
INTRODUCTION

Epigenetic ‘readers’, ‘writers’, and ‘erasers’ work in concert 
to coordinate the cellular epigenetic machinery and gene 
expression but are often deregulated in cancer and other 
pathologies [1]. Methylation of DNA, post-translational mod-
ifications (PTMs) to histones, chromatin-interacting proteins, 
and noncoding RNAs impart distinct molecular features that 
define transcriptionally ‘open’ euchromatin or ‘closed’ and 
repressive heterochromatin. The building blocks of chroma-
tin are nucleosomes that consist of a coil of 147 bps of DNA 
wrapped around a core of eight, tightly packed histone pro-
teins (dimers of histone H3, H4, H2A, and H2B). The N-ter-
minal tails of histone proteins are subject to multiple PTMs 
that play a vital, dynamic role in regulating chromatin states 

and gene activity. For example, histone acetylation masks 
positively charged lysine residues in histone tails and lowers 
their affinity with negatively charged DNA, thereby opening 
transcription factor binding sites in gene promoters. Just as 
importantly, they also function as docking sites for reader 
proteins that recognize PTMs on histones, helping to recruit 
other factors that serve as transcriptional coactivators or 
corepressors [2].
 Modifications at the level of DNA include cytosine meth-
ylation, hydroxymethylation, formylation, and carboxylation, 
whereas histone modifications are more numerous, with 
acetylation, methylation, and phosphorylation being the 
best studied to date. As noted above, these are dynamic 
alterations that, unlike the genetic changes in cancer, are 
potentially reversible by diet and lifestyle choices. Epigenetic 
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writers modify DNA and histones by the addition of various 
chemical groups, whereas these can be reversed by epigen-
etic erasers, so that cells adapt and respond to environmental 
stimuli and endogenous signalling to regulate gene expres-
sion [1].
 Examples of well-studied epigenetic writers are the DNA 
methyltransferases (DNMTs) that transfer a methyl group to 
5’-cytosine residues, often present in CpG islands of gene 
promoters, facilitating gene repression, and histone acetyl-
transferases (HATs) that add acetyl groups to the ε-amino 
group of lysine residues in histones, promoting open chroma-
tin and gene expression. Alternatively, histone methyltransfer-
ases (HMTs) can transfer a methyl group to arginine or lysine 
residues in histone tails, either activating or repressing gene 
expression depending on the number of methyl groups and 
the amino acid residue involved. These epigenetic marks can 
be removed by the erasing activities of Ten-eleven Translo-
cation (TET) enzymes, histone deacetylases (HDACs) and 
histone demethylases.
 Epigenetic readers are a group of diverse proteins with 
specialized docking domains that recognize and bind to dif-
ferent covalent modifications on DNA, histones, and non-his-
tone proteins, laid down by the writers, and that assist other 
factors to mediate cellular and physiological outcomes [3]. 
Importantly, the epigenetic machinery responds to both in-
ternal and external/environmental stimuli to affect changes 
in gene expression but can be disrupted in cancer and other 
disease states. For this reason, much effort has been devot-
ed to designing therapeutic agents that can target epigenetic 
readers, writers and erasers, several of which have been 
approved for clinical use. Examples include DNMT inhibitors 
(Azacytidine, Decitabine) for treating myelodysplastic syn-
dromes and leukemias [4], and HDAC inhibitors (Vorinostat, 
Panobinostat) for targeting hematological malignancies [5]. 
Other drug candidates and lead compounds are in preclinical 
or clinical testing [1].
 Natural compounds also have been explored in this re-
gard, with several dietary phytochemicals known to reverse 
abnormal epigenetic signatures by interacting with HATs and 
HDACs. For example, curcumin found in the rhizome of Cur-
cuma longa is a well-characterized HAT inhibitor [6], whereas 
the broccoli compound sulforaphane and the tea polyphenol 
epigallocatechin-3-gallate exert HDAC inhibitory activity [7,8]. 
An extensive literature exists on these and other natural di-
etary compounds, or their metabolites and other derivatives, 
influencing epigenetic factors that are altered in cancer [9-11]. 
A question that is often ignored concerns cause-and-effect, 
i.e., which epigenetic targets are critical for the anticancer 
mechanisms and which are simply bystanders. The answer, 
in part, relates to the concentrations of natural products em-
ployed in mechanistic studies vs. the doses achievable at 
target site(s) in vivo.
 The majority of epigenetic drugs approved by the Food 
and Drug Administration, and those in the pipeline, target the 

writers and erasers, with many fewer developed specifically 
for inhibiting reader proteins. Readers of acetyl-lysine resi-
dues have garnered particular interest with the development 
of JQ1 as the first-in-class inhibitor of bromodomain and ex-
traterminal domain (BET) family proteins, acting to downreg-
ulate MYC and other oncogenic targets for cancer prevention 
and therapy [12,13]. However, due to concerns over toxicity 
and resistance in some clinical trials with JQ1, attention has 
shifted to second-generation BET inhibitors, including natural 
compounds from botanical and food sources.
 There are several reasons for studying botanicals and 
dietary factors as potential lead compounds for epigenetic 
reader inhibitors. First, the fundamental involvement of nutri-
tional factors in epigenetic regulation is well established [14]; 
thus, identifying dietary agents as epigenetic reader inhibitors 
could provide new avenues for drug development, or inform 
on specific dietary recommendations. Second, food-derived 
compounds generally possess lower toxicity than standard 
therapies, while their metabolites and other derivatives repre-
sent untapped sources of novel epigenetic reader inhibitors 
[11,15]. Third, botanical and dietary compounds may give rise 
to beneficial synergistic outcomes when combined with new 
therapies, as illustrated by the HDAC inhibitors Vorinostat or 
sulforaphane with the BET inhibitor JQ1 [16,17].
 Excellent reviews have focused on JQ1 and other synthet-
ic agents, and this topic will not be covered here [18-21]. The 
current treatise considers natural compounds as inhibitors of 
epigenetic readers, an area that is much less well explored. 
After an overview of epigenetic readers, focusing mainly on 
acetyl- and methyl-readers, various natural compounds are 
introduced, ending with a summary and future perspectives.

EPIGENETIC READERS

Epigenetic readers can form higher-order multi-protein com-
plexes that recognize and respond to the dynamic nature of 
PTMs on chromatin, arising from the crosstalk between the 
writers and the erasers. Readers are capable of initiating or 
silencing transcription, DNA repair, and other vital cellular 
processes via specialized domains that consist of a cavity 
or surface groove into which specific epigenetic marks can 
be accommodated. In the past 15 years or so, numerous 
such readers have been identified [22-33]. For example, the 
human proteome encodes over sixty acetyl reader bromo-
domains (BRDs) that are present in more than forty diverse 
proteins [34].
 Readers are divided into families based on their ability 
to recognize specific modified amino acid residues, and 
also to distinguish different modification states of the same 
amino acid [22-24], such as histone H3 lysine 27 unmethyl-
ation (H3K27), monomethylation (H3K27me), dimethylation 
(H3K27me2), trimethylation (H3K27me3), and acetylation 
(H3K27ac). Specialized reader domains include the following: 
(1) BRDs that bind acetyl-lysine and target chromatin-mod-
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ifying enzymes to specific sites; (2) chromatin organization 
modifier (chromodomain, CRD) moieties that interact with 
trimethylated lysines, resulting in either activation or silencing 
of gene expression; (3) malignant brain tumor (MBT) domains 
that recognize mono- and dimethylated lysines on histone 
H3 and histone H4 tails, thereby regulating transcription; (4) 
Tudor domains that can bind dimethylated and trimethylated 
lysines, as well as dimethylated arginines, and are involved 
in DNA repair and transcription; (5) proline–tryptophan–tryp-
tophan–proline (PWWP) motifs, found in DNMTs that target 
trimethylated lysines; (6) plant homeodomains (PHDs) that 
are associated with multiple substrates; and (7) Yaf9, ENL, 
AF9, Taf1 and Sas5 (YEATS) domains that recognize crot-
onylated and acetylated lysine residues in active promoters 
and/or enhancers [3,25-27]. 
 Examples of reader modules and the main histone PTMs 
recognized are provided in Table 1. The following sections 
will further discuss BRDs and CRDs which, to date, are the 
best characterized epigenetic readers.

ACETYL READERS

First discovered in 1999 as domains that interacted with 
specific acetylated lysine residues to coordinate gene tran-
scription, human BRDs are divided into eight sub-families 
[28,34]. Often linked by flexible sequences to other reader 
and catalytic domains within the same protein, BRDs facilitate 
diverse protein-protein interactions. For example, BRD and 
PHD finger-containing transcription factor (BPTF), a subunit 
of the imitation switch (ISWI) chromatin-remodelling complex, 
contains a PHD-BRD tandem module able to recognize both 

acetylated and methylated histone tails [29]. Other large chro-
matin-remodeling complexes also contain BRD modules that 
aid in either chromatin compaction or decompaction. Exam-
ples are bromodomain adjacent to zinc finger domain protein 
2A (BAZ2A), a subunit of the nucleolar remodelling complex 
(NoRC) involved in noncoding RNA-dependent gene silenc-
ing [30], and Switch/sucrose non-fermenting (SWI/SNF)-relat-
ed, matrix-associated, actin-dependent regulator of chromatin 
subfamily A members 2 and 4 (SMARCA2/4) found in SWI/
SNF complexes, important in the control of cell differentiation 
and proliferation [31].
 While interacting with histone acetylation marks, some 
BRD-containing proteins also engage as bi-functional ‘read-
er-writers’ in the coordinated (further) acetylation or methyl-
ation of nearby amino acid residues. Examples include the 
acetyltransferase p300/CBP-associated factor that acts as 
a transcriptional activator [32], and the methyltransferase 
mixed-lineage leukaemia protein, implicated in the expres-
sion of genes involved in self-renewal of haematopoietic stem 
cells, and enhanced by adjacent H3 acetylation [33].
 By recognizing acetylated histones, sub-families such 
as the BET members also act as scaffolds to recruit and 
segregate components of the transcriptional machinery that 
positively regulate growth-promoting genes [34]. Further-
more, BRD-containing proteins can affect gene expression 
by serving as transcriptional co-regulators. Examples include 
zinc-finger MYND domain-containing protein 8 (ZMYND8), 
which is a coactivator of estrogen receptor alpha (ERα) [35], 
or tripeptide motif-containing 24 (TRIM 24), which associates 
with nucleosomes through its BRD and PHD modules to ac-
tivate androgen and retinoic acid receptors, hence aiding in 

Table 1. Epigenetic reader modules and the histone marks recognized

Modification Residue Family Member

Acetylation Lysine BRD BRD 2/3/4/T/7/9
Methylation Lysine CRDs

Tudor domains
PWWP domains
Ankyrin repeats

MORF, MRG15
MBT, PHF1/19, TDRD7
BRPF1, NSD1-3
GLP/G9a

Arginine Tudor domains WDR5, TDRD3, SMN1
Phosphorylation Serine 14-3-3 proteins BRCT domain 14-3-3β/γ/η/ε/µ

Threonine BIR domain XRCC1, NBS1, BARD1
Tyrosine PTB domain

Ubiquitination Lysine 53BP1
ADP-ribosylation Glutamate

Arginine
Glutamate

Macrodomains
PBZ
WWE domain

RNF146
APLF, CHFR

BRD, bromodomain; CRD, chromodomain; PWWP, Pro-Trp-Trp-Pro; MORF, monocytic leukemia zinc finger protein-related factor; MRG15, 
MORF4-related gene on chromosome 15; MBT, malignant brain tumor; PHF, plant homeodomain (PHD) finger; TDRD3/7, Tudor domain 
containing proteins 3 and 7; BRPF1, BRD and PHD finger-containing protein 1; NSD1-3, nuclear receptor binding SET domain proteins 
1-3; GLP, G9a-like protein; WDR5, WD repeat domain 5; SMN1, survival of motor neuron 1; BRCT, BRCA1 C terminus; BIR, baculovirus 
IAP repeat; XRCC1, X-ray repair cross complementing 1; NBS1, Nijmegen breakage syndrome 1; BARD1, BRCA1 associated RING 
domain 1; PTB, phosphotyrosine-binding; 53BP1, tumor suppressor p53-binding protein 1; PBZ, PAR-binding zinc finger; WWE, Trp-Trp-
Glu; RNF146, RING finger protein 146; APLF, aprataxin and PNKP like factor; CHFR, checkpoint with forkhead and RING finger domains 
(Adapted from Catia et al., 2019 [26]).



192 J Cancer Prev 25(4):189-203, December 30, 2020 

Damiani et al. 

gene regulation [36]. These various functional roles are illus-
trated in Figure 1.
 Importantly, BRDs also recognize acetylation sites on 
nonhistone proteins with diverse cellular roles, including tran-
scription factors such as GATA-binding factor 1 (GATA1) and 
the p65 subunit of NF-κB. In these examples, the presence 
of a BRD functionality helps to stabilize the complex of the 
transcription factor with the acetylated chromatin, thereby 
affecting transcriptional activation of target genes [37]. Other 
nonhistone proteins interacting with BRDs include DNA repair 
factors such as cell cycle and apoptosis regulator 2 (CCAR2) 
and p53 [17,34].
 All BRDs are comprised of four α-helix bundles (Z, A, B, 
C) held together by ZA and BC loops. The ZA loop is rela-
tively large, connecting αZ and αA, whereas the smaller BC 
loop connects αB and αC, combining to form a hydrophobic 

pocket with affinity for acetylated lysine residues on histone 
tails. The diversity of the ZA and BC loops provides for ligand 
specificity and selectivity towards specific acetylated histone 
sequences, thereby accounting for the eight BRD sub-fami-
lies [38]. Furthermore, in BRD crystal structures, an array of 
five water molecules below the substrate binding pocket has 
been observed. These water molecules interact with inhibi-
tors and ligands, and their locations provide important traits 
for drug design [39].
 Although eight sub-families exist, this review focuses on 
BRD sub-families II and IV, due to the fact that studies re-
ported to date on natural compounds, epigenetic readers 
and cancer have been directed towards these two families. 
Members of sub-family II garnered much interest after they 
were linked to the regulation of oncogenic MYC function. 
Thus, the BET family provides an attractive and ‘druggable’ 
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Figure 1. Bromodomain (BRD)-containing proteins and gene regulation. (A) BRD-containing proteins are frequently found in chromatin-
remodeling complexes. For example, bromodomain adjacent to zinc finger domain (BAZ) proteins BAZ1A and BAZ2A promote chromatin compaction 
that leads to gene silencing. Other BRD-containing proteins promote chromatin decompaction, thus enhancing gene transcription. Examples include 
Switch/sucrose non-fermenting-related, matrix-associated, actin-dependent regulator of chromatin subfamily A members 2 and 4 (SMARCA2/4) 
and BAZ1B; cat eye syndrome critical region protein 2 (CECR2); BRD and PHD finger-containing transcription factor (BPTF); and ATPase family 
AAA domain-containing protein 2 (ATAD2). (B) BRD-containing proteins engage as bi-functional reader-writers in the acetylation and methylation 
of histones. They include acetyltransferases CREB-binding protein (CREBBP) and E1A-associated protein p300 (EP300), methyltransferases 
mixed-lineage leukaemia (MLL) and absent small and homeotic disks protein 1-like (ASH1L), or are part of larger histone-modifying complexes that 
include GCN5-like 2 (GCN5L2; also known as KAT2A), P300/CBP-associated factor (PCAF), BRD-containing protein 8 (BRD8) and the BRD and 
PHD finger-containing proteins (BRPFs), BRPF1, BRPF2 and BRPF3. (C) BRD-containing proteins can serve important roles in transcription by 
functioning as histone-recognizing scaffolds that promote the assembly of transcriptional complexes. For example, BRD and extraterminal (BET) 
proteins recruit components of the transcriptional machinery that positively regulate growth-promoting genes. Box: several natural compounds, 
including resveratrol and naringenin, are known BET inhibitors. Another BRD-containing protein, transcription initiation factor TFIID subunit 1 (TAF1), 
promotes transcription initiation. (D) BRD-containing speckled protein (SP) family members, zinc-finger MYND domain-containing protein 8 (ZMYND8), 
tripeptide motif-containing 24 (TRIM24) and TRIM33 can serve as transcriptional coregulators, while BRD-containing protein TRIM28 can act as a 
corepressor. TFs, transcription factors. Adapted from Takao and Panagis, 2017 [34], permission was obtained from the copyright holder.
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target for cancer therapy [40], with JQ1 and several other 
small molecule inhibitors in the pipeline [19,41]. The first his-
tone binding module inhibitor, JQ1, was designed to interact 
competitively with BRD4 at high specificity and potency [42]. 
This initial discovery paved the way for other reader inhibitor 
candidates, mainly focusing on the BET family. To date, JQ1 
has been shown to inhibit pancreatic ductal adenocarcinoma, 
ovarian cancer, medulloblastoma, NUT midline carcinoma, 
and colorectal cancer, whereas I-BET151 was effective in 
mixed lineage leukemia [16,17,43-46]. These discoveries 
have opened doors to uncovering the druggable nature of 
other BRD sub-families [40].
 For example, BRD family IV proteins implicated in cervical, 
bladder, uterine, endometrial and other malignancies [47-49] 
include BRD7, BRD9, ATPase family AAA domain-contain-
ing proteins 2 and 2b (ATAD2 and ATAD2b), and BRD and 
PHD finger-containing proteins 1 to 3 (BRPF1, BRPF2, and 
BRPF3), in which the PHD functionality also provides an 
additional mechanistic target [50]. Whereas BRPF1 is part 
of monocytic leukemia zinc finger protein (MOZ)/MOZ-relat-
ed factor (MORF) HAT complexes, BRPF2 and BRPF3 are 
components of histone acetyltransferase binding to ORC1 
(HBO1), which acetylates histone H4 at lysines 5, 8, and, 12 
[51]. These complexes contain writer and reader domains 
that are implicated in disease pathogenesis, including acute 
myeloid leukemia for MOZ/MORF, and testicular tumors, 
mammary adenocarcinoma, and ovarian serous carcinoma 
for HBO1 [52,53]. The duality of ‘reader/writer’ or ‘reader/
eraser’ functionalities increases the utility of protein complex-
es comprising epigenetic readers, for example, by docking 
onto existing histone acetylation marks with BRDs while si-
multaneously writing new methyl or acetyl groups on adjacent 
lysine/arginine residues [34].
 Two of the family IV proteins, BRD7 and BRD9, are com-
ponents of SWI/SNF chromatin remodeling complexes, and 
their BRDs are conserved with 71.8% identity and 88.7% 
similarity [50]. Downregulation at the mRNA level has been 
reported for BRD7 in colorectal and nasopharyngeal carci-
nomas [54,55], and for BRD9 in uveal melanoma [56]. At the 
protein level, high BRD7 is a favorable prognostic marker in 
renal cancer but an unfavorable one in melanoma, whereas 
BRD9 overexpression is a negative indicator in renal and 
liver cancer [57]. The BRD9, which recognizes histone H4K-
5acK8ac, has been shown to have an oncogenic role in var-
ious cancers, including ovarian cancer, squamous cell lung 
carcinoma and esophageal carcinoma [48]. Notably, BRD7 
also regulates p53 and phosphoinositide 3-kinase (PI3K) 
activity through SWI/SNF complexes [58,59], whereas BRD9 
has been implicated in the BET/BRD9 acetyl ‘switch’ on the 
Wnt coactivator CCAR2 [17]. To date, there is less research 
on the ligands of BRD7/BRD9 proteins compared with BET 
family members, but promising lead compounds do exist, in-
cluding LP99 and I-BRD9 as selective inhibitors of BRD7 and 
BRD9 [60,61].

 Another noteworthy candidate for cancer interception is 
ATAD2, containing an N-terminal AAA+ ATPase domain as 
well as a C-terminal BRD [38,62]. ATAD2 is a critical tran-
scription factor in malignant cells and has been shown to 
upregulate antiapoptotic activity in prostate and breast can-
cer [63,64]. Due to its association with many cancer types, 
ATAD2 also has been identified as a potential therapeutic tar-
get [65]. Although ATAD2 and ATAD2b are highly conserved, 
with 94.4% overall similarity, little is known about ATAD2b 
functions in cancer. High ATAD2 and ATAD2b protein expres-
sion is an unfavourable prognostic marker for renal cancer 
[66].

METHYL READERS

CRDs consist of 40 to 50 amino acids that are found in 29 
different proteins involved in chromatin remodeling, with crit-
ical roles in propagating and maintaining a repressed chro-
matin state. The domains typically consist of an N-terminal 
three-stranded β-sheet packed against a C-terminal α-helix, 
and the associated hydrophobic groove has affinity for spe-
cific methylated lysine residues on histone and nonhistone 
proteins [67]. Because they recognize various methylated 
substrates, they have been categorized as canonical or non-
canonical according to mechanism of target recognition, con-
text, and structure.
 Those with high sequence homology to HP1 are referred 
to as canonical [67]. These domains recognize a conserved 
lysine-methylated motif, ARKS, which was originally discov-
ered in the H3 tail at H3K9 and H3K27 sites. Canonical mem-
bers in mammals include HP1 and polycomb CRD, CBX-
like CRD in Chp1 protein [68], and those that reside in Pdd1p 
and Pdd3p proteins in free-living ciliates, Tetrahymena [69]. 
Noncanonical CRDs contain amino and carboxyl-terminal 
extensions and internal inserts that recognize targets along 
histone tails, such as methyl marks on histone H3K4, H3K36, 
and H4K20 [67]. They include CHD proteins that contain dou-
ble CRDs, CRDs in the MORF-related gene family that are 
components of HAT and HDAC complexes, and CRDs in the 
MYST protein family of lysine acetyltransferases [70]. Tudor 
domains act as methyl-lysine and methyl-arginine readers 
[71], implicated in breast cancer [72], and a focus of drugga-
ble target modulation [26].
 Genetic alterations in CRD proteins during tumor develop-
ment negatively impact their recognition of methylation marks 
on histone and non-histone proteins, leading to misinterpreta-
tion of chromatin states. For example, mutations in the CRD 
protein CDYL that normally recognizes histone H3K27me3 is 
found in cervical cancer and is associated with poor progno-
sis [73]. Mutations in CBX proteins responsible for recruiting 
PRC1 complexes to H3K27me3 sites are associated with in-
vasiveness and epithelial-to-mesenchymal transition in many 
types of cancers [74-76]. Because of the pivotal role that 
methyl readers play in gene regulation, oncogenesis, and 
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other pathologies, a number of small molecules have been 
developed as drug candidates [18,77,78].
 Despite the advancements in targeting epigenetic readers, 
fuelled by studies with JQ1 and related drug candidates, tox-
icity remains a concern and an impediment to breakthroughs 
for the major malignancies in the population [1,79]. This has 

led to interest in broadening the scope of the research to 
seek novel lead compounds, including natural bioactives 
from botanical and dietary sources. Examples of such natural 
compounds are discussed in the next section.

Table 2. Natural compounds targeting epigenetic ‘reader’ domains
Name & structure Origin Target Reference

Naringenin triacetate     

O

O

O

O

O

O O

O

OOH

OHO

O     3-O-acetylpinobanksin

Kaempferol tetracetate     

O

O

O

O

O

O O

O

O

Citrus aurantium (bitter orange)

Black poplar tree

Cudrania tricuspidata (mandarin melonberry)

BRD4 104

Resveratrol           

OH

HO

OH

Peanuts, berries, grape skin, apples BRD4 112

Isoliquiritigenin     

OH

OH O

HO

Glycyrrhiza glabra (licorice plant) BRD4 113

Amentoflavone     

OH
OH

OH O

OH

O

OH

OH

O

O

         HO

HO

HO

HO

O

O

Fisetin

Ginkgo biloba, Hypericum perforatum  
(St. John’s Wort), Biophytum sensitivum,  
Nandina domestica (sacred bamboo)

Cucumber, onion, strawberry, apple

BRD4 102

Aristoyagonine     O

O

O

O

O

Z

Sarcocapnos enneaphylla

BRD4 125

OH OH

OH

OH

OH

OH

O

O

O      α-Viniferin

HO

HO

HO

O

HO

Euscaphic acid

Caragana sinica, camphor tree, 
Astilbe grandis

Plectranthus amboinicus (French thyme, Cuban 
oregano, Indian mint), Ziziphus jujuba (red date)

BRD4 134

Magnolol     

HO

HO
Magnolia tree BRD9 135

Colchicine                        Colchiceine
O

O

O

O

O

O

NH

          
O

O

O

O

HO

O

NH

Colchicum speciosum (autumn crocus) BRD4 126

https://www.naturalmedicinefacts.info/plant/plectranthus-amboinicus.html
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NATURAL COMPOUNDS

Natural compounds from diverse sources, such as plants, 
microorganisms, or marine species, have beneficial effects 
against cancer and other pathologies due to a combination 
of anti-inflammatory, anti-oxidant, pro-apoptotic, anti-angio-
genic and anti-metastatic effects [80-84]. Phytochemicals in 
fruits, vegetables, and other natural sources make them ideal 
anti-cancer candidates because of their wide availability, good 
tolerability, and relatively low cost.
 Dietary components act on epigenetic regulation at the 
level of DNA methylation, histone modifications, chromatin 
function and noncoding RNAs [11,51,85-92]. Among the 
many phytochemicals implicated as epigenetic modifiers are 
curcumin, genistein, quercetin, resveratrol, sulforaphane, tea 
catechins, triterpenoids, organoselenium and organosulfur 
compounds, short-chain fatty acids, indoles, and β-carotene. 
Reports have focused on the inhibition of writers, mainly 
DNMTs and HATs, or erasers such as HDACs. Some of the 
natural compounds or their whole food sources have entered 
preclinical and clinical trials [11,85,87,91,93-98].
 Natural compounds from marine sources also have been 
reported to alter the activity of DNMTs, HATs, HMTs, and 

HDACs [99,100]. However, none of these compounds have 
been identified as acting specifically on epigenetic readers. 
For example, curcumin inhibits p300/CPB [101], but this oc-
curs via the acetyltransferase activity rather than the BRD 
function in the dual ‘reader-writer’ protein. To our knowledge, 
there are no rigorous reports on phytochemical-derived an-
tagonists of CRD-containing proteins. Few synthetic meth-
yl-reader probes have been developed compared to ace-
tyl-reader inhibitors, restricting our understanding of CRDs 
and the best ways to approach them as druggable candi-
dates. Thus, the current review focuses mainly on natural 
compounds as potential inhibitors of the BET family member 
BRD4, with one example targeting BRD9 (see Table 2).

FLAVONOIDS

Through molecular docking and dynamic simulation in silico, 
flavonoids emerged as putative modulators of BRD proteins 
[102,103]. Natural compounds 3-O-acetylpinobanksin, narin-
genin triacetate, and kaempferol tetraacetate from poplar, bit-
ter orange, and melonberry, respectively, interacted favorably 
with BET family members, in particular with the first BRD of 
BRD4, BRD4(1) [104]. The biflavonoid amentoflavone, found 

Table 2. Continued
Name & structure Origin Target Reference
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Penicillium sp. DT-F29 with Bacillus sp. B31 BRD4 131
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in Hypericum perforatum, Nandina domestica, Gingko bilo-
ba, and Biophytum sensitivum, was shown to dock into the 
N-acetyl-binding site of BRD4, making several contacts with 
the ZA channel and with non-canonical residues. Subsequent 
experiments confirmed the inhibition of BRD4 by amentofla-
vone in the micromolar range [102].
 Fisetin, which is present in foods such as cucumber, onion, 
strawberry and apple, also docked favorably with BET family 
members in silico, but was a less potent inhibitor than amen-
toflavone of BRD4 [102]. Both compounds possess NF-κB 
modulatory activity and alter cell proliferation and apoptosis in 
cancer cells [105,106]. Fisetin also inhibits DNMT1 [107] and 
p300/CPB [108], a HAT that serves as a co-activator of NF-
κB, explaining in part the reported NF-κB modulatory activity.
 Resveratrol, a flavanol found naturally in peanuts, mulber-
ries, raspberries, blueberries and grapes, inhibits class I, II, 
and IV HDACs in a dose-dependent manner [109], but has 
opposite effects on class III HDACs, serving as an allosteric 
sirtuin activating compound [110]. Thus, resveratrol regulates 
several signal transduction pathways involved in cancer, 
aging, inflammation, and neurodegeneration. In particular, 
resveratrol induces both intrinsic and extrinsic apoptotic 
pathways and interferes with different stages of cancer devel-
opment [111]. Recent reports indicated that resveratrol might 
act as a pan-BET inhibitor [112]. Using isothermal titration 
calorimetry, a dissociation constant (Kd) of 6.6 µM towards 
BRD4(1) was found, corroborated by molecular docking stud-
ies in silico that showed favorable acetyl-lysine binding site 
interactions of resveratrol. Differential scanning calorimetry 
revealed 2°C to 3°C melting temperature shifts (ΔTm) of BET 
BRDs in the presence of 100 µM resveratrol. These findings 
suggested that resveratrol might exert anticancer activities, 
and other beneficial health effects, in part, by inhibiting cellu-
lar BRD functions.
 An additional natural polyphenolic compound identified 
as a BRD4 inhibitor is the chalcone isoliquiritigenin (ISL), 
present in licorice, from the root of the herbaceous perennial 
legume Glycyrrhiza glabra. Crystallographic screening re-
vealed that ISL interacts with BRD4 in a novel enthalpy driv-
en mode [113]. Optimization and stabilization of the hydrogen 
bond network of the conserved water molecules contributed 
to favorable binding enthalpy, which makes ISL a novel lead 
compound for new BRD4 inhibitors. The fact that it binds 
competitively to BRD4 could explain, in part, the anticancer 
activity previously observed for ISL in various cancer cell lines 
[114].
 Quercetin is another naturally occurring polyphenolic com-
pound found in fruits and vegetables that has been linked to 
BRD inhibition, albeit indirectly, by promoting the antitumor 
effects of BET inhibitors [115]. Specifically, when pancreatic 
and thyroid cancer cells were co-treated with JQ1 and quer-
cetin, there was reduced cell proliferation and enhanced 
apoptosis compared with either compound alone. Interesting-
ly, quercetin targeted hnRNPA1, a nuclear protein involved in 

the regulation of mRNA translation of anti-apoptotic proteins. 
Indeed, hnRNPA1 knockdown enhanced the effects of BET 
inhibition on proliferation, apoptosis, and cell survival. Hence, 
quercetin might exert its effects on JQ1-mediated apoptosis 
in part by suppression of hnRNPA1. In a xenograft model of 
pancreatic cancer, quercetin downregulated hnRNPA1 in vivo 
and augmented the activity of BET inhibitors in suppressing 
tumor growth. Because hnRNPA1 and the BET protein BRD4 
are co-expressed in human thyroid and pancreatic tumors, 
the authors suggested pursuing this combination therapy in 
advanced cancer patients [115].
 These studies provided proof-of-principle that natural com-
pounds in combination with synthetic BET inhibitors might 
help to reduce the unwanted side effects of BRD therapy by 
lowering the dose required for effective treatment.

VITAMINS

Another combination study of note showed that vitamin C, 
present ubiquitously in many fruits and vegetables, enhanced 
the sensitivity of melanoma cells to BET inhibitors, includ-
ing JQ1. Vitamin C promotes DNA demethylation via the 
TET-mediated hydroxymethylation pathway, which leads to 
downregulation of HAT1. This also determines loss in acetyl-
ation of histone H4, leading to disruption of chromatin inter-
actions involving BRD4 [116]. In ascorbate-deficient Gulo-/- 
mice, a lack of vitamin C attenuated the antitumor activity of 
JQ1 in melanoma xenografts, whereas vitamin C supplemen-
tation enhanced the tumor inhibition.
 The SWI/SNF chromatin remodeling complex PBAF con-
tains PB1 (BAF180), a protein with six BRDs that is critical for 
ligand-dependent activation of nuclear hormone receptors, 
including vitamin D receptor (VDR)-dependent transcription in 
response to vitamin D [117]. Recent studies showed that al-
ternative recognition of an acetylated lysine in VDR by BRD7 
and BRD9 directs association with PBAF and BAF chromatin 
remodeling complexes [118].
 The B vitamins include thiamine, riboflavin, niacin, panto-
thenic acid, pyridoxine, biotin, folate, and various cobalamins. 
Folic acid has been investigated extensively in terms of epi-
genetic mechanisms regulating DNA and histone methylation, 
via the one-carbon pool and S-adenosyl methionine [119]. 
Recent studies in chronic myeloid leukemia cells showed 
that a fraction of cellular methylenetetrahydrofolate dehydro-
genase 1 resides in the nucleus and is recruited to distinct 
genomic loci by interaction with BRD4 [120]. A well-known 
target of JQ1, MYC, also has been linked mechanistically to 
methylenetetrahydrofolate dehydrogenase-cylcohydrolase 2 
in acute myeloid leukemia [121].
 All-trans retinoic acid, which is synthesized from vitamin A 
as a physiological ligand for the retinoic acid receptor, com-
bined effectively with JQ1 to exert potent anticancer activity 
in leukemia cells via c-MYC downregulation [122]. Retinoids 
and rexinoids have been widely studied in cancer prevention 
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and therapy, and the associated acquired or intrinsic resis-
tance mechanisms might be circumvented by combined BRD 
inhibition [123,124].

ALKALOIDS

Aristoyagonine is found in the extracts of the flowering plant 
Sarcocapnos enneaphylla, which belongs to the Papavera-
ceae family. It was the first natural compound to be reported 
as a BRD inhibitor, after screening assays on 8,000 com-
pounds in the Korea Chemical Bank [125]. Aristoyagonine 
(5,7,8-trimethoxy-1-methylbenzo[6,7]oxepino[4,3,2-cd]isoin-
dol-2(1H)-one) possesses a unique scaffold and belongs to 
the aristocularine alkaloid family. The IC50 in an alpha-screen 
was 3.27 µM, and 1.03 µM in an ELISA. Aristoyagonine 
had cytotoxic activity against I-BET-762-sensitive and 
I-BET-762-resistant cancer cells by downregulating c-MYC 
expression, and reduced tumor growth in a Ty82-xenograft 
mouse model [125]. This seminal report laid a foundation for 
the development of new BRD synthetic inhibitors based on 
the scaffold of aristoyagonine.
 High-throughput virtual screening of more than 7 million 
small molecules, aimed at discovering novel inhibitors of 
BRD4, prioritized seven compounds for further validation by 
isothermal titration calorimetry [126]. Among the lead com-
pounds was the alkaloid colchicine and its analogs, which 
showed binding affinity towards BRD4(1) in the range Kd = 
20-46 µM. Co-crystallization structures had IC50 values of 13-
17 µM, with the natural compounds occupying the acetyl-ly-
sine recognition pocket of BRD4. These alkaloids are found in 
the herbaceous perennial flowering plant Colchicum specio-
sum, belonging to the family of Colchicaceae, more common-
ly known as the autumn crocus. Colchicine was extracted for 
centuries to ameliorate gout, before the advent of anticancer 
therapeutics targeting microtubules [127].
 Indolocarbazoles are a class of natural compounds that 
have gained interest as anticancer agents through various 
mechanisms, including topoisomerase I-DNA complex stabi-
lization and protein kinase inhibition [128,129]. These com-
pounds isolated from Streptomyces strain NB-A22 showed 
the potential to act as BRD inhibitors. Ethyl acetate extracts 
yielded several indolocarbazole alkaloids, including stauros-
porine, which were evaluated for cytotoxic activity in PC3 
prostate cancer cells and BRD4 inhibitory activity using the 
time-resolved fluorescence energy transfer (TR-FRET) as-
say. The results showed that the most efficient alkaloid was 
4-oxo-staurosporine, with 60% inhibition at 10 µg/mL [130].
 Two 2,5-diketopiperazine derivatives, namely, 12-hy-
droxyverruculogen TR-2 and Fumitremorgin B, were among 
several compounds isolated and characterized from co-cul-
tures of Penicillium sp. DT-F29 with Bacillus sp. B31 [131]. 
The BRD4-inhibitory activity assay for these two compounds 
at 20 µM was 72.7% and 80.4%, respectively, equivalent to 
the positive control JQ1 (85.7%).

TERPENES AND STILBENES

Astilbe grandis Stapf ex E.H. Wilson, an herbaceous pe-
rennial plant grown in Korea and China, has been used 
in traditional medicine to treat wounds, bites and burns 
[132]. Extracts from this plant exhibited protective effects in 
UVB-treated keratinocytes via protein tyrosine phosphatase 
1B [133]. Screening of compounds from Astilbe sp. for BRD4 
inhibitory activity using a TR-FRET assay identified a new 
monoterpene, (S)-3-(2-hydroxyethyl)-5-(2-methylprop-1-en-1-
yl)furan-2(5H)-one, as well as other natural compounds such 
as caffeic acid, mandelic acid, sonchifolinin B, α-viniferin, eu-
scaphic acid, cianidanol, β-sitosterol, and stigmasterol.
 The stilbene trimer α-viniferin and the triterpenoid euscaph-
ic acid, also known as tormentic acid, exhibited IC50 values 
towards BRD4 of 13.2 µM and 17.39 µM, respectively. With 
inhibitory activity against HCC827 and A549 lung cancer cells 
and HeLa cervical carcinoma cells [134], these natural prod-
ucts warrant further attention as lead compounds for new 
BRD therapeutics.

LIGNANS

A docking study that aimed to identify anticancer molecular 
targets for compounds in the bark of Magnolia officinalis and 
Magnolia grandiflora prioritized BRD9, along with tankyrase-2 
and casein kinase 2, as top hits among > 300 proteins 
screened [135]. The lignan magnolol and its structural deriv-
atives fit the binding pockets of all three proteins as potential 
competitive inhibitors. However, to date, no reports have 
appeared that formally identified natural compounds as bona 
fide inhibitors of BRD9. 

TERREIN

Mangroves comprising groups of trees and shrubs that 
grow in the coastal intertidal zone have been investigated 
as a source of novel bioactives, including the microbes that 
exist in a symbiotic relationship with host plants. One such 
microbe, Streptomyces sp. SZ-A15, is an actinomycete with 
potent antitumor activity in human PC3 prostate cancer cells. 
Ethyl acetate extracts of the fermented actinomycete yielded 
four new bisamides and two new rhamnosides, along with 
N1-acetyl-N7-phenylacetyl cadaverine, N-(2-hydroxy-3-phen-
ylpropyl) acetamide, α-N-acetylanhydro-L-ornithine, and 
2-cyclopenten-1-one,4,5-dihydroxy-3-propenyl-(8Cl). Only the 
latter compound, also known as terrein, had activity towards 
BRD4 in a TR-FRET assay, with 78.4% inhibition at 10 µM 
concentration [136].

MISCELLANEOUS COMPOUNDS

Ethyl acetate extracts of the marine fungus Alternaria sp. NH-
F6 yielded 24 secondary metabolites, including perylenequi-
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nones, alternaric acid, butyrolactone, and cerebroside. After 
testing for BRD4 inhibitory activity using the TR-FRET assay, 
a perylenequinone compound was identified with 88% inhibi-
tion at a concentration of 10 µM [137]. Seven diphenyl ether 
analogs also were identified, including a new diphenyl ether 
from fermented extracts of Phoma sp. CZD-F11 and Asper-
gillus sp. CZD-F18. 5-Hydroxymethylfuran-2-carboxylic acid 
and 4-(hydroxymethyl) catechol exhibited BRD4-inhibitory 
activity of 78.5 and 76.4% at 10 µg/mL, respectively [138].

SUMMARY

Diverse natural dietary and non-dietary compounds from 
plants, microbes, and the marine environment provide a rich 
resource for identifying and characterizing the next-gener-
ation of epigenetic reader bioactives, acting at the level of 
chromatin and transcriptional coactivators/corepressors. Re-
search to date has focused on BRD4 and other members of 
the BET family, seeking second-generation JQ1-like agents, 
with a few examining BRD9/7 inhibition. Magnolol potentially 
targeting BRD9 [134] provides proof-of-principle for natural 
compounds affecting non-BET acetyl readers, which is an 
exciting avenue for future growth, via the targeting of other 
sub-families. Studies reviewed herein have highlighted a 
number of different tools and approaches to defining new 
scaffolds from which to develop novel lead compounds as 
BRD inhibitors, mainly using in silico, in vitro, and cell-based 
assays.
 Few if any of the reports have provided compelling evi-
dence, especially in vivo, for BRD-specific inhibition by natu-
ral dietary compounds in the context of cancer treatment or 
prevention. Establishing specificity would entail knockdown 
or knockout strategies using small interference RNA or sin-
gle-guide RNA (CRISPR/Cas 9) approaches, showing loss 
of the mechanistic target is pertinent for the BRD inhibitory 
functions. Given the ‘reader-writer’ and ‘reader-eraser’ duality 
aspects discussed above, it is possible to conceptualize how 
inhibition of certain readers might result in the erasure of ab-
normal epigenome signatures in cancer cells. However, what 
might be the consequences of BRD or CRD protein inhibition, 
and therefore impaired reader function, on the phenotype 
of normal cells? We might take lessons from the HDAC in-
hibitor field, in which normal cells exhibit homeostatic mech-
anisms that control or ‘buffer’ against extreme changes in 
histone acetylation, whereas cancer cells remain susceptible 
[11,17,91]. Parallel investigations in normal cells and tissues 
should be part of the standard operating procedure for future 
studies on epigenetic reader inhibition. This also will inform 
on toxicity issues, posed by drugs such as JQ1 in clinical 
trials, and avoidance strategies using natural compounds as 
reader inhibitors. These are key issues to be addressed in 
order to advance the field towards improved cancer intercep-
tion via epigenetic combination agents [11,16].
 A key question concerns the physiologically-relevant 

concentrations that can be achieved at the molecular target 
(e.g., BRD4 or BRD9) from dietary compounds, and the role 
of metabolism in generating intermediates with increased or 
decreased affinity for BRDs in situ [91]. Many of the docking 
studies in silico and bioassays in vitro focus on the parent 
compound, ignoring the likely scenario of extensive metab-
olism and excretion in vivo. A prime example is provided by 
the flavonoids and other polyphenols that interact with the 
gut microbiome, and undergo extensive phase I and phase II 
metabolism by host tissues [139-141]. 
 Another important consideration relates to the potential 
synergistic (or antagonist) interactions with other natural 
compounds acting via alternative epigenetic mechanisms, 
for example involving lysine or arginine methyltransferases, 
HATs, HDACs, DNMTs, or TET enzymes. This exciting, na-
scent field is likely to move rapidly as new leads are pursued 
towards the prevention and interception of cancer, aging, and 
chronic degenerative diseases [142-145].
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