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ABSTRACT: Ataxia-telangiectasia mutated (ATM) is a central regulator of the DNA damage response (DDR),
coordinating DNA double-strand break signaling, checkpoint activation, and maintenance of genome stability.
Although traditionally regarded as a tumor suppressor, accumulating evidence indicates that many established cancers
become functionally dependent on residual ATM signaling to tolerate oncogene-driven replication stress, genomic
instability, oxidative stress, and defective checkpoint control. This context-dependent reliance reflects a form of
non-oncogene addiction in which ATM signaling is selectively retained to sustain tumor cell survival, particularly in
TP53-deficient and highly replication-stressed malignancies. Beyond canonical DDR functions, ATM also contributes
to tumor progression through regulation of NF-kB signaling, epithelial-mesenchymal transition, hypoxia adaptation,
metabolic rewiring, mitochondrial homeostasis, and immune modulation. These diverse activities provide a strong
rationale for therapeutic ATM inhibition. Pharmacological ATM inhibitors impair checkpoint signaling and DNA repair,
thereby sensitizing tumors to radiotherapy and DNA-damaging agents and promoting synthetic lethal interactions in
DDR-deficient backgrounds. In this review, we aim to integrate current mechanistic, preclinical, and translational
evidence linking ATM biology with the pharmacological and clinical development of small-molecule inhibitors,
including KU-55933, KU-59403, KU-60019, CP466722, WSD0628, AZD0156, AZD1390, M3541, SYH2051, and XRD-0394.
We further discuss emerging concepts such as context-specific synthetic vulnerabilities, radio-immunotherapy
combinations, pharmacokinetic and toxicity considerations, mechanisms of resistance, and the limitations of current
preclinical models. Collectively, ATM inhibition represents a promising precision oncology strategy for exploiting
DDR dependencies and overcoming therapeutic resistance in genetically unstable cancers.
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1 Introduction

Ataxia-telangiectasia (A-T) is a rare autosomal recessive disorder characterized by progressive
neurodegeneration, immunodeficiency, cancer predisposition, particularly to hematological malignancies,
and extreme sensitivity to ionizing radiation (IR), resulting from loss-of-function mutations in the
ataxia-telangiectasia mutated (ATM) gene [1]. ATM encodes a ~350-kDa phosphoinositide-3-kinase-related
protein kinase (PIKK) that acts as a master regulator of the DNA damage response (DDR), particularly
following DNA double-strand breaks (DSBs). Early work established that ATM is essential for radiation-
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induced cell-cycle checkpoint activation, coordinating G1/S, intra-S, and G2/M arrest through cellular
tumor antigen P53 (TP53)-dependent transcriptional induction of the cyclin-dependent kinase inhibitor 1A
(P21CIPI/WAFTY 9],

A-T cells fail to inhibit cyclin-dependent kinase (CDK) activity after irradiation due to defective P21
accumulation, underscoring ATM’s central role in checkpoint enforcement. Genetic studies in ATM-deficient
cells further demonstrated hypersensitivity to y-irradiation, impaired tumor protein p53 (TP53) stabilization,
defective apoptosis in thymocytes, premature senescence in fibroblasts, and intermediate checkpoint defects
in heterozygous cells, collectively linking partial or complete ATM insufficiency to genomic instability and
cancer susceptibility [3].

Although ATM shares structural homology with DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) and other PIKKs, functional analyses revealed non-redundant roles, as DNA-PKcs is dispensable
for TP53 stabilization and radiation-induced checkpoint arrest, whereas ATM is absolutely required for
these events [4-6].

Mechanistically, ATM directly phosphorylates TP53 on Ser15 in response to DSB leading to activation of
downstream transcriptional programs, including P21 induction [7]. Genetic epistasis analyses demonstrated a
largely linear ATM-TP53-P21 axis governing G1/S checkpoint control, while also revealing TP53-independent
roles of ATM in cell growth regulation and genome maintenance [8].

Beyond TP53, ATM orchestrates a broad phosphorylation network involving breast cancer type 1
susceptibility protein (BRCA1) [9-11], checkpoint kinase 1 (CHK1) [12-14], checkpoint kinase 2 (CHK2) [15],
histone H2AX [16-20], TP53-binding protein 1 (53BP1) [21,22], mediator of DNA damage checkpoint protein
1 (MDC1) [23-25], and replication protein A (RPA) [26,27], thereby integrating checkpoint activation,
homologous recombination (HR), and ensuring replication fork stability.

ATM also functions within a dynamic, context-dependent kinase network with ATR and DNA-PKcs,
exhibiting functional redundancy in phosphorylated histone H2AX (yH2AX) formation yet temporal
specialization driven by DNA end resection and replication stress (RS), enabling a coordinated ATM-to-ATR
signaling switch during DSB processing [28-30].

ATM signaling is closely linked to chromatin architecture, relying on histone modifications and
chromatin-associated factors to regulate DNA damage response activation [31-35]. Upon DNA damage,
chromatin relaxation, driven by histone acetylation [36-40] and remodeling complexes such as SWItch/Sucrose
Non-Fermentable (SWI/SNF), enhances accessibility of repair machinery and supports recruitment of key
repair proteins [41-43]. Following repair, chromatin structure is restored through histone deacetylation and
nucleosome reassembly, ensuring genome stability and preservation of epigenetic information [44-46].

Cyclin-dependent kinases (CDKs) regulate DNA damage response signaling by coordinating the
phosphorylation and recruitment of key repair factors in a cell cycle-dependent manner. Through modulation
of proteins such as BRCA1 and 53BP1, CDKs influence DNA repair pathway choice by promoting HR during
S/G2 phases while limiting non-homologous end joining (NHE]) [47-49]. CDKs also influence DNA repair
indirectly by coordinating ubiquitin-mediated chromatin modifications at damage sites. Ubiquitin ligases
such as RNF8, RNF168, and RNF4 promote histone ubiquitination, creating binding platforms for repair
factors like BRCA1 and 53BP1 and enabling efficient assembly of DNA damage response complexes [50-52]

(Fig. 1).
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Figure 1: Model illustrating activation of the ATM-CHK2 pathway in response to DSBs and its integration with
chromatin remodeling processes in eukaryotic cells. Induction of DSBs triggers rapid and reversible alterations
in chromatin architecture that regulate accessibility and propagation of DDR signaling. Upon break formation,
MDC1 recognizes and associates with phosphorylated histone H2AX (YH2AX), serving as a platform to potentiate
DDR signaling through recruitment of the E3 ubiquitin ligases RNF8, RNF168, and RNF4. These enzymes catalyze
ubiquitin conjugation to histone H2A and YH2AX, promoting hierarchical assembly of downstream repair factors,
including BRCA1 and 53BP1, thereby influencing repair pathway selection. Because compact nucleosomes initially
hinder access to DNA lesions, early DDR events include chromatin decondensation. This is mediated by histone
acetyltransferases such as TIP60-p400 and CBP/p300, which acetylate histone tails, together with SWI/SNF remodeling
complexes that reposition nucleosomes to enhance factor accessibility. Throughout repair, chromatin remains in an
open configuration to permit lesion processing. Subsequent attenuation of ATM-CHK2 signaling is coupled with
histone deacetylation and progressive chromatin re-compaction, restoring higher-order structure and safeguarding
genomic and epigenetic stability. ATM kinase activates CHK2, which phosphorylates dual-specificity phosphatases
CDC25A/C, triggering their degradation, thereby facilitating cell cycle arrest. Alternatively, CHK2 activates TP53
that up-regulates expression of P21, BAX, NOXA, and PUMA. For full names of the proteins see the abbreviations
section. Created in BioRender. Kciuk, M. (2026) https://BioRender.com/gfxcllu (accessed on 30 May 2026).

Emerging evidence further extends ATM function to centrosomal regulation, ubiquitin-mediated
proteostasis, transcriptional feedback loops, and oncogenic signaling cross-talk, with direct implications for
therapeutic targeting. Consistent with this multifaceted role, ATM inhibition displays synthetic lethality in
multiple DNA repair-defective tumor contexts and synergizes with poly (ADP-ribose) polymerase (PARP),
ataxia telangiectasia and rad3-related (ATR), and cell-cycle checkpoint inhibitors, positioning ATM as both
a central genome guardian and a critical vulnerability in precision cancer therapy [53-56].

Despite substantial progress in understanding ATM signaling and the growing clinical interest
in ATM inhibitors, several critical gaps remain. Current knowledge is fragmented across mechanistic
studies, preclinical models, and early-phase clinical investigations, with limited integration of how ATM’s
context-dependent functions, ranging from tumor suppression to tumor-promoting roles, translate into
therapeutic vulnerabilities. In particular, there is a lack of comprehensive synthesis linking molecular
mechanisms of ATM activity with the pharmacological properties, clinical development, and therapeutic
positioning of distinct ATM inhibitors. Furthermore, emerging challenges such as context-specific synthetic
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lethality beyond canonical HR deficiency, and mechanisms of resistance to ATM-targeted therapies remain
insufficiently consolidated.

In this review, we address these gaps by providing an integrated overview of ATM biology and
systematically evaluating the current landscape of small-molecule ATM inhibitors, spanning preclinical and
clinical development. We further highlight key determinants of therapeutic response, potential resistance
mechanisms, and rational combination strategies. By bridging mechanistic insights with translational and
clinical perspectives, this work aims to clarify the therapeutic potential of ATM inhibition and inform
future development of precision oncology strategies targeting the DDR.

2 Rationale for the Use of ATM Inhibitors in Cancer
2.1 Context-Dependent Roles of ATM in Cancer

While ATM functions classically as a canonical tumor suppressor within the DDR, its role in cancer
evolution is more accurately interpreted through the framework of cancer evolutionary genetics and
non-oncogene addiction. Rather than arising from gain-of-function mutations, the apparent “pro-tumor
dependency” on ATM in established malignancies is typically driven by selective retention and functional
rewiring of wild-type ATM signaling, rather than mutational activation. In early tumorigenesis, oncogene
activation (e.g., MYC, RAS, and cyclin E amplification) induces chronic RS and extensive DNA double-strand
breaks, thereby creating a strong selective pressure to maintain residual ATM activity to ensure minimal
genomic stability and prevent catastrophic mitotic failure. In this context, ATM becomes co-opted as a
buffering kinase required for tumor cell survival under RS, a hallmark of non-oncogene addiction, whereby
cancer cells become dependent on stress-response pathways that are dispensable in normal tissues. This
dependency is further intensified in genetic backgrounds characterized by TP53 loss or mutation, in which
ATM-mediated checkpoint signaling is uncoupled from apoptosis, allowing damaged cells to persist while
still relying on ATM-CHK2 signaling to manage replication-associated DNA lesions. Consequently, ATM
activity shifts from a barrier against transformation in premalignant cells to a permissive survival pathway
in genetically unstable tumors. Importantly, this does not reflect a gain-of-function alteration of ATM itself,
but rather a context-dependent synthetic essentiality emerging from oncogene-driven RS and defective
TP53-mediated apoptosis. This concept is consistent with the broader paradigm of DDR rewiring in cancer
evolution, where tumor cells exploit residual repair capacity to tolerate genomic instability while continuing
proliferation, thereby accelerating clonal diversification and tumor progression. Similar principles have
been described in models of replication stress—driven tumorigenesis, where ATM and CHK2 signaling are
required to prevent replication catastrophe in MYC- or RAS-driven cancers, reinforcing the idea that DDR
components can transition from tumor suppressors to essential survival factors depending on oncogenic
context and checkpoint integrity [57-60].

2.2 DDR Hyperactivation and ATM Dependency in Cancer Stem Cells

Emerging evidence suggests that cancer stem cells (CSCs), a subpopulation of tumor cells with stem-like
properties, often exhibit constitutively active DDR signaling. This heightened DDR can contribute to
resistance against DNA-damaging therapies. Accordingly, targeting key DDR kinases, including ATM, has
been proposed as a strategy to overcome such therapy resistance [61,62].

2.3 Beyond the DDR: Emerging Tumor-Promoting Roles of ATM

Mechanistically, ATM supports tumor progression not only through canonical DDR signaling but also
via non-canonical pathways, including activation of nuclear factor kappa-light-chain-enhancer of activated B
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cells (NF-kB) to prevent cell death of irradiated cells [63-65], induction of epithelial-mesenchymal transition
(EMT) to facilitate invasion and metastasis [66], stabilization of HIF1c under hypoxia to promote metabolic
adaptation [67], glycolysis enhancement [68] and regulation of the pentose phosphate pathway to maintain
redox homeostasis and anabolic growth [69,70]. Furthermore, ATM influences inflammatory and immune
signaling within the tumor microenvironment, potentially contributing to immune evasion [67,71,72].
Emerging evidence from radiation-associated basal cell carcinoma (BCC) demonstrates that ATM is not
only activated as part of a canonical repair response but is also engaged in broader stress-responsive
transcriptional networks that may contribute to long-term tumor development. Notably, ATM expression has
been reported to be significantly upregulated in radiation-induced BCC compared with sporadic cases, and
to strongly correlate with forkhead box O3a protein (FOXO3a) expression, suggesting coordinated regulation
of oxidative stress and DDR pathways. In parallel, activation of the ATM-NF-kB signaling axis, reflected
by increased expression of P65 (RELA) and tumor necrosis factor alpha (TNF-«), indicates that persistent
inflammatory and senescence-associated secretory phenotype (SASP) signaling may be a key component of
radiation-driven tumorigenesis. Such chronic activation of inflammatory pathways may create a tissue
microenvironment conducive to genomic instability and malignant transformation. Furthermore, ATM has
been implicated in mitochondrial quality control through regulation of PTEN-induced putative kinase 1
(PINK1)-mediated mitophagy, linking nuclear DDR to mitochondrial stress adaptation and reactive oxygen
species regulation. Collectively, these findings support a model in which radiation-induced carcinogenesis
is driven not by isolated DNA repair defects but by sustained dysregulation of integrated ATM-centered
networks involving DDR signaling, NF-kB-mediated inflammation, and mitochondrial homeostasis, thereby
contributing to the delayed onset and complex molecular landscape of radiation-associated BCC [73].

2.4 Synthetic Lethality and Context-Dependent Vulnerabilities in ATM-Targeted Therapy

These diverse functions provide a strong rationale for targeting ATM in cancer. By competitively
joining to ATM’s ATP binding site, ATM inhibitors (ATMi) block its kinase activity, prevent phosphorylation
of downstream effectors, and impair DNA repair and checkpoint activation. The therapeutic rationale
for targeting ATM also relies in part on the concept of synthetic lethality, which is strictly defined as a
genetic interaction in which loss of function of either gene alone is compatible with cell viability, whereas
simultaneous loss of both genes results in cell death. In cancer therapy, this definition is often operationalized
using pharmacological inhibition; however, it is important to distinguish true genetic synthetic lethality
from drug-induced synthetic interactions or pharmacological synergy, as most clinically relevant approaches
involve kinase inhibition rather than complete genetic ablation [56,74,75].

In this context, the best-characterized example of bona fide synthetic lethality involving ATM is
observed in tumors with HR deficiency, particularly BRCA 1/2-mutant backgrounds, where ATM inhibition
further compromises residual DNA damage signaling and repair capacity, leading to catastrophic genomic
instability and cell death [76,77]. In contrast, combinations such as ATM inhibitors with PARP [78-80],
ATR [76,81,82], and CHK1 [55] inhibitors frequently represent context-dependent synthetic interactions, in
which partial pathway inhibition enhances replication stress and DNA damage beyond repair thresholds,
but does not always meet the strict genetic definition of lethality across all cellular contexts. Therefore,
while ATM-PARP or ATM-ATR combinations are often described as synthetic lethal, they may more
accurately be considered synthetic dose-dependent vulnerabilities or pharmacological synergies, depending
on the degree of pathway redundancy and residual activity. Importantly, the effectiveness of ATM-targeted
strategies must also be interpreted in the context of intra-tumoral genetic heterogeneity. Most solid tumors
are composed of genetically diverse subclonal populations, and ATM mutations or functional loss may be
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restricted to only a subset of cells. Under such conditions, ATM inhibition may induce selective pressure
that eliminates ATM-deficient or replication-stressed clones, while ATM-proficient subclones may persist
and contribute to therapeutic resistance and disease relapse. Thus, the overall tumor response is determined
not only by the presence of ATM deficiency but also by the spatial and temporal distribution of DNA
repair defects within the tumor ecosystem, highlighting the need to integrate clonal architecture into the
prediction of synthetic lethal responses in ATM-targeted therapies [56,74,75,83].

Beyond canonical HR-deficient contexts, emerging evidence indicates that ATM dependency can also
arise from oncogenic and metabolic stress imposed by loss of key tumor suppressors such as phosphatase
and tensin homolog (PTEN). Mechanistically, PTEN-deficient cells exhibit elevated levels of endogenous
DNA damage accompanied by constitutive ATM activation, reflecting a heightened reliance on ATM
signaling to preserve genome integrity. Although PTEN loss has been associated with defective HR in some
settings, DNA repair protein RAD51 homolog 1 (RAD51) expression and function remain intact in certain
PTEN-deficient models, indicating that increased DNA damage arises through alternative mechanisms.
In particular, PTEN deficiency is tightly linked to enhanced oxidative stress, which promotes DNA base
oxidation and accumulation of DSBs, thereby creating a cellular state in which ATM activity becomes
essential for survival. Consistent with this model, antioxidant treatment attenuates the cytotoxic effects of
ATM inhibition in PTEN-deficient cells, underscoring oxidative DNA damage as a key driver of synthetic
lethality in this context [84].

2.5 ATM Inhibition as a Chemosensitizing and Radiosensitizing Strategy in Cancer Therapy

Even in ATM-proficient tumors, ATMi sensitize cells to DNA-damaging therapies, including IR [85,86],
topoisomerase (TOP) inhibitors [85,87], and platinum-based chemotherapies [88-90], by preventing DSB
repair and forcing damaged cells into mitosis, ultimately triggering cell death.

Importantly, pharmacologic inhibition differs fundamentally from genetic ablation: partial ATM activity
is retained, which may mitigate systemic toxicity while preserving anti-tumor efficacy, expanding the
therapeutic window [86,91,92]. Clinical and preclinical studies have demonstrated that deletion or inhibition
of ATM can potentiate radiotherapy (RT) and chemotherapy across diverse malignancies, including
gliomas [93,94], breast [95,96], lung [97], and head and neck cancers [98,99], with particular efficacy
in tumors harboring DDR deficiencies. Emerging preclinical evidence further refines key considerations
for the clinical implementation of ATM inhibitors, particularly regarding optimal sequencing, duration of
exposure, and patient stratification.

Recent studies with AZD1390 demonstrate robust and consistent radiosensitization across diverse
breast cancer patient-derived xenograft (PDX) models, irrespective of intrinsic radiosensitivity or receptor
status, achieving tumor growth inhibition of up to ~80-85% when combined with radiotherapy. Notably,
these effects were accompanied by sustained tumor control in a substantial proportion of cases, supporting
the concept that ATM inhibition can broaden the therapeutic benefit of radiotherapy beyond inherently
radiosensitive tumors. However, delayed tumor regrowth observed in approximately one-third of models
highlights a critical challenge, namely, the emergence of adaptive resistance. Mechanistically, resistance
does not appear to arise from restoration of DNA damage repair capacity, but rather from transcriptional
reprogramming involving upregulation of oncogenic pathways (e.g., matrix metalloproteinase-9 (MMP-9))
and cytoskeletal and migratory signaling (e.g., p21-activated kinase (PAK) pathway components), alongside
modulation of hormone-related pathways. These findings suggest that the long-term efficacy of ATM
inhibitor-radiotherapy combinations may depend on rational integration with additional targeted agents
aimed at suppressing compensatory survival and metastatic programs. Thus, future strategies should
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prioritize biomarker-driven combination therapies, potentially incorporating inhibitors of invasion, EMT,
or pro-survival signaling [96].

Equally important is the optimization of treatment scheduling. Experimental data indicate that
even relatively short durations of ATM inhibition (>8 h) following irradiation are sufficient to enhance
radiosensitivity, with maximal effects observed at ~24 h. This has important translational implications,
suggesting that prolonged systemic exposure may not be necessary, thereby potentially reducing toxicity
while preserving efficacy. Furthermore, the interaction between ATM inhibition and radiotherapy appears
to depend on fractionation schemes, with certain regimens (e.g., hypofractionation versus single high-dose
irradiation) demonstrating differential benefit from combination therapy. This underscores the need to tailor
ATM inhibitor scheduling to specific radiotherapy protocols rather than adopting a uniform approach. From
a personalization perspective, genetic context remains a critical determinant of response. For example, TP53
deficiency, highly prevalent in several tumor types, has been associated with enhanced sensitivity to ATM
inhibition due to impaired cell cycle checkpoint control and increased susceptibility to mitotic catastrophe.
Additionally, persistent DNA damage signaling and genomic instability observed in some models suggest
that ATM inhibition may induce a state of prolonged vulnerability to subsequent DNA-damaging therapies,
opening avenues for adaptive or sequential treatment strategies [96,100].

2.6 ATM Inhibition as a Strategy to Enhance Anti-Tumor Immunity

Beyond monotherapy or conventional combination strategies, recent evidence suggests that ATMi
can enhance immunogenicity by promoting cyclic GMP-AMP synthase—stimulator of interferon genes
(cGAS-STING) pathway activation and programmed death-ligand 1 (PD-L1) upregulation, creating a
compelling rationale for novel radio-immunotherapy or chemo-immunotherapy regimens [101,102].

3 ATM Inhibitors in Cancer Treatment
3.1 Completed Studies
3.1.1 Early ATM Inhibitors

Early pharmacological efforts to modulate the DDR and enhance radiosensitivity relied largely on
nonspecific agents, laying the foundation for the development of more selective ATM inhibitors. Among
the earliest compounds, wortmannin, a fungal metabolite originally characterized as a phosphoinositide
3-kinase (PI3K) inhibitor, was the first small molecule proposed to target ATM. Wortmannin irreversibly
inhibits multiple members of the PIKK family, including ATM, DNA-PKcs, and mechanistic target of
rapamycin (mTOR) at nanomolar concentrations, with weaker activity against ATR at micromolar levels.
Moreover, the covalent and irreversible binding nature of wortmannin results in significant systemic
toxicity and adverse effects in vivo, severely limiting its translational utility. Notably, renewed interest
in wortmannin emerged with the development of nanoparticle-based delivery systems, which markedly
reduced toxicity and reopened the possibility of exploiting its DDR-modulating properties in a therapeutic
context [103-105].

Caffeine represents another historically important radiosensitizer that has been extensively studied,
although its precise molecular mechanism remains incompletely defined. Structurally related to
methylxanthines, caffeine acts as a weak and broad-spectrum kinase inhibitor at high concentrations,
and was later shown to inhibit ATM and ATR activities at doses comparable to those required for
radiosensitization. However, the concentrations necessary to inhibit ATM (ICs5, = 0.2 mM) approach
or exceed toxic thresholds in vivo, precluding its clinical application and underscoring the need for more
potent and selective agents [106-109].
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These limitations ultimately drove the rational development of specific ATM inhibitors. Building
on early screening efforts, Smith and colleagues identified the chromenone derivative LY294002 [110]
as a starting scaffold, which was subsequently optimized to improve potency and selectivity. This
work culminated in the generation of KU-55933, the first highly selective ATP-competitive inhibitor
of ATM. Structural modifications, including replacement of the chromen-4-one core with a pyran-4-one
and incorporation of a thianthrene moiety, yielded a compound with nanomolar potency against ATM and
strong selectivity over related kinases such as ATR, DNA-PKcs, PI3K, and mTOR [111]. The development
of KU-55933 marked a pivotal advance in the field, providing a pharmacological tool capable of selectively
dissecting ATM function and establishing proof-of-concept for ATM inhibition as a viable strategy for
radiosensitization leading to the development of KU-59403 and KU-60019 (Fig. 2) [112].

Feature LY294002 KU-55933 KU-59403 KU-60019
Enzymatic activit,
¥ AT Y ICso > 100 000 "M ICso =12.9 M ICso =3 M ICso = 6.3nM
Selectivity 100-fold 1000-fold 270-fold
(ATM vs. ATR/DNA-PK) Not reported (PIKK family) (PIKK family) (DNA-PK)
Clinical trials Not reported Not reported Not reported NCT Number: NCT03571438
Status unknown

Figure 2: Hit-to-lead optimization from LY294002 to KU-60019 with compounds properties [112]. Created in
BioRender. Kciuk M (2026) https://BioRender.com/2jhkkx9 (accessed on 11 May 2026).

Subsequent efforts focused on improving pharmacokinetic properties, cellular permeability, and
in vivo tolerability, which led to the development of several additional ATM inhibitors with diverse
chemical scaffolds. One of the early compounds emerging from these efforts was CP466722. Further
medicinal chemistry optimization led to additional small-molecule inhibitors with improved potency
and cellular activity, including WSD0628, which displayed enhanced inhibitory activity against ATM
and showed promising radiosensitizing effects in preclinical tumor models. Parallel drug discovery
programs also produced compounds with improved pharmacological properties suitable for clinical
development. Among these, AZD0156 and AZD1390, developed by AstraZeneca, represent highly potent
and selective ATP-competitive ATM inhibitors. AZD0156 demonstrated strong activity in combination with
DNA-damaging agents and radiation, while AZD1390 was specifically designed to achieve ATM inhibition
in central nervous system malignancies [113-115] (Fig. 3) as discussed in subsequent sections.

3.1.2 KU-55933

KU-55933 is a seminal ATP-competitive inhibitor that has fundamentally shaped the understanding of
ATM biology and its therapeutic exploitation in cancer. KU-55933 potently inhibits ATM with nanomolar
activity (ICso = 13 nM; K; = 2.2 nM) and high selectivity over related kinases such as ATR and DNA-PKcs. In
cellular systems, KU-55933 selectively abrogates IR-induced phosphorylation of canonical ATM substrates,
including TP53, YH2AX, Nibrin (NBS1), and structural maintenance of chromosomes protein (SMC1),
while sparing UV-induced ATR signaling, thereby phenocopying genetic ATM deficiency. Functionally,
ATM inhibition by KU-55933 robustly sensitizes cancer cells to IR and DSB—inducing chemotherapeutics
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such as etoposide, doxorubicin, and camptothecin (CPT), with no additional effects in ATM-null AT cells,
confirming its on-target specificity [111]. Comparative analyses with DNA-PKcs inhibitors demonstrated
complementary DDR roles, wherein ATM governs early YH2AX signaling intensity, and DNA-PKcs controls
later repair kinetics. Furthermore, combined inhibition profoundly suppresses H2AX phosphorylation and
markedly enhances radiosensitization in breast cancer models [116].

/o /Nw
~o NN
HoN AN
N
\< /
N
/ N\
N
CP466722

AZD0156 AZD1390
Figure 3: Chemical structures of CP466722, WSD0628, AZD0156, and AZD1390.

KU-55933 was also pivotal in defining ATM as a critical regulator of HR, reducing its efficiency
by up to 90% in growth-arrested cells and revealing crosstalk between ATM and rapidly accelerated
fibrosarcoma (RAF)/mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase
(ERK) signaling pathways that influence genome stability and therapy response [117]. Synthetic lethal
interactions have further underscored its translational relevance: Fanconi anemia pathway-deficient
fibroblasts and pancreatic cancer cells exhibit constitutive ATM activation and exquisite sensitivity to
KU-55933, resulting in DNA breakage, checkpoint failure, and apoptosis [118]. KU-55933 has also exposed
non-canonical ATM functions, including regulation of ribonucleotide reductase (RNR), mitochondrial
homeostasis, and cellular metabolism, where ATM inhibition induced mitochondrial DNA depletion
and metabolic stress [119]. Mechanistic dissection of PIKK signaling using KU-55933 clarified pathway
specificity during RS and response to platinum chemotherapy, demonstrating that ATM, ATR, and DNA-PKcs
distinctly shape RPA2 phosphorylation, CHK1 signaling, and drug sensitivity [120]. Subsequent studies
expanded ATM’s role into S-phase checkpoint control and RS responses, showing that KU-55933 phenocopies
Werner syndrome protein (WRN) deficiency during interstrand crosslink repair [121], modulates tumor
immunogenicity by suppressing ATM/ATR-dependent induction of natural killer (NK)-activating ligands
in multiple myeloma [122], and blocks ATM-dependent MEK/ERK/NF-kB prosurvival signaling during
radioadaptive responses [123].

In melanoma, KU-55933 sensitizes cells to TNF-related apoptosis-inducing ligand (TRAIL)-induced
apoptosis by inhibiting ATM-signal transducer and activator of transcription 3 (STAT3) signaling,
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downregulating (FADD-like IL-13—-converting enzyme)-inhibitory protein (cFLIP), and upregulating
death receptor 5 (DR5) independently of TP53 and NF-kB [124]. ATM-dependent control of nucleotide
metabolism was elucidated when KU-55933 was shown to block CHK1- and E2F transcription factor
1 (E2F1)-mediated induction of ribonucleotide reductase regulatory subunit M2 (RRM2) following CPT
treatment, thereby impairing deoxyribonucleoside triphosphate (ANTP) synthesis and enhancing DNA
damage [125]. Cytoplasmic ATM signaling has likewise been implicated in protein kinase B (PKB/AKT)
activation and survival. KU-55933 suppresses insulin- and insulin-like growth factor 1 (IGF-1)-induced AKT
phosphorylation, induces G1 arrest via cyclin D1 downregulation, promotes apoptosis, and synergizes with
rapamycin by preventing compensatory AKT activation [126]. ATM inhibition also alters core cell-cycle and
apoptotic regulators across cancer models, affecting cyclins, retinoblastoma protein (pRB) phosphorylation,
TP53 activation, and Bcl-2-associated X protein (BAX) or P21 expression [127]. Interactions between ATM
and AKT further influence cell-cycle-phase-specific DNA repair capacity and radioresistance [128].

KU-55933 has been extensively employed to delineate ATM-dependent responses under oxidative stress
and in various chemotherapeutic contexts. Studies have demonstrated its involvement in selenium-induced
DNA damage responses [129], doxorubicin-mediated checkpoint regulation [130], cadmium-induced
radioadaptive responses [131], sustained P21-dependent G2 cell cycle arrest [132], ROS-driven apoptosis [133],
and the protection of normal ovarian tissue from chemotherapy-induced apoptosis [134].

Importantly, KU-55933 selectively radiosensitizes glioma stem cells while sparing differentiated tumor
cells, implicating ATM as a key determinant of CSC radioresistance [135]. ATM kinase activity also feeds
back on its own transcriptional regulation through BRCA1, E2F1, and C-terminal binding protein (CtBP)
interacting protein (CtIP), as revealed by inhibition studies involving KU-55933 [136].

In glioblastoma multiforme (GBM), ATM inhibition with KU-55933 markedly sensitizes O°-methylguanine-
DNA methyltransferase (MGMT)-negative tumors to temozolomide by impairing DSB repair and sustaining
YH2AX signaling, while providing little benefit in MGMT-overexpressing resistant models [137].

Oncogenic kinase-driven resistance, such as that mediated by Aurora-A, can be reversed by the
selective ATM inhibition with KU-55933 [138]. Similarly, KU-55933 blocks ATM-dependent autophagy
mediated via the AMPK-Unc-51-like autophagy activating kinase 1 (ULK1) pathway, thereby enhancing
temozolomide cytotoxicity [139]. In lung cancer, ATM-driven cytoprotective autophagy limits cisplatin-induced
radiosensitization, an effect that is also reversed by KU-55933 [140].

Across multiple tumor types, including GBM, lung, breast, bladder, gynecologic, and hepatocellular
cancers, KU-55933 consistently enhances the efficacy of RT, chemotherapy, and targeted agents with
particularly strong effects in therapy-resistant and stem-like populations [141-143]. Context-dependent
effects have also been noted, as inappropriate dual PIKK inhibition may paradoxically increase survival
under specific genotoxic exposures [144], highlighting the need for rational scheduling and patient selection.

Advances in nanoparticle and mitochondria-targeted delivery of KU-55933 have improved in vivo
radiosensitization while reducing normal tissue toxicity [145,146]. Recent studies have expanded the role
of ATM into metabolic reprogramming and tumor invasiveness, demonstrating that ATM promotes glucose
transporter 1 (GLUT1) trafficking, glycolysis, EMT, and metastatic potential in AKT-hyperactivated tumors.
These processes are disrupted by KU-55933 and are further sensitized by mitochondrial stressors [147,148].
KU-55933 also reverses multidrug resistance by inhibiting ATP-binding cassette subfamily G member
2 (ABCG2) efflux activity [149] and exhibits synergistic effects with PARP inhibitors [150], epidermal
growth factor receptor (EGFR) tyrosine kinase inhibitors [151], thioredoxin reductase inhibitors [152], and
hypoxia-targeted strategies [153] in genetically defined contexts. However, the clinical utility of KU-55933
is constrained by its poor aqueous solubility and limited in vivo bioavailability (Table S1).
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3.1.3 KU-59403

In preclinical studies, KU-59403 exhibited sufficient potency, selectivity, and solubility to enable
advanced pharmacologic evaluation, yet showed minimal intrinsic cytotoxicity as a single agent across
multiple human cancer cell lines, including colorectal and breast cancer models. Instead, its primary
antitumor activity emerged in combination settings, where KU-59403 significantly potentiated the cytotoxic
effects of TOP I and II poisons, including CPT, etoposide, and doxorubicin, as well as IR, through
suppression of ATM-dependent DNA damage signaling and repair. Notably, this chemosensitization
and radiosensitization were independent of TP53 status, indicating broad applicability across genetically
heterogeneous tumors. Pharmacokinetic (PK) studies in mice demonstrated that KU-59403 achieved
favorable tissue distribution, with tumor concentrations exceeding those required for in vitro ATM inhibition,
sustaining for several hours following systemic administration. In vivo efficacy studies further showed that
KU-59403 markedly enhanced the antitumor activity of TOP inhibitors in human colon cancer xenograft
models at doses that were non-toxic as monotherapy and well tolerated in combination regimens, with
chemosensitization dependent on both dose and treatment schedule. Despite these encouraging findings,
published data on KU-59403 remain limited to a small number of foundational preclinical studies, and
no subsequent clinical development or extensive mechanistic exploration has been reported. As such,
KU-59403 occupies an important but largely historical position in the ATM inhibitor field, serving as one
of the first compounds to demonstrate that systemic ATM inhibition can be pharmacologically feasible,
well tolerated, and therapeutically synergistic in vivo, thereby paving the way for later generations of more
potent and clinically advanced ATM inhibitors [154].

3.1.4 KU-60019

KU-60019 is a second-generation ATM kinase inhibitor derived from KU-55933 that has been extensively
validated as a potent radiosensitizer and antitumor agent across multiple cancer models [155]. In
GBM, KU-60019 produces rapid, reversible, and near-complete suppression of the DDR at nanomolar
concentrations, inhibiting phosphorylation of canonical ATM substrates including TP53, H2AX,
KRAB-associated protein 1 (KAP1), and AKT, while effectively radiosensitizing both bulk tumor cells and
glioma-initiating/stem-like cells [135,156]. Radiosensitization by KU-60019 is highly genotype-dependent,
with greatest efficacy observed in tumors harboring mutant or low TP53 expression and elevated PI3K/AKT
signaling [157-159]. In vivo studies using orthotopic GBM xenografts demonstrated that local delivery of
KU-60019 in combination with radiation significantly prolongs survival, particularly in TP53-mutant tumors,
without detectable neurotoxicity [157]. Beyond glioma, KU-60019 exploits synthetic lethal interactions
in PTEN-deficient cancers [160,161], where ATM addiction driven by oxidative DNA damage renders
tumor cells highly sensitive to ATM inhibition alone or in combination with radiation, cisplatin [88], PARP
inhibitors [162], or TOP II poisons [87].

Mechanistically, KU-60019 disrupts DNA repair, abrogates the G2 checkpoint, suppresses pro-survival
AKT signaling, interferes with autophagic flux, and enhances apoptotic cell death [155,163]. More
recent studies further suggest that KU-60019 may modulate tumor immune evasion by downregulating
PD-L1 and that its therapeutic index can be improved by combination with redox-modulating agents
such as pharmacologic ascorbate, which enhances tumor radiosensitization while protecting normal
tissues [164,165].

In SKOV3 ovarian cancer cells, treatment with KU-60019 for 24 h resulted in a significant
downregulation of hsa-miR-1273g-3p accompanied by an elevation of diacylglycerol O-acyltransferase
1 (DGATI) expression, as determined by RT-gPCR. Functional enrichment analyses revealed that
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DGAT1-associated genes were involved in cytokine receptor interaction, T-cell receptor signaling, and
apoptotic pathways, suggesting a broader role of DGAT1 in tumor-related immune and survival processes.
Mechanistically, overexpression of hsa-miR-1273g-3p via synthetic mimics abrogated the KU-60019-induced
upregulation of DGAT1 and partially restored cell viability, supporting a direct regulatory interaction
between miR-1273g-3p and DGAT1 in the context of ATM inhibition. Moreover, pharmacological inhibition
of DGAT1 counteracted KU-60019-mediated effects on cancer cells’ migration, further supporting the
functional importance of this axis. Clinically, Kaplan—-Meier survival analysis revealed that elevated DGAT1

expression was associated with poorer overall survival in ovarian cancer patients [166] (Table 1).

Table 1: Key preclinical insights derived from studies involving use of KU-60019 as ATM inhibitor.

Model/System Key Findings PMID
KU-60019, an improved KU-55933 analogue, showed
gt oms s 17,1z, AT o nd osenstzaiono!
U1242/luc-GFP), normal human fibroblasts ;gnigration a’n d invasion via sup ;)ressiIZ)n O}fl ’ 19808981
(GM02270), and A-T fibroblasts (GM05823) AKT/MEK-ERK signaling. Additional MEK/AKT
inhibition did not further increase radiosensitization.
KU-60019 induced rapid, reversible ATM/DDR
Human glioblastoma cell lines (U1242, U1242/luc-GFP, suppression in GBM cells, inhibited ph9sphorylat1on
U373, U87) and hESC-derived human astrocytes of ATM targets and AKT phosphorylation, enhanced =~ 22370485
’ radiosensitivity (more than TMZ), and reduced glioma
growth with minimal toxicity to normal astrocytes.
ATM-driven DDR was constitutively active in GSCs.
Patient-derived glioma stem cell (GSC) lines: BORRU  KU-60019 selectively radiosensitized stem-like glioma
(strong stem phenotype) and DR177 (weak stem cells to DSB-inducing agents via ATM inhibition and 22257080
phenotype), derived from grade IV GBM G2/M accumulation, while sparing
differentiated/nonstem cells.
Orthotopic GBM xenograft models in mice using KU-60019 inhibited ATM/DDR signaling in vivo and
human glioma cell lines expressing markedly enhanced radiosensitivity and survival in
luciferase/fluorescent reporters: U1242/luc-GFP (p53  glioma-bearing mice, with strongest effects in 23620409
R175H), U87/luc-DsRed (p53 WT), and isogenic TP53-mutant tumors consistent with synthetic
U87/luc-DsRed-p53 (281G); lethality.
Primary human glioblastoma-initiating cell (GIC) KU-60019 selectively radiosensitized proliferative
lines derived from Grade IV GBM (2.11, BORRU, GICs in a TP53-low/PI3K-high and ATM-dependent
COMI, DEMI, DR177, MPM176, PERU, VIPI), all manner, eradicated radioresistant populations 24443327
capable of forming orthotopic tumors in NOD/SCID without inducing stable resistance, and showed
mice minimal toxicity or mutagenicity in vitro and in vivo.
Adult and pediatric glioma-initiating cells (GICs)
capable of forming orthotopic tumors in NOD/SCID
fiees a(.iult GB GICs with varyng TPSS/PBK . KU-60019 required local intracranial delivery due to
expression profiles and pediatric high-grade glioma oor BBB penetration, showed rapid brain clearance
GICs (WHO grade Il and IV); KU-60019 delivered poor BBL penetration, LA 25091220
. . . . with minimal toxicity, and radiosensitized adult and
intracranially by convection-enhanced delivery (CED) ediatric GICs accordine to TP53/PISK status
with pharmacokinetic analysis by HPLC-MS; P & ’
orthotopic GB models and in vitro
proliferation/radiosensitization assays
Orthotopic human glioblastoma xenografts in mice KU-60019 m.h ibited ATM/D.D.R. signaling o a.nd
enerated from U87 and U1242 glioma cell lines enhanced glioma radiosensitivity and survival, with
& ’ strongest effects in TP53-mutant and encapsulated 23620409

including isogenic p53 wild-type and mutant
(p53-281G) variants

tumors, while reducing invasion and showing
minimal normal-brain toxicity.
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Table 1: Cont.

13

Model/System Key Findings PMID
PTEN-deficient and PTEN-proficient human cancer .
cell lines (including HCT116 PTEN-null cells, PC3 PTEN. los‘s induced R.OS-erendenF DNA dam?ge and
cells with inducible PTEN re-expression constitutive ATM activation, creating synthetic
. £ ’ lethality with ATM inhibition. KU-60019 selectively 25870146
ATM-deficient and ATM-reconstituted human .. . . .
eliminated PTEN-deficient tumors by triggering
fibroblasts), complemented by tumor xenograft . . . .
models catastrophic genomic instability and apoptosis.
Human breast cancer cell lines including KU-60019 seleFt1vely enhanced c1sp1at1.n cytotoxl.c1ty
. . . in PTEN-deficient breast cancer cells via synthetic
PTEN-deficient MDA-MB-468 (triple-negative breast lethality, increasing apoptosis by exacerbating DNA 29522753
cancer, TNBC) and PTEN-wild-type MDA-MB-231, Y, Increasing apop 0sis by '
MCE-7. and T47D cells damage and impairing ATM-dependent repair and
’ HR.
ATM inhibition increased DNA damage and
compensatory PARP activity; combined ATM and
PARP1 loss caused synergistic DNA damage
Human cancer cell lines including nasopharyngeal accumulation and G2 checkpoint activation,
carcinoma (NPC) lines (C666-1, CNE2, HNE1, indicating bidirectional synthetic lethality driven 31597711
HONEL1), HeLa, H1299, and telomerase-immortalized =~ mainly by impaired DNA repair rather than PARP
normal nasopharyngeal epithelial cells trapping. Bypass of the G2 checkpoint in
ATM-deficient cells occurred only after a delay,
indicating that checkpoint adaptation rather than
immediate failure contributes to cell death.
PTEN loss drives a pro-resistance transcriptional
Faman snd e NSCLC el (5525, oy, o AT dpenden D omae e
CRISPR-engineered PTEN-mutant clones, KP and KPP ) . .\ . v 35477555
lines), organotypic ex vivo tumor slices but strongly radiosensitized PTEN-deficient tumors in
’ combination with IR, an effect reversible by PTEN
restoration.
KU-60019 interfered with ATM-TOP23 interaction,
stabilizing TOP2[3-DNA cleavage complexes. This
impaired repair of VP-16-induced DSBs led to 36650267
Human lung cancer cells (H1299, A549) and HEK293  increased DNA damage accumulation and apoptosis. ’
. . . 38627539,
normal cells KU-60019 combined with VP-16 synergistically
. 37620619
suppressed cell growth and survival. Effects were
dose- and time-dependent and observed in multiple
lung cancer cell lines.
KU-60019, alone or combined with vacquinol-1,
Human tumor cell lines (HT-1080 fibrosarcoma, H-460  showed synergistic PD-L1 inhibition. System biology
L s 11 31626963
lung cancer) analysis highlighted potential kinase pathways
regulating PD-L1 expression.
KU-60019 combined with pharmacologic ascorbate
Human colorectal tumor cells (HCT116, SW480, enhanced tumor radiosensitization via H,O,-mediated
HT29) and murine colorectal tumor cells (CT26, oxidative DNA damage and G2 checkpoint 36228747

MC38); normal cells: HUVEC, FHs74

abrogation, while reducing normal tissue toxicity and
fibrosis and inhibiting ATM activation in tumors.

3.1.5 CP466722

CP466722 represents one of the earliest pharmacological probes developed to interrogate and
therapeutically exploit ATM kinase function in DDR. Identified through targeted compound library screening,
CP466722 is a selective, cell-active ATM inhibitor that suppresses ATM-dependent phosphorylation events
without inhibiting PI3K or other PI3K-like kinases. A distinctive feature of CP466722 is the rapid and
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fully reversible inhibition of ATM activity upon drug withdrawal, enabling temporal dissection of ATM
signaling that is not achievable with genetic ablation approaches. Using this compound, transient ATM
inhibition was shown to be sufficient to abrogate cell cycle checkpoints and robustly sensitize tumor cells
to IR, demonstrating that short-lived ATM suppression can confer durable radiosensitization [86]. These
properties positioned CP466722, alongside KU-55933, as a foundational preclinical tool supporting ATM
as a rational radiosensitization target [167]. Beyond RT, CP466722 has been instrumental in defining
synthetic lethal interactions between ATM and other DNA repair pathways. Concurrent inhibition of
ATM and PARP using CP466722 and AZD2461 enhanced apoptosis and growth suppression in breast
cancer models, underscoring the dependence of PARP-inhibited cells on intact ATM-mediated damage
signaling [168]. However, subsequent chemical proteomic profiling revealed that CP466722 also binds
strongly to activin receptor-like kinase 2 (ALK2), highlighting unanticipated off-target activity and
emphasizing the importance of orthogonal validation when interpreting biological effects attributed to
ATM inhibition [169]. Despite these limitations, CP466722 continues to be leveraged in translational and
computational studies, including drug sensitivity modeling in diffuse large B-cell lymphoma and ovarian
cancer, where predicted responsiveness to CP466722 correlates with specific epigenetic or relapse-associated
risk signatures [170,171]. CP466722 has also provided important insights into the non-canonical functions of
ATM in chemotherapy resistance and tumor progression. In models of cisplatin-resistant lung cancer, ATM
expression is markedly upregulated following chronic cisplatin exposure and is further inducible by cisplatin
treatment in parental cells, coinciding with the acquisition of aggressive phenotypes characterized by EMT,
enhanced migration, invasion, and metastatic capacity. Pharmacological inhibition of ATM using CP466722,
or genetic depletion of ATM, effectively reverses EMT markers, restoring E-cadherin while suppressing
N-cadherin, vimentin, and snail family transcriptional repressor 1 (SNAIL), and significantly attenuates
invasive and metastatic behavior both in vitro and in orthotopic xenograft models. Mechanistically, ATM
was shown to promote immune-evasive and pro-metastatic signaling by upregulating PD-L1 expression
through activation of the JAK1/2-STAT3 pathway, linking DNA damage signaling directly to immune
checkpoint regulation. Inhibition of ATM with CP466722 suppresses JAK/STATS3 signaling, reduces PD-L1
expression, and phenocopies the effects of PD-L1 neutralization or JAK/STAT inhibition in limiting EMT
and invasion [66] (Table 2).

Table 2: Key preclinical insights derived from studies involving use of CP466722 as ATM inhibitor.

Model/System Key Findings PMID
Human cancer and normal cell lines (HeLa, MCF?7, CP466722 is a selective, reversible, and non-toxic

HFF, hTERT-immortalized HFF, A-T fibroblasts), ATM inhibitor that suppressed ATM signaling,

mouse embryonic fibroblasts (ATM wild-type and induced checkpoint defects, and radiosensitized 18794134
ATM-deficient), and murine pre-B cells expressing ATM-proficient cells without affecting ATM-deficient

BCR-ABL cells.

Combined ATM (CP466722) and PARP-1 (AZD2461)
inhibition induced synthetic lethality in breast cancer
cells, enhancing cytotoxicity, apoptosis, and growth
suppression beyond either agent alone.

Human breast cancer cell lines: MCF-7 and SKBr-3 25337581

Relapse OC showed altered cell composition and a

5-gene RiskScore (LDHA, NOP58, NMU, KRT19,

RPS23) predicting poor prognosis and broad 40821986
chemoresistance (including CP466722), while KRT19

knockdown reduced invasion and migration in vitro.

Ovarian cancer relapse model: TCGA and GEO
patient cohorts; single-cell RNA-seq of primary vs.
relapse OC; in vitro validation in IOSE-80 and
SK-OV-3 cells

Cisplatin-resistant lung cancer cells exhibited EMT,

Cisplatin-resistant NSCLC models: A549CisR and increased ATM expression, and enhanced
H157CisR cells derived from parental A549P and invasiveness, while ATM inhibition (CP466722 or 30961670
H157P cells; orthotopic xenograft mouse model knockdown) reversed EMT, reduced metastasis, and

lowered PD-L1 expression in vitro and in vivo.
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3.1.6 WSD0628

WSD0628 is a next-generation, small-molecule inhibitor of ATM kinase that was rationally developed
to overcome the limited CNS exposure of earlier ATM inhibitors and thereby enabling effective
radiosensitization of primary and metastatic brain tumors. Preclinical PK studies in mice demonstrated that
WSD0628 is orally bioavailable and achieves greater-than-dose-proportional systemic and brain exposure,
consistent with saturation of clearance mechanisms, while exhibiting favorable CNS penetration with
unbound brain-to-plasma partition coefficients ranging from 0.15 to 0.3 and uniform distribution across
brain regions. Importantly, CNS exposure was not restricted by the efflux transporters P-glycoprotein
(P-GP) or breast cancer resistance protein (BCRP), establishing WSD0628 as a bona fide brain-penetrant
ATM inhibitor suitable for systemic administration [172].

In line with its intended mechanism, WSD0628 displays high kinase selectivity, minimal aldehyde
oxidase liability, and low predicted human ether-a-go-go-related gene (hERG) risk, and effectively blocks
radiation-induced ATM signaling suppressing YH2AX foci formation [100]. Functionally, WSD0628 potently
radiosensitized glioma cells and patient-derived xenograft models of GBM and brain metastases, resulting
in prolongation of animal survival in orthotopic models when combined with RT, with median survival
increases exceeding an order of magnitude in several models compared with radiation alone [100].

However, consistent with the central role of ATM in normal tissue DDR, WSD0628 also profoundly
enhanced radiation-induced acute oral and esophageal toxicities in vivo, with sensitizer enhancement ratios
increasing with both drug dose and radiation fractionation, effectively abrogating the normal tissue sparing
typically conferred by fractionated RT [173].

Collectively, these findings establish WSD0628 as a clinically promising, brain-penetrant ATM inhibitor
with exceptional radiosensitizing efficacy in CNS tumors, while simultaneously underscoring the need for
carefully optimized radiation strategies to safely translate ATM inhibition into the clinical management of
GBM and brain metastases [100,172,173] (Table 3).

Table 3: Key preclinical insights derived from studies involving use of WSD0628 as ATM inhibitor.

Model/System Key Findings PMID
Preclinical pharmacokinetic and CNS distribution WSDO0628 is an orally bioavailable ATM inhibitor with

model: Mouse systemic PK studies with oral and consistent CNS penetration, saturable clearance, and

intravenous dosing; CNS, plasma, and tissue predicted clinically achievable brain exposure 38858089
distribution analysis; P-gp/Bcrp knockout mice; sufficient for sustained radiosensitization without

intracranial tumor—bearing mice efflux transporter limitation.

WSDO0628 is a selective, brain-penetrant ATM
inhibitor that suppresses radiation-induced ATM
signaling, enhances GBM radiosensitivity, and
prolongs survival in PDX models when combined
with radiation, with confirmed tumor target
inhibition.

Preclinical in vitro and in vivo radiosensitization
model: GBM cell lines (U251), brain metastasis and
GBM patient-derived xenografts (GBM12, GBM43,
GBM120, M12), including orthotopic intracranial PDX
models

40230030

WSD0628 markedly increased radiation-induced

normal tissue toxicity in a dose- and

fraction-dependent manner, reducing the sparing 39559836
effect of fractionation and necessitating modified

BED-based radiotherapy scheduling.

Preclinical normal tissue toxicity model:
Non-tumor-bearing FVB mice receiving single or
fractionated radiation to the oral cavity or esophagus
in combination with the ATM inhibitor WSD0628
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3.1.7 AZD0156

AZDO0156 is a potent, selective, and orally bioavailable ATM inhibitor. Extensive preclinical evidence
demonstrates that pharmacologic ATM inhibition by AZD0156 effectively abrogates irradiation-induced
ATM signaling at low nanomolar concentrations, suppressing phosphorylation of canonical ATM substrates
and impairing DSB repair, thereby conferring robust radiosensitization across multiple tumor types while
relatively sparing normal tissues [174-178]. AZD0156 has been shown to synergize strongly with IR in vitro
and in vivo, enhancing clonogenic cell death, inducing G2/M checkpoint failure, promoting senescence,
and increasing residual DNA damage following fractionated and single-dose RT (effects that are often
accentuated in TP53-deficient or HR-proficient tumors) [176,177,179]. Mechanistically, ATM inhibition
rewires DNA repair pathway choice by suppressing end resection and HR, thereby forcing reliance on
error-prone NHE], particularly in the context of high linear energy transfer radiation such as proton Bragg
peak irradiation, where AZD0156 uniquely enhances relative biological effectiveness compared with ATR
inhibition [180].

Beyond RT, AZD0156 exploits synthetic lethal interactions with diverse DDR deficiencies and cytotoxic
therapies. ATM inhibition markedly potentiates the activity of PARP inhibitors such as olaparib by
preventing repair of replication-associated DNA damage, leading to accumulation of DSBs, sustained
checkpoint activation via ATR-CHK1-WEE1 signaling, and apoptotic cell death across lung, gastric, breast,
pancreatic, and colorectal cancer models [162,174].

Similarly, AZD0156 demonstrates selective efficacy in ATM-deficient or DDR-altered contexts in
pancreatic ductal adenocarcinoma (PDAC), biliary tract cancer, lung cancer with transmembrane protein
176 A (TMEM176A) methylation, esophageal squamous cell carcinoma with silenced schlafen family member
11 (SLENT11I) silencing, alpha thalassemia/mental retardation syndrome X-linked (ATRX)-deficient gliomas,
mature T-cell lymphomas, uterine leiomyosarcoma with HR defects, and polo-like kinase 4 (PLK4)-driven
chromosomal instability, highlighting ATM dependency as a predictive biomarker of response [181-185].

Importantly, emerging data indicate that AZD0156 exerts profound immunomodulatory effects when
combined with DNA-damaging therapies. In pancreatic cancer and head and neck squamous cell carcinoma,
ATM inhibition amplifies radiation-induced type I interferon (IFN) signaling through STING-dependent
and RNA Polymerase III (POLIII)/retinoic acid-inducible gene I (RIG-I)/mitochondrial antiviral signaling
protein (MAVS) pathways, leading to increased expression of IFN-[3, major histocompatibility complex class
I (MHC-I), enhanced CD8* T-cell infiltration, immunogenic memory formation, and sensitization to immune
checkpoint blockade [186-188]. However, context-dependent immune effects have also been observed,
including immune-suppressive transcriptomic changes and altered cytokine secretion profiles following
ATM inhibition in certain settings, underscoring the importance of rational combination strategies and
dose optimization [98,189] (Table 4).

3.1.8 AZD1390

AZD1390 is a next-generation, highly potent and selective ATM kinase inhibitor developed specifically
to overcome one of the major limitations in CNS oncology: inadequate blood-brain barrier (BBB) penetration
of DDR-targeted therapies. AZD1390 exhibits sub-nanomolar cellular potency (ICsy = 0.78 nM), exceptional
selectivity (>10,000-fold over other PIKK family members), and favorable oral bioavailability, with BBB
penetration validated by positron emission tomography imaging using ' C-labeled AZD1390 in non-human
primates [190].

Pharmacodynamically, AZD1390 potently suppresses ATM-dependent signaling following IR, inhibiting
phosphorylation of canonical substrates such as ATM-Ser1981 and RADS50, abrogating G2/M checkpoint
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arrest, promoting micronuclei formation, and inducing apoptosis. These effects translate into robust
radiosensitization across glioma, lung cancer, and metastatic brain tumor models, with particularly strong
responses observed in TP53-mutant tumors, where elevated basal ATM signaling and HR dependency create

a heightened vulnerability to ATM inhibition [190,191].

Table 4: Key preclinical insights derived from studies involving use of AZD0156 as ATM inhibitor.

Model/System

Key Findings

PMID

Preclinical in vitro and in vivo models: ATM-isogenic
FaDu cells; lung, gastric, and breast cancer cell lines;
lung xenograft model; two patient-derived
triple-negative breast cancer (TNBC) xenograft
models

AZD0156 inhibited ATM signaling and acted as a
potent radiosensitizer, enhancing radiation and
olaparib-induced DNA damage, apoptosis, and tumor
growth inhibition across multiple cancer models
including TNBC PDX.

31534013

Preclinical in vitro: Six human HNSCC cell lines
(HPV+ UM-SCC-47, UD-SCC-2; HPV-Cal33, HSC4)
and two healthy human fibroblast cultures (SBLF7,
SBLF9)

Combined IR with DDR inhibitors AZD0156 (ATM)
and VE-822 (ATR) induced pronounced senescence
and necrosis in selected cancer cell lines (e.g., Cal33
and UM-SCC-47), whereas CC-115 (DNA-PKcs/mTOR
inhibitor) did not. Induction of senescence and
necrosis varied across cell lines, independent of HPV
status or HR proficiency. DDR inhibitor treatment
sometimes reduced senescence in normal fibroblasts
or specific tumor lines, highlighting molecular
heterogeneity. Combined DDR inhibition and IR
effects were cell-line-specific and sometimes
associated with abrogation of G2 arrest

32883016

Preclinical in vitro: Six lung cancer cell lines with
diverse DDR deficiencies (including TP53 and ATM
mutations), including A549 TP53 knockout

Radiopotentiation profiling showed that AZD0156
(ATM inhibitor) and KU-60648 (DNA-PKcs inhibitor)
were strong radiosensitizers. AZD0156 preferentially
sensitized TP53-deficient cells, whereas KU-60648
caused steep dose-dependent radiosensitization across
all cell lines. Olaparib, ceralasertib (ATR inhibitor),
and adavosertib (WEE1 inhibitor) were milder
radiosensitizers with moderate dose-dependent
effects. Effective radiosensitization occurred at lower
concentrations than required for single-agent efficacy,
highlighting the importance of genetic background
(e.g., TP53 status) and drug concentration.

34158341

Preclinical in vitro: Five melanoma cell lines of
primary and metastatic origin; two healthy skin
fibroblast controls

AZDO0156 (ATM inhibitor) synergistically
radiosensitized melanoma cells in colony formation
assays, while sparing healthy fibroblasts. VE-822
(ATR inhibitor) led to additive or short-term toxicity
but less synergistic radiosensitization. AZD0156
combined with IR increased G2/M cell cycle arrest in
melanoma cells. Melanoma lines with defective HR
were more sensitive to ATM inhibition, while ATR
inhibition effects were more variable. Healthy
fibroblasts with intact HR were minimally affected.

36229655

Preclinical in vitro: MCF-7 breast cancer cells
(ER-positive) and WI-38 healthy lung fibroblasts

AZDO0156 + irradiation did not significantly increase
apoptosis in MCF-7 cells but induced G0/G1 cell cycle
arrest and significantly reduced clonogenic survival,
especially at low radiation doses (2-4 Gy). In WI-38
fibroblasts, apoptosis slightly increased, but cell cycle
and clonogenic survival were minimally affected.
High-dose IR (=6 Gy) diminished AZD0156 benefit in
tumor cells.

37006058
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Table 4: Cont.

Model/System

Key Findings

PMID

Preclinical in vitro: MDA-MB-231 (triple-negative)
and MCF-7 (ER-positive) breast cancer cells

ATM inhibitor AZD0156 was the strongest
radiosensitizer, enhancing both single-dose and
fractionated IR. ATR inhibitor AZD6738 and PARP
inhibitor olaparib also radiosensitized cells, but less
potently. Radiosensitization was associated with more
residual DSBs 24 h post-IR and disruption of sublethal
damage repair, while cell cycle distribution was not
significantly altered. Fractionated IR showed greater
enhancement than single-dose IR

35954456

Preclinical in vitro and xenograft: BT549, U20S,
MDA-MB-436 (BRCA1—/— and BRCA1+/+), V79, VC8

Proton Bragg peak irradiation induced more complex
DNA DSBs preferentially repaired via HR. ATM
inhibition (AZD0156) blocked resection, shunting
DSBs to toxic NHE], enhancing cell killing effects.
HR-deficient tumors were intrinsically more sensitive
to Bragg peak irradiation; HR-proficient tumors
become sensitized when co-treated with AZD0156.
ATR inhibition did not enhance Bragg peak RBE.
NHE] ligation proteins XRCC4/Lig4 were key
determinants of response.

33597272

Preclinical in vitro and PDX models: 12 CRC cell lines
(HCTS8, RKO, LOVO, HT29, LS180, LS513, GPD2,
LS1034, HCT116, DLD1, SW48, Colo678) and 4 PDX
models (CRC026, CRC102, others)

AZD0156 alone showed limited activity. Combination
with irinotecan (SN38) enhanced anti-proliferative
effects, increased G2/M arrest, and elevated DNA
damage markers (YH2AX, phosphorylated CHK2).
Clonogenic regrowth was reduced in selected cell
lines. Triplet combination with 5FU did not add

significant benefit over doublet AZD0156 + irinotecan.

Variable responses observed across models, likely due
to differing DDR mutation profiles

31291716

Preclinical in vitro and in vivo PDAC models: Human
PDAC lines (MIA PaCa-2, PANC-1, HPAF-II, AsPC-1),
murine KPC-derived lines (K8484, DT8082), ATM
knockout/WT variants, NSG mouse xenografts

ATM-null cells were hypersensitive to ATR inhibitor
AZD6738 + gemcitabine (ATRi/gem), showing
increased replication catastrophe, pan-nuclear DNA
damage, and persistent phospho-CHK2 and
phospho-KAP1 formation via DNA-PKcs activity.
ATM-low (partial) cells were not hypersensitive to
therapy. ATRi/gem induced tumor growth delay in
ATM-WT xenografts and regression in ATM-KO
xenografts. Low-dose gemcitabine effectively
sensitized tumors to AZD6738 in vivo without
excessive toxicity.

32741974

Human biliary tract cancer (BTC) cell lines (RBE,
HuCCT1, SSP-25, TGBC-24TKB, TFK-1, SNU-308,
SNU-1196), including gemcitabine-resistant sublines

POLQ is downregulated in gemcitabine-resistant BTC.

ATM inhibition (AZD0156) selectively killed
gemcitabine-resistant and POLQ-deficient cells. POLQ
knockdown alone did not affect proliferation, but
combined with AZD0156 induced synthetic lethality,
increasing DNA damage accumulation, micronucleus
formation, apoptosis, and suppressed colony
formation. DNA damage from photons, ROS, or
chemotherapy enhanced the synthetic lethal effect.

33182492

Preclinical lung cancer models: Nine lung cancer cell
lines (H157, H1563, H727, H358, H446, H460, H23,
H1299, A549); 123 primary lung cancer tissue samples;
H1299 xenografts in mice

TMEM176A is methylated in ~54% of primary lung
cancers. Methylation reduces TMEM176A expression,
which normally suppresses proliferation, invasion,
migration, colony formation, and induces G2/M arrest
and apoptosis. TMEM176A methylation activates ERK
signaling. Methylated TMEM176A sensitizes H1299
and H23 cells to ATM inhibition (AZD0156), but not
ATR inhibition (AZD6738). Restoration of TMEM176A
decreases ATM inhibitor sensitivity.

34558311
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Model/System Key Findings PMID
ATRX binds promoters/enhancers of cell cycle genes
(notably CHK1), and ATRX loss reduces CHK1
expression, causing early G2/M entry and cell cycle
Preclinical glioma models: Human pediatric and adult i}/rsl\r/;:guigt}:)n. AhT'R})lf—deijafn; cell§ s}tlo“{fdt?levated
glioblastoma (KNS42, SJ-GBMz2, U251, SF188, UW479) O e ATM ibibrtion in STRY - defioiont cell
with isogenic ATRX knockout or wild-type; Mouse Citi.St}rloﬁ f}:l'. iniubition in A —He cient cells 35551084
glioblastoma neurospheres (shATRX/shp53/NRAS a 31.8 N d.t 5P rotectmE, ;er}mtlzmg ce sfto apopt((i)sm
models) and orthotopic xenografts; and irra iation. ATRX-deficient xenogra ts tr.eate
with AZD0156 showed doubled median survival,
whereas ATRX-wild-type tumors were unaffected.
Mechanism involved epigenetic dysregulation via
altered H3.3 deposition at cell cycle genes.
Intrinsic DNA damage and basal DDR activation are
present in T-cell lymphoma models. ATM inhibition
with AZD0156 disrupted DDR signaling (e.g., YH2AX
Preclinical T-cell lymphoma models: Malignant T-cell ~ phosphorylation) without impairing 53BP1 foci
lines (KARPAS-299, SUP-T1, HH, HD-MAR-2, formation, preventing efficient repair and promoting 35409194
JURKAT, OCI-Ly12); healthy T lymphocytes as apoptosis when combined with CHOEP. Response
controls was heterogeneous across cell lines. ATM inhibition
alone had minimal cytotoxicity, but synergized with
chemotherapy. Mild G2/M arrest was observed only
in combination treatment.
SLFN11 is frequently methylated (25.6% in ESCC) and
silenced by promoter methylation. SLEN11 normally
Esophageal squamous cell carcinoma (ESCC) models:  activates ATR and NHE] pathways while inhibiting
8 ESCC cell lines (KYSE30, KYSE140, KYSE150, ATM/CHK?2 signaling. Epigenetic silencing of SLFN11
KYSE180, KYSE450, KYSE510, KYSE520, colo680n), switched DDR signaling, making cells more sensitive =~ 38764821
xenografts in mice; 142 esophageal dysplasia and 1007  to ATM inhibition (AZD0156). SLFN11-methylated
primary ESCC patient samples cells exhibited synthetic lethality with AZD0156 in
vitro and in vivo. SLFN11 methylation correlated with
tumor differentiation and size.
Uterine LMS exhibited high HR deficiency scores,
. . . . overexpressed PLK4, and showed frequent mutations
gggﬁifgg}ﬂfﬁgrgﬁ; %:142 Ifl’f;tf:snt samples: in DNA repair genes (BRCA2 48%, RAD51B 48%, ATM
28%, CHK2 24%). ATM/phosphorylated-ATM protein
expression was reduced or lost in most tumors.
PLK4 inhibition via CFI-400945 induced chromosome
missegregation, DSBs, apoptosis, and HR repair
. L activation. Combining CFI-400945 with ATM
g}lziel\c/losl—olgf};}:érligirl?ocglli_lgl;_si SK-UT1, SKN, inhibitor'AZD0156 increased DNA damage via 38848043
suppression of HR and promotion of error-prone
NHEJ. BRCA2-KO cells were hypersensitive to PLK4
inhibition due to defective HR/NHE] repair.
Oral CFI-400945 reduced tumor growth at low and
In vivo mouse xenografts (SK-UT-1 in Balb/c nude high doses. Combination with AZD0156 further
mice) enhanced efficacy without observed toxicity. Reduced
proliferation was confirmed by PHH3 staining.
RT combined with low-dose AZD0156 significantly
reduced tumor growth compared with either
Preclinical in vitro and in vivo models: Murine R T ey SR gy 8
syngeneic tumor models (MOC2 HNSCC, B78 . h 4CD8* T cell infiltrati d
melanoma), IFNAR1-KO mice, STING-deficient tumor ~ C.br co5101, ennance cetl mititration an 37730275

cells, CD8* T cell depletion, and bilateral tumor
models

activation, and required both tumor-intrinsic STING
and host IFNARI1 signaling. Anti-PD-L1 therapy
further amplified antitumor response. Low-dose
AZD0156 alone had minimal effect, but effectively
potentiated RT-induced immunogenicity.
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Key Findings PMID

Preclinical in vitro and in vivo models: Human
pancreatic cancer cell line Pancl, murine pancreatic
cancer cell lines mT4 and KPC2, syngeneic
immunocompetent mouse models,

ATM inhibitors (AZD1390 and AZD0156) enhanced
radiation-induced T1IFN expression via the
POLIII/RIG-I/MAVS pathway, independent of
c¢GAS/STING. Combination therapy increased
intratumoral CD8" T cell frequency, activation, and
effector function, leading to systemic tumor control,
immunogenic memory, and sensitization to

38376927

c¢GAS/STING/TBK1 knockouts, anti-PD-L1 therapy. Therapeutic efficacy was CD8* T
cell-dependent. ATM inhibition also up-regulated
PD-L1 expression following radiation and potentiated

adaptive antitumor immunity.

Both ATMi and ATRi alone had minimal cytotoxicity,
but combination with RT enhanced cell death. RT +
ATRi predominantly induced necrosis and increased
immunostimulatory immune checkpoint markers
(ICOS-L, CD137-L), while RT + ATMi was associated
with apoptosis and a more immunosuppressive
phenotype, including downregulation of RIG-1 and
upregulation of EDIL3. Cytokine profiling showed RT
+ ATRI increased production of pro-inflammatory
mediators (IL-6, IL-8, TNF-c, IL-12p70, IL-13),
whereas RT + ATMi decreased several cytokines (IL-6,
IL-8, IL-10, IL-13, IL-1f3), highlighting differential
immune modulation. Effects were cell line-specific
rather than strictly HPV-status dependent.

Preclinical in vitro models: HPV-negative (HSC4,
Cal-33) and HPV-positive (UM-SCC-47, UD-SCC-2)
HNSCC cell lines

39411143

DDR inhibitors alone had minimal impact on
clonogenic survival. Combination with RT
significantly reduced cell survival. ATMi + RT
induced cellular senescence (morphology changes,
[3-galactosidase activity, SASP cytokine release IL-6,
IL-8), particularly in HPV-negative lines. Senescent
tumor cells stimulated NK cell activation markers
(NKG2D, NKP46, NKP44, NKP30) in co-culture,
suggesting enhanced immune surveillance. ATRi + RT
also reduced clonogenicity but induced less
senescence and NK activation. IL-8 secretion was
reduced by ATMi + RT, potentially relieving NK
suppression. Senescence induction varied by cell line
(e.g., UD-SCC-2 less senescent due to G2
accumulation and cell death).

Preclinical in vitro: HPV-negative (HSC4, Cal33) and
HPV-positive (UM-SCC-47, UD-SCC-2) HNSCC cell
lines; co-culture with NK cells

40883442

Preclinical efficacy of AZD1390 has been demonstrated in multiple orthotopic and patient-derived
xenograft models, including GBM, pediatric high-grade glioma, breast cancer brain metastases, lung
cancer brain metastases, and small cell lung cancer, where combination with fractionated whole-brain or
stereotactic RT significantly prolonged survival compared with radiation alone [96,190,192].

While AZD1390 is a substrate for P-GP-mediated efflux, PK studies show that therapeutically
relevant free drug concentrations are achieved within tumor core and infiltrative tumor regions, exceeding
radiosensitizing thresholds even in normal brain tissue [193]. Importantly, resistance mechanisms
to AZD1390-mediated radiosensitization have been identified, including attenuation of ATM pathway
responsiveness and compensatory ATR dependence, suggesting rational combination strategies with ATR
inhibitors to overcome adaptive resistance [93].

Beyond radiosensitization, AZD1390 engages synthetic lethal interactions across multiple genetic
contexts. In BRCAI-deficient breast cancer, combined inhibition of ATM and the epigenetic regulator
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enhancer of zeste homolog 2 (EZH2) induces profound genotoxic stress and apoptosis, producing durable
tumor control in vivo [194]. In hematologic malignancies such as acute myeloid leukemia, AZD1390 synergizes
with DNA (cytosine-5)-methyltransferase 1 (DNMT1) and ATR inhibitors to suppress proliferation and induce
apoptosis [195]. AZD1390 also enhances the efficacy of DNA-damaging chemotherapies, including cisplatin,
by increasing reactive oxygen species, mitochondrial dysfunction, G2/M arrest, and apoptotic cell death in
breast cancer models [89].

Emerging evidence further implicates ATM inhibition as a modulator of anti-tumor immunity. AZD1390
activates innate immune signaling through cGAS-STING-IFNf} pathways, leading to upregulation of
galectin-9 and adaptive immune resistance. Therapeutic neutralization of galectin-9 in combination with
AZD1390 markedly enhances T-cell infiltration and tumor control in immunotherapy-resistant syngeneic
models [196].

From a translational perspective, despite being metabolized by aldehyde oxidase and exhibiting high
hepatic clearance, AZD1390 demonstrates acceptable clinical PK, confirmed brain penetrance in healthy
volunteers, and sustained progression into GBM clinical trials [197].

Collectively, these studies position AZD1390 as a clinically advanced, BBB-penetrant ATM inhibitor
with broad utility as a radiosensitizer, synthetic lethal partner, and immunomodulatory agent across
genetically defined, DDR-dependent malignancies [93,191-193] (Table 5).

Table 5: Key preclinical insights derived from studies involving use of AZD1390 as ATM inhibitor.

Model/System Key Findings PMID
ST - . AZD1390 is a potent, selective, brain-penetrant ATM

Preclinical in vitro and in vivo models: glioma and inhibitor that suppresses DDR signaling. enhances

lung cancer cell lines; syngeneic GL261 glioma model; . % SUPPTESS - & &

: . : radiosensitivity (especially in TP53-mutant tumors),
patient-derived glioblastoma (GBM) xenografts L : ) 29938225
(TMZ-sensitive and -resistant); orthotopic and significantly improves tumor control and survival
lune-to-brain metastasis mo de’ls P when combined with radiotherapy in brain and lung

& cancer models.

Preclinical in vitro and in vivo models:
IDH1-wild-type glioblastoma (GBM) cell lines; U251  AZD1390 suppresses ATM signaling and selectively
cells; 10 orthotopic GBM patient-derived xenograft radiosensitizes TP53-mutant GBM by disrupting G1 38354228
(PDX) models stratified by TP53 status; plasmid-based  arrest and HR, leading to enhanced apoptosis and
DNA repair reporter assays; TCGA transcriptomic improved survival outcomes in mutant PDX models.
analysis
An unbiased DDR inhibitor screen identified the ATM
inhibitor AZD1390 as a potent radiosensitizer in
PHGG. AZD1390 significantly enhanced the efficacy
of radiation across molecular subgroups by increasing
Preclinical in vitro and in vivo models: early-passage genornie 1nstab111ty and mutagemc DNA repair.
pediatric high-grade glioma (pHGG) cell lines across Contrary to prior reports, radiosensitization by ATM
molecular suberouns: TP53 wild-tvpe and inhibition was observed in both TP53 wild-type and
Eroups; b TP53-mutant pHGG cell lines and orthotopic 36971093

TP53-mutant isogenic pHGG models; orthotopic
xenografts including SJ-DIPG7 and SJ-DIPG37
patient-derived models

xenograft models. In vivo, AZD1390 combined with
fractionated whole-brain radiation significantly
delayed tumor progression and improved survival in
multiple orthotopic models. A resistance phenotype
to AZD1390 plus radiation was identified,
characterized by attenuated ATM pathway activation
and associated synthetic lethality with ATR inhibition




22 Oncol Res. 2026;34(11):3
Table 5: Cont.
Model/System Key Findings PMID
Pretreatment with AZD1390 followed by radiation
significantly inhibited tumor growth in all three
flank-implanted CM PDX models, independent of
hormone receptor or HERZ status. In the orthotopic
Preclinical in vivo patient-derived xenograft (PDX) 1ntr.ac.ran1a‘1 CM14 modgl, AZD1390 c9mb1ned with
radiation significantly improved survival (mean
models of breast cancer CNS metastases: three survival 222 days vs. 123 days in controls)
DDR-mutant breast cancer CM PDXs (CM.O7 Post-radiation adjuvant AZD1390 treatment for 21 37585496
ER+/HER2+, CM14 HER2+, CM16 TNBC) implanted . . L -
. s . days did not provide additional benefit. While
subcutaneously in the flank; orthotopic intracranial . .
. . sustained tumor control was observed in most
implantation of CM14 ;
animals, a subset developed late tumor regrowth
50-100 days after treatment. Gene expression analysis
of progressing tumors showed upregulation of
oncogenic pathways compared with complete
responders.
Preclinical in vitro and in vivo SCLC models:
CRISPR-Cas9 radiosensitization screen in SBC5 SCLC ~ CRISPR and pharmacologic inhibition identified ATM
cells; multiple human SCLC cell lines (SBC5, SHP77, as a key mediator of SCLC radioresistance. AZD1390
H446, KP1, H1048); in vivo murine syngeneic KP1 suppressed ATM signaling and synergistically 38104868
model and patient-derived xenograft (PDX) models enhanced radiation-induced DNA damage and tumor
JHU-LX108 and JHU-LX33 treated with radiation + growth delay in vitro and in vivo.
ATM inhibito
AZD1390 CNS exposure in mice was limited by active
efflux mediated predominantly by P-GP, with low
unbound fractions in brain and spinal cord.
Preclinical pharmacokinetic and tumor distribution Pharmacological inhibition of efflux increased CNS
studies in mice: wild-type, P-gp knockout, Berp exposure. No regional differences in AZD1390
knockout, and dual knockout mouse models; distribution were observed across anatomic regions of 36137710
intracranial GBM patient-derived xenograft (PDX the CNS. In an intracranial GBM PDX model,
G12) model evaluating CNS and tumor distribution of ~AZD1390 accumulated to higher levels in the tumor
the ATM inhibitor core and rim compared with surrounding normal
brain, and concentrations in all brain regions
exceeded in vitro radiosensitizing thresholds despite
heterogeneous distribution.
Preclinical in vitro and in vivo mode%s of Combined EZH2 (GSK126) and ATM (AZD1390)
BRCA1-deficient breast cancer: murine mammary e . L
. ) . inhibition induced synthetic lethality in
tumor cell lines derived from BRCA1-deficient and . . .
. . BRCA I-deficient breast cancer, increasing DNA 35715861
-proficient mice; human BRCA1-mutant TNBC cell d d is and produci
lines: BRCA1-deficient t beari amage and apoptosis and producing strong
ines; eficient mammary tumor—-bearing . o o
antitumor effects in vitro and in vivo.
mouse models
DNMT1-related gene network analysis identified ATM
and ATR as dominant upstream kinases associated
with DNMT1 signaling in AML. DNMT1, ATM, and
ATR were significantly upregulated in AML patient
samples and cell lines. Pharmacologic inhibition of
Preclinical AML models: human AML cell lines al\él\é:rél%(g})s géiffl)l’sﬁzx d(ﬁfsz:(liilg)g)r’l;ern?TR
(MOLM-16, NB-4, HEL 92.1.7, HEL, EOL-1); anti-leukemic activity as monotherapies. 38164802

bioinformatic analyses of AML patient datasets
(TCGA, CCLE)

Combination treatment with DNMT1 and ATM or
ATR inhibition, as well as dual ATM/ATR inhibition,
produced marked synergistic growth suppression and
apoptosis across all AML cell lines tested, exceeding
the effects of single-agent therapy. These effects
support functional interaction between epigenetic
regulation and DDR in AML.
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Model/System Key Findings PMID
AZD1390 synergized with cisplatin to inhibit breast
Preclinical in vitro breast cancer models: human cancer cell growth by increasing DNA damage, ROS,
. G2/M arrest, and apoptosis, leading to reduced 39681282
breast cancer cell lines MCF-7 and MDA-MB-231 . . L. ..
viability and clonogenic survival in both HR-positive
and triple-negative cell lines
ATM inhibition (AZD1390 or genetic loss) activated
Preclinical in vitro and in vivo immunocompetent cGAS-STING-IFN{ signaling but also induced
models: multiple human and murine tumor cell lines;  Galectin-9-mediated immune suppression.
syngeneic mouse models including CT26 colon cancer, Combining ATM inhibition with anti-Gal-9 therapy 36778120
MC38, B16-F10 melanoma, and poorly immunogenic  enhanced T-cell infiltration and antitumor efficacy,
LLC lung tumors overcoming immune escape and improving survival
in multiple tumor models.
I};Iuman in vitro me tabolism systems.(human AZD1390 is a potent, selective ATM inhibitor with
epatocytes and liver cytosol); physiologically based diated hich cl but ad )
harmacokinetic (PBPK) simulations; first-in-human AO-mediated high clearance but adequate ora
P ; exposure and confirmed brain penetration. PK/PD 40714318

clinical pharmacokinetic evaluation; healthy
volunteer PET imaging; glioblastoma clinical trial
setting

and PBPK analyses supported sufficient systemic and
CNS exposure for clinical use with radiotherapy.

3.1.9 M3541

Preclinical studies have demonstrated that pharmacologic inhibition of ATM with M3541 suppresses
DSB repair, abrogates ATM-dependent checkpoint signaling, and enhances clonogenic cell death following
radiation or chemotherapy exposure. A genome-wide clustered regularly interspaced short palindromic
repeats (CRISPR) screening approach identified defects in the Fanconi anemia (FA)/BRCA pathway as
strong genetic vulnerabilities conferring hypersensitivity to M3541, revealing a synthetic lethal interaction
between ATM inhibition and FA/BRCA deficiency. Mechanistically, concurrent loss of ATM and FA/BRCA
function profoundly suppresses DNA end resection, shifts repair toward error-prone NHE], and generates
toxic chromosomal aberrations that culminate in cell death, supporting the therapeutic potential of ATM
inhibition in HR-deficient tumors [198]. In vivo, oral administration of M3541 markedly potentiated the
antitumor effects of clinically relevant fractionated RT, leading to durable tumor regressions in xenograft
models, with pharmacodynamic (PD) modulation of ATM signaling correlating with efficacy [85].

Beyond radiosensitization, M3541 demonstrated strong combinatorial activity with PARP inhibitors,
TOP Linhibitors, and ATR inhibitors, highlighting its capacity to amplify replication stress and chromosomal
instability when checkpoint safeguards are disabled [85,199]. At the cellular level, ATM inhibition by M3541
drives aberrant mitotic entry with unresolved DNA damage, resulting in micronuclei formation, activation
of the cGAS-STING inflammatory pathway, and enhanced susceptibility to immune-mediated killing, while
simultaneously inducing PD-L1 expression [101].

Clinically, a first-in-human phase I study evaluated M3541 in combination with palliative RT in patients
with advanced solid tumors and demonstrated acceptable tolerability up to 300 mg administered on radiation
fraction days, with preliminary evidence of antitumor activity. However, the absence of dose-proportional PK
and a clear exposure—response relationship ultimately limited further clinical development [200] (Table 6).
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Table 6: Key preclinical insights derived from studies involving use of M3541 as ATM inhibitor.

Model/System

Key Findings

PMID

Genome-wide CRISPR-Cas9 screening in non-small
cell lung cancer cell lines (A549, NCI-H460);
validation in multiple human cancer cell lines with
defined DNA repair defects

A genome-wide CRISPR screen identified loss of
Fanconi anemia (FA)/BRCA pathway genes as a major
genetic vulnerability that confers hypersensitivity to
ATM inhibition. Knockout of FA/BRCA pathway
genes markedly sensitized lung cancer cells to the
ATM inhibitor M3541. Combined disruption of ATM
and FA/BRCA pathway function led to impaired DSB
end resection, increased reliance on NHE], reduced
HR, and accumulation of toxic DNA repair
intermediates, resulting in synthetic lethality.
Additional genetic contexts associated with ATM
inhibitor sensitivity included loss of RAD18, PTEN, or
STAG2.

32075772

Preclinical in vitro cancer cell line panels;
immunodeficient mouse xenograft models treated
with clinically relevant fractionated radiotherapy;
combination studies with PARP and topoisomerase
inhibitors

M3541 and M4076 are potent, selective ATM
inhibitors that impair DNA repair and checkpoint
control. Compounds strongly radiosensitized tumors,
and showed synergistic antitumor activity with
radiotherapy, PARP, and TOP1 inhibitors in vitro and
in vivo, with M4076 progressing to clinical
development.

35405736

In vitro cancer cell lines (ATM- and p53-proficient and
deficient)

ATR inhibition alone activated ATM-TP53-mediated
G1 checkpoint, limiting cytotoxicity. Pharmacologic
ATM inhibition (M3541, M4076) disabled both
ATM-dependent DNA repair and checkpoint control,
prolonged persistence of ATR inhibitor-induced
DSBs, increased abundance of chromosomal
aberrations, and markedly enhanced cancer cell death.

Isogenic A549 models (ATM-null, p53-null, wild-type)

Full suppression of ATM function (genetic or
pharmacologic) was required for maximal ATR
inhibitor efficacy. ATM inhibitors phenocopied
ATM-null status, restoring ATR inhibitor sensitivity
even in ATM- and TP53-wild-type cells.

Broad cancer cell line panel (34 tumor-derived lines)

Synergistic cytotoxicity between ATR inhibitors
(M6620, M4344) and ATM inhibitors across diverse
tumor types and genetic backgrounds was observed,
indicating compound-agnostic and tumor-agnostic

synergy.

Mouse xenograft models

ATM inhibition significantly enhanced ATR inhibitor
efficacy in vivo at well-tolerated doses, without overt
toxicity. Increased efficacy correlated with enhanced
chromosomal damage and mitotic catastrophe.

Triple-negative breast cancer (TNBC) PDX models
(n =26)

Combination of ATR inhibitor M4344 with ATM
inhibitor M4076 achieved a 42% RECIST-relevant
tumor control rate (SD + PR + CR), outperforming
ATR inhibitor monotherapy and improving survival.

37079339

Human cancer cell lines (A549, HeLa, H1299, HT1080,
RKO, A375, others), metaphase chromosome spreads,
micronucleated cancer cells, co-culture with NK cells,
surviving irradiated cancer cells, and in vivo
xenograft models

M3541/M4076 ATM inhibitors abrogated DDR
checkpoints and DSB repair, causing mitotic
catastrophe and micronuclei-driven cGAS-STING
immune activation, enhancing tumor regression with
radiotherapy and increasing susceptibility to NK cell
killing with minimal toxicity in vivo.

36656721

Patients with advanced solid tumors receiving
fractionated palliative radiotherapy (30 Gy in 10
fractions; N = 15), doses of oral ATM inhibitor M3541
50-300 mg/fraction day

M3541 was generally well tolerated with manageable
toxicity and no clear dose-dependent adverse events;
pharmacokinetics showed non-linear exposure, and
limited clinical responses were observed, likely driven
by radiotherapy rather than drug effect.

35150356
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3.2 Planned or Ongoing Clinical Trials
3.2.1 KU-60019

One registered clinical trial (NCT03571438; phase not clearly specified/early exploratory) aims to
evaluate the therapeutic potential of KU-60019 in combination with a casein kinase 2 (CK2) inhibitor for
metastatic clear cell renal cell carcinoma (ccRCC), a tumor type historically resistant to both chemotherapy
and RT. The trial leverages organotypic cultures derived from patient tumors to assess drug efficacy in an ex
vivo environment that more faithfully recapitulates the tumor microenvironment, including hypoxic niches
and three-dimensional architecture. Preliminary preclinical studies indicate that the CK2-ATM inhibitor
combination exerts synergistic cytotoxic effects, particularly in Von Hippel-Lindau (VHL)-deficient ccRCC
cells under hypoxic conditions, and is more effective in 3D culture models than in conventional 2D cultures.
This strategy exemplifies a rational polypharmacological approach aimed at overcoming adaptive resistance
mechanisms, such as mechanistic target of rapamycin complex 2 (mTORC2)-mediated AKT activation,
which limit the efficacy of current targeted therapies, including vascular endothelial growth factor (VEGFR)
and mTOR inhibitors (sunitinib, pazopanib, and temsirolimus). By simultaneously inhibiting multiple
kinases that converge on survival and DNA repair pathways, KU-60019 may potentiate tumor cell death
while reducing the likelihood of therapeutic escape. While the clinical trial status remains unclear, the
integration of KU-60019 into combination regimens for ccRCC highlights the growing interest in ATM
inhibitors as adjuncts to targeted therapy, particularly in tumors with intrinsic resistance or deregulated
signaling networks.

3.2.2 WSD0628

WSDO0628 is under clinical investigation as a radiosensitizer for recurrent high-grade gliomas (HGGs),
a patient population with a notoriously poor prognosis despite aggressive multimodal therapy. ATM plays
a central role in the DDR, orchestrating repair of DSBs and regulating cell-cycle checkpoints, making it a
compelling target to enhance the cytotoxic efficacy of IR. The ongoing phase 0/I clinical trial (NCT05917145,
recruiting) is evaluating the safety, tolerability, PK, PD, and preliminary antitumor activity of WSD0628 in
combination with radiation therapy in adult patients with recurrent HGG. The trial employs a Bayesian
Optimal Interval (BOIN) dose-escalation design (Part A, ~24 patients) to establish the recommended phase 2
dose (RP2D), followed by a dose-expansion cohort (Part B, ~12 patients) to further assess safety and efficacy,
and a phase 0 tumor-penetrance arm (~6 patients) to quantify drug delivery to brain tissue. Preclinical
PK-PD-efficacy modeling guides dose selection by correlating plasma and tumor concentrations of WSD0628
with robust ATM inhibition and radiosensitization. Efficacy endpoints include progression-free survival,
overall survival, and radiographic response per the Response Assessment in Neuro-Oncology (RANO)
criteria, while safety endpoints encompass adverse events and laboratory analyses. By selectively inhibiting
ATM, WSD0628 is expected to impair DSB repair, abrogate G1/S and G2/M checkpoint controls, and enhance
radiation-induced mitotic catastrophe and apoptosis in tumor cells, potentially overcoming the intrinsic
radioresistance of HGG.

3.2.3 AZD0156

The completed phase I clinical trial (NCT02588105) evaluated the safety, tolerability, PK, and preliminary
efficacy of AZD0156 alone or in combination with olaparib, irinotecan, or FOLFIRI in patients with advanced
solid tumors. The study was organized into multiple modules, each exploring a specific combination,
with dose-escalation conducted first for monotherapy to establish PK and safety profiles, followed by
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combination dose-escalation. Expansion cohorts further assessed safety, tolerability, biological activity, and
preliminary antitumor efficacy, including in locally advanced/metastatic gastric adenocarcinoma (module
1) and colorectal cancer (module 2). AZD0156 is expected to sensitize tumor cells to DNA-damaging agents
by inhibiting ATM-mediated repair of radiation- or chemotherapy-induced DSBs, abrogating G1/S and
G2/M checkpoints, and promoting apoptosis or mitotic catastrophe, particularly in tumors with defects in
HR. Nevertheless, result were not published so far.

3.2.4 AZD1390

There are currently 7 clinical trials investigating AZD1390 in cancer treatment registered on clinicaltrials.gov.

AZD1390 is being evaluated in several early-phase clinical trials across adult and pediatric populations.
In GBM and brain metastases, phase I studies (NCT03423628, NCT05182905) are assessing safety,
tolerability, PK, and preliminary efficacy when AZD1390 is combined with fractionated RT, including
intensity-modulated radiation therapy (IMRT) and whole-brain RT. Pediatric trials (NCT06894979) are
exploring similar endpoints in high-grade gliomas, diffuse midline gliomas, and diffuse intrinsic pontine
gliomas, with additional evaluation of neurocognitive outcomes, PD, and biomarkers such as HR deficiency
and circulating free DNA (cfDNA). Beyond brain tumors, AZD1390 is being tested in soft tissue sarcoma
(STS) in combination with RT, with or without the immune checkpoint inhibitor durvalumab (NCT05116254),
aiming to improve RO resection rates and stimulate tumor T-cell infiltration in immunologically “cold”
tumors. Other trials, including NSCLC (NCT04550104) and metastatic solid tumors (NCT05678010), are
assessing AZD1390 with curative-intent RT or stereotactic body radiation therapy (SBRT), with the goal of
optimizing recommended phase II doses while monitoring long-term toxicity, efficacy, and integration with
immunotherapy consolidation.

3.2.5 M3541

Clinically, M3541 was evaluated in a phase I, open-label, dose-escalation trial (NCT03225105) in
patients with solid tumors receiving fractionated palliative RT to thoracic, abdominal, head and neck,
or extremity lesions. The study aimed to assess safety, tolerability, PK, PD, and preliminary antitumor
activity. M3541 doses up to 300 mg per fraction day were generally well tolerated, with no dose-limiting
toxicities leading to treatment discontinuation; however, PK analysis revealed limited dose-proportional
exposure and a lack of a clear PD dose-response relationship. Despite early indications of safety, the trial
was terminated prematurely by the sponsor due to suboptimal PK and PD properties that hindered further
clinical development.

3.2.6 SYH2051

Clinically, SYH2051 is being investigated across multiple phase I and phase I/II studies in advanced
solid tumors, including breast, gastrointestinal, and head and neck cancers. For instance, in NCT06775236,
a phase 1b/2 study, SYH2051 is combined with SYS6010 in EGFR-expressing, unresectable, locally advanced,
or metastatic breast cancer to determine safety, tolerability, and the recommended phase 2 dose (RP2D),
followed by efficacy assessment against standard-of-care chemotherapy. Dose-escalation cohorts use a
traditional “3 + 3” design, exploring a range of SYH2051 doses (40-80 mg) in combination with SYS6010,
with subsequent expansion cohorts focusing on specific molecular subtypes. Other studies, including
NCT07104877, investigate SYH2051 with SYS6010 in advanced gastrointestinal tumors, while NCT06011291
explores SYH2051 monotherapy or in combination with RT for locally advanced head and neck cancer,
assessing PK, safety, tolerability, and preliminary antitumor activity. Collectively, these studies underscore
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SYH2051’s versatility as a potential radiosensitizer and combination therapy agent. However, data remain
limited, with most studies still in early-phase evaluation or with unknown status, highlighting the need
for further preclinical and clinical investigations to clarify its optimal therapeutic combinations, dosing
regimens, and biomarker-driven patient selection strategies.

3.2.7 XRD-0394

XRD-0394 is an emerging, orally bioavailable, small-molecule dual inhibitor targeting ATM and
DNA-PKcs. By concurrently inhibiting these kinases, XRD-0394 disrupts repair of DSBs induced by IR
or chemotherapeutic agents, enhancing tumor cell killing while potentially sparing normal tissue due to
differential DDR dependency. Preclinical studies have demonstrated that XRD-0394 not only potentiates
RT-induced cytotoxicity in vitro and in vivo, but also synergizes with TOP I inhibitors and PARP inhibitors,
particularly in BRCA1/2-deficient cancer models. The first-in-human phase I clinical trial (NCT05002140)
assessed XRD-0394 in combination with palliative RT in patients with metastatic, locally advanced, or recurrent
solid tumors. The study utilized a standard 3 + 3 single-dose escalation design (starting at 40 mg, with planned
escalation to 80 mg and 160 mg) to characterize the PK, PD, safety, and tolerability of XRD-0394. Dose-limiting
toxicities and treatment-emergent adverse events were carefully monitored, while PD cohorts evaluated
inhibition of radiation-induced ATM activity in tumor biopsies. XRD-0394 demonstrated a favorable safety
profile and achieved plasma concentrations consistent with preclinically predicted therapeutic windows,
providing strong rationale for future combination strategies with RT, PARP inhibitors, and TOP-targeting
agents. These findings position XRD-0394 as a promising candidate for radiosensitization and DDR-targeted
combination therapy, highlighting the potential of dual ATM/DNA-PKcs inhibition to enhance therapeutic
efficacy in tumors with impaired DNA repair capacity (Table 7).

Table 7: Summary of ongoing/planned clinical investigations involving ATM inhibitors.

Objectives/
Trial ID Phase Drug(s) Tested Cancer Type(s) Jee fves Scientific Rationale
Endpoints
Dual inhibition of ATM and
CK2 targets convergent DNA
repair and survival signaling
Evaluate therapeutic ~ pathways. The strategy exploits
Not clearl Metastatic clear efficacy in vulnerabilities in VHL-deficient,
ot clear
. Y KU-60019 + CK2 cell renal cell patient-derived hypoxic ccRCC, overcomes
NCT03571438  specified (early R, . . . .
loratory) inhibitor carcinoma organotypic tumor adaptive resistance (e.g.,
explorator
P Y (ccRCC) cultures and assess mTORC2-AKT activation), and
cytotoxic synergy enhances efficacy beyond
current VEGFR/mTOR
inhibitors using a rational
polypharmacology approach.
Selective ATM inhibition
impairs DSB repair and
Safety, tolerability, checkpoint control, enhancing
PK/PD, tumor radiation-induced mitotic
Recurrent X X
Phase 0/1 WSD0628 + ) penetration, RP2D; catastrophe and apoptosis.
NCT05917145 . . high-grade . .
(recruiting) radiation therapy ) secondary efficacy Designed to overcome intrinsic
gliomas (HGG) L .
(PES, OS, RANO radioresistance of HGG using
response) PK-PD-efficacy modeling and

direct tumor

exposure assessment.
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Objectives/
Trial ID Phase Drug(s) Tested Cancer Type(s) Jee fves Scientific Rationale
Endpoints
ATM inhibition sensitizes
t to DNA-d i
Phase I AZD0156 + Advanced solid Safety, tolerability, UMOTS 10 amaging
K . L chemotherapy and PARP
(completed/results  olaparib, tumors; gastric PK; preliminary e . .
NCT02588105 i o R inhibition by disrupting DSB
not published irinotecan, adenocarcinoma; efficacy and .
K : . repair and cell-cycle
so far) FOLFIRI colorectal cancer biological activity . . .
checkpoints, particularly in
HR-deficient tumors.
Brain- trant ATM
. Safety, tolerability, . ra.m' p enetran
AZD1390 + Glioblastoma o inhibition enhances RT efficacy
NCT03423628 Phase I X . PK, preliminary . .
fractionated RT multiforme (GBM) by blocking DSB repair in
efficacy . .
radioresistant GBM cells.
ATM inhibition augments
Safety, tolerability, RT-induced cytotoxicity in
NCT05182905  Phasel AZD1390 + RT Brain metastases PK, preliminary intracranial tumors while
efficacy leveraging optimized CNS
penetration.
ATM inhibition sensitizes
Pediatric Safety, PK/PD, pediatric brain tumors to RT
high-grad iti hil bli
NCT06894979  Phase I (pediatric)  AZD1390 + RT ‘ghrprace neurocognitive whre enabing
glioma, DMG, outcomes, biomarker-driven assessment of
DIPG biomarker analysis DDR dependency and
treatment response.
ATM inhibition enhances
RT-induced immunogenic cell
Improve RO death and . ith
nd m: nergize wi
AZD1390 + RT + Soft tissue resection rate; . cathia &y s},l erglze w
NCT05116254  Phase I/Il . immune checkpoint blockade to
durvalumab sarcoma (STS) immune and efficacy . . « N
. convert immunologically “cold
endpoints . .
tumors into responsive
phenotypes.
Combines ATM inhibition with
Non-small cell s
AZD1390 + Safety, RP2D, definitive RT to enhance tumor
NCT04550104 Phase I L lung cancer . . .
curative-intent RT (NSCLC) preliminary efficacy ~ control while monitoring
long-term toxicity.
ATM inhibition potentiates
Metastatic solid high-dose focal radiation by
NCT05678010 Phase I AZD1390 + SBRT Safety, PK, efficacy . .
tumors preventing DSB repair in tumor
cells.
ATM inhibition intended to
Phase I M3541 + Advanced solid Safety, toler'abi'lity, radiosensitize tumors;
NCT03225105 ] . PK/PD, preliminary development halted due to
(terminated) fractionated RT tumors : .
efficacy suboptimal PK/PD despite
acceptable safety.
ATM inhibition combined with
SYH2051 EGFR-expressing Safety, RP2D, targeted therapy aims to
¥
NCT06775236  Phase 1b/2 SYS6010 advanced breast efficacy vs. SOC enhance tumor sensitivity by

cancer

chemotherapy

disrupting DDR and survival
pathways.
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Objectives/
Trial ID Phase Drug(s) Tested Cancer Type(s) Jee fves Scientific Rationale
Endpoints
Explores ATM inhibition as a
Advanced o
SYH2051 + . . Safety, PK, combination strategy to
NCT07104877 Phase I gastrointestinal . .
SYS6010 preliminary efficacy ~ sensitize GI tumors to targeted
cancers
agents.
Safety, PK, ATM inhibition enhances
Locally advanced . . . K .
tolerability, radiosensitivity by impairing
NCT06011291 Phase I SYH2051 + RT head and neck o K .
preliminary DSB repair and checkpoint
cancer . . S
antitumor activity signaling.
Dual ATM/DNA-PKcs
inhibition blocks
Safety, tolerability, complementary DSB repair
XRD-0394 + Metastatic/recurrent PK/PD, ATM pathways, enhancing RT and
NCT05002140 Phase I .. . L. . . S
palliative RT solid tumors inhibition in tumor supporting future combinations

with PARP and TOP1 inhibitors,
particularly in
DDR-deficient tumors.

biopsies

4 Limitations and Future Perspectives

4.1 Limitations

Despite these promising directions, PK and PD considerations, including tissue penetration (notably
in the brain in case of radiosensitizing effects), retention of partial ATM activity, and off-target effects,
require careful optimization to achieve maximal efficacy with minimal toxicity as reviewed by other
authors [112,201,202]. For example, the development of next-generation ATM inhibitors such as WSD0628
has specifically addressed the challenge of brain delivery by incorporating medicinal chemistry strategies
to minimize efflux via key transporters (e.g., breast cancer resistance protein BCRP and multi-drug
resistance 1 (MDR1)), which commonly limit central nervous system exposure of small-molecule kinase
inhibitors. In parallel, optimization efforts have included reducing liabilities related to cardiac toxicity (e.g.,
hERG interactions) and unfavorable metabolic pathways, underscoring the multifaceted nature of PK/PD
refinement. From a safety perspective, available preclinical and clinical observations suggest that transient
pharmacologic inhibition of ATM is generally tolerable, consistent with the relatively mild developmental
phenotypes observed in ATM-deficient models. However, the principal dose-limiting toxicities are likely to
arise from on-target radiosensitization of normal proliferative tissues rather than systemic ATM inhibition
per se. Indeed, enhanced acute radiation toxicities, such as mucositis, have been consistently observed
in preclinical models when ATM inhibitors are combined with radiotherapy. This highlights a critical
translational challenge: while tumor radiosensitization is desirable, normal tissue radiosensitization must be
carefully mitigated. Importantly, this risk may be partially alleviated in specific anatomical contexts, such
as intracranial tumors, where advanced radiotherapy techniques (e.g., intensity-modulated radiotherapy)
enable precise targeting and relative sparing of surrounding epithelial tissues. Furthermore, the cell
cycle-dependent mechanism of ATM inhibition, primarily affecting proliferating cells in S/G, phases,
suggests a therapeutic window in which largely post-mitotic normal tissues, such as neurons, may
be less susceptible to radiosensitization. Nevertheless, limitations of preclinical models in predicting
late radiation-induced toxicities necessitate a cautious clinical approach. Accordingly, emerging clinical
strategies emphasize conservative radiation planning, including stricter dose constraints to critical structures
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(e.g., optic apparatus, hippocampus, brainstem) and adjacent normal tissues. Such adaptive radiotherapy
frameworks, combined with optimized drug exposure schedules, will be essential to balance efficacy and
safety. Collectively, these considerations highlight that successful clinical translation of ATM inhibitors
will depend not only on drug design but also on integrated PK/PD-guided treatment planning and precise
radiotherapy delivery to minimize collateral toxicity while preserving potent anti-tumor effects [100].

Emerging evidence regarding resistance to ATM-targeted therapies remains limited, and, to date,
directly validated genetic mechanisms of resistance specific to ATM inhibitors are scarce. As a result, many
proposed resistance pathways are largely inferred from studies of other DDR inhibitors and homologous
kinase-targeting strategies, rather than being firmly established in the context of ATM inhibition. For
instance, mutations within kinase domains that reduce drug binding while preserving catalytic function have
been well documented for other targeted therapies. However, comparable resistance-conferring mutations
in the ATM kinase domain have not yet been robustly characterized in preclinical or clinical settings.
Similarly, the concept of secondary “reversion mutations” restoring DNA repair capacity, well described
in BRCA1/2-mutant tumors treated with PARP inhibitors, has not been conclusively demonstrated for
ATMi, although it represents a plausible mechanism in tumors where ATM inhibition is synthetically lethal
with HR deficiency. Additionally, adaptive rewiring of DDR signaling, such as activation of downstream
effectors or compensatory upregulation of parallel pathways like ATR-CHK1, may bypass ATM inhibition.
Alterations in cell cycle regulators further contribute by uncoupling checkpoint control from DNA damage
signaling [203].

A critical limitation that must be explicitly acknowledged is the overreliance on genetically
homogeneous preclinical models in the current ATM inhibitor literature. Most mechanistic and therapeutic
evidence supporting ATM targeting has been derived from conventional immortalized cancer cell lines
and standard subcutaneous xenograft models, which, despite their experimental utility, do not recapitulate
the genomic heterogeneity, clonal evolution, or microenvironmental complexity of human tumors. In
particular, these systems lack the dynamic interactions between tumor cells and the surrounding stromal,
immune, and vascular compartments, all of which are increasingly recognized as critical modulators of DDR
signaling and therapeutic resistance [204]. As a result, current preclinical datasets may overestimate the
robustness and universality of ATM dependency, as they fail to capture context-dependent vulnerabilities
shaped by intratumoral heterogeneity and niche-specific selective pressures. This limitation is especially
relevant when considering combinatorial strategies involving ATM inhibitors and immunotherapies, as
immune-mediated tumor clearance and DDR-induced immunogenic signaling cannot be adequately modeled
in immunodeficient xenograft systems [205]. Therefore, there is a pressing need to validate ATM inhibitor
efficacy in more physiologically relevant platforms, including PDXs, which better preserve patient-specific
genomic architecture [206,207], as well as genetically engineered mouse models (GEMMs) that retain
intact immune systems and tumor-stroma interactions. GEMMs, in particular, are essential for accurately
evaluating the therapeutic synergy between ATM inhibition and immune checkpoint blockade, as they
allow assessment of DDR-driven immune activation, antigen presentation, and tumor-immune co-evolution
in an intact microenvironment [208-210]. Expanding the use of these advanced models will be critical
to bridging the translational gap between preclinical ATM inhibitor studies and clinical efficacy, and to
ensuring that proposed synthetic lethal strategies are robust across genetically diverse and immunologically
competent tumor contexts.
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4.2 Future Perspectives

Looking forward, several emerging directions could expand the clinical potential of ATM inhibition.
First, integrating high-throughput genomic and functional screens to identify DDR vulnerabilities could
refine patient selection for ATMi therapies, including the identification of biomarkers predictive of synthetic
lethality beyond classical HR defects [203,211-213].

Second, combinatorial strategies with immune checkpoint inhibitors, cGAS-STING agonists, or targeted
metabolic inhibitors may leverage ATM’s role in immune regulation and tumor metabolism to overcome
resistance [214-216].

Third, development of brain-penetrant ATMi could improve outcomes in primary and metastatic central
nervous system malignancies, where RT is standard but effective drug delivery is challenging [100,201].
Finally, rational sequencing or co-administration with DDR-targeted agents (e.g., PARP, ATR, DNA-PKcs
inhibitors) could exploit compensatory DNA repair pathways and maximize therapeutic efficacy [217-219].

5 Conclusions

In summary, ATM represents a versatile and clinically actionable target in oncology. Its inhibition
provides a multi-pronged strategy to exploit DNA repair deficiencies, enhance radiosensitivity, synergize
with chemotherapeutics, and potentially remodel anti-tumor immunity. Careful molecular characterization,
biomarker-guided patient selection, and strategic combination therapies will be key to translating ATM
inhibition into durable clinical benefit, while addressing the challenges posed by its dual tumor-suppressive
and tumor-promoting roles. The evolving landscape of DDR-targeted oncology positions ATM inhibitors as
central agents in next-generation precision cancer therapy, particularly in contexts where conventional
treatments fail or are limited by resistance.
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WRN Werner syndrome helicase
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