replication fork protection to prevent 
aberrant remodeling of stalled forks, thereby avoiding excessive nu-
cleolytic processing of the replicating genome.

Another aspect of RS tolerance regulated by ATR involves the 
restart of replicated forks. ATR phosphorylates two of the TLS poly-
merases, REV1 and Pol η, suggesting that ATR may facilitate lesion 
bypass through continuous DNA synthesis without repairing the 
lesion.27– 29 ATR also phosphorylates several proteins that promote 
RAD51- dependent replication restart pathways including template 
switching, fork reversal and repair, and homologous recombination. 

At the stressed fork, ATR phosphorylates RPA facilitating recruit-
ment of PALB2 and BRCA2.30 When DSBs occur, ATR also phos-
phorylates PALB2 enhancing interaction with BRCA1, promoting 
RAD51 filament formation.31 In addition, ATR- dependent XRCC3 
phosphorylation is required for chromatin loading of RAD51 and ho-
mologous recombination (HR)- mediated recovery of collapsed rep-
lication forks.32 These findings suggest that ATR contributes to fork 
remodeling and restart by manipulating HR factors. Other processes 
that promote fork restart involve PrimPol- mediated repriming, 
which reinitiates DNA synthesis beyond a DNA lesion, leaving un-
replicated ssDNA gaps to be filled post- replicatively through either 
TLS or template switching. A recent report showed that the expres-
sion level and repriming activity of PrimPol are controlled in an ATR- 
dependent manner.33 In addition, chemically induced RS induces 
PrimPol phosphorylation dependent on ATR and Chk1, indicating 
that ATR– Chk1 signaling- dependent phosphorylation of PrimPol 
is a critical switch to turn on its repriming activity.34 Importantly, 
PrimPol phosphorylation reduces undamaged cell fitness but recov-
ers damaged cell fitness, suggesting that PrimPol needs to be tightly 
regulated during DNA replication to prevent aberrant repriming, 
fork speeding, and chromosomal breakage, which can increase the 
risk of genomic instability. Collectively, ATR signaling not only pro-
tects the stalled fork from nuclease- mediated degradation but also 
seems to promote PrimPol- dependent repriming to overcome RS.

2.5  |  Mitosis

While ATR inhibition during DNA replication increases genomic 
instability in the S phase, cells upon uncontrolled replication 

F I G U R E  1  Ataxia telangiectasia and Rad3- related (ATR) signaling network in the DNA damage response (DDR). ATR kinase plays a 
critical role in regulating DDR, particularly during DNA replication. ATR activates the cell cycle checkpoint pathway that halts the cell cycle 
in response to DNA damage or replication stress (RS). ATR regulates DNA replication by inhibiting the replicative helicase, preventing 
further origin firing. When a replication fork stalls, ATR phosphorylates some proteins that are involved in stabilizing the fork, preventing its 
collapse, promoting repair, and restarting forks to promote RS tolerance mechanisms. ATR also functions in mitosis to ensure chromosome 
segregation. These functions are controlled by the indicated representative factors directly or indirectly regulated by ATR or Chk1. By 
coordinating these processes, ATR helps to maintain genomic integrity.
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prematurely enter mitosis and overlap DNA synthesis with chromo-
some condensation, resulting in mitosis defects.35 The mitosis de-
fects in ATR- absent cells are partially rescued by CDK1 inhibition, 
suggesting that ATR activates the cell cycle checkpoint to minimize 
the level of unreplicated DNA prior to mitotic onset. Surprisingly, 
a recent study revealed that ATR localizes to centromeres through 
Aurora A- regulated association with CENP- F, allowing ATR to engage 
RPA- coated centromeric R- loops, and activated ATR at centromeres 
stimulates Aurora B through Chk1, preventing chromosome insta-
bility.36 In addition, TopBP1-  and ETAA1- dependent phosphoprot-
eomics revealed TopBP1 to be a primary ATR activator for RS, while 
ETAA1 regulates mitotic ATR signaling.37 Although these findings 
clearly indicate a mitosis- specific ATR role, the functions of ATR in 
mitosis remain largely unknown. Therefore, further understanding 
the action of ATR inhibition in mitosis will provide a rationale for 
ATRi therapy.

3  |  C ANCER THER APEUTIC S WITH ATRis

In 2011, the first potent and selective ATRi, VE- 821, was discovered 
by Vertex Pharmaceuticals. VE- 821 induces cancer cell killing and 
reversibly inhibits cell cycle progression in normal cells, suggesting 
that ATR is a promising target for cancer therapy.38 Subsequently, 
bioavailable berzosertib (M6620, VE- 822, VX- 970, recently licensed 
to Merck KGaA), an improved analog of VE- 821, entered clini-
cal trials. In 2013, AstraZeneca also developed a preclinical ATRi, 
AZ20, and its improved analog, ceralasertib (AZD6738), which can 
be orally administered. Other orally administered ATRis, gartisertib 
(M4344, VX- 803) and tuvusertib (M1774) by Merck, elimusertib 
(BAY1895344) by Bayer, camonsertib (RP- 3500, recently licensed to 
Roche) by Repare, ART0380 by Artios, IMP9064 by Impact, ATG- 
018 by Antengene, and ATRN- 119 by Aprea were discovered. These 
ATRis are currently being tested preclinically and have progressed 
to phase I/II clinical trials as monotherapies and in combination with 
DNA- damaging agents or molecular targeted drugs (Table 1).

3.1  |  Monotherapy and chemotherapy 
combinations

Berzosertib is the first-  in- class ATR inhibitor and has been tested 
as a monotherapy. Berzosertib monotherapy was well tolerated, 
with no dose- limiting toxicities observed and a durable complete 
response was observed in a patient with advanced-  stage colorec-
tal cancer harboring ATM loss and ARID1A mutation.39 Elimusertib 
monotherapy was well tolerated, with antitumor activity including 
partial responses against cancers with ATM loss.40

Early clinical trials with ATRis were often conducted using them 
in combination with chemotherapy- inducing RS. Antimetabolites 
(e.g., gemcitabine) inhibit the elongation of newly synthesized DNA 
strands by blocking nucleotide synthesis and by acting as nucleo-
tide analogs that lead to chain termination. DNA crosslinkers (e.g., 

cisplatin and carboplatin) and topoisomerase inhibitors (e.g., to-
potecan and irinotecan) generate obstacles to fork progression. 
Consequently, these chemotherapeutic agents increase RS and syn-
ergize with ATRis. The first reported phase I study of ATRi demon-
strated that combined berzosertib with topotecan was partially 
effective in platinum- refractory SCLC.41,42 Other phase I studies of 
berzosertib in combination with chemotherapy, including gemcit-
abine and cisplatin, also showed preliminary efficacy signs.43– 46 In 
phase I studies of ceralasertib in combination with carboplatin or 
paclitaxel, patients with low ATM or mutated ATM had complete or 
partial responses.47,48 Notably, the first randomized phase II study 
of ATRi was evaluated based on its use in combination with gemcit-
abine versus gemcitabine alone in platinum- resistant HGSOC.49 The 
median progression- free survival in all patients was 22.9 weeks (90% 
CI: 17.9– 72.0) for the combination group versus 14.7 weeks (90% 
CI: 9.7– 36.7) for the monotherapy group (p = 0.044). Interestingly, 
this benefit of the combination group was seen in patients with a 
platinum- free interval of 3 months or less compared with those with 
more than 3 months to less than 6 months. While these preliminary 
data from early phase studies for ATRis in combination with DNA- 
damaging chemotherapy showed antitumor activity, the chemo-
therapy combinations were associated with higher rates of adverse 
events.39 Further late- stage clinical evaluation of the chemotherapy 
combinations is warranted and the identification of predictive bio-
markers of response is the critical next step.

3.2  |  PARPi combinations

In the past decade, PARP inhibitors (PARPis) have been clinically 
used to treat tumors with defects in HR, such as BRCA1/2.50 PARPis 
generate DNA lesions through the following two general actions: 
catalytic inhibition of PARP1 and trapping PARP1 on damaged DNA; 
these actions render synthetic lethality with HR deficiency. Recently, 
it has also been proposed that the accumulation of ssDNA gaps 
behind replication forks is the primary genotoxic lesion enhancing 
PARPi sensitivity. PARPi induces ssDNA gaps on the leading strand 
behind replication forks via PrimPol- mediated repriming33,51,52 and 
on the lagging strand via defects in Okazaki fragment processing.53 
PARPi- induced ssDNA gaps generated in the first S phase persist in 
the second S phase, where BRCA1/2- deficient cells fail to activate 
ATR and suppress origin firing, resulting in increased fork collapse. In 
addition, ATRi combined with PARPi abrogated the PARPi- induced 
G2/M checkpoint and synergistically increased chromosome aber-
rations.54,55 In fact, several preclinical studies have described the 
synergistic therapeutic efficacy of ATRis with PARPis in tumor cells 
harboring BRCA1/2, ATM, and RNASEH2 deficiency and alternative 
lengthening of the telomere system.54– 57 Furthermore, ATRi com-
bined with PARPi overcomes PARPi-  or platinum- resistant ovarian 
cancer and PARPi- resistant BRCA- deficient cancer models.55,58,59 
Therefore, these preclinical data support the clinical development 
of ATRis in combination with PARPis. In reported phase II studies of 
ceralasertib in combination with olaparib, one study in 12 patients 
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with platinum- resistant high- grade ovarian cancer observed no ob-
jective response.60 In another study, two out of five patients with 
tumors harboring the ATM mutation achieved complete response 
or stable disease. Of seven patients with PARP inhibitor- resistant 
HGSOC, one achieved a partial response and five had stable dis-
ease.61 Further testing of larger populations and randomized trials 
are warranted.

3.3  |  Immunotherapy combinations

Other proposed combination drugs with ATRis are immune check-
point inhibitors (ICIs), such as monoclonal antibodies targeting 
PD- 1/PD- L1. Accumulating evidence indicates that, upon RS, 
DNA fragments might be released from the nucleus into the cy-
tosol, causing cGAS– STING pathway activation,62 leading to T- cell 
priming and recruitment and boosting the efficacy of immuno-
therapies.63 Moreover, ATRi downregulates PD- L1 expression by 
activating the CDK1– SPOP pathway and sensitizes tumor cells to T- 
cell- mediated killing.64,65 These results provide a rationale for com-
bination therapy with ATRis and ICIs. Preclinical studies showed 
beneficial results by combination therapy with ATRi and ICI and by 
triple therapy with ATRi, ICI, and radiation.65,66 In phase II studies 
with ceralasertib in combination with durvalumab, 9 of 30 patients 
with gastric cancer and 7 of 31 patients with melanoma achieved 
partial responses.67,68

Overall, ATRis exhibit preliminary antitumor activities in these 
clinical studies when RS is increased by genetic alterations or by 
drug combinations, but many ongoing clinical studies are still await-
ing results. Whereas ATM loss seems to be a useful biomarker for 
predicting vulnerability to ATRi monotherapy and combination ther-
apy, the identification of further predictive biomarkers is critical for 
the success of therapeutic approaches using ATRis.

4  |  BIOMARKERS

To optimize ATRi therapy, in vitro and in vivo assays have identified 
several potential biomarkers associated with the response to ATRis. 
These biomarkers may be categorized into four groups (Table 2). The 
first group is associated with cell signaling pathways activated in re-
sponse to RS. As fundamental models, various types of RS induc-
ers generally increase the phosphorylated forms of ATR, Chk1, and 
RPA32 as markers of ATR signaling activation and γH2A.X levels as 
markers of DNA damage.13 These phosphorylated forms reflect the 
cellular response to low or high levels of RS, indicating the utility 
of immunohistochemistry assays based on specific antibodies. The 
second group includes genetic alterations leading to RS. Activation 
of oncogenes such as Ras, Myc, and Cyclin E can elicit RS through 
different mechanisms and increase susceptibility to ATRis.69– 71 In 
addition, APOBEC3A/B activities impose a unique type of RS by 
generating abasic sites at replication forks and rendering cancer 
cells susceptible to ATRis.72 The third group includes loss of function 

in DDR and DNA repair. Cells harboring defects in DDR and DNA 
repair are highly dependent on alternative DDR pathways, resulting 
in synthetic lethality with additional DDR inhibition because of un-
bearable DNA damage. Consistently, ATRis are toxic in ATM- , p53- , 
or HR- deficient tumor cells.38,59,73 Deficiencies in XRCC1, ERCC1, 
ARID1A, and RNASEH2, which are involved in DNA repair, were 
also identified as predictive biomarkers of ATRi susceptibility.74– 76 
BRCA1/2 deficiency, especially in the context of PARPi-  or Cisplatin- 
resistant tumors, confers ATRi alone or ATRi and PARPi combina-
tion sensitivity.55,59 The fourth group is biomarkers resistant to 
ATRis. Cells with low levels of CDC25A and UPF2 were resistant to 
ATRi,77,78 suggesting the possibility of previously unknown mecha-
nisms underlying resistance to ATRis. The clinical utility of these bio-
markers is currently under active investigation (Table 1), and further 
validation is clearly needed to stratify patients who will respond to 
ATRi therapy.

As mentioned above, genome- wide CRISPR or si/shRNA screens 
enable a comprehensive search for predictive biomarkers of ATRis 
and have been used to identify some genetic biomarker candidates. 
One of the concerns is that these screening models have evaluated 
the response to ATRis under acute RS after knockout or knockdown 
but lack a process to become RS tolerant. Alternatively, recent stud-
ies have clarified that RS tolerance can overcome acute RS and pro-
mote cancer survival. As cells with oncogenic alterations seem to 
acquire RS tolerance mechanisms during the long process of tum-
origenesis, cancer cells may no longer be highly dependent on the 
ATR response against such RS induced by acute loss of biomarkers. 
Therefore, a strategy to examine biomarkers after the chronic loss 
of candidate factors would allow for the identification of biomarkers 
that can account for acute RS and RS tolerance.

We previously identified a deficiency in SMARCA4, a core compo-
nent of the SWI/SNF chromatin remodeling complex, as a predictive 
biomarker of ATRi efficacy using LADC cell line- based screening.79 
As a chronic response, SMARCA4- deficient cells increase heter-
ochromatin formation and thereby elevate RS, rendering them de-
pendent on ATR- mediated RS tolerance for survival. However, in 
the absence of SMARCA4, ATRi- induced acute RS causes severe 
ssDNA exposure on nascent DNA near the reversed forks around 
heterochromatin in a Mre11- dependent manner, leading to replica-
tion catastrophe. Thus, SMARCA4 loss synergistically confers ATRi 
susceptibility by increasing heterochromatin- associated RS and by 
allowing Mre11 to destabilize reversed forks. In agreement with 
our results, Gupta and colleagues also reported that SMARCA4 loss 
led to clinically relevant gene expression changes related to RS and 
prereplication functions in LADC patients and in a mouse model; 
these changes activated ATR signaling.80 The dependence on ATR 
under replication defects provides a possible explanation for how 
lung cancer cells tolerate SMARCA4 loss and confer ATRi suscepti-
bility. Although what kind of RS tolerance mechanisms are at play in 
SMARCA4- deficient cancer cells awaits further investigation, ATRis 
may target not only acute RS but also RS tolerance in SMARCA4- 
deficient cells. Thus, SMARCA4 deficiency can be a beneficial pre-
dictive biomarker of ATRi efficacy.
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TA B L E  2  Categories of biomarkers for predicting ATRi efficacy.

Biomarkers associated with cell signaling pathways activated in response to 
replication stress

p- ATR

p- Chk1

p- RPA32

γH2A.X

Biomarkers of genetic alterations leading to replication stress MYC overexpression

RAS mutation

Cyclin E overexpression

APOBEC3A/B overexpression

EWS translocation

MLL translocation

Biomarkers of loss of function in DNA repair and DDR ARID1A deficiency

RNASEH2 deficiency

ATM deficiency

p53 deficiency

ERCC1 deficiency

XRCC1 deficiency

PARPi-  or platinum- resistant BRCA1/2 deficiency

RAD51 deficiency

SLFN11 deficiency

SMARCA4 deficiency

Biomarkers resistant to ATRis CDC25A deficiency

UPF2 deficiency

F I G U R E  2  Potential models of action of ataxia telangiectasia and Rad3- related inhibitors (ATRis) depending on DNA replication stress 
(RS) levels. Because their RS stems from a high rate of DNA replication and/or genomic instability, cancer cells often have an increased 
reliance on the ATR signaling pathway compared with normal cells, conferring susceptibility to therapeutic approaches using ATRis. Cancer 
cells harboring oncogene activation and/or DNA damage response defects survive with low levels of RS and might require high doses of 
ATRis to reach the RS threshold that induces cell death. When cancer cells acquire ATR- mediated RS tolerance, they are more dependent on 
ATR signaling for survival. In addition, cancer cells treated with RS- inducing drugs exhibit high levels of RS that synergize with low doses of 
ATRis to induce cell death. Finally, RS at levels over the threshold, induced by ATRis, can lead to cell death through replication catastrophe in 
early S cells and mitotic catastrophe in late S to G2/M phase cells.

to

- -
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5  |  PERSPEC TIVE

ATR kinase is a master regulator in response to RS, contributing to 
both genomic integrity in normal cells and RS tolerance in cancer 
cells. Importantly, preclinical evidence has suggested that targeting 
ATR might be a selective strategy for cancer cells, but not normal 
cells, making ATR an attractive target; furthermore, the causes and 
levels of RS in cancer cells might be critical determinants of ATRi 
efficacy. Here, we provide potential models of ATRi action depend-
ing on RS levels in cells (Figure 2). Cancer cells with low RS due to 
factors such as activation of oncogenes or defects in DDR might 
require high doses of ATRis to reach the RS threshold to induce 
cell death. When cancer cells can adapt to RS by acquiring ATR- 
mediated RS tolerance mechanisms, they become more addicted 
to ATR signaling for survival. Therefore, RS tolerance depend-
ency might be a new type of predictive biomarker of ATRi efficacy. 
Finally, cancer cells treated with chemotherapeutic agents such as 
cisplatin and PARPi exhibit very high RS, which may be sufficient 
by itself to reach the RS threshold or to synergize with low doses 
of ATRis. As RS causes cell cycle arrest at S and/or G2 phase in an 
ATR- dependent manner, ATR inhibition can induce replication ca-
tastrophe in early S phase cells, promote early mitotic entry and 
predominantly induce mitotic catastrophe in cells in late S phase or 
G2 phase. However, RS levels are determined in a highly complex 
manner by multiple factors and are associated with ATRi suscepti-
bility. Therefore, the development of a method to accurately meas-
ure RS in cancer cells is expected to open further possibilities for 
ATRi therapy. Hopefully, this knowledge will be integrated into clini-
cal development, and ATRis will become the new drugs of choice in 
the fight against cancer in the future.
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