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DNA-dependent protein kinase (DNA-PK) is a central regulator of non-homologous end joining (NHEJ),
the dominant pathway for DNA double-strand break repair in mammalian cells. Aberrant DNA-PK activity is
frequently associated with tumour progression as well as chemo- and radio-resistance, positioning DNA-
PK as an attractive therapeutic target in cancer. Over the past few years, extensive medicinal chemistry
efforts have enabled the optimisation of small molecule inhibitors of DNA-PK, from early, non-selective
chemical probes into highly potent, selective and orally bioavailable compounds. This review provides a
comprehensive overview of the discovery and optimisation of DNA-PK inhibitors, highlighting key
structure-activity relationships, synthetic strategies and pharmacological profiles across several inhibitor
generations. Representative scaffolds, including chromen-4-one derivatives and next-generation clinical
candidates such as AZD7648 and VX-984, are discussed. Finally, we summarise current clinical progress in
early phase trials and remaining challenges, including achieving tolerability and efficacy when compounds
are administered both as a single agent, or in combination. Taken together, this review highlights both the
therapeutic potential of DNA-PK-targeting inhibition and the challenges encountered in clinical
development, providing a framework to guide future strategies for DNA-PK-targeted therapeutics.

Introduction

DNA double-strand breaks (DSBs) are induced by both
intrinsic and extrinsic stimuli, and result in genomic
instability, which is a hallmark of cancer development.'
These DSBs can be repaired via homologous recombination
(HR) in the S and G2 phases of the cell cycle, or non-
homologous end joining (NHEJ) across the cell cycle.”™* DNA-
dependent kinase (DNA-PK) is a serine/threonine protein
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kinase which plays a crucial role in the repair of DSBs via the
NHE] pathway.” The holoenzyme is composed of a catalytic
subunit, DNA-PK.;, and a heterodimeric regulatory factor,
Ku70/Ku80.® The Ku heterodimer detects DSBs and threads
onto each damaged DNA end, changing the confirmation of
the Ku subunit and forming a Ku-DNA complex, which
stabilises the DNA ends and prevents nucleolytic
degradation.”” The DNA-PK,, in complex with Artemis, has
a high affinity for the Ku-DNA ends, and thus it binds to Ku,
forming the active DNA-PK complex. Recent structural and
biochemical studies have elaborated on the dynamics of
DNA-PK, establishing it as more than just a catalytic entity.
High-resolution structural analyses demonstrate that DNA-PK
is composed of multiple HEAT repeats which facilitates the
formation of synaptic complexes.*® Long-range synapsis
occurs when the DNA-PK. complexes on each DSB end
dimerise, bringing the two strands of DNA closer together,
forming a weak complex. DNA-PK. then undergoes
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autophosphorylation in the ABCDE cluster, which causes a
substantial conformational change.®'® This process causes
DNA-PK s to dissociate from the Ku-DNA complex, while
Artemis is activated by DNA-PK, thus beginning the DNA
end processing.*'’ Other nucleases may be recruited, but
Artemis is often the primary one, resecting the DNA ends via
its endonuclease activity. In addition, DNA polymerases p
and A (Pol p and Pol A, respectively) can then incorporate
deoxynucleoside triphosphates (dNTPs) to bridge the gap
between the strands, making them compatible for ligation.
Finally, DNA ligase IV, in association with X-ray cross-
complementing protein 4 (XRCC4), facilitates the final
ligation between DNA ends, now closer together as part of a
short-range synaptic complex. XRCC4-like factor (XLF)
interacts with XRCC4 and the XRCC4-XLF complex is believed
to form a sleeve around the DNA duplex, stabilising the ends
before covalent ligation.” Once the two strands have been
ligated, the DNA-PK complex dissociates.

DNA-PK is also essential for the repair of RAG-induced
DSBs during V(D)J recombination, a strictly regulated series
of DNA breakage and rejoining events that generate antigen
receptor diversity through the assembly of variable (V),
diversity (D) and joining (/) gene segments. Although this is
a preprogrammed genetic rearrangement, rather than
canonical DDR, it co-opts DDR machinery, including DNA-
PK and its associated NHE]J factors. This positions DNA-PK
as a key mediator of lymphocyte development, specifically
in the assembly of immunoglobulin and T-cell receptor
genes."> 4

Notwithstanding the strong association of DNA-PK
function with the DDR via the NHE]J pathway, it was first
characterised several decades ago as a transcriptional
regulator of the transcription factor SP1; a process involving
DNA-dependent DNA-PK-mediated SP1 phosphorylation.™
Since then, multiple transcription factors across a range of
families, including androgen receptor (AR), HIF-1 and ERG,
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have been shown to be dependent on DNA-PK. for
controlling transcriptional competency.'>"” More recently,
the discovery that DNA-PK. controls: (i) splicing; (ii) innate
and adaptive immune responses, in part by regulating cGAS
signalling and T cell proliferation, respectively; and (iii)
metabolic activity has established the enzyme as a key node
of pleiotropic cellular regulation.'®>?

Aberrant expression and dysregulation of DNA-PK have
been increasingly implicated in cancer development,
progression and resistance to treatment. Elevated levels of
DNA-PK.s have been reported in multiple malignancies,
including breast, prostate, lung, ovarian and hepatocellular
carcinomas and frequently correlate with poor prognosis
and survival.”> > Overexpression of DNA-PK enhances the

repair of therapy-induced DNA damage, conferring
resistance to ionising radiation (IR) and genotoxic
chemotherapies, such as traditional cisplatin and

23-26

doxorubicin treatment. In certain cancers, DNA-PK. has

Table 1 Comparative overview of DNA-PK inhibitors
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also been shown to promote metastatic behaviour through
involvement in cell proliferation.””

Since the elucidation of the role of DNA-PK overexpression
in treatment resistance, numerous DNA-PK. inhibitors have
been developed. This review will summarise key developments,
medicinal chemistry optimisation, representative syntheses and
clinical development, with a particular focus on the most recent
advances. A comparative summary of their mechanisms, activity
and key strengths and limitations is provided in Tables 1 and 2.

Evolution of small-molecule inhibitors

Early DNA-PK inhibitors have progressively shaped the
medicinal chemistry landscape from early non-selective,
covalent PI3K inhibitors to potent, drug-like and more selective
compounds. Each structural evolution improved potency,
selectivity and pharmacokinetic performance, supporting the
potential of DNA-PK inhibition in cancer therapy (Fig. 1).

DNA-PK
Inhibitor Type/mechanism ICsp Selectivity” Key features/limitations
Wortmannin Irreversible covalent 16 nM Non-selective First PIKK inhibitor; radiosensitiser;
(pan PIKK) poor drug-like properties, toxicity

KU-0060648 Reversible, dual DNA-PK/PI3K 5 nM Moderate Potent, improved PK, strong

ATP-competitive chemo-/radiosensitiser
Phenol IC series Reversible ATP-competitive 0.4 pM to nM High (vs. PI3Kp) Low toxicity, synergistic with
(e.g. 1C60211) (400 nM) DNA-damaging agents

Vanillin Irreversible covalent 1.5 mM (15 uM) Low Low potency but simple scaffold
(e.g. 4,5-dimethoxy-2- useful for covalent design
nitrobenzaldehyde)
SU11752 Reversible ATP-competitive 0.13 uM Moderate Low potency; poor pharmacokinetics;
unsuitable for in vivo use
LY294002 Reversible ATP-competitive 1.5 uM Low Low potency; poor in vivo stability,
in vivo toxicity, high clearance
NU7026 Reversible ATP-competitive 0.23 uM Moderate Low potency; poor pharmacokinetics;
unsuitable for clinical use
NU7441 Reversible ATP-competitive 14 nM High High potency; low aqueous solubility
(vs. class I PI3Ks) and poor oral bioavailability
NU5455 Reversible ATP-competitive 8.2 nM High High potency; effective radiosensitiser
(vs. class I PI3Ks) in vitro and in vivo; lack of clinical application
CC-115 Reversible ATP-competitive 13 nM Moderate High potency; limited clinical efficacy;
toxicity
M3814 Reversible ATP-competitive 0.6 nM High High potency; strong chemo-/radiosensitiser;
clinically advanced; normal cell toxicity
observed in trials
VX-894 Reversible ATP-competitive — — Effective radiosensitiser in vitro and in vivo;
preferential activity in tumour cells; lack of
medicinal chemistry data; limited
clinical progress
D11 Reversible ATP-competitive 10.2 nM Moderate High potency; good PK properties;
significant inhibition of ATM; breadth
of kinase selectivity is unclear
BR101801 Reversible ATP-competitive 15 nM Low High potency; promising clinical profile
AZD7648 Reversible ATP-competitive 0.6 nM High High potency; limited clinical efficacy;
(vs. class I PI3Ks) toxicity observed in combination therapy
BAY-8400 Reversible ATP-competitive 81 nM Low High potency; antitumour efficacy; low
oral bioavailability; low metabolic stability
XRD-0394 Reversible ATP-competitive 0.89 nM Moderate High potency; promising clinical profile
DA-143 Reversible ATP-competitive 2.5 nM Moderate High potency; improved aqueous

(vs. class I PI3Ks) solubility; limited pharmacokinetic data

“ Selectivity categorised as <50-fold ~ low, 50-100-fold ~ moderate, >100-fold ~ high.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Representative selection of leading DNA-PK inhibitors and their respective pharmacokinetic and PK/PD profiles

CC-115 (ref. 65-68 and 90) M3814 (ref. 62)

Parameter AZD7648 (ref. 76 and 77)
Biochemical IC5, (DNA-PK) 0.6 nM
Cellular IC5, 50-100 nM

Oral bioavailability (F%)
Cinax (clinical)

AUC,, (clinical)”
Half-life (¢,/,)"
Clearance”

Volume of distribution®
PK/PD biomarkers
PK/PD relationship
Primary clinical strategy

104% (rat), 93% (dog)
2463 nmol L™

25180 h x nmol L™*?
10.32 h?

8.353 Lh™"

1.4 L (rat), 0.7 L (dog)
YH2AX, pDNA-PK,,
Strong, exposure-driven
Combination (PLD)

13 nM 0.6 nM
15 nM to 1.77 uM ND
27% (rat) ~20% (mouse)

~36.1-173 ng mL™** 437 ng mL ¢
~237-2130 h x ng mL* 2390 h x ng mL™*?
~3.98-7.90 h* 6.3 h?
~13.1-33.7Lh™*° 41.9Lh™
~149-294 L (human) 382 L9

yYH2AX, mTOR markers p-DNA-PK ¢
Dual-pathway complexity Dose-dependent
Combination/multitarget Monotherapy

“ Results in plasma.  Values from BID 80 mg cohort, day 0, cycle 1 (NCT03907969). © Values across QD of 8 mg, 16 mg, 25 mg and 40 mg and
BID of 10 mg and 15 mg. ¢ Values from QD 100 mg cohort, day 1, cycle 1 (NCT02316197).
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Fig. 1 Timeline of identification of DNA-PK inhibitors.

Compounds such as wortmannin®*** and LY294002,*"*
along with ICOS Corporation's arylmorpholine inhibitors,**~”
vanillin-based aldehydes®®*” and tool compounds like
SU11752,°® were instrumental in establishing DNA-PK as a
tractable target. These compounds demonstrated that small-
molecule inhibition of DNA-PK could impair DNA double-
strand break repair and potentiate the effects of ionising
radiation and DNA-damaging agents.

However, these early inhibitors were limited by variable
potency and poor selectivity across PIKK family members
(including PI3K, ATM, ATR and mTOR). In addition, several
scaffolds  suffered from poor physicochemical and
pharmacokinetic properties, including low metabolic stability,
high clearance and off-target reactivity. Irreversible or reactive
chemotypes (e.g;, wortmannin and aldehyde derivatives) further

RSC Med. Chem.
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limited their suitability for drug development. Consequently,
these compounds have largely been confined to use as
biochemical and cellular tool molecules. Comprehensive
accounts of these early inhibitors are provided in earlier review
articles (e.g. Cano et al., 2018).%°

The development of more selective and drug-like DNA-PK
inhibitors was enabled by advances in structure-based drug
design (SBDD) and better understanding of kinase active-site
interactions. Early scaffolds, particularly the chromen-4-one
core, provided critical structure-activity relationship (SAR)
insights, with the morpholine substituent highlighting key
interactions within the ATP-binding pocket that informed
subsequent  optimisation strategies. These findings
established a foundation for the rational design of more
potent and selective analogues. The emergence of the NU

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Development of chromen-4-one DNA-PK inhibitors. Each new motif highlighted by colour.

series marked a key point in DNA-PK inhibitor development,
as these compounds exhibit substantially improved potency,
selectivity and pharmacokinetic properties (Fig. 2).

Chromen-4-one-based inhibitors and the emergence of
NU5455

LY294002. In 1994, Lilly Pharmaceuticals identified
LY294002,** a reversible PI3K inhibitor with a chromen-4-one
(flavonoid-like) scaffold and an essential morpholine ring
that hydrogen bonds to Val882 within the ATP-binding
pocket of PI3Ky.*" Although 1.Y294002 inhibited DNA-PK with
an IG5, of ~1.5 uM, it lacked selectivity, had poor in vivo
stability as well as in vivo toxicity and high clearance.****

NU7026. Medicinal chemistry efforts at Newcastle University
and KuDOS Pharmaceuticals generated an optimised series of
benzopyranones and pyrimidoisoquinolinone derivatives.**
Griffin et al. synthesised NU7026 which retained the necessary
morpholine and introduced a fused biaryl system (Fig. 2,
highlighted in blue) on the chromen-4-one scaffold. NU7026
demonstrated a 56-fold selectivity for DNA-PK over PI3K family
members and a promising ICs, of 0.23 pM. Several human
tumour cell lines were treated with NU7026 in vitro which
showed the inhibitor to act as both a radio- and chemo-
sensitiser.**>*"

NU7441. With the goal of enhancing activity, functionality
was introduced on the 6-, 7- and 8-position of the chromen-4-
one core as this was known to be tolerated at the ATP-
binding domain of DNA-PK.** As a result, NU7441 was
successfully identified with an ICs;, of 14 nM and the
significant improvement in potency was attributed to the
dibenzothiophen-1-yl group (Fig. 2, highligted in pink).
Selectivity for DNA-PK increased to 360-fold over PI3K family
members. Key binding interactions were elucidated by
Blundell et al. of NU7441 bound to DNA-PK,, highlighting
hydrogen bonding interactions between the chromen-1-one
core and morpholine ring to the peptide backbones of
Asp3941 and Leu3806.** Additional binding interactions were
shown between the dibenzothiophene group and the N-lobe,
where it docks in the hydrophobic groove of Met3729,
Pro3735 and Leu3751.

The therapeutic potential of NU7441 was further explored
across multiple human tumour cell lines including breast,

This journal is © The Royal Society of Chemistry 2026

prostate and colon cancer and demonstrated its capability as
a radiosensitiser and chemosensitiser.**™*® Moreover, in
prostate cancer cell lines and xenografts, transcriptional
activity of both the AR and pathogenic androgen-receptor
splice variants, which are refractory to current AR-targeting
agents, significantly reduced upon treatment with NU7441
(the latter observation also replicated with AZD7648 and
NU5455; see below), which translated to diminished tumour
cell proliferation in vitro and in vivo; highlighting the benefit
of targeting the transcriptional co-regulatory role of DNA-PK
for cancer treatment.”**’

Consistent with the role of DNA-PK negatively regulating
innate immune responses via the cGAS pathway, which is a
critical node of interferon-driven inflammatory signalling
and key for priming of cytotoxic T-cells, NU7441 was shown
to abolish repressive DNA-PK-mediated cGAS
phosphorylation to enhance c¢GAS activity and downstream
inflammatory signalling.>® This phenomenon has been
demonstrated to be critical for the cytotoxic effects of
combined doxorubicin and DNA-PKIs in multiple myeloma
models and offers new opportunities for immunotherapy
considerations in future pre-clinical and clinical studies.

Unfortunately, clinical applications of NU7441 are limited
due to poor aqueous solubility and oral bioavailability.

NU5455. In 2011, the NU series was further developed
with the intention of improving pharmacokinetic properties.
Replacement of the necessary morpholine for 8-oxa-3-
azabicyclo[3.2.1]octane (Fig. 2, highlighted in green) as well
as addition of amide linked morpholine at the 2-poisition of
the dibenzothiophene motif (Fig. 2, highlighted in orange).
Structural changes were not only tolerated but afforded
NU5455 with an improved ICs, of 8.2 nM and improved
solubility, whilst retaining high selectivity against PI3K family
members.

The synthetic route for NU5455 follows similar chemistry to
the previous chromen-4-one series, including the final Suzuki-
Miyaura coupling (Scheme 1). The overall synthesis is 11-steps,
beginning with the acetylation of 8-oxa-3-azabicyclo[3.2.1]octane
(1) to form the corresponding amide 2 and the formation of
chromen-4-one 4 follows established chemistry. More
interesting is the synthesis of intermediate 10 which begins
with conversion of 2-bromo-2-methylpropanoyl bromide to the
corresponding amide, followed by an SyAr reaction with

RSC Med. Chem.
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Scheme 1 Synthetic route to NU5455. A) Synthesis of intermediate 4: i) Ac,O, MP-carbonate, DIPEA, THF, Ny, rt, 18 h, quant; ii) "BuLi, DIPEA, THF,
N2, =70 °C, 30 min, then addition of 2, =70 °C, 30 min, then addition of methyl 2-hydroxy-3-(trifluoromethylsulfonyloxy)benzoate, -77 °C, 2 h,

crude; iii) Tf,0, DCM, N,, 0 °C, 5 min then rt, 18 h, 9%; B) synthesis of
6-bromodibenzothiophen-2-ol, NaH, 1,4-dioxane, rt, 15 min, then addition
aq., EtOH, 100 °C, 18 h, 85%; v) chloroacetyl chloride, TEA, DMA, rt, 50 min

intermediate 10: i) ammonium hydroxide, H,O, 0-5 °C, 1 h, 64%; ii)
of 5, 100 °C, 40 h, 45%; iii) NaH, DMF, DMPU, N, 110 °C, 4 h; iv) HCl
then morpholine, 3 h, 68%; vi) sodium bis(trimethylsilyllamide, THF, N5,

0 °C, 30 min, iodomethane, rt, 20 min, 91%; vii) Bopin,, Pd(dppf)Cl,, KOAc, 1,4-dioxane, N, 110 °C, 3 d, 87%. C) Synthesis of NU5455: i) Pd(PPhs),,

Na,CO,, 1,4-dioxane, Ny, reflux, 4 h, 15% (WO2010/136778).*%

6-bromodibenzothiophen-2-ol. Migration of the amide on 6 in
the presence of sodium hydride results in the displacement of
the ether elegantly forms the amide 7 for subsequent
deprotection to the free amine. Amide coupling with
chloroacetyl chloride followed by methylation of the amide and
a Miyaura borylation finalises the synthesis of intermediate 10.
The synthesis is highly efficient overall with high yields and
short reaction duration with the exception of step iii in the
synthesis of 3 and the finalising coupling which afford slightly
lower yields.*®

Human breast cancer cell lines were treated with NU5455
in combination with IR and it was shown to have a greater

RSC Med. Chem.

cell-killing effect in proliferating MCF7 cells.*” Unfortunately,
this response varied when explored in different cell types
in vitro. Whereas NU5455 in combination with doxorubicin
increased efficacy in vivo, suggesting therapeutic potential for
treatment of hepatocellular carcinoma, associated with high
DNA-PK expression linked treatment resistance.”®

Moreover, in vivo treatment of Balb/C nude mice bearing
HAP-1 xenografts with NU5455 in combination with radiation
inhibited DNA DSBs repair which was not evident in the
HAP1 PRKDC-/- xenografts indicating the specificity of
NU5455 for DNA-PK, targeting.”" Significantly, the inhibitory
effect was more pronounced in hypoxic cells suggesting

This journal is © The Royal Society of Chemistry 2026
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NU5455 may act as a radiosensitiser of chronically hypoxic
cancer cells.

KU-0060648. In 2012, using homology modelling of the
DNA-PK ATP-binding site, derived from PI3Ky,”> Newcastle
and AstraZeneca researchers introduced water-solubilising
substituents to yield KU-0060648, a dual DNA-PK/PI3K
inhibitor (DNA-PK ICs, = 5 nM).>

The synthesis of KU-0060648 begins with an electrophilic
substitution of dibenzothiophene (11) and is followed by a
nitration and triflation to afford 13 (Scheme 2). A Miyaura
borylation affords 14 for the subsequent Suzuki coupling
which yields the chromen-4-one 15. The nitro group of 15 is
reduced to form the corresponding free amine 16 which
undergoes acylation with 1-ethylpiperazine in the finalising
step to afford KU-0060648.

KU-0060648 effectively potentiated IR-induced and
topoisomerase II poison-induced cytotoxicity, achieved dose-
modification ratios up to 13 in vitro and displayed improved
PK stability and solubility, low hERG inhibition, minimal
CYP450 interaction and in vivo efficacy in xenograft tumour
models.”>>*

The balanced pharmacological profile of KU-0060648 has
made it a benchmark for dual-target PIKK inhibitors and an
invaluable tool for understanding DNA-PK's dual roles in
DNA repair and oncogenic signalling. However, given the role
PI3Ka plays in cardioprotection, the activity KU-0060648
displays against PI3Ko is preferably avoided in DNA-PK
inhibitors.”® Comparatively, the analogue NU5455 has a
selectivity margin of 228-fold for DNA-PK. versus PI3Ka,
hence Newcastle University shifted focus to the preclinical

assessment of NU5455.
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DA-143. Following the elucidation of NU7441 bound to DNA-
PK. by Blundell et al,” in 2024, Burdine et al pursued
modifications to the dibenzothiophene group, given its non-
essential binding interactions, to improve the overall solubility
of the compound.”® Introduction of the pyrrolidine group
provides both, metabolic stability, with the expectation of
circumventing N-dealkylation, as well as being a readily
ionisable group with a pkK, range of 9-11 capable of enhanced
solubility (Fig. 3). DA-143 demonstrated comparable inhibition
of kinase activity to NU7441 (IC5, = 2.5 nM) and sensitised
cancer cells to doxorubicin without a notable reduction in
selectivity against PI3K. Furthermore, DA-143 was shown to
diminish autophosphorylation of DNA-PK.; and other
downstream substrates in the Jurkat T-cell line. Critically, both
DA-143 and NU7441 were shown to reduce proliferation of CD4
and CD8 T cells as a consequence of down-regulated expression
of IL-2 suggesting modulating DNA-PK s activity may have
clinical value in the setting of autoimmune disorders.

The synthetic route towards DA-143 begins with 1-(3-bromo-
2-hydroxyphenyl)ethan-1-one 17 and N,N-dimethylformamide
dimethyl acetal (DMF-DMA) to yield 1-(3-bromo-2-
hydroxyphenyl)-3-(dimethylamino)prop-2-en-1-one, followed by
ring closure to chromenone 18. This was then reacted with
iodine and triazole to give 19, followed by nucleophilic
substitution and a Miyaura borylation cross-coupling to give 20
(Scheme 3A). 4-Bromodibenzo[b,d]thiophene 21 was reacted
with iodine and iodobenzene diacetate to give 22. Suzuki
coupling of 22 with the corresponding boronic ester afforded
dibenzothiophene 23 (Scheme 3B). A final Suzuki-Miyaura
coupling between boronic ester 20 and dibenzothiophene 23
yielded DA-143 (Scheme 3C).

o

NO.
O vii)
S
o B\O
1 %

13 4

16 KU-0060648

Scheme 2 Synthesis of KU-0060648: i) n-BulLi, THF, reflux then MeMgBr, O,, 25 °C, 39%; ii) Mel, K,COs, acetone, reflux, 96%; iii) HNOz, AcOH, 25
°C, 99%; iv) pyridine hydrochloride, 150 °C, 41%; v) Tf,O, NEts, DCM, 0 °C, 98%; vi) B,pin,, KOAc, PdCl,(dppf), dppf, 1,4-dioxane, 95 °C, 66%,; vii)
2-morpholino-4-oxo-4H-chromen-8-yl trifluoromethanesulfonate, PdCly(dppf), Cs,COs, THF, 85 °C, 46%; vii) Zn, AcOH, 25 °C, 95%; ix)

1-ethylpiperazine, chloroacetyl chloride, NEts, DMA, rt, 95%.%°

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Synthetic route DA-143. A) Synthesis of intermediate 20: i) DMF acetal, DMF, 75 °C, 100%; ii) DCM, HCl, reflux, 90%; iii) triazole, iodine,
K,COs, DMF, 80 °C, 70%; iv) morpholine, K,CO3z, DMF, 80 °C, 70%; v) bis(pinacolato)diboron, KOAc, Pd(dppf)Cl,, 1,4-dioxane, 90 °C, 100%. B)
Synthesis of intermediate 23: i) iodine, iodobenzene diacetate, Ac,O, AcOH, H,SO,4, 45%; ii) 1-(2-(pyrrolidin-1-yl)ethyl)-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1H-pyrazole, Na,COs, Pd(dppf)Cl,, 5:1 DMF:H,0, 80 °C, 31%. C) Synthesis of DA-143: i) of 2-morpholino-8-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-4H-chromen-4-one, 4-(6-bromodibenzolb,dlthiophen-2-yl)-1-(2-(pyrrolidin-1-yl)ethyl)-1H-pyrazole, K,COs,

Pd(PPhz)4, 1,4-dioxane, 90 °C, 32%.

The course of DNA-PK inhibitor development thus far
illustrates the development of PIKK-targeted medicinal
chemistry. Wortmannin established the concept of kinase-
dependent radiosensitisation; KU-0060648 refined the
pharmacophore toward selective, drug-like inhibitors; phenol-
related IC compounds achieved potency with low toxicity and
vanillin derivatives underscored the potential of covalent,
fragment-based approaches. However, the emergence of next-
generation inhibitors, such as M3814 and VX-984, marked a
pivotal transition from chemical biology to therapeutic reality.

Next generation inhibitors

M3814. M3814 (also known as peposertib and nedisertib) is
a potent, selective and orally bioavailable DNA-PK inhibitor.>”
Time-resolved FRET (TR-FRET) dose-response studies against a
panel of 284 kinases revealed M3814 only inhibited the four

RSC Med. Chem.

class I PI3Ks (o, B, 8, y), ATM, ATR and mTOR more than 50%
at 1 uM.>® M3814 was selective for DNA-PK,, with >100-fold
selectivity against the other PI3Ks and >1000-fold selectivity
against ATR, ATM and mTOR.*® With an ICs, of 0.6 nM in 10
UM ATP and 20 nM in 1 mM ATP, M3814 was confirmed to bind
in the ATP binding site.® By Western blot analysis and ELISA
assay, M3814 was also found to inhibit DNA-PK
autophosphorylation on Ser2056 in a number of cell lines,
suppressing NHE]J repair as this is a key residue for DNA-PK
activation. In preclinical studies, M3814 showed limited efficacy
as a monotherapy, but demonstrated a strong synergy with IR
and DSB-inducing chemotherapeutics, significantly enhancing
growth inhibition in multiple cell lines and human xenograft
models. The enhanced growth inhibition observed in cell lines
with elevated DNA-PK activity, together with increased synergy
with DSB-inducing agents, supports inhibition of DNA-PK
autophosphorylation as the primary mechanism of action of

This journal is © The Royal Society of Chemistry 2026
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M3814.>° Preclinical studies also revealed that M3814 displayed
some normal tissue toxicity. In mice, concurrent treatment of IR
and temozolomide had no significant effect on weight, whereas
combined therapy with M3814 resulted in a 15-20% drop in
weight 8-9 days after the third dose of radiation. The mouse
oral mucosa displayed significant mucositis in those treated
with M3814 and IR, as compared to IR alone and control
treatments, which shows the potential of M3814 to induce
normal tissue toxicity.*’

Structural analysis via cryo-electron microscopy (cryo-EM)
revealed that the quinazoline and morpholine moieties point
into the deepest hydrophobic pocket, as also seen in
NU7441.%°" The chloro-fluorobenzene rotates —60° to point
towards the N-lobe and the remaining pyridazine rotates to
be almost parallel with the quinazoline, stabilising the
interaction.”®  The sub-nanomolar potency and high
selectivity of M3814 over closely related kinases may be the
result of the drug exploiting these stabilising interactions
within the ATP binding pocket, providing an advantage over
previous treatments.

Notably, M3814 is one of three DNA-PK inhibitors to have
reached phase II clinical trials, alongside AZD7648 and CC-
115, and has been involved in 16 trials as of the writing of
this review. In a first-in-human phase I study in patients with
advanced solid tumours (NCT02316197), M3814 was well
tolerated, with a recommended phase II dose (RP2D) of 400
mg twice daily (BID) established, but no maximum tolerated
dose determined (MTD).** Pharmacodynamic (PD) analyses
confirmed in vivo target engagement, displaying a decrease in
phosphorylated DNA-PK on Ser2056 (p-DNA-PK) relative to
total DNA-PK, measured by blood test before, 3 hours, and 6
hours after administration. As well as time-dependent,
concentration-dependent p-DNA-PK inhibition could be
observed with an approximate ICs;, of 200 ng mL™"
established. In terms of efficacy, disease stabilisation was
observed in 39% of patients, with no partial or complete
response observed. This is consistent with M3814's
mechanism as a sensitiser, rather than a cytotoxic agent.®* In
a different phase Ia/Ib trial (NCT02516813), M3814 was
investigated in combination with IR but significant dose-
limiting toxicities (DLTs) were observed, including grade 3
mucositis and grade 3 odynophagia toxicity. Other adverse
effects included rash and radiation skin injury, highlighting
the difficulty in selectively sensitising tumour tissue over

e
. .~

CC214-1

CC-223
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normal tissue.®>®! This may highlight a potential difficulty in
inhibiting DNA-PK in general due to its involvement in
multiple cellular pathways.

CC-115. In 2015, Celgene Corporation published the
identification of CC-115, a dual inhibitor of kinases mTOR and
DNA-PK..*> Initial investigations focused solely on the
identification of an mTOR kinase inhibitor, via synthesis of a
1,6-substituted-imidazo[4,5-b]pyrazin-2-one series. Identification
of CC214-1 was a promising hit, despite poor oral
bioavailability, for SAR optimisation. Modifications around the
imidazo-ring core including C6/7 substitutions and ring
expansion were trialled leading to a triazole subseries in which
CC-115 was identified (Fig. 4).°> A screening of CC-115 against
PI3K related kinases identified 65-fold selectivity for DNA-PK_
with a determined ICs, of 13 nM (equipotent with its mTOR
activity).°® The elegantly simple and high yielding synthesis of
CC-115 is achieved through a convergent synthetic route
combining two intermediates, 25 and 27, via a Suzuki-Miyaura
coupling to form the complex 28 followed by a THF
deprotection (Scheme 4). Synthesis of intermediate 25 is
achieved by an intramolecular cyclisation of pyrazine 24 with
ethanamine hydrochloride under basic conditions. Additionally,
synthesis of intermediate 27 is achieved by Miyaura borylation
of intermediate 26.

In 2019, CC-115 underwent phase I clinical trials
(NCT01353625) and 118 patients were treated with CC-115 for
cancers including gastrointestinal, sarcoma, breast and lung
etc.’” As of 2023, CC-115 underwent phase Ib during which
the drug was used in combination with enzalutamide to treat
men with metastatic castration-resistant prostate cancer.®®
Additionally, between 2017 and 2021, a phase II clinical trial
(NCT02977780) was conducted in which 12 patients were
treated with CC-115.** Unfortunately, significant toxicity was
observed and CC-115 failed to improve progression-free
survival.

VX-984. VX-984 (M9831) is a selective inhibitor of DNA-
PK., developed by Vertex Pharmaceuticals. While detailed
SAR and structural data have not been publicly disclosed, the
compound shows clear target engagement and
radiosensitises multiple tumour models.®*””" Mechanistically,
VX-984 suppresses IR-induced phosphorylation events such
as phosphorylation of RPA-Ser4/Ser8 by DNA-PK. and
Ser2056 autophosphorylation, resulting in blockage of NHE]
and persistent DNA damage.”®

N \N (0]
"y

expansion CC-115

Fig. 4 SAR optimisation of 1,6-substituted-imidazol4,5-blpyrazin-2-one series, leading to CC-115.%°
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CC-115

Scheme 4 Synthesis of CC-115: i) ethanamine hydrochloride, DIPEA, NMP, N,, 105 °C, 14 h, 60% ii) AcOH, MeOH, 60 °C, 16 h, 75%; iii) B,pin,,
Pd(dppf)Cl, (10%), potassium acetate, K,COs3, 1,4-dioxane, N, 90 °C, 2 h, 75%; iv) 28 at 40 °C, Pd(dppf)Cl, (5%), H,O, N, 70 °C, 1 h, 57%; v) HCl,

MeOH, 15-30 °C, 20 min, 81%.

Oral administration of VX-984 combined with radiotherapy
enhances anti-tumour effects in glioblastoma models,
demonstrating that the drug reaches pharmacologically relevant
levels in the brain.”" VX-984 advanced to a first-in-human phase
I study (NCT02644278) as a monotherapy and in combination
with pegylated liposomal doxorubicin (PLD) in advanced solid
tumours. One review indicates that the trial is complete, but
detailed results and progression to later-phase development
have not been publicly disclosed.”” A synthesis for VX-984 has
been disclosed and is lengthy at 17 steps, though it is
convergent and features a late-stage cross-coupling along with
an asymmetric hydrogenation to set the (S) stereocentre
(Scheme 5).”* Notably, the deuterium atoms were incorporated
as a strategy to overcome metabolism by aldehyde oxidases
(A0s).”*

AZD7648. In the search for DNA-PK. inhibitors with
selectivity over the PI3K family, particularly PI3Ka, Goldberg
et al. at AstraZeneca reported a high-throughput screening
campaign of approximately 500000 compounds from the
AstraZeneca corporate collection against both targets. This
identified a 7,9-dihydro-8H-purin-8-one core as a viable
starting point. Subsequent structure-activity relationship
(SAR) optimisation led to the discovery of AZD7648, a highly
potent and selective DNA-PK, inhibitor (Fig. 5).”%””

AZD7648 was well optimised, achieving both, sub-
nanomolar potency and selectivity over class I PI3Ks (>100-
fold over PI3Ka/B/S; 73-fold over PI3Ky at 1 uM).””> This
in vitro potency translated well into cellular activity, with the
IC5, of Ser2056 autophosphorylation, a marker of DNA-PK
activation, being 91.3 nM.*’® These data support AZD7648 as
one of the most potent and selective DNA-PK inhibitors
reported to date.

Recent cryo-EM studies of the AZD7648-DNA-PK.; complex
have provided the first direct structural insight into inhibitor
binding in the absence of a crystal structure of DNA-PK.; bound
with an inhibitor.®” The study revealed a conserved binding
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mode versus AZD7648 bound to PI3Ky, with the methyl-
triazolopyridine moiety engaging a deep hydrophobic pocket,
analogous to the binding of NU7441 and M3814.°> A DNA-PK,-
specific Lys3753 interaction and a Trp3805 reorientation
enabling n-stacking are proposed to contribute to AZD7648's
enhanced affinity and selectivity for DNA-PK,.*"

Preclinical and early clinical studies have also shown
AZD7648 to be an effective radio- and chemosensitiser. In
combination with ionising radiation or doxorubicin, AZD7648
significantly enhances tumour cell cytotoxicity, and further
synergistic effects are observed when combined with the PARP
inhibitor olaparib.””> A firstin-human phase I/Ila open-label
study (NCT03907969) has been conducted on patients with
advanced cancers.”” The study reported safety/tolerability data,
but very limited antitumour activity with AZD7648 monotherapy
and only one RECIST partial response in combination therapy.
The unexpectedly high toxicity of AZD7648 in combination with
PLD resulted in early termination of the study.

In in vivo colon cancer studies in nude mice, the enhanced
anti-tumour effect of AZD7648 and IR was lost as compared
to the immunocompetent, resulting in no complete tumour
regression. This suggests that the enhanced activity of
AZD7648 in combination with IR is due to an increased
antitumour immune response. Further studies showed this
to be CD8" T-cell-dependent. The combination of AZD7648
and radiotherapy reduced PD-1 and Lag-3 exhaustion factors,
although CD8" T-cell frequency itself was not increased. In
comparison, tumour growth was accelerated in the absence
of CD8" T-cells in deletion studies, indicating that AZD7648
and IR treatment induces CD8" T-cell-dependent antitumour
response.””

AZD7648 is synthesised via a neat 9-step convergent route
(Scheme 6) in which the methyl-triazolopyridine fragment and
the purinone core are synthesised separately, then coupled late-
stage. The methyl-triazolopyridine 45 is built via formation of a
hydroxy-formimidamide 44 which subsequently undergoes

This journal is © The Royal Society of Chemistry 2026
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Scheme 5 Synthesis of VX-984: A) synthesis of intermediate 37; i) But-3-en-2-one, MeSOsH, AcOH, 90 °C; ii) NaOH (aq.); iii) SeO,, 1,4-dioxane,
H,O, reflux, 30 min, 89%; iv) NaClO,, NaH,PO,, THF, H,O, 5 °C to rt, 2 h, 94%; v) (COCl),, DMF, DCM, 10 °C; vi) MeNH, (aq.), THF, 5 °C to rt, 16 h,
90% (over 2 steps); vii) tert-butyl (2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)carbamate, Pd(dppf)Cl,/DCM, Na,COs, 1,4-dioxane, H,O,
reflux, 16 h, 70%; viii) 5 M HCl in iPrOH, EtOH, 60 °C, 2 h; ix) Ac;0, NaHCOs, THF, H,O, 0 °C to rt, 12 h, 62% (over 2 steps); x) Hp, 100 psi, Rh(COD)
(R,R)-Et-DuPhos-OTf, MeOH, 50 °C, 14 h, 88%; xi) 6 M HCl, 60-70 °C, 4 days, 61%; xii) 4,6-dichloropyrimidine, Na,COs, THF/H,O, 66 °C, 2 h, 88%;
B) synethesis of intermediate 41: i) Pd (black), TEA, DCO,D, (D)sCOD, 65%; ii) CuBr,, ‘BUNO,, MeCN, rt, 1 h, 49%; iii) Bopin,, PACly[P(cy)sl,, KOAc,
2-MeTHF, 100 °C, (72% purity, carried forward); C) synthesis of VX-984; i) 2 M Na,COs3, Silacat DPP Pd, 1,4-dioxane, 90 °C, 16 h, 28%.

Oy s YOy Y
NN : N/)\N Pz E P =
Purinone Core H -, . . H
SAR 10x Biochemical Potency
42 AZ13847697 AZD7648

Fig. 5 SAR optimisation of initial screening hit 42 leading to the discovery of AZ13847697 and ultimately the lead compound AZD7648.

dehydration and cyclisation in the presence of TFAA and is  amine, ester hydrolysis, DPPA-mediated Curtius rearrangement
finished by nitro reduction to the aniline 46. The purinone core ~ to a urea and methylation. The two fragments are finally
was assembled by SyAr installation of the tetrahydropyran  coupled in a Buchwald-Hartwig amination to give AZD7648.

This journal is © The Royal Society of Chemistry 2026 RSC Med. Chem.
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Scheme 6 Synthesis of AZD7648: A) synthesis of intermediate 46; i) DMF-DMA, toluene, reflux, 2 h, 99%; (ii) NH,OH-HCI, MeOH, reflux, 1 h, 94%;
(iii) TFAA, THF, 0 °C to rt, 18 h, 32%; (iv) Pd/C, NH4HCO,, EtOH, reflux, 2 h, 91%; B) synthesis of intermediate 49 and AZD7648; (i) K,COs,
tetrahydro-2H-pyran-4-amine hydrochloride, MeCN, rt, 16 h, 73%; (ii) LiOH, THF, H,O, rt, 3 h, 92%; (iii) DPPA, NEts, DMA, 120 °C, 16 h, 70%; (iv)
Mel, NaOH, H,O, THF, rt, 16 h, 69%; (v) 46, Brettphos Pd precat G3, Cs,COs3, 1,4-dioxane, 100 °C, 1.5 h, 54%.

Overall, the route benefits from a convergent design, reliable
transformations and suitability for late-stage diversification.
D11. In early 2026, a new DNA-PK inhibitor, D11,
the most potent in a series of novel
heterotetracyclic DNA-PK inhibitors was discovered via scaffold
hopping from AZD7648. The cryo-EM structure of AZD7648
bound to DNA-PK, elucidated by Liang et al.,® served as a starting
point in their design strategy. By targeting the key n-n stacking
interaction of the purinone core in AZD7648 with Trp3805 in
DNA-PK, they initially designed two series of DNA-PK inhibitors
via this scaffold hopping strategy. The representative compound
out of both these series was DK1, possessing a
7,8-dihydropteridin-6(5H)-one core and an ICs, of 0.8 nM which
performed better than AZD7648 (1.58 nM) in their assay. DK1
also showed strong synergistic antiproliferative activity in
combination with doxorubicin in a range of cancer cell lines.”®
Further scaffold hopping modifications from this structure to a
pentacyclic scaffold identified SK10, with a biochemical ICs, of
011 nM. In wvivo, SK10 also displayed reasonable
pharmacokinetic properties in colon cancer mouse models,
including a moderate oral bioavailability (F = 31.8%), an
improvement over their previous analogues, specifically DK1 (F =
20%).”° D11 emerged from further optimisation using the
scaffold-hopping strategy, moving from the heterotricyclic
scaffold of SK10 to a heterotetracyclic scaffold. Importantly, D11
retains high biochemical potency (10.2 nM) and demonstrates
significant selectivity for DNA-PK over all four class I PI3K
isoforms (PI3Ka/p/3/y), with ATM being the only other kinase it
inhibits more than 50% at 1 uM. This positions D11 as a
possible dual DNA-PK-ATM inhibitor. Molecular modelling
confirms that the scaffold engages in n-n stacking interactions
with Trp3805, supporting the retained potency of D11.
Consistent with its enzymatic potency, D11 demonstrated robust
antiproliferative activity in a panel of cancer cell lines, including
LoVo, Jurkat and HL-60 cells, with ICs, values as low as 1.6
uM.* Notably, D11 outperformed AZD7648 in the cellular assays,
suggesting improved phenotypic activity as well as just target
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engagement. Mechanistically, D11 induced a concentration-
dependent elevation in YH2AX (a biomarker for DSBs),
confirming effective disruption of DSB repair.*’ This was
accompanied by S-phase accumulation and inhibition of cancer
cell migration, consistent with emerging roles of DNA-PK in
metastasis-related  signalling  pathways.  Pharmacokinetic
evaluation in Sprague-Dawley rats showed D11 had a massively
improved half-life (¢, = 50 h, p.o.) compared to SK10 (¢, = 2.0
h, p.o.) and improved oral bioavailability (F = 42.6%), suggesting
favourable drug-likeness. These properties translated well into
in vivo efficacy, with D11 achieving 72.9% tumour growth
inhibition in a LoVo xenograft model at 50 mg kg™* (p.o.). This
efficacy was achieved without significant toxicity, evidenced by
stable body weight, hinting at potential clinical efficacy. Beyond
monotherapy, D11 demonstrated significant immunomodulatory
potential. In a B16-F10 melanoma model, combination
treatment with anti-PD-L1 antibody resulted in enhanced tumour
suppression (growth inhibition = 69.6%) relative to either agent
alone. This effect was associated with increased CD8" T-cell
infiltration in tumour tissue, suggesting that DNA-PK inhibition
augments antitumour immunity through enhanced DNA
damage and neoantigen presentation.’** The synthesis of D11
was achieved via a linear 8-step sequence, enabling efficient
assembly of the heterotetracyclic core, followed by late-stage
functionalisation with the terminal pyrimidine-piperazine
(Scheme 7). Initial steps proceeded with high yield, such as SyAr
with tetrahydro-2H-pyran-4-amine to give 51, subsequent
reduction of the nitro group to give 52 and CDI-mediated
cyclisation to give 53. Thiourea formation to give 54 using P,Ss
was achieved in good yield, as did the installation of the
ethanolamine fragment to give 55, and the subsequent cyclisation
steps to give 57. The final Suzuki-Miyaura coupling to give D11
proceeded only with modest yield. In summary, the route is
robust and delivers the target compound in acceptable efficiency
for discovery-phase studies. However, the reliance on linear
synthesis, the use of harsh reagents and the diminished
efficiency of the late-stage transformation limit scalability,

This journal is © The Royal Society of Chemistry 2026
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Scheme 7 Synthesis of D11. i) Tetrahydro-2H-pyran-4-amine, K,COsz, DMF, 25 °C, 12 h, 94%; ii) Fe powder, AcOH, 90 °C, 2 h, 90%; iii) CDI, DIPEA,
DMF, 80 °C, 2 h, 88%; iv) P,Ss, NEts, MeCN, 80 °C, 12 h, 82%; v) 2-aminoethan-1-ol, DMF, 70 °C, 2 h, 70%; vi) SOCl,, DCM, 25 °C, 6 h, 95%; vii)
DIPEA, KI, DMF, 100 °C, 12 h, 68%; viii) (2-(piperazin-1-yl)pyrimidin-5-yl)boronic acid, K,COs, Pd(PPhs),, 1,4-dioxane/H,O (10:1), 90 °C, N,, 10 h,

40-50%.

highlighting opportunities for future refinement. Overall, D11 is
a potent DNA-PK inhibitor, with the potential for dual inhibition.
It maintained strong target engagement, utilising the m-rn
stacking interaction with Trp3805, and possessing drug-like
properties suitable enough for oral dosing, as well as the ability
to boost immunotherapy. This positions D11 well for potential
preclinical and clinical studies, after further investigations.

Separately, Hong et al., reported the identification of a
novel class of DNA-PK inhibitors based on an imidazo[4,5-c]
pyridine-2-one scaffold also discovered through a scaffold
hopping strategy from the purinone core of AZD7648.%> Their
lead, ‘Compound 78’, exhibited a biochemical IC;, of
approximately 8 nM and demonstrated selectivity over the
other class I PI3Ks and mTOR.®** In addition, ‘Compound 78’
acted as an effective radiosensitiser in vitro and displayed
high in vivo oral bioavailability (F = 88%), an improvement
over other inhibitors developed by this strategy. This
highlights the potential of exploring alternative heterocyclic
cores to improve PK properties while retaining potency.

Efforts to further improve the PK profile of AZD7648-derived
inhibitors were also reported by Liu et al. They employed a
molecular docking approach to develop a series of analogues
containing modifications around the triazolopyridine moiety to
extend deeper into the hydrophobic pocket the group
occupies.®> Their lead, ‘Compound 31t" demonstrated an
impressive ICso of 0.1 nM with high selectivity over the other
PI3Ks, together with favourable oral bioavailability (F = 85%).
Furthermore, no significant changes in body weight were
observed in mice treated with ‘Compound 31t’ alone or in
combination with paclitaxel, suggesting a favourable
preliminary tolerability in vivo.®

This journal is © The Royal Society of Chemistry 2026

BR101801. Boryung Pharmaceutical also pursued a DNA-
PK inhibitor with improved solubility and pharmacokinetic
properties. BR101801 was identified and shows comparable
potency to NU7441, with an ICs, of 15 nM against DNA-
PK..** Significantly, BR101801 demonstrates a similar
selectivity against PI3K family members and is effectively a
triple inhibitor of PI3K3, PI3Ky and DNA-PK. In 2020,
BR10101 entered a phase I clinical trial (NCT04018248)
which showed antitumour activity with a safe profile. As of
2025, BR101801 is in phase II clinical trials (NCT07180771)
for the treatment of T-cell lymphoma.

The complete synthesis of BR101801 follows a 15-step
synthetic route combining two key intermediates, 61 and 68
(Scheme 8). Synthesis of intermediate 61 begins with
simultaneous Friedel Crafts and chlorination of pyrimidine-
4,6-diol 58 followed by methylation and subsequent
oxidation yields 59. Pyrimidine 59 then undergoes SyAr with
p-methoxybenzylamine to afford pyrimidine 60 which then
undergoes reaction with DMF-DMA, followed by
intramolecular cyclisation in acidic conditions to afford 61.
In parallel, synthesis of intermediate 68 proceeds with the
transformation of 2-chloro-6-methylbenzoic acid 62 to the
corresponding acid chloride which undergoes reaction with
aniline to form amide 63. In the presence of "BuLi, the
chiral auxillary (S)-3,5,9,9-tetramethyl-4,7-dioxo-2,8-dioxa-3,6-
diazadecan-6-ide chloride undergoes nucleophilic attack
from 63. Under acidic conditions, 64 cyclises to form
isoquinolinone 65. Protection of the amine and subsequent
chlorination yielded isoquinolinone 67. Deprotection gave
corresponding amine 68. Finally, the two intermediates, 61
and 68, undergo nucleophilic substitution and subsequent
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deprotection to afford DNA-PK inhibitor BR101801.5>%
Despite the synthetic route requiring multiple steps, the
reactions are high yielding and efficient with reaction times
no longer than 12 hours.

BAY-8400. In 2021, Siemeister and co-workers performed
a screen of ATR inhibitors and identified the hit 55 with an
ICso of 153 nM and 10-fold DNA-PK selectivity (Fig. 6).*
Resultant hit-to-lead optimisation explored a variety of
scaffolds which ultimately led to the identification of BAY-
8400 (ICso = 81 nM). Initial SAR began with modification at
the 8-position on the heterocyclic core and identified the
m-difluoromethyl group of the 3-pyridyl residue to be
beneficial effect in selectivity for DNA-PK over ATM. Further
modifications were made to the heterocyclic core, swapping
it for pyrazoloquinoline and imidazoquinoxaline scaffolds,
however increased selectivity was not observed. Final
optimisation focused on replacement of the THP group at

RSC Med. Chem.

.

N
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BR101801

Scheme 8 Synthesis of BR101801. A) Synthesis of intermediate 47: i) POCls;, DMF, 0 °C for 1 h then rt, 30 min, 85%; ii) MeMgBr, THF, rt, 80%; iii)
CrOs, acetone, IPA, rt, 2 h, 85%; iv) p-methoxybenzylamine, DCM, 0 °C to rt; v) DMF-DMA, toluene, 100 °C, 3 h, 80%; vi) acetic acid, reflux, 3 h,
85%. B) Synthesis of intermediate 54: i) oxalyl chloride, DCM, rt, 4 h, 100%; ii) aniline, TEA, DCM, 0 °C, 5 h, 87%; iii) "BuLi, THF, magnesium (S)-
3,5,9,9-tetramethyl-4,7-dioxo-2,8-dioxa-3,6-diazadecan-6-ide chloride, -15 °C, 3 h, 86%,; iv) 12 N HCl, IPA, 65 °C then (D)-tartaric acid, MeOH,
reflux, 2 h, 77%; v) TFAA, pyridine, DCM, 0 °C, 2 h, 97%; vi) NCS, MeCN, reflux, 4 h, 98%; vii) K,COs, aq. MeOH, reflux, 12 h, 99%. C) Synthesis of

°C, 10 h, 90%.8¢87

the 1-position of the triazolo motif. Ring expansion,
introduction of a double bond and exchange to a rigidified
cyclic ether all resulted in an increased potency for both
DNA-PK and PI3Kf inhibition. As a result, BAY-8400 was
identified with promising aqueous solubility and high

:o . "‘SAR THP Q»
N
SAR ***° s SA
Position J Heterocycllc
8 t. Core

69

BAY-8400

Fig. 6 Optimisation of BAY-8400 from initial hit 69 to the lead
compound BAY-8400.

This journal is © The Royal Society of Chemistry 2026
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Scheme 9 Synthetic route to BAY-8400 i) HoNNH,, EtOH, 85 °C, 3 h, 74%; ii) 2,3,6,7-tetrahydrooxepine-4-carboxylic acid, HATU, N,N-
diisopropylethylamine, DMF, rt, 1 h, 72%; iii) AcOH, 105 °C, 13 h, 63%; iv) 3-(difluoromethyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)

pyridine, Pd(dppf)Cl,, Na,COs, 1,4-dioxane, 100 °C, 1.5 h, 90%.

selectivity over PI3K kinases such as ATM and mTOR. While
single agent treatment with BAY-8400 failed to impact
growth of in vivo LNCaP prostate cancer xenografts,
combined treatment with a thorium-227 radionuclide
labelled PSMA-targeting antibody demonstrated robust anti-
tumour efficacy. Unfortunately, the pharmacokinetic
properties of BAY-8400 are poor in vitro, including low
metabolic stability and in vivo showed oral
bioavailability.

Synthesis of BAY-8400 is an elegant 4-step synthetic route
which proceeds via SyAr of quinoxaline 70 with hydrazine.
This is followed by amide coupling with the appropriate
carboxylic acid to afford hydrazide 71. Under acidic
conditions, hydrazide 71 undergoes ring closure to 1,2,4-
triazole 72. Finally, a Suzuki-Miyaura coupling affords the
lead compound, BAY-8400 (Scheme 9). The optimised route
is highly efficient with minimal steps and high yields.

XRD-0394. In 2024, Pharmaron collaborated with Xrad
Therapeutics and Duke University School of Medicine to
identify XRD-0394.%° The dual ATM/DNA-PK inhibitor has an
impressive ICso, of 0.89 nM against DNA-PK.s and 0.39 nM
against ATM and demonstrated 45-fold selectivity against
PI3K and 100-fold against mTOR. A phase 1a clinical trial
(NCT05002140) was completed in 2021, dosing patients with
XRD-0394 in combination with radiotherapy and successfully

low

provided rationale for further phase 1 clinical trials
(NCT06829173).
Overall, the 14-step synthesis of XRD-0394 involves

synthesis of two intermediates, 79 and 83 for a final Suzuki-
Miyaura cross-coupling (Scheme 10). Synthesis of
intermediate 79 begins with bromination of 2-amino-4-
fluorobenzoic acid 73, followed by chlorination of the amine
to afford substituted benzene 74. Introduction of the vinyl
nitro group allowed for the subsequent ring closing to afford
quinoline 75. An Appel reaction is performed to form 76,
which reacts via SyAr with methyl cyclobutanecarboxylate to
form 77. Reduction of the nitro group led to an
intramolecular amide bond formation to form 78, which was
methylated to give intermediate 79.

Synthesis of intermediate 83 begins with Boc protection of
2-(isopropylamino)ethan-1-ol (80) followed by SyAr. The so-
formed pyridine 81 undergoes mesylation followed by Boc
deprotection to afford pyridine 82. Lastly, a Miyaura
borylation results in intermediate 83 (Scheme 10).

This journal is © The Royal Society of Chemistry 2026

Conclusions

Over the past two decades, medicinal chemistry efforts have
enabled DNA-PK inhibitors to evolve from early, non-selective
and chemically unstable probes into highly potent, selective
and orally bioavailable small molecules. Advances in
structural biology, particularly cryo-EM, have provided critical
insight into inhibitor binding modes, accelerating rational
drug design. Although several next-generation inhibitors have
progressed into clinical evaluation, challenges remain in
achieving optimal selectivity, tolerability and therapeutic
benefit in combination regimens involving radiotherapy or
chemotherapeutics. Indeed, consistent with the application
of PARP inhibitors in HR-defective cancers of the breast,
ovary and prostate, it is likely that an emphasis on defining
new susceptibility biomarkers to DNA-PK. blockade will
propel these agents to becoming key therapeutics in
appropriately sequenced treatment regimens. We anticipate
the utility of high-throughput CRISPR and drug screening
platforms, in combination with emerging data from DNA-PK
inhibitor clinical trials data, will expedite rapid discovery and
validation of these biomarkers for pronounced patient
benefit.

The pivotal role of DNA-PK in NHE]J offers an exciting
opportunity to develop more effective personalised combination
strategies for DNA-PKIs in combination with current DDR-
targeting agents. Indeed, including colon and prostate cancer,
several synthetic-lethality relationships have been identified and
experimentally validated between DNA-PK and genes involved in
HDR including ATM and MSH3, respectively.” Moreover, recent
drug screening approaches have demonstrated that loss of DNA-
PK signalling enhanced sensitivity to both the tyrosine kinase
inhibitor erlotinib and selective oestrogen receptor modulator
raloxifene, supporting the rationale for defining and exploiting
therapeutic vulnerabilities for improved DNA-PKI efficacy.”>
Crucially, the finding that mutations in MSH3 potentiated
significant anti-tumour activity of single agent DNA-PKIs in vivo
suggests identifying optimal susceptibility biomarkers may
negate the requirement for in-parallel radio- or chemotherapy
which would markedly expand the therapeutic window of these
agents.

Outside of DDR, the pleiotropic roles of DNA-PK,, as a key
regulator of transcription, splicing and immune signalling
further expands the repertoire of potential therapeutic

RSC Med. Chem.
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Scheme 10 Synthetic route to XRD-0394. A) Synthesis of intermediate 79: i) NBS, DMF, -10 °C, 2 h, 76%; ii) 4 M HCl/1,4-dioxane, rt, 5 h, 96%; iii)
CH3zNO,, NaOH/H;0, 25-80 °C, 20 min then HCl (aq.), rt, 16 h, 92%; iv) KOAc, Ac,0, 40-140 °C, 45 min, 53%; v) POCls, TEA, 120 °C, 2 h, 91%; vi)
methyl cyclobutanecarboxylate, LDA, THF, =78 °C, 2 h, 13%; vii) Fe, HOAc, rt, 18 h, 50%; viii) Mel, NaH, DMF, 0 °C, 30 min then rt, 40 min, 98%. B)
Synthesis of intermediate 83: i) Boc,O, MeOH, 0 °C-rt, 2 h, 82%; ii) 5-bromo-2-chloropyridin-3-amine, NaH, THF, 0 °C-rt, 2 h, 71%; iii) Fe, HOAc,

rt, 1 h, 86%; iv) MsCl, Py, rt, 16 h, 67%; v) 4 M HCl/1,4-dioxane, DCM, 0

°C-rt, 40 min, 50%; vi) Bopin,, Pd(dppf)Cl,-DCM, KOAc, 1,4-dioxane, 90 °C,

16 h, 87%. C) Synthesis of XRD-0394: i) Pd(PPhs),4, Na,COs, 1,4-dioxane, H,O, 80 °C, 16 h, 82%.

opportunities for this important class of compounds. The
control of numerous oncogenic transcription factors by DNA-
PK, including AR, ERG and HIF-1, opens up exciting
opportunities to formulate novel combination treatment
paradigms involving DNA-PKIs and either (i) direct
transcription factor-targeting drugs or (ii) compounds
attenuating co-/epigenetic regulator activity. In prostate
cancer, co-targeting DNA-PKI and AR with respective NU7441
and enzalutamide markedly down-regulated AR signalling,”
and single agent DNA-PKI treatment diminished activity of
pathogenic AR-Vs, ultimately providing a strong clinical
rationale for application of DNA-PKIs in this disease."
Although interplay between DNA-PK and transcriptional co-
regulators remains largely unexplored, DNA-PK has been
shown to interact with and phosphorylate the histone
acetyltransferase enzyme PCAF which is vital to elicit PCAF-
mediated RPA1 acetylation and downstream nucleotide
excision repair of UV-induced DNA adducts.’*®® It is
therefore important that future small molecule and CRISPR
screening efforts to define new DNA-PKI-dependent
vulnerabilities include epigenetic targets to exploit the

RSC Med. Chem.

involvement of DNA-PK in NHE], the wider DDR and
transcriptional control.

From an immunobiology perspective, DNA-PK has received
considerable interest as a regulator of both innate and adaptive
immune responses. Given that immunotherapeutics have
shown limited effectiveness across several cancer indications,
developing new treatment regimens to enhance anti-tumour
immunity is critical to fully realise the benefit of these agents.
By enhancing cGAS signalling, DNA-PKIs have the capacity to
activate innate immune signalling and priming of cytoxic T-cell
populations. Crucially, in pre-clinical colon cancer studies
in vivo, DNA-PK blockade was shown to enhance T-cell tumour
infiltration, tumour cell killing and propagation of memory T
cells to attenuate growth of re-challenged xenografts.”> Whether
this priming of cytotoxic T-cells is exclusively dependent on the
c¢GAS pathway is currently unknown, but it is interesting to
speculate that the role of DNA-PK in controlling pre-mRNA
splicing may potentiate the formation of neo-antigens to boost
anti-tumour immunity."® Future pre-clinical in vivo studies in
immunocompetent hosts are therefore critical to understand
interplay between DNA-PK and the immune system and test if

This journal is © The Royal Society of Chemistry 2026
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DNA-PK blockade can enhance the efficacy of -current
immunotherapeutics.

Ultimately, it is conceivable that with continued pre-
clinical testing and biomarker discovery, better informed
early phase combination trials will be realised in the short-
term that could lead to DNA-PKIs playing a key role in
personalised treatments across a wide spectrum of cancer
indications.
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