¥® ROYAL SOCIETY
PP OF CHEMISTRY

RSC
Chemical Biology

View Article Online
View Journal | View Issue

REVIEW

Epigenetic reader chromodomain as a potential

’ '.) Check for updates ‘
therapeutic target

Cite this: RSC Chem. Biol., 2025,

6, 833

2 J. Trae Hampton, (2° Tatiana G. Kutateladze (2 *° and

xacdef

Shivangi Sharma,
Wenshe Ray Liu

Epigenetic mechanisms involve cooperative actions of enzymes that produce or remove post-
translational modifications in histones and ‘readers’, the protein domains that bind these modifications.
Methylation of lysine residues represents one of the most common modifications and is recognized by a
family of chromodomains. Chromodomain containing proteins are implicated in transcriptional
regulation and chromatin remodeling, and aberrant functions of these proteins are linked to human
diseases, such as cancer, neurodegenerative disorders and developmental abnormalities. In this work,
we review biological and pathological activities of chromodomains, highlighting their potential as
prognostic biomarkers and their attractiveness as therapeutic targets. In the past few years, significant
progress has been made in the development of chromodomain inhibitors, however sequence similarity
within this family of readers presents challenges in designing selective probes. We describe recent
advances and new strategies that are employed to overcome these challenges, including structure-
based drug design, high-throughput screening, the use of peptide and DNA encoded libraries, and
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1. Introduction

In eukaryotic cells, DNA is wrapped around histone proteins to
form the nucleosome, a repeating unit of chromatin. Both DNA
and histones undergo covalent modifications, known as epige-
netic marks.' These marks include generally reversible post
translational modifications (PTMs) in the tails of histones and
DNA methylation. The epigenetic marks are deposited by the
enzymes named ‘writers’, removed by the enzymes named
‘erasers’, and recognized by the protein domains, the so called
‘readers’. Aberrant functions of these epigenetic players are
often linked to diseases, such as cancer and neurodegenerative
and developmental abnormalities.*® In depth understanding
of the physiological and pathological activities of the com-
ponents of the epigenetic machinery can lead to new
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summarize research underscoring the benefit of targeting chromodomains to combat diseases.

pharmacological approaches to battle these diseases. Among
fundamental PTMs recognized by readers are methylation
and acetylation of specific amino acids in histones. For exam-
ple, plant homeodomain (PHD) fingers, chromodomains and
other Royal family modules bind methylated lysine (methylly-
sine) residues, whereas bromodomains, double PHD fingers
and YEATS domains bind acetylated lysine (acetyllysine)
residues.”™®

Bromodomain was identified as the primary reader and is
currently the most thoroughly characterized. Despite having
little sequence similarity, they share a highly conserved four-
helix bundle structure.'® It folds into a four-helix bundle that
creates a deep, hydrophobic, and therefore druggable, binding
pocket of acetyllysine. Recent successful applications of bro-
modomain inhibitors for the treatment of cancer have opened a
new avenue in the development of epi-based therapeutics,
including development of inhibitors for chromodomains,
which were identified as first readers capable of binding to
methyllysine PTMs."'™** A wealth of cellular, mechanistic and
clinical studies suggests that inhibition of chromodomains
represents an attractive therapeutic strategy. Even minimal
dysregulation or mutations in chromodomain proteins have
been shown to be associated with a wide range of diseases,
particularly cancer. Evaluated by Dscore, which accounts for
volume, enclosure and hydrophobicity of binding pockets,
chromodomain was found to be most druggable among methyl-
lysine readers.'* Still, targeting proteins from this family are
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challenging. Chromodomains have shallow and hydrophobic
binding pockets, offering limited surface area for small mole-
cule interactions. The hydrophobic nature of the pocket also
limits the chemical diversity of potential inhibitors. Chromo-
domains and methyl lysine interact via weak, non-covalent
interactions, making it challenging to design potent inhibitors.
Additionally, the structural similarity of the methyl-lysine bind-
ing pocket across various chromodomains and other reader
proteins (e.g., Tudor and PWWP domains) makes it hard to
develop selective inhibitors, increasing the risk of off-target
effects. Many potential chromodomain inhibitors are peptide-
based or large molecules, resulting in poor cell permeability
and metabolic instability. Furthermore, even when potent
inhibitors are identified, their pharmacokinetic properties
often hinder their clinical application. In this review we outline
biological activities of chromodomain subfamilies and their
relationship to diseases, summarize progress in the develop-
ment of chromodomain inhibitors and discuss the feasibility of
discoveries of more potent and selective chemical probes.

2. Chromodomains

Chromodomain was originally identified in the HP1 (hetero-
chromatin protein 1) and polycomb proteins, and since both
were linked to gene silencing through a chromatin-based
mechanism, the homologous region was named Chromatin
Organization Modifier or chromodomain.'> Chromodomain is
a small ~50-amino acid module which is present in ~30
mammalian proteins and belongs to the structurally related
Royal family of domains.'® The Royal family domains are
characterized by a barrel-like fold, also known as the Tudor
barrel fold, and are predominantly readers of methylated
lysine. The Royal family is classified into subfamilies based
on additional structural features, with each subfamily showing
selectivity toward particular methyllysine PTM. These include
the subfamilies of Tudor domains, proline-tryptophan-trypto-
phan-proline (PWWP) domains, malignant brain tumor (MBT)
domains and chromodomains. Based on their structure and
mechanisms of action chromodomain-containing proteins
are divided into several subgroups, such as canonical chromo-
box (CBX), chromo-ATPase/helicase-DNA-binding (CHD) and
noncanonical.'”*®

The structure of chromodomain consists of three anti-
parallel B-strands and an o-helix. Chromodomains with higher
sequence homology to HP1 selectively recognize and interact
with conserved methylated-lysine motifs (ARKS) originally
found in H3 tail at H3K9 and H3K27 sites, or the same motif
present in different proteins. The active site features a hydro-
phobic cage formed by aromatic residues (tyrosine, tryptophan,
phenylalanine), which interact with the methyl groups through
cation-n interactions, stabilizing the binding.'® Chromodo-
mains that recognize the methyl lysine mark on N-terminal
histone tails, play key role in gene regulation and chromatin
remodeling. Upon binding, chromodomains recruit chromatin-
modifying complexes like polycomb repressive complex 1 and
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2 - PRC1/PRC2. These complexes prevent the access of tran-
scription factors thereby resulting in gene silencing. Chromo-
domains belonging to CBX family are part of these complexes.
Conversely, some chromodomains, like CHD1, interact with
activating complexes to promote transcription activation."®

2.1. CBX chromodomains

Five polycomb (Pc) proteins - CBX2, CBX4, CBX6, CBX7, CBX8
and three variants of HP1 - HP1a (CBX5), HP1p (CBX1) and
HP1y (CBX3) were identified in mammals with their chromo-
domains sharing over 60% of sequence similarity.'> While HP1
chromodomains recognize di- and trimethylated lysine 9 of
histone H3 (H3K9me2/3), Pc/CBX chromodomains recognize di-
and trimethylated lysine 27 of histone H3 (H3K27me2/3),""*°
but all utilize the same conserved mechanism to engage with
the methyllysine substrates. This mechanism involves the
insertion of histone tail, which is in an extended conformation,
between B-strands of chromodomain and the enclosure of
methyllysine within the aromatic cage of chromodomain.*'**
The aromatic cage residues and the methylammonium group of
lysine are involved in the cation-m interactions that are
required for the formation of the complex (Fig. 1). Additionally,
electrostatic and polar contacts play an important role in the
formation of HP1 chromodomains’ complexes, whereas hydro-
phobic contacts stabilize the polycomb chromodomains’
complexes.>'>*7>¢

Aberrant expression and dysregulated functions of the CBX
chromodomain containing proteins are directly linked to the
development and progression of cancer.””*® Particularly, the
expression of all or some of the CBX1/2/3/4/5/8 members was
found to be upregulated in most malignancies, including
glioma,®*?° pancreatic adenocarcinoma®' and breast, gastric
and non-small cell lung cancers.*** In contrast, CBX7 is a
tumor suppressor, and its expression level is low in most
tumors, such as glioma® and gastric and ovarian cancers.****
CBX6 expression varies in different cancer types, with low
expression observed in glioma,>®?° breast and ovarian
cancers,>*® but high expression in sarcoma,*” head and neck
squamous cell carcinoma®® and skin cutaneous melanoma.*® A
recent report has pointed to the direct correlation between the
expression of CBXs and cancer progression:*° CBXs may be
upregulated or downregulated in different types of cancer, and
the difference in expression levels is closely related to clinical
characteristics like tumor size, clinical grade and stage, relapse,
metastasis, vascular invasion, chemoresistance, gene mutation
and survival prognosis. In general, CBX1/2/3/4/5/6/8 are tumor
promoting factors in most cancers, and CBX7 is tumor-
suppressing factor in almost all cancers, thus CBXs could serve
as diagnostic and prognostic biomarkers.

2.2. CHD chromodomains

There are nine human chromo-ATPase/helicase-DNA-binding
(CHD1-9) proteins, and all contain two tandem chromodo-
mains. The chromodomains of CHD1 recognize trimethylated
lysine 4 of histone H3 (H3K4me3) via a unique mechanism,
involving both chromodomains and two aromatic cage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Crystal structure of the Drosophila HP1a chromodomain in complex with H3K9me3 peptide (PDB: 1KNE) with the aromatic cage shown on the

right. (B) Crystal structure of the Drosophila PcG in complex with H3K27me3 (PDB: 1PDQ) with the aromatic cage shown on the right. (C) Crystal
structure of the tandem chromodomains of CHD1 in complex with H3K4me3 (PDB: 2B2W) (pink, chromodomain 1; grey, linker; cyan, chromodomain 2).

residues.’’ Asymmetric methylation of H3R2 or phosphoryla-
tion of H3T3 reduces binding affinity of CHD1 chromodomains
and may act as biological binary switches, modulating the
CHD1 interaction with H3K4me3-rich chromain.* CHD5 was
the first member of this family of ATPases found to have tumor
suppressive activity, as it was depleted or inactivated in a wide
array of malignancies,*” including melanoma,** leukemia,**
glioma®>*® and lung, prostate and breast cancers.””>° More-
over, loss or inactivation of CHD3/4/5 is associated with che-
moresistance, epithelial-mesenchymal transition (EMT),
metastasis and poor survival,*>*>**?> and CHD4 deficiency
especially was shown to contribute to chemoresistance in BRCA
mutant cells.*® Much like CHD5, CHD1/2 are found either lost
or inactivated in several cancers, but their gain in function also
promotes oncogenesis and can be hormone responsive.>*
CHD6-9 members have been linked to developmental and

© 2025 The Author(s). Published by the Royal Society of Chemistry

neurological syndromes, including CHARGE syndrome, schizo-
phrenia, and autism.>*™’

2.3. Other methyllysine binding chromodomains

Chromodomain of MPP8 recognizes methylated H3K9 and
belongs to the canonical group of chromodomains.’®*° MPP8
associates with the DNA methyltransferase DNMT3A and sti-
mulates tumorigenesis and invasiveness by regulating E-
cadherin expression.’>®® It promotes proliferation of non-
small cell lung cancer, melanoma, and liver cancer cells, and
expression levels of MPP8 are found to be upregulated in
hepatocellular carcinoma and osteosarcoma.’® MPPS8 is involved
in the regulation of apoptosis of gastric cancer cells and promotes
metastasis via the p53/Bcl-2 and EMT-related signaling
pathways,®” whereas loss of MPP8 inhibits development of acute
myeloid leukemia.®® Another canonical chromodomain is present
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in the CDY (chromodomain on the Y chromosome) family of
enzymes. The chromodomain of CDY is a reader of methylated
H3K9 and H3K27 as well as methylated lysines in non-histone
proteins.®*"*® Methylated non-histone substrate, such as retinoic
acid-related orphan nuclear receptor o (RORa), is recognized by
chromodomain of DCAF1.>® Binding of DCAF1 to monomethy-
lated RORa leads to RORo degradation and thus loss of tumor
suppressive activity exerted by RORa.

3. Antagonists of methyllysine binding
chromodomains

Several hundred epigenetic proteins containing methyllysine
readers have been identified in the human proteome. These
proteins are involved in fundamental chromatin related pro-
cesses and are implicated in diseases. Therefore, development
of chemical small molecule or peptide-based probes has
become a priority both for interrogating biological functions
of these proteins, as well as facilitating the design of targeted
therapeutics.®” % Several inhibitors targeting methyllysine
readers MBT and PHD were reported previously, and in 2014
first inhibitors for chromodomains were described.”

3.1. Inhibitors of CBX chromodomains

The first reported chromodomain inhibitors were designed to
target CBX7, because the association of CBX7 with H3K27me3
was shown to promote proliferation of cancer cells. The antago-
nists for CBX7 were obtained through a peptide-driven
approach and the structure-based residue substitution of native
peptide ligand and tested in antiproliferative assays.”® These
peptidomimetic inhibitors bind to CBX7 with Kps ranging from
0.2-4.1 pM as measured by isothermal titration calorimetry
(ITC) and fluorescence polarization (FP) assays, with the lead
compound 64 showing the Ky, of 200 nM and exhibiting 10-fold
selectivity toward CBX7 over CBX8 (Table 1). Further optimiza-
tion from the lead compound 64 yielded the second generation
of peptidomimetic inhibitors though without significant
improvement in potency and selectivity.”' UNC3866, another
chemical probe for CBX7 was developed via molecular
dynamics simulations and SAR studies. UNC3866 does not
distinguish between CBX7 and CBX4 and binds to both equally
well (Kp of 97 nM and 94 nM, respectively) (Table 1). The crystal
structure of the CBX7-UNC3866 complex shows that the
diethyllysine, an analog of methyllysine, occupies the canonical
methyllysine-binding aromatic cage, whereas the N-terminal
tert-butylbenzoyl cap lays in the hydrophobic groove formed by
D50, R52 and L53 residues of CBX7”>7? (Fig. 2A). A more potent
CBX7 inhibitor UNC4976, an analog of UNC3866, was identi-
fied in a cellular GFP reporter assay screening. For this assay,
mouse embryonic stem cell (mESC) line engineered with a GFP
reporter gene controlled by polycomb repressive domain was
used. Recruitment of CBX7 to the ZFHD1 (zinc finger home-
odomain1) DNA-binding site silenced GFP expression. Cells
were treated with UNC4976, UNC3866 and other analogs of
UNC3866 for 48 hours, GFP levels were measured using flow
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cytometry, indicating disruption of CBX7 mediated repression.
UNC4976 emerged as the most effective analog, showing ~ 14-
fold higher potency than UNC3866. The enhanced cellular
activity of UNC4976 was attributed to the replacement of the
diethyllysine in UNC3866 with Ne-methyl- Ne-norbornyl-lysine
(Table 1). It was proposed that UNC4976 acts as a positive
allosteric modulator of CBX7 by promoting non-specific inter-
action with nucleic acids.”

Small molecule antagonists of CBX7, MS37452 (MS452) and
suramin, were identified in fluorescence polarization (FP)
based high throughput screening (HTS)’> (Table 1). MS37452
shows moderate affinity to other Pc chromodomains (e.g.,
CBX4) but it is inactive against HP1 chromodomains. Analysis
of chromatin immunoprecipitation (ChIP) indicated that
MS37452 at the concentration of 250 uM for 2 hours effectively
releases the transcriptional suppression of the target gene p16/
CDKN2A in PC3 prostate cancer cells via disrupting the recruit-
ment of CBX7 to the INK4A/ARF locus.”” In the crystal structure
of the CBX7-MS37452 complex, the dimethoxybenzene and
piperazine rings are bound in the aromatic cage of CBX7,
supporting that MS37452 antagonizes methyllysine substrates
(Fig. 2B). Interestingly, in the suramin-CBX7 complex two
suramin molecules associate with two CBX7 molecules, though
we note that suramin is recognized as a promiscuous com-
pound across various screening contexts”> (Fig. 2C). Another
small-molecule inhibitor of CBX7, MS351, was identified
through virtual screening and was confirmed to be an allosteric
regulator with cellular potency greater than that of MS37452
(Table 1). MS351 was shown to effectively induce transcrip-
tional derepression of CBX7 target genes.”®

Compound 5, a selective inhibitor of CBX6,”” and compound
22, a dual-activity inhibitor of CBX6/8,”® were identified using
FP and competitive FP assays from a series of analogs of
compound 64 (Table 1). A 900 nM binding affinity of compound
5 to CBX6 was measured by FP assay.”” The selective and potent
inhibitor of CBX8 was discovered via screening DNA-encoded
libraries (DELs). SW2_110A binds CBX8 with a K, of 800 nM
and displays ~ 5-fold selectivity for CBX8 over all other CBX
paralogs. Using SW2_110A to disrupt the interaction between
CBX8 and chromatin, Wang et al. show the importance of
functional chromodomain of CBX8 in proliferation of MLL-
AF9 leukemia cells’® (Table 1). UNC7040, a potent positive
allosteric modulator (PAM) of CBX8, was developed using the
same approach as UNC4976 (Table 1). UNC7040 disrupts the
association of CBX8 with H3K27me3-rich chromatin but pro-
motes non-specific interaction of CBX8 with nucleic acids and
antiproliferative activity in diffuse large B cell lymphoma and
colorectal cancer cell lines.*

A core component of the canonical PRC1 complex and the
reader of H3K27me3, CBX2, is overexpressed in metastatic
neuroendocrine prostate cancer.®® SW2_152F, a selective
CBX2 chromodomain probe was discovered through selections
of focused DELs (Table 1). SW2_152F binds to CBX2 with a Ky,
of 80 nM and displays 24-1000-fold selectivity for CBX2 over
other CBX paralogs. SW2_152F selectively disrupts CBX2’s
association with chromatin and inhibits the proliferation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) /

N-terminal tert-butylbenzoyl cap of Diethyl lysine of UNC3866 occupies aromatic
UNC3866 occupies hydrophobic groove cage
(B) (©)

Suramin

D)

@7 stacking interactions between
W67 of CHDI and quinazoline
core of UNC10142

(E)

UNC5246

Fig. 2 Structures of chromodomains in complex with indicated inhibitors. (A) Chromodomain of CBX7 in complex with inhibitor UNC3866 (PDB code:
5EPJ). (B) Chromodomain of CBX7 in complex with inhibitor MS37452 (PDB code: 4X3T). (C) Chromodomain of CBX7 complexed with suramin
(2:2 complex of protein:inhibitor) (PDB code: 4X3U). (D) Chromodomain of CHD1 in complex with inhibitor UNC10142 (PDB code: 8UMGQG).
(E) Chromodomain of MPP8 in complex with inhibitor UNC5246 (PDB code: 7M5U).

LNCaP_NED cells, a subtype of androgen receptor (AR) antagonist- fluorescence resonance energy transfer (TR-FRET) screening,
resistant cells derived from the androgen-sensitive prostate cancer compound 1 and compound 2 were identified as moderately
cell line LNCaP.®" Recently, using nucleosome-based time-resolved ~ potent small-molecule inhibitors of CBX2%* (Table 1). UNC7560, a
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CBX5-targeting ligand with a K, of 280 nM (ITC) was found to be
modestly selective for HP1 CBXs over PcG CBXs® (Table 1). It has
been proposed that larger alkyl substituents in the alkylammo-
nium group of lysine in the CBX5 ligands enhance binding affinity
of CBX5, which can open a potential avenue for developing more
effective chemical probes targeting CBX5.%

3.2. Inhibitors of CHD chromodomains

CHDL1 is a synthetic lethal target in phosphatase and tensin
homologue (PTEN)-deficient cancers.®® Although it has been
acknowledged as an attractive pharmacological target, no inhi-
bitors or antagonists of CHD1 were reported until 2024. The
first-in-class small molecule antagonist of tandem chromodo-
main CHD1, UNC10142, binds with an IC50 of 1.7 £+ 0.2 pM.
The UNC10142 binding mechanism derived from the crystal
structure of the UNC10142-CHD1 complex appears to be
dependent on n-rn stacking rather than the cation-n interac-
tions found in complexes with other antagonists (Table 1)
(Fig. 2D). UNC10142 selects for CHD1 against a panel of other
methyllysine readers, and treatment of PTEN-deficient prostate
cancer cells with UNC10142 leads to a dose-dependent
reduction in viability, phenocopying genetic loss of CHD1.%*

3.3. Inhibitors of other chromodomains

CDYL2/CDYL are required for normal spermatogenesis and cen-
tral nervous system development. UNC4991 was identified as
selective and potent peptidomimetic inhibitor of CDYL2/CDYL
with a >5 fold selectivity toward CDYL2/CDYL over other
chromodomains®® (Table 1). Further structure-based optimization
yielded UNC4850, a sub-micromolar ligand for CDYL2 and
CDYL1b with 10-fold selectivity to both over CBX7, likely because
it contains an isobutyl group instead of the cyclohexyl group in
UNC4991%° (Table 1). UNC5246, a peptidomimetic ligand for
chromodomain of MPP8, which is part of the HUSH complex,
was initially developed using one-bead, one-compound (OBOC)
combinatorial screening approach®” (Table 1). UNC5246 binds to
MPP8 with a Kp, of 0.72 pM and is greater than 70-fold selective for
MPPS8 over CBX7, however it binds even tighter to CDYL2 (K, of
0.17 puM). The structure of the MPP8-UNC5246 complex shows
that the ethyl-isopropyl lysine mimetic of UNC5246 occupies the
MPP8 aromatic cage, with the isopropyl moiety pointing toward
the cage and the ethyl group pointing toward solvent (Fig. 2E).

As summarized, chromodomain inhibitors are primarily
peptide-based to effectively mimic the native histone
sequences, offer higher binding affinity, and provide better
selectivity and versatility compared to small molecules, which
face challenges due to the shallow and hydrophobic nature of
the chromodomain binding pocket.

4. Other development

Display techniques that physically bridge genotypic nucleic
acids and phenotypic peptides or small molecules have been
widely used in selection-based drug discovery.”® Prominent
methods in this domain include phage display, mRNA display,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

and yeast display. Among these, phage display, with its
ability to encode protein domains, has been employed to evolve
high affinity chromodomains with enhanced detection of his-
tone methylation marks.®® Despite their potential, the applica-
tion of display techniques for identifying chromodomain-
targeting molecules has yet to achieve significant success. Liu
et al. have recently developed a novel phage display approach
called phage-assisted, active site-directed ligand evolution
(PADLE).”> This technique allows genetic incorporation of
noncanonical amino acids, specifically posttranslationally
modified lysines or their mimics, into phage display libraries.
By doing so, PADLE directs displayed peptides toward active
sites of epigenetic proteins, including enzymes and readers, for
improved selection. This method has been successfully utilized
to identify potent inhibitors for targets such as SIRT2, HDACS,
and the ENL YEATS domain.”*°> With the advancement of
genetic incorporation techniques for methyl- and dimethyl-
lysine using amber suppression mutagenesis,”®°° combining
them with the PADLE technique presents a promising pathway
for discovering chromodomain inhibitors. This is an exciting
direction we are actively pursuing.

5. Concluding remarks

Methyllysine recognizing readers, chromodomains, are integral
components of the epigenetic machinery. Binding of chromo-
domains to methyllysine PTMs facilitates or stabilizes the
association of their host proteins at specific PTM-rich genomic
sites. This association is required for a wide array of normal
cellular processes and is dysregulated in diseases, making
chromodomains promising targets for drug discovery. To date,
selective inhibitors have been identified for only a limited
number of chromodomains, underscoring the need for further
research in this direction. Emerging technologies and PROTAC-
based approaches can offer exciting avenues exploiting specific
ligands to degrade chromodomain-containing proteins."®* %>
Additionally, peptide display libraries containing peptides with
unnatural amino acids, analogous to DNA-encoded libraries,
can screen millions of peptides and have already shown pro-
mise in creating selective peptide ligands/inhibitors for epige-
netic reader proteins.’*>'%® Leads from these screens can be
further optimized through structure-activity relationship (SAR)
studies to develop potent and selective inhibitors. In summary,
while the development of chromodomain inhibitors is still in
its early stages, this direction represents a dynamic and pro-
mising area of research.
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