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Protein—DNA interactions (PDls) are fundamental to all organisms and are often involved in the onset,
progression, and severity of diseases or in defence against them. However, their use in drug targeting
has remained challenging due to many reasons, including the electrostatic and non-specific interactions
of the omnipresent DNA backbone. Nevertheless, PDls, including regulatory transcriptional events and
pathogen-sensing by hosts, have remained critical in drug discovery, and their potential as direct drug
targets has been increasingly recognised. In this review article, we survey three key aspects of PDIs in
humans, namely transcription, replication-and-repair, and genome organisation, whose misregulation
has been implicated in various diseases, thereby highlighting PDIs as viable therapeutic targets. We
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provide a comprehensive list of targets and drugs used in drug discovery, that have reached the clinical
trial or approval stage. We also review the computational methods, including Al-based approaches, that
are powering these developments. We observe that, despite the general notion of PDls being treated as
undruggable, the literature shows that the time to use them as effective targets has come, as reflected
by the growing number of candidate drugs across these categories.
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1 Introduction

Protein-DNA interactions (PDIs) refer to the specific or non-
specific binding of proteins to DNA sequences. They can affect
a range of cellular functions, including gene expression, DNA
replication, DNA repair, chromatin remodelling, and cell cycle
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regulation.”” Disruption of PDIs is a hallmark of many dis-
eases, particularly cancer, where dysregulation of transcription
factors (TFs) such as c-Myc, p53, and nuclear factor kappa B
(NF-kB), or DNA repair proteins like poly(ADP-ribose) poly-
merase (PARP) and RAD51, drives tumourigenesis and high-
lights PDIs as potential therapeutic targets.”

PDIs have been widely studied using experimental and
computational techniques.” Some of the many questions sur-
rounding PDIs relate to molecular specificity, detailed atomic
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interactions, identification of amino acid or nucleotide “bind-
ing sites”, interaction energetics, and the spatial and temporal
order of binding partners.'® " Identification of binding sites is
of particular interest from a drug discovery perspective. In this
regard, an early experimental method for the quantitative
characterisation of PDIs was DNase I footprinting and titration,
developed in the 1980s, which laid the groundwork for map-
ping DNA-protein binding sites."” Since then, numerous meth-
ods have been developed to study these interactions at multiple
levels. For example, electrophoretic mobility shift assays
(EMSA) provide evidence of protein-DNA binding in vitro.'®
Chromatin immunoprecipitation followed by sequencing
(ChIP-seq) enables genome-wide mapping of binding
events.” Surface plasmon resonance (SPR) enables real-time
measurement of biomolecular interactions and their kinetics at
the ensemble level.”® In contrast, single-molecule nanopore
sensing detects PDIs by monitoring ionic current changes as
biomolecules interact with or transit through a nanoscale pore,
providing direct insight into binding kinetics, conformational
dynamics, and molecular heterogeneity that are inaccessible to
bulk methods.”’® More elaborate atomistic insights come
from structure-based approaches such as high-resolution X-ray
crystallography®® and nuclear magnetic resonance (NMR)
spectroscopy, as well as*” molecular assembly-level cryo-
electron microscopy (cryo-EM).*® High-throughput experi-
mental methods include sequence-based techniques such as
cleavage under targets and tagmentation (CUT&Tag)*® and DNA
affinity purification sequencing (DAP-seq),* as well as optical
biosensing methods like bio-layer interferometry (BLI).*"

Experimental data generated from these methods for
disease-associated systems and their controls have been crucial
in advancing our understanding of PDIs and their role in
various cellular states, including disease onset, progression,
and intervention.®?*>7*

However, obtaining such data is often complex for every
biological context and cannot be effectively interpreted without
a robust infrastructure to store, model, and predict biological
meaning from them. Therefore, large biological databases have
been developed to compile experimental results on PDIs. The
Protein Data Bank (PDB)***” contains nearly 5000 human pro-
tein-DNA complexes, while Gene Ontology (GO)*®*® annotations
list over 14000 nucleic acid-binding proteins (accessed via
UniProt*°) (GO:0003676), including more than 9000 with DNA-
binding activity (GO:0003677) and approximately 3500 with
sequence-specific DNA-binding (GO:0043565). Despite this exten-
sive coverage, many interactions lack detailed structural and
mechanistic characterisation and therefore depend on computa-
tional approaches, which continue to be refined to enhance their
predictive accuracy and biological interpretability.

Experimental data and computational analyses reveal that
there are three general ways to modify PDIs, e.g. for a ther-
apeutic intent. These include (1) designing molecules that bind
to DNA-binding proteins, (2) directly engaging DNA, or (3)
interfering with the protein-DNA complex.*'™*> Each of these
approaches presents unique challenges. For example, DNA-
binding proteins often lack well-defined ligand-binding
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pockets and were therefore long considered non-druggable.*®
On the other hand, compounds that interact directly with DNA,
including intercalators, groove binders, and alkylating agents,
usually display poor sequence selectivity and substantial sys-
temic toxicity.'” Finally, agents that trap transient DNA-protein
complexes can cause widespread DNA damage and promote
resistance.*® Together, these challenges have contributed to the
slow progress in targeting PDIs therapeutically, although the
situation is gradually changing. For example, in the case of
transcription factors, targeting domains other than the cano-
nical DNA-binding region has been effective, as seen with
estrogen and androgen receptor inhibitors such as fulvestrant
and enzalutamide.*®*° Targeting via modes other than small
molecules has also shown promise; for instance, the mini-
protein Omomyc disrupts Myc-Max dimerisation and prevents
DNA binding, effectively blocking transcriptional activity,>!
while proteolysis targeting chimeras (PROTACs) degraders like
bavdegalutamide (ARV-110) promote targeted degradation of
DNA-binding proteins.>*> The use of small molecules targeting
replication or repair proteins through catalytic inhibition, such
as olaparib and talazoparib, represents another successful
approach.’®** Chromatin modulators such as vorinostat and
tazemetostat provide an epigenetic mode of modulation.>>"®
Combination therapies are also being increasingly applied to
mitigate  off-target effects and enhance therapeutic
selectivity.”” ' Thus, PDIs represent an important biomolecu-
lar system that holds great promise in solving the next genera-
tion of drug discovery problems. In this review, we discuss the
current state of knowledge in the field of PDIs that forms the
basis of this promise. We highlight the key molecular and
structural principles governing protein-DNA recognition
(Fig. 1), explore how dysregulation of PDIs contributes to
human disease, and examine current and emerging strategies
for their therapeutic targeting. We also outline key challenges
associated with druggability, specificity, and resistance and
discuss future perspectives on how advances in structural
biology, chemical biology, and Al-driven modelling may enable
more selective and effective modulation of PDIs. Building on
this overview, the following section explores the structural
features that determine how proteins recognise and bind
to DNA.

1.1 Structural features governing protein-DNA recognition

Protein interactions with target DNA molecules can occur either
specifically, depending on the DNA sequence and typically
involving contacts between protein side chains and nucleotide
bases (or sequence-dependent DNA shape features), or non-
specifically, through interactions between protein side chains
and the sugar-phosphate backbone of the DNA molecule. DNA-
binding proteins such as TFs usually exhibit specific binding,
whereas histones primarily display non-sequence-specific bind-
ing mediated by electrostatic contacts with the DNA
backbone.®®”! The DNA replication process also displays a
combination of both binding modes: initiator proteins bind
specifically to origins of replication (ORI) sequences, while the
subsequent machinery, including DNA polymerase and

Chem. Commun., 2026, 62, 3702-3729 | 3703
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Fig. 1 Structural elements of protein—DNA interactions. (A) Types of binding modes. (B) Site recognition: direct readout through base-specific contacts
in the major groove, and indirect readout through DNA shape, flexibility, and groove geometry (PDB: 1P51,52 1CKT®%). (C) Binding motifs: schematic
illustrations of common DNA-binding motifs. (D) Role of water: water-mediated stabilisation via bridging hydrogen bonds, hydrophobic effects, stacking
interactions, and entropic contributions. (E) DNA grooves: minor-groove binding (PDB: 1CDW)®* and major-groove binding (PDB: 1AAY).%° (F) Interaction
forces: key forces stabilising protein—DNA complexes. Created with icons from Biolcons®® and Servier Medical Art (smart.servier.com), licensed under CC
BY 4.0; protein visualisations generated via The Protein Imager®” and Mol*.%®

helicase, associates with particular DNA structures (such as the
replication fork) rather than specific sequences.”

Role of DNA shape or structure. Genomic binding sites are
recognised by proteins either through base sequences (direct
readout) or the three-dimensional shape of the DNA (indirect or
shape readout).”>’* In site-specific binding, the protein finds
the sequence and binds to the part of the DNA structure that
complements its shape.”>”® These nucleotide sequences deter-
mine the overall genome topography, including the local kinks,
grooves and surface electrostatic charges.”®’” These interac-
tions are primarily mediated by the van der Waals and electro-
static forces.”®’® In most cases, this site-specific binding is
achieved through a combination of sequence (direct) and shape
(indirect) readout mechanisms.” In sequence-specific binding,
the protein recognises ‘“‘contact bases” of the DNA through its
side chains or backbone, while ‘“non-contact’” bases contribute
to the overall DNA conformation required for recognition.®
This recognition is not straightforward, as one cannot simply
look at the protein sequence and predict the DNA sequence it
will bind to. Both molecules are dynamic in nature, so the
protein searches for a site on the DNA that is flexible enough to
bend as needed by the protein, making the interaction thermo-
dynamically favourable (Fig. 1). This flexibility allows DNA to
often deviate from its canonical B-form and exist in different

3704 | Chem. Commun., 2026, 62, 3702-3729

forms, such as Z-DNA or G-quadruplexes (G4s), depending on
various environmental conditions and local sequences.®

For a protein (typically a TF or DNA-sensing immune
response factor) to specifically bind to DNA, it must read the
bases paired within the double helix.?* The major groove of
DNA is deep, wide, and highly exposed, thereby featuring an
easily recognisable pattern of hydrogen-bond donors and
acceptors created by the bases. In contrast to the minor groove,
this enhances the specificity of binding because hydrogen
bonds can be more easily formed between the DNA bases and
the protein’s side chains. In the minor groove, which is shallow
and narrow, binding occurs through electrostatic interactions
and sequence-dependent shape complementarity, often influ-
enced by a higher AT content. The high negative potential
attracts positively charged arginine and lysine residues on the
protein molecule, although arginine is more enriched (60%)
compared to lysine (22%) because it forms more hydrogen
bond contacts.®® Recent studies show that DNA-binding speci-
ficity depends on groove recognition and balanced hydrogen-
bonding with both DNA strands.”® Some proteins also show
flexibility in groove-binding preference upon post-translational
modifications, for example, protamines bind preferentially to
the minor groove in their unphosphorylated state, but the
binding shifts to the major groove after phosphorylation.®*

This journal is © The Royal Society of Chemistry 2026
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Given that these binding interactions take place in an aqueous
environment, water plays an essential role in PDIs.*> Water
molecules in DNA form various arrangements in the major and
minor grooves; during binding, some of these water molecules
are displaced, contributing to the hydrophobic effect, where the
release of ordered water molecules increases the system
entropy, making the interaction thermodynamically favourable
and stabilising the complex. The specific groove hydration
patterns and base-stacking interactions significantly contribute
to the stability of different DNA conformations such as A-, B-,
Z-DNA or G4. The hydrophobic effect also influences protein
folding, as hydrophobic amino acids (such as leucine, isoleu-
cine, and phenylalanine) tend to be located inside the protein
core, whereas hydrophilic amino acids generally face outward
toward the aqueous environment,5%8>86

Role of protein structure. Proteins rely on structural features
called DNA-binding motifs, which are designed to identify
specific DNA sequences or structural patterns (Fig. 1).*” Exam-
ples include helix-turn-helix (HTH; Cro repressor), helix-loop-
helix (HLH; MyoD), basic helix-loop-helix (bHLH; Max), leucine
zipper (bZIP; CREB), zinc finger (p53), B-scaffold (TATA-binding
protein), homeodomain (PAX6), winged helix (HNF3), HMG
box (HMGBL1), helix-hairpin-helix (Endonuclease III) and
ribbon-helix-helix (Arc repressor).®® Several databases have
been developed to create a comprehensive set of sequence
patterns and motifs in DNA-binding proteins.**°* The HTH
motif, including “winged” forms, binds the DNA major groove
via a recognition helix, as in TF families such as Cro and
Repressor.®®  Zinc-coordinating motifs, such as PPo-zinc-
fingers, hormone receptors, and loop-sheet-helix families, are
stabilised by the tetrahedral coordination of zinc ions involving
conserved cysteine and histidine residues, as exemplified
by p53.87,95

Zipper-type motifs have a-helices from two subunits which
“zip” together via hydrophobic interactions. In leucine zippers,
leucine residues occur at every seventh position in a coiled-coil
segment, with the N-terminal basic region extending into the
DNA major groove. In contrast, in helix-loop-helix proteins, the
DNA-binding and dimerisation helices are separated by a
flexible loop.®%°°

Histones and high-mobility group (HMG) proteins also use
helices for DNA binding and are generally not sequence-
specific.® While the former is primarily involved in DNA
packaging, the latter plays a variety of regulatory roles.”> Other
motifs, such as the helix-hairpin-helix (involved in base exci-
sion and mismatch repair) and the ribbon-helix-helix (found in
bacterial Arc repressors), also contribute to DNA recognition
during repair and regulation.”*%®

DNA-binding motifs are widespread in TFs; for example, the
CREB family contains leucine zippers, whereas helix-loop-helix
motifs can be found in the mouse and human forms of Max,
human USF proteins, and others.””

While structural features enable precise protein-DNA recog-
nition under normal conditions, mutations or alterations in
these features can disrupt interactions and lead to disease, as
discussed in the following section.

This journal is © The Royal Society of Chemistry 2026
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2 Disease-causing dysregulation of
PDls

Mutations in proteins or their target genomic DNA that alter
PDIs can disrupt normal gene regulation and genome organi-
sation, leading to detrimental effects on cellular processes such
as transcription, replication, and DNA repair. Such disruptions
are linked to various diseases.® For example, missense muta-
tions in DNA-binding proteins have been associated with severe
conditions including cancer and neurodevelopmental
disorders.”” Studying the effects of these mutations is, there-
fore, critical for understanding disease mechanisms and devel-
oping targeted treatment strategies. The following section
explores diseases associated with DNA-binding proteins as well
as DNA itself, including non-canonical structures. We have
grouped PDI-associated diseases into those involving (1) tran-
scription factors, (2) replication and repair, (3) non-canonical
DNA elements, and (4) genome packaging and architectural
integrity. Specific examples of disease-causing disruptions in
these systems are outlined below.

2.1 Diseases linked to transcription factors (TFs)

TFs regulate gene expression by binding to specific DNA
sequences and coordinating transcriptional programs essential
for cellular identity, development, and environmental respon-
siveness. Disruption of TF-DNA interactions can have profound
pathological consequences, including developmental disor-
ders, inflammatory and metabolic conditions, and cancer.”®
Developmental TFs are particularly sensitive to perturba-
tions in DNA binding. The paired box (PAX) family of TFs,
including PAX3, PAX4, PAX5, PAX6, and PAX7, plays a central
role in organogenesis. These transcriptional regulators contain
a paired domain (PD) for DNA binding, consisting of an HTH
motif that inserts into the major groove of DNA. Some PAX
proteins, such as PAX3 and PAX6, also possess an additional
homeodomain that provides an extra DNA contact point,
increasing binding stability and specificity. PAX homeodo-
mains favour TAAT-containing motifs and can bind paired
TAAT sites cooperatively, enabling recognition of regulatory
sequences that are usually inaccessible to other homeodomain
factors.”® The functional consequences of PAX6 mutations
depend on whether they destabilise the paired domain or,
instead, introduce more subtle alterations in DNA-binding
affinity or specificity. Such disruptions in PAX-DNA interac-
tions can misregulate key gene networks, leading to develop-
mental disorders such as Waardenburg syndrome, renal-
coloboma syndrome, and ocular defects, including aniridia and
cataracts.” Aberrant PAX-DNA interactions are also implicated
in tumourigenesis, contributing to diseases such as alveolar
rhabdomyosarcoma, renal cell carcinoma, and melanoma.>*°
Signal-responsive TFs also represent an important class of
disease-associated PDIs. Signal transducer and activator of
transcription 3 (STAT3) regulates gene expression by binding
to interferon-responsive DNA elements. STAT3 specifically
recognises the consensus DNA sequence (TTCNNNGAA), and
its DNA-binding affinity is enhanced by cytokine-induced
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phosphorylation that promotes STAT3 dimerisation.'®® Struc-
turally, STAT3 consists of a DNA-binding domain (DBD), an Src
homology 2 (SH2) domain, a transactivation domain, and a
coiled-coil domain (CCD). As a signalling molecule, dysregula-
tion of STAT3 disrupts multiple cellular processes, including
altered chondrocyte metabolism in osteoarthritis, Interleukin-6
(IL-6)-driven inflammation in atherosclerosis, and the dysregu-
lation of fibrosis-related genes in myocardial fibrosis. Because
STAT3 activation depends on cytokine signalling, aberrant
STAT3 activity is also linked to asthma, autoimmune diseases,
Alzheimer’s disease, and breast cancer.'®*

Nuclear hormone receptors constitute another important
group of TFs whose disease associations arise from altered
DNA binding. Estrogen receptor (ER) and androgen receptor
(AR) bind hormone response elements composed of AGGTCA
half-sites arranged as inverted or direct repeats. Ligand binding
induces conformational changes that enhance DNA-binding
affinity and coactivator recruitment.®® IL-6 modulation of the
AR coactivator p300 within the AR transcription complex is
linked to prostate cancer. Androgens are also implicated in
prostate diseases such as benign prostatic hyperplasia, while
androgen deficiency is linked to muscular atrophy. ER-mediated
transcription through estrogen response elements on DNA is
involved in polycystic ovary syndrome, endometriosis, and, most
importantly, breast and ovarian cancers. ERo is expressed in
approximately 50-80% of breast cancer tissues.'**'%

Oncogenic TFs and tumour suppressors frequently drive
cancer through dysregulated PDIs. The proto-oncogene ¢-MYC
promotes proliferative gene expression by binding E-box motifs
(CACGTG) as a heterodimer with Max, primarily in nucleosome-
depleted chromatin regions. Disruption of the c-Myc-Max-DNA
interaction has become an important therapeutic strategy in
cancers such as breast and prostate cancer.*>’? Loss of p53 can
worsen c-Myc-driven cancer progression. In breast cancer,
combined p53 loss and ¢-MYC activation increase mitotic gene
expression and expand cancer stem cell-like populations. p53
binds DNA as a tetramer through its central DNA-binding
domain and recognises the consensus response element
RRRCWWGYYY (R = A/G, W = A/T, Y = C/T). p53's ability to
activate target genes depends on this sequence and the sur-
rounding chromatin context. Mutations that disrupt the DNA-
binding domain or tetramerisation are common in cancer and
prevent p53 from regulating its target genes, thereby contribut-
ing to tumour initiation and progression.'®* SOX2 binds the
canonical SOX motif (A/T)TTGT through its HMG domain,
inserting into the minor groove and bending DNA. In nucleo-
somes, SOX2 recognises a degenerate motif (A/T)TTNT, with
affinity influenced by local chromatin structure. This enables
SOX2 to act as a pioneer factor, maintain open chromatin, and
support stem cell self-renewal. In breast cancer, SOX2 promotes
cancer stem cell-like properties, tumour initiation, and therapy
resistance. Depending on the context, it can function as either
an oncogene or a tumour suppressor in cancers such as
glioblastoma, lung, and squamous cell carcinoma.'®

Activator protein-1 (AP-1) binds to specific DNA sequences
called TPA-responsive elements (TREs) via its basic leucine
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zipper (bZIP) domains, mediating essential protein-DNA inter-
actions for gene regulation.’®® The canonical AP-1 binding
motif is the TRE consensus sequence 5'-TGAG/CTCA-3’, and
DNA-binding affinity and specificity depend on the exact Jun-
Fos dimer composition, which positions the basic region in the
major groove. Changes in AP-1 subunit makeup, expression, or
modifications can alter its DNA-binding behaviour, driving
cancers such as breast and lung cancers.'®” Disrupted AP-1
binding also affects the regulation of inflammatory cytokines,
contributing to diseases such as rheumatoid arthritis and
psoriasis.'®

In haematological malignancies, fusion transcription fac-
tors act as abnormal DNA-binding regulators. In acute myeloid
leukaemia (AML), fusion proteins such as AML1/ETO (acute
myeloid leukaemia 1-eight-twenty-one), PML/RAR (promyelo-
cytic leukaemia-retinoic acid receptor alpha), and PLZF/RAR
(promyelocytic leukaemia zinc finger-retinoic acid receptor
alpha) aberrantly regulate transcription by activating stem cell
renewal pathways, such as the Notch signalling pathway; while
repressing DNA repair genes, including those involved in base
excision repair (BER), leading to genomic instability and malig-
nant transformation."%’

Finally, hypoxia-inducible factors (HIFs) represent a class of
environmentally responsive TFs whose dysregulated DNA bind-
ing contributes to disease. The hypoxia pathway works via the
stabilisation of the HIF-o subunit (such as HIF-1a, HIF-20, or
HIF-3a), which dimerises with the constitutively expressed aryl
hydrocarbon receptor nuclear translocator (HIF-1f, also called
ARNT). This complex formation is mediated by the basic helix-
loop-helix (bHLH) motif and the Per-ARNT-Sim (PAS) domain,
which also facilitates DNA binding. The heterodimer binds
DNA at the hypoxia response element (HRE), a consensus
sequence 5’-RCGTG-3' (R = A/G). 1ts binding affinity and speci-
ficity are influenced by the flanking sequence and chromatin
accessibility, as well as differences between HIF-1a and HIF-20
in target-gene preference. The stabilised complex then regu-
lates transcription of target genes, mostly upregulating vascular
endothelial growth factor (VEGF) and erythropoietin (EPO).
Increased HIF levels are related to numerous diseases, such
as ischaemic heart disease and heart failure, where HIF exerts a
cardioprotective role.''® However, in chronic conditions, per-
sistent HIF activation can lead to diseases such as glioblastoma
multiforme (GBM), where HIF promotes tumour growth by
activating VEGF in the tumour microenvironment,""" or in
von Hippel-Lindau (VHL)-associated cancers like renal cell
carcinoma.*? Overexpression of HIF is also linked to chemore-
sistance, including cisplatin resistance.'*®

2.2 Diseases linked to replication and repair proteins

Multiple PDIs are also crucial for DNA repair processes in
eukaryotes. For example, proteins such as replication protein
A (RPA) and xeroderma pigmentosum complementation group
A (XPA) must bind to damaged DNA to initiate nucleotide
excision repair (NER) by stabilising unwound DNA and recruit-
ing downstream excision factors. Mutations in these proteins
disrupt their DNA-binding ability, leading to defective

This journal is © The Royal Society of Chemistry 2026
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DNA repair, accumulation of DNA lesions, and genomic
instability, which can result in diseases such as xeroderma
pigmentosum.**

RPA is also essential for stabilising ssDNA during replication
and repair. Dysfunction or insufficient RPA activity leads to
replication stress, impaired homologous recombination (HR),
and genomic instability. RPA also assists the activity of DNA
polymerases o and 6, helping replication progress smoothly.
Defects in RPA are associated with increased susceptibility to
cancers such as breast cancer. RPA exhaustion increases cellu-
lar sensitivity to DNA-damaging agents.""® For further details
on targeting RPA in cancer therapy, see the section on targeting
replication/repair protein in this article.

HR repairs double-strand DNA breaks in a template-
dependent manner by searching for homologous sequences
and performing strand exchange. As described above, RPA
stabilises single-stranded DNA and helps recruit RAD51 to form
repair filaments. HR works in coordination with interdepen-
dent pathways, including the Fanconi anaemia (FA) pathway.
BRCA2 mediates RAD51 loading, linking HR with FA pathway
repair; mutations in these proteins lead to cancer
predisposition.®

In another example under this category of PDI, MSH®6, a
component of the mismatch repair system (MMR), aids in
correcting errors during DNA replication. The MMR corrects
base mismatches and small insertion/deletion loops, acting as
a crucial proofreading mechanism. MSH6 partners with MSH2
to form the MutSo complex that specifically recognises these
errors. The N-terminal PWWP domain of MSH6 contributes to
its chromatin localization and mutations that cause pathologi-
cal effects. For example, the S1441 mutation in this protein
leads to hereditary non-polyposis colorectal cancer (HNPCC),
also known as Lynch syndrome.''®* MMR mutations are also
commonly found in patients with prostate cancer.'”’

Base excision repair (BER) is another important pathway
which corrects small, non-helix-distorting lesions caused by
deamination, oxidation, and alkylation and repairs single-
strand breaks (SSBs). If left unrepaired, such lesions can
interfere with DNA replication and transcription and increase
cytotoxic stress.”> The BER pathway involves several key pro-
teins. Damaged bases are first recognised and excised by DNA
glycosylases such as OGG1; defects in OGG1 compromise
oxidative damage repair and have been linked to cancer and
neurodegeneration. Gap filling is carried out by DNA poly-
merases such as Pol B (and in some contexts Pol 6). If unre-
paired, apurinic/apyrimidinic (AP) sites accumulate, leading to
stalled replication forks. The final nick is sealed by DNA ligases
(LIG1 or LIG3) that form a complex with XRCC1. Mutations in
XRCC1 are associated with neurological disorders due to
impaired SSB repair."*®'*® Defects in BER contribute to geno-
mic instability, cancer predisposition, and progressive neuro-
degenerative diseases. For example, mutations in MutY
homolog (MYH) increase the risk of colorectal cancer."®° Simi-
larly, defects in PARP-mediated single-strand break repair con-
tribute to genomic instability and cancer predisposition” (see
the section on targeting replication/repair protein).
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The FA pathway helps in stabilising the genome. So far,
about 23 genes have been recognised as part of this pathway. It
is activated when a replication fork stalls due to an inter-strand
cross-link (ICL). The FA core complex, including FANCA,
FANCB, FANCC, and FANCE, is recruited to the site of the
damage. The first event is the monoubiquitination of FANCD2
and FANCI by the core complex. A disruption in this process
causes FA, a genetic disorder linked to bone marrow failure and
an increased risk of tumours, solid tumours. The FA pathway
primarily affects stem cells, such as hematopoietic stem cells,
because faulty DNA repair is associated with DNA damage,
which in turn activates the p53 protein. It also coordinates with
other repair mechanisms, such as HR and NER. It recruits
proteins like FANCD1/BRCA2 and FANCR/RAD51 to the site of
the lesion, where they protect the DNA from excessive degrada-
tion by nucleases, including those involved in the WRN
complex. This protection is essential for the later HR repair.
The pathway also borrows the XPF-ERCC1 nuclease, a core
enzymatic component of NER, to perform the initial incision
that “unhooks” the cross-link."'*'?2

Another interesting example in this group is that of the non-
homologous end joining (NHE]) pathway, which is a faster way
to fix double-stranded DNA breaks because it does not need a
homologous template. It initiates with the binding of the Ku
protein at the breakage site, which then recruits the ATP-
dependent DNA-PKcs protein. The DNA-PKcs then facilitates
the arrival of other proteins, like Artemis, XRCC4, and DNA
Ligase IV, to the site for repair. Defects in this pathway are
linked to diseases such as severe combined immunodeficiency
(SCID). NHE]J is a very error-prone mechanism. When hyper-
active, it can lead to drug resistance by efficiently repairing the
damage caused by chemotherapy and radiotherapy.'*?

Topoisomerases and DNA helicases are some of the addi-
tional examples of PDIs involved in replication/repair pathways.
Topoisomerases are essential enzymes that regulate the DNA
topology. Topoisomerase I (Topo I) relieves supercoiling by
introducing transient single-strand breaks, whereas Topo-
isomerase II (Topo II) introduces ATP-dependent double-
strand breaks to allow strand passage and decatenation. Under
normal conditions, these reactions preserve genome stability.
However, mutations, chemical inhibition, or DNA damage can
trap the enzymes as covalent protein-DNA cleavage complexes
(TOPccs), leading to persistent DNA breaks and genomic
instability.">*

Topo Ilo contributes to cell proliferation during replication
and mitosis, while Topo IIf regulates transcription and chro-
matin organization in non-dividing cells."*® Dysregulated topoi-
somerase activity is implicated in multiple diseases, including
cancer,"”® neurological disorders such as SCAN1 and ataxia
telangiectasia,** autoimmunity in scleroderma,'*” and immu-
nodeficiency in Hoffman syndrome caused by TOP2B
mutations.'® Moreover, Topo I has transcriptional roles
beyond DNA relaxation, with links to subsets of autism spec-
trum disorders."*’

Finally, DNA helicases are enzymes that use energy from ATP
to unwind the DNA double helix. This step is necessary for
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processes such as DNA replication, repair, and transcription.
Helicases also help bring other proteins, such as DNA poly-
merases, to the replication fork.’*® Mutations in the BLM gene,
which encodes a member of the RecQ helicase family, cause
Bloom syndrome. The BLM helicase works as part of a multi-
protein complex that includes helicases, topoisomerases, and
DNA repair factors. This Bloom syndrome complex has a
central role in HR repair and in maintaining genome stability.
Defects in BLM or its partner components impair DNA repair,
increasing cancer risk (lymphomas, leukaemias, etc)."*°

2.3 Diseases linked to non-canonical DNA structures

Non-canonical DNA structures (including hairpin loops, G-
quadruplexes (G4), left-handed Z-DNA and triplexes) are often
hotspots for DNA breaks and genomic instability. These struc-
tures form at characteristic DNA sequences. G4 arise at G-rich
runs (such as repeated GGG motifs). Z-DNA forms at alternating
purine-pyrimidine sequences, especially (CG)n. Triplex DNA
appears at homopurine-homopyrimidine mirror repeats.
Hairpin-loops form when inverted repeats or triplet repeats
like, CAG or CTG, fold back into a stem-loop shape. These
conformations differ from canonical B-DNA in their base pair-
ing, helical geometry, or strand arrangement.'>'

Proteins that normally bind to the B-DNA may not recognise
these non-canonical structures or may bind improperly, caus-
ing misregulation of gene expression and contributing to
various cancers and neurodegenerative diseases. For instance,
G4 regulate the transcription of oncogenes such as ¢-MYC,
KRAS, and BCL2. Their stabilisation or misregulation has been
linked to cancers, including breast, lung, and colon cancer,
while G4 structures have also been implicated in neurodegen-
erative diseases such as amyotrophic lateral sclerosis (ALS).
Autoimmune diseases, particularly Aicardi-Goutieres syn-
drome, are associated with the improper processing of Z-
DNA. Cruciform structures have been linked to malignancies
such as sarcomas and leukaemia and are commonly found near
chromosomal fragile spots. Triplex structures frequently
develop at repeating DNA sequences; the expansion of these
repeats is a characteristic of hereditary conditions such as
myotonic dystrophy, Huntington’s disease, and Friedreich’s
ataxia."®? Hairpin-loop structures slow or block replication fork
progression and can impede the activity of all three major
replicative polymerases (Pola, Pold, and Pole), thereby promot-
ing replication stress and repeat-length instability. Hairpin-
associated instability contributes to diseases such as spinocer-
ebellar ataxias (SCAs) and other trinucleotide-repeat disorders,
in which stable stem-loop formation correlates with patho-
genic repeat expansion.'*?

Some diseases associated with non-B DNA structures appear
across more than one category because certain repeat tracts can
adopt multiple alternative conformations. For example, CGG
repeats can form both hairpins and G-quadruplexes, whereas
GAA repeats can form hairpins as well as H-DNA. These over-
lapping structural possibilities explain why similar disease
mechanisms appear under different structural classes. Many
of these conditions are collectively recognised as repeat
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expansion disorders (REDs), including Huntington’s disease,
myotonic dystrophy, fragile X syndrome and Friedreich’s ataxia.
These structures are also processed differently by DNA repair
pathways, particularly MMR and NER, which can misrecognise
or inefficiently resolve them and thereby contribute to disease
progression.'*"*3>13* Research on identifying novel quadruplex
structures and addressing their misregulation is in a relatively
early stage but holds great promise as these unique structures
may provide the missing high specificity targets in PDIs on the
DNA side (see Section 3.2, Targeting the DNA)."*>714°

2.4 Diseases linked to structural and architectural proteins

Structural and architectural proteins shape how DNA is pack-
aged and accessed, playing a key role in regulating gene activity.
Histones, CCCTC-binding factor (CTCF), cohesins, high-
mobility group (HMG) proteins, alongside other chromatin-
associated regulators, collectively maintain genomic organisa-
tion and govern the availability of the DNA template.

Mutations in core histones can disrupt nucleosome assem-
bly and transcription, leading to neurodevelopmental disorders
such as Rahman, Bryant-Li-Bhoj, and Tessadori-Bicknell-van
Haaften syndromes. These conditions are marked by develop-
mental delay, intellectual disability, seizures, abnormal growth,
craniofacial differences, and problems affecting multiple
organs."*!

Architectural proteins, such as CTCF and cohesin regulate
gene expression via long-distance chromatin interactions.
Improper mediation of enhancer-promoter interactions leads
to transcriptional dysregulation. Cohesin forms a ring-like
complex that mediates chromatin loop extrusion during inter-
phase, while CTCF binds DNA to control topologically associat-
ing domain (TAD) boundaries and halt cohesin movement,
organising chromatin topology. Mutations in these proteins
can lead to TAD boundary disruption and oncogene misregula-
tion, as well as cohesinopathies such as Cornelia de Lange
syndrome, and contribute to cancer development by disrupting
genome organisation."*>

HMG proteins are architectural proteins that bind DNA and
induce bends, loops, or other conformational changes, regulat-
ing transcription and chromatin accessibility.'** HMGB1, for
example, possesses three main domains: the A-box binds
damaged DNA and facilitates repair, the B-box has cytokine
activity and recruits immune receptors such as Toll-like recep-
tors (TLRs) and RAGE, and the C-terminal tail binds the minor
groove of DNA, bending it and helping TF recruitment and
repair. During myocardial infarction, HMGB1 is released as a
danger associated molecular pattern (DAMP) into the cyto-
plasm, triggering inflammation and apoptosis; consequently,
elevated HMGB1 levels are associated with myocardial
damage."** Similarly, in allergic rhinitis, HMGB1 released by
nasal epithelial cells promotes immune responses, activating T
cells and inflammatory pathways.'*> HMGB1 also plays a role in
tumour suppression by facilitating p53 binding to DNA and
influencing the NF-xB pathway, which is involved in inflamma-
tion and cell survival. Dysregulation or mislocalisation of
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HMGB1 can promote cancer cell proliferation, induce HIF-1a
expression, and support tumour cell survival.'*®

Proteins like chromatin remodelers and histone modification
enzymes regulate how histones interact with other proteins and
DNA. Although they do not bind DNA directly, they perform
epigenetic regulation, indirectly modulating chromatin accessi-
bility and PDIs critical for transcription, replication, and
repair."*’ Histone modifications, collectively described as the
“histone code”, include methylation, acetylation, phosphoryla-
tion, sumoylation and ubiquitination."*® Mutations in these
histone modification enzymes (writers and erasers), such as
lysine methyltransferases (KMTs), lysine demethylases (KDMs),
acetyltransferases (KATs), and deacetylases (HDACs, SIRTSs),
cause disorders including Kabuki, Wiedemann-Steiner, Sotos,
Rubinstein-Taybi, and Luscan-Lumish syndromes. For example,
histone deacetylases (HDACs) are involved in transcriptional
inactivation of tumour-suppressor genes, leading to cancers,
blood disorders, solid tumours, and non-neoplastic
disorders."*® Targeting HDAC’s has hence become a significant
therapeutic strategy.'>® Epigenetic readers recognise chemical
modifications (tags) on histones or DNA and mediate interac-
tions between these proteins and DNA, guiding the recruitment
of other factors that regulate gene expression and chromatin
structure.’® Among them, BRD4 is the most studied and has a
role in cell cycle, inflammation, and cancer progression. Like-
wise, defects in chromatin remodeler complexes such as SWI/
SNF, CHD, and INOS80, responsible for repositioning nucleo-
somes, are linked to syndromes including Coffin-Siris, Snijders
Blok-Campeau, Sifrim-Hitz-Weiss, and CHARGE. These condi-
tions often share features such as intellectual disability, seizures,
skeletal abnormalities, and craniofacial malformations.™*!

Although this review focuses on human PDIs, it is worth
noting that similar recognition mechanisms occur in host-
pathogen interactions. For example, Z-DNA binding protein 1
(zBP1) recognises foreign DNA, and its dysregulation can
trigger autoimmune conditions such as Aicardi-Goutieres
syndrome.'® While important, these interactions are beyond
the scope of this review. With this understanding of dysregula-
tion, the next section addresses therapeutic strategies to target
these interactions.

3 Drug targeting strategies for PDls

Given the central role of PDIs in regulating gene expression,
DNA repair, and other cellular processes, therapeutic strategies
have been developed to disrupt or modulate these complexes.
These strategies include (1) directly targeting DNA-binding
proteins, (2) interfering with the DNA molecule itself, or (3)
modulating the protein-DNA interface to inhibit or alter bind-
ing. Each offers distinct mechanisms and clinical implications
as reviewed below.

3.1 DNA-binding proteins as drug targets

DNA-binding proteins form a diverse group that includes TFs,
replication and repair proteins, histones, and architectural
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proteins. This section outlines strategies for targeting these
proteins to modulate PDIs.

3.1.1 Transcription factor inhibition. There are multiple
strategies to target TFs to modulate PDIs, each presenting
distinct challenges and clinical implications."> A summary of
key drugs targeting transcription factors is provided in Table 1.
The most direct approach to targeting TFs utilises small
molecules or peptides that bind the TF’s DNA-binding domain
(DBD), thereby preventing DNA interaction and transcriptional
activity. Because this method targets the functional interface
directly, it could theoretically minimise off-target effects; how-
ever, DBDs are often described as “undruggable” due to their
flat, featureless and electrostatic surfaces, making high-affinity
binding by external perturbagens very difficult.’>® Nonetheless,
candidate drugs such as omomyc and eprenetapopt (APR-246),
targeting the DBDs of ¢-Myc and p53 respectively, have been
proposed but remain in preclinical or early clinical
trials.>>">”">% An alternative to orthosteric DBD inhibition is
their allosteric modulation, where drugs bind domains outside
the DBD to indirectly prevent DNA-binding. Examples include
STATTIC and TTI-101, which bind the SH2 domain of STATS3.
This blocks the protein-protein interaction required for dimer-
isation and subsequent DNA-binding. Furthermore, FDA-
approved ER or AR inhibitors, such as fulvestrant and enzalu-
tamide, target the ligand-binding domain (LBD) to block
nuclear localisation, dimerisation, or DNA-binding.*®>%1397163
In this category, belzutifan represents a significant break-
through (Fig. 2), as it is the first FDA-approved drug to target
HIF. It is currently used to treat von Hippel-Lindau (VHL)
disease-associated renal cell carcinoma (RCC), retinal haeman-
gioblastomas, and advanced sporadic RCC.'**'®® 1t is also
being tested in combination therapy for advanced clear cell
RCC in several clinical trials (e.g., NCT04586231, NCT03634540,
and NCT05239728).7%165167

Another approach to target DNA-binding proteins leverages
targeted protein degradation, such as PROTACs. For instance,
ARV-110 targets the AR, removing the TF entirely rather than
merely inhibiting its DNA-binding capability. While these stra-
tegies involve direct interaction with the TF, many have not yet
achieved full clinical approval across all TF classes.

Due to the difficulties of direct or allosteric targeting of
structures, the most clinically feasible method currently is
indirect modulation. In this approach, drugs do not physically
interact with the TF but instead influence upstream signalling
pathways and alter TF phosphorylation, nuclear localisation, or
activation, thereby affecting DNA-binding activity. Examples
include CDK4/6 inhibitors such as palbociclib, ribociclib, and
abemaciclib, which indirectly inhibit E2F TFs,'*®'%® and AKT
inhibitors like capivasertib, which modulate FOXO TFs. These
indirect approaches are FDA-approved in various oncology
contexts and provide a practical route for therapeutically
modulating PDIs.

3.1.2 Replication and repair protein inhibition. Targeting
the proteins involved in DNA repair and replication machinery
is one of the direct approaches to combat cancer. Tumour cells
are particularly sensitive to the inhibition of these processes
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Fig. 2 Structural and mechanistic basis of hypoxia-inducible factor 2a (HIF-2a) inhibition by belzutifan. (A) Under normoxic and von Hippel-Lindau
(VHL)-proficient conditions, HIF-2a is hydroxylated, recognised by the VHL E3 ubiquitin ligase complex, and degraded. In hypoxia or VHL-deficient states,
HIF-20 accumulates, heterodimerises with the aryl hydrocarbon receptor nuclear translocator (ARNT), binds hypoxia-response elements (HREs), and
activates transcription. Belzutifan binds the HIF-2a PAS-B domain, disrupting HIF-2a—ARNT dimerisation and preventing DNA binding. (B) Structure—
activity relationship (SAR) of belzutifan highlighting chemical features required for selective PAS-B pocket engagement. (C) Structural comparison of
DNA-bound HIF-20—ARNT (PDB: 4ZPK)'>* and belzutifan-bound HIF-20 (PDB: 7W80),*** showing that ligand binding stabilises a conformation
incompatible with ARNT association and DNA binding. (D) Key interactions of belzutifan within the HIF-2a PAS-B pocket, including Met252, whose
side-chain reorientation stabilises a rigid, inactive PAS-B conformation. Created with icons from Servier Medical Art (smart.servier.com), licensed under

CC BY 4.0; protein visualisations generated via Mol*,°® MarvinSketch for chemical structures, Chemaxon (https://www.chemaxon.com).

due to their high proliferation and inherent genomic instabil-
ity. Targeting these proteins would disrupt their proliferation,
trigger cell death, or sensitise them towards DNA-damaging
agents. Beyond cancer, targeting these proteins may be useful
in other diseases where aberrant DNA repair contributes to
pathology. This strategy does not come without challenges, as
inhibition of essential repair and replication proteins can also
disrupt normal cellular processes in healthy cells.

A summary of key drugs targeting replication and repair
proteins is provided in Table 2.

The most successful strategy for targeting DNA repair pro-
teins has been the development of PARP inhibitors for BRCA1/
2-deficient cancers, exemplified by the FDA-approved drugs
olaparib and talazoparib. PARP1 is a protein that detects SSBs
in DNA and helps repair them. Olaparib exploits between-
pathway synthetic lethality, where in BRCA-mutant cells, the

This journal is © The Royal Society of Chemistry 2026

HR pathway is defective and inhibition of PARP blocks the
backup repair pathway, leading to cell death (Fig. 3). In
contrast, normal cells remain largely unaffected because they
retain their primary repair pathway.” Talazoparib, in addition
to catalytic inhibition, is a potent PARP trapper, stabilising
PARP-DNA intermediates and preventing their resolution, an
example of in-pathway synthetic lethality that enhances
cytotoxicity.'”® However, resistance to PARP inhibitors in
BRCA-deficient cancers has been reported. Some tumour cells
restore HR function through secondary mutations that “fix” the
defective BRCA1/2 gene or by loss of p53-binding protein 1
(53BP1). For such resistance mechanisms to occur, the cells
typically require intact HR-related domains (RING, BRCT, etc).”

Overexpression of RAD51 contributes to PARP inhibitor
resistance by enhancing HR. To target RAD51, small molecules
like IBR2 and BO02 are being studied, which are currently in
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Table 2 Drugs targeting DNA-binding proteins: DNA replication and repair proteins

Drug
Drug name Target Mechanism of action Approval status class Therapeutic area Ref.
IBR2 RAD51 Allosteric: Binds at the oligomerisation site,  Preclinical Small- Breast cancer, CML, etc. 184
disrupting RAD51 polymer formation, impair- molecule
ing HR repair
B02 RAD51 DBD: Binds to the DNA-binding surface, inhi- Preclinical Small- Breast cancer, prostate 185-187

bits RAD51 strand invasion preventing HR-
mediated repair, also used in combination with

molecule cancer

cisplatin
Olaparib ~ PARP1/ Catalytic: Competitive inhibition of PARP cat- FDA-approved Small-  BRCA-mutated cancer 53 and 188
2 alytic activity, blocks PARylation, prevents SSB molecule
repair
FDA-approved Small- BRCA-mutated HER2- 54 and 176

Talazoparib PARP1/ Catalytic: Inhibits and traps PARP, inducing
2 DNA damage, especially in HR-deficient

tumours

NERx329 RPA
OB-fold domain of RPA, blocking its inter-
action with ssDNA and disrupting replication
and repair

Peposertib DNA-

(M3814) PKes  activity, blocks NHE] activation

DBD: Reversibly binds to the ssDNA-binding  Preclinical

Catalytic: ATP-competitive inhibition of kinase Phase I trial (NCT04555577, Small-
NCT05868174), In combi-

molecule negative breast cancer

Small- NSCLC, BRCA-mutated 180
molecule cancers; potential to
overcome platinum
resistance

Solid tumours, glio-
molecule blastoma, etc.

182 and 189

nation therapies
(NCT05687136)

Abbreviations: HR, homologous recombination; DBD, DNA-binding domain; PARP, poly(ADP-ribose) polymerase; SSB, single-strand break; BRCA,
breast cancer susceptibility gene; RPA, replication protein A; OB-fold, oligonucleotide/oligosaccharide-binding fold; ssDNA, single-stranded DNA;
NHE], non-homologous end joining; NSCLC, non-small cell lung cancer; CML, chronic myeloid leukaemia.

preclinical trials. IBR2 disrupts RAD51 oligomerisation and
prevents the formation of functional RAD51 filaments, while
B02 blocks RAD51 binding to ssDNA and inhibits the strand
exchange mediated by it in HR. B02 also makes the tumour cells
more sensitive to other therapies like ionising radiation, mito-
mycin C and cisplatin. It has shown efficacy in triple-negative
breast cancer (TNBC) models in mouse xenografts. Combination
therapy of B02, PARP inhibitor and p38 inhibitor can overcome
resistance in BRCA1/2-deficient cancers, by blocking DNA repair
and associated survival pathways.”"””'”® Ongoing studies are
exploring new chemical scaffolds inspired by these inhibitors to
design next-generation RAD51-targeting molecules.”

For RAD51 to work, it first needs RPA to bind and protect the
ssDNA; then, RAD51 replaces RPA to initiate the HR process.
RPA is also essential for the NER pathway, thus playing a dual
role in DNA replication and repair. RPA can be targeted in two
main ways: allosteric inhibition or directly targeting its sSDNA-
binding domains, known as OB-folds, to prevent DNA-binding.
For example, NERx329 is a small-molecule inhibitor in precli-
nical trials that has shown promising results by reversibly
binding to these domains. This strategy is effective in non-
small cell lung cancer (NSCLC). Furthermore, RPA inhibitors
are effective in combination with PARP inhibitors for BRCA-
mutated cancers and may potentially overcome resistance to
platinum-based drugs in lung cancer."®’

The FA pathway is another important target in this context.
In patients with FA, the pathway is defective, and restoring its
function could be a potential therapeutic goal. For example,
research is exploring small molecules that can reactivate
FANCD2 monoubiquitination thereby bypassing the underlying
genetic defect. Conversely, in certain cancers, the FA pathway is
often hyperactive, enabling cancer cells to repair DNA damage
caused by treatments like chemotherapy. Shutting down this
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pathway could make these cancer cells more vulnerable. A key
step for this therapeutic approach is the targeted inhibition of
FANCD2 monoubiquitination. For instance, TAK243, an inhi-
bitor of ubiquitin-activating enzymes (UAE), has been shown to
inhibit this crucial step potently. While UAEs have a broad
effect, this finding confirms that targeting a key component of
the FA pathway is a viable strategy for developing new ther-
apeutic agents. This approach could sensitise cancer cells to
existing treatments, while separate efforts could develop acti-
vators to treat FA.'*?

Beyond direct inhibition of repair proteins, another effective
strategy is to utilise immunotherapy, particularly for cancers
with defective DNA repair mechanisms. Immune checkpoint
inhibitors are used as a treatment for cancers with a defective
MMR pathway. These tumours have a high number of muta-
tions, a state known as microsatellite instability-high (MSI-H).
The presence of these mutations causes the tumour to produce
abnormal proteins, which the immune system can recognise.
This high mutational load makes these tumours susceptible to
immunotherapy. Drugs like pembrolizumab, which is FDA-
approved, are used. While not a direct therapeutic for the
MMR defect, it causes the immune system to attack tumour
cells. It is currently approved for various MSI-H cancers."®'

The popular approach to target the NHE] pathway is to
inhibit the DNA-PKcs protein, with drugs like peposertib (cur-
rently in clinical trials). These ATP-competitive inhibitors bind
to the protein’s active site, preventing it from activating other
proteins in the pathway. Importantly, these inhibitors block the
enzymatic activity of DNA-PKcs after it has bound DNA, rather
than preventing DNA-binding itself. This inhibition leaves the
DNA damage unrepaired, making the cancer cells more
vulnerable.'® In addition to targeting DNA-PKcs, other NHE]
proteins are also being investigated as therapeutic targets.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Mechanistic and structural basis of PARP1 inhibition by olaparib. (A) Mechanism of action of olaparib. In the absence of inhibitor, poly(ADP-ribose)
polymerase 1 (PARP1) binds to single-strand DNA breaks (SSBs), undergoes auto-poly(ADP-ribosyl)ation using NAD™, recruits DNA repair factors, and
facilitates SSB repair. In the presence of olaparib, PARP1 catalytic activity is inhibited and the enzyme becomes trapped on DNA, preventing repair, leading
to replication fork collapse, accumulation of double-strand breaks (DSBs), and cell death. (B) Structure—activity relationship (SAR) of olaparib highlighting
key chemical features required for high-affinity binding to the PARP1 catalytic domain and efficient PARP trapping. (C) Crystal structure of the PARP1

catalytic domain bound to an NAD* analogue (PDB: 6BHV)Y4

showing the overall protein surface, the NAD*-binding pocket, and key ligand—protein

interactions. (D) Crystal structure of PARP1 bound to olaparib (PDB: 7KK4)Y”> showing olaparib (blue) occupying the NAD*-binding site and representative
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These include inhibitors for the Ku protein (e.g., STL127705) to
prevent initial DNA-binding, for Artemis (e.g., Ebselen) to block
DNA processing, and for DNA ligase IV (e.g., L189) to stop the
final sealing of the DNA break. However, most of these inhibi-
tors are still in the preclinical stage, and further research is
needed in this direction.®

3.1.3 Targeting chromatin modulators and architectural
proteins. Table 3 summarises representative drugs and emer-
ging candidates that target chromatin modulators and archi-
tectural proteins involved in protein-DNA regulation. These
agents act either by directly inhibiting structural proteins such
as cohesin, CTCF, or HMGB1, or by indirectly modulating their
function through epigenetic regulators such as HDACs and
methyltransferases.

The design of drugs targeting cohesin and CTCF is still in
the conceptual and experimental stage. For example, the first

This journal is © The Royal Society of Chemistry 2026

cohesin-inhibiting peptide (CIP), which inhibits the ATPase
activity of cohesin by binding to the Smc3 domain, has been
developed, suggesting potential applications in cancer therapy.
However, challenges remain in using peptides for tumour
targeting due to specificity issues.'®® There is also potential
for treating cohesin-mutated cancers by targeting cohesin
components or their regulators, as well as associated transcrip-
tional or signalling events and DNA damage repair systems.
Candidates for these strategies include drugs such as glycyr-
rhizic acid, olaparib, talazoparib, cisplatin, and etoposide.™**
CTCF epigenetically regulates gene expression and plays an
important role in alternative splicing, with DNA methylation
controlling its binding to targeted sequences.'®> The develop-
ment and persistence of CALM-AF10 leukaemia depend on
CTCF, which exerts its regulatory effects through histone
modifications.'® In pancreatic ductal adenocarcinoma (PDAC),
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CTCF has been identified as a potential therapeutic target for
immunotherapy, and combination of curaxin with gemcitabine
has been explored as a treatment strategy.'**

Structural proteins such as HMGB1 have also been exten-
sively studied. Glycyrrhizin, a naturally derived compound from
licorice, has been identified as a direct inhibitor. Studies in
colorectal and cervical cancer models have demonstrated that
glycyrrhizin suppresses tumour cell proliferation and induces
apoptosis, potentially by modulating HMGB1’s involvement in
the NHE] pathway, thereby affecting DNA repair processes.">
In liver disease, glycyrrhizin exerts anti-inflammatory effects by
targeting HMGB1’s extracellular signalling and has been
approved for this use in some countries; this represents a
mechanism distinct from its modulation of HMGB1-related
DNA interactions in cancer cells.'*®

Building on these approaches, current efforts increasingly
focus on epigenetic regulation as a complementary strategy to
target chromatin-associated proteins. Since the activity of
structural proteins, like cohesin, CTCF, and HMGB1, is influ-
enced by histone modification and chromatin state, targeting
histone-modifying enzymes and chromatin readers offers an
indirect yet effective approach.

HDAC inhibitors are well-established drugs that increase
histone acetylation, loosening chromatin and reactivating
silenced genes. Vorinostat is the first FDA-approved HDAC
inhibitor. It is suberoylanilide hydroxamic acid (SAHA) used
for the treatment of cutaneous T-cell lymphoma (CTCL). It
binds to both Class I and Class II HDACs, with a preference
for the former."®” It is currently under trial for other types of
tumours, such as head and neck squamous cell carcinoma
(HNSCC),"® and breast cancer, both as a monotherapy'®® and
in combination with drugs like olaparib.®® Romidepsin, a cyclic
peptide is used to treat CTCL, peripheral T-cell lymphoma
(PTCL) and hepatocellular carcinoma.”’>°* Panobinostat, a
pan-HDAC inhibitor approved for multiple myeloma,”® can
cross the blood-brain barrier, and studies are investigating its
use in brain cancers’®**°> and other solid tumours."*® The
mechanisms of all are explained in Table 3. Givinostat is a
recently FDA-approved drug and the first non-steroidal medica-
tion for the treatment of Duchenne muscular dystrophy (DMD).
DMD is characterised by the loss of dystrophin, which, through
a series of processes, affects nitric oxide signalling that controls
HDAC activity, leading to its hyperactivation and transcrip-
tional repression of genes such as myogenic microRNAs and
follistatin. These genes are important for muscle repair. By
inhibiting HDAC2, givinostat is effective in the treatment of
DMD.>?°

Histone methyltransferase inhibitors include tazemetostat,
an FDA-approved small-molecule selective inhibitor of EZH2
KMT catalysis. It inhibits EZH2-mediated H3K27 methylation,
thereby preventing gene repression. It is used for refractory
follicular lymphomas and various solid tumours. Chromatin
remodelers, like SWI/SNF, involved in gene transcription, are
also linked to EZH2 activity when dysfunctional. Consistent
with this, tazemetostat showed clinical activity in SMARCB1/
INI1-deficient epithelioid sarcoma, resulting in FDA accelerated
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approval in 2020.°>*°”7 Pinometostat is another selective inhi-
bitor that targets DOT1L, the H3K79 methyltransferase.>*® It
has shown activity in early-phase studies of acute leukaemias
with MLL rearrangements and has been evaluated in Phase Ib/II
trials, both as monotherapy and in combination with che-
motherapy or azacitidine; however, the results show limited
efficacy.”’**°® On the other hand, FDA-approved revumenib,
which also downregulates the same oncogenic genes HOXA/
MEIS1 as pinometostat, is a menin-KMT2A inhibitor essentially
blocking protein-protein interaction and is used in AML ther-
apy too, while pinometostat is also stated to increase the
sensitivity to this inhibitor, and trials have been conducted
for the combination therapy.>**'! Iadademstat, an LSD1
inhibitor, works opposite to tazemetostat and pinometostat,
as it selectively inhibits a histone demethylase and reactivates
cancer-suppressing genes. It is still in early clinical trial phases
for relapsed AML, both as a single agent and in combination
with azacitidine. Iadademstat has also shown activity in SCLC,
with ongoing combination trials.**”

Emerging approaches target epigenetic readers and chroma-
tin remodelers. Apabetalone is a selective BET inhibitor that
binds to the BD2 bromodomain and is currently in Phase III
trials for cardiovascular and kidney diseases.”™

While the strategies above focus on modulating proteins
that bind or organise DNA, another complementary approach is
to directly target the DNA molecule itself, either to block
protein binding or to modulate its structure, which is discussed
in the following section.

3.2 Targeting the DNA

Proteins recognise DNA through either a direct sequence-based
readout mechanism, an indirect or shape-based readout
mechanism, or a combination of both. Small-molecule drugs
work on a similar principle, recognising binding sites through
ionic and hydrogen bonding interactions, and indirectly
through DNA shape complementarity, depending on the
nucleotide sequence. A summary of key drugs targeting DNA
instead of proteins for disrupting PDIs is provided in Table 4.

Binding can occur in two modes for drug-DNA interactions:
covalent binding (alkylating agents), which is irreversible, and
non-covalent binding (intercalators and groove binders), which
is reversible.”* Direct binding of small molecules is a valuable
approach for targeting TFs and topoisomerases.*”*®

For example, cisplatin, an alkylating agent, is a square
planar platinum(u) complex with two ammine and two chloride
ligands.>'”*'® It forms covalent adducts at the N7 position of
guanine, causing DNA crosslinking, bending, and unwinding;
this inhibits replication and transcription by blocking the
binding of TFs and stalling RNA polymerase.>’® While these
lesions are normally substrates for the NER pathway, protein
shielding of cisplatin adducts can hinder the recruitment of
repair factors such as XPA, leading to persistent DNA damage
(Fig. 4).>2%**' Oxaliplatin, with a bulky diaminocyclohexane
(DACH) and oxalate ligands, forms larger adducts and is mainly
used in cisplatin-resistant colorectal cancers.>'®?>* Other new-
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Fig. 4 Cisplatin—-DNA interactions and structural basis of recognition. (A) Mechanism of action of cisplatin illustrating the formation of intra-crosslinks at
the adjacent guanine position, and induction of pronounced DNA bending. The distorted DNA is preferentially recognised and shielded by HMG-domain
proteins, thereby limiting access of the nucleotide excision repair (NER) machinery, promoting replication-associated DNA double-strand breaks (DSBs)
and activation of apoptotic pathways. (B) Structure—activity relationship (SAR) of cisplatin highlighting the importance of the platinum centre, leaving
groups, and coordination geometry for efficient DNA binding and cytotoxic activity. (C) Crystal structure of cisplatin bound to DNA (PDB: 1CKT) showing
coordination to adjacent guanine bases dG108 and dG109, with additional stabilising interactions involving dA110 and dT107.%* (D) NUCPLOT
representation of the cisplatin—-DNA complex highlighting key contacts involving Tyrl5, Alal6, Vall9, Phe37, and Ser4l. Visualisations generated via
Mol*,%8 DNAproDB®® and Web 3DNA 2.0.22* MarvinSketch was used for drawing chemical structures, Chemaxon (https://www.chemaxon.com).

generation platinum-based drugs, such as Pt nanocluster (NC)-
based nanodrugs, are also being investigated.***

Apart from platinum drugs, there are also natural product
alkylating agents that covalently bind to the DNA minor groove,
such as trabectedin, originally isolated from the marine tuni-
cate Ecteinascidia turbinata and now produced synthetically. It
is FDA-approved for the treatment of soft-tissue sarcoma,
typically as a second-line therapy after doxorubicin failure.
Trabectedin disrupts transcription by inhibiting trans-
activated TFs (such as Sp1), while also impairing replication
and the NER pathway. Homologous recombination-deficient
cells are particularly sensitive to trabectedin. In addition to
sarcomas, it is under investigation for Ewing sarcoma, myxoid
liposarcoma, and in various combination regimens, including
immunotherapies.*”*

Another set of alkylating agents, called nitrogen mustards,
also target DNA and are widely used in anticancer therapy.’’

This journal is © The Royal Society of Chemistry 2026

However, their disruption of PDIs is generally less selective than
that observed with platinum-based drugs, though evidence exists
for specific effects, such as inhibition of Sp1 binding sites.>*®
Melphalan is a classical nitrogen mustard, consisting of an
t-phenylalanine moiety linked to a bis(2-chloroethyl)amine
group (the “mustard” group, which generates highly reactive
aziridinium ions). It is highly reactive and has relatively low
selectivity for DNA, as it also reacts with other nucleophiles in
the cell such as proteins, leading to DNA-protein crosslinks
(DPCs), drug resistance, and genotoxicity.”*>**” In contrast,
bendamustine is a non-classical nitrogen mustard, incorporating
a benzimidazole ring that provides both alkylating activity (via
the mustard group) and antimetabolite-like properties (mimick-
ing purine bases).>?® It is used in the treatment of non-Hodgkin’s
lymphoma and multiple myeloma.>**

Most small-molecule DNA-binding drugs preferentially tar-
get the minor groove, which is narrower and better suited to
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their small sizes, allowing for strong van der Waals interac-
tions. Major groove binders, mostly intercalators or alkylating
agents, also exist, with very few non-covalent binders. Some
metal-based small compounds, such as those of platinum,
chromium, or rhodium, show this property. Non-covalent
minor groove binders can prefer either AT- or GC-rich sites.
The minor groove binding drugs include netropsin and
distamycin."®® They are pyrrole antibiotics that insert into the
minor groove and form hydrogen bonds with donor atoms on
adenine (A) or thymine (T) bases.”*® These drugs are known to
target TFs, such as E2F1/E2F4 and TBP (part of TFIID
complex).”” Though they themselves are not very good thera-
peutics because of binding, toxicity, or specificity issues, they
have been the basis for designing many anti-cancer drugs as
lead compounds.>*°

Dervan’s polyamides are prime examples of improved
sequence-selective minor groove binders based on these. Built
from pyrrole-imidazole units, they adopt hairpin-like structures
that allow them to recognise predetermined DNA sequences,
following Dervan’s pairing rules, where Im/Py recognises G-C,
Py/Im recognises C-G, and Py/Py recognises both A-T and T-A
base pairs.>*"***> They have been used to disrupt transcription
factor-DNA interactions, such as ERa binding and HIF-
responsive elements; in principle, polyamide-peptide conju-
gates could function as artificial TFs capable of upregulating
transcription.”®® Although still in preclinical stages, they
remain one of the most promising approaches for achieving
programmable, sequence-specific targeting of DNA.>**

Hoechst 33258 is another minor groove binder,"”"*> which
is used as a dye for staining DNA and used for fluorescent
microscopy, flow cytometry, etc.>*

In the case of FDA-approved drugs, mithramycin (also called
plicamycin) is a natural product small-molecule inhibitor of
TFs such as EWS-FLI1. Earlier, it was used for treating various
types of cancers and Paget’s disease. It has also been shown to
prevent neural cell death in p53-mediated apoptosis by provid-
ing neuroprotection, but due to its hepatotoxicity, nephrotoxi-
city, and bone marrow toxicity, it was discontinued.**®
However, it has now seen a resurgence in research and is being
used in the therapy of Ewing sarcoma. Unlike most DNA-
binding agents, mithramycin acts by directly targeting TFs. It
binds in the minor groove of DNA as a Mg”"-coordinated dimer,
recognising GC-rich sequences through a two-fold symmetry
that complements the DNA site.”*” In addition, it serves as a
selective Sp1 inhibitor, where it competes for binding at GC-
rich motifs, including those within ¢-MYC promoters.”*® Stu-
dies have also explored mithramycin analogues (e.g:, mithpla-
tin and EC-8042) for overcoming cisplatin resistance. A unique
property of mithramycin is its ability to bind non-palindromic
GC sequences, which distinguishes it from many other DNA-
binding drugs.?>324°

Intercalation is a form of non-covalent binding where a flat,
aromatic small-molecule inserts itself between the stacked base
pairs of the DNA helix. The DNA becomes distorted as a result
of this physical insertion, which unwinds the helix (by causing
distortions in the sugar-phosphate backbone) and lengthens it
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(as the drug inserts between bases and increases the spacing).
Intercalation also sterically prevents proteins, such as TFs, from
binding DNA, following the nearest-neighbour exclusion prin-
ciple. Similar effects are seen in replication, and many inter-
calators poison topoisomerase enzymes, causing DNA
breakage.>*" The unwinding effect is also not limited to that
particular base pair, but the torsional strain can extend further
along the DNA. The DNA-binding of intercalators is also
strongly influenced by n-m stacking interactions between the
drug’s aromatic rings and the nucleotide base pairs.>*>

Actinomycin D (dactinomycin) is the first FDA-approved
natural DNA intercalator drug, obtained from Streptomyces.
Actinomycin D blocks the interaction of RNA polymerase with
DNA, thus inhibiting transcription, particularly by halting
ribosomal RNA synthesis. Unlike most intercalators, which
are cationic (to neutralise DNA’s negative charge and reduce
repulsion), actinomycin D is largely neutral but possesses a
dipole moment. It intercalates in GC-rich regions of the DNA
minor groove and is mainly used to treat pediatric tumours,
such as Wilms’ tumour and rhabdomyosarcoma.>*® It also
inhibits TFs like Sp1 and Sox2, preventing their binding to
DNA.>** In a different mechanism, it stabilises G4 DNA in
oncogene promoters like ¢-MYC, blocking transcription, and
reduces mMRNA synthesis, effectively “turning off” the
oncogene.”*

Doxorubicin and daunorubicin are Topo II inhibitors of the
anthracycline drug class. They intercalate into DNA and poison
Topo 1I by trapping the enzyme-DNA cleavage complex, causing
DSBs. These drugs also impact TFs; for example, they inhibit
HIF-1, NF-«xB, Sp1, E2F1, and others by blocking their DNA-
binding and suppressing gene expression. Doxorubicin is used
in breast cancer, sarcoma, and lymphoma therapies, while
daunorubicin is used in leukaemias. Their clinical use is
limited by cardiotoxicity, among other toxicities. Most clinical
intercalators are mono-intercalators (a single aromatic system
inserts between bases). In contrast, bis-intercalators like echi-
nomycin have two rings that intercalate at two distinct sites on
the DNA. Echinomycin preferentially binds to CpG steps and
inhibits transcription. It has been studied as a potential treat-
ment for acute myeloid leukaemia (AML), but toxicity has
limited its development.*” For bis-intercalators, the nearest-
neighbour exclusion principle does not apply, as they can
occupy two sites at once.”*?

Nogalamycin is another anthracycline-related antibiotic. It
uses a “threading intercalation” mechanism, interacting with
both the major and minor grooves;>*® however, due to severe
toxicity, it never advanced beyond trials.>*

Amsacrine, though not FDA-approved in the US, is approved
in Europe for AML and Hodgkin’s and non-Hodgkin’s lympho-
mas. It stabilises the Topo II cleavage complex, causing
DSBs.>*® Combination therapy with cytarabine has proven
effective in AML, especially for patients with cardiac problems,
but recent advances focus on improving tolerability and
efficacy.”*’

Voreloxin, a quinolone analogue, functions as a novel inter-
calator that stabilises G4 structures and selectively induces

This journal is © The Royal Society of Chemistry 2026
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damage in GC/GG sequences, demonstrating efficacy against
AML and solid tumours. It remains in clinical trials, demon-
strating sequence-selective cleavage and dual stabilisation of c-
MYC and BCL-2 G4s.>*>»

In contrast to other drugs, bleomycin chelates metal ions,
primarily Fe(u); and when activated by oxygen, it releases free
radicals that break DNA strands instead of merely
intercalating.>®® Cell cycle arrest and apoptosis result from
the single- and double-strand breaks caused by this DNA
cleavage.”®* It has FDA approval for the treatment of squamous
cell carcinomas, testicular cancer, and Hodgkin’s lymphoma,
among other conditions.>> Its efficacy can be enhanced when
combined with Ku-DNA binding inhibitors of DNA-PK, which
impair the NHE]J pathway essential for repair of bleomycin-
induced DSBs.**® Therefore, while bleomycin does not directly
interfere with protein-DNA binding, its DNA-cleaving action
can lead to indirect effects on these interactions.

Beyond classical intercalators and groove binders, of DNA,
non-canonical DNA structures like G4s are emerging targets for
anticancer drugs. Camptothecin and indenoisoquinolines,
though mainly topoisomerase inhibitors, can also interact with
G4s. Camptothecin works synergistically with G4 stabilisers by
blocking Topo I-mediated repair, whereas indenoisoquinolines
can independently stabilise G4s, such as the ¢-MYC promoter
G4, to suppress oncogene expression.>*”>%®

Several drugs are in development that directly target G4
structures, and CX-5461 (pidnarulex) is a prominent example.
Initially characterised as an RNA polymerase I inhibitor, CX-5461
is now known to stabilise G4 DNA and trap Topo IIL It exploits
synthetic lethality in BRCA1/2-deficient cancers, including
tumours resistant to PARP inhibition; its clinical development
has been accelerated through FDA Fast Track designation, with
early-phase trials in breast and ovarian cancers (see Table 4).>*
Concerns regarding its safety arose from an in vitro study
reporting extensive collateral mutagenesis in cell lines;**° how-
ever, subsequent analyses of clinical samples suggested that
these effects may not translate to humans.”®' Another G4-
targeting compound, QN-302, is in early clinical trials for
advanced or metastatic solid tumours.>*>

Apart from G4s, other non-canonical DNA structures are also
being explored as drug targets. Actinomycin D represents a
classical model for hairpin-interactive compounds, preferen-
tially binding GC sites within hairpin stems. Its binding affinity
is influenced by loop composition and internal mismatches,
leading to stabilisation of pathogenic trinucleotide-repeat
hairpins.?®®* More recently, azacryptand ligands, such as tris-
acridine and tris-naphthalene derivatives, have demonstrated
the ability to bind imperfect DNA hairpins and other folded
DNA junctions, supporting a multitargeting strategy that
exploits structurally related non-B DNA conformations.*** In
parallel, Z-DNA has emerged as an immunologically relevant
target. Z-DNA-binding molecules can enhance anti-tumour
immune responses and improve the efficacy of anti-PD-1
immunotherapy by unmasking ZBP1-mediated necroptotic sig-
nalling normally suppressed by ADAR1.”® In addition to target-
ing proteins or DNA separately, drugs can also act at the
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interface between them, directly modulating protein-DNA com-
plexes. This approach is discussed in the next section.

3.3 Targeting the protein-DNA complex

Drugs targeting DNA-protein complexes act at the bound inter-
face between protein and DNA and are often called interfacial
inhibitors.*> This strategy addresses the problem of “flat”,
otherwise undruggable protein surfaces, since the interface of
two molecules creates a pocket for drug binding. The transient
complex can be efficiently stabilised by drug binding, making
the interaction thermodynamically favourable.””*> The clinical
applications and specific targets of these inhibitors are sum-
marised in Table 5.

Prominent examples include etoposide and mitoxantrone
(Topo II-DNA complex poisons), indenoisoquinolines, and
camptothecin (Topo I-DNA complex poisons).*> Other agents
sometimes discussed in this context are amsacrine and
dexrazoxane.

Etoposide traps the Topo II-DNA cleavage complex and
stabilises it by blocking DNA religation. Normally, Topo II
introduces transient double-strand cleavages to relieve super-
coiling. At therapeutic doses, it primarily produces SSBs as only
one of the two catalytic sites within the Topo II dimer is trapped
(Fig. 5).>”” These SSBs remain covalently bound to the enzyme
and act as obstacles on the DNA template. When replication or
transcription machinery collides with these complexes, they are
converted into DSBs or cause fork collapse, which drive cell
death. Etoposide targets both Topo IIa and Topo IIf. Clinically,
it is utilised in small-cell lung cancer (SCLC), testicular cancer,
soft tissue sarcoma, and other solid tumours. Its main dose-
limiting toxicity is bone marrow suppression.*

Mitoxantrone acts as both a DNA intercalator and an inter-
facial inhibitor, stabilising the Topo II-DNA cleavage
complex.*>**®?”® Unlike anthracyclines such as doxorubicin,
mitoxantrone undergoes less efficient redox cycling, generating
fewer free radicals. Since anthracycline -cardiotoxicity is
strongly linked to free radical-mediated mitochondrial damage
in the heart, mitoxantrone shows reduced cardiotoxicity in
comparison. However, it can still cause dose-dependent cardiac
toxicity, mainly through Topo IIf poisoning in
cardiomyocytes.*®>*®?7827% Clinically, it is used in AML, acute
promyelocytic leukaemia (APL), and multiple sclerosis.””®

Camptothecin is a natural product inhibitor that traps the
Topo I-DNA cleavage complex, preventing religation of single-
strand breaks. This leads to replication fork collapse, S-phase
toxicity, and apoptosis. Camptothecin is highly specific, as its
only target is Topo I, and shows dose-dependent toxicity. It also
halts DNA synthesis. Clinically utilised derivatives include
irinotecan and topotecan. Resistance can arise from mutations
in Topo I or altered drug efflux.>*®

Indenoisoquinolines are synthetic non-camptothecin Topo I
inhibitors stabilising the Topo I-DNA cleavage complex. They
show improved chemical stability and can overcome certain
resistance mechanisms associated with camptothecins. Other
interfacial inhibitors include raltegravir, elvitegravir, and
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Table 5 Drugs binding to DNA—-protein complexes
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Mechanism of action

Target

Drug

Stabilises the cleavage complex, blocking replication FDA approved Anthracenedione, small AML, prostate cancer, breast

Stabilises cleavage complex, prevents religation leading FDA approved
and repair

Stabilises cleavage complex, preventing religation,
to replication fork collapse and DSBs

leading to persistent DSBs during replication
Stabilises the complex and inhibits the religation

reaction of DNA
Abbreviations: Topo I, topoisomerase I; Topo Ila, topoisomerase II alpha; DSB, double-strand break; AML, acute myeloid leukaemia
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dolutegravir, which stabilise the HIV integrase-DNA complex,
representing microbial applications of this principle.*>*%°

Some drugs, such as doxorubicin and trabectedin, though
primarily classified as DNA intercalators or groove binders, can
also act partly as interfacial inhibitors.”> However, as their
dominant mechanism is DNA-binding, they are discussed in
the preceding section.

Beyond classical small-molecule inhibitors, nanomaterials
such as graphene quantum dots have been reported to act as
interfacial inhibitors of DNA-protein complexes, including
dual inhibition of Topo I and Topo II, with potential to over-
come multidrug resistance,”®" as discussed in the Section 5.

Apart from the topoisomerase poisons, another type of
inhibitor (Pol6i) targeting the protein-DNA complex is being
explored. It traps the Pol6-Pol-DNA complex in a closed con-
formation by adding a nucleotide to the primer, thereby block-
ing the complex transition to the open conformation required
for DNA repair. The inhibitor fits into the closed conformation
pocket and is stabilised by hydrogen bonding, n-stacking, and
hydrophobic interactions. Blocking the N (finger) and O sub-
domains prevents the polymerase from progressing and ren-
ders the complex temporarily resistant to endonuclease
cleavage.*®?

4 Methodological overview: Al and
computational approaches in protein—
DNA modulator discovery

Rational drug design, supported by computer-aided drug
design (CADD) and artificial intelligence (AI), has significantly
advanced the discovery of modulators targeting PDIs.*** Mole-
cules identified through AI approaches have reportedly shown
higher success rates (up to 80-90%) in early clinical trials
compared to conventional candidates.>®> Traditional
approaches such as structure-based drug design (SBDD) and
fragment-based drug design (FBDD), when integrated with
molecular modelling, binding site prediction, binding energy
estimation and virtual screening, have accelerated the path to
the identification of selective and potent inhibitors.?**?%¢ Tar-
get identification and prediction represent the first step in drug
discovery and have seen a wider application of AL The integra-
tion of multi-omics data and network biology has facilitated the
identification of therapeutic targets in complex diseases such
as cancer.”®” For example, structural modelling of TFs such as
c-Myec, facilitated by AlphaFold and refined through molecular
dynamics (MD) simulations revealed a druggable conforma-
tional switch within its transactivation domain.*®® Al-based
structural prediction models, including AlphaFold3,>®
AlphaFold-Multimer,290 RoseTTAFoldNA,**' and RoseTTAFold
All-atom,*** have enabled accurate prediction of novel DNA-
binding proteins and protein-DNA complexes.

Successful targeting requires detailed information on the
binding site. In this direction, both structure-based and
sequence-based binding site predictors have been developed.
Although the earlier methods were constrained by limited

This journal is © The Royal Society of Chemistry 2026
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relationship (SAR) of etoposide. (C) Crystal structure of the human Topo IIp-DNA-etoposide complex (PDB: 3QX3) illustrating the overall surface
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293-296 recent Al

structural data and biological complexity;
advances have led to powerful binding site predictors such as
ATMGBs, which combines protein language models and graph
convolutional networks;**” DeepPBS, a geometric deep learning
model predicting binding specificity from protein-DNA struc-
tures;'* and TransBind, an alignment-free deep learning frame-
work that predicts DNA-binding proteins and residues directly
from sequences.””® Tools and databases such as JASPAR,”
AIModules,?*® MethMotif*° and MEME Suite®**° support motif
identification, providing curated TF binding profiles and posi-
tion weight matrices essential for motif discovery.

further refine predicted protein-DNA complex structures, pro-
viding insights into binding stability and interaction
mechanisms.’®® These approaches have been applied to Gli1/
DNA interactions as a druggable target for Hedgehog-
dependent tumours,*** in silico modelling and screening of
FOXO TF inhibitors,*®® and STAT3 inhibition in cancer
therapeutics.” Al-enhanced MD simulations, incorporating
ML force fields, improve the accuracy of studying dynamic
PDIs.****%” From the DNA side, Dictionary-based approaches
(DNA shape and Dynaseq) hold great promise through their
modelling of large-scale DNA shape and flexibility patterns,

The use of curated chemical and structural databases, revealing conformational signatures crucial for drug
combined with machine learning (ML) and deep learning binding.*°**°° DL methods, such as Deep DNAshape, predict
(DL) algorithms, enables efficient exploration of chemical space DNA structure.*’® High-throughput screening (HTS)*'! and

and prioritisation of candidate molecules. Molecular docking
tools such as HADDOCK,**! NPDock,**> and MD simulations

This journal is © The Royal Society of Chemistry 2026

DNA-encoded libraries (DELs)*'* accelerate the identification
of specific inhibitors, including for challenging targets like Myc
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in cancer,"*® while Al-driven virtual screening platforms
improve compound selection and druggability
assessments.>'*3'* Chemical databases such as ChEMBL,*'
ZINC,*'® BindingDB,*” and DrugBank®'® provide essential
chemical and pharmacological data. Natural language proces-
sing (NLP) models extracting drug-target relationships from
FDA drug labels further enhance regulatory assessment and
drug development.’’® QSAR modelling, enhanced by ML,
remains vital for predicting biological activity and optimising
drug candidates, streamlining drug design effectively.>*° Gen-
erative Al frameworks, including autoencoders, graph neural
networks (GNNs), and reinforcement learning (RL) models,
enable de novo molecule generation, opening new frontiers in
drug discovery by designing novel compounds with optimised
properties.**"*?* Additionally, Aloptamer is an Al-driven pipe-
line that accelerates aptamer optimisation by integrating Al
screening, structural modeling, deep learning scoring, and MD
simulations, enhancing aptamer discovery.’*® Beyond drug
design, AI and ML-based frameworks have also advanced pre-
dictive oncology, enabling precise prediction of therapeutic
response and treatment outcome.’’* A recent pan-cancer,
pan-treatment model further demonstrated that patient-
derived xenograft-driven AI systems can accurately forecast
drug responses across cancer types, accelerating preclinical
testing and precision drug development.**®

While various strategies to target protein—-DNA interactions
show promise, they face broader challenges related to selectiv-
ity, efficacy, and practical application, which are discussed in
the next section.

5 Challenges and future perspectives

Developing drugs for PDI targets is made complicated by two
intersecting challenges: the biological complexity inherent to
protein-DNA recognition and interaction surfaces, and techno-
logical limitations that restrict our understanding and experi-
mental capacity.''*****” Many TFs, for instance, lack well-
defined ligand-binding pockets and have historically been
considered challenging to target.***?® Many TFs are intrinsi-
cally disordered proteins (IDPs), such as c-Myc with its dis-
ordered TAD. As for IDPs, they are highly flexible and dynamic,
lacking fixed 3D structures under normal physiological condi-
tions and instead adopting multiple conformations. Their
sequences are typically rich in polar residues and depleted of
hydrophobic ones, leading to structural instability and a lack of
rigid binding sites. Consequently, small-molecule inhibitors
that can target them efficiently and specifically are scarce, since
these compounds are known to typically bind to stable hydro-
phobic pockets; the lack of such pockets results in only low-
affinity interactions. For example, the p53 binding site for
MDM2 lies within a disordered region, making direct inhibi-
tion extremely challenging.’*® There are attempts at targeting
conserved genomic TAD regions belonging to specific targets of
TF families, where specificity of binding remains the primary
challenge. Even protein-based inhibitors designed to mimic or
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disrupt these contacts often suffer from rapid degradation and
limited stability in vivo.**

The intricate nature of PDIs also makes CADD difficult. The
key computational technique of MD simulations, hugely suc-
cessful in other systems, becomes challenging for TFs in PDIs
due to their high flexibility and absence of stable structures.
Classical force fields often fail to capture IDP behaviour accu-
rately, prompting the use of coarse-grained models or
enhanced sampling techniques to improve prediction. One
would expect that some of these problems can be solved by
using DNA sequences they recognise, instead of new small
molecules. However, DNA fragments recognised by TFs are
small and this approach may cause off-target effects due to a
lack of precision and redundancy of similar DNA sites in the
genome. Additionally, there remains a fundamental lack of
understanding regarding the binding patterns and mechan-
isms of these proteins. Developing effective drugs depends
critically on identifying their small functional sites and linear
motifs. Technologies such as in-cell NMR and Al-driven struc-
ture prediction can ensure that compounds bind specifically to
their intended targets while avoiding off-target effects.>>¢3°

Proteins involved in DNA repair and replication present
their own set of therapeutic challenges. Many DNA repair
proteins have broad, flat surfaces, which makes them hard to
target. Many of these proteins, such as RAD51, RAD52, and
Ku70/80, have large and relatively flat DNA-binding surfaces
that are difficult to block selectively. PARP inhibitors, though
successful, face resistance through restoration of HR or loss of
PARP trapping efficiency.”**" Synthetic lethality remains a
powerful concept, yet maintaining its clinical effectiveness
depends on identifying new pathway partners and rational
drug combinations. High-throughput CRISPR-Cas9 screening
has enabled the identification of novel synthetic lethal interac-
tions outside the BRCA-mutant contexts, such as WRN inhibi-
tors in MSI-H tumours or SMARCA2 degraders in SMARCA4-
mutant cancers, providing avenues to circumvent PARP resis-
tance and expand therapeutic options.*>*?> Similarly, inhibitors
of DNA-PKcs face challenges related to kinase selectivity and
toxicity, since the ATP-binding pocket is highly conserved
across the PI3K family. The clinical failure of agents like
AZD7648 highlights the unresolved balance between potency,
specificity, and safety in targeting DNA repair enzymes.?*?

Drug resistance is another major phenomenon that compli-
cates therapeutic targeting of PDIs. Defects in the MMR or NER
pathways can alter responses to DNA-damaging agents such as
cisplatin, temozolomide, and etoposide. Overexpression of
repair proteins, such as ERCC1 and MGMT, or mutations in
MSH2 and MLHI, contributes to drug resistance by either
enhancing lesion removal or impairing DNA damage
signalling.****® The dynamic crosstalk between repair path-
ways means that blocking one mechanism often triggers com-
pensatory mechanisms, highlighting the need for rationally
designed drug combinations.**”

Another inherent challenge in targeting PDIs for drug dis-
covery arises from the limited chemical diversity of DNA itself.
DNA is composed of only four bases, yet it encodes thousands
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of genes, making it challenging to design drugs that selectively
target a specific sequence without affecting others. While TFs
typically recognise the major groove, small molecules often
bind in the minor groove because it provides a snug, shape-
complementary site for interaction. In contrast, the major
groove is wide, relatively flat, and solvent-exposed, making
selective binding of small molecules more difficult.'>>?**

DNA intercalators remain potent but nonspecific. Bis-
intercalators may increase DNA-binding strength but often at
the cost of enhanced toxicity and off-target effects.*” Similarly,
interfacial inhibitors such as topoisomerase poisons still face
limitations in selectivity. For example, lack of isoform-selective
inhibitors, particularly those distinguishing Topo Ilo. from
Topo IIf, results in unwanted side effects such as cardiotoxicity
and bone marrow suppression.*®

Therefore, enhancing specificity, reducing toxicity, and
addressing drug resistance remain key future directions that
require substantial scientific effort.>*® Solving these challenges
depends on precise characterisation of how small molecules
interact with DNA. High-resolution analytical platforms, such
as single-molecule nanopore sensing, can detect and quantify
subtle DNA structural differences at single-base-pair resolu-
tion, including canonical and non-canonical hydrogen-bonding
states, as well as transient interactions between small mole-
cules and DNA bases.***?%°

Combination therapy has shown progress in combating
drug resistance. For example, co-inhibition of DOT1L and
menin has demonstrated synergistic effects in MLL-rearranged
leukaemias,*®® while pairing topoisomerase inhibitors with
TDP1 or TDP2 blockers may enhance the persistence of DNA
damage in tumour cells.*® Advanced drug delivery systems offer
another solution. Nanoparticle-encapsulated inhibitors
improve tumour targeting and reduce systemic side effects.*®
For example, graphene quantum dots (GQDs) enhance drug
targeting, improve cellular uptake, and modulate PDIs through
n-n stacking and electrostatic interactions. They can self-insert
into the DNA major groove sites, enhancing interfacial inhibi-
tion of TFs and downregulating cancer stem cell genes, thereby
overcoming multidrug resistance. However, optimisation of
specificity and biocompatibility is still required.*****° Liposo-
mal delivery also improves drug safety, bioavailability, and
efficacy, as exemplified by lipoplatin, but challenges remain
in formulation, stability, and in vitro-in vivo translation. Multi-
modal liposomes and liposome-nanoparticle hybrids offer
opportunities for the co-delivery of cytotoxic drugs and resis-
tance pathway inhibitors, with potential for targeted and exter-
nally triggered release.**"

Drug repurposing offers a faster and less risky path to
discovering PDI modulators. For example, eltrombopag, an
FDA-approved drug for chronic immune thrombocytopenia,
has recently been shown to inhibit transcription factor EB
(TFEB), enhancing apoptosis inhibition and sensitising
tumours to chemo- or radiotherapy.*** Pentamidine, originally
FDA-approved for protozoal infections (e.g., PCP, trypanoso-
miasis, leishmaniasis),>*® has been repurposed in cancer
therapy.>** It binds to AT-rich regions in the DNA minor groove,
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thereby interfering with TF-DNA interactions (e.g., STAT3,
SOX-2, and CDK4). Studies also show that pentamidine targets
the suppression of HIF-1o protein translation and inhibits the
interaction between S100P and p53, through protein binding.
While it shows activity in prostate and brain cancers and is
being tested in combination therapies, challenges such as low
bioavailability, delivery issues, and toxicity remain.>**

Chemical biology tools, such as PROTACs, decoy PROTACs
(D-PROTACs), molecular glues, and molecular glue degrader-
antibody conjugates (MACs), offer indirect strategies to
degrade, stabilise, or mislocalise PDIs, overcoming the limita-
tions of classical inhibitors. While PROTACs induce targeted
protein degradation via the ubiquitin-proteasome system,**®
D-PROTACs further extend this strategy by fusing DNA decoys
with E3 ligase ligands, enabling sequence-specific recruitment
of DNA-binding proteins like STAT3 for targeted degradation
and antitumour activity.>*® Molecular glues complement these
strategies by promoting proximity between E3 ligases and target
proteins. Classical examples include thalidomide derivatives
that recruit CRBN to degrade IKZF1 and IKZF3, while newer
glues such as DKY709 and Helios CELMoD (targeting IKZF2)
and WIZ modulators expand this approach to additional
TFs.**” Furthermore, c-Myc-degrading MACs have recently
demonstrated targeted degradation of the otherwise ‘“undrug-
gable” c-Myc via CRBN recruitment, achieving selective anti-
tumour activity in PSMA-positive prostate cancer models.**®
Though there are several limitations of traditional PROTACs,
such as solubility, permeability and off-target issues, this has
now been addressed using unconventional PROTACs.**°

Recent advances in Al-driven structural biology have greatly
enhanced our understanding of PDIs and their potential in
drug design.??%*°13397332 pegpite their promise, these Al-based
tools have limitations: motif-specific recognition, non-
canonical interactions, and highly dynamic regions can still
be mispredicted. Integrating experimental techniques such as
ChIP-seq, pull-down assays, or motif discovery algorithms like
MEME is essential to refine predicted binding sites.>*> Data
bias issues, limited representation of disordered/transient com-
plexes and the “black box” of deep learning frameworks limit
biological interpretability, suggesting a need for explainable AI
(XAI).353’354

Translating the computational findings into clinically viable
drugs faces traditional hurdles, including poor stability, bioa-
vailability and efficacy. Data integration across platforms is
limited by heterogeneity, computational limitations, and bio-
logical interpretability. There is a need for a clear framework to
facilitate the transition from in silico findings to in vivo applica-
tions, ultimately leading to the development of actual thera-
peutic drugs in real-life settings.**”

Moving forward, a multidisciplinary approach combining
structural biology, Al-driven modelling and predictions,
chemical biology, nanotechnology, and multi-omics studies
will be crucial for rationally designing drugs that precisely
target PDIs. At the same time, careful evaluation of safety,
specificity, and in vivo efficacy will be crucial for developing
effective and clinically relevant therapies.
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Conclusion

Transcription, replication, DNA repair, and chromatin regula-
tion are key biological processes mediated by PDIs and provide
important opportunities for drug targeting. PDIs have tradi-
tionally been considered ‘“undruggable” due to the lack of
conventional binding pockets; however a diverse range of
targeting strategies have been developed to modulate these
interactions. Success stories are evident in FDA-approved
drugs, compounds currently under clinical investigation, and
emerging modalities such as PROTACs. Targeting approaches
span from small molecules that bind directly to DNA or
proteins, to interfacial inhibitors that trap the protein-DNA
interface in complex. In cases where direct inhibition is
unfeasible, such as for histones or architectural proteins,
indirect chemical biology strategies are increasingly being
explored.

This review also highlights key challenges, including selec-
tivity, off-target effects, and drug resistance, that need to be
overcome to realise the full potential of PDI targeting. New
technologies including Al-based structural predictions,
advanced drug delivery systems (e.g., nanoparticles and lipo-
somes), and combination therapies are helping to address
these limitations. Rational drug design, guided by structural
biology, chemical biology, and computational modelling, will
be critical for developing precise, effective, and clinically viable
outcomes in this direction.
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