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Abstract

The therapeutic potential of pharmacologically targeting kinases involved in regulating
the DNA damage response (DDR) has been investigated for over two decades. Inhibitors
of ATM, ATR, CHK1, CHK2 and WEE1 have been developed with the aim of subverting
cell cycle checkpoint function in cancer cells, promoting cell death. The DNA repair
pathway non-homologous end-joining can also be targeted through DNA-PK inhibition.
However, despite extensive preclinical and clinical studies, none of the many candidate
inhibitors have yet made it through to clinical approval. Emerging evidence for tumour
biomarkers associated with enhanced sensitivity to DDR kinase inhibition may provide
a way through this impasse. Clinical testing in appropriately stratified cohorts is now
becoming increasingly common, with some promising results. Building on results obtained
with small-molecule inhibitors, targeted protein degradation (TPD) utilising proteolysis-
targeting chimaeras (PROTACs) or molecular glues for degradation of DDR kinases is a
rapidly developing strategy. This review discusses the current ATM, ATR, DNA-PK, CHKI,
CHK?2 and WEET1 inhibitors that show the most promise as monotherapies and combination
treatments in solid tumours, as well as the potential benefits of using TPD technology over
small-molecule inhibitors. Established and emerging biomarkers that can be applied to
patient selection are also discussed.

Keywords: ATM; ATR; checkpoint kinases; CHK1; CHK2; DNA damage response; PRO-
TACSs; small-molecule inhibitors; WEE1

1. Introduction to the DNA Damage Response

The DNA damage response (DDR) is a cellular mechanism vital for maintaining
genomic integrity. If unrepaired, damage to DNA, whether occurring via endogenous
or exogenous sources, can lead to mutations that affect biological fitness, including the
promotion of carcinogenesis. Although in some circumstances lower fidelity repair mecha-
nisms, such as non-homologous end-joining (NHE]J) or translesion synthesis—which can
themselves lead to mutations—are employed, on the whole, the DDR protects genome
stability through the activation of signalling cascades that coordinate a complex network of
biochemical processes, leading to outcomes such as cell cycle arrest, DNA repair pathway
activation, senescence or apoptosis. The repair pathways employed and the differing
cellular outcomes are dependent on the nature and extent of the damage, as well as the cell
type and tissue context, and the cell cycle stage at which the damage occurs.
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Pharmacological targeting of the DDR is a compelling approach for the treatment of
cancer for two reasons. Firstly, most untargeted cancer treatments involve the induction of
DNA damage. Co-administration of an inhibitor of the DDR (DDRi) can therefore serve to
potentiate the effects of these treatments in fast-dividing cancer cells. Secondly, genome
instability, driven by the loss of pathways for genome maintenance, is one of the hallmarks
of cancer. The resulting loss of functional redundancy creates an over-reliance on remaining
pathways, which, if disrupted with a DDRI, can cause cell death via synthetic lethality.

The strength of this approach is exemplified by the successful development of the
numerous poly(ADP-ribose) polymerase (PARP) inhibitors that have been licenced for
clinical use (reviewed in [1]). However, pharmacological targeting of other components
of the DDR is currently under development. In this review, we will focus on the various
kinases whose concerted activity serves to co-ordinate DNA repair and cell cycle regulatory
components of the DDR, and discuss the recent progress that has been made towards their
clinical targeting (Figure 1).
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Figure 1. Cell cycle checkpoint control in the DNA damage response. Apical kinases ATM and ATR
are activated in response to DNA damage and subsequently phosphorylate numerous protein targets,
of which only a few related to cell cycle control are shown here for clarity. ATM is activated by the
presence of DNA double-strand breaks (DSBs) via the Mrel1-Rad50-Nbs1 complex (see main text
for details). Active ATM phosphorylates the effector kinase CHK2, which in turn can phosphorylate
downstream targets such as CDC25 phosphatases and p53. Phosphorylation of CDC25 phosphatases
inactivates them, resulting in the loss of their ability to relieve inhibitory phosphorylation of cyclin
dependent kinases (CDKs), and cell cycle arrest occurs. Phosphorylation of the transcription factor
p53 results in its stabilisation, leading to transcriptional activation of numerous downstream targets
involved in apoptosis, DNA repair, and in the case of the CDK inhibitor protein p21, cell cycle arrest.
p53 can be phosphorylated by both ATM and CHK2. DNA-PK, consisting of the catalytic subunit
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DNA-PKcs and the DSB sensors Ku70/80, is also activated by DSBs and plays a minor backup
role to checkpoint signalling, but its major function is as a participant in the non-homologous end-
joining pathway for DSB repair. ATR is activated by stalled replication forks through interaction
with the single-stranded DNA-binding protein RPA via ATR-interacting protein (ATRIP, see main
text for details). It too is able to phosphorylate p53, but this is thought to be less important than
its phosphorylation of the effector kinase CHK1, and is indicated with a dashed arrow. Targets of
ATR include CDC25 phosphatases, similar to ATM, and the checkpoint kinase Weel, which is able
to inactivate CDK1 via inhibitory phosphorylation causing cell cycle arrest. Created in Biorender,
https:/ /BioRender.com/m58r118 (accessed on 1 June 2026).

ATM (Ataxia-Telangiectasia Mutated), ATR (Ataxia—Telangiectasia and Rad3-related)
and DNA-PK (DNA-dependent protein kinase) are members of the phosphatidylinositol
3-kinase like kinase (PIKK) family of serine/threonine kinases. They share many substrates
in common, and each plays an apical role in signalling cascades that orchestrate the
repair of DNA damage, ensuring proper cell cycle progression and preventing genomic
instability [2]. ATM kinase is primarily activated in response to double-strand breaks
(DSBs). Upon recruitment to DSB sites by the Mre11-Rad50-Nbs1 (MRN) complex, dimeric
ATM undergoes autophosphorylation and dimer dissociation, becoming an active monomer
that phosphorylates various downstream targets [3]. These include the histone variant
H2AX, the tumour suppressor protein p53 and the downstream effector kinase, checkpoint
kinase 2 (CHK?2). This leads to cell cycle arrest, allowing time for DNA repair, and if
the damage is irreparable, triggers apoptosis or senescence to prevent the propagation of
damaged DNA.

ATR kinase responds primarily to replication stress occurring through nucleotide
depletion or the replication fork encountering a DNA lesion, both of which can lead to
stalling of replication forks. Single-stranded DNA (ssDNA) accumulating at the stalled fork
is initially bound by replication protein A (RPA), which attracts the ATR-interacting protein
(ATRIP), which in turn recruits ATR [4]. ATR is then activated by either ETAA1 [5-8] or
TOPBP1 [9] and the Rad9-Rad1-Husl (9-1-1) complex [10,11], depending on the nature
of the lesion. Activated ATR phosphorylates various substrates, including the effector
kinase checkpoint kinase 1 (CHK1), halting cell cycle progression and coordinating DNA
repair [12]. ATR also plays a crucial role in suppressing origin firing and preventing DNA
degradation at new and ongoing replication forks [13].

Because RPA-coated ssDNA is produced as a normal intermediate during replica-
tion, ATR and CHK1 signalling is activated during every S phase even in unperturbed
cells, and monitors fork progression and origin firing [14,15]. However, the amount
of CHK1 activation varies depending on whether a checkpoint response is required
due to the presence of DNA damage [16]. Therefore, the greater the amount of ssDNA
present in a perturbed fork, the more CHK1 activation enabling a stronger checkpoint
response [17].

The DNA-PK holoenzyme consists of the PIKK catalytic subunit DNA-PKcg and
the DSB-sensing heterodimer Ku70/80. Like ATM, it acts in response to DSBs, and
shares some substrates in common, including p53 [18,19] and CHK2 [20], but it is much
less important for checkpoint regulation [2]. Instead, its most significant role in the DDR
is as the master regulator of NHE], serving to coordinate end synapsis and the assembly
and activation of the repair machinery, and playing both scaffolding and enzymatic
roles in these processes. In this way it plays a direct and essential role in the resolution
of DSBs. This also includes the joining of DSBs produced during V(D)J recombination
as part of adaptive immunity [21]. There is significant crosstalk between DNA-PK
and ATM, affecting repair pathway choice. DNA-PK phosphorylates ATM, inhibiting
its activity, and abrogation of DNA-PK function results in ATM hyperactivation and
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an amplified p53 response [22,23]. Conversely, phosphorylation of DNA-PK by ATM
promotes NHE]J [24].

WEETI kinase is another key player in the DDR, functioning primarily to activate the
G2/M checkpoint. WEE1 phosphorylates and inhibits cyclin-dependent kinases (CDKs),
particularly CDK1 and CDK2, preventing the cell from entering mitosis (M phase) prema-
turely [25,26]. This inhibition allows time for DNA repair before cell division proceeds.
Inhibitory phosphorylation of CDK1 and CDK2 is reversed by CDC25 phosphatases, which
in turn are downregulated through phosphorylation by CHK1 [27,28], highlighting the
interconnected nature of DDR signalling pathways.

Loss of checkpoint function, whether through somatic mutation or pharmacological
inhibition, leads to the accumulation of unrepaired DNA damage that is carried through
to mitosis, causing genomic instability or death through mitotic catastrophe. While loss
of checkpoint function through somatic mutation helps to drive cancer progression, the
potential for checkpoint inhibition to cause cancer cell death, particularly where backup
regulatory pathways are missing, provides the rationale for the pharmacological targeting
of these kinases in cancer treatments.

2. The Potential of Targeting the DDR via Kinase Inhibition

Many small-molecule inhibitors (SMls) have been developed targeting important
proteins involved in the cellular DDR, namely ATM, ATR, DNA-PK, CHK1, CHK2 and
WEEL. Here, we highlight some of the key findings related to the SMIs and the most recent
clinical trial evidence for their use in the treatment of cancer.

2.1. ATM Inhibition

Given that ATM has a major role in mediating cell cycle checkpoints and occupies an
apical position in DDR pathways, it presents an attractive drug target [29-31]. Studies have
shown that ATM inhibition greatly sensitises cells to genotoxic agents that cause DSBs,
such as ionising radiation and topoisomerase inhibitors [32,33]. The first selective ATM
inhibitor (ATMi), KU-55933, was reported by Hickson et al. in 2004 and demonstrated the
ability to suppress ionising radiation-dependent p53 phosphorylation and to radiosensitise
U20S and HeLa cancer cell lines [32]. Unfortunately, while KU-55933 and subsequent early
compounds, KU-59403 and KU-60019, showed high selectivity towards ATM compared to
the closely related kinases mTOR, ATR, PI3K, and DNA-dependent protein kinase (DNA-
PK), they also exhibited low oral bioavailability, low aqueous solubility and only moderate
cellular potency. Therefore, translating these compounds from bench to clinic did not
prove feasible [34,35].

These early ATMis have therefore been superseded by more selective and potent com-
pounds, such as AZD0156 [36] (Table 1). With the advantage of good oral bioavailability,
AZD0156 was also shown to have excellent general kinome selectivity, a sub-nanomolar
cellular ICs (0.57 nM), and to potentiate the effects of established chemotherapeutics such
as the topoisomerase inhibitor irinotecan and olaparib, a PARP inhibitor [36]. AZD0156
significantly enhanced tumour regression by olaparib in mouse colorectal cancer [36] and
triple-negative breast cancer [37] xenograft models. A Phase 1 clinical trial of AZD0156
(NCT02588105) to test safety and efficacy in advanced solid tumours either as a monother-
apy or in combination completed in 2019. However, dose-limiting haematological toxicity
led to suspension of its further development.
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Table 1. Current status of ATM inhibitors and ongoing trials. Information obtained from ClinicalTri-
als.gov (1 June 2026).

Drug

Company Trials and Development Status

AZDO0156

AstraZeneca

One Phase 1 trial (as monotherapy and in combination with olaparib,
irinotecan, fluorouracil or folinic acid) completed (NCT02588105).

AZD1390

AstraZeneca

Completed Phase 1 trial exploring brain exposure in healthy volunteer
males (NCT03215381). Three Phase 1 trials in combination with
radiotherapy for treatment of brain cancers currently in progress
(NCT03423628, NCT05182905 and NCT06894979). Also included as
part of a Phase 2/3 trial for glioblastoma (NCT03970447). Two others
for treatment of other advanced solid cancers, again in combination
with radiotherapy (NCT05678010 and NCT04550104). A Phase 1 study
as a monotherapy and in combination with durvalumab or
radiotherapy for the treatment of non-metastatic soft tissue sarcoma
was concluded early as endpoint achieved (NCT05116254).

M3541

One Phase 1 trial in combination with radiotherapy; terminated early

Merck due to unfavourable pharmacological properties leading to

discontinuation of clinical development (NCT03225105).

Lartesertib (M4076)

Merck

One completed Phase 1 monotherapy trial for advanced tumours
(NCT04882917). Two ongoing trials in combination with the ATR
inhibitor, tuvusertib (Phase 1b: NCT05396833 and Phase 2:
NCT06433219). See Section 2.2)

Completed Phase 1 trial in combination with palliative radiotherapy
for treatment of patients with metastatic locally advanced or recurrent

XRD-0394 * XRad Therapeutics  solid tumours (NCT05002140). Ongoing early Phase 1 trial for
treatment of glioma in combination with radiotherapy +/—
temozolomide (NCT06829173).

WSD0628 WayShine Biopharm Ongoing Phase 1/2 trial in combination with radiotherapy for

recurrent brain tumours (NCT05917145).

* Note: XRD-0394 is a dual inhibitor of both ATM and DNA-PK [38].

More promising, particularly for brain cancers, is AZD1390, an ATMi of the same
chemical class as AZD0156 but, unlike AZDO0156, it is not a substrate for endothelial efflux
transporters and can therefore readily cross the blood-brain barrier [39,40]. Accordingly,
AZD1390 was shown to promote tumour regression in a range of preclinical xenograft and
orthotopic tumour models in mouse brains in combination with either ionising radiation or
temozolomide [39,41]. A subsequent study demonstrated that AZD1390’s radiosensitising
effects were limited to TP53-defective patient-derived xenografts (PDXs), with TP53 wild-
type glioblastoma models exhibiting no enhancement of radioresponse [42]. At the time of
writing, there are five ongoing trials of AZD1390 in combination with radiotherapy for the
treatment of gliomas and other brain cancers (Table 1).

M3541 and M4076 (lartesertib) are members of a class of 1,3-dihydro-imidazo[4,5-
c]quinolin-2-one ATMis that reportedly show similar selectivity and potency to
AZD1390 [43,44]. M3541 was designed to be orally administered and showed good se-
lectivity against a panel of 292 protein kinases [43]. In cellular assays, M3541 inhibited
radiation-dependent phosphorylation of ATM and its downstream targets, attenuated DSB
repair and decreased clonogenic survival [44]. Additionally, it showed synergistic effects in
combination with ionising radiation in 79 different tumour cell lines, independent of p53
status and tumour origin, and excellent potentiation of radiotherapy in mouse xenograft
models [44]. However, a Phase I trial of M3541 in combination with radiotherapy that
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began in 2017 was terminated early and further clinical development was halted due to un-
favourable pharmacokinetic properties indicative of poor absorption at higher doses [45].

Related compound M4076 (lartesertib) shows similar activity to M3541, but with
increased solubility and potency. Like M3541, it can enhance radiotherapy sensitivity in
both cellular (head and neck, colon, lung, gastric, breast, and melanoma) and xenograft
(head and neck and lung) models of advanced solid tumours. Pairwise testing in cellular
models of lartesertib in combination with a panel of 79 chemotherapeutics demonstrated
synergistic effects with PARP and topoisomerase inhibitors. These results were further
validated in tumour xenografts [44]. A Phase 1 monotherapy trial of lartesertib in patients
with advanced solid tumours (NCT04882917) was completed in 2023, and it remains under
active clinical development.

More recently developed ATM-targeting therapies that offer promise include XRD-
0394, a dual inhibitor of ATM and DNA-PK that, according to an early report, can enhance
the effects of ionising radiation and PARP and topoisomerase inhibitors [38], and WSD0628,
which shows a promising ability to cross the blood-brain barrier [46].

Accumulating evidence suggests that the efficacy of ATM inhibitors is contingent upon
the distinct molecular and genetic profiles of specific tumour types. For example, AZD0156
shows notably effective radiosensitisation of high-grade glioblastomas that have lost func-
tion of ATRX, a histone chaperone whose gene is mutated in 30% of paediatric glioblastoma
cases. The authors also demonstrated that ATRX regulates CHK1 expression, which they
propose leads to a reliance on ATM for survival in ATRX mutants [47]. Mutations in ATRX
are a frequent hallmark of the alternative lengthening of the telomeres (ALT) pathway
that provides a telomerase-independent mechanism for telomere maintenance [48]. Con-
stitutive activation of ATM was observed in an ALT-dependent subset of neuroblastoma
patient-derived cell lines and xenografts; treatment of these with AZD0156 was able to
overcome chemotherapy resistance irrespective of ATRX status [49]. This suggests that
tumour ALT status may be an appropriate biomarker for stratification for ATMi treatment,
but at present there are no clinical trials testing ATMis specifically in ALT+ tumours.

There is some evidence to suggest that ATM inhibitors may see particular utility in
enhancing the effects of particle beam therapy. Particle radiotherapies such as proton
beam therapy or carbon ion beam therapy offer significant advantages over conventional
(photonic) radiotherapy, which employs X-rays. In particular, they precisely target energy
deposition to a small volume (the Bragg peak), resulting in better targeting and a high linear
energy transfer (LET) causing complex, clustered DNA damage [50]. A 2021 report [49]
demonstrated that AZD0156 enhances the relative biological effectiveness (RBE) of proton
Bragg peak irradiation in both cell culture and xenograft models of triple-negative breast
cancer (TNBC). The authors propose that the clustered damage produced by proton Bragg
peak irradiation results in increased reliance on homologous recombination (HR) for repair
and survival. Inhibition of ATM re-routes cells into using error-prone and toxic NHE] for
repair, recapitulating similar effects they observe in homologous recombination defective
cells. Interestingly, equivalent enhancement of RBE was not seen with ATR inhibition
(via AZD6738) [49].

It is becoming increasingly evident that the cancer therapeutic effects of ATM inhibi-
tion may lie beyond the simple potentiation of DNA damage in tumour cells. Inhibition of
ATM in non-cancer components of the tumour microenvironment can result in immunopo-
tentiation. For example, it has been shown that ATM inhibition in cancer associated
myofibroblasts can overcome immunotherapy resistance by suppressing myofibroblast
differentiation, which in turn enables cytotoxic T cell infiltration [51]. Additionally, two
recent studies have shown that ATM inhibition can potentiate a radiation-induced type 1
interferon response in mouse models of pancreatic cancer [52,53]. These studies suggest
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that ATMi can exert immunomodulatory effects via both the innate and adaptive pathways
and could be used in combination with immune checkpoint inhibitors to reprogramme the
tumour microenvironment. A trial of AZD1390 in combination with radiotherapy and the
anti-PD-L1 monoclonal antibody therapy durvalumab for treatment of soft tissue sarcoma
(NCT05116254) has recently been completed, but results have not yet been reported.

2.2. ATR Inhibition

The ATR/CHK]1 pathway is essential for cell survival under replication stress [12],
therefore targeting this pathway therapeutically, especially in combination with other treat-
ments, should be advantageous in cancer treatment. Furthermore, p53-deficient tumours,
which lack a functional ATM-CHK2-dependent checkpoint, are thought to be particularly
susceptible to targeting of the ATR/CHK1 axis [54]. Pharmacological targeting of ATR has
been studied for 25 years, since the discovery of its inhibition by the radiosensitiser caffeine,
albeit with a weak IC5y (mM range) and low selectivity against other PIKKSs [55]. The
years since have seen significant progress in ATRi development and eleven are currently in
clinical trials, more than for any of the other kinases discussed in this review (Table 2).

Table 2. ATR inhibitors—current status and ongoing trials. Bold and italic trial identifiers indicate
trials in tumours with ATM defects. Data obtained from ClinicalTrials.gov (1 June 2026).

Drug

Company Trials and Development Status

Berzosertib
(VX-970,
VE-822, M6620)

Merck

Clinical development discontinued in 2022. Nine completed trials with
posted results (NCT02487095, NCT02567409, NCT02723864,
NCT03309150 (rollover of single patient), NCT03641547, NCT03704467,
NCT03718091, NCT04768296, NCT05246111) and two additional
completed (NCT04807816, NCT02157792). Thirteen active trials,

none recruiting.

Ceralasertib
(AZD6738)

Four completed Phase 1 trials without posted results (NCT01955668,
NCT03022409, NCT03527147, NCT05469919). Six completed Phase 2
trials: two with posted results (NCT02937818, NCT04564027) and four

AstraZeneca others (NCT02664935, NCT03428607, NCT03462342, NCT04361825).

Twenty-four Phase 1 or 2 trials are ongoing, including NCT03682289. A
Phase 3 trial for NSCLC in combination with anti-PDL1 MAb
(durvalumab) is also ongoing (NCT05450692).

Elimusertib
(BAY1895344)

Development discontinued in 2023. Two Phase 1 trials completed
(NCT03188965, NCT04095273). Five remaining active (not recruiting)

Bayer trials at time of writing (NCT04491942, NCT04514497, NCT04576091,

NCT04616534, NCT05071209). One combination trial with FOLFIRI
terminated early due to poor tolerability (NCT04535401).

Gartisertib (M4344,
VX-803)

Merck

Development discontinued in 2020. Single-agent trial terminated early
due to dose-limiting toxicity (NCT02278250). Two other trials withdrawn.

Tuvusertib (M1774)

Merck

Development reportedly discontinued in late 2025. One early Phase 1
trial completed (NCT06308263). Twelve ongoing or planned trials for a
range of solid tumours. Phase 1 (NCT04170153, NCT05687136,
NCT05950464, NCT06421935), including one in combination with the
ATM inhibitor, lartesertib (NCT05396833). Several Phase 1/2 or Phase
2 trials ongoing (NCT05882734, NCT06518564, NCT05828082,
NCT05691491, NCT05947500, NCT05986071), including one in
combination with lartesertib (NCT06433219). Phase 1 trial
NCT06337630 was terminated as “the industrial development of
tuvusertib has been halted”.
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Table 2. Cont.

Drug Company Trials and Development Status
One completed Phase 1/2 trial as a monotherapy or in combination
with gemcitabine or talazoparib (NCT04497116) and the other in
combination with PARP inhibitors that was terminated before Phase 2
Camonsertib Repare Therapeutics (NCT04972110). Two large multicohort trials for targeted therapies
(RP-3500) P P and/or immunotherapies are also included: one ongoing
(NCT04589845) and one terminated early (NCT03337698). A Phase 1
study of combination treatment with radiotherapy for treatment of
recurrent HNSCC is due to begin in June 2026 (NCT07156227).
NCT04657068: Ongoing Phase 1/2a trial as monotherapy or in
Alnodesertib Artios Pharma combination with gemcitabine or irinotecan for advanced or solid
(RT0380) tumours. NCT05798611: Phase 2 trial as monotherapy for biologically
selected tumours, terminated.
. Ongoing Phase 1/2 trial as monotherapy or in combination with PARP
IMP9064 Impact Therapeutics ;4 (senaparib) (NCT05269316).
Ongoing Phase 1/2a single-agent trial (NCT04905914). Two trials due
to start in mid-2026: one Phase 1/2b trial in combination with
ATRN-119 Aprea Therapeutics  stereotactic body radiation therapy for treatment of HPV+ throat
cancer (NCT07578467) and another in combination with decitabine for
treatment of TP53-mutated AML (NCT07617363)
TCC1727 Beijing Tide Ongoing Phase 1/2 single-agent trial (NCT05970016) and another in
Pharmaceutical combination with benmelstobart (NCT07371663).
SC0245 Biocity Phase 1/2 trial in combination with irinotecan. Current status
Biopharmaceutics unknown (NCT05731518).
Antengene Phase 1 trial terminated in 2024 due to lack of efficacy (NCT05338346).
ATG-018 . . .
Discovery No other trials ongoing.
. . Completed Phase 1 single-agent trial (NCT05144061) and an ongoing
HRS2398 Shanghai Hgngrul Phase 1b/2 in combination with adebrelimab (anti-PDL1)
Pharmaceutical

(NCT06439589).

A first-in-class potent ATRi, berzosertib (VX-970, VE-822, M6620) was first reported
in 2012 [56]. Based on the lead compound VE-821, which showed good selectivity for
ATR but poor pharmacokinetics, berzosertib was able to enhance tumour-selective killing
by gemcitabine-radiation combination treatment in a pancreatic ductal adenocarcinoma
xenograft model [56]. Subsequent preclinical studies showed berzosertib-induced sensitisa-
tion to platinum chemotherapeutics in models of lung [57], oesophageal [58] and colorectal
cancer [59]. A Phase 1 trial of berzosertib that tested its monotherapy activity—the first
such trial published for an ATRi—reported one patient with advanced colorectal cancer
who showed an exceptional response. Subsequent analysis showed that their tumour
had multiple disrupted DDR genes and proteins, including loss of expression of ATM
and ARID1A; the latter being involved in DNA repair processes via its role in chromatin
remodelling [60].

Berzosertib has also been tested for its ability to potentiate radiotherapy. An early
preclinical study showed that it could increase the radiosensitivity of TNBC cell lines
(BT-549, HCC1806 and MDA-MB-231), but not of a non-cancerous human breast epithelial
cell line (MCF10A). It was also demonstrated that PDX models were radiosensitised by
the ATRi irrespective of HR-proficiency [61]. Berzosertib also promotes radiation-induced
cytotoxicity in non-small cell lung cancer (NSCLC) cell lines via increased mitotic cell death
associated with suppression of the G2/M checkpoint and elevated levels of micronuclei.
These effects translated into radiosensitisation of intracranial NSCLC patient-derived
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xenografts (PDXs) [62]. This work is now being moved forward in ongoing clinical trials
of berzosertib in combination with radiotherapy for patients with brain metastasis from
NSCLC (NCT02589522) and chemotherapy-resistant TNBC tumours (NCT04052555). The
results of a clinical trial of berzosertib in combination with radiotherapy (NCT03641547)
were published in late 2023, the first ATRi to achieve this milestone, with encouraging
results that suggest preclinical models may translate into future therapeutic success [63].

Although reasonably selective for ATR, berzosertib also inhibits ATM with a reported
ICsp of 85 nM, which may promote off-target effects [64]. Ceralasertib (AZD6738) has been
reported to be a weaker ATRi than berzosertib, with an ICsj of 134 nM versus the former
compound’s 5 nM, but it has improved selectivity, with an ICsy 34-fold lower for ATR than
for its next tightest-binding PIKK target, mTOR [64]. Ceralasertib was unable to inhibit
colony growth of any of 21 head and neck squamous cell carcinoma (HNSCC) cell lines
when used alone, however, when used in combination with cisplatin it caused varying
levels of sensitisation; the combination also inhibited tumour growth in two HNSCC
PDX models [65]. Further evidence of ceralasertib’s potential in combination therapy was
provided in reports of its synergy with radioimmunotherapy (radiotherapy and anti-PD-L1)
against hepatocellular carcinoma mice xenografts [66] and with both photon and proton
radiation in various cancer cell lines and a TNBC xenograft model [67]. Ceralasertib was
also able to overcome PARPi resistance in PDX models of olaparib-resistant, BRCA1/2
mutant ovarian cancer [68].

However, ceralasertib has been less successful in clinical trials than in preclinical
models. A Phase 2 trial of ceralasertib in patients with unresectable or metastatic melanoma
resistant to anti-PDL1 therapy showed good tolerability but only a low response rate [69].
A similarly low response rate was also observed in another Phase 2 trial (NCT02937818) of
ceralasertib in combination with olaparib for treatment of platinum-refractory small cell
lung cancer (SCLC) [70].

Another ATRi, elimusertib (BAY1895344), was reported as being effective as both a sin-
gle agent and in combination therapy [71]. Elimusertib was suggested to have more potent
in vivo anti-tumour efficacy as a monotherapy compared to ceralasertib and berzosertib
in GRANTA-519 tumours in mice. Furthermore, in combination with various PARP in-
hibitors, elimusertib demonstrated synergistic effects in BRCA1-deficient MDA-MB-436
breast cancer cells [71]. Elimusertib was also able to synergise with temozolomide in an
in vitro model of glioblastoma, however this did not translate into success in PDX models
due to poor pharmacokinetic properties, including high clearance [72].

In various PDX models, elimusertib exhibited potent antitumour activity as a
monotherapy, specifically in models harbouring alterations in DDR proteins, such as ATM
and BRCA1/2 [73]. Evidence from in vitro assays and clinical trials suggest that elimusertib
is likely to be particularly efficacious against DDR-altered cancers [74]. However, a trial of
elimusertib in combination with the PARP inhibitor, niraparib was terminated early due to
a lack of anticipated benefit compared to standard therapies (NCT04267939). Bayer have
since halted clinical investigation of elimusertib due to issues with both tolerability and
efficacy, although five clinical trials remain in progress.

Gartisertib (M4344, VX-803) has potency similar to that of elimusertib and was shown
to be particularly effective in cancer cells with replication stress or neuroendocrine gene
expression signatures [75]. However, due to liver toxicity observed in a Phase 1 trial, further
development of gartisertib has been suspended [76].

Other ATR inhibitors in development include tuvusertib (M1774) and camonsertib (RP-
3500). Camonsertib is a highly potent ATRi that has a reported ICs of 0.33 nM in whole cell
activity assays and similar selectivity properties to elimusertib [64]. It has reasonably good
tolerability, with the main adverse effect being on-target anaemia, manageable through
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dosage optimisation [77]. A Phase 1 trial of camonsertib as a monotherapy (TRESR) tested
for predictive biomarkers for clinical benefit rate from a panel of genes that had previously
been identified by a CRISPR-Cas9 chemogenomic screen, albeit in a heavily pre-treated
population of patients. Nevertheless, it raised some intriguing points by identifying several
biallelic loss-of-function gene alterations that were associated with either RECIST 1.1. or
tumour marker response and/or clinical benefit. These included ATM, BRCA1 and BRCA2
but also non-HR-canonical genes including SETD2 and RNASEH2B [78]. The observation
of anti-tumour activity in BRCA1I null ovarian cancers that had failed PARP inhibitor
treatment provides further evidence for the exciting possibility that ATRi may be able to
overcome resistance to PARPi [78].

Additionally, an exceptional and durable response was observed in a patient in the
trial, whose metastatic melanoma had biallelic loss of ATRX and was ALT+ [79]. This is
consistent with an earlier report that ALT+ cells are hypersensitive to ATR inhibitors. The
underlying mechanism is based on the accumulation of RPA at telomeres in the absence of
ATRX, which promotes ALT-associated HR via ATR activation [80].

A novel ATRI, tuvusertib, is structurally related to gartisertib (M4344, VX-803), which
it superseded in clinical development. Although early data suggested that gartisertib had
some promising characteristics, including a potency similar to elimusertib [75], further
development was suspended following high levels of liver toxicity in a Phase 1 trial [76]. Tu-
vusertib, in contrast, is less potent in single agent proliferation assays than either elimusertib
or gartisertib, but is more potent that berzosertib and ceralasertib. A recent report on a
Phase 1 trial (NCT04170153) of tuvusertib applied as a monotherapy in an unstratified pop-
ulation of patients with a range of solid tumours indicated that loss-of-function mutations
in TP53, ARID1A, ATRX and DAXX were predictors of response, where loss of function of
the latter gene is also associated with the ALT pathway [81]. A Phase 2 trial of tuvusertib in
combination with the anti-PDL1 immune checkpoint inhibitor, avelumab, for treatment of
ARID1A-defective endometrial cancer is ongoing (NCT06518564).

ATRis have also been tested for efficacy in combination with other antineoplastic
agents. Non-cytotoxic doses of gartisertib and tuvusertib have both been shown to syner-
gise with topoisomerase I inhibitors and other DNA damaging agents in cellular assays,
including patient derived organoids, and xenografts [75,82,83]. However, a Phase 1 trial
of berzosertib in combination with topotecan found no improvement in progression-free
survival [84].

Progress has been made in identifying predictive biomarkers for the successful combi-
nation of ATRis with other cancer treatments. For example, treatment of selected cancer cell
lines and patient derived organoids with tuvusertib was shown to overcome the resistance
to a wide range of DNA damaging agents that is associated with loss of the interferon-
inducible antiviral restriction factor Schlafen 11 (SLEN11). SLEN11 is recruited to and
blocks stalled replication forks, sensitising cancer cells to DNA-damaging agents, with
SLFNT11 loss leading to resistance. The study’s authors propose that SLFN11 status could be
used for patient stratification in future trials [82]. A CRISPR-based chemogenomic approach
was used to identify several biomarkers associated with hypersensitivity to the combina-
tion of ATR and PARP inhibitors [85], with the aim of overcoming issues of dose-limiting
haematological toxicity previously identified in clinical trials of this combination [86]. The
genes identified included RADS51 paralogs, RAD51B and RAD51D, RNase H2 components,
RNASEH2A, RNASEH2B, and RNASEH2C, and ATM.

As suggested by some of the preclinical and clinical studies discussed above, loss of
ATM function may be a biomarker of ATRi sensitivity. Accordingly, pharmacological inhi-
bition of ATM function has been shown to enhance the cytotoxicity of both tuvusertib [87]
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and ceralasertib [88]. Conversely, CRISPR/Cas9 genome-wide screening of ATRi-resistant
soft tissue sarcoma cell lines identified ATM pathway genes as drivers of resistance [83].

This crosstalk between ATR and ATM is potentially therapeutically exploitable through
patient stratification approaches. A number of clinical trials of ATRis on tumours harbour-
ing ATM defects have been carried out with this goal in mind (Trial identifiers highlighted
in bold italics in Table 2). Results have been mixed. A Phase 1b trial of elimusertib in
advanced solid tumours found that while some patient cohorts, particularly those with
gynaecological cancers, saw good response, no association between ATM status and pro-
gression free survival was observed. This suggests that ATM deficiency is not prognostic of
sensitivity to elimusertib itself, and additional determinants are required for efficacy [89].

A recently developed ATRi, alnodesertib (ART0380), was shown to have selective
activity against ATM-defective cancer cells in a study that also included the most extensive
analysis to date of ATM variants in cancer mapped to their phenotypic outcomes [90]. A
Phase 1/2a trial of alnodesertib in combination with irinotecan for the treatment of patients
with cancers that lack immunohistochemically determined ATM expression is ongoing
(NCT04657068), with early results leading to it being granted FDA Fast Track designation
in September 2025 [91].

Since 2020, the clinical development of ATRis has seen many initially promising candi-
dates abandoned. Most recently, a late 2025 update on the POP-ART study of tuvusertib in
combination with a topoisomerase I inhibitor stated that its industrial development has
been halted. Nevertheless, a number of ATR inhibitors remain in the pipeline (Table 2), and
the promising results obtained with alnodesertib suggest that clinical approval of an ATRi
for cancer treatment is edging closer to being a reality.

2.3. DNA-PK Inhibition

When considering DNA-PK inhibition, it is important to note that, in contrast to ATM
and ATR, DNA-PK is a direct participant in DNA repair, and the effects of its inhibition lie
mostly in the attenuation of NHE], rather than through checkpoint disruption. Aberrant
expression of DNA-PKcg is a feature of many different types of cancer, where upregulation
of NHE] can help to drive both radio- and chemoresistance, resulting in poor prognosis [92].
DNA-PK is therefore an attractive target for improving therapeutic response and patient
survival in such tumours. However, while the first DNA-PK inhibitor was reported more
than 30 years ago, the earlier generation of DNA-PK inhibitors had substantial issues with
selectivity and/or undesirable pharmacokinetic properties, such as poor solubility [93].
The route towards clinically relevant DNA-PK inhibitors has therefore been slow, with most
progress having taken place over the last decade, resulting in several inhibitors having
reached clinical trials (Table 3).

Wortmannin, a highly potent pan-PIKK inhibitor, established DNA-PK as a tractable
target whose inhibition results in potentiation of the cell-killing effects of ionising radiation
through the inhibition of DSB repair [94,95]. However, lack of selectivity and high toxicity
made wortmannin unsuitable for further clinical development. Subsequent attempts to
produce more selective DNA-PK inhibitors led to the discovery of a series of derivatives of
the PI3K inhibitor LY294002, as summarised in a review by Matsumoto [96]. These include
highly selective, nanomolar inhibitors such as NU7026 [97] and NU7441 [98]. Insight gained
from such inhibitors include the important observation that DNA-PK therapeutic targeting
is synthetically lethal with ATM functional deficiency [99]. However, despite promising
results in cellular and preclinical models, poor pharmacokinetic properties have limited
their use largely to mechanistic studies of DNA-PK function. Later generation DNA-PK
inhibitors have aimed to address these shortcomings with the goal of developing potent,
orally available, selective inhibitors with improved half-lives [93].
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Table 3. Current status and ongoing trials of DNA-PK inhibitors. Information obtained from
ClinicalTrials.gov (30 June 2026).

Drug

Company

Trials and Development Status

Peposertib (M3814,
MSC2490484A)

Merck KGaA

Several Phase 1 studies involve radiotherapy-based combinations,
including Phase 1 trials in HNSCC (NCT04533750) and pancreatic
neuroendocrine tumours (NCT04750954); a Phase 1 trial with
radiotherapy +/ — cisplatin in solid tumours (NCT02516813); a Phase
1/2 study combining capecitabine and radiotherapy in advanced rectal
cancer (NCT03770689); and a planned Phase 1/2 trial for locally
advanced pancreatic adenocarcinoma (NCT04172532). Combinations
with immune checkpoint inhibition include Phase 1/1-2 trials with the
PD-L1 inhibitor avelumab and radiotherapy in advanced solid
tumours (NCT03724890, NCT04068194), as well as a study of M3814
with the radiopharmaceutical radium-223 +/— avelumab in
castration-resistant prostate cancer (NCT04071236, suspended for
unspecified reasons). Chemotherapy combinations include liposomal
doxorubicin in sarcoma (Phase 1, NCT05711615) and ovarian cancer
(active Phase 1, NCT04092270); etoposide and cisplatin in SCLC
(NCT03116971, not advanced to Phase 2 due to recruitment issues);
and mitoxantrone, etoposide and cytarabine in AML (active phase 1,
NCT03983824). Additional studies include a Phase 1 trial with the ATR
inhibitor tuvusertib (M1774) (NCT05687136), a single-agent Phase 1
study in chronic lymphocytic leukaemia (NCT02316197), and a Phase 1
pharmacokinetic food-effect study in healthy participants
(NCT04702698).

M9831
(VX-984)

Merck
(previously Vertex)

One completed Phase 1 study, as a single agent and in combination
with liposomal doxorubicin for advanced solid tumours
(NCT02644278). Completed in 2017, no further trials for cancer
underway.

AZD7648

AstraZeneca

One completed Phase 1/2 trial, assessed alone or in combination with
pegylated liposomal doxorubicin, terminated early (NCT03907969).
No further trials for cancer underway.

XRD-0394

XRad Therapeutics

Dual ATM/DNA-PK inhibitor. One completed Phase 1 trial in patients
with metastatic, locally advanced or recurrent cancer (NCT05002140).
One planned Phase 1 trial in combination with radiotherapy in
high-grade glioma (NCT06829173). Note: This also inhibits ATM.

CC-115

Bristol Myers Squibb

Phase 1b study in combination with the androgen receptor inhibitor
enzalutamide for castration-resistant prostate cancer (NCT02833883).
Phase 1a/1b trial as a single agent for advanced solid tumours and
haematological malignancies (NCT01353625). Phase 2 trial in
combination with radiotherapy for glioblastoma (NCT02977780).
Note: It also inhibits mTORC1 and mTORC2.

Bosmolisib
(BR101801)

Boryung
Pharmaceutical

One completed single agent Phase 1 study for advanced
haematological malignancies (NCT04018248). One planned single
agent Phase 2 study for peripheral T cell lymphoma (NCT07180771).
Note: This also inhibits PI3KY and PI3K3.

The most clinically advanced of these inhibitors, peposertib (also known as M3814
and nedisertib) is a highly selective DNA-PK inhibitor, with a sub-nanomolar IC5y and
over 1000-fold selectivity over ATM and ATR [100]. Evidence suggests that its therapeutic
potential lies in the potentiation of other cancer treatments. In preclinical testing, it showed

minimal effects as a monotherapy but could enhance the cytotoxic effects of ionising ra-

diation [101] and chemotherapeutics, including topoisomerase II inhibitors [102] and the
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DSB-inducing antibody-drug conjugate, Mylotarg [103]. Similarly, in a report of a Phase
1 single agent trial (NCT 02316197), the first for any orally available DNA-PK inhibitor,
peposertib was demonstrated to be reasonably well-tolerated but offered little clinical bene-
fit in an unstratified population of patients with advanced solid tumours [104]. However,
and consistent with preclinical studies, a Phase 1 study (NCT02516813) of peposertib in
combination with palliative radiotherapy with and without cisplatin for the treatment of
head and neck cancer found it to be a potent radiosensitiser, albeit with dose-limiting toxic-
ity [105]. Similarly potent radiosensitisation was observed in a Phase 1b trial of peposertib
in combination with capecitabine-based chemoradiation but was again associated with
dose-limiting toxicity [106]. Several ongoing trials aim to identify predictive biomarkers to
improve peposertib’s efficacy. For example, NCT05687136, which investigates the combi-
nation of peposertib with tuvusertib, will examine biomarkers of activation of the DDR
(e.g., YH2AX) and of replication stress, alongside tumour ATM status.

AZD7648 is a potent, highly selective DNA-PK inhibitor that is able to potentiate
cancer treatments such as doxorubicin, ionising radiation and olaparib in cell culture and
xenograft models [107]. To date, it has been subject to just one clinical trial (NCT03907969),
now completed, in which it was tested as a monotherapy or in combination with pegylated
liposomal doxorubicin for the treatment of advanced malignancies. Only limited efficacy
was seen in both mono- and combination therapies and the latter was associated with an
unexpectedly high toxicity profile [108]. Consequently, the trial was terminated early, and
no further trials are listed in ClinicalTrials.gov.

Several of the DNA-PK inhibitors under clinical development and listed in Table 3
act as dual or triple inhibitors, having similar ICsgs for non-DNA- targets. In contrast to
highly non-specific PIKK inhibitors like Wortmannin, the polypharmacology of such drugs
is regarded as advantageous, resulting in enhanced cytotoxicity. One such drug is the dual
DNA-PK/ATM inhibitor XRD-0394, discussed in Section 2.1, which aims to exploit the
functional crosstalk between DNA-PK and ATM [38]. Additionally, bosmolisib (BR101801)
is a DNA-PK inhibitor that also targets PI3KY and PI3K$, and has been demonstrated to
synergise with ionising radiation in cancer cell lines and xenograft models [109]. It has
been trialled for efficacy as a single agent in haematological malignancies, although results
are as yet unpublished.

A further example is CC-115, a potent inhibitor of DNA-PK that has a similar ICs
for mTOR (mechanistic target of rapamycin) [110]. In cellular assays, CC-115 was demon-
strated to inhibit both NHE] and mTOR signalling and to have both growth inhibitory
and pro-apoptotic effects in a wide range of cancer cell lines, with enhanced effects in
ATM defective lines [111]. Results from a Phase 1 trial in patients with advanced malig-
nancies demonstrated reasonable tolerability and some evidence of efficacy in a subset of
patients [112]. A more recent report from a Phase 1b trial that tested CC-115 in combination
with androgen receptor inhibition demonstrated a positive trend. However, it was estab-
lished that under the recommended Phase 2 dose conditions, inhibition of DNA-PK was
minimal [113]. Any pharmacological benefit therefore most probably derives from mTOR
inhibition, illustrating the challenges of interpreting polypharmacology results. Similar
challenges may also apply to the extensively trialled PI3K/mTOR inhibitor, samotolisib
(LY3023414) [114-116], which is also reported to inhibit DNA-PK [117].

Accumulating evidence suggests that the anti-tumour effects of DNA-PK inhibition
may partly lie in immunomodulatory effects, with inhibitors having been shown to promote
a hot tumour phenotype. For example, a number of studies have linked inhibition of DNA-
PK with stimulation of a Type I interferon response [118,119]. Furthermore, inhibition
of DNA-PK was recently shown to increase expression of tumour-associated antigens
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and neoantigens and promote T cell activation [120]. These emerging details may lead to
increased interest in DNA-PK inhibition as a therapeutic strategy.

2.4. CHK1 and/or CHK?2 Inhibition

The Ser/Thr protein kinase CHK1 is phosphorylated at Ser-317 and Ser-345 by ATR,
leading to its activation and initiation of the DDR and checkpoint signalling cascade of
the ATR-CHKI1-dependent pathway (Figure 1) [121]. The therapeutic potential of CHK1
inhibition has been explored since 1996 when the first defined CHK1 inhibitor, UCN-01, was
shown to induce cell death in Chinese hamster ovary cell lines and enhance radiosensitivity
in p53-deficient lymphoma and colon carcinoma cells [122-124]. Although CHK1 inhibition
has shown some promise as a monotherapy, synergistic inhibitory effects have also been
seen when using CHK1 inhibitors in combination with genotoxic agents. For example,
UCN-01 in combination with gemcitabine was demonstrated to result in cancer cell death in
TNBC by overriding the G1/S phase checkpoint [125]. Similar to the ATRi ceralasertib, the
CHK1i MK8775 was also able to restore PARPi sensitivity to olaparib-resistant BRCA1/2
mutant xenografts, suggesting the ATR/CHKI axis is an important mediator of PARPi
sensitivity [68].

Clinical trials of various CHK1 inhibitors in combination with gemcitabine or other
antimetabolites have been completed or are currently ongoing (Table 4). However, fur-
ther development of several of these inhibitors, i.e., AZD7762, MK8766, rabusertib, was
suspended due to issues with toxicity and efficacy [126-128], suggesting that CHK1 may
potentially be flawed as a target due to on-target toxicity and insufficient therapeutic benefit.
Nevertheless, several CHK1 inhibitors remain under development.

Table 4. CHK1/CHK?2 inhibitors: current status and ongoing trials. Information obtained from
ClinicalTrials.gov (1 June 2026).

Drug

Company Trials and Development Status

AZD7762

AstraZeneca

Dual CHK1/2 inhibitor. Further clinical development discontinued.
One completed Phase 1 trial (NCT00413686) as a monotherapy and in
combination with gemcitabine, and two terminated early
(NCT00473616 and NCT00937664).

Prexasertib
(ACR-368,
LY2606368)

Acrivon (previously
Eli Lilly)

Dual CHK1/2 inhibitor. Sixteen completed trials either as
monotherapy or in combination with other agents: 11 Phase 1
(NCT01115790, NCT02124148, NCT02514603, NCT02555644,
NCT02649764, NCT02778126, NCT02808650, NCT02860780,
NCT03057145 and NCT03495323, NCT04023669) and five Phase 2
(NCT02735980, NCT02873975, NCT03414047 and NCT04032080,
NCT04095221). Two ongoing Phase 2 (NCT05548296, NCT06597565)
trials. Two trials terminated prematurely: NCT02203513 and
NCT03735446.

MKS8776
(SCH900776)

Merck

CHK1 inhibitor. Clinical development discontinued. Two completed
studies: one Phase 1 as monotherapy or in combination with
gemcitabine for solid tumours or lymphoma (NCT00779584), the
second a Phase 2 in combination with cytarabine in patients with
relapsed acute myeloid leukaemia (NCT01870596). A third study
(NCT00907517) was terminated early.

Rabusertib
(LY2603618)

CHK1 inhibitor. Eight completed clinical trials. Five Phase 1
(NCT00839332, NCT01139775, NCT01341457, NCT00415636) and three

Eli Lilly Phase 2 (NCT00839332, NCT00988858, NCT01139775) trials in a range

of solid tumours and in combination with either gemcitabine or
pemetrexed. No trials currently in progress and development halted.
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Table 4. Cont.

Drug

Company Trials and Development Status

ESP-001 (LY2880070)

Esperas Pharma
(previously Eli Lilly)

CHK1 inhibitor. Ongoing Phase 1b/2a trial as monotherapy or in
combination with gemcitabine for treatment of advanced cancers
(NCT02632448) and Phase 2 trial in combination with gemcitabine for
Ewing Sarcoma, Ewing-like sarcoma and desmoplastic round cell
tumour (NCT05275426)

BBI-355

CHKT1 inhibitor. Ongoing Phase 1/2 trial as monotherapy or in
combination with EGFR inhibitor (erlotinib) or FGFR inhibitor

Boundless Bio (futibatinib) in patients with locally advanced or metastatic solid

tumours with oncogene amplification, with the rationale of targeting
ecDNA. Expected completion in 2026 (NCT05827614).

SRA737

Sareum

CHKT1 inhibitor. Two completed Phase 1/2 trials in patients whose
tumours harbour mutations expected to confer sensitivity to CHK1
inhibition, e.g., oncogenic drivers, loss of DNA repair, loss of G1 cell
cycle checkpoint function, amplification of genes associated with
tolerance of replicative stress. One as a monotherapy (NCT02797964),
and the second in combination with gemcitabine (NCT02797977).

PEP07

CHKT1 inhibitor. Two ongoing single agent Phase 1 trials. One in

PharmaEngine advanced or metastatic solid tumours (NCT05983523), the second in

haematological cancers (NCT05659732).

Lasmotinib
(PHI101)

Pharos iBio

CHK?2 inhibitor but also inhibits FLT3. Two trials of currently
unknown status. Phase 1 trial for treatment of platinum-resistant
ovarian, fallopian tube and primary peritoneal cancers (NCT04678102).
Phase 1/2 trial as a monotherapy in patients with relapsed or
refractory acute myeloid leukaemia, based on FLT3 inhibitory action
(NCT04842370).

CHK?2 is a Ser/Thr protein kinase, phosphorylated by ATM at Thr68 upon sensing of
DSBs [129] (Figure 1). This kinase has been less investigated compared to the ATR-CHK1
axis and fewer inhibitors have been generated against this target. However, selective CHK2
inhibitors such as BML-277 [130] and CCT241533 [131] have been developed, with some
evidence for effectiveness of CHK2 inhibition in overcoming oxaliplatin-resistance [132]. At
present, the only CHK2-selective inhibitor to have reached clinical development is lasmotinib
(PHI-101) [133]. However, it is also an FLT3 (FMS-like tyrosine kinase 3) inhibitor and has also
been investigated for treatment of acute myeloid leukaemia (AML) on that basis.

Targeting both the ATM-CHK?2 axis and the ATR-CHK1 axis could prove to be more
effective than targeting either checkpoint kinase alone; therefore, dual-targeting inhibitors
have been explored despite concerns about tolerability associated with the loss of both
checkpoints in healthy cells. For example, AZD7762, a dual CHK1/CHK?2 inhibitor, caused
cardiotoxicity when it was used in a clinical trial, resulting in early termination of the
study [127]. Fortunately, another dual CHK1/CHK2 inhibitor, prexasertib (also known as
ACR-368 or LY2606368), has shown promise as a potential treatment option for some types
of cancer, with several trials completed or ongoing [134] (Table 4).

Biomarker-driven use of CHK1/2 inhibitors may provide the key to assuring future
clinical benefit. A pilot clinical study suggested that prexasertib may be useful for cyclin E
(CCNET1) over-expressing high-grade serous ovarian cancer (HGSC) [135]. More recently, a
more comprehensive Phase 2 study (NCT03414047) reported that a subset of HGSC patients
showed durable response on treatment with prexasertib [136]. However, this was indepen-
dent of HR status or a range of putative genomic biomarkers including CCNE1 expression,
suggesting that further work to establish predictive biomarkers was required. A subsequent
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Phase 2 study identified that upregulation of genes involved in high-fidelity replication fork
initiation and fork progression (POLA1, POLE and GINS3) was associated with prexasertib
resistance [137]. Preclinical data suggested that prexasertib may be of therapeutic benefit
in PARPi-resistant BRCA mutant HGSC; however, a follow-up Phase 2 trial (NCT02203513)
showed clinical benefit was restricted to a subset of patients whose tumours overexpressed
CCNEL1 and the replication stress associated RecQ helicase, BLM [138].

Collectively, prexasertib clinical trial data support a more stratified approach to the
use of CHK1i that takes into account the expression of genes associated with replication
stress, fork stabilisation and high-fidelity replication. In 2023, the FDA granted Fast
Track approval for prexasertib monotherapy treatment of patients with platinum-resistant
ovarian or endometrial cancers stratified on the basis of proteomic profiling of biomarkers
using the proprietary OncoSignature platform (NCT05548296). A recent study in cellular
and xenograft models has demonstrated that tumour cells harbouring oncogene-carrying
extrachromosomal DNA (ecDNA), often associated with poor prognosis, are particularly
sensitive to CHK1 inhibition. This was shown to be due to hyperactive transcription on
ecDNA causing transcription-replication conflict that in turn leads to elevated replication
stress [139]. This discovery is currently being followed up in a Phase 1 trial with the CHK1
inhibitor BBI-355 (NCT05827614).

2.5. WEET1 Inhibition

WEE], a serine/threonine kinase, phosphorylates CDK1 at Tyr15 to inhibit the forma-
tion of the mitotic promoting factor (MPF or Cyclin B-CDK1 complex) and to arrest the cell
cycle at the G2/M checkpoint when DNA damage is detected. Conceptually, inhibition of
WEETL has been proposed to result in synthetic lethality in TP53-deficient cancers through
abrogation of the G2/M checkpoint, which, alongside their inherently disrupted G1/S
checkpoint, leads to mitotic catastrophe [140].

The orally bioavailable WEE1 inhibitor adavosertib (MK1775, AZD1775) was first re-
ported in 2009 and shown to potentiate the anti-tumour effects of gemcitabine and platinum
drugs in xenograft models. Consistent with the model proposed above, the authors reported
that adavosertib-treated cells bypass the G2/M DNA damage checkpoint, leading to unsched-
uled mitosis, and further demonstrated that p53-defective tumour cells were more sensitive to
adavosertib than p53-competent matched pairs [141]. Similar p53-dependent effects were also
seen for radiosensitisation by adavosertib in a subsequent study [142].

Notably, WEE1 inhibition causes defects in homologous recombination [143], provid-
ing a rationale for combination treatment with PARP inhibitors. The effect of adavosertib
in combination with olaparib was studied in two TP53 wild-type gastric adenocarci-
noma cell lines, MKN45 and AGS. Increasing doses of adavosertib resulted in decreased
viability and enhanced apoptosis through increased mitotic DNA damage [144]. This
study, which also showed that the combination led to inhibited tumour proliferation of
xenograft models, suggests synthetic lethality can arise through co-inhibition of WEE1
and PARP. Similarly, it was shown that TNBC cell lines exhibit a decreased capacity to
repair DNA DSBs when adavosertib is used as a single agent or in combination with
other DDR inhibitors, such as olaparib and ceralasertib, although one unexpected obser-
vation from this study was that the p53 status of the cell lines tested did not correlate
with their sensitivity to adavosertib. Nevertheless, synergistic effects were observed
for the combination of olaparib and adavosertib [145]. Adavosertib not only appears to
enhance the effect of olaparib but has also been reported to overcome PARP inhibitor
resistance in CAPANI (pancreatic cancer) and SUM149 (breast cancer) models that have
HR-reactivating secondary BRCA1/2 mutations [146].
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Adavosertib was the first WEE1 inhibitor to reach clinical trials [147] and the majority of
clinical trials have focused on its use as a combination treatment with concurrent chemother-
apy, rather than as a monotherapy (Table 5). For example, an open-label Phase 1 clinical trial of
adavosertib assessed it for use in borderline-resectable or unresectable stage III/TVB HNSCC
suitable for definitive chemoradiation [148]. This study demonstrated that a combination
treatment of adavosertib, docetaxel and cisplatin was tolerable while still being able to reduce
tumour growth. The first trial to study definitive-dose radiotherapy with WEEL1 inhibition
and cisplatin reported that the standard dose of cisplatin was too toxic when administered
in combination with adavosertib, concluding that lower doses of cisplatin were more ben-
eficial [149]. However, as noted in the study itself, a major limitation of this trial was the
unknown p53-status of the tumours, given that WEE1 inhibition may be expected to have a
greater impact on p53-deficient tumours for the reasons discussed above.

Table 5. Current status and ongoing trials of WEEL1 inhibitors. Information obtained from Clinical Tri-
als.gov (1 June 2026).

Drug

Company Trials and Development Status

Adavosertib
(MK1775, AZD1775)

AstraZeneca
(previously Merck)

Clinical development discontinued by AstraZeneca in 2022. Thirty
completed clinical trials and 13 still ongoing but no new trials
commenced since the start of 2021.

Azenosertib
(Zn-c3)

Four Phase 1 or 2 clinical trials completed (NCT04814108,

NCT04833582, NCT05198804, NCT04158336). Ongoing Phase 1 single
agent (NCT04005690) and combination therapy trials (NCT04516447).
Ongoing Phase 2 single agent trial in patients with platinum resistant

Zentalis gynaecological cancers (NCT05128825). Three ongoing Phase 2 trials in
Pharmaceuticals combination with different drugs for a range of solid tumours

(NCT06015659, NCT06364410 and NCT07546500). Ongoing Phase 2
biomarker study (NCT06369155) to assess the effects of azenosertib
treatment on replication fork speed in responding and non-responding
patients with persistent or recurrent uterine serous cancer.

Debio 0123

Debiopharm

Currently in two Phase 1 trials as either a monotherapy or in
combination with other chemotherapeutics (e.g., temozolomide or
camonsertib) (NCT04855656, NCT05765812). Phase 2 trial in
combination with temozolomide or temolozide and radiotherapy in
glioblastoma patients (NCT05765812). Planned Phase 1b/2 trial for
treatment of TNBC in combination with sacituzumab govitecan
(NCT06612203). Three trials were concluded early for strategic reasons
(NCT03968653, NCT05109975 and NCT05815160).

SCO0191

Biocity
Biopharmaceutics

One Phase 1b/2 trial in combination with gemcitabine or paclitaxel for
treatment of advanced ovarian cancer (NCT06363552). An additional
planned Phase 2 trial as single agent or in combination with
bevacizumab or fluorouracil /leucovorin (NCT06363552). Both
currently of unknown status.

IMP7068

Impact Therapeutics

Phase 1 trial as monotherapy for treatment of advanced solid tumours
(NCT04768868). Currently of unknown status.

Studies with adavosertib have suggested that overexpression of CCNEI may be a
predictive biomarker of sensitivity to WEE1 inhibition [150]. Overexpression of cyclin E is
a frequent occurrence in many types of cancer and is associated with poor prognosis [151].
Over-active cyclin E/CDK2 promotes replication stress and aberrant mitotic entry and
progression [152], leading to reliance on WEEI function for survival [153]. A clinical trial
of single agent adavosertib treatment of patients selected based on tumour CCNE1 am-
plification demonstrated promising efficacy, particularly against epithelial ovarian cancer.
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However, it is worth noting that concurrent TP53 tumour mutations were seen in 90% of
the patients enrolled in the study, and it may therefore be the case that optimal synthetic
lethality is only seen with concurrent CCNE1 amplification and TP53 dysfunction [154].
Further evidence for CCNE1 amplification as a biomarker of adavosertib response has also
been observed in clinical trials for uterine serous cancer [155].

Although adavosertib has shown excellent cytotoxic potency in various cell lines
and xenograft models, its translation into clinical use has proven problematic, with
myelosuppression—including thrombocytopenia and neutropenia—as a serious side effect.
This ultimately led to AstraZeneca suspending further clinical development of the drug in
2022. It has been proposed that one key issue with adavosertib is its lack of selectivity, as it
is also a potent inhibitor of the mitotic regulator polo-like kinase 1 (PLK1) [156]. However,
subsequent reports suggest that PLK1 inhibition by adavosertib may be negligible at thera-
peutic concentrations [157,158], and a study of PLK1-sparing WEEI inhibitors showed that
they were still able to cause thrombocytopenia in an in vitro assay [159].

These data suggest that it is the inhibition of WEE] itself that may underpin the severe
side effects of adavosertib, suggesting that there may be some fundamental issues with
WEE]1 as a therapeutic target. Insight into how WEEIi toxicity arises has been provided
by a recent study that shows that both adavosertib and another WEE1 inhibitor, Debio
0123 are able to induce activation of the integrated stress response (ISR), potentially via
direct binding and paradoxical activation of GCN2 kinase [160]. This raises the possibility
that checkpoint perturbation without ISR-mediated toxic effects could be achieved through
WEE1i dose manipulation or combination with other agents.

Several other selective WEEL1 inhibitors, including azenosertib (Zn-c3), SC0191 and
IMP7068, are currently in ongoing trials (Table 5), and other promising candidates are
in preclinical development (see, e.g., [161,162]). There are yet to be any peer-reviewed
publications on IMP7068, but early reports suggest it has significantly improved selectivity
over PLK1 compared to adavosertib and is currently in a Phase 1 trial as a monotherapy
(NCT04768868) [163].

First reported in 2021 and most clinically advanced of these alternative WEElis,
azenosertib has good oral bioavailability and a similar ICsq to adavosertib (75 nM and 78 nM,
respectively, in a lung cancer xenograft model) but greatly improved kinase selectivity [164].
Azenosertib is currently in multiple ongoing clinical trials as both a monotherapy and
in combination with traditional chemotherapeutics and targeted therapies. Early results
are promising. A dose-escalation Phase 1 trial demonstrated that azenosertib has single
agent anti-tumour effects in heavily pretreated patients with various types of cancer [165].
Preclinical and clinical testing of azenosertib in the treatment of ovarian cancer and uterine
serous carcinomas corroborated the previous observation from adavosertib that CCNE1-
amplified tumours show enhanced sensitivity to WEE1 inhibition [166].

As these trials reach maturity, it will be interesting to see if the improved selectivity of
next generation WEElis such as azenosertib and IMP7068 will translate into greater efficacy
and/or fewer side effects. A further priority of WEEL1i research should be the identification
and validation of biomarkers of sensitivity to enable stratification.

3. Development of Kinase Degraders as Alternatives to Classic Inhibitors

In recent years, the concept of targeted protein degradation (TPD) has seen increasing
application in the development of novel cancer agents [167]. The majority of TPD agents
are proteolysis-targeting chimeras (PROTACs), bifunctional molecules that conjugate an
E3 ubiquitin ligase-targeting domain to a protein of interest (POI)-binding ligand via a
linker [168]. This brings the target protein into close proximity to the E3 ubiquitin ligase,
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leading to polyubiquitination and subsequent degradation by the ubiquitin proteasome
system, generating a chemical knockdown phenotype (Figure 2) [169].
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Figure 2. Hijacking the ubiquitin-proteasome system with a heterobifunctional molecule. Proteolysis
targeting chimaeras (PROTACs) contain two binding domains that recruit a protein of interest, the
warhead, and an E3 ligase. When the PROTAC is bound to its targets, it forms a ternary complex
that allows the protein of interest to be polyubiquitylated and targeted for degradation by the 265
proteasome [170].

PROTACs (and other TPD agents) offer several advantages over SMIs. Firstly, by
acting catalytically, they can be used at substoichiometric concentrations, reducing the
potential for off-target effects. Off-target effects can also be reduced through enhanced
selectivity for POIs versus the parent SMI, which can occur due to increased serendipitous
protein-drug interactions. PROTACSs also do not have the limitation of needing to bind to
an active or allosteric site to have their desired effect, opening up the possibility of targeting
proteins previously regarded as ‘undruggable” and enabling protein-protein interactions to
be disrupted, in addition to enzymatic activities.

In the past decades, many PROTACs have been developed to target a wide range of
proteins related to cancer. In mid-2026, vepdegestrant became the first PROTAC to achieve
FDA approval. The drug, an oestrogen receptor (ER) degrader, has been approved for
the treatment of ER positive, human epidermal growth factor receptor 2 (HER2)-negative,
ESR1-mutated advanced or metastatic breast cancer. The first PROTAC molecule developed
to target the DDR was a PARP1-targeting PROTAC that was shown to induce apoptotic
cleavage of PARP1, rather than true degradation [171]. However, several reports of truly
PARP1-degrading PROTACs have followed since [172-176], in addition to a series of dual-
targeting, trifunctional PROTACs which simultaneously target PARP and the epidermal
growth factor receptor (EGFR) for degradation [177].

The first reported PROTAC to target a DNA damage response kinase was ZNL-02-96,
a PROTAC based on an adavosertib warhead conjugated to pomalidomide, a recruiter
of the E3 ligase, cereblon (CRBN) (Table 6). The compound was shown to be a potent
WEE1 degrader while sparing PLK1 and was effective in downregulating WEE1 signalling
and inducing cell cycle changes at doses 10-fold lower than adavosertib [178]. Aublette
et al. reported the synthesis of a range of WEE1 degraders also based on adavosertib, with
the best performing two, MA055 and MA071, recruiting von Hippel-Lindau (VHL) and
CRBN, respectively. They demonstrated that the linker length between the adavosertib
warhead and the E3 ligase recruiting moiety was critical in determining how effective the
PROTAC was in promoting WEE1 degradation [179]. Similar linker effects were observed
by Zhu et al. who also synthesised a range of WEE1 PROTACsSs. Their best performing
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compound in cell proliferation and degradation assays, 42a, is similar in structure to ZNL-
02-096 with only one additional methylene group in the linker distinguishing it from the
earlier compound [180].

Table 6. Current PROTACs targeting DNA damage response kinases. The ligand for the E3 ligase is
shown in blue and the ligand for the protein of interest is shown in red.

E3 Ligase POI (and
PROTAC Structure (and Ligand) Ligand)
'f/"'\// ’,’/OH
] NH H QI\/VG’ \
ZNL-02-09 tgz YT CRBN WEEL
[173] \ S (pomalidomide) (AZD1775)
G p
o NN
MAO71 [174] Q "1 . s CRBN WEE1
. J/N\l‘/ " /%/\NJ: (pomalidomide) (AZD1775)
"\/\njv/“\)N °
MA055 [174] T S . s (VH032) (AZD1775)
[ w
%\( )
O _N.__0O o J_/‘ Q ) o
12a U)% 19N ¢>§~1: CRBN WEEL
[175] o " - . (pomalidomide) (AZD1775)
o /\ T{on
ﬁ:riggé-l O go N CRBN ATR
[176] /GLNJ?‘/NO (lenalidomide) (VE-821)
N i % 0
9 s VHL ATM
[177] Hoi\ji JOW/ J (VHO032) (meisoindigo)
(NS/ u o o)
MA203 ° d& [H] CRBN CHK1
[178] &: 2 [ o (pomalidomide) (rabusertib)
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A recent report of a PROTAC (Abd100, Ramotac-1) comprising a VE-821-based war-
head conjugated to lenalidomide as a CRBN recruiter delivered the first proof-of concept of
pharmacological degradation of ATR as a cancer treatment strategy [181]. Although only
limited biological characterisation has been carried out so far, it has been demonstrated
that Abd100 could potentiate replication stress-induced cytotoxicity in primary leukaemic
cells [182]. Cytotoxicity was not seen in equivalent CRBN knockout cells providing evi-
dence that its effects are due to ATR degradation and not inhibition [182].

As work progresses on Abd100 and any future ATR targeting PROTACs it will be
interesting to see how their efficacy and tolerability compare to ATR inhibitors. Evidence
suggests that their effects are likely to be quite different. Expression of kinase-dead ATR
has shown that ATR’s enzymatic activity is required for its exchange at damage sites and
downstream activation of CHK1. Inhibition of this process via expression of a kinase-dead
mutant, and presumably also through drug-mediated inhibition, leads to the accumulation
of RPA on ssDNA, blocking repair and checkpoint activation and having a dominant
negative effect [183].

A 2020 screen of 91 PROTAC compounds constructed from a diverse range of parental
kinase inhibitors identified two, derived from TAE684 and AT7519 respectively, which were
able to act as CHK1 degraders, demonstrating proof of concept. However, both compounds
also induced degradation of many other kinases and so are not practicable for development
as therapeutic agents [184]. More recently, MA203, a rabusertib-derived CRBN PROTAC
has been developed to selectively target activated CHK1 for degradation and exhibits
cytotoxic effects as a single agent and in combination with replication stress-inducing
hydroxyurea [185].

The development of WEE1 and ATR targeting PROTACs has involved the well-
established PROTAC design concept of conjugating a drug targeting the POI to an E3
ligase recruiting moiety via a linker. However, the first reported ATM-targeting PROTAC
was discovered by a more serendipitous process. Meisoindigo is a drug derived from
traditional Chinese medicine that has long been used in the treatment of CML in China, but
its cellular target was unknown [186]. In a recent study a VHL-type PROTAC-derivative of
meisoindigo was synthesised and identified as an ATM degrader by proteomic analysis.
Promisingly, it can sensitise cells and xenografts to ceralasertib [187]. Whether an ATM
degrader will offer therapeutic advantages over ATM inhibitors is currently unexplored but
there is some evidence to suggest that it might. Mouse models have shown that expression
of a kinase-dead ATM protein in ATM knockouts causes increased genomic instability,
resulting in embryonic lethality, in comparison to the knockouts themselves, which are
viable [188-191]. This observation suggests that ATM degraders could offer improved
tolerability over ATM inhibitors.

Molecular glues function in a similar way to PROTACs by targeting a protein of
interest for degradation, but they do so by remodelling the interaction surfaces of proteins,
generating neosubstrates that enable novel interactions to occur. Typically smaller in
size than PROTACS, they can offer pharmacokinetic advantages over their larger bivalent
counterparts [192]. A recent proteomic screen of a combinatorial library of potential
molecular glues led to the discovery of several monovalent WEE1 degraders, with one
demonstrating half-maximal degradation of WEE1 at sub-nanomolar concentrations [193].
BMS-986463, another WEE1-targeting molecular glue developed by Bristol Myers Squibb
is currently in an escalating dose Phase 1 trial in patients with advanced solid tumours
(NCT06476808).

The development of degraders targeting DNA damage response kinases is still in its
early days, with only one candidate compound in clinical testing to date. However, this is
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becoming an increasingly active area of research, and so it can be expected that the next
few years will see more compounds developed and moving into clinical testing.

4. Conclusions and Future Prospects

After more than two decades of development, the goal of treating cancer through
the therapeutic targeting of DDR kinases has still not been achieved, and issues of toler-
ability and efficacy remain key considerations. However, whether as monotherapies or
in combination with other agents, recently emerging clinical trial evidence suggests that,
for a subset of patients, checkpoint kinase inhibitors do offer some clinical benefit. The
granting of FDA Fast Track status to the ATRi alnodesertib and the CHK1i prexasertib
for cancers with specific molecular profiles represents significant milestones. As work
on identifying biomarkers continues to progress, and more effective patient stratification
becomes a reality, it is likely that some DDR kinase inhibitors will join PARP inhibitors in
the arsenal of anti-cancer drugs that target the DDR. However, although these inhibitors
show great promise, acquired resistance remains a concern. Therefore, gaining a further
understanding of resistance pathways, and how to evade them, will be crucial for the field
to progress.

The development of novel inhibitors of DDR kinases remains a very active area of
research, and the coming years are likely to see more entering clinical trials. Newly emerging
therapeutic strategies may help to overcome some of the apparent on-target toxicity associated
with DDR kinase inhibition. In this respect, the recent development of several PROTACs and
molecular glues targeting DDR kinases represents exciting progress. A recent proof-of-concept
report of a multi-payload antibody-drug conjugate that links Topoisomerase I, PARP and ATR
inhibitors to a tumour-targeting antibody suggests an additional means by which efficacy can
be maximised while sparing normal tissue [194]. Although the preclinical research into these
compounds shows promise, there is a need for more research in cell lines and patient-relevant
models such as xenografts and tumoroids.
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Abbreviations

The following abbreviations are used in this manuscript.

ALT Alternative lengthening of telomeres
AML Acute myeloid leukaemia

ATM Ataxia—Telangiectasia mutated

ATR Ataxia—Telangiectasia and Rad3-related

ATRIP ATR-interacting protein
CHK1 Checkpoint kinase 1
CHK2 Checkpoint kinase 2
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CRBN Cereblon

DDR DNA damage response

DNA-PK DNA-dependent protein kinase

DSB Double-strand break

ecDNA Extrachromosomal DNA

EGFR Epidermal growth factor receptor

ER QOestrogen receptor

FLT3 FMS-like tyrosine kinase 3

HER2 Human epidermal growth factor receptor 2
HGSC High-grade serous ovarian cancer
HNSCC  Head and neck squamous cell carcinoma
HR Homologous recombination

ISR Integrated stress response

LET Linear energy transfer

MPF Mitotic promoting factor

MRN Mrel1-Rad50-Nbsl

NHE] Non-homologous end joining

NSCLC Non-small-cell lung cancer

PARP Poly(ADP-ribose) polymerase

PDX Patient-derived xenograft

PIKK Phodphatidylinositol-3-kinase like kinase
PLK1 Polo-like kinase 1

POI Protein of interest

PROTAC Proteolysis targeting chimaera

RBE Relative biological effectiveness
RPA Replication protein A

SCLC Small-cell lung cancer

SMI Small-molecule inhibitor

TNBC Triple-negative breast cancer
TPD Targeted protein degradation
VHL Von Hippel-Lindau
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