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Preface

Epigenetics doesn’t change the genetic code, it changes how that’s read. Perfectly normal
genes can result in cancer or death. Vice-versa, in the right environment, mutant genes won’t
be expressed. Genes are equivalent to blueprints; epigenetics is the contractor. They change
the assembly, the Structure. —Bruce Lipton

Nowadays, science is proving that our body possesses incredible self-healing and
self-repairing ability. These mechanisms are markedly influenced by our lifestyle,
environmental factors and also our beliefs, thoughts, emotions and intentions. A
change in the aforementioned factors can affect or even alter completely the ten-
dency for expression.

During this process, our enormous code base, the DNA, will be read and the
manifestation which will be expressed is heavily influenced by epigenetic marks.
These marks are either written, read or modified. So we are based not only on plain
code, but we are the modifiers of the code through readers, writers and erasers. So we
have a profound vibrational effect on our continually evolving genetic code. We are
the programmers of the code. DNA activation is our “software upgrade”.

The specific scientific term “epigenetics” for these code reading, writing and
erasing has been first defined in 1942 by C.H. Waddington. This term has been used
in various contexts. Etymologically speaking, epigenetics deals with a precise
branch of genetics as the Greek prefix epi means “after”, “post” or “additionally”.
Today, in the molecular realm, all three meanings of epi are somewhat proven in the
rapidly growing body of literature especially in the last decade dealing with funda-
mental processes in a living cell which are outside of the classical genetic processes
and sources of genetic information like the DNA base pair sequence.

Today researches try to link an observed phenomenon or a disease down to the
molecular level. Besides the longer known epigenetic targets such as histone
deacetylases or DNA methyltransferases, a whole bunch of new enzymes and
enzyme complexes have been discovered in the last 15 years. This book mainly
discusses the recent advances in the drug development of epigenetic modulators
from a medicinal chemist’s viewpoint. Modern techniques in biology, biochemistry
and chemical biology allow researchers faster than ever to describe and discover new
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epigenetic players as well as novel functions of old and known ones. Medicinal
chemistry plays a fundamental role in the discovery process as it provides not only
tools to better understand the function of an epigenetic player but also novel therapy
options where aberrant epigenetic mechanisms are involved.

The book comprises 16 chapters. Each chapter includes a short introduction for a
single epigenetic target or a target family ranging from structural biology aspects to
cell biology and biochemistry. Most of the space is devoted to target modulation,
either inhibition or activation. The authors give an insight into the discovery and
development of mainly small organic molecules and also peptides influencing
epigenetic pathways. Modern aspects of drug design such as new methodologies,
ranging from computational approaches, crystallography to structural biology are
presented with hands-on examples.

In the last 2 years, I have had the privilege to first convene leading experts in the
growing field of epigenetics to contribute for the present book. It was an honour to
work with them and I think all the contributors can be proud of the results achieved.
The present book can be a facile start for everyone to dive into the field of epigenetic
drug discovery providing a sound base of knowledge as a strong focus has been put
on the most recent and up to date literature.

I would like to express my gratitude to Clemens Zwergel for his enormous
support and useful comments in managing this book. I also wish to thank Sofia
Costa and Shanti Ramamoorthy from Springer for their valuable assistance during
the whole project from the first idea to the final book.

Rome, Italy Antonello Mai
February 2019
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Abstract In humans, the zinc-dependent histone deacetylases (HDACs) are a
family of 11 nonredundant isoforms that catalyze the dynamic reversal of
posttranslationally modified acyl-lysine residues back to lysine. At the epigenetic
level, HDACs have a critical gene silencing effect, promoting the compaction of
histone tails with DNA to prevent transcription. In addition, HDACs deacylate many
nonhistone substrates in diverse cellular compartments to profoundly influence
protein structure and function. While the action of HDACs is indispensable to
normal physiology, their abnormal overexpression is linked to the majority of
human diseases. Consequently, the inhibition of HDACs has become a valuable
target for therapeutic applications. Numerous potent small molecules are known, of
both natural product and synthetic origin, that inhibit HDACs, primarily by revers-
ibly interacting with the zinc cation within the enzyme active site. At the present
time, five such HDAC inhibitors have received regulatory approval for the treatment
of hematological cancers. This review focuses on the typical zinc-binding groups
employed in HDAC inhibitors and the major advances within each class in terms of
potency, isoform selectivity, and clinical applications.
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Keywords Anticancer drugs, Epigenetics, Histone deacetylases, Zinc
metalloenzymes

Abbreviations

BCL2 B-cell lymphoma 2
CoREST Corepressor RE1 silencing transcription factor
EGFR Epidermal growth factor receptor
EMA European medicines agency
FDA Food and drug administration
HAT Histone acetyltransferase
HDAC Histone deacetylase
HMG-CoA 3-Hydroxy-3-methyl-glutaryl-coenzyme A
MiDAC Mitotic deacetylase complex
NcoR Nuclear receptor corepressor
NODE Nanog and Oct4-associated deacetylase
NuRD Nucleosome remodeling deacetylase
PI3K Phosphatidylinositol 3-kinase
SAHA Suberoylanilide hydroxamic acid
Sin3 Septation initiation network transcriptional regulatory protein 3
SMRT Silencing mediator of retinoid and thyroid receptors

1 The Reversible Acetylation of Lysine Residues in Proteins

Fifty-five years ago, Philipps demonstrated that a significant proportion of lysine
residues in histone proteins are acetylated [1]. Shortly thereafter, Allfrey provided
evidence that acetylation is rapidly introduced in minutes after protein translation
and suggested that it is a mechanism for activating gene transcription [2]. Evidence
was soon found for the existence of enzymes that perform histone acetylation and its
reversal through deacetylation [3, 4]. These early studies laid the foundation for our
present understanding of histone acetylation as a regulator of eukaryotic gene
transcription. In the forward direction, the family of histone acetyltransferases
(HATs) transfers the acetyl group from the biological acyl donor acetyl coenzyme
A to histone proteins (Fig. 1) [5]. In addition, the reactive thioester group in acetyl
coenzyme A can undergo direct nonenzymatic transfer to protein substrates [6]. Con-
versely, the histone deacetylases (HDACs) hydrolyse acetyllysine back to lysine,
and it is the balance between these two dynamic processes that determines the
transcriptional state of eukaryotic cells.
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The acetylation of lysine residues profoundly alters the physicochemical proper-
ties of this sidechain. While lysine bears a positive charge at physiological pH,
acetyllysine is neutral, larger in molecular size, and more hydrophobic. These
changes have two major consequences for eukaryotic gene regulation: (1) the loss
of charge leads to a reduced affinity between the negatively charged DNA and the
histone tails that relaxes chromatin and enables transcription by RNA pol II to
commence; (2) acetyllysine binding to bromodomain containing proteins recruits
transcription factors that are transcriptionally activating [7]. Advances in single cell
fluorescence spectroscopy have recently enabled these effects to be observed on a
timescale of seconds [8].

While the view of histone acetylation as an on/off transcriptional switch in
eukaryotes is fundamentally correct, the details need some refinement. Firstly,
although lysine acetylation was historically detected in histones due to their relative
abundance, it is by no means restricted to these proteins. In fact, lysine acetylation is
a widespread posttranslational modification found in all life forms ranging from
prokaryotes to man [9]. In human cells, proteomic studies have identified more than
a thousand proteins that undergo lysine acetylation, often at multiple sites. Thus,
drugs that modulate acetylation will perturb diverse cellular proteins and physiolog-
ical pathways in addition to their classical epigenetic effect on histones. It is an open
question whether such promiscuity is beneficial for the therapeutic benefits of
HDAC inhibitors, the cause of undesirable side effects or, as is more likely, a
complex combination of the two. Secondly, the posttranslational acylation of lysine
residues is not restricted to acetylation but encompasses a variety of low molecular
weight acyl groups (Fig. 2) [10]. Presumably, the degree to which these species are
loaded is related to the cell’s metabolic state which determines the relative concen-
tration of acyl coenzyme A donors. It is tempting to speculate that each acyl group
has its own recognition domain, enabling a cell to go down alternative phenotypic
fates through feedback loops that link metabolism and epigenetic regulation [11].
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2 The Zinc-Dependent HDACs

The deacylation of lysine residues is carried out by amide bond hydrolases grouped
together as HDACs. Within this family, there are two distinct catalytic mechanisms
in operation: the zinc-dependent HDACs contain an active site zinc(II) cation and are
the focus of this chapter, while the sirtuins are a distinct class of deacetylases that
transfer the acetyl group to the ribose sugar of their NAD+ cofactor [12, 13]. X-ray
studies are available for a number of HDACs and HDAC-inhibitor complexes and
indicate a catalytic mechanism similar to that of other amide hydrolyzing
metalloenzymes [14–16]. The acetyl-lysine sidechain enters a narrow vertical tunnel
~11 Å long at the bottom of which sits the active site zinc(II) cation. The zinc
functions as a Lewis acid, simultaneously increasing the electrophilicity of the
scissile carbonyl group and the reactivity of the water nucleophile (Fig. 3).
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After hydrolysis, the acetate is released through an ~14 Å long exit channel
perpendicular to the acetyl-lysine binding tunnel. In terms of substrate scope, there
are two variables for HDACs, the nature of the acyl group and the lysine. For the
majority of zinc-dependent HDACs, the acyl group is confined to the shorter chains
up to butyryl and crotonyl (Fig. 2), with the exception of HDAC11 that hydrolyses
longer acyl chains of 8–18 carbons [17]. As for the lysine, the endogenous substrates
are macromolecular proteins, but HDACs will competently hydrolyze single amino
acid lysine derivatives under cell-free conditions. Thus, HDACs predominantly
recognize the acyl-lysine sidechain and are not particularly sequence selective or
sensitive to the nature of the adjacent protein residues. Any specificity is imposed by
the cellular compartment within which the HDAC resides and its recruitment to
specific substrates by the multiprotein complexes with which it interacts.

In mammals, there are 11 HDAC isoforms, HDAC1–11, that are classified on the
basis of sequence homology, size, and cellular localization (Table 1). The class I
HDACs are ubiquitous and nuclear in localization with histones as a major substrate
and also acting upon additional nuclear proteins. HDAC1 and HDAC2 are present in
multiprotein transcriptional complexes such as Sin3, NuRD, CoREST, NODE, and

Table 1 The 11 mammalian HDAC isoforms

Isoform Localization
Amino
acids

Mouse knockout
phenotype Substrate examples

Class I

HDAC1 Nucleus 482 Embryonic lethal Histones, RelA, AR, Eg5,
NF-KB

HDAC2 Nucleus 488 Perinatal lethal Histones, GR, NF-KB

HDAC3 Nucleus 428 Embryonic lethal Histones, RelA, NF-KB, PCAF,
STAT1

HDAC8 Nucleus/
cytoplasm

377 Perinatal lethal Histones, p53, ERR-α, SMC3,
ARID1A

Class IIa

HDAC4 Nucleus/
cytoplasm

1,084 Postnatal lethal Histones, HIF1α, p53, Runx2,
DNAJB8

HDAC5 Nucleus/
cytoplasm

1,122 Cardiac defects GATA-2, GCMa

HDAC7 Nucleus/
cytoplasm

952 Embryonic lethal PLAG1

HDAC9 Nucleus/
cytoplasm

1,011 Cardiac defects ATDC

Class IIb

HDAC6 Mainly
cytoplasm

1,215 Viable Hsp90, cortactin, α-tubulin,
β-catenin, Prx1

HDAC10 Mainly
cytoplasm

673 Viable Hsp70, PP1

Class IV

HDAC11 Mainly
nucleus

347 Viable Histones, Cdc25A

Targeting the Zinc-Dependent Histone Deacetylases (HDACs) for Drug Discovery 5



MiDAC, while HDAC3 is part of NcoR and SMRT complexes, and HDAC8 can
function independently of multiprotein complexes. Compared to class I, the class IIa
isoforms are tissue-specific, larger in size, and shuttle between the nucleus and
cytoplasm upon activation. The class IIa enzymes have weak deacetylase activity
in vitro, and relatively little is known about their substrates. It is possible that their
primary function is in fact not enzymatic and they function as a scaffold to bring
together multiprotein complexes [18]. The class IIa isoforms are found in NCoR and
SMRT protein complexes, and the region involved in protein-protein interaction
with the HDACs has been identified [19]. The class IIb isoforms HDAC6 and
HDAC10 are primarily cytoplasmic in location, as reflected in their known sub-
strates. HDAC6 has two catalytic domains although clear catalytic activity was
demonstrated with only one of these [20]. Finally, HDAC11 is placed distinctly in
class IV as it has similarities to both the class I and class II isoforms [21]. Although
the 11 HDAC isoforms overlap with one another in terms of localization and
substrates, they clearly play nonredundant physiological roles as evidenced by the
fact that only HDAC6, HDAC10, and HDAC11 knockouts produce a viable phe-
notype in mice.

The transition state for HDAC catalysis and its similarity to that for previously
well-established metalloproteinase drug discovery targets suggests a rational
approach to inhibitor design (Fig. 4). Although the first HDAC inhibitors were
discovered and optimized without this working model, with hindsight, we can
observe its presence in all potent HDAC inhibitors to this day [22–24]. The relatively
simple three-point pharmacophore contains three elements: a zinc-binding group, a
linker, and a cap. The zinc-binding moiety is a polar functional group that coordi-
nates to the cation in either a mono- or bidentate fashion. This interaction is by far the
most dominant for enzyme-inhibitor affinity, and replacement of the zinc-binding
group by a weaker coordinator or excising it altogether results in a significant loss of
potency. Next is the linker that needs to occupy the narrow channel normally
occupied by the acetyllysine sidechain. The linker is a linear moiety that is typically
hydrophobic in nature but may incorporate some polar functionality. Finally, there is
the cap that forms binding interactions with the enzyme surface as well as protrudes
into the solvent-exposed exterior. As the enzyme does not recognize much of the
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Fig. 4 From HDAC transition state to inhibitor
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protein substrate’s surface beyond the acetyllysine, a small-sized cap is sufficient
and allows potent inhibition with low MW compounds that fit guidelines for oral
bioavailability. Furthermore, as the cap is not involved in major interactions with the
active site, large variations are possible in this region including modifications
introduced to improve pharmacokinetics rather than influence binding.

3 Hydroxamic Acid HDAC Inhibitors

Hydroxamic acids are an effective bidentate metal chelating functional group that
are widely used by microorganisms in iron-binding siderophores [25]. Their coor-
dinating ability is also used to advantage in natural products and synthetic com-
pounds that are inhibitors of metalloenzymes including carbonic anhydrase, matrix
metalloproteinases, ribonucleotide reductase, and urease [26]. The potent antifungal
natural product trichostatin A (1, Fig. 5) was the first hydroxamic acid to be
identified as a HDAC inhibitor by Yoshida in 1990 [27]. Independently, Breslow’s
studies on the cellular differentiation caused by dimethyl sulfoxide led to a
hydroxamic acid series with suberoylanilide hydroxamic acid (SAHA, 2) as the
optimized clinical candidate. The similarity between these two structures led
Breslow to surmise that SAHA was a HDAC inhibitor, as was confirmed by
biochemical profiling [28]. Both trichostatin A and SAHA clearly conform to the
model for HDAC inhibitor design based on the transition state, as illustrated for
vorinostat (3). While trichostatin A is too toxic for therapeutic applications, it
continues to be widely used as a chemical probe. Meanwhile SAHA, now known
by the drug name vorinostat (Zolinza™), would progress to become the first HDAC
inhibitor to enter clinical trials and receive FDA approval for the treatment of
cutaneous T-cell lymphoma [29].

Subsequent to the identification of the mechanism of action of trichostatin A and
vorinostat, hydroxamic acids have become the most popular choice of zinc-binding
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Fig. 5 The natural product trichostatin A and the synthetic compound vorinostat, exemplars of
hydroxamic acid HDAC inhibitors
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group for the rational design of HDAC inhibitors. However, not all hydroxamic
acids are equal: the geometry of the HDAC active site dictates the use of
monosubstituted compounds of type 4 rather than N-substituted examples 5. On
the other hand, zinc-binding groups such as sulfonamides or carboxylic acids that are
widely found in metal-binding inhibitors for other drug targets rarely achieve high
potency against HDACs [30]. Such differences in enzyme topology help reduce the
potential for side effects arising from the nonspecific binding of hydroxamic acid
HDAC inhibitors to other metalloenzymes. Nevertheless, the pharmacokinetic lim-
itations of hydroxamic acids should not be forgotten – phase I glucuronidation
accelerates drug clearance, while Lossen-type rearrangements at alkaline pH can
lead to the creation of mutagenic species [31].

A number of second-generation hydroxamic acids have reached clinical trials,
among which belinostat (Belodaq™, 6, Fig. 6) and panobinostat (Farydak™, 7) have
received regulatory approval [32, 33]. All three approved drugs potently inhibit the
class I nuclear HDAC isoforms (Table 2). HDAC8 is the least inhibited, consistent
with its being an outlier that is the least homologous to the other class I enzymes
[34]. The drugs also potently inhibit class IIb and class IV isoforms, whereas
HDAC4 and HDAC7 are poorly inhibited among the tissue-specific class IIa
isoforms. Compared to vorinostat, belinostat and panobinostat feature a more rigid
cinnamoyl linker that is also present in the clinical candidates pracinostat (8) and
resminostat (9) [35, 36]. These cinnamates are superior to vorinostat in their meta-
bolic half-life, while the addition of polar functionality improves oral bioavailability.

In contrast to the HDAC inhibitors containing a saturated hydrocarbon linker
(e.g., vorinostat) or unsaturated alkenyl linker (e.g., trichostatin A and the com-
pounds in Fig. 6), even more rigid benzoyl linkers are present in the clinical
candidates givinostat (10) [37], abexinostat (11) [38], and AR-42 (12) [39]
(Fig. 7). Alternatively, a heteroaromatic pyrimidine linker is employed in quisinostat
(13) and nanatinostat (14) [40, 41]. The more recent compounds feature further
refinements in pharmacodynamic or pharmacokinetic properties compared to
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vorinostat, as illustrated for quisinostat (Table 3). As can be seen, there are differ-
ences for the potency of the reference vorinostat between Tables 2 and 3. This is a
common phenomenon in the field of HDAC inhibitor discovery, and absolute IC50

values, or even the pattern of isoform selectivity, should not be rigidly compared
between publications due to differences in assay methodology or batch to batch
variation of enzyme preparations.

While the majority of clinical candidate hydroxamic acids show relatively low
selectivity between HDAC isoforms, ricolinostat (15, Fig. 8) and its chlorinated
version citarinostat (16) are two exceptions that are HDAC6 selective inhibitors
[42, 43]. Additional HDAC6 selective inhibitors at a preclinical stage were reported
by academic groups, among others by Ganesan (17) with a flexible linker [44], and
by Kozikowski (18) [45] and Mahboobi (19) [46] with more rigid benzoyl linkers.
Hydroxamic acids with a different isoform profile include selective HDAC8 inhib-
itors such as compounds 20 (Fig. 9) and 21 [47, 48]. Meanwhile, cyclopropane 22 is
a rare example of a class IIa selective hydroxamic acid [49]. It potently inhibits all
the class IIa isoforms at a nanomolar level, whereas class I isoforms are weakly

Table 2 The IC50 values of approved HDAC inhibitors against individual isoforms, based on data
provided in reference [33]

Isoform Vorinostat IC50 (nM) Belinostat IC50 (nM) Panobinostat IC50 (nM)

HDAC1 76 18 3

HDAC2 360 34 13

HDAC3 58 21 2

HDAC8 >1,000 160 280

HDAC4 >1,000 >1,000 200

HDAC5 160 76 8

HDAC7 >1,000 600 530

HDAC9 78 44 6

HDAC6 27 15 11

HDAC10 88 31 2

HDAC11 110 44 3
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Fig. 7 Examples of HDAC inhibitors in clinical development with aryl or heteroaryl linkers
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Table 3 The IC50 values of
quisinostat against individual
HDAC isoforms with
vorinostat as a reference,
based on data provided in
reference [40]

Isoform Vorinostat IC50 (nM) Quisinostat IC50 (nM)

HDAC1 62 0.1

HDAC2 240 0.3

HDAC3 260 5.0

HDAC8 210 4.0

HDAC4 150 0.6

HDAC5 100 3.7

HDAC7 >1,000 120

HDAC9 180 32

HDAC6 20 77

HDAC10 150 0.5

HDAC11 100 0.4
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Fig. 9 Examples of HDAC8 and class IIa selective HDAC inhibitors
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inhibited at a micromolar level. The compound design takes advantage of a “lower
pocket” present in the class IIa enzymes that accommodates the phenyl ring, and this
was corroborated by X-ray structures of enzyme-inhibitor complexes.

Besides isoform discrimination, two alternative approaches for HDAC drug
discovery involve the use of prodrugs or multitarget inhibitors with a dual mech-
anism of action. Chroma’s tefinostat (23, Fig. 10) is relatively nonselective but
accumulates less in normal cells due to secretion through efflux pumps. In the
liver, human carboxylesterase-1 hydrolyses the cyclopentyl ester to give a poorly
diffusible ionized carboxylic acid, enabling selective targeting to liver cancers for
which the compound is currently undergoing clinical trials [50]. The hydroxamic
acid itself can be converted to a prodrug form to improve bioavailability. A recent
example with belinostat (24) was shown to possess higher activity compared to the
parent drug in a MCF-7 breast cancer tumor xenograft animal model [51]. Mean-
while, the simplicity of the HDAC pharmacophore suggests the “cap” can incor-
porate the pharmacophore for a second orthogonal target. Inhibitors have been
successfully developed that are dual inhibitors of HDACs and kinase inhibitors as
well as other enzymes such as HMG-CoA reductase, phosphodiesterase type
5, DNA topoisomerase, and receptors including the vitamin D receptor, retinoid
X receptor, and estrogen receptor [52, 53]. Two examples from Curis are currently
in clinical trials: CUDC-101 (25) for dual HDAC/EGFR inhibition and CUDC-907
(26) for dual HDAC/PI3K inhibition [54, 55].
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4 Thiol and Benzamide HDAC Inhibitors

In 1998, Yoshida identified the natural product FK228 (27, Fig. 11), a bicyclic
depsipeptide isolated from the bacteria Chromobacterium violaceum [56], as a
HDAC inhibitor [57]. At first sight, FK228 does not follow the HDAC
pharmacophore due to the absence of a zinc-binding group. However, Yoshida’s
experiments suggested the disulfide bridge undergoes reductive cleavage to release a
thiol sidechain that can then coordinate to the active site zinc [58]. Subsequently,
related bacterial natural product prodrugs such as largazole (28) and thailandepsin A
(29) were discovered [59, 60]. All contain an identical zinc-binding group and
benefit from a large macrocyclic cap that aids in binding to the enzyme surface
more tightly than the minimal phenyl ring present in hydroxamic acid inhibitors such
as trichostatin A or vorinostat [61, 62]. While the free zinc-binding thiol has
relatively poor cell permeability and may be subject to nonspecific binding, the
natural products mask this functionality as a cell-permeable disulfide or ester
prodrug that is metabolically labile. In their active form, the natural products are
highly potent HDAC inhibitors, especially against the class I isoforms HDAC1,
HDAC2, and HDAC3 and relatively weak against the cytoplasmic isoform HDAC6
(Table 4). FK228 progressed to clinical trials sponsored by the NCI and became the
second HDAC inhibitor to receive FDA approval for the treatment of cutaneous
T-cell lymphoma and is now known as romidepsin (Istodax™) [63].
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A number of academic groups have completed total syntheses of the depsipeptide
natural products including a multigram scale preparation of largazole [64, 65]. These
routes have been applied to the preparation of synthetic analogues that have illumi-
nated the SAR within this series [66]. While the zinc-bearing thiol and its stereo-
chemistry are necessary for potent enzyme inhibition, the remaining amino acid
sidechains can be varied, as illustrated by the incorporation of a β-amino acid to give
a ring-expanded largazole analogue 30 (Fig. 12) [67], the romidepsin-largazole
hybrid 31 [68], and the bipyridyl analogue 32 [69]. An intriguing example is Olsen’s
romidepsin analogue 33 and largazole analogue 34 in which the zinc-binding thiol

Table 4 The IC50 values of the active forms of depsipeptide HDAC inhibitors against individual
isoforms, based on data taken from reference [61]

Isoform Romidepsin IC50 (nM) Largazole IC50 (nM) Thailandepsin A IC50 (nM)

HDAC1 0.8 0.4 14

HDAC2 1.0 0.9 3.5

HDAC3 1.3 0.7 4.8

HDAC8 26 100 >1,000

HDAC4 470 >1,000 >1,000

HDAC5 >1,000 >1,000

HDAC7 >1,000 >1,000 >1,000

HDAC9 >1,000 >1,000 >1,000

HDAC6 330 42 380

HDAC10 0.9 0.5

HDAC11 0.3 >1,000

31
HDAC1 IC50 3 nM

30
HeLa HDAC IC50 3 nM

32
HDAC1 IC50 21 nM
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Fig. 12 Examples of synthetic HDAC inhibitors based on a thiol zinc-binding group
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was excised [70]. These compounds no longer obey the classical three-point HDAC
pharmacophore, and while 34 was inactive at the tested concentrations, 33 inhibits
HDACs at a micromolar level. Although this represents a substantial drop in activity
relative to the approved drug romidepsin, the analogue avoids the pharmacokinetic
liabilities associated with zinc-binding groups and might be amenable to further
optimization to produce potent compounds. An alternative approach to increasing
potency with synthetic thiols is the introduction of a second functional group to
enable bidentate coordination. The α-mercaptoketone vorinostat analogue 35, for
example, was more active in HDAC inhibition compared to vorinostat [71].

In addition to hydroxamic acids and thiols, the other zinc-binding group that has
led to an approved HDAC inhibitor is the benzamide or ortho-anilinoamide. X-ray
studies indicate coordination of the amine to the zinc cation, as well as weak binding
to the carbonyl oxygen. Thus, the benzamides, like the hydroxamic acids, are
capable of bidentate chelation. Two examples in clinical development are entinostat
(36, Fig. 13) and mocetinostat (37) [72, 73]. Analogue-based drug discovery at
Chipscreen Biosciences with the benzamide scaffold led to chidamide (now known
as tucidinostat, 38, Epidaza™) that received regulatory approval in China for the
treatment of relapsed or refractory peripheral T-cell lymphoma [74]. These clinical
candidate benzamides are primarily selective against class I isoforms (Table 5) in
their biological activity [75]. By taking advantage of an internal cavity present in the
HDAC1 and HDAC2 active site but not in HDAC3, attachment of an aryl ring to
entinostat produced the more selective compound 39 [76]. On the other hand,
analogue 40 displays the opposite selectivity between the class I isoforms, being
most active against HDAC3 [77].

5 Other HDAC Inhibitors

Although hydroxamic acids, thiols, and benzamides have successfully yielded
multiple clinical candidates and five approvals to date, the first HDAC inhibitor to
be identified was in fact sodium butyrate with a carboxylic acid zinc-binding
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group [78]. As butyrate suffers from a short in vivo half-life [79], clinical trials have
focused on prodrugs such as Pivanex (41, Fig. 14) or the repurposing of the well-
established antiepileptic drug valproic acid (42). However, the low potency of such
monodentate short chain carboxylic acids (millimolar IC50 against HDAC enzymes)
compared to other zinc-binding groups is a challenge for therapeutic applications,
and none have received regulatory approval. At the preclinical stage, the marine
depsipeptide natural product azumamide E (43) is a rare example of a carboxylic
acid HDAC inhibitor with submicromolar potency [80]. In this case, the active site
zinc coordination is presumably augmented by additional interactions from the
macrocyclic cap to improve binding affinity.

Hydroxamic acids, thiols, benzamides, and carboxylic acids are the only four
zinc-binding groups incorporated into HDAC inhibitors that have progressed to
clinical investigation. Besides these motifs, ketones and derivatives thereof are an
important zinc-binding group at the preclinical stage. Their presence was first
observed in a family of fungal toxin cyclic tetrapeptide natural products such as
trapoxin A (44, Fig. 15), AS1387392 (45) and apicidin (46) that are potent inhibitors
of class I HDAC isoforms. Trapoxin A was originally believed to be an irreversible
inhibitor that undergoes epoxide ring opening by a nucleophilic residue in the active
site. However, a recent X-ray structure of the natural product bound to HDAC8

Table 5 The IC50 values of
entinostat and tucidinostat
against individual isoforms,
based on data provided in
reference [75]

Isoform Entinostat IC50 (nM) Tucidinostat IC50 (nM)

HDAC1 260 100

HDAC2 310 160

HDAC3 500 70

HDAC8 >1,000 730

HDAC4 >1,000 >1,000

HDAC5 >1,000 >1,000

HDAC7 >1,000 >1,000

HDAC9 >1,000 >1,000

HDAC6 >1,000 >1,000

HDAC10 250 80

HDAC11 650 430
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reveals that although inhibition is irreversible, covalent modification is not involved,
and the epoxide is intact [81]. Instead, the ketone is nucleophilically attacked by the
active site water to produce a diolate that coordinates in monodentate fashion to the
zinc cation. Presumably, similar gem-diol forms of the ketone in AS1387392 and
apicidin are engaged in monodentate coordination, and this explains why 47, another
member of the apicidin family, retains HDAC inhibitory activity with only an
alcohol as zinc-binding group (albeit, weaker in potency than apicidin itself).
Extensive SAR studies have been performed on the cyclic tetrapeptide natural
products including variation of the amino acid residues and replacement of the
ketone by other zinc-binding groups such as hydroxamic acids and thiols as well
as modifications of the peptidic backbone [82, 83]. Although some analogues have
shown promise in animal models, none has progressed further as yet. Incorporation
of the α-hydroxy ketone warhead within the much simpler vorinostat scaffold
afforded analogue 48 with micromolar potency against HDAC1 [84].

In addition to the traditional zinc-binding groups, there are isolated cases where
other motifs were successfully employed for HDAC inhibition. The scope and
limitations of these rarer zinc-binding groups are difficult to evaluate until they are
more widely adopted and SAR studies appear from multiple investigators. Never-
theless, there are reported examples that have achieved a combination of high
potency and isoform selectivity. Novartis disclosed a phenylalanine derivative (49,
Fig. 16) for which X-ray crystallography shows bidentate coordination to zinc
through the carbonyl and amine groups [85]. The dichlorophenyl aromatic ring
forms π-π interactions with the acetate exit channel and results in isoform selectivity
for HDAC8. The rest of the molecule lies within the substrate-binding tunnel,
meaning that the compound effectively has no cap. Thus, it illustrates that active
site interactions alone are sufficient to provide potent and selective inhibitors.
Tempero’s TMP269 (50) displays pronounced class IIa isoform selectivity, and in
the X-ray cocrystal with HDAC7, the zinc cation is 2.7 Å away from one of the
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fluorines and 3.0 Å away from the oxygen of the oxadiazole ring [86]. With these
relatively large distances, metal binding involves weaker electrostatic interactions,
and the Tempero example shows high affinity and selectivity can still be achieved
compared to the direct bidentate coordination typical of hydroxamic acids.

Besides inhibitors 49 and 50, there are compounds with putative zinc-binding
groups whose binding modes are not yet confirmed through X-ray crystallographic
evidence. In the acetyl-lysine mimic 51, a primary amide is the likely zinc binder
and the compound inhibited HDAC1, HDAC2, HDAC3, and HDAC6 at a
submicromolar level [87]. Class I isoform selectivity was also observed with the
tryptophan derivative 52, in which the more common benzamide zinc-binding group
was replaced by a metabolically more stable acyl hydrazide [88]. The metal-binding
properties of tropolones is well-known, and the β-phenyl derivative 53 was reported
to be a remarkably selective subnanomolar HDAC2 inhibitor [89]. A pyrimido-
benzothiazine framework has led to selective HDAC8 inhibitors such as 54
[90]. Thiophene 55 is predicted to bind the lipophilic substrate binding tunnel
and was selective for HDAC4 and HDAC6 inhibition [91]. A radically different
mechanism is involved for the hydroxyquinoline 56, a micromolar HDAC5 and
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HDAC9 inhibitor [92]. Upon coordination to the zinc, the piperazine moiety is
ejected to form a reactive quinone methide that covalently binds to a cysteine residue
in the enzyme. Finally, HDAC inhibition does not have to rely on active site
occupancy [93]. In principle, allosteric inhibitors or disruptors of protein-protein
interactions that recruit HDACs to their cellular multiprotein complexes are among
the alternative strategies that are likely to be developed in the future and offer unique
opportunities for isoform specificity.

6 Therapeutic Applications Targeting Human HDACs

The first HDAC inhibitors were identified on the basis of phenotypic effects in cell
culture such as differentiation or growth inhibition of eukaryotic cells. With this
background, cancer was an obvious therapeutic indication for HDAC inhibitors, and
the rationale is supported by the increased levels of HDAC expression observed in
many cancers. Indeed, HDAC inhibitors are potent antiproliferative agents against
human cancer cell lines, and, barring pharmacokinetic liabilities, the level of activity
correlates with that measured in mechanism-based enzyme assays. Evidence for
cellular target engagement is typically obtained through Western blotting to show
increased acetylation levels of substrate proteins, e.g., histones for nuclear HDACs
and tubulin for HDAC6, and the induction of downstream proteins such as the cyclin-
dependent kinase inhibitor p21 (CIP1/WAF1) [94]. In addition, HDAC inhibitors
typically cause morphological changes that can be observed microscopically.

The hallmarks of proliferating cells are multiple mutations that promote division
while silencing alternative fates such as repair, differentiation, and apoptosis. Cancer
chemotherapy covers a broad spectrum of drugs ranging from blunt instruments that
are general cytotoxic agents such as cisplatin to highly specific mechanism-based
agents such as the antibody rituximab with HDAC inhibitors sitting somewhere in
between. While normal cells are relatively tolerant of HDAC inhibition, transformed
cells respond by reactivating pathways leading to cell death, cell cycle arrest,
senescence, differentiation, or tumor immunogenicity [95]. Microarray experiments
with cells treated with HDAC inhibitors indicate significant changes in expression
levels of the BCL2 family of proteins that regulate apoptosis [96]. Based on their
potent activity in cells and tumor xenograft animal models, the first candidates,
vorinostat and romidepsin, entered clinical trials in the USA, from which the most
promising results were seen in the treatment of T-cell lymphomas. Vorinostat
received FDA approval in 2006 for the treatment of cutaneous T-cell lymphoma,
and romidepsin followed suit in 2009. Romidepsin received additional approval for
the treatment of peripheral T-cell lymphoma in 2011, while belinostat and
tucidinostat were approved for the same indication in 2014 and 2015, respectively.
The T-cell lymphomas appear particularly sensitive to HDAC inhibition as this
result in the downregulation of expression of immunosuppressive cytokines such
as IL-10 [97]. Nevertheless, the rarity of these T-cell lymphomas, combined with the
fact that the HDAC inhibitors are not first-line therapies, has limited the commercial
success of these four compounds. Meanwhile, the Novartis drug panobinostat has
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tapped into a more lucrative market, receiving FDA and EMA approval in 2015 for
use against multiple myeloma.

In addition to the hematological indications, multiple clinical trials are investi-
gating the approved HDAC inhibitors in other cancer types including solid tumors.
Besides monotherapy, combinations of HDAC inhibitors with a second agent are
also being explored. These avenues of investigation may result in further approvals
for the established drugs, provided a therapeutic window for efficacy and tolerability
can be identified.

The history of HDAC inhibitors as anticancer agents suggests utility against other
conditions that have a proliferative or immunological profile [98, 99]. Indeed, the
approved drugs are undergoing evaluation as both monotherapy and in combinations
against a number of inflammatory diseases (Table 6), genetic syndromes, and
autoimmune disorders. Early stage trials are exploring vorinostat in neurological
diseases that will need to address the additional challenge of brain penetration.
Outside cancer, perhaps the most exciting potential application of HDAC inhibitors
lies in antiretroviral therapy. Here, the transcriptional activation by HDAC inhibitors
facilitates the expression of latent reservoirs of the HIV virus that are then suscep-
tible to conventional antiviral agents [100]. Preliminary indications suggest the
strategy can be applied to other viruses such as hepatitis B and Epstein-Barr [101].

Moving away from the already approved HDAC inhibitors, further therapeutic
advances are impending with the second-generation clinical candidates. The newer
inhibitors have the advantage of superior pharmacokinetics that may enable suc-
cessful application against solid tumors. Meanwhile, at the preclinical stage, HDAC
inhibitors have shown promise in animal models against many disease conditions
apart from cancer (Table 7). Since some of these studies were performed with
relatively nonspecific older inhibitors, the recent availability of isoform selective

Table 6 Non-cancer clinical
trials with approved HDAC
inhibitors

Drug Indication

Givinostat Arthritis

Givinostat Crohn’s disease

Givinostat Autoinflammatory disease

Vorinostat Pruritus

Vorinostat
Panobinostat

Sickle cell disease

Givinostat Muscular dystrophy

Vorinostat Niemann-Pick disease

Vorinostat
Romidepsin
Panobinostat

Graft vs host disease

Vorinostat
Romidepsin
Tucidinostat

HIV

Vorinostat Alzheimer’s disease

Ricolinostat Neuropathic pain

Vorinostat Schizophrenia

Based on data from https://clinicaltrials.gov/
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compounds suggests further progress will be possible. Ultimately, our predictive
power should enable the matching of a given therapeutic indication with the opti-
mum inhibitor profile and thereby reduce the incidence of side effects.

7 Therapeutic Applications Targeting Nonhuman HDACs

Although the therapeutic targeting of HDACs has predominantly concentrated on the
human enzymes, it can be extrapolated to other species. The natural product trichostatin
A (1), for example, was first identified due to its potent antifungal activity. MethylGene
have reported the compound MGCD290 (structure undisclosed) as an inhibitor of the
fungal HDAC Hos2 [118]. Although a phase II trial in acute vulvovaginal candidiasis
with a combination of MGCD290 and fluconazole did not demonstrate superior efficacy
over fluconazole alone, fungal HDACs remain an interesting target for drug discovery
[119]. Meanwhile, there is extensive literature on the inhibition of parasitic HDACs for
the treatment of malaria and other neglected diseases [120]. The cancer clinical candi-
date pracinostat, for example, was active upon oral administration in a Plasmodium
berghei-infected malaria mouse model while romidepsin inhibited adult worm pairing
and egg production in Schistosoma mansoni [121, 122]. Medicinal chemistry efforts
have aimed to selectively target the parasite HDACs. For example, compound 57
(Fig. 17) with an amide zinc-binding group inhibited the P. falciparum HDAC1 with
more than 50-fold selectivity over the human enzyme [123], while hydroxamic acid 58
displays some selectivity for the S. mansoni HDAC8 over the human isoform
[124]. Finally, although bacteria do not contain histones, they do have histone
deacetylase-like proteins. Interestingly, the vorinostat analogue 59 with a perfluorinated
linker showed selectivity against Pseudomonas aeruginosa HDAC-like enzymes over
the human enzymes and is potentially a lead for antibacterial agents [125].

Table 7 Examples of
non-cancer indications in
which HDAC inhibitors were
tested in animal models

Indication Compound and reference

Alcohol use disorder Vorinostat [102]

Autism Romidepsin [103]

Cardiac hypertrophy Trichostatin A [104]

Colitis Entinostat [105]

Contact hypersensitivity Ricolinostat [106]

Cued fear extinction RGFP963 [107]

Cystic fibrosis Vorinostat [108]

Diabetes BRD3308 [109]

Huntington’s disease RGFP966 [110]

Hypertension Trichostatin A [111]

Kidney fibrosis Tubastatin A [112]

Obesity Entinostat [113]

Parkinson’s disease K560 [114]

Pulmonary fibrosis Romidepsin [115]

Retinal disease Trichostatin A [116]

Sepsis Tubastatin A [117]
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8 Summary

Four decades have passed since the first report of an enzyme that catalyzes the
deacetylation of acetyllysine protein residues. Within that time, tremendous progress
has been made in understanding the biological functions of HDACs and the potential
applications of HDAC inhibitors. Many such compounds have been discovered
through a combination of phenotypic screening and enzyme-based assays. While
the classical pharmacophore for HDAC inhibition consisting of a zinc-binding
group, linker, and cap largely holds true, it is by no means obligatory. There are
now inhibitors where zinc coordination is replaced by electrostatic attractions or
completely removed, while there are others that lack a cap. Structure-based design
has played an important role and aided the development of selective inhibitors by
taking advantage of differences in enzyme architecture between isoforms. Potent
inhibitors are now available with a high degree of isoform selectivity (Table 8), and
these will play a critical role in target validation and optimization of the target
product profile for a given indication.

Compliance with Ethical Standards

Conflict of Interest: Author declares that he has no conflict of interest.

Ethical approval: Not applicable.

N
H

OH
O

MeO
58

smHDAC8 IC50 120 nM
hHDAC8 IC50 510 nM

H
NN

N
H

ONH

NH
HN

O

O

S
N

57
PfHDAC1 IC50 500 nM

hHDAC1 IC50 >25,000 nM

H
N

F2
C

C
F2

F2
C

C
F2

F2
C

C
F2

N
HO

O
OH

59
PA0321 IC50 700 nM

PA1409 IC50 >1000 nM
PA3774 IC50 22 nM

hHDAC1 IC50 >10000 nM
hHDAC6 IC50 >10000 nM

Fig. 17 Examples of inhibitors of microbial HDACs and HDAC-like proteins

Table 8 Examples of highly
isoform selective HDAC
inhibitors

Compound Selectivity

39 HDAC1, HDAC2

40 HDAC3

21 HDAC8

22 HDAC4, HDAC5, HDAC7, HDAC9

50 HDAC4, HDAC5, HDAC7, HDAC9

18 HDAC6
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Abstract Histone deacetylases (HDACs) are ubiquitous enzymes that remove ε-N-
acetyl-lysine posttranslational modifications (PTMs) on histone tails. The resulting
PTM landscape affects chromatin packing and recruitment of transcription factors, in
turn playing an indirect role in regulation of gene expression. Deregulation of the
activity of these hydrolases has been associated with several complex diseases. Thus,
HDAC inhibitors have been approved for cancer treatment and are being studied
against inflammation, neurodegeneration, and autoimmune disorders among others.
The role of each of the 11 Zn2+-dependent HDACs has not yet been elucidated,
mainly due to their structural similarity and, in part, due to the absence of isotype-
selective probes. Such selectivity may be achievable by targeting features outside of
the active site pocket, which is highly conserved. Peptides, which may cover larger
areas than small molecules, may become useful chemical tools able to reach
unexplored areas of the protein surface to achieve selectivity. In addition, by
incorporating hydroxamic acid-containing lysine mimics in their structure, strong
binding to the catalytic cavity is achieved. Furthermore, such molecules present
similarities to the native substrates, which could be exploited for determining targets
of their deacetylase activity. Therefore, hydroxamic acid-containing peptides have
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potential for investigating HDAC function. Several examples of the application of
these chemotypes are discussed in this book chapter.

Keywords Cyclic peptide, Epigenetics, HDAC, Histone deacetylases, Hydroxamic
acid, Peptide probe

Abbreviations

Api Apicidin
Asu L-α-Aminosuberic acid
Asuha L-α-Aminosuberic hydroxamic acid
Azu Azumamide
CHAP Cyclic hydroxamic acid-containing peptide
Chlam Chlamydocin
HCtx HC-toxin
HDAC Histone deacetylase
Kac ε-N-Acetyl-lysine
KDAC Lysine deacylase
NMR Nuclear magnetic resonance
PTM Posttranslational modification
SAHA Suberoylanilide hydroxamic acid
SAR Structure-activity relationship
SPPS Solid-phase peptide synthesis
Tpx Trapoxin
TSA Trichostatin A

1 Introduction

The first mammalian histone deacetylase (HDAC) was isolated and cloned in 1996
[1], identifying one of the key enzymes in Vincent Allfrey’s hypothesis that RNA
synthesis is regulated by reversible posttranslational histone modification
[2, 3]. Twenty years later, the superfamily of HDACs has been extensively
characterized and counts 18 proteins: 11 zinc-dependent enzymes divided into
classes I, II, and IV by sequence similarity [4] and 7 structurally distinct NAD+-
dependent enzymes known as the sirtuins [5].

The conventional enzymatic activity of these biomolecules is the removal of the
acetyl posttranslational modification (PTM) from ε-N-acetyllysine (Kac) residues.
Although the entire protein superfamily is referred to as “histone deacetylases,”
mainly class I members catalyze Kac hydrolysis at the tails of histone proteins
[6]. Thus, class I HDACs are present in the nucleus of human cells, where their
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substrates are modified histones involved in DNA packing by the formation of
nucleosome supramolecular assemblies [6–9]. In addition, HDAC1–HDAC3 are
known to interact with nuclear proteins and to be recruited to multiprotein com-
plexes involved in chromatin remodeling, cell cycle progression, as well as DNA
replication and transcription. HDAC1 and HDAC2 are associated with several
monomeric and homo- and heteropolymeric complexes, such as CoREST
(co-repressor of RE1-silencing transcription factor), MiDAC (mitotic deacetylase
complex), NuRD (nucleosome remodeling and deacetylase), and SIN3
(switch-independent 3); and HDAC3 is recruited to the SMRT/NCoR (nuclear recep-
tor co-repressor 2) complex. These protein partners appear to be essential for the
deacetylase enzymatic activity, as well as for directing HDAC function through
substrate recognition [8]. HDAC8 is also part of the class I, but it is not involved in
such protein complexes and thus thought to prefer biological targets other than histones
[10]. Furthermore, HDAC8 is not able to cleave ε-N-crotonyllysine (Kcr) PTMs as the
other three class I human HDACs, which reflects its functional distinction from
HDAC1–HDAC3 [11, 12].

Similar to class I HDACs, members of class IIa are also localized in the nucleus,
and they have been found to interact with some of the aforementioned protein
partners involved in epigenetic regulation. However, their biological mechanism is
still under discussion, since they lack a key tyrosine residue in the active site, which
appears important for the deacetylase activity and is characteristic of class I HDACs
[13]. Recombinant class IIa HDACs show very poor deacetylase activity in vitro,
whereas they do cleave other non-biologically relevant substrates
[13, 14]. HDAC11, the sole human enzyme member of class IV HDACs, was also
controversial due to poor in vitro deacetylase activity. Interestingly, recent studies
indicate that this isotype is responsible for the removal of ε-N-myristoyllysine
(Kmyr) PTMs [15–17], which was an activity only associated with the sirtuins
previously. Finally, HDAC6 and HDAC10, members of class IIb, are mainly present
in the cytosol and therefore do not directly target chromatin. HDAC6 acts on
α-tubulin among other acetylated proteins in human cells, whereas HDAC10 has
recently been proposed to be a polyamine deacetylase [6, 18].

Initially, scientific interest in HDACs was raised by the observation that some
compounds that induce differentiation and inhibit proliferation of cancer cells also
resulted in the accumulation of hyperacetylated histones. This was the case for
n-butyrate [19], for dimethyl sulfoxide (DMSO) [20], and for the natural products
trichostatin A (TSA, Fig. 1 compound 1.1) [21] and trapoxin A (TpxA) [22]. Parallel
to these findings, Ronald Breslow, Paul A. Marks, and coworkers developed a potent
inducer of murine erythroleukemia cell differentiation, suberoylanilide hydroxamic
acid (SAHA, Fig. 1 compound 1.2) [23]. All these compounds were discovered to
inhibit the deacetylation of histones by targeting HDACs, and SAHA became a
powerful probe for the study of their function, as well as the first of a handful of
HDAC inhibitors approved for cancer treatment [23]. Moreover, targeting HDACs
has not only found relevance against several types of cancer but also against
neurodegenerative and inflammatory diseases [9, 24].
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Early in the development of HDAC inhibitors, a common pharmacophore was
proposed consisting of three elements: a binding region, which provides isotype
selectivity (also referred to as “capping group”), a spacer, and an enzyme-inhibiting
group [25]. The “capping group” of the pharmacophore interacts with the rim of the
active site, which is the same area of the enzyme that binds to the peptide backbone
of the protein substrate and, therefore, directs the enzymatic activity toward the right
target. Not surprisingly, this region exhibits structural variability across HDAC
isotypes, which may be exploited for the design of isotype-selective inhibitors
[26]. Since small molecules interact mainly with the active site pocket and only a
small portion of the rim, isotype selectivity has proven elusive for this chemotype.
Thus, peptides have arisen as chemical tools able to cover a larger area of the protein
surface and to establish interactions similar to those of the substrate. In the case of
the enzyme-inhibiting group, it is now known that it drives coordination of the
inhibitor to the catalytic zinc (Zn2+) ion and, therefore, it has been renamed as Zn2+-
binding group. Numerous different chemical moieties have been studied for this
purpose, but there is one that stands out: the hydroxamic acid, present in the natural
product 1.1 and in three out of five HDAC inhibitors approved for cancer treatment
including compound 1.2 (Fig. 1) [24].

Potent inhibitors have been created as a combination of a hydroxamic acid Zn2+-
binding group, which provides strong binding to the catalytic site, and a cyclic
peptide capping group that adds both potency and selectivity via specific interactions
with the enzyme surface. Also, beyond inhibitors, the fact that HDACs are able to
bind Kac and aliphatic hydroxamic acids likewise offers the possibility of studying
these enzymes with peptides that mimic the interaction with the substrate. Here, we
present a summary of different tools developed for studying and targeting HDACs,
which combine the hydroxamic acid functionality with peptide scaffolds.
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Fig. 1 Chemical structures of a naturally occurring HDAC inhibitor, trichostatin A (1.1), and three
synthetic HDAC inhibitors approved for cancer treatment by the FDA: vorinostat (1.2), belinostat
(1.3), and panobinostat (1.4)
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2 Hydroxamic Acid: A Transition State Mimic

Zn2+-dependent HDACs catalyze deacetylation through the following mechanism:
first, Kac is accommodated in the catalytic pocket favoring coordination of the PTM
to the Zn2+ ion, then, a water molecule present in the active site performs a
nucleophilic attack on the carbonyl group, and, finally, acetate is released
[27]. The reaction is possible because coordination to Zn2+ enhances electrophilicity
of the acetamido group, which favors the nucleophilic attack, and it also stabilizes
the hydrated transition state of the reaction via chelation to the metal ion. In addition,
the interactions between the PTM and Zn2+ ensure the right conformation for the
reaction with the water molecule. All this has been proposed with the support of
kinetic studies and several crystal structures of inactive HDAC8 mutants (Fig. 2a, b)
[27, 28]. Interestingly, the hydroxamic acid group of HDAC inhibitors binds to the
active site in analogy to the transition state of the reaction, forming two oxygen-
metal bonds with Zn2+ and, presumably, interacting with the water molecule
(as shown in a crystal structure of HDAC2 with compound 1.2, PDB code:
4LXZ). Hydrolysis, though, is not favorable for this moiety due to the electronic
characteristics of the carbonyl group. Moreover, the nitrogen and two oxygen atoms,
and their spatial distribution, allow for additional interactions with the catalytic
pocket that further stabilize the interaction (Fig. 2d) [29, 30].

In general, aliphatic hydroxamic acids are neutral at physiological pH, since their
pKa is 9.4 in aqueous solution. However, it has been argued whether coordination to
Zn2+ in HDACs can lead to deprotonation due to a decrease in pKa influenced by the
biological environment. Likewise, a monodentate or bidentate character of the
interaction between this functional group and the metal ion has been debated.
Inhibitors with a bulky warhead such as phenylhydroxamic acids have been shown
to prefer a monodentate hydroxamate-Zn2+ interaction in the active site of zebrafish
HDAC6 [31]. On the other hand, quantitative structure-activity relationship (QSAR)
studies, together with X-ray crystal structures, have demonstrated that the protonated
and more stable form of the hydroxamic acid generally coordinates in a bidentate
fashion to the catalytic Zn2+ in class I HDACs [32–39]. The chelating effect, together
with multiple hydrogen bonds established with side chains and, sometimes, the
water molecule in the active site, explains why this moiety contributes so signifi-
cantly to the binding affinity of HDAC inhibitors, especially when compared to other
Zn2+-binding groups.

Many of its properties support hydroxamic acid as the ideal warhead for the
design of HDAC inhibitors, but its versatility has been discussed in terms of two
major disadvantages: promiscuity and mutagenicity. The fact that inhibitors bearing
strong chelating groups are able to target most metalloenzymes is widespread, and it
has been argued as an explanation for the amount of side effects associated with
them [40]. HDAC inhibitors such as SAHA frequently present such promiscuity
toward several HDAC isotypes in vitro [24]. On the other hand, a number of in vitro
studies have supported the inability of SAHA to inhibit other metalloenzymes than
HDACs [41, 42], as well as to alter the concentration of free Zn2+ in living cells
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[43]. In terms of mutagenicity, it is known that hydroxamic acids undergo Lossen
rearrangement in the presence of metal ions, although no in vivo interrogation has
been reported to date (Fig. 3) [44].

Fig. 2 Crystal structure of (a) Kac-containing peptide interacting with the catalytic pocket of an
inactive HDAC8 mutant (Y306F), where the acetamido group is coordinated to the Zn2+ atom
(surface representation) and (b) key residues and their interactions with a water molecule in the
catalytic site (PDB code: 5D1C) [28]. Crystal structure of (c) hydroxamic acid-containing inhibitor
3-(1-methyl-4-phenylacetyl-1H-2-pyrrolyl)-N-hydroxy-2-propenamide (APHA) in complex with
the active site of HDAC8 (surface representation) and (d) key interactions with residues in the
catalytic pocket (PDB code: 3EW8) [29]. Potassium (K+) satisfies a structural function and is not
involved in the enzymatic activity. Distances are expressed in angstroms (Å)
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Fig. 3 Proposed Zn2+-assisted Lossen rearrangement of hydroxamic acids [44]
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3 Synthesis of Hydroxamic Acid-Containing Peptides

Cyclic peptides have gained interest as a chemotype for HDAC inhibition. Two
strategies have been followed in order to introduce a hydroxamic acid-containing
side chain in the structure for improving inhibitory properties (Fig. 4). The more
widespread route consists of the synthesis of a linear peptide, either in solution or
by solid-phase peptide synthesis (SPPS), containing protected L-α-aminosuberic
acid (Asu). Then, appropriate protecting group manipulation allows for selective
head-to-tail cyclization of the linear peptide, followed by deprotection of the
carboxylic acid side chain and functionalization with hydroxylamine (Fig. 4a)
[45–49]. On the other hand, a fully solid supported synthesis is also possible, either
by displacement from oxime resin using hydroxylamine as nucleophile [50] or with
various hydroxylamine-functionalized resins which generate a hydroxamic acid
moiety upon acidic cleavage [51–59]. For example, hydroxylamine-functionalized
2-chlorotrityl resin was employed by the group of M. Reza Ghadiri for the
synthesis of macrocyclic HDAC inhibitors (Fig. 4b) [60, 61].
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Fig. 4 Synthesis of hydroxamic acid-containing cyclic peptides by functionalization of
L-α-aminosuberic acid (Asu) (a) in solution or (b) on solid support [49, 60]
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In the case of linear peptides, Schwabe and coworkers also utilized such a resin
for immobilization of protected Asu through its side chain carboxylate. Then,
orthogonal deprotection of the C- and N-terminal groups of the building block
allowed for bidirectional elongation of the peptide, followed by acidic cleavage to
yield the hydroxamic acid-containing peptides [62]. Even though this is a successful
strategy, efficient and versatile synthesis of long peptides benefits from availability
of a protected L-α-aminosuberic hydroxamic acid (Asuha) building block compat-
ible with standard SPPS. Such a building block has been prepared by a number of
groups using Asu as starting material and already presented as potential tool for the
investigation of HDACs using substrate mimics [63]. Standard Fmoc SPPS was used
for the synthesis of a histone 2B fragment analogue containing a surrogate of lysine
12 (H2BK12Asuha), and the hydroxamic acid group of Asuha was protected with a
4-methoxybenzyl (PMB) group during SPPS (Fig. 5). A similar synthetic strategy
was followed by Schwarzer and coworkers employing tert-butyl as protecting group,
although its deprotection required longer acidic treatment than common groups used
for SPPS [64].

4 Structure-Activity Relationship of Macrocyclic HDAC
Inhibitors

Trapoxin A (TpxA, Fig. 6 compound 6.18) was the first of a series of naturally
occurring cyclic peptides described to inhibit histone deacetylation by targeting
HDACs [22]. The structural characteristics of these compounds are interesting for
the design of HDAC inhibitors, since their macrocyclic scaffold acts as the “capping
group” of the pharmacophore model and is able to interact with a large surface area
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Fig. 6 Naturally occurring cyclic peptides reported as HDAC inhibitors and their hydroxamic acid-
containing derivatives, with potencies measured in cell-based assays (P. falc. whole red blood cells
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around the catalytic pocket. Potentially, this can be used for modulating isotype
selectivity. In addition, cyclic peptides have attracted interest as drug candidates due
to their oral bioavailability and stability in biological environments [65, 66]. Taking
advantage of the latest techniques in peptide synthesis and the functional group
versatility provided by canonical and noncanonical amino acids, efforts have been
pursued toward the development of potent macrocyclic HDAC inhibitors exhibiting
different selectivity profiles [67].

Early work carried out by the group of Yoshida was predicated on combining the
structures of several naturally occurring cyclic tetrapeptides with that of TSA (1.1)

Fig. 6 (continued) infected with Plasmodium falciparum, MCF-7 human breast cancer, HL-60
human promyelocytic leukemia,MHC class I major histocompatibility complex molecules, induced
in B16/BL6 cells) and in vitro HDAC inhibition assays. *Data obtained in continuous assays. Ki

values could not be determined for compounds exhibiting k�2 rates approaching 0
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[68]. In particular, incorporation of the hydroxamic acid Zn2+-binding group onto
the macrocyclic structure of trapoxin B (TpxB, 6.20) yielded a compound with
cross-class activity and enhanced half-life in blood. This compound was named
cyclic hydroxamic acid-containing peptide (CHAP) 1 (6.21). The optimal separation
between the macrocycle and the chelating group was found to be 5 carbon atoms,
which was further applied for the design of subsequent inhibitors inspired by
compound 6.18, chlamydocin (6.8), cyl-1 (6.14) and cyl-2 (6.16), WF3161 (6.12),
and HC-toxin (6.10) [68, 69]. The same strategy has been followed by others, to the
extent that several naturally occurring macrocyclic HDAC inhibitors have been
modified with the hydroxamic acid moiety, with various effects on in vitro activity
and selectivity (Fig. 6). Modified apicidin (6.1) had already been published by
Merck Research Laboratories few months before Yoshida’s study, showing slight
improvement in in vitro anti-deacetylase activity for the derivative with respect to
the natural compound [47]. Later, in 2007, Ganesan and coworkers synthesized both
the natural and hydroxamic acid-containing version of azumamide E (6.6), which
also exhibited the same trends in potency [48].

In 1993, when the natural product 6.18 was identified as an HDAC inhibitor,
in vitro experiments suggested “slow-binding” kinetics, with decreasing, nonlinear
rates measured over the course of incubation with the inhibitor, only reaching
equilibrium after 1 h incubation with the enzyme. In addition, it was argued that
the epoxide moiety acts as a covalent handle, since HDAC activity was not recov-
ered by dialysis [22]. This experiment was also performed with analogue 6.21, and
restoration of the deacetylase activity indicated that the hydroxamic acid group
interacts in a non-covalent manner with HDACs as expected [68, 69]. However, it
was not investigated whether the binding kinetics of trapoxin-inspired CHAPs also
followed slow-binding profiles. Recent results from Olsen and coworkers demon-
strate that hydroxamic acid-containing macrocycles may in fact be able to exhibit
in vitro slow, tight-binding behavior. In particular, compounds 6.4 and 6.21
displayed delayed equilibria in the inhibition of HDAC isotypes 1–3 and 6 [49]. It
is possible to calculate the equilibrium constants (Ki) from kinetic parameters. For
example, estimated Ki values for HDAC3 inhibition were reported to be 40 pM and
20 pM for macrocycles 6.4 and 6.21, respectively. In the cases of HDAC1 and
HDAC2 in which the complex dissociation rate is close to 0 (tight binding),
estimation of Ki was not possible however. HDAC8 was also potently inhibited by
both hydroxamic acid-containing macrocycles, but, in this case, the mechanism of
inhibition was observed to be fast-on/fast-off (6.4: Ki ¼ 3.5 � 0.9 nM, 6.21:
Ki ¼ 1.4 � 0.1 nM) [49]. Moreover, the recently reported demyristoylase activity
of HDAC11 was inhibited by compound 6.4 in a slow, tight-binding manner and by
compound 6.21 with a fast-on/fast-off profile (Ki ¼ 24� 1 nM) [17]. This opens the
door for the development of new inhibitors exhibiting isotype-selective inhibition
mechanisms. Further results, including slow, tight-binding inhibition data for macro-
cycles 6.10 and 6.18, are included in Fig. 6. It is important to mention that the
performance of slow, tight-binding inhibitors such as 6.4 and 6.21 in conventional
end-point experiments yielded apparent Ki values up to 30 times higher than those
obtained from continuous assays. These differences result from the fact that
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end-point assays rely on a linear behavior of the inhibitor over time, which is not the
case for slow, tight-binding molecules. Thus, preincubation times and the duration of
the assay can introduce bias in the measurement, especially when compared to fast-
on/fast-off inhibitors.

Kinetic evidence highlights a possible ambiguity in the characterization of natural
and hydroxamic acid-containing peptide inhibitors. Previous in vitro studies with
compounds inspired by the structures of 6.3, 6.10, 6.18, and 6.20 (such as those
concerning compound 6.21) thus call for reevaluation, since only end-point inhi-
bition data was reported. This also means that the differences observed between
in vitro HDAC inhibition and cellular antiproliferase activity for some compounds
might be derived not only from differences in membrane permeability but also
resulting from differences in mechanism. It has now been shown that potencies
measured in continuous assays can differ from other in vitro experiments and that the
mechanism of inhibition is not only class-dependent but, sometimes, even isotype-
dependent. Thus, investigation of the mechanism of action should be taken into
account in future studies.

Elaborating on the modification of naturally occurring macrocyclic HDAC inhi-
bitors, further studies involved modification of the tetrapeptide scaffold. Yoshida’s
group carried out thorough structure-activity relationship (SAR) studies of the side
chain configuration of trapoxin and cyl derivatives, which interestingly revealed that,
in each case, the LDLD diastereomers were superior in cell-based assays. It was
notable that most members of the SAR study exhibited in vitro inhibitory activities in
the nanomolar range against partially purified HDACs, but only the mentioned
LDLD diastereomers maintained this degree of activity against B16/BL6 cells
(Table 1). Thus, the leading explanation for those observations was argued to be
associated with permeability of the cyclic peptide, although binding kinetics and
X-ray or NMR structures were not taken into account.

The position of the proline (Pro) residue in the cycle was also investigated for
analogues of macrocycles 6.14 and 6.20, for which the original position 4 was

Table 1 In vitro activity comparison of hydroxamic acid-containing tetrapeptides with LDLD
configuration [70]

Name Scaffold Configuration

In vitro HDAC
inhibition

MHC
induction

B16/BL6 growth
inhibition

IC50 (nM) Cx2 (nM) GI50 (nM)

6.15 Cyl-1 LDLL 3.3 � 0.3 17 � 8 112 � 3

T1.1,
CHAP31

Cyl-1 LDLD 3 � 1.5 1.4 � 0.5 5.4 � 0.4

6.17 Cyl-2 LDLL 5 � 1.7 5 � 2.2 70 � 14

T1.2,
CHAP50

Cyl-2 LDLD 4 � 1.2 1.4 � 0.4 5.4 � 0.4

6.19 TpxA LLLD 4.8 � 0.5 30 � 5 90 � 13

T1.3,
CHAP57

TpxA LDLD 2.9 � 0.8 3 � 0.5 34 � 18

6.21 TpxB LLLD 6 � 1.5 100 � 23 260 � 35

T1.4,
CHAP27

TpxB LDLD 3.4 � 0.6 3 � 1.3 18 � 2.5

40 C. Moreno-Yruela and C. A. Olsen



optimal for HDAC inhibition. This correlated with the lower efficiency of CHAP
6.11 (HC-toxin derivative), which does present a favorable LDLD configuration but
with the Pro residue in position 2 instead [68, 70]. Peptide T1.1, which was the most
promising compound from this SAR (cyl-1 derivative), and the chlamydocin-
derived compound 6.9 have been the subject of in vivo studies, which are discussed
in Sect. 4.1.

Chlamydocin analogues have also been subject of SAR studies at positions 2 and
3 of the macrocycle [45, 71]. In particular, the replacement of 2-aminoisobutyric
acid (Aib) at position 2 by more bulky and constrained cyclic amino acids leads to
significant improvements in the antiproliferase activity against cancer cells (MCF-7,
HeLa, and K562 cells) [71]. Moreover, a separate study on chlamydocin derivatives
was taken into account for the design of bicyclic inhibitors with an aliphatic linkage
between side chains 2 and 3. Increase in hydrophobicity and, presumably, change of
conformation are possible explanations for the improved antiproliferase activity of
these compounds against HL-60, K562, and U937 leukemia cells in culture. These
compounds presented improved in vitro selectivity toward HDAC1 and HDAC4
when compared to HDAC6, which resembles the behavior of chlamydocin [72, 73].

The cyclic tetrapeptide scaffold, characteristic of most macrocyclic HDAC inhi-
bitors, consists of 12 atoms and is highly conformationally constrained. This is a
challenge for the synthesis of analogues, since the cyclization step from linear
peptide to 12-member ring is usually low yielding. In this regard, some cyclic
peptides have been designed with a larger ring size, which is more prone to
cyclization. Together with the original CHAP studies, an octapeptide was prepared
as a result of combining two linear precursors of compound 6.15. However, this
compound showed 26-fold loss in in vitro HDAC inhibition and no activity in cell-
based assays [70]. Jose et al. designed a substrate-based cyclic hexapeptide inhibitor
selective toward HDAC6 [74]. Since acetylated α-tubulin had been reported as an
HDAC6 target, a macrocycle containing amino acids 38–43 of α-tubulin was
prepared, with K40 replaced by Asuha. The hypothesis was that the Zn2+-binding
group would help accommodate the rest of the peptide in a conformation similar to
the native substrate. However, the cyclic peptide adopted a different spatial projec-
tion of side chains and was inactive [74]. A more successful approach, carried out by
the group of M. Reza Ghadiri, was based on introduction of β-amino acid residues in
the structure of natural tetrapeptides in order to increase the size of the cycle. The
lead structure, apicidin A (6.3), was simplified and modified with one or two
β-amino acids (α3β or α2β2 scaffolds, respectively) yielding 13- and 14-member
ring scaffolds. This resulted in improved synthetic yields but also in a single
conformation of the macrocycles as determined by NMR spectroscopy in DMSO-
d6, as opposed to the native compound, which adopts at least three conformations on
the NMR timescale. Thus, increasing the ring size by a single methylene group
relieved the strain sufficiently to improve the yields of ring closure as well as the
conformational flexibility. In terms of HDAC inhibitory activity, the analogues
bearing one β-amino acid in position 3 retained potency and isotype selectivity
compared to the parent compound. Then, when the native Zn2+-binding group was
changed to hydroxamic acid (Fig. 7, compounds 7.1 and 7.2), the overall HDAC

Hydroxamic Acid-Containing Peptides in the Study of Histone Deacetylases 41



inhibition was improved as well as expanded to HDAC6, in agreement with previous
results for hydroxamic acid-containing macrocycles. Compound 7.1 exhibited
growth inhibition activity similar to apicidin toward HeLa, K-562, KYO-1, and
Molt-3 human cancer cells in culture, slight improvement against MCF-7 (breast
cancer), and novel inhibition of Huh-7 growth (hepatocarcinoma) [60]. Interestingly,
a family of naturally occurring HDAC inhibitors with α3β scaffold was discovered
and reported parallel to this study, the azumamides (Fig. 6, compounds 6.5 and 6.6)
[75, 76]. Combinatorial libraries of cyclic α3β-tetrapeptides furnished two novel
inhibitor scaffolds (compounds 7.3 and 7.4, Fig. 7) showing improved selectivity
toward HDAC6 versus class I HDAC1, HDAC3, and HDAC8. However, growth
inhibition activity against various cancer cell lines was lost for compound 7.4 while
remained similar for compound 7.3 compared to 7.1 [61].

Three-dimensional structures of naturally occurring and synthetic cyclic peptides
have been studied by NMR, including macrocycles 6.1 [77], 6.6 [76, 78], 6.8
[79, 80], and 6.10 [81]. Even though it is known that the measured conformation
may vary depending on the solvent employed [67, 80], such structures are highly
relevant for explaining potency, selectivity, and membrane permeability of macro-
cyclic inhibitors. For example, SAR concerning α3β cyclic scaffolds 7.1, 7.2, and 7.3
correlated with a very specific positioning of the Trp and the Zn2+-binding group-
containing side chains, which also correlated with the apicidin scaffold and not with
that of azumamide, the only natural α3β tetrapeptide [60, 76, 78]. It was also shown
that alternative β-amino acid replacements induced rigid conformations deviating
from the HDAC-binding pharmacophore model, which explains the loss in potency
with respect to the lead compound [60]. Potent analogues of compounds 6.16 and
6.20 have been shown to also adopt three-dimensional structures similar to that of
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compound 6.1 at positions 1 and 2 of the macrocycle, further supporting a common
pharmacophore [49].

X-ray crystal structures are available for examples of these macrocyclic inhi-
bitors. In particular, the crystal structure of compound 6.1was solved in the absence of
a biological target. Interestingly, inhibitors co-crystallized with HDACs maintain the
same conformational features observed in the absence of protein, as shown in Fig. 8.
The three-dimensional distribution of the 12-membered ring is almost identical for
isolated 6.1 and co-crystallized compound 6.18, being both of them potent inhibitors
of several HDAC isotypes. Peptide 6.10, however, exhibits conformational differ-
ences at position 2 of the cycle, which is also in agreement with a lower inhibitory
potency of this scaffold. It is reasonable to say that the conformation of these
cyclic peptides is highly optimized for binding to a region of the HDAC surface,
which is common among several HDACs and particularly isotypes 1–3.

More extensive structural studies including, for example, the LDLD diastereo-
meric derivatives mentioned above would also be useful for rationalizing membrane
permeability and establishing a more detailed pharmacophore model.

4.1 Biological Activity of Selected Inhibitors

Three macrocyclic hydroxamic acid-containing HDAC inhibitors have been studied
in more detail biologically, including effects in mice and patients. Compound T1.2, a
hydroxamic acid-containing derivative of cyl-1 bearing LDLD configuration
(Table 1), is the best characterized to date. This compound enhances transgene and
not endogenous gene expression in rat 2 fibroblasts (DLD1 and MKN7 cell lines)
and human keratinocytes (HaCaT, NHEK, and NHDF cell lines), measured by β-
galactosidase and green fluorescent protein (GFP) expression [82, 83]. This effect
was observed after 72 h of exposure, and it lasted up to 7 days in the case of rat

Fig. 8 Crystal structure of
the scaffold of apicidin (6.1,
green, CCDC code: 274844)
overlayed with the crystal
structures of those of
HC-toxin from a complex
with zebrafish HDAC6
(6.10, pink, PDB code:
5EFJ) and trapoxin A from a
complex with human
HDAC8 (6.18, cyan, PDB
code: 5VI6)
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fibroblasts (similar to the behavior of romidepsin, a depsipeptide HDAC inhibitor
approved for the treatment of cutaneous T-cell lymphoma). Histone hyperacetylation
and mRNA expression presented similar patterns, supporting the hypothesis that
expression is induced at the transcription level by inhibition of HDAC activity.
Transgene expression was also induced in mice (especially in the liver) and in
cultured epidermal sheets [82, 83]. Cancer growth suppression has also been eval-
uated for peptide T1.2. Preliminary GI50 values of 13 nM and 14 nM against human
esophageal cancer cell lines (T.Tn and TE2, respectively) and T.Tn cancer growth
suppression measured in mice encouraged further studies. The in vitro mechanism of
action involved induction of apoptosis, which was further investigated and shown to
occur through the intrinsic pathway, i.e., upregulation of the Bax/Bcl-2 ratio in a
p53-independent manner [84]. Furthermore, esophageal squamous cell carcinoma
(ESCC) patients who were treated with compound T1.2 presented upregulation of
miR-375. The tumor-suppressive microRNA produced was identified to target
LDHB, which, upon knockdown, showed tumor suppression. This gene, miR-375,
is present in an area on chromosome 2q35, accessible by nucleosome disruption,
therefore supporting HDAC-mediated effect of macrocycle T1.2 in this context [85].

Chlamydocin derivative 6.9 (Fig. 6) was reported as cytotoxic against mouse
myeloma cell lines HS-72 and P3U1, but not against healthy spleen B and T cells.
This effect occurred through a mitochondrial intrinsic apoptotic pathway, mediated
by caspase-3 and caspase-9, which was completely inhibited by transfecting HS-72
cells with a bcl-2 expression plasmid. Other effects of exposure to compound 6.9
were accumulation of hyperacetylated histone 3 and downregulation of the expres-
sion of HDAC1 and HDAC2 [86].

Compound 7.1 was tested in two different disease models in vitro: first, as a
molecular chaperone for the recovery of the function of ΔF508-cystic fibrosis
transmembrane conductance regulator (CFTR), where HDAC inhibitors with
Zn2+-binding groups other than the hydroxamic acid were more promising, most
likely due to toxicity associated with the high potency of hydroxamic acid-
containing chemotypes [87], and, second, as activator of the survival of motor
neuron 2 (SMN2) gene, which can overcome the loss of SMN1 in spinal muscular
atrophy, for which this compound proved more promising. However, the effects of
various macrocyclic inhibitors in the last-mentioned study did not correlate with
their in vitro HDAC inhibitory profiles, and further experiments would be needed in
order to define such activity [88].

5 Chemical Tools for the Study of HDAC Structure
and Function

Linear hydroxamic acid-containing peptides have not attracted as much attention for
the design of HDAC inhibitors as their cyclic counterparts. Such molecules present
lower membrane permeability than macrocycles due to N- and C-terminal electrical
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charges and, generally, smaller hydrophobic surface, as well as being more sensitive
to proteolytic degradation. Amino acid and peptoid derivatives of SAHA have been
studied as small molecule inhibitors with significant improvements in in vitro and
cancer antiproliferase activities [89–93]. However, linear peptides with a length of
three or more amino acids have found more powerful application as substrate mimics
for the study of HDAC structure and function.

As mentioned, HDAC1–HDAC3 are recruited to multicomponent nuclear com-
plexes, which enhance and direct their deacetylase activity toward the desired target
[8]. HDAC3, in particular, is part of the SMRT/NCoR co-repressor complex
involved in repression of gene expression. This interaction has been investigated
by the research group of Schwabe, who solved the X-ray crystal structure of HDAC3
in complex with a domain of the SMRT protein. This crystal structure included a
molecule of inositol tetraphosphate (Ins(1,4,5,6)P4) bound to the interface between
the two proteins. Further investigation revealed that interaction with inositol
tetraphosphate enhanced HDAC3 deacetylase activity beyond sole activation by
SMRT [94]. A similar binding site, this time occupied by sulfate ions from the
buffer, was later observed in a co-crystal structure of HDAC1:MTA1 from the
NuRD complex. These observations raised the hypothesis that inositol phosphates
could play an overall regulatory role in HDAC function and assembly to
multiprotein complexes [95]. In this regard, a revealing crystal structure was
reported by the same group in 2016, in which inositol hexaphosphate (InsP6) was
accommodated between HDAC1 and MTA1, in clear analogy to the HDAC3:SMRT
interface already reported [62]. Subsequent experiments described allosteric activa-
tion of the deacetylase activity mediated by different inositol phosphates, together
with a conformational cross talk between the HDAC active site and the protein-
protein interface where these molecules bind.

This latter mentioned crystal structure presented an additional feature, particu-
larly interesting for the present review, since a hydroxamic acid-containing peptide
inhibitor was also bound in the catalytic pocket of HDAC1. The design of this
inhibitor was inspired by the tail of histone 4 (H4), where a surrogate of the HDAC1
targeted K16 ac residue was replaced by Asuha in order to ensure binding to the
active site and avoid catalytic turnover (Fig. 9a). In the crystal structure, the
hydroxamic acid moiety is chelating to Zn2+ in analogy to previous inhibitor-
enzyme structures. Moreover, residues 14–18 of H4 were resolved for this histone
tail analogue. The binding pose of the peptide reveals possible interactions that
HDAC1 establishes with the histone and, at the same time, provides important
insight into the conformational changes that the enzyme undergo upon substrate
binding (such as for residue D99 at the rim of the protein). These are key features for
understanding differences among the HDAC isotypes, although investigation with
several substrates would be required in order to map more possible interactions
around the active site rim. It is also notable that this peptide ligand adopts a quasi-
cyclic conformation upon binding, which could inspire future macrocyclic inhibitor
design (Fig. 9b). In terms of inhibitory activity, the IC50 of the peptide was 336 nM
against HDAC1:MTA1 in in vitro end-point assays [62].
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Substrate-inspired peptides have also been employed by the group of Dirk
Schwarzer for affinity capture of HDACs and their interacting partners.
Chemoproteomic studies of HDAC-containing protein complexes were first devel-
oped at Cellzome, relying on the analysis of cell lysate samples after being exposed
to beads functionalized with HDAC inhibitors [96, 97]. The proteomic analysis was
performed for samples containing a competing HDAC inhibitor in solution, which
would avoid the removal of HDACs and their interacting partners. Such differences
in enrichment were measured in the presence of different inhibitors in order to
evaluate their potency as well as to identify their selectivity toward specific isotypes
or HDAC-containing complexes. Data from these experiments highlighted the
importance of studying HDAC1–HDAC3 in a biological environment rather than
isolated, since both affinity and selectivity of the inhibitors differed from previous
in vitro studies [96]. Schwarzer and coworkers implemented hydroxamic acid-
containing peptides as chemical probes for the enrichment instead of small molecule
inhibitors [64, 98]. First, a set of short peptides (Fig. 10, structure 10.1) was
synthesized and immobilized on agarose resin by reaction of a C-terminal cysteine
residue. Some of these peptides, especially the one containing Asuha (n ¼ 4), were
able to enrich class I, IIa, and IIb HDACs, as well as members of the CoREST
complex.

Then, two new probes were prepared based on the sequence of the tumor
suppressor protein p53 (p53-K382ac, which is a known substrate for HDACs) and
the nuclear transport factor 2 (NTF2-K4ac). In both cases, Kac was replaced by
Asuha, as shown in Fig. 10 (peptides 10.2 and 10.3). These new probes were able to
enrich HDACs with a different selectivity profile when compared to 10.1. Enrich-
ment of class IIb HDACs dropped dramatically when using peptide 10.2, together
with HDAC8, whereas HDAC4 and members of NuRD and Sin3 complexes gained

Fig. 9 (a) Chemical structure of a hydroxamic acid-containing peptide HDAC inhibitor (9.1,
H4K16Asuha) and (b) crystal structure of the HDAC1:MTA1 interaction, assisted by a molecule
of inositol hexaphosphate (InsP6) and in complex with such inhibitor (PDB code: 5ICN) [62]
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intensity [64]. Conversely, peptide 10.3 presented better selectivity toward HDACs
6 and 10 [64]. This study further confirms the potential of hydroxamic acid-
containing peptides for studying HDAC function. The peptide sequence modulated
distinct enrichment profiles not only in terms of HDAC isotypes but also of the
interacting partners. Therefore, it would be interesting to profile several acetylation
sites and to investigate the differences in the recruitment of HDAC-containing
complexes. On the other hand, it remains to be seen whether Asuha-containing
peptides could provide information about the substrate selectivity of HDACs and
HDAC-containing complexes. A study employing nucleosomes with Asuha-
containing histone 3 (H3K9Asuha and H3K14Asuha) as inhibitors failed at
reproducing preferences in CoREST-mediated deacetylation [99]. Nevertheless,
further investigation would be needed in order to extract a definite conclusion.

6 Conclusions and Future Perspectives

Zn2+-dependent HDACs are involved in the epigenetic control of gene expression
and multiple other biological pathways. They draw special interest because of their
role in complex diseases such as autoimmune response and neurodegeneration, and
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several HDAC inhibitors are currently used in the clinic as treatment of certain
cancers [9]. Among the 11 HDAC isotypes, some exhibit distinct and independent
functions, whereas others present overlapping activities and share interacting protein
partners [8]. Development of probes for the study of HDACs remains a challenge,
and especially isotype selectivity has been found highly elusive. In this regard,
peptides bearing a hydroxamic acid functionality are promising chemical tools, as
the peptide scaffold is able to interact with a large surface area where the structural
differences between isotypes are more substantial. Additionally, the Zn2+-binding
group allows a tight binding to the active site of the enzyme.

Cyclic peptide inhibitors containing the hydroxamic acid functionality have
achieved sub-nanomolar potencies against HDACs and exhibited efficacy against
cancer cell growth in culture [70, 84]. Recent studies have also revealed that these
molecules may exhibit slow, tight-binding kinetics, which is dependent on the
HDAC isotype targeted [17, 49]. This is interesting for investigating the biology
of the enzymatic activity of HDACs and for better understanding the effects of
drugs. However, the hydroxamic acid-containing cyclic peptides tested to date are in
general broadly cytotoxic, which limits their potential as clinical candidates. In this
regard, the incorporation of less potent Zn2+-binding groups could lead to a better
therapeutic outcome. In terms of chemical space, there is still room for investigating
larger cycles that could target isotype-specific interactions, since the tetrapeptide
scaffold seems to be highly optimized for interacting with the conserved HDAC
surface and therefore inhibit several enzymes at a time. Macrocycles covering a
larger area at the protein surface surrounding the active site or targeting protein-
protein interaction regions can potentially avoid this pharmacophore and interact
with other non-conserved residues.

Peptides can help generate biologically relevant information about which sub-
strates each HDAC recognizes and how their interactome affects this. For this
purpose, the ability of the unnatural amino acid Asuha to bind to the HDAC active
site has been exploited, since it mimics the interaction between the enzyme and its
native substrate Kac. Linear peptides that incorporate Asuha have been shown to
bind to HDACs in a sequence-dependent manner that can, potentially, be indicative
of substrate preference. In addition, it appears that the interacting partners of the
enzyme can affect such preferences, although this has not yet been studied in depth
[64]. Thus far, Asuha has been incorporated in rather short peptides and only in two
cases into nucleosomes. Therefore, it could be of potential interest to extend these
studies to a larger variety of proteins and to be able to capture transient HDAC-
substrate interactions in a biological context. Such information would be highly
valuable for understanding the role of each HDAC isotype and improving future
drug development.
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Abstract The mammalian family of sirtuins (SIRT1–7) target a large variety of
proteins at various subcellular localizations and thus exert regulatory effects on
critical biological processes such as gene silencing, DNA repair, and chromosomal
stability and longevity. Sirtuins play crucial roles in many signaling pathways and
are regarded as potential therapeutic targets in several pathological conditions,
such as cancer, metabolic disorders, and also cardiovascular and neurodegenerative
diseases. Therefore, the modulation of sirtuin activity by inhibitors or activators
could be beneficial for human health, a topic that has been interesting scientists for
over 15 years. Researchers have developed novel inhibitors and activators toward
sirtuins mainly for human silent information regulator type 1 (SIRT1) because both
cellular studies and experiments in animal models have indicated that SIRT1
regulators could be used for the treatment for multiple human diseases. Gradually,
an appreciation of the importance of the other members of the sirtuin family has
increased, and potent inhibitors and activators are designed for various sirtuins.
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1 Introduction

Sirtuins are a family of proteins regarded as nicotinamide adenine dinucleotide
(NAD+)-dependent histone deacetylase enzymes (HDACs) [1–5]. Sirtuins are
found in a wide variety of organisms from eukaryotes to humans. In mammals,
a total of seven sirtuins have been identified. In addition to the deacetylation
activity, some of the sirtuins have also other enzymatic activities; SIRT6 and
SIRT4 act as adenosine diphosphate (ADP)-ribosyltransferases [6, 7], SIRT5 has
higher demalonylase and desuccinylase activities than deacetylase activity [8], and
SIRT6 deacylates long-chain fatty acyl groups [9]. Sirtuins bind to many proteins in
various subcellular localizations, and thus they exert regulatory effects on many
biological processes.

Sirtuins are regarded as potential therapeutic targets in cancer, metabolic disor-
ders, and cardiovascular and neurodegenerative diseases [10–19]. In the case of
cancer, sirtuins have been linked to the initiation and the development of cancer, but
their exact role has remained somewhat unclear as sirtuins have both tumor-
promoting and tumor-suppressing effects [16, 17]. Therefore, both sirtuin inhibitors
and activators have been intensively studied in the therapy of cancer. Multiple
factors, such as tissue type, species, age, and the cellular localization of the sirtuins,
may be regulating their role in the development of cancer and may lie behind the
contradictory observations, e.g., on the tumor-suppressing and tumor-promoting
roles [17, 19].

Due to their NAD+ dependency, sirtuins are activated in the conditions of nutrient
depletion, starvation, and cellular stress, thus exerting an important role in many
metabolic pathways [20]. The activators of sirtuins could serve as novel treatment
strategies for type2 diabetes [10]. In particular, nuclear sirtuins have been linked to
inflammatory signaling pathways, and thus sirtuin activators could confer beneficial
effects via the downregulation of these pathways [21]. Some sirtuins have protective
roles in the development of cardiovascular diseases, e.g., cardiac hypertrophy and
atherosclerosis [18, 22]. All in all, sirtuin activators hold great promise in treating
cardiovascular and metabolic diseases.

The impact of sirtuins in the development of common neurodegenerative
diseases has been extensively studied (e.g., [23–25]); for example, the progression
of Alzheimer’s disease (AD) and Parkinson’s disease (PD) have been shown to be
affected by the enzymatic activity of sirtuins [26]. The aging process may decrease
SIRT1 activity, and thus specific sirtuin activators could be used as potential
treatments for AD [11]. However, it has been postulated that certain isoforms of
sirtuins should be inhibited rather than activated in neurodegenerative diseases
[27]. In addition, sirtuins have been linked to the progress of Huntington’s disease
(HD), amyotrophic lateral sclerosis, and spinal and bulbar muscular atrophy [12, 28].
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2 Sirtuin Inhibitors

Sirtuins are a family of proteins which share a highly conserved approximately
275 amino acid-long catalytic core [29, 30]. The catalytic core of sirtuins consists
of a Rossmann-fold domain, a smaller zinc-binding domain, and several loops
connecting these two domains. The N- and C-terminal segments attached to the
catalytic core vary in length and sequence in the different sirtuins. Little is known
about the role and structure of the N- and C-terminals in sirtuins, but they have been
claimed to mediate protein-specific activities [29]. The NAD+ binding site is divided
into three sites: (a) the adenine ribose binding site, (b) the nicotinamide (NAM)
ribose binding site, and (c) the NAM moiety binding site (Fig. 1). The acetylated
lysine of the substrate binds to the hydrophobic tunnel formed between the small and
large domains. Sirtuin inhibitors can be roughly classified into two classes: substrate/
product-based inhibitors and small molecule inhibitors.

2.1 Inhibitors Mimicking Substrates or Product

The activity of sirtuins can be regulated by changing NAD+ levels, but it is still
unclear whether the physiological fluctuations in NAD+ could actually regulate
sirtuin activity [32, 33]. NADH is also known to inhibit the deacetylation reaction
of SIRT1–3, SIRT5, and SIRT6 with the half maximal inhibitory concentration
(IC50) values in a range of 1.3–68 μM [34]. Over the years, some sirtuin inhibitors
have been developed by making minor modifications to the structure of NAD+. One

Fig. 1 The crystal structure
of SIRT6 [31] showing
sirtuin’s two domains and
the general binding sites for
adenine ribose A- and the
B-pocket (red) and the
NAM moiety: C-pocket
(blue). The binding site of
the acetylated lysine is
marked in yellow with the
histidine needed for the
reaction (marked with
black)
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example of those compounds was carba-NAD where an oxygen atom was replaced
with a methylene group [35, 36].

There are some other NAD+ mimicking derivatives, such as 8-bromo-NAD
(compound 1 in Fig. 2), which inhibited SIRT2 with an IC50 value in a range of
28–128 μM [37]. Some NAD+ mimicking compounds such as the
bisindolylmaleimides (BIMs) that were originally identified as adenosine triphos-
phate (ATP)-competitive kinase, protein kinase C (PKC) inhibitors, were developed
by modifying the adenosine part of NAD+. The most potent compound in the BIM
family (compound 2 in Fig. 2) displayed inhibition at a low micromolar level for
SIRT1 and SIRT2 with IC50 values of 3.5 μM and 0.8 μM, respectively [38]. The
development of NAD+-based inhibitors is challenging as it is difficult to avoid
unwanted adverse effects, as NAD+ is a ubiquitous coenzyme.

NAM (compound 3 in Fig. 2) is released from NAD+ during the deacetylation
reaction of sirtuins [39]. NAM is noncompetitive inhibitor, and its IC50 values have
been reported for various sirtuin isoforms: 120 μM (SIRT1), 100 μM (SIRT2),
50 μM (SIRT3), 150 μM (SIRT5), and 184 μM (SIRT6) [40]. There are some
variations in the literature concerning the IC50 values of NAM attributable to the
various assays used in the determinations, for example, the IC50 value for SIRT1 was
found to be within a range of 50–175 μM and for SIRT2 in the range of 1.2–100 μM
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Fig. 2 The structures of substrate and product mimicking sirtuin inhibitors with their IC50 values
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[41–46]. Interestingly, a recent study revealed that NAM could stimulate SIRT1
activity in cells even though it acted as an inhibitor in vitro [47].

Several NAM analogs were developed as sirtuin inhibitors [48–51]. A series of
2-anilinobenzamide derivatives showed SIRT1 inhibition with IC50 values between
52 and 300 μM [48]. Some of these derivatives were even more potent toward
SIRT2. The most potent derivative displayed an IC50 value of 0.57 μM (compound
4 in Fig. 2) for SIRT2 [50]. Recently, a 2-anilinobenzamide scaffold was combined
with a peptide substrate mimicking inhibitor, and a novel type of inhibitor for SIRT2
was identified. This compound, 30-phenethyloxy-2-anilinobenzamide, was an
isoform-selective inhibitor, with an IC50 value of 28 μM for SIRT2 [52].

In addition, other NAM derivatives, (5-benzamidonaphthalen-1/2-yloxy)nicotin-
amides, have been reported to be potent sirtuin inhibitors for several sirtuin isoforms:
The IC50 values of the derivatives were 0.80–100 μM for SIRT1, 48 nM–1 μM for
SIRT2, and 4.4–232 μM for SIRT3. Interestingly, the most potent of these deriva-
tives (compound 5 in Fig. 2) showed excellent selectivity toward SIRT2 with an
IC50 value of 48 nM, whereas its ability to inhibit the activity of SIRT1 and SIRT3
was at the micromolar level. Based on the kinetic studies, it was postulated that
compound 5 acted as a competitive inhibitor against the peptide substrate and in a
noncompetitive manner against NAD+. Compound 5 exhibited also moderate anti-
cancer activity in breast cancer (MCF7), prostate cancer (DU 145), and chronic
myelogenous leukemia cell lines [41].

2.2 Substrate-Based Inhibitors

The first substrate-based inhibitor was developed from human p53 which is a SIRT1
substrate by taking the part of its C-terminal (residues 372–389). This peptide-type
inhibitor had an IC50 value of 2 μM for SIRT1. The inhibition of its truncated
analogs such as Nα-Fmoc-Nε-thioacetyl-lysine and Nα-acetyl-Nε-thioacetyl-lysine
was also tested on SIRT1, but they displayed virtually no inhibition at all [53]. How-
ever, the inhibition potential of various acetylated and thioacetylated peptides was
studied with SIRT1, SIRT2, and SIRT3, and several low micromolar inhibitors were
found [54]. The mechanism of thioacetylated peptidic inhibitors was examined, and
it was observed that the replacement of acetyl-group with thioacetyl-group formed a
covalent and stable 10-S-alkylimidate intermediate in the deacetylation reaction
instead of O-alkylamidate. This stalled intermediate produced very slowly a
deacetylated peptide and 10-SH-20-O-acetyl-ADP-ribose [55].

The acetyl-lysine in peptide substrate can be replaced with various groups such as
thioacetyl- or trifluoroacetyl-group (examples in Fig. 3). Huhtiniemi and coworkers
devised a set of acetyl-lysine analogs to evaluate their inhibitory activity on SIRT1
and SIRT2 [56]. Nε-Thioacetyl-lysine (compound 7 in Fig. 3) displayed the best
inhibitory activity toward SIRT1, whereas the selenoacetyl moiety (compound 8 in
Fig. 3) had the best inhibition toward SIRT2. The study revealed that the substrate
binding site can accommodate moieties larger than an acetyl-group such as
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3,3-dimethylacrylyl (compound 9 in Fig. 3) and isovaleryl moieties (compound 10 in
Fig. 3). The other acetyl-lysine analogs such as monofluoroacetyl, trifluoroacetyl
(compound 11 in Fig. 3), propionyl, and butyryl moiety (compounds 12 and 13 in
Fig. 3) increased the affinity toward yeast sirtuins but reduced the rate of the
formation of the O-alkylamidate intermediate [57].
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The substrate-based inhibitors were also designed by incorporating modifications
into the peptide scaffold. The thioacetyl-lysine containing tri-, tetra-, and pentapep-
tides based on α-tubulin (SDK(thioAc)TI) and p53 (HKK(thioAc)LM) were devel-
oped, and they inhibited SIRT1 at the nanomolar scale and SIRT2 at a low
micromolar scale [58]. It was also observed that the p53 sequence displayed a better
inhibition than the α-tubulin sequence. Interestingly, SIRT1 inhibition was not very
sensitive to the length of peptide, whereas the pentapeptide (HKK(thioAc)AM) was
more potent toward SIRT2 with an IC50 value of 3.8 μM. Some of these peptides
such as H2N-KK(thioAc)L-OH showed clear selectivity for SIRT1 over SIRT2
[58]. Subsequently, it has been reported that the simple peptide Ac-Ala-Lys
(thioAc)-Ala could achieve SIRT1 and SIRT2 inhibition similar to the longer and
more complicated peptides [56]. A set of p53 and α-tubulin mimetic peptides was
also screened against SIRT6. The most potent compounds exerted more than 60%
inhibition activity at the 200 μM concentration, and subsequently they displayed
IC50 values below 100 μM [59]. The exploitation of peptides as therapeutic agents
has disadvantages due to their delivery, poor bioavailability, and short half-life, and
thus, other types of inhibitors have been developed.

The macrocyclic peptide inhibitors had improved potency, cell permeability, and
resistance toward proteolytic enzymes compared to the analog linear peptide. How-
ever, most of them were pan-SIRT1/2/3 inhibitors [60]. Simple cyclic peptides
containing Nε-thioacetyl-lysine showed inhibitory properties in the low nanomolar
range for SIRT1, SIRT2, and SIRT3. Interestingly, macrocyclic peptides containing
trifluoroacetyl-lysine (e.g., compound 14 in Fig. 3) were able to act as catalytic
mechanism-based inhibitors for sirtuins. They have a greater inhibitory potency
toward SIRT2 (IC50 ¼ 3–4 nM) than toward SIRT1 (IC50 ¼ 5–6 nM) and SIRT3
(IC50 ¼ 480 nM). However, their linear counterparts were equally potent SIRT2
inhibitors with IC50 values of 5–6 nM. The short and linear RIK(Trifluoroacetyl)RY
(compound 15 in Fig. 3) was less potent toward SIRT2 (IC50 ¼ 31 nM) than the
cyclic compound, and the inhibition was even weaker for SIRT1 (IC50 ¼ 280 nM)
and SIRT3 (IC50 ¼ 1 μM) [61]. Investigation of these macrocyclic peptides with
SIRT2 revealed that the trifluoroacetyl-lysine moiety was orientated into the cata-
lytic tunnel of the binding site and the macrocyclic structure was stabilized via
multiple intramolecular hydrogen bonds [62].

Non-peptide N-thioacetyl-lysine analogs represented another attempt to improve
the inhibitory activity of the substrate-based inhibitors. The first non-peptide
N-thioacetyl-lysine analogs were developed by Asaba et al. [63] and Suzuki et al.
[64]. The most potent inhibitor of these compounds had a thioacetyl-lysine scaffold
with an aniline group attached to the carbonyl terminal and a benzyloxycarbonyl
group to the amino terminal (compound 16 in Fig. 3). The compound exhibited low
micromolar inhibition for SIRT1 (IC50 ¼ 3 μM) and SIRT2 (IC50 ¼ 23 μM), but it
was selective over SIRT3 (IC50 > 100 μM) [64]. Jing and coworkers developed
Cbz-Lys(ThioAc)-NH-Phe that showed IC50 values of 10 μM for SIRT1, 6 μM for
SIRT2, 28 μM for SIRT3, and >200 μM for SIRT5–7 [65]. This inhibitor exhibited
also a dose-dependent increase in p53 acetylation in human colon cancer cells [64].
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Subsequently, other N-thioacetyl-lysine analogs were developed with IC50

values of 0.24–23 μM for SIRT1 and 1.8–75 μM for SIRT2 with some of those
compounds showing moderate inhibition toward SIRT6 [59, 66, 67]. The most
potent compound of these analogs was not isoform-selective as it inhibited also
SIRT3 (IC50 ¼ 3.89 μM); it exhibited an antiproliferative effect in lung carcinoma
and breast carcinoma cells [67]. Although N-thioacetyl-lysine analogs lack isoform-
selectivity, they can be used as a chemical probe to investigate the mechanism of
sirtuin deacetylation reaction or as a starting point in the design of novel small-
molecule inhibitors.

In attempts to improve the isoform-selectivity of N-thioacetyl-lysine analogs,
a set of compounds with various aliphatic acyl groups such as thiobutyryl-,
thioheptanoyl-, and thiomyristoyl-moieties were developed [65]. Interestingly, it
was observed that the length of the aliphatic acyl group exerted an influence on
the isoform-selectivity of sirtuins. The selective inhibitor was thiomyristoyl-lysine
(compound 17 in Fig. 3) with the IC50 values of 28 nM and 98 μM toward SIRT2 and
SIRT1, respectively, and it did not inhibit SIRT3 at all. Thiomyristoyl analogs,
which mimic a tumor necrosis factor alpha (TNFα) or a histone H3 lysine 9 (H3K9)
peptide sequence, were also potent inhibitors of SIRT6. The most potent inhibitor,
the H3K9 derivative, inhibited both SIRT6 demyristoylation and deacetylation
activity with IC50 values of 1.7 μM and 8.2 μM, respectively. This compound also
inhibited SIRT6 catalyzed defatty-acylation of TNFα in human embryonic kidney
(HEK) 293 T cells. Thiomyristoyl-lysine had a broad anticancer effect on various
human cancer cells and mouse models of breast cancer [65].

Inhibitors have been developed also for SIRT5; these have been based on the
H3K9 peptide sequence [68]. The 11-residues succinyl-lysine peptide was the
most potent inhibitor for SIRT5 having an IC50 value of 5 μM. A pentapeptide
with thiosuccinyl-lysine at the middle of sequence seemed to increase the potency
of the inhibition as compared to compounds with the corresponding group at
the C-terminus or N-terminus. Carbamoyl phosphate synthetase peptides (CPS1)
containing succinyl-lysine were demonstrated to inhibit specifically SIRT5; these
displayed the inhibitory constant (Ki) values from 5 to 100 μM [69]. Zang and
coworkers [70] identified a potent thiourea-type linear peptide which contained Nε-
carboxyethyl-thiocarbamoyl-lysine (called the “SIRT5 inhibitory warhead”). This
compound was selective, but the warhead seemed to result in a metabolically
unstable compound. Later, the cyclic pentapeptide-based counterpart was observed
to be more stable, cell permeable, and selective toward SIRT5 with an IC50 value of
7.5 μM for SIRT5, but, for other sirtuins, it was a very weak inhibitor [71].

Bivalent sirtuin inhibitors were designed to bind into two binding pockets at the
same time; the N-thioacetyl-lysine part could bind to the peptide substrate binding
site, and the other moiety occupied the pocket of the NAM moiety of NAD+. The
most potent bivalent inhibitor exhibited an IC50 value of 12 μM for SIRT1, but only
weak inhibition toward SIRT2 and SIRT3 (compound 18 in Fig. 3). This bivalent
inhibitor was more isoform-selective than the monovalent counterpart and had
IC50 values of 39 μM, 22 μM, and 54 μM for SIRT1, SIRT2, and SIRT3,
respectively [72].
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2.3 Small Molecule Inhibitors

Since 2001, a series of small molecular sirtuin inhibitors have been developed that
can be classified based on their scaffolds as β-naphthols, indoles, chromanones,
sulfobenzoic acid, or others. SIRT1 has been the most widely studied of the sirtuins
mainly because it was the first sirtuin linked with aging-associated disorders [10, 13,
73, 74]. The predominance of SIRT1 is also partly attributable to the fact that
initially small-molecule inhibitors were tested only for SIRT1 and SIRT2. The
importance of other sirtuins increased with time, and today, compounds inhibiting
the other sirtuins have been examined, especially those binding to SIRT3 and
SIRT5. Currently, the design of sirtuin inhibitors has focused more on identifying
selective SIRT2 inhibitors, and several of them have been published since 2012. A
few inhibitors have been developed for SIRT6 [59, 75, 76] and SIRT7 [77]. For
SIRT4 there are no compounds yet reported to have an IC50 value.

2.3.1 β-Naphthol Derivatives

Sirtinol was one of the first identified sirtuin inhibitors (compound 19 in Fig. 4);
it showed inhibitory activity in vitro toward both yeast Sir2 (IC50 ¼ 68 μM) and
human various sirtuins [78–80]. It was observed that the 2-hydroxyl-1-napthol
scaffold was essential for preventing the deacetylation reaction of sirtuins [78].
Later, the inhibitory activity of sirtinol was reported to lie in a range of IC50 values
of 37–131 μM for SIRT1 and a range of IC50 values of 38–58 μM for SIRT2 and at
IC50 value of 48.9 μM for SIRT5 [80]. In addition, several analogs of sirtinol have
been designed. M15, another β-naphthol derivative, was synthesized, but it was less
potent than sirtinol. A set of ortho- to meta- or para-substitution derivatives of
sirtinol exhibited two to tenfold improvements in the SIRT1 and SIRT2 inhibition
activity [79]. Interestingly, some of these compounds also exhibited anticancer
activity [81, 82].

Modifications of sirtinol were used to identify a novel potent SIRT1 inhibitor,
JGB-1741 (compound 20 in Fig. 4), that consists of a hydroxyl-naphthol moiety and
a thiophene ring. JGB-1741 had an IC50 value of 15 μM for SIRT1, whereas it was a
weak inhibitor for SIRT2 and SIRT3. JGB-1741 was observed to influence the
proliferation of human cancer cells (K562, HepG2, and MDA-MB-231), to increase
p53 acetylation, and to induce p53-mediated apoptosis in human breast cancer
cells [83].

Salermide (compound 21 in Fig. 4) was designed as analog of sirtinol, with a
reverse amide in the meta-position, and it showed SIRT2 inhibition with an IC50

value of 25 μM. Salermide was nontoxic to mice, and it induced apoptosis in several
cancer cells [82, 84–86]. Salermide showed SIRT2 inhibition with an IC50 value of
25 μM. Further modifications of Salermide led to the development of several potent
SIRT1 and SIRT2 inhibitors. The most potent inhibitor of these derivatives was
4-(2-phenylpropyl)thio-derivative (compound 22 in Fig. 4). This derivative of
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Salermide also exhibited an antiproliferative effect on human leukemia cells
(MOLT4), breast cancer (MDA-MB-231), and colon (RKO) cancer cells. It
displayed potency against colorectal carcinoma and glioblastoma multiforme cancer
stem cells. Some of these analogs evoked massive apoptosis of human leukemia
(U937) cells [87].

Splitomicin (compound 23 in Fig. 4) was discovered in a cell-based phenotypic
screening for yeast sirtuin Sir2p [88], but it did not have any impact on the human
sirtuin subtypes. However, a series of splitomicin analogs were synthetized and
tested against the human sirtuins, and they showed improved inhibitory activity
as compared to splitomicin [89]. Structure-activity relationships (SAR)-studies
revealed that analogs without a lactone ring were inactive, but the naphthalene
moiety could be replaced with smaller aromatic rings without losing the inhibitory
activity [90, 91]. A splitomicin derivative, HR73 (compound 24 in Fig. 4), showed
inhibition toward human SIRT1 (IC50 < 5 μM). Interestingly, HR73 significantly
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decreased HIV transcription. Further modification of splitomicin analogs (e.g.,
compound 25 in Fig. 4) led to the discovery of novel human SIRT2 inhibitors
with IC50 values in a range of 0.8–38 μM for SIRT2 [92, 93]. Some splitomicin
analogs exerted a weak antiproliferative effect in human breast cancer (MCF7) cells
[93], and splitomicin prevented inflammatory responses in human neutrophils [94].

Cambinol (compound 26 in Fig. 4) had a beta-naphthol moiety similar to that of
sirtinol and its derivatives. Cambinol inhibited both SIRT1 (IC50 ¼ 56 μM) and
SIRT2 (IC50 ¼ 59 μM) but showed no SIRT3 inhibition [95]. In later studies,
cambinol displayed IC50 value of 43 μM also toward SIRT5 [80]. The β-naphthol
structure was reported to be critical for the inhibition and replacing it with a phenyl
ring abolished the activity. The kinetic studies showed that cambinol was a compet-
itive inhibitor with the acetylated substrate but not with NAD+. Cambinol had low
toxicity in vivo, and cambinol was a potent antitumor agent in vitro and in vivo
[95]. Recently, cambinol was identified to be ten times more potent in inhibiting
neutral sphingomyelinase 2 in brain than its effects on either SIRT1 and SIRT2
[96]. In attempts to improve isoform-selectivity, a p-bromo-analog of cambinol was
designed; this was a very potent SIRT1 inhibitor with an IC50 value of 13 μM, while
it exhibited only modest potency toward SIRT2 (IC50 > 90 μM). Interestingly,
adding a substituent at the N1-position in cambinol derivative (compound 27 in
Fig. 4) led to an increase in the activity against SIRT2 (IC50¼ 1 μM), and a decrease
in the inhibition against SIRT1 [97]. Other cambinol analogs were synthesized with
improved potencies and isoform-selectivities [98, 99]. These analogs exhibited some
cytotoxicity in cell lines derived from Burkitt’s lymphoma (Dakiki, Daudi, Mutu,
Oku, Ramos, Namalwa) and in colon (HCT116), breast (MCF7), and non-small cell
lung carcinoma (NCI-H460).

Various benzodeazaoxaflavin (compound 28 in Fig. 4) derivatives were
synthetized with low micromolar level potencies at inhibiting both SIRT1 and
SIRT2 [100, 101]. MC2141 exhibited antiproliferative activity in human cancer
cell lines (Raji, DLD1, and HeLa) as well as in cancer stem cells of colorectal
carcinoma and glioblastoma multiforme. Some analogs of MC2141 were designed
showing SIRT1 and SIRT2 inhibition with IC50 values in the low micromolar range.

2.3.2 Indole Derivatives as Potent SIRT1 Inhibitors

A high-throughput screening (HTS) of 280,000 compounds led to the discovery of a
potent indole-based inhibitor, called Ex-527 [102]. Ex-527 (compound 29 in Fig. 6)
was a nanomolar inhibitor for SIRT1 (IC50 ¼ 38–100 nM), and this was a 500-fold
improvement compared to other sirtuin inhibitors available at that time. Interest-
ingly, the (S)-isomer was the active form, while the (R)-isomer had significantly
lower potency. In addition, this new indole compound showed isoform-selectivity
over SIRT2 and SIRT3 since their IC50 values were in the micromolar range and
Ex-527 exerted no inhibition toward SIRT4–7 [102, 103]. This inspired the synthesis
of various analogs with an indole scaffold. SAR analysis of these compounds
revealed the necessity of carboxamide and its position for the inhibitory activity
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since changing the carboxamide from 1-position to 2-position led to a 350-fold loss
in potency. The substitution of a small nonpolar group such as methyl at the para-
position and the expansion of the carbon 6-membered ring to a 7-membered ring
retained the inhibition potency. Kinetic studies suggested that Ex-527 was not a
competitive inhibitor with the substrate peptide or with NAD+. Ex-527 was postu-
lated to bind to the protein after NAM release and potentially affects the release of
the reaction products. The crystal structure of Ex-527 bound with different sirtuins
revealed that Ex-527 was occupying the nicotinamide site and a pocket of the ribose
of NAD+ (Fig. 5) [104, 105]. Ex-527 induced apoptosis in acute myeloid leukemia
via p53 [106]. In addition, Ex-527 was assessed as a potential HD therapy as it
suppressed the deacetylation of mutant huntingtin protein, i.e., it accelerated the
degradation of the acetylated mutant via autophagy [107]. Ex-527, also called
selisistat, passed through phase II clinical trials for the treatment of HD [108, 109].

Selisistat was also combined with carprofen, a known anti-inflammatory drug.
The most potent analog of this combination increased the acetyl-p53 and acetyl-
alpha-tubulin levels and induced apoptosis in human macrophage (U937) cells
[110]. A few other indole derivatives were developed as sirtuin inhibitors (com-
pound 30 in Fig. 6). One of these derivatives was called AC-93253 (compound
31 Fig. 6); this compound displayed low micromolar inhibition toward SIRT1,
SIRT2, and SIRT3. AC-93253 induced cytotoxicity in several cancer cell lines
(DU-145, A549, NCI-H460, MiaPaCa2, HuVEC, PrEC, HMEC) in the
submicromolar range [111]. In addition, 3-arylideneindolin-2-ones were identified
as novel sirtuin inhibitors. Among these compounds, GW5074 (compound 32 in
Fig. 6) was observed to be a potent inhibitor of various sirtuins [112, 113].

Inauhzin (compound 33 in Fig. 6) belongs to indole-based derivatives that
showed inhibitory activity toward SIRT1 with an IC50 value ranging from 0.7 to
2 μM. Inauhzin evoked p53-dependent apoptosis of human cancer cells without
causing any apparently genotoxic stress [114]. Some indole derivatives were devel-
oped by combining an indole ring with a substituted triazole; they were found to be

Fig. 5 The crystal structure
of SIRT1 together with
inhibitor Ex-527 (blue) and
ribose-nicotinamide moiety
of NAD+ (red) [104]. Active
histidine is marked with
black. Residues forming
interactions to Ex-527 are
marked with green color.
Green dashes indicate π-π
interactions
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SIRT1 inhibitors. These compounds were able to prevent the growth in breast cancer
cell lines (MDA-MB-231) and prostate cancer cell line (LnCAP) [115]. A series of
indole-isoxazolone derivatives were synthetized, and the most potent inhibitor
(compound 34 in Fig. 6) showed IC50 value of 37 μM for SIRT1. The compounds
were screened against human metastatic breast cancer cells (MDA-MB-231), human
breast cancer cells (MCF7), and human colon adenocarcinoma cells (HT-29) to
evaluate their in vitro cytotoxic property [116].

A set of bicyclic pyrazole derivatives was synthetized and tested against
SIRT1 and SIRT2 [117]. In general, the bicyclic pyrazoles were slightly more potent
against SIRT1 over SIRT2. The 4-chlorophenyl pyrazole carboxamide was a micro-
molar inhibitor of SIRT1 and showed only weak inhibition for SIRT2. The most
potent SIRT1 inhibitor was 3-(4-chlorophenyl)-5,5-dimethyl-4,5,6,7-tetrahydro-1H-
indazole-7-carboxamide (compound 35 in Fig. 6) showing an IC50 value of 0.8 μM
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[117]. One indole derivative, GW5074 (3-(3,5-dibromo-4-hydroxybenzylidene)-5-
iodo-1,3-dihydroindol-2-one), was reported to be a potent inhibitor of the
desuccinylation reaction of SIRT5 (IC50 ¼ 19.5 μM) but not against deacetylation
reaction [113].

2.3.3 Chromanone and Chroman Derivatives as SIRT2 Inhibitors

A3 (compound 36 in Fig. 7) was discovered by phenotypic screening already in the
year 2001. A3 inhibited in vitro yeast Sir2p and human SIRT2 deacetylase activity
with IC50 values of 66 μM and 45 μM, respectively [78]. Several chromanone
derivatives were developed and reported as selective and potent SIRT2 inhibitors.
The most potent compound, (S)-8-bromo-6-chloro-2-pentylchroman-4-one, displayed
SIRT2 inhibition with IC50 value of 1.5 μM (compound 37 Fig. 7). Compound 37 did
not exhibit any inhibitory activity against SIRT1 and SIRT3 [118].

Although compound 37 was potent and selective for SIRT2 over SIRT1, it had
poor solubility, and thus a series of analogs were developed. These analogs
displayed low micromolar potency similar to that of compound 37. Two analogs
showed an antiproliferative effect in human breast cancer (MCF7) and in human
lung cancer (A549) cell lines [119]. Recently, the binding of chroman-4-one deriv-
atives (compound 38 in Fig. 7) to SIRT2 was explored by a photoaffinity labeling
technique [120].

Various 2,2-dimethylchroman derivatives exhibited an antiproliferative effect in
glioma cells. One of the antiproliferative agents, compound 39 (Fig. 7), was also a
potent SIRT1 inhibitor (IC50 ¼ 6.1 μM) and SIRT2 inhibitor (IC50 ¼ 4.2 μM). This
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compound displayed the reduction of tumor formation in vivo in zebrafish
xenografts [121].

2.3.4 Sirtuin-Rearranging Ligand2 as an Isoform-Selective Inhibitor
for SIRT2

Sirtuin-rearranging ligand2 (SirReal2) was identified by in vitro screening campaign
(compound 40 in Fig. 8) [122]. SirReal2 was highly isoform-selective compound
which exhibited the inhibition of SIRT2 with IC50 value of 400 nM, and it showed
no activity toward SIRT3–5. SirReal2 displayed low inhibitory activities for SIRT1
(22% inhibition at 100 μM) and for SIRT6 (19% inhibition at 200 μM). The crystal
structure of SIRT2 with co-crystallized SirReal2 revealed that SirReal2 bound via
hydrophobic interactions into the extended nicotinamide moiety pocket of SIRT2
(Fig. 9) [122]. The extended pocket of nicotinamide moiety had been proposed from
a previous molecular modeling study [123].

Several aminothiazole derivatives were developed based on the SirReal2 com-
pound, and they were also SIRT2 selective inhibitors [124, 125]. Interestingly, one
derivative (compound 41 in Fig. 8) was generated by combining aminothiazoles with
thalidomide; this compound displayed an IC50 value of 250 nM for SIRT2 [126].
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Another series of SirReal2 analogs was developed by Yang and coworkers; the most
potent inhibitor (compound 42 in Fig. 8) exhibited an IC50 value of 42 nM for SIRT2
and displayed an antiproliferative effect in a breast cancer cell line (MCF7) [125].

2.3.5 AGK2 and Sulfobenzoic Acid Derivatives

Based on screening, AGK2 (compound 43 in Fig. 10) was identified as a selective
SIRT2 inhibitor exhibiting an IC50 value of 3.5 μM [125]. In this screening program,
other potent SIRT2 inhibitors were also identified: sulfobenzoic acid derivatives,
AK–1 (IC50 ¼ 12.5 μM) (compound 44 in Fig. 10) [127] and C2–8 [128]. Interest-
ingly, both AGK2 and AK-1 prevented alpha-synuclein toxicity in cell-based and
Drosophila models of Parkinson’s disease (PD) [129]. They also prevented mutant
polyglutamine toxicity inDrosophila and C. elegans PD models [130] and were also
neuroprotective in mouse models [131]. The sulfobenzoic acid derivative C2–8 was
neuroprotective in HD mice [132, 133].

Several analogs of AK-1 were developed and tested for inhibitory properties
against SIRT1–3. Many of these analogs were more potent inhibitors against SIRT2
displaying IC50 values in a range between 4 μM and 10 μM in comparison with their
effects on the other sirtuins [134]. 3-(1-Azepanylsulfonyl-)-N-(3-bromophenyl)
benzamide, also called AK-7 (compound 45 in Fig. 10), showed a dose-dependent
and selective inhibition for SIRT2 (IC50 ¼ 15.5 μM) [133]. However, AK-7 was
neuroprotective in vitro, and it reduced polyglutamine inclusions and cholesterol
levels in neurons. AK-7 has also been studied in vivo in both truncated and full-
length HD mouse models where it was able to improve the mice’s motor function,
extend their survival, and reduce the extent of brain atrophy [132]. AK-7 was also
claimed to be neuroprotective in PD [135, 136]. In addition, the novel thiazole-
containing inhibitors of SIRT2 that are derivatives of 8-nitro-5-R-quinoline and

Fig. 9 The crystal structure
of SIRT2 together with
inhibitor SirReal2 (blue) and
NAD+ (red) [122]. Active
histidine is marked with
black. Residues making
interactions with the
inhibitor are marked with
green color. Green dashes
indicate π-π interactions and
magenta dashes indicate
hydrogen bonding
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5-nitro-8-R-quinoline have also been proposed as potential treatments for HD. The
most potent compound, MIND4 (compound 46 in Fig. 10), displayed SIRT2 inhib-
itory activity with an IC50 value of 1.2 μM. It displayed some neuroprotective
activity both in ex vivo brain slices and in Drosophila models of HD [137].

2.3.6 Various Small Molecules with Inhibitory Activities Towards
Sirtuins

Suramin is an old drug that was discovered to be a potent SIRT1 inhibitor
[138]. Suramin is a G-protein antagonist known to target purine binding sites, and
it was originally used in the treatment of trypanosomiasis and onchocerciasis.
Suramin exhibited IC50 values of 297 μM, 1.2 μM, and 22 μM for SIRT1, SIRT2,
and SIRT5, respectively. Various suramin analogs have been synthetized with the
most potent suramin derivative having an IC50 value of 93 nM for SIRT1 and
exhibiting selectivity over SIRT2 (IC50 ¼ 2.3 μM) [139].

N,N0-Bisbenzylidenebenzene-1,4-diamines and N,N0-bisbenzylidenenaphthalene-
1,4-diamines were identified as sirtuin inhibitors from a virtual screening campaign
conducted by Tervo et al. [140]. The most potent compound exhibited inhibition
with an IC50 value of 58 μM for SIRT2 [141]. Glycine tryptamide was also identified
by virtual screening [45]. This scaffold proved to be a starting structure for devel-
oping a novel series of sirtuin inhibitors; the best of these SIRT1 inhibitors had an
IC50 value of 52 μM, and the best SIRT2 inhibitor had an IC50 value of 47 μM [142].

A virtual screening identified an oxadiazole-carbonylaminothiourea to be a sirtuin
inhibitor. The hit compound displayed a preference toward SIRT2 over SIRT1 with
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IC50 values of 192 μM and 57 μM for SIRT1 and SIRT2, respectively. Various
substituents with an oxadiazole moiety were evaluated, and a low micromolar
SIRT1 inhibitor was developed. The study also revealed that the oxadiazole-
carbonylaminothiourea scaffold was more potent than an oxadiazole-
carbonylaminourea scaffold, similar to the case of thioacetylated peptides and
acetylated peptides [143]. Recently, a set of oxadiazole analogs has been designed
as selective SIRT2 inhibitors with IC50 values in the range of 1.5–20 μM. Two of
these analogs displayed antiproliferative effects in leukemia cell lines. Kinetic
studies suggested that oxadiazole analogs were uncompetitive inhibitors. The crystal
structure of SIRT2 with one of the analogs has been published [144].

Tenovin-1 and Tenovin-6 were identified in a cell-based screening. Tenovin-1
had problems with solubility, but Tenovin-6 was sixfold more water soluble than
Tenovin-1. Tenovin-6 (compound 47 in Fig. 11) showed an IC50 value of 21 μM for
SIRT1 and an IC50 value of 10 μM for SIRT2, but it was slightly less potent toward
SIRT3. Tenovin-6 decreased tumor growth in vivo [145]. There are also reports that
Tenovin-6 was able to prevent cell proliferation in chronic myeloid leukemia cells
and an acute promyelocytic leukemia (NB4) cell line [73, 146]. Tenovin-6 has
exhibited antitumor effects in various cancer cell lines such as gastric and uveal
melanoma cells [147–149]. Tenovin-6 also displayed an antineoplastic effect in vitro
and in vivo on various hematopoietic malignancies [150, 151]. A set of analogs of
Tenovin-1 and Tenovin-6 was synthetized by adding various substituents with
different sizes and electronic properties in the tert-butyl-substituted aromatic ring
[152, 153]. The most potent analog was Tenovin-D3 (compound 48 in Fig. 11) with
IC50 values of 22 μM for SIRT2 and >90 μM for SIRT1 [154].

The thieno[3,2-d]pyrimidine-6-carboxamide scaffold was discovered by screen-
ing a 1.2 million compound library using Encoded Library Technology. Several
potent SIRT1/SIRT2/SIRT3 inhibitors were identified with a nanomolar level inhi-
bition for sirtuins. Compound 49 in Fig. 11 is an example of a carboxamide-based
sirtuin inhibitor, showing equal potency for SIRT1, SIRT2, and SIRT3. The crystal
structure was examined; this revealed that thieno[3,2-d]pyrimidine-6-carboxamides
(Fig. 12) bound onto the site of the nicotinamide moiety [155].

Various benzimidazole derivatives were synthesized and their SIRT1 and SIRT2
inhibitory activities were evaluated. The most potent compound exhibited an IC50

value of 27 μM for SIRT2 and 52 μM for SIRT1. The compound showed also
anticancer activity against different cancer cell lines, i.e., colon (HCT-116), breast
(MDA-MB-468), and blood-leukemia (CCRF-CEM) [156].

Based on pharmacophore screening, ICL-SIRT078 (compound 50 in Fig. 11) was
identified as a potent SIRT2 inhibitor with IC50 value of 0.17–3.96 μM. The
compound showed no activity toward SIRT1, SIRT3, or SIRT5. Interestingly, the
compound exerted a neuroprotective effect in a PD model. A series of analogs was
prepared with some of them displaying inhibitory activity in a range of 1.90 μM and
6.52 μM [157].

SIRT3 isoform-selective inhibitor, SDX437 (compound 51 in Fig. 11), was
screened from a 100,000 diverse compound library by using a novel substrate
GYK(Ac)RGC developed during the study. Several of the hit compounds inhibited
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also SIRT1 in addition to SIRT3; those compounds were filtered out in order
to achieve isoform-selectivity. The compound named SDX-437 was observed to
exhibit an IC50 value of 700 nM for SIRT3, whereas no inhibition was observed
against SIRT1 [158].

Thiobarbiturates were reported to be potent inhibitors for SIRT1, SIRT2, and
SIRT5 and generally less potent toward SIRT3. The most potent thiobarbiturate
inhibitor (compound 52 in Fig. 11) showed IC50 values of 13 μM and 9 μM for
SIRT1 and SIRT2, respectively [159]. Maurer and coworkers discovered several
thiobarbiturate analogs, which displayed inhibition with IC50 values in the range
of 3.4–89 μM toward SIRT1, in the range of 3.4–20.3 μM for SIRT2, and in the
range of 2.3–67.3 μM for SIRT5 [80]. Modifications of the basic skeleton of
thiobarbiturate led to the identification of a novel inhibitor scaffold, aurone. Some
aurones showed inhibition toward the deacetylation activity of SIRT1, and the most
potent of the aurones exhibited an IC50 value of 1.0 μM. Aurones showed also
antiproliferative properties against two breast cancer cell lines (MDA-MB-231 and
MCF7) in vitro [160].

Recently, a set of SIRT1 inhibitors having a 1,4-bispiperazinecarbodithioic acid
methyl ester scaffold (compound 53 in Fig. 11) has been identified. The most potent
compounds displayed IC50 values in a range of 1–11 μM for SIRT1; no IC50 values
for other sirtuins were reported. The most potent compound with this scaffold
inhibited SIRT2 at the cellular level and exerted also an antiproliferative effect in
a human gastric cancer cell line MGC-803 [161].

So far, fewer SIRT6 regulators have been detected. In silico screening revealed a
set of compounds which displayed inhibitory activity against SIRT6 at the micro-
molar level [75]. The most potent compound of the screening hits, 5-(3-(furan-2-
carboxamido)benzamido)-2-hydroxybenzoic acid (compound 54 in Fig. 11),
exhibited IC50 values of 89 μM for SIRT6, 1,578 μM for SIRT1, and 751 μM for
SIRT2. A study where human primary pancreatic adenocarcinoma (BxPC-3) cells
were treated with compound 54 resulted in an increased glucose uptake. Other
micromolar SIRT6 inhibitors, quinazolinedione-based derivatives, also increased
glucose uptake, and they also sensitized cancer cells to both gemcitabine and
olaparib [162].

Fig. 12 The crystal
structure of SIRT3 together
with inhibitor ELT (blue)
[155]. Active histidine is
marked in black. Residues
making interactions with the
inhibitor are marked with
green color. Green dashes
indicate π-π interactions and
magenta dashes indicate
hydrogen bonding
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Many natural compounds possess an ability to inhibit the sirtuins. One of the
compounds which was able to inhibit sirtuins was extracted from the bark of
Garcinia cochinchinensis containing guttiferone G and hyperforin. In particular, a
structurally similar but synthetic compound, aristoforin (compound 55 in Fig. 11),
displayed IC50 values of 7 μM and 21 μM for SIRT1 and SIRT2, respectively, and it
displayed an antiproliferative effect on HUVEC cells [163]. The tanikolide dimer
from the Madagascar marine cyanobacterium Lyngbya majuscula was identified as a
potent SIRT2 inhibitor (IC50 ¼ 176 nM or 2.4 μM depending on assay). Synthetic
stereoisomers had equal potency for SIRT1 (IC50 ¼ 29–36 μM) and SIRT2
(IC50 ¼ 2.4–3.3 μM) [164].

3 Sirtuin Activators

The identification of sirtuin activators has proved to be challenging, and thus far,
fewer activators have been reported than inhibitors. Several SIRT1 activators have
been published over the years since SIRT1 activation would be desirable in many
age-related and metabolic conditions [42, 138, 165–171]. In recent years, there has
been an intense debate about the identified SIRT1 activators; it has been claimed that
sirtuins are only activated when hydrophobic fluorescent moieties have been
attached to the peptide substrates, but not when unmodified peptides or the native
protein substrates were used [172, 173].

Subsequently, these compounds were demonstrated to activate SIRT1 catalyzed
deacetylation through an allosteric mechanism. This means that the binding of a
small molecule to an allosteric site can induce a conformational change subsequently
modifying the affinity of the enzyme for its native substrate [166, 171]. The crystal
structures with activators [174, 175] revealed that most of the SIRT1 activators were
binding to a SIRT1-specific N-terminal domain, which was postulated to induce a
closure of the substrate-containing active site. The rational design of sirtuin activa-
tors, however, has been lacking and only few activators for other than SIRT1 have
been published so far. This might partly be due to the absence of a deep understand-
ing of the kinetics of sirtuin-catalyzed deacylation and especially an elucidation of
the activation property has proven to be far more elusive. Nonetheless, recently,
some SIRT6 activators have been identified.

3.1 Natural Compounds Activating Sirtuins

Certain plant polyphenols, members of a large and diverse group of plant secondary
metabolites, were the first compounds discovered to be able to increase sirtuin
activity [138]. The most potent of these compounds was resveratrol (compound
56 in Fig. 13), which was observed to stimulate the catalytic activity of yeast and
human sirtuins. Dose-response experiments showed that resveratrol doubled the rate

76 M. Rahnasto-Rilla et al.



of the SIRT1 catalyzed deacetylation reaction at about 11 μM concentration via a Km

(value of substrate concentration at half maximal velocity)-lowering mechanism
[138]. Furthermore, resveratrol was also reported to stimulate the deacetylation
activity of SIRT5 (by twofold); this was observed with the substrate consisting of
fluorescent moieties. Interestingly resveratrol inhibited the deacetylation reaction of
SIRT3 and desuccinylase reaction of SIRT5 [176]. Several other synthetic activators
called sirtuin-activating compounds (STACs) related to resveratrol have been devel-
oped [166, 169, 171, 177].

Cao et al. [174] showed that the N-terminal domain is required for the stimulation
of SIRT1’s deacetylase activity by resveratrol (Fig. 14); in particular, Glu230 in this
domain was demonstrated to be critical for stimulation. In addition, Dai et al. [175]
demonstrated that residues 183–229 in the N-terminal domain were involved in
STAC binding. The crystal structure of SIRT1 with three resveratrol molecules
(Res1-Res3) and a 7-amino-4-methylcoumarin (AMC)-containing peptide revealed
that the binding of two of these resveratrols to the SIRT1 N-terminal domain was
probably due to a tighter binding between SIRT1 and the peptide substrate. The
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contrasting binding modes of resveratrol and its analogs in different sirtuin com-
plexes are speculated to be evidence of distinct binding conformations of the
peptides and the local environments in the individual sirtuins. For example, in
contrast to SIRT1, SIRT5 does not have an extended N-terminal domain, and thus
when the structure of SIRT5 with resveratrol was examined, it was found that the
compound bound to a location corresponding to the binding site of Res3 in SIRT1
[176]. Resveratrol exposure has been reported to extend the lifespan of numerous
organisms including C. elegans and S. cerevisiae [178–180]. Resveratrol has
displayed also a supportive effect in numerous age-related disease models including
those mimicking cancer, type 1 and 2 diabetes, and cardiovascular disease [181].

Other polyphenols, such as chalcones including butein, and flavones including
quercetin (compound 57 in Fig. 13) were demonstrated to increase SIRT1
deacetylation activity when a fluorescent AMC moiety was attached to the peptide
substrate [168]. Additionally, flavonoids quercetin and luteolin were shown to
stimulate SIRT6 at high concentration [182]. They exhibited SIRT6 activation
with half maximal effective concentration (EC50) values of 990 μM (Quercetin)
and 270 μM (Luteolin). Rahnasto-Rilla et al. [76] observed that other flavonoids
including anthocyanidins could stimulate SIRT6 catalyzed deacetylase reaction.
Cyanidin was the most potent compound in the class of anthocyanidins, achieving
a 55-fold maximal activation.

The terpenylated coumarins (compound 58 in Fig. 13) extracted from the bark of
Ailanthus altissima were reported to increase SIRT1 activity in vitro and in vivo
[167]. Furthermore, some ginsenosides such as ginsenoside Rb2 from Panax gin-
seng have been identified as SIRT1 activators. These ginsenoides increased the ATP

Fig. 14 The crystal
structure of SIRT1 together
with three resveratrol
molecules (blue) and an
AMC-containing peptide
(yellow). Active histidine is
marked with black [174]
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content, inhibited the formation of reactive oxygen species (ROS), and enhanced the
activity of a mitochondria-localized antioxidant enzyme, manganese superoxide
dismutase (Mn-SOD) [183]. Although many studies have revealed that SIRT1
stimulates the expression of Mn-SOD [184–186], interestingly, the catalytic activity
of enzyme is regulated by SIRT3-mediated deacetylation, particularly at the Lys68
site [187]. The lignan honokiol (2-(4-hydroxy-3-prop-2-enyl-phenyl)-4-prop-2-
enyl-phenol), a natural biphenolic compound derived from the bark of magnolia
trees, has been demonstrated to activate SIRT3-dependent deacetylation of MnSOD
in vitro as well as enhancing SIRT3 expression in cardiomyocytes [188]. In addition,
SIRT3 activator, 7-hydroxy-3-(40-methoxyphenyl) coumarin, promoted the
deacetylation and activation of Mn-SOD [189]. The increased activation of SIRT3
was associated with reduced ROS levels in cardiomyocytes obtained from wild-type
mice [188]. Phlorotannin- and fucoidan-rich extracts, from brown macroalgae,
namely, Fucus distichus, Fucus vesiculosus, and Cystoseira tamariscifolia, have
demonstrated significant activation toward SIRT6. Subsequently the isolated com-
pound fucoidan from F. dichitus was observed to stimulate deacetylation activity.
The results suggest that the effect was SIRT6 specific and fucoidan did not exert
any effects on either SIRT1 or SIRT3 but displayed weak inhibition towards
SIRT2 [190].

3.2 Various Scaffolds of Sirtuin Activators

3.2.1 Imidazothiazoles

The first synthetic sirtuin activators, imidazothiazole derivatives, were chemically
distinct from the polyphenol backbone of resveratrol but demonstrated to activate
SIRT1 via the same Km-lowering mechanism [171]. The experiment was carried
out using a fluorescence polarization assay with a carboxytetramethylrhodamine
(TAMRA)-tagged substrate and verified using mass spectrometry. The potent acti-
vators, SRT1460 and SRT1720 (compound 59 in Fig. 13), displayed EC50 values of
2.9 μM and 0.16 μM toward SIRT1, respectively. The activation by these com-
pounds was selective versus SIRT2 and SIRT3 (SIRT2: SRT1460 EC50 > 300 μM,
SRT1720 EC50 ¼ 37 μM; SIRT3: EC50 > 300 μM). SRT1720 has been widely
studied in various disease models such as type 2 diabetes, inflammation, and fatty
liver disease. SRT1720 treatment has shown beneficial metabolic effects by reducing
the blood glucose level and improving insulin sensitivity and glucose tolerance. It
was able to reduce lipid accumulation in the liver. SRT1720 has displayed anti-
inflammatory, anticancer, and cardioprotective properties [171].

Series of other synthetic compounds including thiazolopyridines (STAC-2)
(compound 60 in Fig. 13), benzimidazoles (STAC-5) (compound 61 in Fig. 13),
and bridged ureas (STAC-9) activated also SIRT1 [166, 169]. Synthetic compounds
increased SIRT1 deacetylation when an AMC-tagged peptide was used as the
substrate. However, it was demonstrated that the fluorescent moiety on substrates
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was indeed unnecessary for activation since it could be replaced by hydrophobic
amino acids. In addition, specific hydrophobic motifs found in SIRT1 natural sub-
strates such as peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α) and forkhead O transcription factor 3α (FOXO3α) were demon-
strated to facilitate SIRT1 activation by all of the reported STACs compounds. Thus,
SIRT1 activation was demonstrated as a substrate-specific effect with certain native
sequences, while no effect or inhibition was observed with others [169].

3.2.2 Pyridine and Related Derivatives as Sirtuin Activators

One group of sirtuin activators, dihydropyridines (compound 62 in Fig. 13), with a
benzyl group at the N1 position displayed SIRT1 activation with EC150 values (the
effective concentration which increases the enzyme activity to 150%) about 1 μM
but also a moderate activation for SIRT2 and SIRT3 with EC150 values of 15 μM and
50 μM, respectively. Dihydropyridines with a carbethoxy (ester) or carboxy substi-
tution at the 3,5 positions demonstrated the highest activating potencies against
SIRT1 when compared to the carboxamide moiety [170]. Valente et al. [191]
synthetized a series of dihydropyridine analogs, and the results demonstrated that
the replacement of the N1-benzyl moiety with the benzoyl portion, 2-pyrazinoyl, or
2-naphthoyl group led to higher SIRT1 activation. In addition, the substitution of the
C4-phenyl ring with mono- or bicyclic heteroaromatic rings increased potency
against SIRT1. Modified compounds displayed high nitric oxide (NO) release in
human keratinocyte (HaCat) cells and ameliorated skin repair in a mouse model of
wound healing [191]. NO release is involved in the maintenance of skin homeostasis
as well as in the modulation of inflammatory response.

Another group of pyridines, oxalopyridines (compound 63 in Fig. 13), showed
moderate activation of SIRT1 with EC1.5 (the concentration of compound required
to increase the enzyme activity by 50%) in a range of 6–25 μM. Later, a set of
oxalopyridine analogs was synthetized, and the results revealed the importance of
the position of the substituents in the phenyl ring. Ortho-substitution in the central
phenyl ring gave the most potent activation, EC1.5 ¼ 0.9 μM. By replacing the
bicyclic scaffold to a benzimidazole and its analog, even more potent SIRT1
activators were developed: benzimidazoles and azalbenzimidazoles exhibited
EC1.5 values of 0.3 μM benzimidazole and 0.5 μM ¼ azalbenzimidasoles,
respectively [165].

3.2.3 Other Activators

Feldman et al. [42] reported the activation of SIRT6 by long-chain fatty acids. Free
long-chain fatty acids stimulated the deacetylation activity of SIRT6 by factors of
5.6 and 6.2 in the case of oleic and linoleic acid, respectively. Other fatty acids, such
as myristic, palmitic, stearic, γ-linolenic, and α-linolenic acids, showed activation
factors of 2.5–2.8. The activation mechanism was investigated by steady-state
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kinetic analyses, and the results suggested that myristic acid could stimulate the
deacetylase activity of SIRT6 by increasing the affinity of the enzyme for an
acetylated substrate by 35 times. A series of N-acylethanolamines also possessed
slightly increased SIRT6 activity, with oleoylethanolamide and myristoylethano-
lamide exhibiting maximal activation, i.e., a doubling [182].

Pyrroloquinoxalines (compound 64 in Fig. 13) were identified as SIRT1 activa-
tors displaying EC50 values greater than 1 μM for SIRT1. These compounds
decreased lipopolysaccharides (LPS)-induced tumor necrosis factor-α (TNF-α) in
human THP-1 leukemia cells [192]. You and coworkers screened as SIRT6 activa-
tors a series of the pyrrolo[1,2-a]quinoxaline-based compounds [31]. The most
potent compound evoked a dose-dependent increase in SIRT6 activity, with a
maximum of �twofold stimulation and an EC50 value of 38 μM. Examination of
several X-ray structures with co-crystallized compounds has demonstrated that these
compounds bind predominantly through the C-pocket at the acyl channel.

4 General Conclusions

The sirtuins are a family of antiaging enzymes; they are some of the most promising
epigenetic targets in drug development for age-related diseases. The human
SIRT1–7 play important roles in numerous biological processes. They affect gene
transcription, tolerance to stress, adaptive mechanisms of metabolism, inflammatory
response, biological rhythms, and cellular senescence, to mention but a few. Human
SIRT1 has been one of the most intriguing research targets during the past years.
Gradually, the role of other members of the sirtuin family has increased, and it has
been speculated that modulation of these sirtuins could exert impacts on cancer,
inflammation, and cardiovascular and metabolic diseases.

The regulation of sirtuins has attracted significant research interest, and many
drug discovery research groups around the world have been searching for new sirtuin
regulators. A large number of new sirtuin inhibitors, belonging to various compound
classes, have been identified during the past years. In particular, compounds capable
of inhibiting the sirtuins are intriguing targets for neurodegenerative diseases and
cancer. There has been a special interest in developing sirtuin activators since they
might have beneficial impact on human health. Although a group of synthetic and
more potent activators has been described, there are still relatively few activators for
most of the sirtuins. Selective and potent sirtuin inhibitors and activators may be
beneficial in improving human health and combatting many diseases.
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Abstract The acetylation of lysine residues of histone and nonhistone proteins is a
post-translational modification catalysed by the so-called histone acetyltransferases
(HATs) that plays a crucial role in several biological settings. The deregulation of
this enzymatic activity is implicated in many disease conditions such as cancer and
inflammatory and neurological disorders. Despite many histone acetyltransferase
inhibitors (HATi) have been identified so far, there is still the need for new,
metabolically stable, more potent and selective HATi as potential therapeutic agents
and/or as chemical tools for studying HAT biology. In the present chapter, the main
features of HAT enzymes and related diseases have been summarized, with a
particular focus on HATi, analysing their structure-activity relationships, mecha-
nisms of action and potential therapeutic applications.
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Abbreviations

ALL Acute lymphoid leukaemia
AML Acute myeloid leukaemia
BRD Bromodomain
CBP CREB-binding protein
CSCC Cutaneous squamous cell carcinoma
DTT Dithiothreitol
GCN5 General control nonderepressible 5
GNAT Gcn5-related N-acetyltransferase
HATi Histone acetyltransferase inhibitors
HATs Histone acetyltransferases
HDACs Histone deacetylases
LoCAMs Long chain alkylidene malonates
LOH Loss of heterozygosity
MSL Male-specific lethal
MYST Moz, Ybf2/Sas3, Sas2, Tip60
NCOA Nuclear receptor coactivator
NSCLC Non-small-cell lung cancer
NSL Non-specific lethal
PCAF p300/CBP-associated factor
SRC-1 Steroid receptor coactivator-1
SRC-3/AIB-1 Steroid receptor coactivator-3/activated in breast cancer-1
TAFII250 TATA box binding protein (TBP)-associated factor
TIF-2 Transcriptional intermediary factor-2
TRAM-1 Thyroid hormone receptor activator molecule-1
α-TAT1 α-Tubulin acetyltransferase 1

1 Background

Histone acetylation is one of most studied post-translational modifications involved
in a plethora of cell functions, including the regulation of gene expression [1]. The
balance between acetylation and deacetylation of histone proteins is regulated by the
action of two protein families: histone acetyltransferases (HATs) and histone
deacetylases (HDACs). HATs catalyse the transfer of an acetyl group from acetyl-
CoA to the lysine (K) located near the amino terminus of core histone proteins
(Fig. 1). The reaction is preferentially carried out on specific lysine residues: for
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example, on histone H3, the lysine residues which are mainly acetylated are those in
positions 9, 14, 18 and 23, while on histone H4, the preferentially acetylated residues
are K5, K8, K12 and K16. This reaction, neutralizing the positive charge of the
amino acid, weakens the electrostatic interaction between the histones and the
negatively charged DNA. In addition to the electrostatic repulsion that makes
the chromatin more lax, the addition of the acetyl group recalls the activation of
chromatin remodelling protein complexes (e.g. transcription factors, remodellers,
chromatin modifiers), thus leading to acetylation-mediated gene activation.

In the last decade, it has become clear that HAT enzymes can also acetylate
numerous nonhistone targets such as transcription factors, nuclear regulators and
various cytoplasmic proteins [2, 3]. Thus, the human HATs have been recently
classified as lysine acetyltransferases (KATs), considering their ability to acetylate
different proteins (Table 1). The HATs are grouped into three main superfamilies:
(1) Gcn5-related N-acetyltransferase (GNAT), (2) p300 and CREB-binding protein
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Fig. 1 Proposed four-step catalytic mechanism of the HAT enzyme p300. (a) Acetyl-CoA and a
specific histone lysine (H4K8) bind in sequence within the active site. (b) The W1436 promotes the
deprotonation of the charged lysine H4K8 and position it for the nucleophilic attack. (c) The free
lysine attacks the carbonyl of acetyl-CoA, while Y1467 protonates the leaving CoA performing a
general acid catalysis. (d) The acetylated lysine product and the CoASH leave in sequence the
active site
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Table 1 HAT family members: classification and main biological implications

Protein
name

Gene
names

Cellular
localization

Histone
targets

Nonhistone
targets Pathology Ref.

P300/CBP family
KAT3A CREBBP,

CBP
Nucleus H2A,

H2B
NF-kappaB,
c-myb,
Foxo1

Neurodegenerative diseases:
Rubinstein-Taybi syndrome.
Cancers: acute myeloid leukae-
mia; acute lymphoid leukaemia;
lung, colon, breast and ovarian
carcinomas; nasopharyngeal
carcinoma; cutaneous squa-
mous cell carcinoma

[40–45]

KAT3B EP300,
P300

Nucleus H2A,
H2B

NF-
kappaB, c-
myc, p53,
STAT3,
β-catenin,
Foxo1, AR

GNAT family
KAT1 HAT1 Nucleus H3, H4,

H2A
– Neurodegenerative diseases.

Cancers: lung, colon, breast,
ovarian, hepatic, gastric and
oesophageal cancers

[15, 67]

KAT2A KAT2A,
GCN5,
GCN5L2

Nucleus H3, H4,
H2A

CDC6,
CDK9,
cyclin D1,
cyclin E1
and E2F1,
HDM2,
PTEN, c-
myc

KAT2B pCAF Nucleus H3 p53, CDK9,
c-myc,
Foxo1, AR

KAT9 ELP3 H4,
H2A,
H3

–

α-TAT1 α-TAT1,
MEC17,
C6orf134

Cytosol Tubulin,
cortactin

MYST family
KAT5 KAT5,

TIP60,
HTATIP

Nucleus H4,
H2A

ATM,
TRRAP,
p53, E2F1,
c-myc

Neurodegenerative diseases:
genitopatellar syndrome. Can-
cers: acute myeloid leukaemia;
acute lymphoid leukaemia;
colorectal, gastric, breast, ovar-
ian, hepatocellular and renal
cell carcinomas

[51–53]

KAT6A KAT6A,
MOZ,
MYST3,
RUNXBP

Nucleus H3 –

KAT6B KAT6B,
MORF,
MOZ2,
MYST4

Nucleus – –

KAT7 KAT7,
HBO1,
HBOa,
MYST2

Nucleus H3, H4 –

KAT8 KAT8,
MOF,
MYST1

H4
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(p300/CBP) and (3) Moz, Ybf2/Sas3, Sas2, Tip60 (MYST). Other three families
have also been classified as HAT for their similarity: (1) the nuclear receptor
coactivator (NCOA)-related HAT family, (2) transcription factor-related HAT fam-
ily and (3) the novel Camello HAT family.

The HATs are predominantly expressed in both the nucleus and cytoplasm, while
some of them are also found in cytoplasmatic organelles such as mitochondria and
endoplasmic reticulum [2, 3]. The main function shared by all HAT members is the
activation of transcription. At least three different mechanisms of transcriptional
activation mediated by HATs have been described. In the first, HATs can directly
acetylate their targets (histone proteins and transcriptional factors) to facilitate a
transcriptional response [4]. The histone acetylation facilitates the unwinding of the
chromatin structure, while the acetylation of transcriptional factors can increase their
DNA binding affinity, so leading to an increase in transactivation and gene expres-
sion [5, 6]. Alternatively, a HAT enzyme can act as a bridge connecting transcription
factors to the transcription machinery or as a protein scaffold contributing to the
assembly of multi-protein complexes that promote transcriptional activation [7].

Nowadays, it is clear that HAT members do not exclusively control nuclear
transcription or transcriptional factors, but they can also act in other cellular com-
partments thus regulating cellular processes not directly related to transcriptional
activation [1]. For their multiple biological functions, HATs play a key role in the
pathogenesis of several diseases, including cancer and neurodegenerative disorders.
Although a growing body of evidence demonstrates a direct relationship between
HATs and cancer and suggests them as new therapeutic targets, HAT inhibitors
(HATi) are still in preclinical development [8, 9]. Herein, we summarize the
biological functions of the main HAT members, their role in human disorders and
the most promising inhibitors identified so far.

2 HAT Superfamilies

The four histone subtypes (histone H2A, H2B, H3 and H4) are the main substrates for
the p300/CBP family. The p300/CBP family comprises only two proteinmembers with
interchangeable functions, CBP and its paralog p300. They show similar structures and
share 86% sequence identity at the HAT domains. The HAT domain of p300/CBP
consists of about 500 residues located in the central region of the protein. p300/CBP
contain several other protein domains, including a bromodomain (BRD) and three
cysteine-histidine-rich domains (TAZ, PHD and ZZ) serving for protein-protein inter-
action. So far, a plethora of interacting proteins, including cofactors and transcription
factors, has been identified thus confirming the relevant role of this family in the
transcriptional control. In this context, p300/CBP act as a bridge connecting transcrip-
tion factors to the transcription machinery, but also directly acetylate histones and/or
transcription factors to facilitate a transcriptional response [7]. It has been reported
that p300/CBP modulate the activity and cellular localization of different factors
producing multiple downstream effects. For example, the acetylation on Stat3 by
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p300 at K685 enhances its DNA binding and transactivation activities, as well as its
nuclear localization [5]. Similarly, CBP acetylates c-myb and E2F1 thus increasing
their transactivating capacity [6]. Conversely, CBP-mediated acetylation of FoxO1
attenuates its DNA binding activity [10].

The GNAT family consists of 12 proteins with different cellular functions and
substrates, including GCN5 (general control nonderepressible 5; KAT2A), PCAF
(p300/CBP-associated factor, KAT2B), α-tubulin acetyltransferase 1 (α-TAT1),
HAT1, the elongator complex subunit Elp3, the mediator-complex subunit Nut1,
Hpa2 and other proteins showing a sequence and structural resemblance with GCN5.
GNAT proteins share a domain composed of four A–D conserved sequence motifs
and rarely have bromodomains or chromodomains required for binding acetylated or
methylated lysine, respectively. In general, GNAT family is involved in cell growth,
playing an important role in cell cycle regulation [11]. The two main members
GCN5 and PCAF are closely related proteins. GCN5 is needed for normal progres-
sion through the G2/M phases and mitotic gene expression. PCAF shares 73%
sequence homology with GCN5 and plays a role in transcriptional activation, cell
cycle arrest and cell differentiation. Under stress conditions, PCAF is required for
the acetylation of histone H3 on p21 promoter, thus stopping cell growth [12]. The
GNAT member α-TAT1 is the main responsible for α-tubulin acetylation at K40 in
higher organisms [13–15]. α-TAT1 is required for cell migration and invasion [16],
and its overexpression in breast cancer cells increases α-tubulin acetylation and
enhances formation of microtentacles, flexible cell protrusions enhancing the attach-
ment of circulating cells [17].

TheMYST family (acronym for the founding members MOZ, Ybf2, Sas2, TIP60)
is the largest but still poorly studied HAT family. Currently, it comprises five human
enzymes: Tip60, MOF, MOZ, MORF and HBO1. This family is characterized by the
presence of a highly conserved MYST domain containing acetyl-CoA binding and
zinc finger motifs [18]. Many MYSTs also contain other domains for recognition of
other proteins [19]. Moreover, they are involved in a wide range of cellular processes
including regulation of transcription, cell growth, cell cycle and stem cell differenti-
ation [18]. Tip60 is the most studied MYST family member. This enzyme is mainly
involved in transcriptional regulation, acting as cofactor for different transcription
factor, including c-Myc [20], p53 [21] and E2F1 [22]. Beyond its role as transcrip-
tional activator, Tip60 is implicated in multiple cellular pathways, including tran-
scription, DNA damage-induced checkpoint activation and apoptosis [23, 24]. MOF
is a well-conserved member of the MYST family [25]. It plays important roles in
transcriptional activation by acetylating histone H4 on K16, a prevalent mark asso-
ciated with chromatin de-condensation. The incorporation of MOF in distinct tran-
scription regulatory complexes, namely, the MSL (male-specific lethal: MSL1,
MSL2) and the NSL (non-specific lethal: KANSL1, KANSL3, MCRS1) complexes,
is important for its enzymatic activity and target selection [26]. Recently, MOF and
MOF-associated complex have been found to be dual transcriptional regulators of
nuclear and mitochondrial genomes [27]. MOZwas firstly identified as a protein with
a zinc finger and a putative acetyltransferase signature that in the translocation t(8;16)
(p11;p13) of acute myeloid leukaemia (AML) is a fusion partner of the CBP.
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Subsequently, on the base of its homology to MOZ, another MYST member called
MORFwas discovered [28, 29]. In cells, MOZ andMORF form similar stable protein
complexes with the ING proteins. These complexes possess a HAT activity specific
for histone H3 and can function as transcriptional coactivators. The HAT activity of
MOZ/MORF complexes is required for normal developmental programmes, includ-
ing haematopoiesis and skeletogenesis, and for the regulation of various genes,
especially the Hox family [19, 30–33]. HBO1 was discovered in a two-hybrid
screening looking for new interactor of ORC1, the subunit of the origin recognition
complex (ORC) [34]. HBO1 is a major mediator of both histone H3 (K14, K23) and
H4 (K5, K8, K12) acetylation. As for otherMYSTmembers, the specificity of histone
tail modification is finely controlled by the different scaffold subunits of HBO1
complex: for example, JADE proteins are required for H4 acetylation, while the
HBO1 complex at the H3 contains BRPF (bromodomain- and PHD finger-containing
protein 1) protein [35].

Finally, the basal transcription factor family and the nuclear receptor cofactors
family are classified as HATs; nevertheless both these families do not harbour
acetylation-related structural motifs. The transcription factor-related HATs include
TATA box binding protein (TBP)-associated factor TAFII250 and TFIIIC. Nuclear
receptor cofactors family include steroid receptor coactivator-1 (SRC-1), steroid
receptor coactivator-3/activated in breast cancer-1 (SRC-3/AIB-1), thyroid hormone
receptor activator molecule-1 (TRAM-1), nuclear receptor coactivator-3 (NCOA-3)
and transcriptional intermediary factor-2 (TIF-2).

More recently, a new family lacking canonical features of known HATs, being
relatively smaller in size, and other associated domains has been identified. This new
family has been named Camello protein family and includes functional HATs that
show specificity towards histone H4, exhibit perinuclear localization and are essen-
tial for zebrafish development [36].

3 HAT and Cancer

Abnormal acetylation patterns can be the result of genetic lesions (e.g. haploinsufficiency
or inactivating mutations, resulting in the silencing of target genes), but also of an
enhanced HAT activity on the wrong targets (e.g. oncogenes), due to their aberrant
recruitment or overexpression.Hence,HATgenetic alterations aswell asHAT functional
dysregulation are strongly linked to human diseases, in particular to cancer [8]. As
mentioned above, alterations of protein acetylation impact on different hallmarks of
cancer such as cell motility and invasion, cell cycle, senescence, cell death, differentia-
tion, DNA repair and DNA damage response; thus both hyperacetylation and
hypoacetylation can cooperate with other cancerous modifications to promote tumori-
genesis and tumour progression (Fig. 2). To date, the genetic alterations of HATs as well
as of the opposing enzymes HDACs are reported to be involved in the expression of
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malignant phenotypes in cancer. In particular, different HATs are reported to be mutated
in both haematological and solid tumours [19, 37] (Table 1). p300/CBP genes are
involved in various chromosomal translocation events during haematological malignan-
cies giving rise to tumour-specific hybrid proteins. In AML, chromosome translocations
of CBP gene are associated with the development of this neoplasia following chemo-
therapy for other forms of cancer [38]. In acute lymphoid leukaemia (ALL), mutations of
CBP gene impairing its HATs activity have been found in about 18.3% of patients.
Moreover, the mutations were often associated with relapsed tumours, indicating that
cells with mutated HATs were resistant to first-line therapy [39].

Fig. 2 HAT genetic alterations as well as HAT functional dysregulation are strongly linked to
human diseases, in particular to cancer. The acetylation status of histones affects chromatin
modelling and transcriptional activity. In fact, histone acetylation by HAT enzymes alters the
expression of genes involved in both cancer initiation and progression. During cancer initiation,
HATs activate genes which results in uncontrolled cell proliferation, loss of differentiation and
inhibition of apoptosis. During cancer progression, HATs activate genes which results in a loss of
adhesion, migration, invasion and angiogenesis. The acetylation status of a protein affects various
protein functions, thus controlling different cellular processes. Overall, alterations of protein
acetylation can cooperate with other cancerous modifications to promote tumorigenesis and tumour
progression
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Mutated or deleted p300/CBP genes have been reported in several solid cancers,
such as lung, colon, breast and ovarian carcinomas, nasopharyngeal carcinoma and
cutaneous squamous cell carcinoma (CSCC), and in most cases these mutations
result into the truncation of the proteins [40–45]. Loss of heterozygosity (LOH) at
the p300 locus has been observed in numerous cancers, including hepatocellular,
colorectal, oral, breast, ovarian, gastric carcinomas and glioblastomas [37]. Notably,
p300 is also involved in the regulation of expression and function of several
oncoproteins including c-myc [46], androgen receptor [47], tumour suppressor
protein BRCA1 [48] and p53 [49].

Like p300/CBP, MYST family members are often mutated in cancer, and chro-
mosomal aberrations involving MOZ and MORF genes can drive leukaemogenesis.
In AML, both MOZ and MORF fuse with multiple genes, including CBP and p300
[28, 29]. These hybrid proteins lead to an aberrant acetylation and transcriptional
activation generally associated with overexpression of oncogenes. Recently, in vitro
and in vivo studies have demonstrated that the depletion of MORF expression
enhances cancer growth and aggressiveness of small-cell lung tumours [50].

Different and independent studies have also shown abnormal MOF expression,
and its corresponding acetylation mark (H4K16) has been found in certain primary
cancer tissues, including breast cancer, medulloblastoma, ovarian cancer, renal cell
carcinoma, colorectal carcinoma, gastric cancer as well as non-small-cell lung cancer
(NSCLC) [19]. However, the role of MOF in human tumorigenesis is still contro-
versial and deserves more investigation. For example, MOF is frequently
downregulated and is a prognostic marker in colorectal, gastric, breast, ovarian,
hepatocellular and renal cell carcinomas [51–53]. Conversely, the overexpression of
MOF in NSCLC predicts poor prognosis of the disease [54].

The human Tip60 locus is frequently mutated or lost in a variety of tumours
including breast and prostate carcinomas [55]. Indeed, in prostate cancer Tip60 is
upregulated in clinical specimens, and its expression correlates with disease pro-
gression. Mechanistically, Tip60 acetylates the androgen receptor even in a ligand-
independent manner, thus inducing the expression of target genes [55]. In breast
cancer, Bassi and coauthors have reported an interesting correlation between Tip60
levels and p53 mutations, thus suggesting that Tip60 is a novel breast tumour
suppressor gene [56].

Because of their cellular functions, also GNAT family members have been
implicated in different types of cancer. GCN5 is found to be upregulated in human
glioma, colon and lung cancer [57]. Conversely, PCAF gene is frequently deleted in
solid tumours such as ovarian cancer, gastric cancer and oesophageal carcinoma
[58]. Recent reports suggest that also α-TAT1 plays a key role in many cellular
processes related to cancer dissemination, including cell adhesion, migration and
invasion [17, 59, 60]. Notably, α-TAT1 is also associated with pancreatic cancer-
initiating cells and breast cancer progression [61].
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4 HAT and Other Diseases

Altered or abnormal HAT activity is also related to several other diseases, including
cardiac hypertrophy, asthma, AIDS and neurodegenerative disorders. Well-studied
are the roles of different HATs in neural development. CBP/p300 are crucial
enzymes in development. Indeed, dysfunctions of CBP/p300 activity deregulate
gene transcriptions that are prominently linked to Rubinstein-Taybi syndrome, an
incurable genetic disorder with combination of mental retardation and physical
features. Most of Rubinstein-Taybi syndrome patients carry heterozygous mutation
in gene CBP, while only a small percentage of patients show mutations in p300 gene
[62]. Several studies in transgenic mice have described a role for CBP/p300 in neural
development [63]. Disruption of both p300 and CBP expression leads to embryonic
lethality in mice between embryonic day 9 (E9.0) and E11.5, associated with
different types of neural tube closure and embryonic vascular and cardiac defects.
Surprisingly, p300 +/� mice also manifested considerable embryonic lethality.
GCN5 expression and activity are also required for the corrected neural tube closure.
Notably, GCN5-null mice also exhibit early embryonic lethality [64], while deletion
of PCAF causes no obvious abnormal phenotypes in mice [65, 66]. Despite this, mice
deleted of both GCN5 and PCAF show a more severe phenotype than GCN5-null
mice, indicating that some PCAF functions are redundant to those of GCN5 in the
early stages of embryogenesis [66]. Interestingly, deficits in learning abilities, spatial
and recognition memory as well as in both short-term and contextual long-term
memory have been observed in adult PCAF null mice [67]. Little is known about
the role of MYST members in neural development. Heterozygous mutations of
MYST members exhibit no relevant phenotypes, while homozygous mutations of
main members (TIP60, HBO1 and MOF) result in early embryonic lethality
around the blastocyst stage or post-gastrulation. MORF is highly expressed in the
brain, and its mutations are associated with different neurodevelopmental disorders
in humans. In particular, mutations of MORF have been found in patients affected
by genitopatellar syndrome, a skeletal dysplasia with cerebral and genital
anomalies [68].

The role of HATs has been also extensively studied in heart disease. By using a
genetic approach, it has been found that HAT members are key factors in the
pathological processes of cardiac remodelling, including hypertrophy, contractility
and fibrosis [69]. p300/CBP family plays critical roles in physiological and patho-
logical growth of cardiac myocytes. The role of p300 in normal cardiac transcription
is demonstrated by p300 null mice showing cardiac structural defects and reduced
expression of muscle structural proteins such as β-myosin heavy chain and α-actinin.
Moreover, p300/CBP activity is enhanced by signalling pathways that promote
cardiac hypertrophy, and ectopic overexpression of both enzymes stimulates cardiac
growth, while dominant-negative mutants of p300 block agonist-mediated cardiac
growth [70].

Lysine acetylation is also essential in regulating immuno-metabolism, and it has
been implicated as both a post-transcriptional and post-translational mechanism in
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modulating immunological and metabolic pathways and therefore may have a
crucial role in maintaining energy homeostasis [71]. To date, the role of HDACs
in these processes is well known. In contrast, the functions of HAT members are not
as well explored as HDACs.

5 HAT Inhibitors

In the past 20 years, a great amount of evidence about the involvement of aberrant
histone protein acetylation in development of different diseases has stimulated a
continuous research on HATi as potential therapeutics or at least as chemical probes
for better understanding of HAT biology. To date, despite the great efforts made by
different research groups into finding small molecule HATi, only a few promising
compounds have been identified. By a medicinal chemistry point of view, according
to origin and mechanism of action, HATi can be divided into three main groups:
bisubstrate inhibitors, natural inhibitors and related (semi)synthetic derivatives and
fully synthetic inhibitors (Table 2).

6 Bisubstrate Inhibitors

The bisubstrate inhibitors are HAT substrate mimics that consist of two moieties
connected by spacers of variable length: the coenzyme A, resembling the natural
co-substrate acetyl-CoA, and a (pseudo)peptide portion, mimicking the lysine-
containing histone substrate sequences (Fig. 3).

In the so-called Lys-CoA (1), CoA is connected to the ε-amino group of a N-
acetyl-lysine through a carboxymethylene linker, while the lysine carboxylic acid is
converted into a primary amide. Lys-CoA shows activity towards p300 in the
sub-micromolar range (IC50 ¼ 0.5 μM), with a selectivity over PCAF
(IC50 ¼ 200 μM) of 400 times, that can be ascribed to the different catalytic
mechanism of the two HATs [72]. In 2008, has been reported the co-crystal structure
of 1 bound within the p300 catalytic site, shading light into the interactions that are
crucial for the inhibition [73].

The main medicinal chemistry approach pursued to modulate selectivity and
affinity of bisubstrate inhibitors has been to vary the sequence and length of the
peptide chain bound to Lys-CoA. In this way have been obtained the peptide
2 (H3-CoA-20) that, resembling the K14-containing sequence of histone H3 (the
main PCAF substrate), is a sub-micromolar inhibitor of this enzyme(IC50 ¼ 0.3 μM)
[72] and the peptide 3 that, mimicking the K16-containing sequence of histone H4
(the main substrate of many MYST family enzymes), is a micromolar inhibitor of
Tip60 (IC50 ¼ 17.6 μM) and p300 (IC50 ¼ 6.62 μM) [74]. Unfortunately, all these
compounds suffer from metabolic instability and low cell permeability, primarily
due to their (pseudo)peptidic nature and the presence of phosphate groups within the
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Table 2 Most relevant HATi

Compound Structure

Enzyme
inhibitory
activity Cell-based activity Ref.

1 Lys-CoA

H2N

O

HN

N
H

O O
SCoA

p300
IC50 ¼ 0.5 μM
PCAF
IC50 ¼ 200 μM

– [72]

5a
Anacardic
acid

OH

OOH

14

p300/CBP
IC50 ¼ 5–
1,000 μM
PCAF
IC50 ¼ 5–
667 μM
Tip60
IC50 ¼ 64–
348 μM
MOF
IC50 ¼ 43–
64 μM

Inhibition of p65 subunit
acetylation and subse-
quent repression of
NF-κB signalling

[74, 77–
79]

9a LoCAM
(SPV106) OEt

O

EtO

O

13

p300/CBP
74% inhibition
@50 μM
PCAF 137%
activation
@100 μM

Apoptotic and
antiproliferative effects
in human leukaemia
U937 cells

[85, 86]

10
Curcumin

OH O

OHHO

MeO OMe
p300
IC50 ¼ 25 μM

Reduction of p300-
dependent acetylation of
histone H3/H4 and p53.
Under examination in
many clinical trials for
various indications

[87–91]

11a
Garcinol

O
O

OH O

OH

OH

p300
IC50 ¼ 7 μM
PCAF
IC50 ¼ 5 μM

Inhibition of histone
acetylation and induction
of apoptosis in several
cancer cell lines

[93]

11d
EML425 NN

O

OO

OH

p300
IC50 ¼ 2.9 μM
CBP
IC50 ¼ 1.1 μM

Reduction of H4K5 and
H3K9 acetylation levels
and induction of cell
cycle arrest in the G0/G1
phase (U937 cells)

[96]

12a
NK13650A

O

N
H

HO O
HO O COOH

O
NH

HN N
H

NH2

NHO

O

HO

R

R ¼ NH-aspartic acid

p300
IC50 ¼ 11 nM

Repression of transcrip-
tion mediated by andro-
gen and oestrogen
receptors and
antiproliferative effects
in various cancer cell
lines

[97]

(continued)
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Table 2 (continued)

Compound Structure

Enzyme
inhibitory
activity Cell-based activity Ref.

14a PU139

S
N

O

N
F

PCAF
IC50 ¼ 1.6–
9.7 μM
p300
IC50 ¼ 5.3 μM
CBP
IC50 ¼ 2.5 μM
Gcn5
IC50 ¼ 8.4 μM

Histone hypoacetylation
and growth inhibition
(LNCaPGI50¼36.2μM;
HL-60 GI50 ¼ 3.4 μM)
in various cancer lines
and healthy mice

[101, 102]

15c
CPTH6 N

H
NN

S
Cl

p300 27%
inhibition
@100 μM
PCAF 40%
inhibition
@800 μM
(phenotypic
screen)
Gcn5 40%
inhibition
@800 μM
(phenotypic
screen)

Inhibition of H3/H4 his-
tone and α-tubulin acety-
lation in various cancer
cell lines. Autophagy
induction in different
tumour cells. Induction
of apoptosis in lung can-
cer stem-like cells
(LCSCs) derived from
NSCLC patients

[103–107]

16a C646
O

O2N

ON
N

O OH

p300
IC50 ¼ 1.6 μM
Ki ¼ 460 nM

Repression of prolifera-
tion and histone H3/H4
hypoacetylation in mela-
noma and lung cancer
lines. Apoptosis induc-
tion in AML1-ETO-pos-
itive leukaemia cells

[108, 111]

17 A-485

N
H

N

O

N
H

O

N
O

O

O CF3

F p300
IC50 ¼ 9.8 nM
CBP
IC50 ¼ 2.6 nM

H3K18 and H3K27
hypoacetylation in vari-
ous cancer lines [after
24 h incubation: PC-3
EC50 (H3K18)¼0.46μM
and EC50

(H3K27) ¼ 0.16 μM;
LnCaP-FGC EC50

(H3K18) ¼ 0.97 μM and
EC50

(H3K27) ¼ 0.18 μM].
Antiproliferative activity
in lineage-specific
haematological and pros-
tate cancer cells. Tumour
growth inhibition in a
xenograft model of pros-
tate cancer

[113, 114]

(continued)
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CoA moiety. Among the various strategies applied to overcome these limitations,
particularly effective has been the linking of the polyamine spermidine to CoA by
using a carboxymethylene bridge that led to the Spd(N1)-CoA (4). Indeed, despite
the presence of phosphate groups and an amide bond, this molecule is endowed with
great cell permeability as its spermidine portion is recognized by the specific
transport system of polyamines and is able to block the histone acetylation-
dependent DNA repair and synthesis, so leading to chemo- and radiosensitization
[75, 76].

7 Natural Products and Derivatives

Among the many HATi identified from natural sources, virtually all suffer from poor
selectivity for a particular HAT enzyme, display undesired off-target effects that
arise from their promiscuous chemical nature (e.g. polyphenols and Michael accep-
tors) and do not have the necessary physicochemical properties required for a
potential candidate drug (Fig. 4).

Table 2 (continued)

Compound Structure

Enzyme
inhibitory
activity Cell-based activity Ref.

18 NU9056

N
S

S
S

NS Tip60
IC50 ¼ 2 μM

Histone hypoacetylation
and apoptosis induction
in prostate cancer cells.
Cell growth inhibitory
activity in various pros-
tate cancer lines (LnCaP
GI50 ¼ 24 μM; PC-3
GI50 ¼ 27 μM)

[115]
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Fig. 3 Bisubstrate HATi
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Isolated from the liquid of cashew nut shells, the so-called anacardic acid (5a) is a
non-competitive inhibitor of various HAT enzymes. Depending on the experimental
assay and enzyme purification conditions, its IC50 values range between 8.5 [77] and
over 1,000 μM [74] for p300/CBP, from 5 [77] to 667.1 μM [74] for PCAF and from
64 [78] to 347.6 μM [74] for Tip60. It is also able to inhibit MOF, with Ki and IC50

values of 64 [79] and 43 μM [78], respectively. One of its most relevant cellular
effects is the repression of NF-κB signalling as a consequence of the inhibition of the
p65 subunit acetylation. Nevertheless, the effects of 5a in various cellular contexts
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Fig. 4 HATi from natural sources and related compounds
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seem mostly to be the consequence of its promiscuous inhibition of multiple
enzymes [80]. For the low cell permeability due to its high lipophilicity, 5a has
been the object of an extensive med-chem optimization effort aimed at generating
derivatives with increased solubility in water as well as better inhibitory potency and
isoform selectivity. Recently, Wapenaar et al. reported a series of 5a derivatives
differing in regiochemistry, alkyl chain length and chemical composition that were
tested against both p300 and MOF [79]. Among them, two derivatives, 5b and 5c,
showed an inhibitory potency against MOF (IC50 ¼ 37 and 57 μM, respectively)
better than 5a (IC50 ¼ 64 μM). Since both compounds, despite differing in the
regiochemistry, possess a linear decyl aliphatic chain instead of the pentadecyl tail of
5a, it has been proposed that the hydrophobic contacts due to the aliphatic chain
could play a key role in the interactions of this chemotype with MOF [79].

A yeast phenotypic screening where the reduction of S. cerevisiae viability was
correlated to Gcn5 inhibition led to the identification of the quinoline 6 (MC1626) as
a sub-millimolar HATi also effective at inhibiting acetylation and gene transcription
mediated by Gcn5 [81]. Starting from 6 a first hit optimization effort led to 7a
(MC1823), a related derivative that is also an analogue of 5a with the three sub-
stituents around the central quinoline core retaining the same relative positions as in
5a, and with the linear pentadecyl chain of the prototype substituted with a pentyl tail
[82]. More potent than 6 and 5a at inhibiting the total HAT activity of nuclear
extracts [82], 7a was the lead for a new series of anacardic acid analogues based on
the 3-carboxy-4-hydroxyquinoline moiety [83]. Among them, the 2-methyl deriva-
tives 7b and its ethyl ester 7c resulted to be micromolar inhibitors of both p300 and
CBP, more potent than 5a [83]. Starting from 6 it has also been developed a series of
HATi bearing longer alkyl/aryl groups at the quinoline C2 position or additional side
chains at the C6 position. Among them, a few derivatives with n-propyl (8a) or
benzyl (8b) groups at C2 position or extended side chains (8c-e) at C6 position
showed twofold to threefold increased potency against p300 compared to 6, with 8e
being the most potent against p300 (IC50 ¼ 57.5 μM) and very effective at decreas-
ing H3/H4 acetylation in human leukaemia cells (U937) [84].

The so-called long chain alkylidene malonates (LoCAMs) are a large class of
HAT modulators derived from anacardic acid that includes SPV106 (9a) and related
compounds. Endowed with an inhibitory potency against p300/CBP comparable to
that of anacardic acid, 9a is also a PCAF activator [85]. Among the LoCAMs, the
most potent HATi are represented by the series of the bicarboxylic derivatives, with
both the ethyl esters of the prototype hydrolysed, that are strong p300 inhibitors
(IC50 ¼ 1.3 and 1.1 μM for 9b and 9c, respectively) and partially inhibit PCAF, and
the acetoacetic derivatives that are good inhibitors of p300 (IC50 ¼ 2.4 and 4.7 μM
for 9d and 9e, respectively), but are also strong activators of PCAF [86]. Interest-
ingly, the corresponding acetylacetone derivatives that have both ethyl esters of 9a
replaced by acetyl groups show no effect on p300 while are pure activators of PCAF.
In summary, by a structure-activity relationship point of view, it is possible to state
that (1) the hydrolysis of the ester groups of the prototype leads to a significant p300
inhibition but decreases the affinity for PCAF; (2) in contrast, the substitution of the
carboxylic moiety for an acetyl group results in a drop of p300 inhibition and a
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corresponding rise in PCAF activation; and (3) both small variations in the length of
the aliphatic chain and the introduction of heteroatoms into it abolish any HAT
modulatory activity [85, 86].

The rhizome of Curcuma longa, also indicated as turmeric, is a commonly used
remedy in both Indian and Chinese traditional medicines. One of its principal
components is represented by the natural product curcumin (10) that, among various
other in vitro activities, has shown the capability to inhibit p300 with a potency in the
micromolar range (IC50 ¼ 25 μM) [87]. The cinnamoyl moieties of 10 are required
for p300 inhibition because by functioning as Michael acceptors, they react cova-
lently with a crucial cysteine residue within the active site of the enzyme [88]. Given
the thiol reactivity and, more generally, its pleiotropic nature, 10 cannot be consid-
ered a selective HATi as it also targets diverse other proteins playing a crucial role in
many epigenetic and non-epigenetic cellular networks [89]. Moreover, like other
phytochemicals, 10 is also able to disrupt cell membranes, so it cannot be excluded
that some of its biological effects are the result of this feature [90]. Presently,
curcumin is under evaluation in many clinical trials for various disease conditions,
but the results of the first completed placebo-controlled, double-blinded trials
(e.g. colon and pancreatic cancer, Alzheimer’s disease and radiation dermatitis)
have revealed that the translation from in vitro to in vivo conditions leads to a
massive drop in the activity of 10, with high chemical instability, extremely low oral
bioavailability and unspecific reactivity as the main causes of inefficacy [91]. Various
synthetic derivatives of 10 have been shown to inhibit p300 in vitro with a better
potency than the prototype, but all of them, sharing with the lead the main mecha-
nism of action (thiol reactivity), are able to interact with multiple off-targets, and
their non-specific nature makes hard and almost useless to draw correlations between
observations in vitro and in vivo [92].

The polyisoprenylated benzophenone obtained from Garcinia indica called
garcinol (11a) is a low micromolar inhibitor of p300 and PCAF (IC50 ¼ 7 and
5 μM, respectively) [93]. Isogarcinol (11b), the product of its intramolecular cycli-
zation, is also a low micromolar inhibitor of p300 and PCAF, while the semi-
synthetic derivative LTK-14 (11c), obtained through the mono-methylation of
11b, is a selective inhibitor of p300 (IC50 ¼ 5–7 μM) [94]. Data of isothermal
titration calorimetry suggest that the binding mode of 11c is different from those of
11a and 11b. In fact, while the two natural HATi have likely two principal binding
sites, with the hydroxyl groups of the catechol motif accommodated by the acetyl-
CoA binding pocket, and the isoprenoid chains interacting close to the substrate-
binding site region, LTK-14 is a non-competitive inhibitor for both histone and
acetyl-CoA substrates that likely binds only to the second binding site of 11a and
11b, since the methylation of one of the two catechol hydroxyl groups impedes the
interactions with the acetyl-CoA binding pocket [94]. In addition, probably due to
differences in specificity, 11c is much less toxic than its parent compounds in
cellular tests (HeLa cell line) [95]. The molecular simplification of garcinol led to
the benzylidenebarbituric acid EML425 (11d), which is a potent and selective p300/
CBP inhibitor (IC50¼ 2.9 and 1.1 μM for p300 and CBP, respectively) [96]. Despite
the presence of an α,β-unsaturated carbonyl system would suggest a thiol reactivity
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and a covalent binding mode, molecular modelling studies performed on the 11d-
p300 interaction show that this inhibitor occupies the same binding pocket as 11c,
with a reversible and non-competitive mode of action. Interestingly, upon test in
human leukaemia cells (U937), 11d reduces the levels of H4K5 and H3K9 acetyla-
tion and induces the arrest of the cell cycle in the G0/G1 phase [96].

The two fungal metabolites of Penicillium species 12a (NK13650A) and 12b
(NK13650B) are peptidic compounds that display a very potent and selective p300
inhibition (IC50s ¼ 11 and 22 nM, respectively). Moreover, they are able to repress
the transcriptional activation mediated by the oestrogen and androgen receptors and
to reduce the cell viability in various tumour cell lines. Their main disadvantage is
the low metabolic stability and cell permeability due to the peptidic nature. Anyway,
since through proper chemical modifications it is possible to decrease the peptide
character, the very high inhibitory potency of both 12a and 12b suggests a great
potential for their possible future applications in cancer management [97].

8 Synthetic Inhibitors

Over the years, a wide range of synthetic HATi have been reported exploiting
strategies such as in silico library screening, high-throughput screening and struc-
ture- or ligand-based drug design approaches. Structure-activity relationship studies
have provided a good understanding of the structural requirements for a strong HAT
inhibition, but only very recently has been reported the first example of a fully
synthetic, extremely potent, selective and safe HATi (Fig. 5).

Identified in 2005 by the means of a high-throughput screening, the
isothiazolones of general formula 13 are PCAF and p300 inhibitors, able to reduce
histone acetylation and block cell proliferation in different cellular settings. Their
proposed mechanism of inhibition relies on a covalent binding between the
isothiazolone sulphur and a key cysteine residue within the enzyme active site,
forming a disulphide bridge. This assumption has been confirmed by the complete
loss of HAT inhibition that can be observed after co-incubation with dithiothreitol
(DTT) that likely competes for the formation of the disulphide bridge [98]. As for
other HATi, the thiol reactivity of this series of inhibitors is their major weakness,
since they can also cross-react with many other proteins [99]. A SAR study has
highlighted the pivotal role of the substituent on the nitrogen atom in modulating the
inhibitory activity of this series of HATi [100]. In fact, N-aryl-substituted derivatives
are able to inhibit all enzymes tested in the study (p300/CBP, PCAF, Gcn5 and
MOF), while N-alkyl or N-benzyl substituents lead to different patterns of isoform-
selective inhibition. In particular, N-alkyl derivatives are weak inhibitors of both
PCAF and Gcn5, while are still effective at inhibiting p300, CBP and MOF, with a
small preference for p300/CBP [100]. An interesting series of related inhibitors is
represented by the pyridoisothiazolones 14a and 14b. First reported as a low
micromolar PCAF inhibitor, the para-fluorophenyl derivative PU139 (14a) [101],
when tested in the above-cited SAR study, revealed to be a non-selective HATi with
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an inhibitory potency against PCAF (IC50¼ 9.7 μM) even lower than those observed
with Gcn5 (IC50 ¼ 8.4 μM), p300 (IC50 ¼ 5.3 μM) and CBP (IC50 ¼ 2.5 μM)
[100]. Interestingly, 14a and its para-trifluoromethylbenzyl analogue 14b, when
tested against a panel of cysteine protease to evaluate any potential cross reactivity,
did not show significant in vitro inhibition, demonstrating a promising target selec-
tivity despite the covalent mechanism of action [102].

The derivatives BF1 (15a), CPTH2 (15b) and CPTH6 (15c) belong to a series of
4-phenyl-2-thiazolylhydrazones that have been reported first as Gcn5 inhibitors from
a yeast phenotypic screening, where their reduction of S. cerevisiae cell growth could
be correlated to the histone H3 hypoacetylation arising fromGcn5 inhibition [103]. In
the following studies, 15a and 15c showed the ability to inhibit also p300 and PCAF,
respectively, with 15a being able to induce histone hypoacetylation in glioblastoma
and neuroblastoma cell lines and 15c to reduce histone H3/H4 and α-tubulin acety-
lation in several leukaemia cell lines [104]. 15b and 15c were also characterized for
their ability to modulate the autophagic process in various cancer cell lines [105]. 15c
showed the ability to induce apoptosis in lung cancer stem-like cells derived from
NSCLC patients, and its growth inhibitory effect correlated to the baseline level of
K40-acetylated α-tubulin [106]. In 2014, a library of hydrazone derivatives and
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analogues was evaluated against p300 and PCAF, and some compounds resulted
more potent than 15b and 15c at inhibiting p300, with the most active ones, 15d and
15e, that retain the 4-(para-chlorophenyl)-2-thiazolylhydrazone core of the proto-
types and display IC50 values of 77.6 and 78.3 μM, respectively [107].

Identified through a structure-based virtual screening carried out on a library of
commercially available small molecules that were docked into the binding pocket of
Lys-CoA within p300 [108], the pyrazolone C646 (16a) is a selective (sub)micro-
molar inhibitor (Ki ¼ 460 nM and IC50 ¼ 1.6 μM) of p300. Various site-directed
mutagenesis, molecular docking and SAR studies have allowed to clarify the binding
mode and to identify the structural elements required for its strong inhibition. In this
regard, the carboxylic acid seems essential for binding, but also crucial is a hydrogen
bond acceptor in the position of the nitro group, while the oxidation to carbonyl or
reduction of the C646 exo-methylene leads to a drop of inhibitory potency,
suggesting that the electronic properties and planarity of the conjugated system are
critical [108]. Despite reported as a non-covalent and competitive p300 inhibitor, the
presence of an α,β-unsaturated system makes 16a susceptible to Michael addition. In
fact, subsequent studies have demonstrated that C646 reacts with numerous
cysteine-containing proteins that could be, at least in part, responsible for its cellular
effects [99, 109]. Another weakness of 16a is its great intrinsic fluorescence which
prevents the use in fluorescence-based assays. In order to overcome this problem, the
furan ring of the prototype has been replaced with a phenyl moiety, leading to the
non-fluorescent p300 inhibitor C107 (16b, IC50 ¼ 9 μM) [110]. Able to reduce
histone H3 and H4 acetylation and block cellular proliferation in lung and melanoma
cancer cells [108], when assayed in AML1-ETO-positive leukaemia cells, 16a
inhibits cell growth and colony formation, with a partial cell cycle arrest in G1
phase and a significant apoptosis, associated with reduction of histone H3 acetyla-
tion and bcl-2 and c-kit levels [111]. Interestingly, 16a is also able to inhibit HDACs
with Ki values ranging from 7 to 25 μMdepending on the specific HDAC subtype, so
confirming that it is not selective and that its cellular effects could also arise from the
inhibition of enzymes other than p300 [112].

Very recently has been reported the first drug-like catalytic inhibitor of p300/CBP
[113]. This spiro-oxazolidinedione compound, indicated as A-485 (17), has been
identified through a virtual ligand screening performed on open conformation of the
docked p300 binding pocket of Lys-CoA, followed by a medicinal chemistry opti-
mization study performed on the first hits [113, 114]. With single-digit nanomolar
inhibitory potencies against p300 (IC50 ¼ 9.8 nM and Kd ¼ 15 nM) and CBP
(IC50 ¼ 2.6 nM), 17 is particularly selective over various HAT enzymes (GCN5,
PCAF, HAT1, TIP60, MYST3 and MYST4) and more than 150 epigenetic and
non-epigenetic targets. Indeed, the co-crystal structure of A-485 bound to the p300
active site, in addition to show the competition with acetyl-CoA for the binding to the
same pocket, by highlighting key interactions within the catalytic site, clearly
explains the elevated HAT isoform specificity of 17 (Fig. 6). Moreover, A-485
reduces in a dose-dependent way the acetylation of H3K18 and H3K27 in various
cell lines so confirming the selective inactivation of p300/CBP, displays selective
antiproliferative effects in multiple prostate and haematological tumour cell lines,
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blocks the androgen receptor-mediated transcriptional programmes in both
androgen-sensitive and castration-resistant prostate tumour cells and reduces the
growth of the prostate cancer in the xenograft model LuCaP-77 [113].

Identified through a high-throughput screening as a single-digit micromolar
Tip60 inhibitor (IC50 ¼ 2 μM), the bis-isothiazole disulphide NU9056 (18), when
assayed in prostate cancer cells, induced a time- and concentration-dependent
decrease in histone acetylation and a significant amount of apoptosis [115].

Recently, by means of a fragment screening approach, has been reported the
fragment 4-amino-1-naphthol (19, 4A1N) as a micromolar inhibitor of MOF
(IC50 ¼ 9.7 μM), with Ki values that suggest an inhibition occurring mainly through
the interaction with the acetylated form of the enzyme [116]. Despite unselective
over PCAF (IC50 ¼ 3.6 μM) and p300 (IC50 ¼ 1.4 μM), 19 can be considered an
interesting starting point for the development of more active and selective MOFi.

9 Conclusions and Perspectives

Despite more than 50 years have passed since the first discoveries about HAT
activity and numerous studies over this timeframe have disclosed the structural
features of HATs and their involvement in various pathological conditions, with
only one very recent exception, no in vivo potent and selective HATi are available so
far. In fact, despite virtual screening and structure-based drug design approaches, by
using both enzyme and enzyme-(co)substrates crystallographic structures, have been
successful in providing some promising HATi, there is still the necessity to develop
more potent (particularly in cells and in vivo) and selective (between HAT subtypes
and between HAT and other enzymes) inhibitors that could work either as chemical

Fig. 6 Binding mode of
compound 17 derived from
the co-crystal structure
with p300

Histone Acetyltransferase Enzymes: From Biological Implications to Most. . . 113



tools to better our knowledge about HAT biology or as potential chemotherapeutics
to target the numerous disorders where HATs seem significantly involved.

One of the main problems in HATi development is the structure of the target
itself: the highly conserved co-substrate-binding cleft and the shallow substrate-
binding pocket make attaining potency and/or selectivity for any specific isoform
very demanding. Another serious problem is the issue of the different results
obtained from diverse assay formats. The usage of different techniques, that provide
IC50 values as results of different physical measurements, and the great variability of
types of buffer and substrate, enzyme sources, substrate/cofactor concentrations and
incubation times often lead to quite inconsistent and even contradictory results. For
this reason, the comparison of IC50 values, even for similar assay settings, cannot be
reliable. The best solution to this issue is the standardization of the assay protocols,
the usage of reliable reference inhibitors and the comparison only of Ki values after a
precise study of the catalytic mechanism of the diverse HAT enzymes and of their
inhibitors’ kinetics. Orthogonal assays are also vital to confirm initial results, and
counter screens against off-targets should be performed to establish selectivity of
hit/lead compounds.

Another problem in HATi development is that quite often their cellular effects do
not reflect the enzyme inhibitory activity measured in vitro. A possible explanation
of the evidence that potency and selectivity of HATi often vary between cellular and
enzymatic assays is that natively HATs are frequently part of multi-protein com-
plexes, and their structural and/or catalytic functions can be modulated by the other
proteins within the complex depending on the specific cellular context. Moreover,
the majority of the HATi reported so far exhibit low potency, very scarce selectivity
and metabolic instability, which may be responsible of their low efficacy in cells and
in vivo.

The consequence of this situation is that currently, with the peculiar exception of
curcumin, there are no HATi in advanced clinical development. Even curcumin,
displaying an inhibiting activity against many other proteins in addition to p300, and
showing additional mechanisms of action that likely contribute to the pleiotropic
effects observed in cellular and animal models, when translated to human clinical
trials, is not as effective as predicted by both in vitro and cellular assays [91].

Nowadays, only two crystallographic structures of HATi in complex with a single
HAT enzyme are freely available: the complexes of p300 with 1 [73] and 17
[113]. Resolving this type of structures for other HATs, especially within their
native multicomponent protein complexes, will be of vital importance to improve
our understanding of crucial enzyme-inhibitor interactions, thereby providing pre-
cious information for the development of more potent and selective HATi. In fact,
supported by the new crystallographic data, computer-aided methods, in combina-
tion with the most recent approaches in the drug discovery field, will likely signif-
icantly increase our chances to developing HATi that could be used as potential
chemotherapeutics and/or at least as chemical probes for studying HAT biology.
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Abstract Since 2000, the histone methyltransferases that catalyze the methylation
of a number of histone and nonhistone substrates have been discovered.

A growing body of literature is indicating that lysine methyltransferases (KMTs)
play a crucial role for transcriptional regulation and are involved in cancer and
various other human diseases, thus being of high interest as potential therapeutic
targets.

In this book chapter, we highlight the discovery, characterization, and application
of selective KMT inhibitors, useful for dissecting their physiological functions as
well as their disease implications.

Over the past decade, there has been an impressive progress regarding the KMT
inhibitor discovery, especially conjugating the research interest with the available
and novel techniques including new assay methods, high-throughput screening,
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structural biology, and medicinal chemistry approaches. Our goal is to point out
herein key advances, challenges, possible future opportunities, and directions,
regarding KMT modulation in a preclinical and clinical setting.

Keywords Cancer, Chromatin, DOT1L, Epigenetic modulators, EZH2, G9a,
Lysine methyltransferases, SETs, SUVs

Abbreviations

5-HT2A 5-Hydroxytryptamine receptor 2A
AML Acute myeloid leukemia
ASH2L ASH2 like histone lysine methyltransferase complex

subunit
CARM1 Coactivator-associated arginine methyltransferase 1
DLBCL Diffuse large B-cell lymphoma
DNMT DNA methyltransferase
DNMTi DNA methyltransferase inhibitor
DOT1L Disruptor of telomeric silencing 1-like
EED Embryonic ectoderm development
EHMT1 Euchromatin histone methyltransferase 1 (see also GLP)
EHMT2 Euchromatin histone methyltransferase 2 (see also G9a)
ERα Estrogen receptor alpha
EZH1 Enhancer of zeste homologue 1
EZH2 Enhancer of zeste homologue 2
FP Fluorescence polarization
G9a Euchromatic histone-lysine N-methyltransferase

2 (EHMT2)
GLP G9a-like protein (EHMT1)
GPCRs G protein-coupled receptor
H1 Histamine receptor 1
H3K9 Lysine 9 of histone 3
H3K9me2 Demethylated lysine 9 of histone 3
HbF Hemoglobin F
HCT116 Colon colorectal carcinoma cell line
HDACi Histone deacetylase inhibitors
HEK293T Human embryonic kidney cell line
HL60 Human leukemia cell line
HSP90 Heat shock protein 90
HTS High-throughput screening
IUGR Intrauterine growth restriction
KARPAS-422 Lymphoma cell line
KMTs Lysine methyltransferases
LnCaP Prostate adenocarcinoma cells
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MAP 3K2 Mitogen-activated protein kinase kinase kinase 2
MCF10A Non-tumorigenic epithelial cell line
MCF7 Breast cancer cell line
MDA-MB-231 Human breast cancer cell line
MLL Mixed-lineage leukemia
MOA Mechanism of action
MV4–11 (MLL-AF4),
MOLM-13 (MLL-AF9),
and THP1 (MLL-AF9)

MLL-rearranged cell lines

MYND Myeloid translocation protein-8, Nervy, and DEAF-1
PARP1 Poly(ADP-ribose)-polymerase 1
PC-3 Prostate cancer cell line
PCNA Proliferating cell nuclear antigen
PK Physical-chemical (properties)
PKMTs Protein lysine methyltransferases
PML-NB Promyelocytic leukemia protein nuclear bodies
PMTs Protein methyltransferases
PPAR-γ Peroxisome proliferator-activated receptor gamma
PPI Protein-protein interaction
PRC2 Polycomb-repressive complex 2
PRMTs Protein arginine methyltransferases
PWS Prader-Willi syndrome
Rb Retinoblastoma
RBBP5 Retinoblastoma-binding protein 5
RE-IIBP Response element II-binding protein
RNMTs RNA methyltransferases
SAH S-adenosyl homocysteine
SAM S-adenosyl-L-methionine
SAR Structure-activity relationship
SCD Sickle cell disease
SCLC Small cell lung cancer
SET Nuclear proto-oncogene
SETD2 SET domain containing 2 histone methyltransferase
SETD7 SET domain containing 7 histone methyltransferase
SETD8 SET domain containing 8 histone methyltransferase
SETDB1 SET domain bifurcated 1
SMYD SET and MYND domain-containing
SUM159 Breast cancer cell line
SUV Histone-lysine N-methyltransferase
SUZ12 Subunit polycomb-repressive complex 2
U2OS Osteosarcoma cell line
U937 Histiocytic lymphoma cell line
VEGFR1 Vascular endothelial growth factor receptor 1
WDR5 WD repeat-containing protein 5
WT Wild type
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1 Introduction

First discovered in 2000, histone methyltransferases catalyze the methylation of a
number of histone and nonhistone substrates. Protein methylation is a dynamic
process, involved in gene expression, transcriptional regulation, and in many key
steps in cell fate decision. The two major families of histone methyltransferases are
the lysine methyltransferases (KMTs) and the arginine methyltransferases (PRMTs).
The KMTs, in turn, can be divided in two different classes: the SET domain- and the
non-SET domain-containing KMTs. DOT1L is the sole member of the non-SET
KMT family. The SET domain-containing KMTs are classified according to their
sequence similarity into five major families including SUV, SET1, SET2, EZ, and
RIZ families [1]. Aberrant histone/protein methylation patterns have been associated
with various disorders including cancer. In time, there has been a growing interest in
elucidating the functions and probing the therapeutic relevance of these enzymes
[2]. Hence, the research on small-molecule modulators of PMTs to be used as tool
compounds or as drug discovery hits has been very prolific. However, despite the
number of studies on several different lysine methyltransferases, relatively few
selective inhibitors have been identified so far. In this chapter we will focus on the
current progress toward the discovery of small-molecule and peptide-based inhi-
bitors of KMTs.

1.1 The H3K9 Methyltransferases EHMT1 and EHMT2
(GLP and G9a)

Euchromatin histone methyltransferases such as EHMT1 and EHMT2, which are
better known as GLP and G9a, are SET domain-containing methyltransferases
which mono- or di-methylate H3K9 as well as other nonhistone substrates, such as
K373 of the tumor suppressor p53 [3]. EHMTs are responsible for transcriptional
repression and activation via the formation of a heterodimeric complex during
germ cell formation, embryogenesis, and cardiac morphogenesis [4]. G9a is
known to be overexpressed across different cancers, such as leukemia, prostate,
lung or liver cancer, where its overexpression was associated with poor prognosis
[5]. The reduction of G9a expression diminished cell proliferation, migration, and
invasion of lung and breast cancer cells in vitro and suppressed tumor growth and
metastasis in vivo [3]. Renneville et al. proved that G9a or GLP knockdown
increased the expression of γ-globin genes leading to an augmented number of
cells expressing hemoglobin F (HbF). This finding could be an interesting starting
point for a new therapy of sickle cell disease via expressing hemoglobin F (HbF), as
increased HbF levels are a well-validated strategy for sickle cell disease (SCD)
treatment [6].
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1.1.1 Non-SAM-Competitive G9a/GLP Inhibitors

In 2007, BIX01294 (1, Fig. 1), possessing three subunits, the quinazoline, the
piperidine, and the diazepane one, was identified via a high-throughput screening
approach. This compound was the first reported selective small-molecule inhibitor of
G9a and GLP, exhibiting an IC50 of 1.9 μM for G9a and 0.7 μM for GLP [7].With the
aid of the BIX-GLP crystal structure, an unoccupied tunnel space, normally hosting
the substrate histone lysine (H3K9), has been identified, allowing the extension of the
molecule into the aforementioned tunnel to achieve more specific and potent inhi-
bitors. Liu et al. extended at first the methyl ether substituent at C-7 to a three-carbon
chain terminating with a dimethyl amine, leading to UNC0224 (2, Fig. 1), which was
fivefold more potent in an enzyme-based assay than the parent compound 1.

The same research group continued to investigate on the 7-position of the
quinazoline moiety, not only by varying the linker size but also by using different
aliphatic and alicyclic terminal groups [8]. This study yielded UNC0321 (3, Fig. 1)
being a nanomolar inhibitor. Compound 1 was found to be rather GLP-specific, while
both compounds 2 and 3 possess a slightly higher specificity towardG9a. Although the
aforementioned EHMT inhibitors were very potent in enzyme-based assays, they lack
desirable drug-like properties, displaying also metabolic issues. To address these
problems, Liu et al. continued their med-chem optimization by modifying the C-2,
C-4, and C-7 positions with numerous chemically different substituents [9]. The most
advanced compound from this study, UNC0638 (4, Fig. 1), features at the C-7 a side
chain. So far, this compound is the most deeply studied G9a/GLP inhibitor present in
the literature, being 600-fold selective over other epigenetic and non-epigenetic targets.
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Displaying enzymatic IC50 values of 19 nM and less than 15 nM against GLP andG9a,
respectively [10], the inhibitor 4 is more or less equipotent against G9a/GLP. Kinetic
studies in the presence of histone and SAM, as well as a crystal structure analysis,
confirmed that compound 4 is a substrate-competitive inhibitor [10]. Compound
4 exhibited high cellular potency and low cell toxicity in several cancer and normal
cell lines. For example, it lowered global H3K9me2 levels in human breast cancer
MDA-MB-231 cells, being significantly more potent (IC50: 81 � 9 nM) than com-
pound 1 (IC50: 500 � 43 nM) [10]. As mentioned before, compound 4 was less
cytotoxic (EC50: 11,000 � 710 nM) than compound 1 (EC50: 2,700 � 76 nM) in
MDA-MB-231 cells, thus offering a better therapeutic window. Additionally, com-
pound 4 has been shown to induce leukemic stem cell differentiation, suppressing the
proliferation of primary human AML cells [11]. The potential clinical benefit of such a
pharmacological inhibition of G9a in AML treatment was confirmed in
G9a-conditional knockout AML cells [11]. The cyclohexyl group present in the
2-position of compound 4 is known to be prone to metabolic modifications, so that a
more suitable and stable candidate for in vivo studies was needed [10]. The same
research group further investigated on the 2-position by using more stable substituents
such as nitrogen-containing saturated heterocycles, leading to excellent biochemical
properties together with IC50s against G9 lower than 2.5 nM [12]. UNC0642 (5,
Fig. 1), possessing a 4,4-difluoropiperidine substitution at C-2, succeeded compound
4, being a suitable candidate for in vivo studies [12]. Compound 5 retained high in vitro
potency for G9a and GLP (IC50 < 2.5 nM) and was >20,000-fold selective for
G9a/GLP over other methyltransferases (e.g., SETD7, SETD8, SETDB1, PRMTs,
SUVs, DOT1L, and DNMT1) and >300-fold selective over other non-epigenetic
targets such as kinases. This compound reduced the H3K9me2 mark, without
exhibiting a strong cytotoxicity, in both healthy and cancer cell lines. Compound
5might not only be useful in cancer therapy but also in Prader-Willi syndrome (PWS),
where it was proved to reactivate genes from the maternal allele not only in a cellular
context but also in a mouse model, leading to a significantly increased growth and
lifespan of PWSmouse pups [13]. Recently, MS012 (6, Fig. 1), a potent and selective
(over PKMTs, PRMTs, DNMTs, and RNMTs) GLP inhibitor has been described
[14]. This inhibitor possesses still a quinazoline scaffold and exhibits a 140-fold
selectivity for GLP (IC50: 7 � 2 nM), over G9a. It should be mentioned that the
X-ray structures revealed that this substrate-competitive inhibitor has an almost iden-
tical bindingmode for GLP andG9a, underlining the challenge for amedicinal chemist
to design potent and highly selective inhibitors for such homologous enzymes
[14]. A-366 (7, Fig. 1), the first potent and selective non-quinazoline G9a inhibitor,
has been described by Abbvie (IL, USA) featuring a novel spiro(cyclobutane-
1,30-indol)-20-amine core preserving the right-hand side of the UNC G9a inhibitors.
This compound potently inhibited G9a (IC50: 3.3 nM) and GLP (IC50: 38 nM) with a
substrate-competitive and non-SAM-competitive mechanism of action (MOA)
[15]. The crystal structure of compound 7 in complex with G9a revealed a comparable
bindingmode to compound 4 [15]. Like compound 4, compound 7 at 3 μM reduced by
50% H3K9me2 levels in prostate cancer cells (PC-3), although no effects on cellular
proliferation have been observed on a panel of 38 cancer cell lines even at 10 μM.
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However, compound 7when used in an acutemyeloid leukemia flank xenograft model
at 30 mg/kg/day for 14 days reduced H3K9 methylation, with a 45% reduction of
tumor volume [16].

1.1.2 SAM-Competitive G9a/GLP Inhibitors

So far most of the G9a/GLP inhibitors are non-SAM competitive with limited focus
on the development of SAM-competitive inhibitors [17]. Chaetocin (8, Fig. 1), a
fungal epidithiodiketopiperazine alkaloid, will be discussed in more detail among the
SUV inhibitors. However, 8 inhibits EHMT1 and EHMT2 as well, being at least
tenfold less potent than BIX01294 (1). The selectivity of this compound is debated
controversially in the literature [18]. In 2012, Yuan et al. screened a library of
2-substituted benzimidazoles mimicking SAM. They discovered the G9a
SAM-competitive inhibitors BRD9539 (9, Fig. 1) and BRD4770 (10, Fig. 1), its
methyl ester, as a prodrug [17]. While compound 9 inhibited G9a with an IC50 of
6.3 μM, it also inhibited EZH2with a similar potency andNSD1with a lower potency
(IC50: 40 μM). It was, however, selective over other epigenetic methyltransferases
such as SUV39H1, SUV39H2, MLL1, SETD7, SETD8, PRMT1, PRMT3, PRMT5,
and DNMT1. Strangely, by now, the inhibition properties of compound 9 versus GLP
are not reported in the literature.

There are also further G9a/GLP inhibitors described in recent works [19, 20], but
these compounds have been just validated in biochemical assays without extensive
further characterization.

1.2 The H3K9 Methyltransferase SETDB1

SET domain bifurcated 1 (SETDB1, also known as ESET or KMT1E) is a HMT
specifically catalyzing H3K9 methylation in the nucleus [21]. SETDB1 is responsi-
ble of transcriptional repression and gene silencing. It is implicated in PML-NB
(nuclear bodies)-associated functions and plays a role in embryonic stem cells.
During embryogenesis and postnatal development, SETDB1 is involved in
X-chromosome inactivation, proviral silencing, differentiation of osteocytes and
chondrocytes [22], and myogenesis. All these different aspects have been recently
well reviewed by Karanth et al. [23]. SETDB1 is considered as an oncogene, and it
has been found dysregulated already in early stages of cancer development. Its
expression increases with cancer progression and invasiveness; indeed SETDB1
overexpression occurs in various cancers such as melanoma, lung cancer, ovarian
cancer, hepatocellular carcinoma, and breast cancer [23]. Nevertheless, it is worth to
remember that SETDB1 is involved also in adipogenesis and obesity (through
PPAR-γ modulation), Huntington’s disease, schizophrenia, and autism [23]. So
far, no selective SETDB1 inhibitors have been reported; however the interest for
targeting SETDB1 in cancer is growing. Currently, non-specific SETDB inhibitors,
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namely mithramycin, DZNep, and paclitaxel, are used to study the effects of
targeting this MT in cancer cells [23].

1.3 The H3K9 Methyltransferases SUV39H1 and SUV39H2

SUV39H1 was the first histone lysine methyltransferase to be discovered. SUV39H1
and SUV39H2 catalyze, via a SAM-dependent mechanism, H3K9 dimethylation
(me2) and trimethylation (me3) by preferentially binding to monomethylated (me1)
H3K9 [24, 25]. Both enzymes are crucial in several biologically relevant processes
[26]. For example, SUV39H1/2 may serve as a tumor suppressor by maintaining the
H3K9 trimethylation mark at pericentric heterochromatin [27]. SUV39 knockdown
induces higher sensitivity of tumor cells to radiation or chemotherapy agents, while
their overexpression promotes malignancy and resistance to these treatments
[28]. Furthermore, SUV39H2 might be involved in maintaining HIV silencing
[29]. To date, only one SUV39 inhibitor has been published chaetocin (8, Fig. 1),
that is, a potent SAM-competitive inhibitor with an IC50 of 0.6 μM [30]. However,
follow-up studies have demonstrated that compound 8 is not very selective [18, 31]
as it acts also on EHMT1 and EHMT2 and other targets such as thioredoxin
[32]. Nevertheless, when used for AML treatment, compound 8 has been proven
to induce apoptosis and to reduce cancer progression in vivo, similar to loss of
SUV39H1 alone [32]. However, as off-target effect, upregulation of reactive oxygen
species is also believed to be responsible for the response to chaetocin treatment
[32]. To date, no small synthetic selective SUV39 inhibitor is known in the literature,
underlying the need of the discovery of new specific hit compounds for this target.

1.4 The H3K27 Methyltransferases EZH1 and EZH2

The lysine methyltransferases EZH1 or EZH2 constitute the catalytic subunit of the
PRC2 complex. Even though EZH1 and EZH2 possess a high sequence similarity,
they exhibit different catalytic efficiencies, distinct chromatin binding properties, and
expression patterns [33]. By themselves, EZH1 and EZH2 are not able to catalyze
H3K27 methylation, but they require the copresence of at least two other protein
subunits in the complex: EED and SUZ12 [34]. EZH2 has been proved to have also
PRC2-independent functions, being involved in the methylation of a number of
nonhistone substrates, such as the transcription factors GATA4 and PLZF [35]. The
non-PRC2 activity of EZH2 could drive to transcriptional activation, rather than
repression [36]. The polycomb complex is involved in the regulation of different
functions in addition to the HOX gene silencing including X-chromosome inacti-
vation, germline development, cell fate decision, cell-cycle regulation, senescence,
stem cell pluripotency, and cancer metastasis [37]. In humans, the self-renewal ability
of embryonic and tissue-specific stem cells is maintained by the PRC2 activity, and its
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dynamic regulation is critical for proper development and differentiation [38]. The
wide biological role of EZH2 and, specially, its deep involvement in the regulation of
cell-cycle progression, as well as its pivotal role in several cellular pathways, well
explain why its dysfunction is associated with several solid or hematological cancers
as well as its involvement in stem cell maintenance and tumor development
[36]. Activating or inactivating somatic EZH2 mutations and deletions and missense,
nonsense, and frameshift EZH2 heterozygous or homozygous mutations have been
found in various cancers [36]. Considering that both gain- and loss-of-function EZH2
mutations have been reported in cancers, we could conclude that EZH2 behaves in
turn as an oncogene or as a tumor suppressor, based on the context. A balanced EZH2
activity is required to keep homeostasis [39]. In the light of these findings, EZH2 has
been considered an attractive target for cancer therapy.

1.4.1 EZH2 Catalytic Inhibitors

The carbocyclic adenosine analogue 3-deazaneplanocin (DZNep, 11, Fig. 2), a deriv-
ative of the natural antibiotic neplanocin A, has been one of the first small molecules to
be tested as EZH2 inhibitor [40]. By mechanism, compound 11 is an S-adenosyl-L-
homocysteine hydrolase inhibitor, affecting all SAM-dependent processes; hence it is
an indirect and unselective inhibitor [41]. The poor PK and toxicological profile of
compound 11 [42] encouraged the development of novel, potent, and selective inhi-
bitors of EZH2. High-throughput biochemical screenings led to the development of
SAM-competitive catalytic EZH2 inhibitors, many of them containing a
dimethylpyridone moiety. In 2012, Epizyme Inc. reported EPZ005687 (12, Fig. 2) as
a potent, selective, and SAM-competitive small-molecule inhibitor of EZH2 with a Ki

of 24 nM [43]. Treatment with compound 12 in EZH2-WT and Y641- or A677-mutant
lymphoma cells, as well as in other cancer cell lines, including breast and prostate
cancers, resulted in dose-dependent ablation of H3K27 methylation. Simultaneously,
GlaxoSmithKline (GSK), via a high-throughput biochemical screening, followed by an
extensive medicinal chemistry optimization, disclosed GSK126 (13, Fig. 2), able to
potently (Ki

app: 0.5–3 nM) and selectively inhibit WT and mutant EZH2. Compound
13 markedly inhibits the growth of EZH2-mutant diffuse large B-cell lymphoma in
xenograft mice [44] and is currently being under evaluation in phase I clinical trials
against various types of lymphoma [45].GSK343 (14, Fig. 2) is another indazole-based
potent EZH2 inhibitor (IC50: 4 nM) [46]. EI1 (15, Fig. 2), a SAM-competitive inhi-
bitor, is effective against WT and mutant EZH2 and displays>10,000-fold selectivity
for EZH2 over other methyltransferases and 90-fold selectivity over EZH1. In cell-
based studies, EI1 reduced H3K27 methylation levels reactivating PRC2 target genes.
Moreover, it was able to decrease proliferation and to induce cell-cycle arrest and
apoptosis in Y641 mutant large B-cell lymphoma [47]. Reported as the first orally
bioavailable inhibitor in mice, UNC1999 (16, Fig. 2) was a dual and highly selective
inhibitor of WT and Y641 mutant EZH2, as well as of EZH1. Also compound 16 is a
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SAM-competitive inhibitor, able to reduce H3K27 methylation levels in cells and to
induce apoptosis in Y641N-mutant large B-cell lymphoma [48].

The dual inhibitor 16 was proved to efficiently arrest cell proliferation
MLL-rearranged leukemia [49] ex vivo and in vivo, while the selective EZH2 inhi-
bitor compound 13 was not as effective. Importantly, these data raise the question
around the possibility and the need of simultaneously targeting EZH1 and EZH2 and
call for deeper investigation about the still misty EZH1, its functions, and its relation
with EZH2. Interestingly, compound 17 (Fig. 2) is the sole potent EZH2i where the
dimethylpyridone was efficiently replaced with a 2,2,6,6-tetramethylpiperidine.
Compound 17 proved effective in KARPAS-422 lymphoma cells [50], but its poor
PK properties did not allow further in vivo evaluation. CPI-360 showed a good
activity profile in the biochemical assays (WT-EZH2 IC50: 0.5 nM) as well as in a
KARPAS-422 mouse xenograft model [51]. More recently, an optimization study on
this compound led to the identification of CPI-1205 (18, Fig. 2), a highly potent
(biochemical IC50: 2 nM, cellular EC50: 32 nM) and selective EZH2 inhibitor.
Vaswani et al. also disclosed the co-crystal structure of compound 18 bound to the
human PRC2 complex. This compound showed once again a potent antitumor
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activity in a KARPAS-422 mouse xenograft model. Compound 18 is currently in
phase I clinical trials for B-cell lymphoma treatment [52]. Tazemetostat (EPZ6438,
19, Fig. 2) was developed by means of a follow-up optimization of the Epizyme
scaffold (EPZ005687, 12). It has greater potency and better PK profile than com-
pound 12, including good oral bioavailability [53]. Compound 19 recently entered
the clinical arena and is currently studied for a number of lymphomas in phase II but
also for solid tumors in phase I [54–56]. Very recently Lu et al. published an
optimization study of tazemetostat leading to compound EBI-2511 (20) demonstrat-
ing excellent in vivo efficacy in Pfeiffer tumor xenograft mouse [57]. Honma et al.
recently described (R)-OR-S1 21 and (R)-OR-S2 22 (Fig. 2) as dual inhibitors of
EZH1/2 suppressing trimethylation of histone H3K27 in cells more than EZH2
selective inhibitors. They also showed greater antitumor efficacy than EZH2 selec-
tive inhibitor in vitro and in vivo against diffuse large B-cell lymphoma as well as
solid cancers, without exhibiting severe toxicity in rats, thus indicating the possi-
bility of EZH1/2 dual inhibitors for clinical applications [58].

1.4.2 PRC2 Disruptors

Even though EZH2 knockdown studies showed that EZH2 is crucial in many tumor
types, small-molecules EZH2 inhibitors proved to be effective in a smaller range of
cancers. This phenomenon could be explained considering the need to target both the
catalytic and the scaffolding activity of EZH2/PRC2 [59] and/or thinking about
selectively targeting PRC2-dependent functions. Thus, both issues call for an alter-
native way of targeting the PRC2. In this regard, targeting protein-protein interactions
has been considered an interesting strategy to be applied. The first PRC2 disruptors to
be described have been stabilized α-helix of EZH2 peptides (also called SAH-EZH2).
Kim et al. applied all-hydrocarbon stapling to stabilize α-helical structures of their
peptides, leading to an enhanced target binding affinity, protease resistance, and
membrane penetration. Upon treatment with SAH-EZH2, MLL-AF9 leukemia cells
undergo growth arrest and monocyte-macrophage differentiation [60]. High-
throughput screenings led to the identification of the first small-molecule EZH2-
EED disruptors: astemizole (23, Fig. 3), an old antihistamine drug [61], and
wedelolactone (24, Fig. 3), a natural compound [62]. Between December 2016 and
March 2017, a series of publications proved the growing interest and the huge effort
done in developing EED-targeting agents as an alternative strategy to inhibit the
PRC2 functions [63–68]. In December 2016, Novartis reported the discovery of five
structurally distinct EED binder hits 25–29 (Fig. 3), identified by a high-throughput
screen [69]. Compounds 25–29 displayed low micromolar activities against PRC2,
with similar values in presence of EZH1 or EZH2, and they were quite selective in
inhibition with respect to other HMTs (IC50 > 100 μM). The co-crystal structure of
compounds 25–29 in complex with EED has been resolved and studied in detail
[63]. This work was followed by three other publications describing the subsequent
development of some of the newly reported scaffolds. An optimization study of
compound 28, through X-ray crystallography-guided fragmentation and regrowth,
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yielded compound EED226 (30, Fig. 3) [65], a potent and selective PRC2-EZH2/
PRC2-EZH1 disruptor, reducing global H3K27me3 in cells, able to kill selectively
cells with a heterozygous Y641N mutation. This compound showed optimal PK
properties, encouraging and enabling extensive preclinical studies, demonstrating an
optimal tolerability in various species, also inducing regression of tumor xenografts
in vivo [65]. Notably, this compound is even effective in cell lines with acquired
resistance to SAM-competitive EZH2 inhibitors and shows a synergistic effect when
combined with EZH2 inhibitors [67]. Compound 31 (Fig. 3), MAK-683, structurally
related to compound 30, is currently in phase I/II clinical trials for diffuse large B-cell
lymphoma nasopharyngeal carcinoma [56]. Compound 31 has been described in a
patent in 2017 without giving details on its precise biological activity [70] in contrast
to compound 30, which has been described in various contexts [65, 67].
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Applying the same deconstruction and regrowth strategy, the Novartis
researchers also developed compound 32 (Fig. 3) from the HTS hit 25 [64]. In the
same period, also AbbVie Inc. reported the identification of a novel potent and
selective EED binder, compound A-395 (33, Fig. 3), able to bind EED in the
H3K27me3 binding pocket and to inhibit H3K27 methylation in vitro via inhibition
of PRC2 activation. When tested in cell-based assays, compound 33 strongly
reduced the H3K27 methylation and inhibited cancer cell growth and proved to be
effective also in cell lines with acquired resistance to SAM-competitive EZH2
inhibitors. Finally, the novel AbbVie compound was efficacious in a diffuse large
B-cell lymphoma (DLBCL) xenograft mouse model (using cell lines containing an
activating heterozygous EZH2 A677G mutation) [66].

Lastly, Barnash et al. optimized a low-affinity methylated Jarid2 peptide to give
the first peptidomimetic EED ligands UNC5114 (34) and UNC5115 (35) (Fig. 3),
using a coupled combinatorial and structure-based design approach. The binding
mode and the exact mechanism of PRC2 inhibition are not yet fully understood.
However, it is confirmed that the novel peptidomimetic binder is an allosteric inhi-
bitor, targeting the methyl-lysine reader function [68].

Recently, EZH2 inhibitors have been used in combination with known or novel
epi-drugs or standard drugs, for example, DZNep was combined with HDACi and/or
DNMTi resulting in an effective and synergistic treatment in AML than each single
agent alone [71], but also the pyrimidine-based inhibitors with HDACi displayed
antitumor activity in glioblastoma [72].

1.5 The H3K79 Histone Methyltransferase DOT1L

DOT1L (disruptor of telomeric silencing 1-like), also known as KMT4, is a histone
methyltransferase responsible for mono-, di-, and trimethylation of H3K79 [73],
being associated with active gene transcription. H3K79 methylation is involved in
the expression of genes involved in cell cycle progression, DNA damage response, as
well as embryonic development, hematopoiesis, and cardiac function [74]. DOT1L
was believed to be the sole H3K79 methyltransferase, but recent findings support the
idea that MMSET isoform RE-IIBP (interleukin-5 response element II-binding
protein) methylates this mark as well [75]. DOT1L possesses no SET domain,
different from the other identified human PKMTs [76]; instead it exhibits its enzy-
matic activity via a non-SET catalytic domain, similar to those observed in PRMTs
and DNMTs [77, 78]. The turnover of the modifications catalyzed by DOT1L is
rather slow, and no demethylase capable to remove this mark has been described to
date [79]. DOT1L has been studied mainly for its hematopoietic regulation properties
[74], being described as an attractive epigenetic target in AML with mixed-lineage
leukemia (MLL) gene translocations. In vitro studies in such cancer cell lines
confirmed that DOT1L pharmacological inhibition or its genetic ablation led to
differentiation and apoptosis [80]. Furthermore, it has been discovered as a potential
promising target also in breast cancer [81].
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In 2011, Epizyme Inc. described the first selective DOT1L inhibitor EPZ004777
(36, Fig. 4), based on the cofactor SAM and the crystal structure of the enzyme active
site. This compound possesses a high picomolar potency in an enzyme-based assay
(IC50: 400 � 100 pM) [82]. It shows a remarkable selectivity (1,000-fold selective)
over other SAM-dependent methyltransferases despite the structural similarity of the
cofactor binding pocket. As expected, binding studies and crystal structures of this
inhibitor within DOT1L confirmed it as a SAM competitor [83]. Reduced levels of
H3K79me2 were found in several leukemia cell lines treated with compound 36,
without affecting other histone methylation marks, thus underlining the specificity of
this compound [82]. Furthermore, compound 36 led to a reduced expression of the
MLL-rearranged leukemia hallmarks HOXA9 and MEIS1 [82], being able to selec-
tively kill at lowmicromolar potencies MLL-rearranged leukemia cells, while having
little effect on non-MLL-translocated cells, and prolonging survival in amousemodel
of MLL-rearranged leukemia [84]. These effects can be taken as a proof of concept
for the pharmacological inhibition of DOT1L in specific cancer therapy [82]. How-
ever, despite these first promising cell-based results, further clinical development was
not pursued as the pharmacokinetic properties of this compound were not ideal.
In 2013, Epizyme Inc. published the second generation of an improved derivative
of compound 36, known as EPZ-5676 or pinometostat (37, Fig. 4) [85]. In this
compound the ribose moiety was replaced with a cyclobutyl ring to enhance its
pharmacokinetic properties as well as its inhibition activity against DOT1L
(Ki < 0.08 nM; EPZ004777 Ki: 0.3 nM) [85]. Compound 37 retained the same
binding mode as its parent compound. Interestingly, the selectivity over other protein
methyltransferases has been further increased up to 37,000-fold [85]. The new
analogue displayed a nanomolar antiproliferative activity against most of the other
MLL-rearranged cell lines such as MV4–11 (MLL-AF4), MOLM-13 (MLL-AF9),
and THP1 (MLL-AF9), with little effect on leukemia cells lacking the MLL translo-
cation [82, 85]. Despite improved pharmacokinetic profile [86], compound 37 is still
poorly orally bioavailable [87]. To summarize, compound 37 is a major breakthrough
in the protein methyltransferase (PMT) inhibitor field, which entered as the first PMT
inhibitor in the clinical arena: phase I clinical trials for this inhibitor were recently
completed for the treatment of patients with MLL-r, a genetically defined type of
acute leukemia [56]. However, the outcome of this study has not yet been published.
Furthermore, there are also several other DOT1L inhibitors possessing a
deazadenosine core reported in the literature. Using the crystal structure of the
DOT1L-36 complex, Yu et al. developed a chemical probe called SGC0946 (38,
Fig. 4), just showing an additional bromo atom at the 7-position of the deazadenosine
ring of 36, with enhanced in vitro (IC50: 0.3 nM) and in vivo potency. This compound
was also able to reduce H3K79 methylation levels (IC50: 8.8� 1.6 nM) tenfold more
potently than the lead 36 (IC50: 84 � 20 nM) in MCF10A cells while maintaining a
good selectivity profile [83]. Yao et al. described compound 39 (Fig. 4) as a selective,
covalent, and potent DOT1L inhibitor (IC50: 38 nM), possessing greater than 29-fold
selectivity for DOT1L over other methyltransferases such as CARM1, PRMT1, G9a,
and SUV39H1 [88]. The authors proposed, additionally to the hydrogen bond
interactions within the SET domain, an intramolecular cyclization of compound 39
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to form a reactive aziridinium intermediate, able to react with the ε-NH2 group of
lysine 79 forming a covalent bond to H3K79. This compound has not yet been
evaluated in cell-based assays. Scheufler et al. published for the first time in 2016
the non-nucleoside DOT1L inhibitor 40 (Fig. 4) via a weak fragment-based screening
being chemically different from other previously published SAM-based DOT1L
inhibitors [89]. This novel compound turned out to be potent in a biochemical
assay, exhibiting an IC50 of 14 nM. It is interesting to note that compound 40 was
binding to an induced binding pocket different from the SAM binding site of the
classical DOT1L. The inhibitor 40 was confirmed to be SAM-competitive in X-ray
crystallography studies, as upon binding of the compound 40, a conformational
change of the enzyme did not allow anymore the binding of the SAM cofactor
essential for the functionality of DOT1L. In a subsequent paper, the same research
group continued the abovementioned fragment-based approach, leading to the dis-
covery of compounds 41 and 42 (Fig. 4), retaining the same binding mode of 40 and
acting on the same induced binding pocket [90]. In a biochemical screen, both
compounds turned out to be potent and selective DOT1L inhibitors with IC50 values
of 1.4 and 0.4 nM, respectively. Cellular studies revealed that compounds 41 and 42
are able to decrease H3K79me2 levels with IC50 in the nanomolar range (23 and
16 nM, respectively) and to inhibit the proliferation of the MLL-rearranged MV4–11
leukemia cells in a nanomolar range as well. Furthermore, extensive PK studies on
compound 41 in rats highlighted good pharmacokinetic properties, including a
moderate half-life and a good oral bioavailability. Recently, the aforementioned
research group carried on working with other fragments resulting in the discovery of
a highly potent (IC50: 2 pM) and selective DOT1L inhibitor 43 (Fig. 4) [91]. Impres-
sively, inhibitor 43 was threefold more potent than compound 37 (IC50: 5 nM and
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15 nM, respectively) in proliferation arrest of MV4–11 cells. Overall, 40–43 are all
exciting new non-nucleoside-based potent and selective DOT1L inhibitors, being
useful tools for cellular and in vivo studies with high potential to achieve a clinical
trial setting.

1.6 The H3K4 Histone Methyltransferases SET1/MLL
Family: MLL1–4 and SETD1A and 1B

The human SET1 family includes MLL1 (KMT2A), MLL2 (KMT2D), MLL3
(KMT2C), MLL4 (KMT2B), SET1A (KMT2F), and SET1B (KMT2G). MLL1
(also known as KMT2A or TRX1) is a multidomain histone methyltransferase
specific for mono-, di-, and trimethylation of H3K4 [92]. MLL1 undergoes several
types of chromosomal rearrangements, and all of them have been associated with
different leukemias [92]. A number of nonsense, frameshift, or coding mutations in
the MLL protein family have been identified, but their physiological role is not yet
fully understood [92]. The crystal structure of MLL1 SET domain, together with
biochemical data, showed that MLL1 itself displays a poor methyltransferase activ-
ity [93]. Indeed, an optimal catalytic activity is achieved within the MLL complex
including at least three evolutionary conserved subunits: WDR5 (WD repeat-
containing protein 5), RBBP5 (retinoblastoma-binding protein 5), and ASH2L
(ASH2 like histone lysine methyltransferase complex subunit) [93]. Selective
MLL inhibitors have not been described so far; however, considering the relevance
of MLL interactions with its partners [94, 95], a number of PPI disruptors have been
identified. These compounds can be divided in two classes: on the one hand the
WDR5 inhibitors and on the other the menin-MLL PPI disruptors.

1.6.1 WDR5 Inhibitors

In 2013, Karatas et al. reported novel peptidomimetic antagonists of WDR5-MLL
interaction, among them MM-102 (44, IC50: 400 nM, Fig. 5) was the most potent
and effective in cells, and it became a starting point for the development of cyclic
peptidomimetic derivatives. First, in 2014, Cao et al. reported compound MM-401
(45, Fig. 5). Despite the cyclization, compound 45 proved to be a tight binder (KD:
0.9 nM) and potent (IC50: 320 nM) and selective inhibitor [96]. Interestingly, in
MLL-AF9 cells, compound 45 (at 20 μM) specifically reduced H3K4me2 and
H3K4me3 across 50 HoxA loci, after 48 h of treatment, while selectively inducing
cell-cycle arrest, apoptosis, and differentiation in murine leukemia cells MLL1-
AF9, MLL1-ENL, and MLL1-AF1. Moreover, it efficiently inhibited cell growth
in human blasts derived from AML patients with MLL1 rearrangements [96]. In
2017, in a follow-up study on the same scaffold, the authors determined the optimal
linker length and discovered a number of promising analogues, being MM-589 (46,
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Fig. 5) the most potent (IC50: 0.90 nM). Compound 46 was surprisingly selective in
growth inhibition of MOLM13 and MV4–11 cells carrying MLL translocation over
HL60 leukemia cell line. Additionally, compound 46 showed also a good PK
profile and good metabolic stability, being a promising tool for further optimization
and in vivo studies [97]. A number of studies allowed the discovery of WDR5-
0101 (47, Fig. 5) with the aim to optimize the potency in cells of this scaffold. In
2015, Grebien and coworkers reported the potent (KD 93 � 28 nM) and highly
selective WDR5 binder OICR-9429 (48, Fig. 5), proved to bind the MLL1 WIN
motif-binding pocket of WDR5 [98]. The efficacy and target selectivity of the
novel compound were also confirmed in two different systems in which oncogenic
transcription factors (p-30 and p-53) drive cell growth in a WDR5-MLL-dependent
manner [98, 99].
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1.6.2 MLL-Menin Disruptors

Another druggable interaction is the MLL-menin one. The thienopyrimidine-based
compoundMI-1 (49, Fig. 5) was the first small molecule to be identified as antagonist
of menin-MLL1 interaction (KD: 1.9 μM). Compound 49 was selected from a library
of 49,000 compounds through a fluorescent polarization-based screening. Following
structural optimizations on compound 49 yielded in order MI-2 (50) and MI-3 (51)
andMI-2-2 (52) (IC50 of 446, 648, and 46 nM, respectively) (Fig. 5). In 2015,MI-463
(53) and MI-503 (54) (Fig. 5) were developed as orally bioavailable analogues of
compound 52 and proved to be effective in xenografted leukemia models
[100]. Starting from a linear octapeptide (MLL1 residues 6–13; RWRFPARP),
Zhou et al. developed macrocyclic peptidomimetic antagonists of the menin-MLL
interaction. Among them MCP-1 (55, Fig. 5) was the most efficient (Ki: 4.7 nM),
being >600 times more potent than the acyclic analogue and 15 times more potent
than the initial linear hit [101]. Displaying a reduced molecular weight and peptidic
features compared to the original linear peptide, compound 55 is a promising starting
point for the development of cell-permeable menin-MLL disruptors. FP-based
screening of a 288,000-compound library, followed by hit optimization, resulted in
the identification of MIV-6R (56) (IC50: 56 nM), able to inhibit proliferation and
induce differentiation in different leukemia cell lines expressing MLL fusion
proteins [102].

1.7 The H3K4 Histone Methyltransferase SETD7

SETD7 (also known as SET9, SET7/9, or KMT7) was one of the first lysine
methyltransferases to be reported, and it was originally described as H3K4 mono-
methyltransferase [103]. SETD7 can be localized both in the cytoplasm and in the
nucleus, and its localization is regulated in an unusual way involving also other
cellular factors. Even if SETD7 displays a robust activity on H3K4 N-terminal
peptides in vitro, a little or null activity is observed on H3 substrate. Accordingly,
SETD7 knockdown or depletion does not affect the H3K4me levels in living cells
[103]. In time, a number of different studies highlighted the role of SETD7 as
modulator of various transcriptional regulators [103]. SETD7 is also involved in
the regulation of DNMT1 stability [103], DNA repair, cell differentiation, and cell-
cycle control. The number and the variety of its substrates place SETD7 as player in
several molecular pathways involved in cancer, metabolism (e.g., diabetes), inflam-
mation, and viral infections (e.g., HIV, HCV infections) [103] (Fig. 6).

In 2014, the first SETD7 inhibitor, (R)-PFI-2 (57, Fig. 6), was reported as the result
of an HTS screening on a library of 150,000 compounds followed by lead optimi-
zation [104]. Compound 57 proved to be highly potent (IC50 2.0 � 0.2 nM and
Morrison Ki 0.33 � 0.04 nM) and selective for SETD7 over a panel of 18 MTs and
134GPCRs, ion channels, and other enzyme targets. Interestingly, its enantiomer (S)-
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PFI-2 was about 500-fold less potent. More recently, in in-depth studies, Niu et al.
elucidated the molecular and thermodynamic basis of the different interactions of the
two enantiomers of 57with SETD7, giving an explanation to the difference in activity
[105]. This compound displayed no cytotoxicity up to 50 μM in various cell lines,
phenocopying the effects of SETD7 genetic deletion and displaying a good PK profile
[104]. To date, both enantiomers of 57 are the most potent and selective SETD7
inhibitors endowed with a good cellular activity. By the way, efforts aimed to the
discovery of novel and potent SETD7 inhibitors have been done in the last years
[106–109]. In 2015, a pharmacophore- and docking-based virtual screening,
followed by SAR optimization studies, led Meng et al. to the identification of
DC-S239 (58, Fig. 6) as novel selective SETD7 inhibitor (IC50: 4.6 μM)
[108]. When tested in HCT116 and DHL4 cells, compound 58 displayed no cyto-
toxicity but dose-dependently reduced proliferation in MCF7, HL60, and MV4–11
cells. The known histamine H1 and serotonin 5-HT2A receptors antagonist cypro-
heptadine (59, Fig. 6), in use as anti-allergy drug, has been recently proved to be also a
SETD7 inhibitor (IC50: 1.0 μM) [109]. This drug was shown to be selective for
SETD7 over SETD8, G9a, SUV39H1, and DOT1L, displaying a substrate-
competitive MOA. Similar to SETD7 knockdown, this compound dose- and time-
dependently reduced ERα expression in MCF7 cells. This effect was proved to be
independent from H1 or 5-HT2A receptors inhibition [109]. However, the appli-
cation of compound 59 is limited to cells that are not expressing H1 and 5-HT2A
receptors. Moreover, chemical manipulation and SAR investigation may be possible
to dissect these different activities.

1.8 The H3K4 Histone Methyltransferase SMYD

The SMYD (SET and MYND domain-containing) family of proteins includes five
conserved members (SMYD1 to SMYD5). The SMYD proteins contain a unique
SET domain that is divided in two parts by the MYND (myeloid translocation
protein-8, Nervy, and DEAF-1) domain, a cysteine-rich zinc finger motif primarily
involved in protein-protein interaction [110]. SMYD proteins have been shown to
methylate a number of histone and nonhistone targets, thus being involved in several
processes including chromatin remodeling, transcription, signal transduction, and
cell-cycle control. SMYD1–3 are classically known to methylate H3K4 [110]. More-
over, other histone substrates have been identified for SMYD2 (in vitro H3K36) and
SMYD3 (H4K5). SMYD proteins methylate several nonhistone targets such as p53,
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Rb, PARP1, HSP90, and ERα (SMYD2) [111] and the kinases MAP 3K2 and
VEGFR1 (SMYD3) [110].

SMYD2 and SMYD3 overexpression has been associated with various cancers
and correlated with bad prognosis [110]. Hence, the development of specific inhi-
bitors became a point of interest.

SMYD2 inhibitors were developed first in 2011, as the result of an HTS campaign.
AZ-505 (60, Fig. 7) was reported as the first substrate-competitive and selective
SMYD2 inhibitor (IC50: 0.12 μM) [112]. The authors also solved the co-crystal
structure of SMYD2 in complex with compound 60, confirming the mechanism of
action of the inhibitor and giving interesting tips for further optimization [112]. Later
on, in 2015, an in-depth SAR study on compound 59 scaffold led to the identification
of A-893 (61, Fig. 7) [113], where the insertion of the hydroxyl substituent on the
lysine-channel binding moiety yielded an impressive improvement in inhibition
potency (IC50: 2.8 nM). Compound 61 was confirmed to be a substrate-competitive
inhibitor endowed with a good selectivity for SMYD2 over a panel of 30 MTs. In
A549 lung cancer cells, compound 61 reduced p53 methylation levels by 42%,
without affecting protein expression [113]. Thanks to the principles provided by
Ferguson et al. [112], Nguyen et al. designed the potent (IC50 < 15 nM), selective,
and substrate-competitive SMYD2 inhibitor LLY-507 (62, Fig. 7) [114]. This com-
pound reduced p53 methylation in various cell lines and inhibited proliferation in
cancer cells overexpressing SMYD2 [114]. In 2016, aminopyrazoline-based small-
molecule (S)-BAY-598 (63, Fig. 7) was reported as potent (IC50: 27 � 7 nM),
selective, substrate-competitive (Ki: 8 � 1 nM), and cell-active inhibitor of
SMYD2, resulting from an optimization of HTS hits [115]. In HEK293T cells,
compound 63 decreased p53 methylation in a dose-dependent way (IC50: 58 nM),
without altering protein levels. Tested against a panel of 240 cancer cell lines,
compound 63 displayed antiproliferative effects only on a limited number of cell
lines, but was capable to reduce methylation at SMYD2 target sites when tested in
in vivo models (mice xenografted with tumor tissues derived from the SMYD2-
overexpressing KYSE-150 cell line) at doses starting from 30 mg/kg, with most
significant effects at 100 mg/kg dose [115]. The initial in vivo effects were only
moderate, but the collected data encourage for further investigation.

HN
O

O

HO

H
N

N

O

N
H

Cl

Cl

HN
O

O

H
N

N

O

N
H

Cl

Cl

OH

60, AZ-505
SMYD2 IC50: 0.12 M

61, A-893
SMYD2 IC50: 2.8 nM

N

N

N

N
H

O

N

N
62, LLY-507

SMYD2 IC50 < 15 nM

63, (S)-BAY-598
SMYD2 IC50: 27 nM

N N
H

N

N
N

OHO
N

O F

F

Cl

Cl

H
N

O
Cl

H
N

O N
S

NO O CF3

64, EPZ031686
SMYD3 IC50: 3 nM

N

HO OH

N
N

N N

NH2O

N

HO

O
NH2

65, GSK2807
SMYD3 IC50: 130 nM

Fig. 7 H3K4 methyltransferase SMYD2/3 inhibitors

142 G. Stazi et al.



Also SMYD3 is a promising target in cancer [116]; however SMYD3 inhibitors
appeared in literature just recently. As the result of an HTS followed by structure-
guided optimization, in 2016, Mitchell et al. described EPZ031686 (64, Fig. 7) as the
first in class SMYD3 inhibitor [117]. Compound 64 proved very potent (biochemical
IC50: 3 nM, cell IC50: 36 nM) and selective SMYD3 inhibitor. Compound 64, selected
for in vivo PK evaluation, proved to be orally bioavailable and eligible for in vivo
efficacy studies. In the same year, starting from structural studies on the SMYD3 and
a MAP 3K2 peptide co-crystal structure, bi-substrate-type inhibitors have been
designed by Van Aller et al. [118]. This study led to the identification of GSK2807
(65, Fig. 7), a SAH analogue with a dimethylaminopropyl side chain, that proved to
be a potent (IC50: 130 nM) and selective inhibitor. X-ray crystallography and kinetic
studies elucidated its binding mode and MOA. Due to its poor cell permeability,
compound 65 was not suitable for in-cell evaluation [118].

1.9 The H3K36 Histone Methyltransferase SETD2

H3K36 trimethylation is specifically catalyzed by SETD2 (KMT3A or SET2), and
this mark is associated with transcription elongation and RNA splicing, DNA repair,
and tumor suppression [119]. SETD2 mutations have been reported in different
cancers [119], and aberrant SETD2-H3K36 trimethylation patterns seem to be
involved in leukemia development [120].

In 2012, Zheng et al. designed N-alkyl sinefungins as bi-substrate-type PKMT
inhibitors aimed to resemble certain transition-state features. More in detail, the N-
alkyl sinefungins should locate their secondary amines at the substrate-cofactor
interface and the N-alkyl chains in the lysine-binding pocket, so to achieve high
affinity for specific methyltransferases [121]. Pr-SNF (66) and Bn-SNF (67) (Fig. 8)
were identified as SAM-competitive inhibitors of human SETD2 exhibiting an IC50

of 0.8 � 0.2 and 0.48 � 0.06 μM, respectively. These two compounds displayed
medium to high selectivity for SETD2 [121]. However, Pr-SNF/Bn-SNF activity
proved to be influenced also by the peptide substrate. Due to their poor membrane
permeability, Pr-SNF and Bn-SNF could not be successfully tested in cell-based or
in vivo assays [121].
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1.10 The H4K20 Histone Methyltransferases SETD8,
SUV420H1, and SUV420H2

Methylation of H4K20 is catalyzed by the SETD8, SUV420H1, and SUV420H2,
protein methyltransferases in humans [122].

Among the SET domain-containing methyltransferases, SETD8 (also known as
PR-SET7, SET8, or KMT5A) is the sole enzyme responsible for H4K20
monomethylation [123]. H4K20 methylation has been found to play a key role in
processes ranging from DNA damage repair, DNA replication, mitotic condensation,
to the regulation of gene expression [123]. In addition to H4K20, SETD8 has many
nonhistone substrates, including PCNA (PCNAK248me1) and the tumor suppressor
p53 (p53K382me1) [123]. Even though H4K20me is now broadly studied, its
function in gene expression is still not well defined, being associated with both
gene expression and repression [123]. The outcome of H4K20memay vary in relation
to the cellular and genomic context. SETD8 is overexpressed across a number of
cancers including bladder cancer, non-small cell and small cell lung carcinoma,
chronic myelogenous leukemia, hepatocellular carcinoma, and pancreatic cancers
[123], and it is playing a role in invasiveness and metastasis [123]. Additionally,
SETD8 has been reported to be involved in other processes including erythroid
maturation regulation [123], maintenance of adult skin and epidermal proliferation,
adipogenesis and metabolism, and intrauterine growth restriction (IUGR) process
[123]. In 2007, Reinberg et al. reported the first two SETD8 inhibitors: the dye-like
compounds H acid (68) and thymolphthalein (69) (Fig. 9) [124]. Identified through
the screening of a focused library against four MTs (SETD8, G9a, SETD7, PRMT1),
these compounds both displayed dual inhibition against SETD8 (IC50: 3.8 and
9.0 μM, respectively) and EZH2 (IC50: 3.0 and 25.2 μM, respectively). The cellular
activity of compound 68 could not be appreciated due to cell permeability issues.
Conversely, when tested in HeLa cells, compound 69 induced a dose-dependent
reduction of cell viability together with a marked global H4K20 demethylation,
without affecting other histone marks (not even H3K27me3). Additionally, this
compound dose- and time-dependently enriched the mitotic population, while abro-
gating the DNA stimulatory effect on SETD8 methyltransferase activity [124].

As the result of different studies aimed to identify epigenetic multiple ligands, Mai
et al. in 2012 reported bis(bromomethoxyphenol)- and bis(dibromomethoxyphenol)-
containing derivatives as SETD8 inhibitors [125]. Interestingly, compounds
MC1946 (70), MC1947 (71), MC1948 (72), and MC2569 (73) (Fig. 9) displayed
SETD8 selective inhibition with IC50 values ranging from 2.6 to 10.2 μM. All these
compounds reduced H4K20me1 levels in U937 cells, after 24 h treatment at 50 μM,
and compound 71 induced 28% of granulocytic differentiation andmassive cell death
in the same cell line [125].

One year later, the polyketide nahuoic acid A (74, Fig. 9), isolated from Strepto-
myces sp. cultures, was shown to inhibit SETD8 (IC50: 6.5 � 0.5 μM) competing
with SAM cofactor (Ki: 2 � 0.3 μM) and without any significant effect on other
tested MTs [126]. More recently, compound 74 and its penta-acetate derivative have
been shown to inhibit cancer cell (U2OS, SUM159, MDA-MB-436) proliferation
[127]. Further structural manipulation of compound 74, as in its analogues nahuoic
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acids B–E, did not significantly improve the potency against SETD8 [127]. The
quinazoline-based SETD8 selective substrate-competitive inhibitor UNC0379 (75,
Fig. 9) (IC50: 7.3� 1.0 μM) was reported in 2014 by Ma et al. [128, 129]. The novel
quinazoline-based inhibitor proved selective for SETD8 over 15 other methyl-
transferases. Recently, it was proved that pharmacological inhibition of SETD8 by
compound 75 phenocopied the effects of SETD8 knockdown and inhibited the
proliferation of neuroblastoma cells [130]. In 2016, among various substitutions
on the scaffold compound 75, the insertion of an aminoethyl chain to the 7-position
yielded MS2177 (76, Fig. 9) as a more potent SETD8 inhibitor (IC50: 1.9 μM)
[131]. ITC confirmed the target binding (KD: 1.3 μM), while kinetic studies showed
that compound 76 is a substrate-competitive inhibitor. Thanks to the resolution of
the co-crystal structure of SETD8 in complex with compound 76, Cys311 was
identified as a possible site to target with covalent inhibitors. Indeed, MS453 (77,
Fig. 9) was developed as covalent analogue of compound 76, containing an acryl-
amide that could specifically react with Cys311. The authors, using MS techniques
in presence of WT and mutant SETD8, demonstrated that compound 77 specifically
links to Cys311, displaying an IC50 of 0.8 μM and a time-dependent inhibition
activity. Additionally, the novel covalent inhibitor proved selective for SETD8 over
29 other methyltransferases in biochemical assays. Despite its nice biochemical

Cl

Cl

N

N
N

NH

80, A-196
SUV420H1 IC50: 25 nM
SUV420H2 IC50: 144 nM

OH NH2

HO3S SO3H

68, H acid
SETD8 IC50: 3.8 M
EZH2 IC50: 3.0 M

O

O

HO OH

69, Timolphtalein
SETD8 IC50: 9.0 M
EZH2 IC50: 25.2 M

O
Br

H3CO
R

Br

OCH3
R

O
Br

H3CO
R

Br

OCH3
R

72, MC1948 (R= Br) SETD8 IC50: 2.6 M
73, MC2569 (R= H) SETD8 IC50: 10.2 M

70, MC1946 (R= Br) SETD8 IC50: 3.3 M
71, MC1947 (R= H) SETD8 IC50: 9.0 M

H

OH

OH OH

HO

OH

COOH

74, Nahuoic acid A 
SETD8 IC50: 6.5 M

N

N
H3CO

RO

HN N

N

75, UNC0379 (R= CH3) SETD8 IC50: 7.3 M
76, MS2177 (R= CH2CH2NH2) SETD8 IC50: 1.9 M

N

N
H3CO

H3CO

HN N
H

N

O

77, MS453 
SETD8 IC50: 0.804 M

79
SETD8 IC50: 0.33 M

N

O

O
N
H

N
O

Cl

78, NSC663284
SETD8 IC50 <0.25 M

N

H
N N

H

NH
N
H

NH
N
H

H
N

NH

NH2

HO O
OO

O

O
O

O
H
N

NH

NH2

O

HN O

N
H

NH2

NH2

OH
N

NH

H2N

Fig. 9 H4K20 methyltransferases SETD8, SUV420H1, and SUV420H2 inhibitors

Lysine Methyltransferases and Their Inhibitors 145



profile, compound 77 displayed poor PK properties, not being suitable for further
evaluation in cell-based assays.

Via a high-throughput screen, NSC663284 (78, Fig. 9) has been identified and
validated as potent SETD8 inhibitor by suppressing the H4K20me1 mark of SETD8
mark at single doses of 1–5 μM in HEK293T cells leading to characteristic S/G2/M-
phase cell-cycle defects as observed for RNAi-mediated SETD8 knockdown
[132]. More recently, a completely different approach based on the use of an H4
substrate peptide (amino acids 16–23 of histone H4) as a starting point for molecular
design led to the discovery of a potent peptide-based inhibitor of SETD8. In detail,
Judge et al. replaced the K20 with more hydrophobic nonnatural amino acids. The
replacement of K20 with nor-leucine led to the identification of the novel substrate-
competitive inhibitor 79 (Fig. 9, IC50: 0.33 μM). The new inhibitor showed also a
good selectivity profile for SETD8 over a panel of 32 methyltransferases [133]. Due
to its peptide nature, this compound is not cell permeable, thus not suitable for in-cell
investigation.

SUV420H1 and SUV420H2 are two highly homologous methyltransferases that
di- and trimethylate H4K20 have recently emerged as important regulators of
genomic integrity, being important in the regulation of proliferation, cell cycle,
and chromatin remodeling [134]. Aberrant H4K20 methylation has been associated
with human cancer; thus modulation of the methylation status might be beneficial in
cancer [135]. Indeed, A-196 (80, Fig. 9) has been recently described as the first
potent, selective inhibitor of SUV420H1 and SUV420H2 [134], exhibiting IC50

values of 25 and 144 nM, respectively. Reduced levels of H4K20me2 and
H4K20me3 and increased levels of H4K20me1 were found after treatment with
this inhibitor throughout the cell cycle in U2OS osteosarcoma cells and LnCaP
prostate adenocarcinoma cells. Compound 80 was not exhibiting significant toxic
effects in cells being a valuable lead compound that can serve as a starting point for
med-chem optimization but also as a chemical probe to further study the biological
functions of SUV4–20H1/2 [134].

2 Conclusions

In this book chapter, we highlighted the discovery, characterization, and application
of selective KMTs inhibitors, useful for dissecting their physiological functions as
well as their disease implications. A growing body of literature is indicating that
KMTs play a crucial role for transcriptional regulation and involved in cancer and
various other human diseases, thus being of high interest as potential therapeutic
targets.

Over the past decade, there has been an impressive progress regarding the PMT
inhibitors discovery, especially conjugating the research interest with the available
and novel techniques including new assay methods, high-throughput screening,
structural biology, and medicinal chemistry approaches. Our goal was to point out
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key advances, challenges, possible future opportunities, and directions, regarding
KMT modulation.

In the last years, the resolution of KMT crystal structures provided rational bases
for designing highly selective inhibitors. Here, we have summarized the discovery
and validation of selective inhibitors of KMTs focusing on the most potent, selec-
tive, and well-characterized small molecules with robust on-target activities in cells.

Some of the molecules presented are now in a more advanced stage of develop-
ment such as the first inhibitors of DOT1L and EZH2 that entered the clinical arena
for diseases such as leukemia, lymphoma, and SCLC.

We have seen significant progress, in the KMT inhibitor field; however for some
KMTs, such as the MMSET (NSD-2) or the MLL family, the biological function in
both physiological and pathological processes is not yet fully understood, partly due
to the lack of selective inhibitors of these PMTs.

Furthermore, a better understanding of the dynamic interactions of the afore-
mentioned proteins is a very desirable goal, possibly using selective inhibitors able to
dissect highly homologous KMTs.

In the years to come, an amazing development can be expected as a lot of
research groups are actively developing valuable chemical tools to better understand
the biological functions of KMTs and test therapeutic hypotheses regarding these
proteins.
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Abstract The methylation of arginine residues in numerous protein targets is a
post-translational modification that has gained increased interest in the scientific
community over the past two decades. Arginine methylation is performed by the
dedicated family of protein arginine methyltransferases and is known to be involved
in a plethora of cellular pathways and biochemical mechanisms in both healthy and
disease states. The development of inhibitors for these enzymes for use as biological
tools can lead to a more detailed understanding of the functions of the different
members of the PRMT family. In addition, a number of recent studies point towards
PRMTs as therapeutic targets for a number of diseases and the first clinical trials with
compounds inhibiting PRMTs are now underway. We here provide a broad over-
view of the current status of the inhibitors that have been developed against PRMTs
using both high-throughput screening and rational design approaches.

Keywords Activity, Inhibition, Methylation, Protein arginine N-methyltransferase,
Therapeutics

Abbreviations

aDMA Asymmetrically dimethylated arginine
AdoHcy S-adenosyl-L-homocysteine
AdoMet S-adenosyl-L-methionine
Adox Adenosine dialdehyde
AMI Arginine methyltransferase inhibitor
AML Acute myeloid leukaemia
CARM1 Coactivator-associated arginine methyltransferase
DNA Deoxyribonucleic acid
EBV Epstein-Barr virus
EC50 Half maximal effective concentration
GAR Glycine-arginine rich
HEK293T Human embryonic kidney cell line
HepG2 Hepatocellular carcinoma cell line
HIV Human immunodeficiency virus
IC50 Half maximal inhibitory concentration
Ki Inhibition constant
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LNCaP Lymph node carcinoma of the prostate, prostate cancer cell line
MCF7 Michigan Cancer Foundation-7, breast cancer cell line
MCL Mantle cell lymphoma
MEP50 Methylosome protein 50
MLL Mixed lineage leukaemia
MMA Monomethylated arginine
MTA Methylthioadenosine
MTAP 5-Methylthioadenosine phosphorylase
PABP1 Poly(A)-binding protein-1
PAD Protein arginine deiminase
PGM Proline, glycine, methionine-rich
PK/PD Pharmacokinetic/pharmacodynamic
PRMT Protein arginine N-methyltransferase
RNA Ribonucleic acid
RSF1 Repressor splicing factor
SAH S-adenosyl-L-homocysteine
SAHH S-adenosyl-L-homocysteine hydrolase
SAM S-adenosyl-L-methionine
SAR Structure-activity relationship
sDMA Symmetrically dimethylated arginine
SET7 SET domain containing protein 7
SGC Structural genomics consortium
Tat Trans-activator of transcription

1 Introduction

The methylation of arginine residues in proteins is an important post-translational
modification, performed by the family of protein arginine N-methyltransferases
(PRMTs). The enzymes use nature’s ubiquitous methyl donor S-adenosyl-L-methi-
onine (AdoMet, also known as SAM) as a cofactor to form the methylated protein
product with concomitant release of S-adenosyl-L-homocysteine (AdoHcy, also
known as SAH) as a byproduct. Mechanistically, target arginine residues are first
monomethylated by all types of PRMTs and subsequently dimethylated asymmet-
rically by type I PRMTs and symmetrically by type II PRMTs. Type III PRMTs
produce only monomethylated arginine (MMA). The PRMTs share highly con-
served active site sequences, including a number of residues involved in AdoMet
cofactor recognition as well as two glutamate residues that hydrogen bond with the
guanidine moiety of the substrate peptide. These glutamate residues are part of the
so-called double E-loop which ensures that the guanidine group is positioned in
close proximity to the AdoMet cofactor to facilitate the methyl transfer via an SN2-
like substitution reaction (Fig. 1).
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The presence of (di-)methylated arginines in proteins and an enzyme responsible
for this process were discovered 50 years ago [1, 2]. A decade later it was found that
the majority of proteins with methylated arginines are nuclear proteins that contain
asymmetrically dimethylated arginine (aDMA) sidechains [3]. Subsequently, it
became clear that not one enzyme but a distinct family of enzymes was responsible
for this post-translational modification [4–8]. The seminal study of Herschman and
co-workers published in 1996 [9] clearly identified and characterized the first
member of the family, PRMT1. In the following decade, new PRMT family mem-
bers were identified on a near yearly basis resulting in the now known total of nine
PRMTs [10–18].

Whether or not arginine methylation is a dynamic process remains to be proven
unambiguously. Protein arginine deiminases (PADs) are known to hydrolyse the
guanidine moiety of arginine side chains in proteins into citrulline. However, PADs
are not able to convert dimethylated arginines to citrulline [19]. In addition, while
in vivo data suggested the possibility that PADs can convert monomethylated
arginines to citrulline, in vitro studies have not been able to reproduce this activity
[19]. In addition, citrulline can only be converted back into arginine after proteolysis,
but not in the context of an intact protein. Given that it is unlikely that PADs are the
active player in removing methyl groups from methylated arginines, much effort has
been spent at trying to identify a true arginine demethylase. In 2007, the lysine
demethylating enzyme JMJD6 was reported to also demethylate arginines in his-
tones making it the first example of an arginine demethylase [20]. These findings
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have, however, become the source of some debate as the results could not be
reproduced by other groups [21–26]. Recently, other members of the Jumonji-
domain containing lysine demethylases (KDM4E and KDM5C) were also shown
to demethylate arginines in histones in vitro, suggesting the process is indeed
dynamic [27]. However, at this point in time, in vivo proof for the presence of
arginine-specific demethylases is still lacking. In this regard, the only certain way to
control arginine methylation remains via inhibition of the PRMTs.

A great number of protein substrates have been identified for the different
PRMTs, ranging from general substrates to others that are only acted upon by one
specific PRMT [28–30]. Arginine methylation by PRMTs is involved in many
cellular processes, including RNA processing, gene transcription, signal transduc-
tion and DNA repair [31, 32]. In terms of their biological roles, the PRMTs have
little redundancy as indicated by the dramatic phenotypes observed in knockout
mice [31]. A growing body of evidence implicates dysregulated arginine methyla-
tion in a variety of diseases, including numerous cancers [32], cardiovascular [33],
pulmonary [34–36] and viral diseases [37, 38]. In an attempt to address the connec-
tion between aberrant PRMT activity and human disease, the Bedford group
published the first report describing PRMT inhibitors in 2004 [39]. Since this
time, the number of publications describing new, more potent and selective PRMT
inhibitors has steadily increased.

The recent interest in the field of PRMTs has led to growing amounts of data
along with reviews describing the progress made in different areas of research [40–
46]. We here provide an overview on the current status of the development of
compounds aimed at inhibiting PRMTs. Starting with a brief summary of general
methyltransferase inhibitors, we then address the development of inhibitors specific
for each of the nine PRMTs, followed by a brief discussion on their biological
relevance. In cases where a compound has inhibitory activity against more than one
PRMT, it will be discussed in the context of the enzyme that is inhibited with the
highest activity and selectivity.

2 Nonspecific Protein Methyltransferase Inhibitors

2.1 Background

The enzymatic reaction performed by PRMTs and other methyltransferases using
AdoMet as the methyl donor is self-regulating due to the inhibitory properties of
cofactor byproduct, AdoHcy (1). Structurally similar compounds include
Aza-AdoMet (2), where the sulphur of AdoMet is replaced by a nitrogen atom,
and the bacterially produced natural product sinefungin (3, Fig. 2). These com-
pounds are known to inhibit all AdoMet-dependent methyltransferases by competi-
tion with AdoMet. It is due to this mechanism of action that the AdoMet analogues
lack specificity of inhibition. Therefore, the primary use of these analogues is as
reference inhibitors in both biochemical and cellular assays. Adenosine dialdehyde
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(Adox, 4) is a known inhibitor of S-adenosyl-L-homocysteine hydrolase (SAHH)
which leads to a build-up of AdoHcy. Via this mechanism Adox is an indirect
methyltransferase inhibitor that can be used in cellular assays. Methylthioadenosine
(MTA, 5) is sometimes mentioned as a general methyltransferase inhibitor, but
recent publications show MTA is rather specific in inhibiting PRMTs (see
subchapter on PRMT5) [47–49].

2.2 Inhibitors: In Vitro and Cell-Based Activities

Recently, a more targeted general PRMT inhibitor was reported by Jin and
co-workers [50]. The compound, designated as MS023 (6, Fig. 3), inhibits all type
I PRMTs. Its design was based on the structures of other PRMT inhibitors specific
for PRMT4 and PRMT6 also containing an ethylenediamino group which was found
to function as an arginine mimetic. Building upon structure-activity relationship
(SAR) studies, MS023 was developed and, along with the negative control com-
pound MS094 (lacking the ethylenediamino moiety), tested against a panel of
methyltransferases. The results showed potent inhibition of all type I PRMTs with
activities from 4 to 119 nM with no inhibition of type II and III PRMTs, lysine
methyltransferases, DNA methyltransferases, histone demethylases and methyl-
readers [50]. A co-crystal structure of MS023 bound to PRMT6 in the presence of
AdoHcy (Fig. 3) shows the interactions of the ethylenediamino group in the active
site where the arginine moiety would be expected to bind. Replacement of the
terminal amine with a hydroxyl group as in MS094 (7, Fig. 3) leads to complete
loss of inhibitory activity. The cellular assays performed with MS023 showed a
decrease in asymmetric dimethylation of histone H4R3 by PRMT1 with an IC50

value of 9 nM and of H3R2 by PRMT6 with an IC50 value of 56 nM. Also of note,
the decrease in cellular aDMA levels was accompanied by a measurable increase in
MMA and symmetrically dimethylated arginine (sDMA) levels. Interestingly, no
explanation has yet been provided for the striking selectivity observed for MS023 in
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the inhibition of type I over type II/III PRMTs. While such type I-specific PRMT
inhibitor can be of value when looking into the role of aDMA in complex systems,
their therapeutic potential remains to be demonstrated. Nevertheless, in order to
investigate the specific roles of the individual PRMTs in detail, a comprehensive
toolbox of inhibitory compounds is essential.

3 PRMT1

3.1 Background

PRMT1 was the first identified member of the protein arginine methyltransferase
family and the most abundant [9, 51, 52]. Alternative splicing results in the possi-
bility of at least seven variants (v1–v7) with differences in the length of the
N-terminal tail [53]. These variants can differ in localization and substrate specific-
ity. PRMT1 produces asymmetrically dimethylated arginine (aDMA) and is respon-
sible for more than 85% of all arginine methylations [52]. As expected, knockout of
PRMT1 in cells results in a significant decrease in aDMA and a corresponding
increase in MMA and sDMA [54].

In its target substrates, PRMT1 preferentially methylates the RGGmotif, although
this is not a strict prerequisite [6, 8, 55]. Known PRMT1 substrates are diverse and
include histone H4R3, Sam68 (sarcoma associated in mitosis of 68 kDa), MRE11
(meiotic recombination 11), 53BP1 (p53-binding protein 1) and hnRNP A1 (hetero-
geneous nuclear ribonucleoprotein A1), among many others which are involved in

Fig. 3 Left, structures of general type I PRMT inhibitor MS023 (6) and its negative control MS094
(7). Right, co-crystal structure of MS023 (blue) bound to PRMT6 in the presence of AdoHcy
(green). MS023 binds in the substrate-binding site with the ethylenediamino moiety interacting with
His317 of the “THW-loop” and Glu155 and Glu164 of the “double E-loop” (PDB ID: 5E8R) [50]
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gene transcription, nuclear transport, DNA repair and RNA processing, respectively
[32, 56]. PRMT1 is overexpressed in breast [53, 57], prostate [58], lung [59], colon
[60, 61], head and neck [62] and bladder cancer [63] and in leukaemia [32, 64,
65]. It is further involved in a number of other serious conditions ranging from
pulmonary disease [35, 66], cardiovascular disease [33] and diabetes [67] to cocaine
addiction [68].

3.2 Inhibitors: In Vitro and Cell-Based Activities

The first report on the development of PRMT inhibitors was published in 2004,
indicating the relative infancy of the field. A screening campaign resulted in the
identification of arginine methyltransferase inhibitors AMI-1 (8) and AMI-6 (9,
Fig. 4) with IC50 values against PRMT1 of 8.8 and 5.1 μM, respectively
[39]. Small molecules based on AMI scaffolds, including AMI-5 (10, Fig. 4), were
studied via docking and binding studies [69], and a follow-up study with simplified
AMI-5 analogues showed inhibitory effects on different methyltransferases, includ-
ing PRMT1 and PRMT4 and lysine methyltransferase SET7 (SET domain
containing protein) [70]. For several active compounds, cellular activity in human
leukaemia U937 cell lines was found with specific effects on cell cycle arrest,
apoptosis and granulocyte differentiation [70].

Follow-up studies revealed analogues of the AMI series, including naphthyl-sulfo
derivatives, such as compound NS-1 (11, Fig. 4), [71] and pharmacophore-based
small molecule inhibitors, like analogue A36 (12, Fig. 4), both of which exhibit IC50

values in the low μM range [72]. Interestingly, it was later discovered that the
mechanism of action of these inhibitors is not by interaction with the PRMT but
rather with the histone H4 substrate and other glycine- and arginine-rich (GAR)
substrates, explaining – at least in part – the observed (lack of) specificities for these
compounds. Inspired by the findings of the AMI compounds, Mowen and
co-workers combined structural features of the different AMIs to generate new
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PRMT inhibitors [73]. Compound 13 of this series showed an IC50 value of 4.2 μM
against PRMT1 and 2.7 μM against PRMT4 and also demonstrated activity against
PRMT3, PRMT5, PRMT6 and PRMT8 as shown by Western blot analysis. The
same inhibitor was only slightly active against lysine methyltransferase SET7 and
was found to be cell-permeable and decrease levels of H3R17 methylation and
lowers the secretion of interferon IFN-gamma and interleukin IL-4 from T helper
cells [73].

As another approach to discovering PRMT inhibitors, virtual screening methods
have also been employed. Such strategies have revealed allantodapsone (14) [74];
dapsone analogues, including compound 15 [75]; thioglycolic amides, including
RM-65 (16) [76]; and other virtual screening hits such as VS-6 (17) [77] (Fig. 5).
These compounds were evaluated for their inhibitory activity against PRMT1 using
a target-based virtual screening approach. Compound 15 was found to be cytotoxic
in MCF7 breast cancer cells and LNCaP (lymph node carcinoma of the prostate)
prostate cancer cells, while RM-65 was demonstrated to result in hypomethylation of
proteins in HepG2 hepatocellular carcinoma cancer cells. Similar virtual screening
approaches by other research groups led to the discovery of compounds DCLX069
(18) and DCLX078 (19) [78] both of which exhibit micromolar inhibition of
PRMT1 (IC50 17.9–26.2 μM) with some selectivity over PRMT4 and PRMT6.
The compounds also showed antiproliferative action in three different cancer cell
lines (HepG2, MCF7 and the monocytic leukaemia cell line THP1). These com-
pounds represent promising starting points for hit-to-lead optimizations in pursuit of
selective PRMT inhibitors.

Applying a bisubstrate approach, Dowden and co-workers designed PRMT
inhibitors linking structural features of the AdoMet cofactor to a guanidine or
amine moiety (20–22, Fig. 6) [79, 80]. This approach resulted in inhibitors that are
active against PRMT1 with low micromolar potency (IC50 values ranged from 2.9 to
6.2 μM) and inactive against SET7 and PRMT4. No cellular assays were performed
with these bisubstrates.

Working together with Frankel and co-workers, our group has also investigated
Nη-substituted arginine-containing peptides as PRMT inhibitors (23–25, Fig. 6) [81–
84]. Using an established PRMT substrate derived from a fibrillarin peptide
sequence, incorporation of fluorinated ethyl groups on the side chain of the target
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arginine as in compound 23 (Fig. 6) resulted in micromolar IC50 values for PRMT1
(27.5 μM) and PRMT6 (9.4 μM) with no significant inhibition of PRMT4 (168 μM)
[81]. By attaching an amino acid moiety to the side chain of the target arginine,
peptidic partial bisubstrate 24 (Fig. 6) was obtained that showed inhibition against
PRMT1 (13.9 μM), PRMT4 (35.7 μM) and PRMT6 (29.0 μM) [82]. A similar effect
was observed for Nη-nitro-substituted arginine 25 (IC50 26–47 μM for PRMT1,
4 and 6) when studying the effects of substitution on the methylation kinetics of
PRMTs [84]. Small modifications of the side chain of an arginine residue in an HIV
Tat peptide sequence resulted in micromolar Ki values against PRMT1 (2.7–7.6 μM)
and PRMT6 (19.9–100 μM) with no significant inhibition of PRMT4 [83].

An in situ bisubstrate approach was also applied by Thompson and co-workers
using ethyliodide-Aza-AdoMet (26, Fig. 6) [85]. ThisN-mustard-containing AdoMet
analogue rearranges to form an aziridinium ion which will react with the substrate but
only in the presence of the methyltransferase enzyme. In this way the histone H4
(1–21) substrate was enzymatically linked to the AdoMet cofactor. The conjugate
was found to inhibit PRMT1 with an IC50 of 11.9 μM and a 4.4-fold specificity over
PRMT4. In another covalent inhibitor approach, applied to inhibiting PRMT1, a
chloroacetamidine warhead was incorporated in a H4 peptide substrate (27, Fig. 6).
This approach was inspired by the success obtained for inhibiting PAD4, an arginine
deiminase, that bears an active site cysteine [86]. Compound 27 inhibited PRMT1
and PRMT6with IC50 values of 1.8 μMand 8.8 μM, respectively, and was>250-fold
selective over PRMT3 and PRMT4 [87, 88]. Although a specific target cysteine was
not discussed in these papers, other studies found a reactive cysteine (C101) in the
active site of PRMT1 involved in binding AdoMet [89, 90]. The reactivity of this
cysteine was confirmed for compounds 28 and 29 (Fig. 6) when testing against both a
wild-type PRMT1 and the corresponding C101A mutant [91]. These covalent inhib-
itors were also found to be active against PRMT8 and inactive against PRMT4 and
SET7 (tested at 10 and 100 μM only).

Recently, a small library of diamidine compounds, structurally similar to
stilbamidine (30, Fig. 7), was screened for activity against PRMT1 [92]. The results
revealed furamidine (31), a known antiparasitic agent, to be a fairly active (9.4 μM)
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and selective (18-, 30- and >42-fold over PRMT5, PRMT6 and PRMT4, respec-
tively) inhibitor of PRMT1. Interestingly, furamidine was found to inhibit prolifer-
ation in leukaemia cell lines with higher sensitivity in cell lines derived from Down’s
syndrome patients and individuals diagnosed with mixed lineage leukaemia (MLL)
[92]. Subsequent investigation of spacer length in diamidines revealed decamidine
(32), bearing a 10-carbon spacer, to be a slightly more active (13 μM IC50 compared
to 22 μM found for furamidine) but less specific PRMT1 inhibitor compared to
furamidine. No additional analogues containing longer spacers were reported so the
optimal spacing has yet to be confirmed [93]. The same group also investigated
cyanine dyes as PRMT inhibitors and found compound 33 (Fig. 7) as an active hit
with IC50 values of 0.61–1.74 μM against PRMT1, PRMT3, PRMT4, PRMT5,
PRMT6 and PRMT8. This study also revealed compound 34 as a partially selective
hit with an IC50 of 3.38 μM against PRMT1 with 6-, 10- and 25-fold selectivity over
PRMT4, PRMT5 and PRMT8, respectively, but with no selectivity for PRMT3 or
PRMT6 [94, 95]. Compound 34 was also tested in three different leukaemia cell
lines and showed significant cell growth inhibition at 100–200 nM.

Also recently, an SAR study was reported by Yang and co-workers based upon a
nitropyrimidine hit from a screening campaign [96]. This work showed that the
amidine moiety was important for PRMT1 inhibition with modelling studies
suggesting that it binds with the double E-loop of the enzyme. The optimized
nitropyrimidine compound 35 (Fig. 7) showed an IC50 of 2.0 μM for PRMT1 with
fivefold selectivity over PRMT4 and no activity against PRMT5 and PRMT6.
Cellular assays revealed low micromolar IC50 activity against colon cancer
(4.4 μM), bladder cancer (13.1 μM) and neuroblastoma (11.4 μM) tumour cell
lines [96]. In a parallel study, the same group reported nitropyrimidine-diamidine
compound SKLB-639 (36, Fig. 7) with similar activity against PRMT1 (2.4 μM) and
selectivities of 15-fold over PRMT3, 30-fold over PRMT4 and no activity against

HN

H2N

O

NH2

NH
H2N

HN
NH2

NH
stilbamidine (30) furamidine (31) 

O
HN

H2N

O

H2N

NH

decamidine (32) 
N

Br

Br
N

Br

34N N

Br

33

N N

NO2

N
H

N
H

NH

NH2

N
N N

NO2

N
H

N
H

NH

NH2H2N

NH

35 SKLB-639 (36) 

Fig. 7 Diamidines 30–32, carbocyanine dyes 33–34 and nitropyrimidines 35–36 as inhibitors of
PRMT1

PRMT Inhibitors 169



PRMT5, PRMT6 and PRMT8 [68]. In vivo studies show a decrease of H4R3me2a,
but not H3R2me2a, H3R17me2a or sDMA in cocaine treated mice.

3.3 Biological Relevance of Inhibitors and Current Outlook

As the predominant member of the arginine methyltransferase family, PRMT1 has
been the subject of thorough investigation and aims at identifying potent and
selective inhibitors. Thus far, limited success has been achieved. To date, the most
potent inhibitors reported show activity in the micromolar range, and the compounds
are often active against at least one more PRMT. At present, no potent and selective
inhibitors have been described for PRMT1. Studies investigating the role of PRMT1
in healthy and disease states show its upregulation in malignant cell lines. Cellular
assays performed with a number of the inhibitors described above show their
efficacy in killing tumour cell lines. Such promising results underscore the impor-
tance of developing potent and selective PRMT1 inhibitors.

4 PRMT2

4.1 Background

The second member identified as part of the PRMT family [10], PRMT2, is among
the least studied PRMTs. PRMT2 is a type I PRMT, producing both MMA and
aDMA. While it exhibits weak activity for histone H4 methylation [97], only few
unique substrates for PRMT2 have been identified to date [98]. PRMT2 resides
mainly in the nucleus, interacts with splicing factors and is a coactivator of nuclear
hormone receptors, including the androgen and oestrogen α receptors [99–
101]. PRMT2 regulates leptin signalling by methylation of STAT3 (signal trans-
ducer and activator of transcription 3) [102] and is downregulated under high
glucose conditions leading to increased atherosclerosis through reduced cholesterol
efflux [103]. PRMT2 is also associated with survival outcome and tumour grade in
breast cancer via transcriptional activation of oestrogen receptor α [43, 104, 105].

4.2 Inhibitors: In Vitro and Cell-Based Activities

In addition to its weak methylating activity towards histones and the limited knowl-
edge on nonhistone substrates, very few PRMT2 inhibitors have been reported. In a
recent paper describing the crystal structure of PRMT2 [98], repressor splicing factor
1 (RSF1) was identified as a new nonhistone substrate. PRMT2 was found to
methylate RSF1 much more efficiently than histone H3 or H4. Crystal structures
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of PRMT2 from zebrafish and from mice were solved in complex with AdoHcy,
sinefungin or a small molecule bisubstrate inhibitor known as Cp1 [106] (37, Fig. 8).
Thermal shift assays of PRMT2 demonstrated an increased stability for the enzyme
when bound to compound 37 compared to sinefungin or AdoHcy, indicating a
stronger binding affinity. Furthermore, when using RSF1 as a substrate, the IC50

values for AdoHcy and inhibitor compound 37 could be determined. Compound 37
was found to inhibit PRMT2 with an IC50 of 16.3 μM, similar to AdoHcy (18.3 μM).
In this regard, 37 is the first synthetic compound described as an inhibitor of
PRMT2. However, compound 37 is not selective for PRMT2 as it displays much
more potent inhibition of PRMT4.

4.3 Biological Relevance of Inhibitors and Current Outlook

PRMT2 is an elusive target with potential roles in a wide range of diseases, including
obesity [102], diabetes [103] and cancer [104, 105]. The structural information now
available combined with the discovery of an efficient nonhistone substrate for
PRMT2 should provide the tools needed for future inhibitor development.

Fig. 8 Co-crystal structure of compound 37 bound to mouse PRMT2 (PDB ID: 5FWA), showing
the interactions in the active site [98]. The “double E-loop” residues E223 and E232 and “THW-
loop” residue H381 interact with the guanidine moiety of 37. In addition, the adenosine moiety of
37 interacts with the conserved active site residues E180, E209, V208 and S237 in the cofactor-
binding site
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5 PRMT3

5.1 Background

PRMT3 was identified by Herschman and co-workers in 1998 based on sequence
similarity with PRMT1 [11]. The crystal structure of the core of PRMT3, resolved
shortly thereafter, revealed the highly conserved active site residues and its dimeric
nature [107]. PRMT3 is a type I PRMT, predominantly present in the cytoplasm.
PRMT3 contains a zinc finger for substrate recognition with known substrates
including the 40S ribosomal protein S2, tumour protein p53 and (at least in vitro)
histone H4R3 [108]. A recent screening via bio-orthogonal profiling of protein
methylation using engineered methyltransferases resulted in the identification of
over 80 substrates of PRMT3, 70% of which were cytoplasmic [109]. However,
their functions in a biological setting remain to be elucidated. The human tumour
suppressor protein DAL-1/4.1B (differentially expressed in adenocarcinoma of the
lung) has also been shown to interact with PRMT3, inhibiting its methylating
activity and leading to apoptosis in breast cancer cells [110].

5.2 Inhibitors: In Vitro and Cell-Based Activities

In 2012, the groups of Vedadi and Schapira published the crystal structure of
PRMT3 bound to an allosteric inhibitor, identified through virtual screening
[111]. The initial hit compound (38, Fig. 9) was reported to inhibit PRMT3 with
an IC50 of 2.5 μM. As revealed in the co-crystal structure in Fig. 9, it binds close to
the dimerization arm, preventing the enzyme to form a catalytically active state. The
inhibitor was optimized through extensive SAR studies to yield compound SGC707

Fig. 9 Co-crystal structure of SGC707 (40) bound to PRMT3 (PDB ID: 4RYL), showing the
interactions of the allosteric inhibitor in a pocket near the dimerization arm of PRMT3 [113]. The
star indicates the site of methyl transfer. On the right side, the SAR optimization from hit compound
38 to SGC707 is presented [113]
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(40, Fig. 9), a potent allosteric inhibitor of PRMT3 with an IC50 of 31 nM and high
selectivity for PRMT3 over almost 300 other methyltransferase enzymes, including
PRMT1 and PRMT4–PRMT8 [112, 113]. SGC707 is cell-active and non-toxic,
except for high concentrations and long exposures. Initial PK data in mice show it
can be used in animal models. No disease relevant studies have yet been reported.

5.3 Biological Relevance of Inhibitors and Current Outlook

The nanomolar activity of SGC707 combined with its high selectivity provides a
strong tool for probing the biological role(s) of PRMT3. While links with human
disease are currently limited, its interaction with tumour suppressor DAL-1/4.1B
suggests PRMT3 as a potential target in breast cancer.

6 CARM1 (PRMT4)

6.1 Background

First identified as coactivator-associated arginine methyltransferase [12], CARM1 –

or PRMT4 – was the fourth PRMT to be found through its sequence homology with
PRMT1, PRMT2 and PRMT3. Unlike the other PRMTs, CARM1 doesn’t recognize
the GAR motif but prefers proline-, glycine- and methionine-rich (PGM) motifs
[114, 115]. CARM1 asymmetrically dimethylates histone residues H3R17, H3R26
and H3R42 [116–118] and a large number of nonhistone substrates, including
splicing factors, RNA-binding proteins, transcription factors, coactivators and itself
[114, 119, 120].

In a well-characterized example of crosstalk between post-translational modifi-
cations, the methylation of Arg17 in the histone H3-tail peptide is regulated by the
acetylation state of the neighbouring Lys18. Specifically, acetylation of Lys18
makes the H3 tail a better substrate for CARM1 [121]. Automethylation and
O-GlcNAcylation of CARM1 is also known to regulate substrate specificity
[122]. Upregulation of CARM1 is associated with a variety of diseases, including
breast [43, 123], colon [124, 125], prostate [124, 126] and liver [127] cancers.
Therefore, CARM1 has received increasing attention as a therapeutic target.

6.2 Inhibitors: In Vitro and Cell-Based Activities

Through a series of high-throughput screens and hit-to-lead SAR optimizations,
different pyrazole (40–42, 47 and CMPD-2 (43)), benzo[d]imidazole (48) and
indole-type (CMPD-1 (50) and 53) inhibitors were developed with IC50 values as
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low as 27 nM against CARM1 (Figs. 10 and 11) [128–132]. These inhibitors were
found to be selective for CARM1 over PRMT1 and PRMT3 (other PRMTs were not
tested). The most active compounds (CMPD-1 and CMPD-2) were co-crystallized
with CARM1 in the presence of AdoHcy or sinefungin showing that they compete
for the substrate-binding site (Fig. 12) [133].

Based upon the structural features present in the potent CARM1 inhibitors
described above, it was recognized that the ethylenediamino (Fig. 10) and alanine-
amide moieties (Fig. 11) are good mimics of the guanidine moiety which interacts
with the double E-loop in the active site of PRMTs. Using a fragment-based approach,
initially aimed at developing inhibitors of PRMT6, the ethylenediamino-containing
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fragment 49 (Fig. 11) was identified [134]. This fragment exhibited the low micro-
molar IC50 values against type I PRMTs, PRMT1 (12 μM), PRMT3 (19 μM),
CARM1 (1 μM), PRMT6 (0.3 μM) and PRMT8 (2.1 μM), and was not active against
PRMT5 and PRMT7. In the same study, compound 53 (Fig. 11), a chlorine analogue
of the previously described CMPD-1, was also found to be equally active against
CARM1 (60 nM) and PRMT6 (70 nM), while IC50 values against PRMT1, PRMT3
and PRMT8 ranged from 1.7 to 4.1 μM. Further optimization of fragment 49 led to
compoundMS049 (51) [135], a dual inhibitor of CARM1 and PRMT6with activities
similar to compound 53, CARM1; IC534 nM, PRMT6; IC50 43 nM, PRMT8; and
IC50 1.6 μM, while no activity was detected against PRMT1, PRMT3, PRMT5 and
PRMT7. Cellular activity of MS049 was detected in HEK293T human embryonic
kidney cells where the compound exhibited an IC50 value of 0.97 μM for the PRMT6-
mediated methylation of H3R2 and 1.4 μM for the methylation of Med12 by
CARM1 [135].

Additional SAR studies, starting from fragment 49, revealed that substitutions on
the aromatic ring were generally well tolerated [136]. This led to the identification of
the structurally similar but more specific CARM1 inhibitor compound 54 (Fig. 11)
with an IC50 of 94 nM and 23-fold selectivity over PRMT6 (2.2 μM). However, no
cellular assays were reported with this compound. A more complex analogue of
MS049 is TP-064 (52, Fig. 11) discovered in a collaboration between Takeda
Pharmaceutical and the Structural Genomics Consortium (SGC) [137]. TP-064 has
an IC50 of <10 nM, a 100-fold selectivity over other histone methyltransferases and
potent cellular activity with an IC50 of 43 nM for CARM1/Med12-Rme2a and
growth inhibition observed in multiple myeloma cell lines. A similar hit-to-lead
approach was undertaken by the group of Shapira and Vedadi focusing on the
alanine-amide moiety as a guanidine mimic [138]. This SAR study yielded com-
pound SGC2085 (44) with an IC50 of 50 nM against CARM1 and 100-fold selec-
tivity over PRMT6 (5.2 μM). However, the compound did not show any appreciable
cellular activity, presumably due to poor cell permeability.

Fig. 12 Co-crystal structures of CARM1 bound to CMPD-1 (50) and CMPD-2 (43) (PDB ID:
2Y1W and 2Y1X). (a) CMPD-1 bound to CARM1 in the presence of sinefungin, (b) CMPD-2
bound to CARM1 in the presence of AdoHcy, (c) overlay of CMPD-1 and CMPD-2 showing their
interactions with the glutamate residues of the double E-loop (Glu258 and Glu267) and the histidine
residue of the THW-loop (His415). In CMPD-1, the ethylenediamino group is mimicking the
guanidine, whereas in CMPD-2 the guanidine is mimicked by the alanine-amide moiety [133]

PRMT Inhibitors 175



Curcumin-like structures (45, Fig. 10) have also been found to act as moderate
and somewhat selective CARM1 inhibitors with IC50 values in the low micromolar
range and no inhibition of PRMT1 or the lysine methyltransferase SET7
[139]. PRMT3 and PRMT6 were inhibited to some extent when 45 was tested at
100 μM. In human LNCaP cells, the prostate-specific antigen promoter was
decreased in a dose-dependent manner by compound 45. Pomegranate-derived
compound ellagic acid (46, Fig. 10) was found to be a site-specific inhibitor of
CARM1, inhibiting methylation of H3R17 but not of H3R26 [140]. Modelling
suggests ellagic acid binds the KAPRK motif present around H3R17. Treatment of
DNA-damaged HEK293T cells with ellagic acid showed a significant decrease in
H3R17 methylation and p21 expression.

Recently, we described the development of inhibitors designed to mimic the
transition state of the CARM1 methylation reaction [106]. To do so, bisubstrate-
based inhibitors 37, 55 and 56 (Fig. 13) were prepared by linking an adenosine
moiety (mimicking that of AdoMet) to a guanidine moiety via different spacers.
Although these compounds were initially expected to be nonspecific PRMT inhib-
itors, surprising selectivity was found. While three carbon-spaced inhibitor 55 was
found to be equally active towards PRMT1, PRMT4 and PRMT6 (IC50

0.56–1.30 μM), the two carbon-spaced inhibitor 37 and the unsaturated three
carbon-spaced inhibitor 56 showed 34- to 169-fold selectivity for CARM1. All
compounds were inactive against lysine methyltransferase G9a.

In order to increase the specificity of the bisubstrate compounds, a peptidic
fragment of the poly(A)-binding protein-1 (PABP1), a well-known substrate of
CARM1 [114], was appended to the guanidine group [141]. These peptidic transi-
tion state mimics (57–60, Fig. 13) showed potent inhibition of CARM1 (IC50

82–92 nM) with high selectivity over PRMT1 (no other PRMTs were tested).
Importantly, during co-crystallization studies, it was found that these transition
state mimics stabilize the enzyme-substrate complex, thereby greatly facilitating
crystallization. Figure 14 shows the complex formed between transition state mimics
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57 and 59 and CARM1, clearly revealing the expected active site interactions with
the adenosine and guanidine groups.

6.3 Biological Relevance of Inhibitors and Current Outlook

The involvement of CARM1 in a wide range of human cancers has led to increasing
interest in the discovery of a potent and selective CARM1 inhibitor. The first
inhibitors described for CARM1 came from high-throughput screening campaigns
and showed selectivity for CARM1 over PRMT1 and PRMT3 but were not tested
against other PRMTs. Results of later studies showed that structurally similar
compounds were equally active against CARM1 and PRMT6. Both CARM1 and
PRMT6 are involved in a variety of cancers, and synergy between the two has been
described in stimulating oestrogen receptor α-dependent transcription. Dual active
compounds, like MS049, are great tool compounds to investigate this synergy in
detail. TP-064 is the most potent and selective CARM1 inhibitor described to date,
showing activity in enzymatic assays and cell proliferation assays. In addition, the
potent and selective peptidic transition state mimics developed by our group are
valuable tools for structural studies to investigate PRMT-substrate interactions. The
structural information made possible by this approach may yield new insights for the
discovery of new PRMT inhibitors.

Fig. 14 Co-crystal structures of transition state mimics 57 and 59 bound to CARM1 (PDB ID:
5LGP and 5LGQ). (a) Compound 57 consists of residues 447–459 of poly(A)-binding protein-1
(PABP1) linked to adenosine via a fully saturated three-carbon linker; (b) compound 59 consists of
residues 456–466 of PABP1 linked to adenosine via a fully saturated three-carbon linker. The most
important interactions with active site residues have been indicated, including E215 interacting with
the hydroxyls of the ribose and E258/E267 of the double E-loop and His415 of the THW-loop
interacting with the guanidine [141]
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7 PRMT5

7.1 Background

Initially identified as a Janus kinase-binding protein [142], PRMT5 is the first
identified and most abundant member of the type II PRMTs. The type II PRMTs
preferentially produce symmetrically dimethylated arginine (sDMA) [13]. PRMT5
recognizes both the GAR and PGM motifs in a wide variety of substrates, including
histone arginines H2AR3, H4R3, H3R2 and H3R8 (in vivo) [13, 143, 144]. Nonhis-
tone substrates include ribosomal proteins (RPS10) [145], nuclear factor NF-κB,
tumour suppressor protein p53, transcription factor E2F-1 [143, 146, 147], tumour
suppressor PDCD4 (programmed cell death protein 4) [148] and the MAPK/ERK
pathway (mitogen-activated protein kinase/extracellular signal-regulated kinase)
[149], among many others [56]. PRMT5 has multiple associations with binding
partners of which MEP50 (methylosome protein 50) is known to be necessary for
regulating its specificity in methylating H2A and H4 [150, 151]. Other binding
partners regulate the activity and substrate specificity of PRMT5 [152].

PRMT5 is upregulated in wide variety of human cancers, including breast [148],
colorectal [153], lung [154, 155] and epithelial ovarian cancer [156], lymphomas
[157–159] and melanoma [160]. In addition, recent studies have shown PRMT5 to
be a unique anticancer target [47–49]. These recent findings suggest that
methylthioadenosine (MTA) plays a role in regulating the activity of PRMT5.
This finding originated with the discovery that 5-methylthioadenosine phosphory-
lase (MTAP) is often co-deleted with a commonly deleted tumour suppressor gene,
CDKN2A (cyclin-dependent kinase inhibitor 2A), through close chromosomal
proximity [161]. This leads to the accumulation of MTA, which in turn inhibits
PRMT5 in a surprisingly specific manner. Through this pathway the MTAP/
CDKN2A-deleted tumours have a hypomorphic PRMT5 state, making them sensi-
tive towards further inhibition of PRMT5.

7.2 Inhibitors: In Vitro and Cell-Based Activities

The majority of inhibitors developed against PRMT5 have only been described in
recent years. A hit-to-lead optimization studywas recently published by Epizyme Inc.
describing in detail the optimization of compounds identified through HTS
[162]. Extensive SAR studies were performed with compound EPZ007345 (61,
IC50 of 326 nM), yielding compound EPZ015666 (62, Fig. 15a) [163]. EPZ015666
was found to inhibit PRMT5:MEP50 with an IC50 of 22 nMwith no activity detected
against a panel of 20 other methyltransferases [162]. Furthermore, the compound was
found to be substrate-competitive and AdoMet-uncompetitive. The co-crystal struc-
ture confirms EPZ015666 binds in the substrate-binding pocket of PRMT5 (see
Fig. 15c). Interestingly, binding to the PRMT5:MEP50 complex was observed only
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in the presence of AdoMet or a cofactor analogue like AdoHcy or sinefungin. When
testing the compound in mantle cell lymphoma (MCL) cells, EPZ015666 showed
concentration-dependent antiproliferative effects, with IC50 values of 96 nM and
450 nM against Z-138 and Maver-1 MCL cells, respectively. In addition, upon oral
dosing in mice, the compound showed dose-dependent antitumour activity in MCL
xenograft models. The correlating decrease in sDMA strongly suggests a direct link
with PRMT5 inhibition. Compound EPZ015666 has subsequently been further
improved to compound GSK3326595 (previously EPZ015938, 63, Fig. 15a) in
collaboration with GlaxoSmithKline (GSK) and has entered phase I clinical trials
with patients that have advanced or recurrent solid tumours and non-Hodgkin’s
lymphoma.

PRMT5 overexpression was also found in Epstein-Barr virus (EBV)-induced B-cell
transformation by the group of Baiocchi and co-workers [38]. The PRMT5 expression
was limited to EBV-transformed cells and not found in resting or activated B lympho-
cytes. From a virtual screening approach, compound 64 (Fig. 16) was identified as a
selective inhibitor of PRMT5 over PRMT1, PRMT4 and PRMT7 (tested at a fixed
concentration only). Compound 64 was capable of blocking EBV-induced B-cell
transformation and survival without affecting the viability of normal B cells.
In addition, chromatin immunoprecipitation assays show a decrease of PRMT5
overexpression and its histone marks at H3R8 and H4R3 upon treatment with 64. No
effect on asymmetrically dimethylated arginine at H4R3was found. Compound 64was
optimized to compound 65 (Fig. 16), by replacing the pyridine ring with an ortho-
methoxyphenyl group [164]. Its activity was shown at 10 μM against PRMT5 with no
inhibition of PRMT1, PRMT4 and PRMT7. PRMT5 was shown to be upregulated in

Fig. 15 Overview of the results of the studies performed for compound EPZ015666 (62)
[163]. (a) Hit-to-lead optimization from EPZ007345 (61) to GSK3326595 (63). GSK3326595 is
currently in phase I clinical trials, (b) arginine and lysine methyltransferase family trees showing the
selectivity of EPZ015666, (c) co-crystal structure of EPZ015666 with PRMT5 (PDB ID: 4X61)
showing the interactions with the glutamate residues of the “double E-loop” and the substrate-
competitive nature of the compound [162]
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acute myeloid leukaemia (AML) [164].When tested against AML samples, compound
65 inhibitedH4R3me2s andH3R8me2smethylationwhile decreasing cell viability in a
dose-dependent manner with IC50 values of 7.2–21.5 μM for AML cell lines and
4.0–8.7 μM for AML patient blasts.

The SGC has also recently reported two chemical probes for PRMT5. One of the
probes (GSK591 [165], 66, Fig. 16) derives from a compound series explored by
Epizyme and GSK, and the other was developed in collaboration with Eli Lilly
(LLY-283 [166], 68, Fig. 16). Probe compound GSK591 inhibits PRMT5:MEP50
methylation of histone H4 in vitro with an IC50 of 11 nM and in Z-138 lymphoma
cells; it also inhibits the methylation of PRMT5 substrate Sm protein D3 with EC50

of 56 nM [167]. Compound LLY-283 has an IC50 of 20 nM in vitro (against H4R3
methylation), and in cellular assays, LLY-283 inhibited the methylation of
RNA-associated Sm proteins B/B0 with an IC50 of 25 nM in MCF7 cells and also
affected MDM4 (mouse double minute 4 protein) splicing with a relative IC50 of
40 nM in A375 cells [166].

A virtual screening campaign and subsequent SAR studies performed by Ji et al.
[168] led to the discovery of a new PRMT5 inhibitor (70, Fig. 16), which showed an
IC50 value of 0.57 μM with selectivity for PRMT5 over all other PRMTs tested in
biochemical assays (all but PRMT2 and PRMT9). In DLD-1 colorectal cancer cells,
a time- and dose-dependent growth inhibition was demonstrated using a cell viability
assay. In addition, a decrease in sDMAmarks on H4R3 and H3R8 was observed, but
no change in aDMA on H4R3. No cellular IC50 or EC50 values were calculated.

7.3 Biological Relevance of Inhibitors and Current Outlook

Recently, there has been a significant increase in the number of published reports
aimed at identifying new roles of PRMT5 in different disease states as well as the
development of inhibitors against PRMT5. With the first clinical trial for a PRMT5
inhibitor against non-Hodgkin’s lymphoma currently underway, the biological rel-
evance and therapeutic potential of PRMT5 inhibition will become clearer. With a
growing body of knowledge highlighting the involvement of PRMT5 in different
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cancers and the steady increase in the development of novel PRMT5 inhibitors,
PRMT5 is likely the most interesting therapeutic target among the PRMTs at
this time.

8 PRMT6

8.1 Background

PRMT6 is a nuclear type I PRMT that methylates histone residues H2AR3,
H2AR29, H3R2, H3R42 and H4R3 [14, 169, 170]. PRMT6-mediated aDMA
methylation of H3R2 blocks the mixed lineage leukaemia (MLL) complex-mediated
di- and tri-methylation of H3K4 and vice versa [171]. Other substrates of PRMT6
include HMGA1a, involved in chromatin structure organization [172] and DNA
polymerase β, involved in DNA base excision repair [173]. Furthermore,
automethylation increases the stability and anti-HIV-1 activity of PRMT6, and
methylation of HIV-Tat protein reduces HIV-1 production and viral replication
[37, 174, 175]. PRMT6 has also been found to be overexpressed in a variety of
cancers, including bladder and lung cancer [63] and prostate cancer [176], but is
downregulated in melanoma [177]. In addition, PRMT6 dysregulation was also
recently found to be associated in pulmonary disorders [35].

8.2 Inhibitors: In Vitro and Cell-Based Activities

The ethylenediamino compounds discussed in the section above on CARM1/
PRMT4 generally demonstrated similar potency towards both CARM1 and
PRMT6. This includes the potent dual CARM1-PRMT6 inhibitor MS049 (51,
Fig. 11) [135]. The same moiety is also present in compound 71 (Fig. 17), recently
developed in our group. Compound 71 showed selective inhibitory activity
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(IC50 3.2 μM) towards PRMT6 over PRMT1, CARM1 and lysine methyltransferase
G9a [106].

Epizyme developed compound EPZ020411 (72, Fig. 17), which exhibited an
IC50 of 10 nM against PRMT6 [178]. It also showed IC50 values of 119 nM against
PRMT1 and 223 nM against PRMT8 but was more than 100-fold selective over
PRMT3, PRMT4, PRMT5 and PRMT7. In fact, most of the ethylenediamino aryl
pyrazole compounds tested showed high affinity for PRMT1, PRMT6 and PRMT8.
The crystal structure obtained with compound EPZ020411 showed the interactions
in the active site of PRMT6, although the structure of the inhibitor was not fully
resolved. Treatment of A375 cells with EPZ020411 resulted in a dose-dependent
decrease in H3R2 methylation (IC50 0.64 μM).

In a recent study investigating the structural basis of PRMT6-mediated asym-
metric dimethylation [179], a bisubstrate guanidine-sinefungin analogue (GMS, 73,
Fig. 17) was synthesized. GMS showed an IC50 value of 90 nM for PRMT6 but, not
surprisingly, was also active against most other PRMTs. In the co-crystal structure of
GMS with PRMT6, the compound binds in the cofactor-binding site with the
guanidine moiety interacting with residues in the substrate-binding pocket as
depicted in Fig. 18.

8.3 Biological Relevance of Inhibitors and Current Outlook

PRMT6 has been shown to be a valid therapeutic target for a range of diseases. Many
compounds developed for PRMT6 (or other PRMTs) show low nanomolar

Fig. 18 Co-crystal
structure of PRMT6 with
bisubstrate compound GMS
(73), showing the
interactions with the active
site residues. The adenosine
binds with conserved active
site residues, such as Arg66,
Glu112, Val140 and Glu141
in the AdoMet cofactor-
binding pocket, and the
guanidine moiety interacts
with Glu155 of the “double
E-loop” [179]
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inhibition but often lack PRMT6 selectivity. To date, only limited cellular assays
have been performed with the aim of establishing PRMT6 inhibition and its potential
role in specific disease relevance. In this regard, more work is necessary in the
development of potent, selective, and biologically relevant inhibitors of PRMT6.

9 PRMT7

9.1 Background

In 2004, the first type III PRMT, PRMT7, was identified by Clarke and co-workers
[16]. As a type III arginine methyltransferase, PRMT7 produces only mono-
methylarginine (MMA) and preferentially methylates RxR motifs in lysine- and
arginine-rich regions of target proteins [180]. Known substrates for PRMT7 include
histones H2AR3, H2BR29, H2BR31 H2BR33, H4R3, H4R17 and H4R19 [180]. In
addition, in conjunction with PRMT5, PRMT7 aids in the sDMA methylation of Sm
proteins non-redundantly [181]. Interestingly, mutation of the Glu181 residue to Asp
in the double E-loop in the PRMT7 active site switched the type III PRMT activity
into type I, producing aDMA [182]. Furthermore, the additional mutation of Gln329
to Ala in the canonical THW-loop converted PRMT7 into a type II PRMT, capable
of producing sDMA [183].

As related to human disease, PRMT7 has been linked to breast cancer metastasis
[184, 185], DNA damage [186] and parasite infection [187]. Interestingly, several
studies have also demonstrated the involvement of PRMT7 in increasing the sensi-
tivity of tumour cells to chemotherapeutic agents [186, 188–190].

9.2 Inhibitors: In Vitro and Cell-Based Activities

The group of Vedadi and co-workers developed compound DS-437 (74, Fig. 19)
[191], an AdoMet analogue, which showed dual inhibition of PRMT5 and PRMT7
(IC50 values for both at 6 μM) with no activity against a panel of 29 other
methyltransferases, including PRMTs.
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Fig. 19 Structure of dual
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9.3 Biological Relevance of Inhibitors and Current Outlook

Very limited work has been done in the development of PRMT7 inhibitors. Currently,
no potent and specific PRMT7 inhibitors are available. However, interesting recent
findings suggest PRMT7 is a viable therapeutic target, e.g. for (re-)sensitising tumour
cells to chemotherapeutic agents or for the treatment of breast cancer.

10 PRMT8

10.1 Background

The eighth member of the PRMT family is a type I PRMT that is primarily expressed
in the brain and is myristoylated at the N-terminal glycine, both unique features
within the PRMT family [17]. The myristoylation of PRMT8 results in its associa-
tion with the plasma membrane. Cleavage of the N-terminal domain results in an
increase in methylation activity [192], and a variant (PRMT8v2) lacking the
N-terminal glycine was found to be located primarily in the nucleus rather than the
cell membrane [193, 194]. PRMT8 has high sequence similarity with PRMT1 (about
80%) and methylates the GAR motif.

Recent studies point to an involvement of PRMT8 in amyotrophic lateral sclero-
sis (ALS) [195] and high expression levels of PRMT8 are linked to a variety of
cancers [196]. Furthermore, knockdown of PRMT8 halted cell proliferation and
caused cell death in both healthy human dermal fibroblasts and U87MG glioblas-
toma cells [194].

10.2 Inhibitors: In Vitro and Cell-Based Activities

No specific inhibitors have been developed against PRMT8. Interestingly,
ethylenediamino-containing compounds (fragment 49 [134], MS049 (51) [135],
Fig. 11) that were active against PRMT4 and PRMT6 were also generally active
against PRMT8. In addition, the covalent inhibitors 28 and 29 [91] (Fig. 6) designed
to interact with the active site cysteine found in PRMT1 were also found to be active
against PRMT8. This is not surprising given the high sequence similarity, including
the presence of an active site cysteine, between these two PRMTs.
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10.3 Biological Relevance of Inhibitors and Current Outlook

Although relatively little is known about the roles of PRMT8 in both healthy and
disease states, recent publications suggest its potential as a therapeutic target. In
order to study these in greater detail, the development of specific inhibitors against
PRMT8 will be necessary.

11 PRMT9

The most recently added member of the PRMT family, PRMT9, took longer to
identify due to its low sequence similarity to other PRMTs [17, 18]. Initially
described in the literature as Fbox Only Protein 11 (FBXO11), PRMT9 is the second
type II PRMT after PRMT5 and is found to localize mainly in the cytoplasm
[18, 197]. Recently, spliceosome-associated protein SAP145 was identified as a
substrate for PRMT9 [197]. sDMA methylation of SAP145 results in a Tudor
domain-binding site for the survival of motor neuron (SMN) protein, thereby
regulating alternative splicing.

Recently, the preferred substrate recognition motif of PRMT9 was described as
R-F-(K/R/F)-(R/W)-R-(M/F)-P-X-P [198], which may facilitate the identification of
new PRMT9 substrates. Interestingly, however, the only substrate identified to date
(spliceosome-associated protein 145 (SAP145)) does not bear this motif
(CFKRKYL). Currently, a very limited number of studies focused on PRMT9
have been reported, and much work is needed to elucidate the roles played by
PRMT9 in both healthy and disease states.

12 Conclusions

The protein arginine N-methyltransferases play crucial roles in a wide range of
biological processes associated with both human health and disease. Their functions
concentrate on gene regulation, RNA transcription, splicing processes and DNA
repair. Not surprisingly, the dysregulation of PRMTs has been shown to contribute
to a variety of diseases, including many different cancers. As a result, the develop-
ment of PRMT inhibitors has also received increasing attention over the past decade.

Comparing different studies focused on inhibiting the same PRMT can prove
challenging as different assay methods can result in different IC50 values for the
same compound. Furthermore, many factors are involved in obtaining a reliable
measure of an inhibitor’s potency, including substrate and enzyme concentrations,
the reference compounds used, signal readout and many other variable assay-specific
conditions. In addition, PRMT inhibitor specificity is rarely tested in the context of a
large panel of methyltransferases.
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Despite these limitations, the overview of the PRMT inhibitors here presented
revealed that potent and highly selective compounds have already been developed
against PRMT3 (SGC707 (40) [113]), CARM1/PRMT4 (TP-064 (52) [137]) and
PRMT5 (GSK3326595 (63) [199], GSK591 (66) [167] and LLY-283 (68) [166]). In
addition, the dual PRMT4/PRMT6 (51) [135] and PRMT5/PRMT7 (74) [191]
inhibitors that have been developed, as well as the more general type I PRMT
inhibitor (6) [50], serve to strengthen the toolbox of small molecules needed for
detailed investigations of PRMTs. Furthermore, the technology recently developed
for the co-crystallization of PRMTs with their respective substrates using transition
state mimics [141] is expected to yield key new structural insights of value in the
discovery of new PRMT inhibitors.

To date, PRMT5 is the first PRMT for which an inhibitor has been taken into
phase I clinical trials, illustrating the rapid progress being made in this field. The
increasing number of reports describing the involvements of PRMTs in cellular
processes and the development of new PRMT inhibitors can be expected to result in
a clearer picture of the role(s) played by this important family of enzymes (Table 1).

Table 1 PRMT substrate(s), function(s) in normal and disease-related processes, and effect(s) of
inhibition

PRMT Type Substrates Function/disease relation Effect by inhibition

PRMT1 Type I GAR sub-
strates
Histone H2A
Arg3
Histone H4
Arg3
Splicing fac-
tors
DNA damage
proteins
RNA-binding
proteins
Transcription
factors
Viral proteins
Signalling
proteins

Involved in gene transcription,
nuclear transport, DNA repair
and RNA processing
Overexpressed in breast, colon,
prostate, lung, head and neck,
bladder cancer and leukaemia
Involved in pulmonary disease,
cardiovascular disease, diabetes
and cocaine addiction

Inhibition increases cellular MMA and
sDMA, and inhibitors show growth
inhibition in a variety of cancer cell lines

PRMT2 Type I,
III

Histone 4
Splicing fac-
tors
Transcription
factors

Regulates leptin signalling
Interacts with splicing factors
and nuclear hormone receptors
Involved in atherosclerosis and
breast cancer

Unknown

PRMT3 Type I Histone H4
Arg3
Ribosomal
proteins
Tumour
suppressors

Involved in breast cancer Unknown

CARM1
(PRMT4)

Type I PGM motif
Histone H3
Arg17
Histone H3
Arg26
Histone H3
Arg42
PRMT4

Involved in gene transcription,
nuclear transport, DNA repair
and RNA processing
Overexpressed in breast, colon,
prostate and liver cancer

Inhibition results in a decrease in
prostate-specific antigen reporter

(continued)
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Table 1 (continued)

PRMT Type Substrates Function/disease relation Effect by inhibition

(auto)
Splicing fac-
tors
RNA-binding
proteins
Transcription
factors
Coactivators

PRMT5 Type II Histone H2A
Arg3
Histone H3
Arg8
Histone H4
Arg3
Sm proteins
Ribosomal
proteins
Nuclear fac-
tors
Transcription
factors
Tumour
suppressors

Involved in embryogenesis and
gene transcription
Binding partners regulate activ-
ity and substrate specificity
Upregulated in breast, colorec-
tal, lung, epithelial ovarian can-
cer, lymphomas and melanoma

Antiproliferative in MCL cells and
MCL mice. Phase I clinical trials on
solid tumours and non-Hodgkin’s
lymphoma

PRMT6 Type I Histone H2A
Arg3
Histone H2A
Arg29
Histone H3
Arg2
Histone H3
Arg8
Histone H3
Arg42
Histone H4
Arg3
Chromatin
proteins
DNA-binding
proteins
PRMT6
(auto)
Viral proteins

Overexpressed in bladder, lung
and prostate cancer
Downregulated in melanoma
Associated with pulmonary dis-
orders
Reduces HIV-1 production and
viral replication

Dose-dependent decrease in H3R2
methylation in A375 cells

PRMT7 Type
III

RxR motif
Histone H2A
Arg3
Histone H2B
Arg29
Histone H2B
Arg31
Histone H2B
Arg33
Histone H4
Arg3
Histone H4
Arg17
Histone H4
Arg19
Sm proteins

Linked to breast cancer metas-
tasis, DNA damage and parasite
infection
Increases tumour sensitivity to
chemotherapeutics

Unknown

(continued)
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Abstract Histone lysine methylation, one of the epigenetic mechanisms, plays a
pivotal role in various biological events, including cell cycle progression, immune
response, and signal transduction. Histone methylation is closely associated with the
oncogenesis and proliferation of cancer cells, and its alteration has been identified in
many cancer cells. In addition, histone methylation is involved in such non-cancerous
diseases as globin disorders and neurological disorders. Several enzymes that control
histone methylation have been identified, including lysine-specific histone
demethylases 1/2 (LSD1/2). As LSD1/2 are involved in various diseases, their
inhibitors are considered useful not only as a chemical tool for probing the biology
of LSD1/2 but also as therapeutic agents. In this chapter, the biology, pharmacology,
and inhibitors of LSD1/2 are presented, and the potential of LSD inhibitors as
therapeutic agents is discussed.
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Abbreviations

ADC Antibody-drug conjugates
AML Acute myelogenous leukemia
AR Androgen receptor
ATRA All-trans-retinoic acid
CNS Central nervous system
DDS Drug delivery systems
ERα Estrogen receptor α
FAD Flavin adenine dinucleotide
GSC Glioma stem cells
HCF-1 Host cell factor-1
HSV Herpes simplex virus
KDM Lysine demethylase
KMT Lysine methyltransferase
LSD Lysine-specific histone demethylase
MAO Monoamine oxidase
MDS Myelodysplastic syndrome
NSCLC Non-small cell lung cancer
PCPA Phenylcyclopropylamine
PDC PCPA-drug conjugate
SCLC Small cell lung carcinoma
siRNA Small interfering RNA
VZV Varicella zoster virus

1 Introduction

Histone lysine methylation is one of the epigenetic mechanisms that regulate the
expression of genes independently of the changes in DNA sequence. The methyla-
tion of histone (H) lysine (K) residues occurs at H1K26, H3K4, H3K9, H3K27,
H3K36, H3K79, and H4K20 and is responsible for transcriptional activation as well
as silencing [1, 2]. In addition, the ε-amino group of the lysine residues can undergo
mono-, di-, or trimethylation, and this differential methylation gives functional
diversity to each lysine methylation site. For example, the dimethylation of H3K4
occurs in both inactive and active genes, whereas the trimethylation is exclusive to
active genes [3]. Similarly, the monomethylation of H3K9 is seen in active genes,
whereas the trimethylation of H3K9 is associated with gene repression [4].
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Histone lysine methylation is reversibly controlled by two kinds of enzymes,
lysine methyltransferases (KMTs) and lysine demethylases (KDMs) [5]. KMTs add
a methyl group to histone lysine residues, whereas KDMs remove the methyl group
from methylated histone lysine residues, discriminating the methylated positions and
states.

Lysine-specific histone demethylases 1/2 (LSD1/2) (KDM1A/B) are KDMs and
are associated with several diseases, such as cancer and neurological disorders.
Therefore, small-molecule inhibitors of LSD are of interest as potential therapeutic
agents. In this chapter, the biology and pharmacology of LSD and hitherto reported
LSD inhibitors are presented, and their potential as therapeutic agents is discussed.

2 Biology of Lysine-Specific Histone Demethylases 1/2
(LSD1/2)

Histone methylation had been regarded as an irreversible modification because of the
high thermodynamic stability of the N–C bond. Indeed, whereas a number of KMTs
had been identified by 2003 [1], no KDMs had been identified. However, in 2004,
LSD1 was the first histone demethylase to be identified [6].

LSD1 removes the methyl groups from mono- and dimethylated Lys4 of histone
H3 (H3K4me1/2) through flavin adenine dinucleotide (FAD)-dependent enzymatic
oxidation (Fig. 1) [6]. In prostate cell lines, LSD1 also demethylates H3K9me1/2
and regulates androgen receptor (AR)-mediated transcription [7]. The targets of
LSD1 regulatory demethylation are not limited to histone H3; LSD1 also
demethylates nonhistone proteins, such as p53 [8], DNA methyltransferase 1 [9],
STAT3 [10], E2F1 [11], and MYPT1 [12], and regulates their cellular functions.

LSD2 (KDM1B), the other flavin-dependent lysine demethylase, was found in
2009 and exhibits the same H3K4 demethylase activity as LSD1 [13]. However, the
function and role of LSD2 are likely to be different from those of LSD1, although they
remain unclear so far. It has been reported that LSD2 establishes maternal genomic
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imprints, activates gene expression via H3K4 methylation [14], and possesses a
demethylase-activity-independent repression function [15]. Recently, it has been
reported that LSD2 possesses unexpected E3 ubiquitin ligase activity and inhibits
lung cancer cell growth by promoting the ubiquitylation and degradation ofO-linked
N-acetylglucosamine transferase [16].

3 Structural Studies and Catalytic Mechanism of LSD1/2

The X-ray crystal structure of LSD1 complexed with CoREST and a histone H3
peptide was determined by Yang et al. [17]. This crystal structure was able to shed
light on how histone H3 is recognized. The structural data revealed that histone H3
adopts three consecutive γ-turns, establishing a side chain spacing that places its N
terminus in an anionic pocket comprised of Asn, Trp, and two Asp residues. The
structural data also confirmed the positioning of the lysine methyl groups in suffi-
cient proximity to FAD for FAD-mediated catalysis.

The crystal structures of LSD1 and the detailed analysis of the catalytic mecha-
nism have led to a solid understanding of the catalytic mechanism for the demeth-
ylation of methylated lysine substrates by LSD1 (Fig. 1) [6, 17–19]. First, the
methylated lysine substrate is converted into an iminium cation, presumably through
a two single-electron oxidation reactions of the amine by FAD. Next, the addition of
a water molecule to the iminium cation and the subsequent deformylation afford
demethylated lysine. The FADH2 generated in the first step is oxidized by molecular
oxygen to FAD, which is utilized again for lysine demethylation. As would be
expected from the mechanism, the demethylation by LSD1 is limited to mono- or
dimethylated lysine; LSD1 cannot demethylate trimethylated lysine. This proposed
catalytic mechanism for the demethylation of methylated lysine substrates provides a
basis for the design of selective LSD1 inhibitors.

For the structural study of LSD2, Fang et al. characterized NPAC protein (also
known as GLYR1) as an LSD2-specific cofactor that facilitates LSD2-mediated
H3K4me1 and H3K4me2 demethylation [20]. They also determined the crystal
structures of LSD2 alone and LSD2 in complex with the NPAC protein in the
absence and presence of a histone H3 peptide. The structures revealed that the
NPAC protein stabilizes the interaction between LSD2 and the histone H3 peptide,
thus enhancing the enzymatic activity of LSD2 [21].

4 Link of LSD1/2 to Diseases

Whereas LSD1 is involved in many normal biological events, such as organogenesis
[22, 23] and adipocyte differentiation [24], it is associated with several disease states
as well, including cancer, viral infection, globin disorders, metabolic syndromes, and
neurological disorders. In this section, the links of LSD1/2 to diseases are presented.

200 T. Suzuki



4.1 Link of LSD1/2 to Cancer

LSD1 is overexpressed in various cancer cells and tissues, such as neuroblastoma
[25], prostate cancer [7, 26], breast cancer [27–29], lung cancer [30], and bladder
cancer cells [30]. Furthermore, the results of RNAi-mediated knockdown or LSD1
inhibition suggest that this enzyme is associated with cancer cell growth by modu-
lating pro-survival gene expression and p53 transcriptional activity [25, 27, 31].

Schulte et al. reported that LSD1 expression is correlated with adverse outcome in
neuroblastic tumors [25]. The RNAi-mediated knockdown of LSD1 suppresses cell
growth, and LSD1 inhibition results in growth inhibition of neuroblastoma cells in
both in vitro and in vivo assays. In prostate cancer cells, AR binds an enhancer in the
AR second intron and represses AR gene expression through LSD1 recruitment and
H3K4me1/2 demethylation [32]. It was also reported that LSD1 is involved in breast
cancer proliferation in estrogen receptor α (ERα)-dependent and ERα-independent
manners [33]. Whereas LSD1 interacts with ERα in ERα-positive breast cancer cells
[34], it is highly expressed also in ER-negative breast cancer cells, and the pharma-
cological LSD1 inhibition or knockdown of LSD1 using small interfering RNA
(siRNA) results in the growth inhibition of ER-negative breast cancer cells and
induces the regulation of several proliferation-associated genes, such as p21,
ERBB2, and CCNA2 [28]. LSD1 expression is higher also in lung cancer tissue
than normal lung tissue [35]. The overexpression of LSD1 protein is associated with
shorter overall survival in non-small cell lung cancer (NSCLC) patients, and the
interruption of LSD1 using siRNA or chemical LSD1 inhibition suppresses the
proliferation, migration, and invasion of NSCLC A549, H460, and 293T cells. It
has been reported that LSD1 is overexpressed in leukemia cells and is involved in
leukemia cell proliferation and differentiation [36]. Importantly, LSD1 is closely
associated with the growth of cancer cells with pluripotent stem cell properties
expressing Oct4 and SOX2 [37–39].

It has also been reported recently that LSD2 is involved in breast cancer progres-
sion [40]. LSD2 protein level is significantly elevated in malignant breast cancer cell
lines compared with normal breast epithelial cell lines. Whereas the overexpression
of LSD2 in MDA-MB-231 cells significantly promotes cell proliferation, the
siRNA-mediated knockdown of endogenous LSD2 inhibits the growth of multiple
breast cancer cell lines, suggesting the critical role of LSD2 in the regulation of
breast cancer progression.

4.2 Link of LSD1 to Viral Infection

LSD1 regulates viral gene transcription [41]. In herpes simplex virus (HSV) and
varicella zoster virus (VZV), an increase in H3K4 methylation and a decrease in
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H3K9 methylation are needed for viral gene transcription in a host cell [42]. To
increase methylation, the virus recruits host cell factor-1 (HCF-1) and an HKMT
complex. Kristie and co-workers showed that LSD1 interacts with the HCF-1
component of the HKMT complex and demethylates H3K9 [41]. They also showed
that blocking LSD1 activity leads to the inhibition of viral gene transcription,
suggesting that LSD1 inhibitors could work as anti-HSV and anti-VZV agents. In
addition to HSV and VZV, LSD1 has also been reported to be involved in latent HIV
infection [43] and hepatitis B virus-induced liver carcinogenesis [44].

4.3 Link of LSD1 to Globin Disorders

The human β-globin locus consists of embryonic, fetal, and adult globin genes that
are expressed during development. Mutations in the globin locus result in β-globin
disorders, such as β-globinopathies, β-thalassemia, and sickle cell disease. Although
the fetal globin genes are autonomously silenced in adult-stage erythroid cells,
mutations lying both within and outside the locus lead to natural variations in the
level of fetal globin gene expression, and some of the mutations ameliorate the
clinical symptoms of β-globin disorders. LSD1 is associated with fetal globin gene
repression in adult-stage erythroid cells. LSD1 has been shown to interact with the
transcription factor BCL11A through a complex containing CoREST [45] and to
mediate part of BCL11A’s strong ɣ-globin gene silencing activity. LSD1 also has
been shown to interact with the TR2-TR4-DNMT1-LSD1 complex, along with
several other corepressor complexes [46]. LSD1 inhibition results in increased
ɣ-globin gene expression in β-globin locus-bearing transgenic mice and cultured
primary human erythroid cells [45, 47], suggesting the effectiveness of LSD1
inhibitors as therapeutic agents for β-globin disorders.

4.4 Link of LSD1 to Metabolic Diseases

It has been suggested that LSD1 is involved in metabolic diseases [48]. LSD1
regulates energy-expenditure genes in adipocytes, and the loss of LSD1 function
in adipocytes induces a number of regulators of energy expenditure and mitochon-
drial metabolism, resulting in the activation of mitochondrial respiration. The
expression of LSD1-target genes is downregulated in the adipose tissues of mice
on a high-fat diet as compared with that in tissues of mice on a normal diet. This
downregulation is reverted by suppressing the function of LSD1, indicating the
involvement of LSD1 in metabolic diseases.
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4.5 Link of LSD1 to Central Nervous System (CNS) Disorders

LSD1 has been reported to be involved in central nervous system (CNS) disorders,
such as depression and Alzheimer’s disease. LSD1 regulates the expression of genes
associated with cognitive function, neuroplasticity, and memory in senescence-
accelerated SAMP8 mice [49]. LSD1 also controls the expression of genes related
to immune reaction and inflammation, including S100A9, which is emerging as an
important contributor to inflammation-related neurodegeneration.

It was reported that neuroLSD1, a dominant-negative splicing isoform of LSD1,
is responsible for emotional behavior [50]. The knockout of neuroLSD1 in mutant
mice reduces the expression of psychosocial-stress-induced genes, resulting in low
anxiety-like behavior.

5 LSD1 Inhibitors and Their Biological/Therapeutic
Applications

As mentioned above, LSD1 represents an interesting target for epigenetic drugs as
supported by data related to its link to several diseases, including cancer, viral
infection, globin disorders, metabolic diseases, and CNS disorders. Thus, expecta-
tions are high regarding the use of LSD1 inhibitors as therapeutic agents for cancer
and non-cancer diseases. In this section, some of the previously reported LSD1
inhibitors (Fig. 2) and their potential as therapeutic agents are presented.

LSD1 is an amine oxidase that catalyzes the demethylation of mono- or
dimethylated histone lysine residues and shows homology with monoamine oxi-
dases (MAOs) A and B [51]. Indeed, trans-2-phenylcyclopropylamine (PCPA)
(Fig. 2), a MAO inhibitor used as an antidepressant, was found to be also able to
inhibit LSD1 and LSD2 [13, 51]. It was shown that PCPA is a mechanism-based
irreversible inhibitor of LSD1. Kinetics, MS, and X-ray analysis data suggested
that PCPA inhibits LSD1 through the formation of a covalent adduct with the flavin
ring following one-electron oxidation and cyclopropyl ring opening (Fig. 3)
[51, 52]. PCPA at high concentrations induces an increase of global H3K4 methyl-
ation and growth inhibition of neuroblastoma cells and bladder cancer cells
[25, 53]. In addition, the combination of PCPA and all-trans-retinoic acid (ATRA)
is an effective therapy for acute myelogenous leukemia (AML) [54]. In addition to
cancer, PCPA has been reported to show pharmacological effects in α-herpes virus
latent infection [41], globin disorders [47], metabolic disorders [48], and neurode-
generative disorders [55], suggesting that LSD1 inhibitors are useful as therapeutic
agents for not only cancer but also non-cancerous diseases.

Ueda et al. designed LSD1-selective inhibitors on the basis of the structures of the
methylated lysine substrate and PCPA (Fig. 4) [56]. PCPA-lysine analog hybrid
compounds are expected to be potent LSD1-selective inhibitors because they can
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bind to the methylated lysine substrate-binding site of LSD1 and they possess the
PCPA structure that reacts with FAD in the active site of LSD1. Small-molecule
PCPA-lysine analog hybrid compounds were designed on the basis of the X-ray
crystal structures of the FAD-PCPA adduct and the FAD-N-propargyl lysine peptide
adduct in the active site of LSD1 [17, 52]. The superimposition of the two structures
is shown in Fig. 4a. The FAD parts of the two adducts are well superimposed, and
the phenyl ring of the FAD-PCPA adduct overlaps with ε-N and δ-C of the FAD-N-
propargyl lysine peptide adduct. Based on these superimposed structures, PCPA-
lysine analog hybrid compound NCL1 was designed (Figs. 2 and 4a), in which the
side chain of the amino acid is linked to the phenyl ring of PCPA through an ether
bond at the meta and para positions, respectively. Benzylamino and benzoyl groups
were chosen as the substituents of the carbonyl and amino groups of the amino acid,
respectively, because they were expected to be recognized by hydrophobic amino
acid residues (Val 333, Ile 356, Phe 382, Leu 386, Leu 536, Ala 539, Thr 566, and
Leu 677) at the entrance to the N-methylated lysine binding channel of LSD1
(Fig. 4b). In addition, the attachment of these small, hydrophobic groups could
enhance membrane permeability. Furthermore, NCL1 was expected to selectively
inhibit LSD1 over MAO-A and MAO-B, as the X-ray crystal structures of MAO-A
and MAO-B indicated that their active-site cavities are not sufficiently capacious to
accommodate the large group attached to the phenyl ring of PCPA in NCL1. NCL1
was prepared and its inhibitory activities toward human LSD1 and MAO-A and
MAO-B were evaluated. Kinetic analysis and MS analysis suggested that the
inhibitory activity of NCL1 occurs via the LSD1-directed synthesis of the
FAD-PCPA adduct in the active site of LSD1 in a similar manner to PCPA
(Fig. 3). As shown in Fig. 4c, NCL1 is a highly selective LSD1 inhibitor. Further-
more, NCL1 inhibits cancer cell growth at μM concentration, consistent with its
effect on the methylation of H3K4, a substrate of LSD1. In addition, antiestrogen
and NCL1 combination therapy suppresses the growth of drug-resistant breast
cancer cells [57, 58]. NCL1 also reduces tumor volume in mice injected
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subcutaneously with hormone-resistant prostate cancer PCai1 cells without adverse
effects, suggesting the potential of LSD1 inhibitors as therapeutic agents for
hormone-resistant prostate cancer [59]. These results point to the possibility of
NCL1 as an anticancer agent.

Although NCL1 is a potent and selective LSD1 inhibitor, its activity in cell-based
assays is insufficient. Ogasawara et al. had aimed to find novel LSD1 inactivators on
the basis of the new concept “protein-targeted drug delivery” [60].

As mentioned above, PCPA inhibits LSD1 by forming a covalent bond with FAD
(Figs. 3 and 5a). In the course of LSD1 inactivation by PCPA, the nitrogen atom of
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PCPA is released as an ammonia molecule through the hydrolysis of the imine
intermediate. The nitrogen atom of the ammonia molecule corresponds to the
ε-nitrogen atom of the lysine substrate in the proposed demethylation mechanism
by LSD1 (Fig. 1). Taking these mechanisms into account, together with the idea of
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delivering PCPA directly to the active site of LSD1, candidate LSD1 inactivators
were designed (Fig. 5b), in which PCPA is coupled to a lysine carrier moiety at the
nitrogen atom. Because methylated lysine is the substrate of LSD1, it is expected that
the lysine moiety of the candidate inactivator would be efficiently recognized by
LSD1, which would lead to high selectivity over MAO-A and MAO-B. After the
PCPA moiety of the candidate inactivator is carried to the active site of LSD1, it is
expected that the PCPA moiety would inactivate LSD1 in a similar manner to PCPA
itself, namely, through single-electron transfer, radical opening of the cyclopropyl
ring, and covalent bond formation with FAD (Fig. 5b). Then, the lysine moiety is
expected to be released through the hydrolysis of the imine intermediate (Fig. 5b).
Thus, the lysine moiety of the candidate inactivator serves as a carrier that delivers
PCPA into the active site of LSD1 selectively and efficiently.

Initially, as a proof of concept study, PCPA-Lys-4 H3-21 (Fig. 5c), which bears a
PCPA moiety at Lys-4 of a 21-amino-acid LSD1 substrate peptide (H3-21), was
designed and prepared. As expected, PCPA-Lys-4 H3-21 strongly inhibited LSD1
with an IC50 of 0.16 μM in a time- and concentration-dependent manner, but did not
inhibit MAO-A or MAO-B (IC50> 100 μM). However, PCPA-Lys-4 H3-21 showed
only weak antiproliferative activity in cancer cells where LSD1 was overexpressed.
It was speculated that PCPA-Lys-4 H3-21 has poor membrane permeability, likely
as a result of the high polarity of its peptide structure. Thus, based on this proof of
concept of the LSD1-targeted PCPA delivery strategy, this strategy was applied to
the design of nonpeptide, small-molecule LSD1 inactivators that show activity in
cell-based assays. A number of candidate small-molecule, drug-delivery-type LSD1
inactivators were designed and synthesized guided by the X-ray crystal structure of
LSD1, and NCD38 was eventually identified as a potent and selective LSD1
inactivator (Figs. 2 and 5c). NCD38 also showed potent antiproliferative activity
in solid cancer cells.

In addition, the LSD1 inactivation mechanism was investigated to confirm that
NCD38 indeed inhibits LSD1 by delivering PCPA to the LSD1 active site (Fig. 5b).
Kinetic analysis revealed that NCD38 is a time-dependent LSD1 inactivator, in
accordance with the irreversible mechanism we proposed (Fig. 5b). The kinetic
parameters of NCD38 are shown in Fig. 5d. The kinact/Ki value of NCD38 is much
larger than that of PCPA, thus confirming that NCD38 is a much more potent LSD1
inactivator than PCPA. MALDI MS analysis of the inactivated mixture of LSD1
with NCD38 was also performed. Peaks with m/z 918 and 900, corresponding to the
FAD-PCPA adduct and the dehydrated adduct, respectively, were observed in the
mixture of LSD1/NCD38. The lysine moiety released from LSD1/NCD38 was also
detected. These mechanistic data strongly support the idea that NCD38 inhibits
LSD1 through the efficient and selective delivery of PCPA to the active site of
LSD1 with the assistance of its lysine moiety (Fig. 5b).

Interestingly, a recent report has shown that NCD38 derivatives inhibit LSD1 in
preference to LSD2 [61].

Recently, it has been reported that NCD38 inhibits the growth of MLL-AF9
leukemia as well as erythroleukemia, megakaryoblastic leukemia, andmyelodysplastic
syndrome (MDS) overt leukemia cells in the concentration range in which normal
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hematopoiesis is spared [62]. A single administration of NCD38 causes the in vivo
eradication of primary MDS-related leukemia cells with a complex karyotype. Mech-
anistic studies showed that NCD38 elevates H3K27ac level on enhancers of the LSD1
signature genes and derepresses the super-enhancers of hematopoietic regulators that
are silenced abnormally by LSD1.

In addition to the antiproliferative activity of NCD38 in differentiated cancer
cells, NCD38 is also able to inhibit cancer stem cell formation and the maintenance
of human metastatic breast cancer cells, thus reverting them to epithelial form
[63]. The pharmacological inhibition of LSD1 using NCD38 significantly reduces
cell viability and neurosphere formation and induces apoptosis of glioma stem cells
(GSCs) with little effect on differentiated cells [64]. In preclinical studies using
orthotopic models, NCD38 significantly reduces GSC-driven tumor progression and
improves mouse survival. Mechanistic studies showed that NCD38 causes apoptosis
of GSCs by inducing the activation of the unfolded protein response pathway.

Thus, NCD38 and its derivatives are considered candidates for anticancer agents
as well as tools for probing the biology of LSD1. Currently, IMG-7289, an NCD38
mimetic, is being evaluated in a phase 1/2 clinical trial for the treatment of AML
and MDS (http://www.imagobio.com/imago-biosciences-doses-first-patients-in-
phase-12-study-of-img-7289-in-myelofibrosis/).

GlaxoSmithKline and Oryzon Genomics discovered potent and selective LSD1
inhibitors GSK2879552 and ORY-1001, respectively (Fig. 2) [65, 66]. GSK2879552
and ORY-1001 exhibit antileukemia activity and are currently undergoing clinical
trials for AML treatment. In addition, screening for cancer cell lines revealed that
small cell lung carcinoma (SCLC) is sensitive to LSD1 inhibition by PCPA analogs,
including GSK2879552 [65]. GSK2879552 exhibits DNA hypomethylation in
SCLC lines, suggesting that DNA hypomethylation can be used as a predictive
biomarker of LSD1 inhibitory activity.

In addition, Oryzon Genomics developed LSD1/MAO-B inhibitor ORY-2001.
ORY-2001 prevents the development of memory deficit in SAMP8 mice through the
induction of neuronal plasticity and the reduction of neuroinflammation [49]. Cur-
rently, ORY-2001 is being evaluated in a phase 1 clinical trial for the treatment of
Alzheimer’s disease.

Vianello et al. reported a novel PCPA derivative 1 (Fig. 2) as a potent inhibitor of
LSD1 [67]. PCPA derivative 1 strongly inhibits the clonogenic potential of acute
leukemia cell lines. Furthermore, compound 1 exhibits in vivo efficacy after oral
administration, inducing a 62% increase in survival in a mouse leukemia model.

Mai and co-workers identified hybrid LSD1/JmjC-domain containing histone
lysine demethylase inhibitors by coupling the skeleton of PCPA, an LSD1 inhibitor,
with 4-carboxy-4-carbomethoxy-2,2-bipyridine or 5-carboxy-8-hydroxyquinoline,
two 2-oxoglutarate competitive templates developed for JmjC inhibition [68]. The
hybrid compounds were validated as potential antitumor agents in cells. Compounds
2 and 3 (Fig. 2) caused growth arrest and substantial apoptosis in LNCaP prostate
and HCT116 colon cancer cells with an increase in H3K4 and H3K9 methylation
levels in the cells.
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The chemotherapy of cancer, including targeted therapy using anticancer drugs,
usually provides a certain level of beneficial therapeutic effect while simultaneously
causing serious adverse effects on account of the cytotoxicity of the employed drugs
toward normal cells. In order to reduce the adverse effects of anticancer drugs,
several drug delivery systems (DDSs) for anticancer drugs have been developed.
One example is antibody-drug conjugates (ADCs) that show both potent and
selective cytotoxicity toward cancer cells that express a specific antigen. Some of
these ADCs, such as brentuximab vedotin and trastuzumab emtansine, are currently
used in clinical practice. However, because of their macromolecular structure, ADCs
have several limitations, including poor tissue penetration, immunogenicity, low
bioavailability, and high cost. To overcome the problems of macromolecule-based
DDSs, such as ADCs, Ota et al. focused on LSD1 to trigger the controlled release of
anticancer drugs in cancer cells where LSD1 is highly expressed [69]. For that
purpose, conjugates of the LSD1 inhibitor PCPA are used as novel anticancer drug
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delivery molecules to selectively release anticancer drugs through the inhibition of
LSD1 (Fig. 6a). PCPA-drug conjugates (PDCs) are expected to be recognized by
LSD1 and to inactivate it in a similar manner to PCPA itself, i.e., via a single-
electron transfer mechanism (Fig. 6b). Subsequently, the drug should be released
together with the linker moiety of the PDCs through hydrolysis of the imine
intermediate, and an ensuing intramolecular cyclization should eventually separate
the linker from the drug. Thus, PDCs could serve as delivery molecules that
selectively release an anticancer drug upon binding to LSD1. This method would
significantly reduce adverse effects as such molecules are inactive toward normal
cells where the expression of LSD1 is low. As a PDC prototype, we have designed
and synthesized PCPA-tamoxifen conjugates (Fig. 2) targeting breast cancer cells
(Fig. 6b), which release 4-hydroxytamoxifen in the presence of LSD1 in in vitro
assays. Furthermore, PCPA-tamoxifen conjugates inhibit the growth of breast cancer
cells through the simultaneous inhibition of LSD1 and ERα without exhibiting
cytotoxicity toward normal cells. These results demonstrated that PDCs are a useful
anticancer drug delivery tool that may facilitate the selective release of drugs in
cancer cells.

Previously, Schüle and co-workers tested whether pargyline (Fig. 2), a well-known
MAO inhibitor, inhibits LSD1 and found that it blocks the demethylation of H3K9 by
LSD1 and consequently blocks AR-dependent transcription [7]. Based on this report,
Jung and co-workers discovered new small-molecule inhibitors of LSD1 containing a
propargylamine warhead [70]. Druglike LSD1 inhibitors with a propargylamine moi-
ety, such as T5342129 (Fig. 2), showed histone hypermethylation in breast cancer cells.

Phenelzine (Fig. 2), a MAO inhibitor, has also been reported to inhibit LSD1,
although its inhibitory activity and selectivity for LSD1 are very low [51, 52, 71,
72]. Cole and co-workers identified analogs of phenelzine and their LSD1 inhibitory
properties [73]. A novel phenelzine analog (bizine) (Fig. 2) containing a phenyl-
butyrylamide appendage was shown to be a potent LSD1 inhibitor in vitro and was
selective versus MAO-A, MAO-B, and LSD2. Bizine was found to be effective in
modulating bulk histone methylation in cancer cells, and ChIP-seq experiments
revealed a statistically significant overlap in the H3K4 methylation pattern of
genes affected by bizine and those altered in LSD1�/� cells. Treatment of two
cancer cell lines, LNCaP and H460, with bizine resulted in a reduction of prolifer-
ation rate, and bizine showed additive to synergistic effects on cell growth when
used in combination with two of the five HDAC inhibitors tested. Moreover, neurons
exposed to oxidative stress were protected by the presence of bizine, suggesting
potential applications in neurodegenerative diseases.

Not only irreversible LSD1 inhibitors, which are derived from MAO inhibitors,
but also reversible LSD1 inhibitors have been identified.

Woster and co-workers reported that (bis)guanidines, (bis)biguanides, and their
urea and thiourea isosteres, such as 4 and 5 (Fig. 2), are potent inhibitors of LSD1
and induce the re-expression of aberrantly silenced tumor suppressor genes in tumor
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cells in vitro [31]. They also reported a series of small-molecule amidoximes, such as
6 (Fig. 2), which are moderate inhibitors of recombinant LSD1 but produce dramatic
changes in methylation at the H3K4 chromatin mark in Calu-6 lung carcinoma cells
[74]. In addition, these analogs increased cellular levels of LSD1 target genes, such
as secreted frizzle-related protein 2, H-cadherin, and the transcription factor
GATA4.

Wu et al. reported 3-(piperidin-4-ylmethoxy)pyridine-containing compounds,
such as 7 (Ki ¼ 29 nM) (Fig. 2), as potent LSD1 inhibitors [75]. These compounds
exhibit high selectivity (>160�) against related MAO-A and MAO-B. Enzyme
kinetics and docking studies suggested that they are competitive inhibitors against
a dimethylated H3K4 substrate and proposed a possible binding mode. The potent
LSD1 inhibitors can increase cellular H3K4 methylation and strongly inhibit the
proliferation of several leukemia and solid tumor cells with EC50 values as low as
280 nM, while they have negligible effects on normal cells.

A structure-based virtual screening of a compound library containing approxi-
mately two million small molecular entities has led to the identification of SP2509
(Fig. 2) as a reversible and selective LSD1 inhibitor (Ki ¼ 31 nM) [76], although the
core N0-(2-hydroxybenzylidene)hydrazide motif was previously identified as a
pan-assay interference compound [77]. SP2509 inhibits the proliferation and sur-
vival of several cancer cell lines, including breast and colorectal cancer. It was also
reported that treatment with SP2509 attenuates the binding of LSD1 with the
corepressor CoREST, increases the permissive H3K4Me3 mark on the target gene
promoters, and increases the levels of p21, p27, and CCAAT/enhancer binding
protein α in cultured AML cells [78]. In addition, SP2509 inhibits colony growth
of AML cells. SP2509 also induces morphological features of differentiation in
cultured and primary AML blasts. Treatment with SP2509 alone significantly
improves the survival of immune-depleted mice following tail-vein infusion and
engraftment of cultured or primary human AML cells. Co-treatment of panobinostat,
a pan-HDAC inhibitor, and SP2509 synergistically improves survival in mice
engrafted with the human AML cells without exhibiting any toxicity.

Recently, Mould et al. identified reversible LSD1 inhibitors from a high-
throughput screen and subsequent in silico modelling approaches [79]. Based on a
hit compound, they carried out scaffold hopping from GSK-690 (Fig. 2) [80, 81], an
analog of compound 7, to find compound 8 (Fig. 2), which has a Kd value of 32 nM
and an EC50 value of 0.67 μM, in a surrogate cellular biomarker assay. Compound
8 does not display the same level of hERG liability as that observed with GSK-690
and represents a promising lead for the further development of LSD1 inhibitors.

In addition, Sartori, Vianello, and co-workers discovered thieno[3,2-b]pyrrole-5-
carboxamide analog 9 (Fig. 2) as a potent reversible inhibitor of LSD1 [82, 83]. Com-
pound 9 upregulated the expression of LSD1 target genes such as CD14, CD11b,
and CD86 in THP-1 cells, and it showed a remarkable anticlonogenic cell growth
effect on MLL-AF9 human leukemia cells.

It was also reported that polymyxins and the antibiotics polymyxins such as
polymyxin B and quinazolines such as E11 (Fig. 2) inhibit LSD1 by binding to
the entrance of the substrate cleft where their positively charged moiety interacts

Lysine-Specific Histone Demethylases 1/2 (LSD1/2) and Their Inhibitors 213



with anionic amino acid residues of LSD1 [84]. These scaffolds should be useful for
further studies on LSD1 inhibitor development.

6 Summary

At present, there are only six approved epigenetic drugs (two DNMT inhibitors and
four HDAC inhibitors), and they are utilized only for MDS, cutaneous T-cell
lymphoma, peripheral T-cell lymphoma, or multiple myeloma treatment. Additional
indications of the current epigenetic drugs are limited. In this regard, researchers
need to acquire an integrated understanding of cancer epigenetics in order to
discover useful next-generation drugs for cancer therapy.

In this chapter, the biology and pharmacology of LSD and hitherto reported LSD
inhibitors have been presented. In particular, small-molecule LSD1 inhibitors have
been discussed from the point of view of potential therapeutic agents. It is hoped that
the LSD1-selective inhibitors presented here will provide the basis for the develop-
ment of novel therapeutic agents for both cancer and non-cancerous diseases.
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Abstract Histone demethylases (KDMs) catalyse the removal of N-methyl marks
on histones and play important roles in epigenetic regulation. Abnormal histone
methylation and dysregulation of KDMs have been linked to multiple diseases, and
KDMs are emerging as promising therapeutic targets. This chapter provides an
overview of JmjC-domain-containing KDMs (JmjC-KDMs), with a particular
focus on recent advances in JmjC-KDM inhibitor development from a structural
perspective.
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Abbreviations

2,4-PDCA 2,4-Pyridine dicarboxylate
2OG 2-Oxoglutarate
8HQ 8-Hydroxyquinoline
Bpy 40-Carboxy 2,20-bipyridine
H3 Histone H3
HMT Histone methyltransferase
JmjC Jumonji-C
KDM Lysine demethylase
Kmen Methylated lysine (n ¼ 1, mono-; n ¼ 2, di-; n ¼ 3, tri-)
NOG N-oxalylglycine
PHD-finger Plant homeodomain finger

1 Introduction

Histone demethylases (KDMs) catalyse the removal of N-methyl marks on histones
and play important roles in epigenetic regulation. Abnormal histone methylation and
dysregulation of KDMs have been linked to multiple diseases. The majority of
KDMs are JmjC-domain-containing KDMs (JmjC-KDMs) that belong to the super-
family of Fe(II) and 2-oxoglutarate (2OG)-dependent oxygenases. JmjC-KDMs are
emerging as promising therapeutic targets, in particular, in cancer. The availability
of crystal structures has provided understanding of the mechanism, function and
selectivity of JmjC-KDMs at the molecular level and has aided structure-based
inhibitor design. This chapter provides an overview of recent advances in JmjC-
KDM inhibitor development from a structural perspective.

1.1 JmjC-Domain-Containing Histone Demethylases

Post-translational modifications on histones, including lysine methylation, have key
roles in transcriptional control and cellular function. Lysines on histone tails can be
mono-(me1), di-(me2) or tri-(me3)methylated and dynamically regulated by histone
methyltransferases (HMTs) and lysine demethylases (KDMs) [1].

There are two distinct families of KDMs that catalyse the demethylation of N-
methyllysines on histones. KDM1/LSDs belong to the flavin adenine dinucleotide
(FAD)-dependent monoamine oxidase superfamily, and Jumonji-C (JmjC) domain-
containing KDMs (JmjC-KDMs), the larger of the two KDM families, belong to the
Fe(II) and 2-oxoglutarate (2OG)-dependent oxygenase superfamily. There are at
least six human subfamilies of JmjC-KDMs (KDM2–7), based on homologies of
their catalytic JmjC-domains, with each having distinct sequence and N-methylation
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state selectivity (Table 1, see Højfeldt [2] for reviews on function and substrate
selectivities of KDMs).

Trimethylated as well as mono- and di-methylated lysines can be demethylated
by JmjC-KDMs, unlike KDM1 subfamily which cannot demethylate trimethylated
lysines due to the required formation of an imine. The mechanism of demethylation
by JmjC-KDMs requires 2OG and dioxygen as co-substrates and Fe(II) as a cofactor.
Evidence shows that demethylation is via known 2OG oxygenase catalysis in which
2OG and the substrate, followed by dioxygen, bind to the active site (Fig. 1). A
highly reactive Fe(IV)-oxo intermediate, formed through oxidative decarboxylation
of 2OG, can subsequently abstract a hydrogen atom from the N-methyl group. This
results in an unstable hemiaminal which can fragment to give demethylated lysine
and formaldehyde.

Despite the conservation in the catalytic mechanism, the preference for the degree
of methylation and the lysine position(s) on the histone tails are quite distinct for
each JmjC-KDM subfamily (Table 1, see Sect. 2.1.2). KDM2/KDM3/KDM7 sub-
families are di- and mono-Nε-methyl lysine demethylases, whereas KDM4/KDM5/
KDM6 subfamilies can demethylate tri-, di- and, in some cases, mono-N-
ε-methylated lysines. KDM5s, KDM6s and KDM2s are highly specific to demeth-
ylation at lysine 4 position of histone H3 (H3K4), H3K27 and H3K36 respectively,
while KDM3/4/7 can all demethylate at H3K9. KDM4A/B/C can demethylate
multiple histone substrates, including at H3K9 and H3K36, whereas KDM4D (and
proposed pseudogene KDM4E) demethylate at H3K9 [1, 3]. As the site and degree
of methylation on histones have differential effects on chromatin dynamics, recruit-
ment of epigenetic protein complexes and transcription, the KDMs have wide-
ranging functions.

There are approximately 30 proteins that have the JmjC-domains in humans, but
not all JmjC-containing proteins have demethylase activities (see [4] for review).
While the majority (approximately 20, Table 1) are JmjC-KDMs, some JmjC-
proteins are hydroxylase enzymes (e.g. FIH, JMJD4).

Functional assignments for some JmjC-proteins remain controversial, with both
hydroxylase and demethylase activities being reported (e.g. MINA53 and NO66,
JMJD5/KDM8, JMJD6). Recent work has revealed that some JmjC-KDMs can
catalyse the demethylation of methylated lysines on non-histone proteins, as well
as methylated arginines, thus extending the possibility of a much wider biological
role beyond histone lysine modulation [5–7].

In addition to the catalytic JmjC-domain, many JmjC-KDMs have ancillary
domains that are involved in recognising histone modifications (e.g. reader domains
such as PHD-finger domains or Tudor domains) or DNA-binding domains
(e.g. AT-rich interacting domains (ARID), CXXC zinc-finger domains). In some
cases, these ancillary domains can allosterically modulate the KDM catalysis and
influence substrate specificity [8, 9]. There are also biological functions of KDMs
that are independent of catalytic activity, as exemplified by Jarid2, the founding
member of JmjC-family. Jarid2 is predicted to be catalytically inactive but associates
with polycomb proteins and has essential roles in ES cell differentiation and
development [10].
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Table 1 Comparison of residues binding to metal centre in JmjC-KDMs

Name Synonyms Substratea PDB (ligand)
Fe(II) metal-binding
residues

KDM2A FBXL11,
JHDM1A

H3K36me2/1 4QX7 (2OG, Ni(II),
H3K36me2)b

H212 D214 H284

KDM2Bc FBXL10,
JHDM1B

H3K36me2/1 – H211 D213 H283

KDM3Ac JMJD1A,
JHDM2A

H3K9me2/1 – H1120 D1122 H1175

KDM3B JMJD1B,
JHDM2B

H3K9me2/1 4C8D (2OG, Mn(II)) H1560 D1562 H1689

JMJD1C KDM3C,
JHDM2C

5FZO (Mn(II)) H2336 E2338 H2466

KDM4A JMJD2A,
JHDM3A

H3K9me3/2,
H3K36me3/2

5TVR (2OG, Ni(II)) H188 E190 H276

KDM4B JMJD2B,
JHDM3B

H3K9me3/2,
H3K36me3/2

4LXL (24PDCA, Ni
(II), H3K9me3)

H189 E191 H277

KDM4C JMJD2C,
JHDM3C

H3K9me3/2 4XDO (2OG, Fe(II)) H190 E192 H278

KDM4D JMJD2D,
JHDM3D

H3K9me3/2 4HON (2OG, Ni(II),
H3K9me3)

H192 E194 H280

KDM5A JARID1A,
RBP2

H3K4me3/2 5IVB (2OG, Mn(II)) H483 E485 H571

KDM5B JARID1B,
PLU1

H3K4me3/2 5FUP (2OG, Mn(II)) H499 E501 H587

KDM5C JARID1C,
SMCX

H3K4me3/2 5FWJ (4, Mn(II)) H514 E516 H602

KDM5Dc JARID1D,
SMCY

H3K4me3/2 H514 E516 H602

KDM6A UTX H3K27me3/
me2

3AVR (2OG, Ni(II),
H3K27me3)

H1146 E1148 H1226

KDM6B JMJD3 H3K27me3/
me2

2XUE (2OG, Fe(II)) H1390 E1392 H1470

KDM6C UTY 3ZLI (2OG, Fe(II)) H1014 E1016 H1094

KDM7A KIAA1718,
JHDM1D

H3K9me2/1,
H3K27me2/1

3KVA (2OG, Fe(II)) H282 D284 H354

KDM7B PHF8,
JHDM1F

H3K9me2/1 3KV4 (2OG, Ni(II),
H3K4me3K9me2)

H247 D249 H319

PHF2 KDM7C,
JHDM1E

3PU8 (2OG, Fe(II)) H249 D251 Y321

The crystal structures of human JmjC-KDMs reveal three residues that coordinate the active site
Fe(II)
aIndependently verified consensus assignment in vitro and in cells. Other putative substrates have
been identified in vitro. Ligands are Ni(II) and NOG unless otherwise stated. All PDBs are from
Homo sapiens except where indicated
bMus musculus
cWhere the metal-chelating residues are identified from sequence alignments [1]. Note that the
KDM nomenclature is not used when histone demethylase activity has not been independently
verified. PDB is a representative from the protein when more than one structure is available

224 M. Wright et al.



1.2 JmjC-KDM Biology

There is now strong evidence that changes in the expression levels of some lysine
demethylases can lead to the onset and progression of certain cancers. This occurs
either through activating expression of oncogenes, repressing expression of tumour
suppressors, disrupting chromosomal stability, altering DNA mismatch repair or
interacting with hormonal receptors that control cellular proliferation [11–
13]. Overexpression of KDM4s has been linked to various cancers such as lung,
breast, oesophageal and prostate cancers and lymphoma [14–18]. KDM5 proteins
are also associated with several cancers such as acute myeloid leukaemia [19],
hepatocellular carcinoma [20] and lung [21], gastric [22], melanoma [23], breast
[24], ovarian [25] and testicular cancer [26] and are essential for the survival of
multiple drug-tolerant cancer cells [27, 28]. KDM3 is involved in controlling
chemoresistance and tumorigenic growth in human colorectal cancer stem cells
through activating Wnt target gene transcription [29].

KDMs also have important roles in development such as KDM5B which blocks
differentiation of embryonic and haematopoietic stem cells [30] and KDM5C which
has a role in neuronal development [31]. KDM2A (FBXL11) inhibits osteo/
dentinogenic differentiation in mesenchymal stem cells [32] and also regulates cell
proliferation in human stem cells from apical papilla [33]. It also has a role in the
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regulation of NF-KB through lysine demethylation of the p65 subunit [34]. KDM6A
(UTX) point and deletion mutations have been associated with Kabuki syndrome, a
rare congenital disorder with symptoms including growth retardation, intellectual
disability and skeletal abnormalities [35, 36]. KDM7B (PHF8) has a key role in
midline formation and cognitive development [37], migration of epithelial cells [38],
as well as control of inflammation in leukocytes [39].

Due to their interesting biology and their role in development and various
diseases, JmjC-KDMs have become popular therapeutic targets for inhibitor design.

2 Mechanism and Structure of JmjC-KDMs

2.1 Structural Alignment of JmjC-KDMs

The catalytic core of JmjC-domain in JmjC-KDMs is made up of eight antiparallel
β-strands (βI-VIII) arranged in a distorted double-stranded β-helix (DSBH) core fold
(Fig. 2). Long β-strands I, VIII, III and VI (major β-sheet) on one face and short
β-strands II, VII, IV and V (minor β-sheet) on the other face result in an asymmetric
barrel-like DSBH fold, to form an active site. The JmjC-KDMs have a characteristic
extended N-terminal loop between DSBH and the N-terminal anti-β strand, as well
as an extended insertion between strands IV and V of the DSBH which is involved in
substrate binding [4].

I (β7)

VIII (β15)

III β9
VI (β13)

VII (β14)

V (β12)

IV(β10)

II (β8)

I II III IV VI VVIII VII

HxD/E…H Fe(II) coordinating residues

IV-V inser on

III-IV: insert in KDM3B

A
B

C

Lysine (K) coordinates C5-carboxylate of 2OG

A B

DSBH
N-terminal 

Loop extension

Fig. 2 Structure of JmjC-domain of KDMs. (a) Overall structural fold of JmjC-KDMs. Crystal
structure of KDM4A in complex with H3K9me3 and N-oxalylglycine (NOG, PDB:2OQ6) with the
core DSBH labelled. (b) Cartoon structure of DSBH fold. Fe(II)-coordinating motif (yellow
diamonds) and the basic residue Lys that coordinates the C5 carboxylate of 2OG (red dot,
A ¼ KDM6A/B; B ¼ KDM3B; C ¼ KDM2A, KDM4A–E, KDM5A/B, KDM7A–C) are
highlighted. Major β-strands are in light blue and minor β-strands are in blue. Adapted from [4]
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2.1.1 2OG Cofactor Binding Site

The JmjC-KDMs have structurally similar active sites in line with their catalytically
similar mechanisms, where 2OG cofactor binds to the catalytic Fe(II) centre through
bidentate coordination of the keto acid (Fig. 1). In all KDM structures, the metal ion
is positioned through interaction with a triad of residues that forms a HxD/E . . . H
motif (Table 1). Note that catalytically inactive 2OG analogue, N-oxalylglycine
(NOG), and Ni(II) or Mn(II) are often used for JmjC-KDM crystallography. The
two His residues are positioned distally on βII, βVII or βVIII, and the Asp or Glu
residue is located on βII/βIII loop (Fig. 2). For KDM2A/B, KDM3A/B and KDM7A/
B, two histidines and an aspartic acid coordinate to the metal centre. For KDM4
(JMJD2A, B, C and D), KDM5 (JARID1A, B, C and D) and KDM6 (JMJD3, UTX
and UTY), the acidic aspartate residue is replaced with a glutamic acid. PHF2
(KDM7C) is anomalous with a histidine, aspartic acid and tyrosine residues coordi-
nating to the metal centre. The three metal coordinating residues are essential for
catalysis, and Ala mutants have been shown to abolish the enzyme activity, and often
used as catalytically inactive controls [40]. Due to the conserved catalytic mecha-
nism involving Fe(II), the majority of JmjC-KDM inhibitors bind through a
monodentate or bidentate coordination to the metal centre and compete with 2OG
(Fig. 3).

The other main interaction at the 2OG-binding site is the salt bridge formed
between the terminal carboxylate of 2OG and residues in the active site of KDMs.
Inhibitors of KDMs therefore commonly contain a carboxylic acid or a bioisosteric
replacement to mimic 2OG binding and form an ionic interaction with a lysine in the
KDM binding pocket (Fig. 3). Although lysine is found on different β-strands, it is
orientated so that the terminal amino group overlaps in different KDM structures.

Fig. 3 Polar interactions of JmjC-KDMs with C5-carboxylate of 2OG (or NOG): (a) KDM3B/C
binding mode; (b) KDM4/5 binding mode; (c) KDM6A/B/C binding mode; (d) KDM2A, KDM7A,
B and C binding mode; (e) 2OG mimicking JmjC-KDM inhibitor scaffolds
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Unlike all other KDMs, JMJD1C (KDM3C) contains a glutamine rather than a
lysine at this position in the sequence which overlaps well with the analogous lysine
interaction. Other key residues interacting with the carboxylate include tyrosine and
threonine. KDM2A, KDM3C and KDM7A/B/C have a threonine within hydrogen-
bonding distance to the carboxylate. KDM6A/B/C have a threonine and asparagine
residues in addition to the lysine that can hydrogen bond to the carboxylate
(Table 2).

Unlike the other KDMs, KDM4 (JMJD2) and KDM5 (JARID1) contain a
tyrosine which interacts with the carboxylate of 2OG. This key structural difference
in the binding site can be exploited in inhibitor design to give KDM4/5 inhibitors
that are selective over the other KDMs. However, selectivity between KDM4 and
KDM5 is difficult to achieve due to identical residues in the primary sphere of the
binding pocket. Differences in the second sphere of amino acids can confer different
conformations to the binding residues which can result in improved selectivity.
Structural information obtained from different co-crystal structures with inhibitors
has shown that this key tyrosine residue is more flexible in KDM5 than KDM4.
Some selectivity for KDM5 has therefore been observed with cyanopyrazoles, as the
tyrosine side chain can be displaced to allow binding in KDM5 [41].

Table 2 Comparison of residues interacting with carboxylate in KDM structures on different β
strands

Strands

N-

terminal

anti-β

strands

DSBH

β1 βII βIII βIV βV βVI βVII βVIII

KDM2A T209 K229

KDM3B T1557 K1699

JMJD1C T2333 Q2476

KDM4A Y132 K206

KDM4B Y133 K207

KDM4C Y134 K208

KDM4D Y136 K210

KDM5A Y409 K501

KDM5B Y425 K517

KDM5C Y440 K532

KDM6A K1137 T1143 N1156

KDM6B K1381 T1387 N1400

KDM6C K1084 T1090 N1103

KDM7A T279 Y292 K299

KDM7B T244 K263

PHF2 Y258 K266 T323

All JmjC-KDMs have a lysine residue (green) that forms a salt bridge to a carboxylate in 2OG and
inhibitors, with the exception of KDM3C which has a glutamine (grey). Further hydrogen bonds to
the substrate/inhibitor carboxylate are made by threonine (salmon), tyrosine (yellow) and aspara-
gine (blue)
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2.1.2 Histone Substrate Binding

Despite the high conservation in the active site of JmjC-KDMs, the individual
subfamilies have distinct substrate specificities (Table 1). Structural information is
available for some JmjC-KDMs complexed with histone substrates, which provide
some insight into the unique features of these family of proteins (Table 3).

Recognition of Methylated Lysines Structures of KDM4A in complex with
H3K9me3/2/1 revealed that the size of the active site region can, to some degree,
confer methylation state selectivity in KDM4A [43] (Fig. 4a–c). The tri-Nε-methylated
lysine (Kme3) fits tightly in the active site pocket composed of Y177, E190, S288 and
N290 and one methyl group projects towards the catalytic metal (position b), whereas
the other two point towards Y177 (position c) and N290 (position a). In di-N-
ε-methylated lysine (Kme2) structures, the methyl group can either occupy a produc-
tive conformation pointing towards themetal or a nonproductive conformation towards
Y177 and N290. In the case of mono Nε-methylated lysine, the water molecules are
positioned to direct the methyl group away from the metal, stabilising the unproductive

Table 3 Structures of JmjC-KDMs in complex with histone peptides

KDM(JmjC) Ligands PDB References

Kdm2A H3K36me1, Ni(II), NOG 4QXH [42]

H3K36me1, Ni(II), 2OG 4QWN [42]

H3K36me2, Ni(II), NOG 4QXC [42]

H3K36me2, Ni(II), 2OG 4QX7 [42]

H3K36me, Ni(II), NOG 4QXB [42]

H3K36me3, Ni(II), 2OG 4QX8 [42]

KDM4A H3K9me3, Ni(II), 2OG 2OQ6 [43]

2Q8C [44]

H3K9me2, Ni(II), 2OG 2OX0 [43]

H3K9me1, Ni(II), 2OG 2OT7 [43]

H3K36me2, Ni(II), succinate 2Q8D [44]

H3K36me3, Ni(II), 2OG 2OS2 [43]

H3K36me3, Ni(II), 2OG 2P5B [44]

H3K36me3, Ni(II), 2OG 2Q8E [45]

H3K36me1, Fe(II), 2OG 2PXJ [45]

H4R3me2s, Ni(II), 2OG 5FWE [7]

H3K27me3, Ni(II), 2OG 4V2W [46]

KDM4B H3K9me3, Ni(II), 24PDCA 4LXL [47]

KDM4D H3K9me3, Ni(II), 2OG, 4HON [48]

KDM6A H3K27me3, Ni(II), 2OG, 3AVR [49]

Kdm6B H3K27me3, Ni(II), NOG 4EZH [50]

KDM6B H3A21M, Fe(II), 2OG 5OY3 [51]

KDM7B H3K4me3K9me2, Ni(II), 2OG 3KV4 [8]

Note all are human JmjC-KDMs except Kdm2A and Kdm6B which are from Mus musculus
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over productive mode, in agreement with the lack of activity [43]. Similar Kme3
interactions are observed in KDM6A, whereby the H3K27me3 tri-methyl group points
towards the active site metal (Fig. 4d). The tri-methyl group is stabilised byY1135, and
G1128 forming H-bonded interactions with methyl groups, and E1148 forms electro-
static interaction with methylammonium group to stabilise the orientation of methyl
group for demethylation [49]. From the peptide co-crystal structures available, the Tyr
which stabilises the methyl group of Kme3 is conserved across all trimethyllysine
demethylases (Y177(KDM4A)/Y1135(KDM6A)/Y1380(KDM6B)), but it is absent in

a
b

c

H276

H188

E190

D191
N290

Y177

S288
T289

Y175

D135

a c

H276

H188

E190

D191
N290

Y177

S288
T289

Y175

D135

a

H276

H188

E190

D191
N290

Y177

S288
T289

Y175

D135

CBA

NOG
NOG

NOG

w3
w3 w3 w1

K9me3 K9me2 K9me1

H1226

H1146

E1148

NOG

w

Y1135

G1128

K27me3

Q1133

A1238

D

KDM4A.Ni(II).NOG.H3K9me3

E

H319

H247
D249

w

K9me2

Y234

L236

N333

KDM4A.Ni(II).NOG.H3K9me2 KDM4A.Ni(II).NOG.H3K9me1

KDM6A.Ni(II).NOG.H3K27me3 KDM7B.Fe(II).NOG.H3K4me3K9me2

H284

H212

D214

w

NOG

K36me2

Y222

Y199

I144

H284

H212

D214

2OG

K36me2

Y222

Y199

I144

F G

KDM2A.Ni(II).NOG.H3K36me2 KDM2A.Ni(II).2OG.H3K36me2
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(a–c) Different orientations of methyl groups are observed for KDM4A complexed with (a)
H3K9me3 (PDB 2OQ6), (b) H3K9me2 (PDB 2OT7) and (c) H3K9me1 (PDB 2OTQ). (d)
KDM6A in complex with H3K27me3 and (e) KDM7B in complex with H3K9me2 in the JmjC-
domain active sites. (f, g) KDM2A in complex with H3K36me2 with NOG (f) and 2OG (g). NOG
adopts an equatorial binding mode to H212, whereas 2OG co-crystal structures can also adopt axial
binding mode relative to H212. Two different conformers are observed for Y222 with H3K36me1/2
but only axial for H3K36me3. Histone methyllysines, NOG/2OG, metal and water molecules are in
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KDM2A/KDM7A dimethyllysine demethylases. Thus it is proposed that this Tyr may
be important in Kme3 recognition [49].

In KDM7B, a Nε-methyl group of H3K9me2 points towards the aromatic ring of
Y234 and the other towards D249 and N333 forming hydrogen bonds. The lone pair
from the terminal di-methylated nitrogen forms a hydrogen bond with an oxygen
atom of 2OG (NOG in crystal structure); thus a steric clash prevents accommodation
of a tri-methyl lysine [8] (Fig. 4e).

In contrast, the crystal structure of mouse Kdm2A in complex with H3K36me3/
me2/me1 reveals that the spatial constraint within the methyllysine binding pocket is
not the sole determinant of methylation state selectivity in all JmjC-KDMs
[42]. Kdm2A is a H3K36me2 di-/mono-demethylase, which is structurally very
similar to KDM7s. In H3K36me2 complexed structure, the lysine side-chain binding
is stabilised by van der Waals interactions with aromatic (F215, Y199) and hydro-
phobic interactions (L201, I144) with dimethyl-ammonium group directed towards
D214, N298 and NOG (Fig. 4f). However, H3K36me3, which is not a substrate of
Kdm2A, can also bind in the same catalytic pocket in a similar manner. Intriguingly,
for all NOG-complexed structures, NOG coordinates the metal in an equatorial
coordination (also referred to as ‘in-line’ mode), i.e. C1 carboxylate oxygen is
positioned opposite His1 (H284), in plane at equatorial position, whereas all
2OG-complexed structures have axial mode [52], i.e., where C1 carboxylate oxygen
coordinates at axial position (also referred to as ‘off-line’ mode) (Fig. 5). In the
2OG-complexed structures, the side chain of Y222 within the active site can adopt
two alternative positions, with major conformer directed towards the metal and
minor conformer away from the metal (Fig. 4g). The minor conformer of Y222
reflects the equatorial coordination (as observed in NOG complexes) and is only
observed with H3K36me1/2 and not with H3K36me3. It has been proposed that the
steric constraints of H3K36me3 binding could prevent the 2OG transitioning from
axial to equatorial coordination; thus H3K36me3 cannot be demethylated by
Kdm2A despite its binding [42].
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Histone Recognition and Binding Pocket The structural overlay of representa-
tives from KDM2/4/6/7 demonstrates that the histone binding orientation (N- to
C-terminal orientation of peptides) in the active site pocket is the same for all histone
H3 peptide co-crystal structures of JmjC-KDMs except for KDM7B (Fig. 6a).
However, in all cases, the methyllysines are positioned in the active site accessed
from the same face. Interestingly, Kme3 for KDM4/6s are positioned slightly
differently and further away from the catalytic centre compared to the Kme1/2 in
KDM2/7s, which may in part account for the inherent differences in the Kme3 and
Kme2 demethylases [49].

Histone H3 peptides make multiple interactions with JmjC-KDM proteins, both
via their side chains and backbones. In KDM6A, residues surrounding H3K27me3
make interactions with the JmjC-domain, contributing to its substrate specificity and
catalytic activity, in addition to the Kme3 binding [49]. Extended interactions of H3

Fig. 6 Histone H3 peptide binding to JmjC-KDMs. (a) Overlay of representative crystal structures
of JmjC-KDMs in complex with histone H3 peptides. Methyllysines on histone peptides (cartoon)
bind in the active site pocket, where it projects towards the catalytic metal coordinated by HxD/E . . .
H residues on JmjC-KDMs. The first and the second His are labelled H1 and H2. Methyllysines are
projected from different angles for trimethyl-demethylases (KDM4A/6A) relative to dimethyl-
demethylases (KDM2A/7A). Overlaid PDB IDs: 4QXH, 2OQ6, 3AVR, 3KV4. (b) Histone H3
peptide binds across the JmjC- and zinc-binding domain in KDM6A. H3 peptide binding induces
conformational change at the zinc-finger domain upon binding to KDM6A (PDB 3AVR). (c) The
K4me3 of H3K4me3K9me2 peptide binds to the PHD-finger and places K9me2 at the catalytic site
of JmjC-domain in KDM7B (PDB 3KV4). (d) ‘Molecular threading’ of histone H3(30–39) peptide
through KDM2A, with K36me3 directing towards the catalytic centre (PDB 4QXB)
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peptide beyond the JmjC-domain are also observed, whereby the zinc-binding
domain of KDM6A/B, located C-terminal to JmjC-domain, provides additional
affinity and specificity [49, 51] (Fig. 6b). This region undergoes a conformational
change upon H3 peptide binding, to expose hydrophobic patches that interact with
H3(17–21) region of the peptide. These key interactions have been supported by
kinetic studies on mutations to H3 and KDM6A [49], providing evidence that
multiple factors contribute towards defining substrate binding and catalysis.

For other binding domains, such as the PHD-fingers, their spatial positioning and
distance relative to JmjC-domains can also influence the histone H3 binding
sequence specificity. PHD-fingers of KDM7 subfamily recognise the H3K4me3
mark, and in the case of KDM7B, the PHD-finger interacts with H3K4me3 in
H3K4me3K9me2 to allow demethylation at K9me2 site by JmjC-domain, while it
has negligible binding and catalysis with H3K9me2 alone [53]. The crystal structure
of KDM7B in complex with H3K4me3K9me2 reveals that the histone H3 binds
across the PHD-finger and JmjC-domain interface in an extended conformation (H3
(1–9)) and forms extensive interactions with both domains or individual domains
[53] (Fig. 6c). KDM7A, on the other hand, has a longer linker between the
PHD-finger and JmjC-domains and cannot demethylate at the K9 site of
H3K4me3K9me2, while it can demethylate at the K27 site of H3K4me3K27me2
[53]. The ancillary reader domain and linker length can thus contribute significantly
to the substrate selectivity of the KDM7s. Other JmjC-KDMs, such as the KDM4s
and KDM5s, are also allosterically regulated by their ancillary reader domains
(PHD-fingers, Tudor domains) [9, 19, 54–56]. It is anticipated that the histone
binding complex structures of multidomain KDM5s and KDM4s will provide
molecular insight into the substrate binding and cross-talk between the reader and
catalytic domains.

The histone H3 binding surfaces can also differ between the JmjC-KDMs. In
KDM2A, the H3 peptide ‘threads’ through a narrow channel that can only be
accommodated by Gly residues [42] (Fig. 6d). This steric constrain in the channel
provides selectivity towards a unique GG motif at H3K36 region (A29-PATGG-
V35). Methylated H3K36 then inserts into a deep cavity (‘cavity insertion’) and
locks the H3K36me2 peptide substrate into the active site pocket [42]. In contrast, in
KDM4A, the same H3 peptide sequence binds at the protein surface, and K36me3
inserts into a surface groove (‘surface groove’ recognition) [42–44]. This binding
mode can account for the ability of KDM4s to demethylate multiple histone sub-
strates [7, 46], but KDM2A is highly specific for the H3K36me2.

In summary, the histone substrate recognition and selectivity are achieved
through a combination of unique features and mechanisms by JmjC-KDMs, includ-
ing distinct methyllysine binding pockets, intermolecular side chain and backbone
interaction network, different substrate-binding channels and interplay with other
domains.
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3 Development of JmjC-KDM Inhibitors

There has been significant progress in the development of JmjC-KDM inhibitors
since the first inhibitors were reported in 2008 [57]. The overwhelming majority
targets the catalytic domain and inhibits the enzyme activity via chelating the active
site Fe(II), often competing with 2OG binding. Due to the similarity in the active site
pockets of JmjC-KDMs, achieving selectivity has proved challenging, not only
between different JmjC-KDM subfamilies but also across a wider 2OG oxygenases
superfamily [58]. The recent availability of crystal structures of JmjC-KDM has
facilitated medicinal chemistry efforts and enabled the generation of several chem-
ical probes for the JmjC-KDMs (Table 4). In the following sections, we describe the
recent progress, focusing on the development of JmjC-KDM inhibitors based on
structural rationalisation. For a general overview of JmjC-KDM inhibitors, the
readers are referred to recent reviews [59, 60].

3.1 Inhibitors Targeting the 2OG Binding Site

3.1.1 Dual KDM4/5 Inhibitors

Several inhibitors of KDM4/5 have been developed using 2,4-pyridinedicarboxylic
acid (2,4-PDCA), a micromolar pan-KDM inhibitor, as a starting point (Fig. 3e).

Table 4 PDB codes for JmjC-KDMs in complex with small molecule inhibitors (top section) or
substrate competitive inhibitors (bottom section) described in this chapter

KDM(JmjC) Ligands PDB References

KDM4A 3, Ni(II) 5VGI [62]

8, Zn(II) 5F3I [67]

KDM4D 2, Co(II) 5FP8 [61]

KDM5A (R)-6, Mn(II) 6BH0 [53]

(S)-6, Mn(II) 6BH1 [53]

9, 2OG, Mn(II) 5IW0 [68]

11, Ni(II) 5CEH [41]

13, Ni(II) 5K4L [70]

14, Ni(II) 5V9T [71]

KDM5B 4, Mn(II) 5A3T [63]

7, Mn(II) 5FUN [63]

10, Mn(II) 5A3N [64]

15, Mn(II) 5FPU [63]

KDM6B 15, Co(II) 4ASK [50]

KDM4A H3K9me3T11C, NOC.Ni(II) 3U4S [73]

21, NOG, Ni(II) 5LYI [76]

CP2R6Kme3, NOG.Ni(II) 5LY2 [76]

KDM7A 23, 2OG.Ni(II) 3U78 [78]
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3-Amino pyridine carboxylic acid 1 was optimised as a potent inhibitor of KDM4
(IC50 < 100 nM) and KDM5C (IC50 ¼ 100–125 nM) in a MS-based biochemical
assay [61] (Fig. 7). The compound demonstrated good selectivity (>50-fold) over
KDM6B and EGLN3. Some cellular activity against KDM4C was observed
(IC50 ¼ 6–8 μM) with a significant drop in potency from the biochemical assay
which was likely due to the poor cell penetration of the carboxylate group. Low cell
activity was also observed with overexpressed KDM5C.

A crystal structure of 4-methylthienyl analogue 2 in KDM4D (PDB:5FP8)
confirmed binding in the 2OG site through a monodentate coordination of pyridine
N to the active site metal (Fig. 8a). The carboxylate hydrogen bonded directly to
K210 and Y136, while the 4-methylthienyl ring was positioned in a hydrophobic
pocket comprised of Y136, A138 and K245.

Using the pan-KDM inhibitor 2,4-PDCA as a starting point, Celgene Quanticel
reported 3-aminoisonicotinic acid 3 (QC6352) as a potent inhibitor of KDM4 family
[62]. Preliminary SAR showed that (R)-tetrahydronaphthalene was the active
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Fig. 8 Crystal structures of KDM4/5 in complex with inhibitors. (a) Crystal structure of 2 bound to
KDM4D (PDB:5FP8); (b) crystal structure of 3 bound to KDM4A (PDB:5VGI); (c) crystal structure
of 4 bound to KDM5B (PDB:5A3T); (d) crystal structure of (R)-6 (blue) and (S)-6 (green) bound to
KDM5A (PDB:6BH0 and 6BH1); (e) crystal structure of 8 bound toKDM4A (PDB:5F3I); (f) crystal
structure of 9 bound to KDM5A (PDB:5IW0)
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enantiomer, while the (S)-enantiomer was relatively inactive. Compound 3 was
identified as the most potent inhibitor against KDM4C (IC50 ¼ 35 nM) and showed
cell activity against KYSE-150 cells with an EC50 of 3.5 nM. Cellular on-target
engagement using the same cell line was determined by measuring the increase in
H3K9me3 and H3K36me3 through time-resolved fluorescence assay and mass
spectroscopy detection to give a H3K36me3 mechanism of action (MOA) EC50 of
1.3 nM. The significant improvement in cellular potency from previously reported
pyridine carboxylic acids could be attributed to the greater cell permeability from the
addition of the lipophilic tetrahydronaphthalene and phenyl rings.

Good selectivity (>1,000-fold) was achieved over other KDM families such as
KDM2B, KDM3, KDM6B and KDM7B. However, selectivity over KDM5B was
moderate (IC50 ¼ 750 nM), so some cellular activity may be contributed to KDM5B
inhibition. 3 was also efficacious in vivo in breast and colon cancer PDX models
showing a reduction in the rate of tumour growth.

A co-crystal structure of 3 with KDM4A (PDB:5VGI) revealed a similar binding
mode involving pyridyl N coordinating to Ni(II). Key hydrogen bonding interactions
of carboxylic acid with Y132 and K206 were observed (Fig. 8b). The methyl group
of the methylaniline pointed towards N86 and carbonyl of H240, while the phenyl
group is positioned in the R239/H240 loop.

An analogue of 2,4-PDCA, 4 (KDM5-C49), in which the 2-position is substituted
with an amino methyl group, was identified as a potent nanomolar inhibitor of
KDM5 family (KDM5A/B/C/D IC50 7/4/13/15 nM) with ~50-fold selectivity
over closely related KDM4C and >50-fold selectivity over KDM2, 3 and
6 [63, 64]. 5 (KDM5-C70) was designed as an ester pro-drug to permeate the cell
and be hydrolysed in the cell to the active carboxylic acid. This compound showed
growth inhibition in several breast cancer cell lines and also exhibited increased
expression of MTIF and MT1H genes in comparable levels observed upon KDM5B
knockdown [65].

4 binds to KDM5B (PDB:5A3T) in the 2OG binding site with bidentate coordi-
nation of pyridine N and aminomethyl N to the metal (Fig. 8c). As with other
pyridine carboxylate derivatives, there are key hydrogen bonding interactions with
K517 and Y425. Extensive polar interactions are observed with K517, Y425, N509,
E509, R98 and Y488 as well as hydrophobic interactions with W486, V99 and F496.
Similar key binding interactions were observed when 4 was crystallised in KDM4
(PDB:5FPV) which resulted in only moderate selectivity.

Chiral enantiomers (R)- and (S)-2-((2-chlorophenyl)(2-(piperidin-1-yl)ethoxy)
methyl)-1H-pyrrolo[3,2-b]pyridine-7-carboxylic acid, (R)-6 and (S)-6, were active
inhibitors of KDM5A with binding affinities of 220 nM and 60 nM, respectively,
and greater than 20-fold selectivity over KDM4A [53]. Cellular activity was not
observed, even at high concentrations, with the methyl ester cell-permeable
pro-drugs of the racemic compound. The compounds were 2OG competitive with
the carboxylic acid ring interacting with K501, N575 and Y409 and pyridine
nitrogen coordinating to the metal.
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Overlay of the structures of (R)-6 and (S)-6 bound in KDM5A showed differ-
ences in their binding and consequently on their potencies ((R)-6 PDB code 6BH0
and (S)-6 PDB code 6BH1) (Fig. 8d). The (S)-enantiomer engaged in extensive van
der Waals interactions between the chlorine of chlorophenyl with A411, Y409 and
Y472. The piperidine nitrogen of (R)-6 hydrogen bonds with Y472, while the
corresponding nitrogen in (S)-6 interacts with carboxylate ions of D412. The greater
binding affinity of (S)-6 could be attributed to ionic bonding with D412 if the
piperidine nitrogen is protonated. A displacement of D412 was observed between
the (R)-6 and (S)-6 structures.

A series of pyrido[3,4-d]pyrimidin-4(3H)-one inhibitors were reported by GSK
as potent KDM4 and KDM5 inhibitors as a replacement for pyridine-4-carboxylates
which suffer from poor cell permeability [66]. Several pyrazolyloxy analogues
showed good potency in biochemical assays (pIC50 ~ 6.4) and some cellular assays
(pIC50 ~ 5.3) against KDM4C. The best compound 7 also showed activity against
KDM5C (pIC50 ~ 7.2) but was selective over KDM6B and EGLN3.

7 was crystallised in KDM5B (PDB:5FUN) which engaged in similar key
interactions via a monodentate coordination of pyridine nitrogen with the active
site metal and hydrogen bonding interactions of amide with K517 and N591.
Substitution at positions 5 and 6 was unfavourable due to good shape complemen-
tary at these positions. There were two conformations of Y425 which enabled
flexibility for binding to KDM5B depending on the orientation of the phenyl group.

Superimposition of 3-aminoisonicotinic acid 3 and 2-pyridopyrimidinone
7 revealed that their cores were positioned in the same plane (Fig. 9). The carboxylic
acid and the amide of pyridopyrimidinone overlap well to interact with the key lysine
residue; however, Y425 was not necessary for binding with 7, unlike with 3, so it
could rotate out of the pocket.

The Institute of Cancer Research and the Structural Genomics Consortium
reported 8-(1H-pyrazol-3-yl)pyrido[3,4-d]pyrimidin-4(3H)-one scaffolds as
equipotent inhibitors of KDM4 and KDM5 subfamilies [67]. One of the best

Fig. 9 Overlay of
3-aminoisonicotinic acid
3 in co-crystal of
2-pyridopyrimidinone 7 in
KDM5B (PDB:5FUN)
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compounds incorporated a dichloro-phenylpiperidine moiety 8 and showed an IC50

of <50 nM against KDM4B and KDM5B. Some cellular inhibition of H3K9me3
and H3K4me3 demethylation was observed but only at high compound
concentrations.

A crystal structure of dichloro-phenylpiperidine 8 bound in KDM4A was
obtained (PDB:5F3I) (Fig. 8e). The compound bound in the 2OG binding site and
engaged in a bidentate coordination to the active site metal via the pyridine nitrogen
and pyrazole N2 nitrogen. The carboxylate engaged in favourable interactions with
K206 and Y132, and extending the pyrazole with a phenylpiperidine linker resulted
in access to the histone peptide binding pocket for interactions with D135 and Y175.
The piperidine ring had an important role in rigidifying the pyrazole substituent from
different rotational conformations and ensuring good selectivity over KDM2,
KDM3 and KDM6. A hydrophobic interaction was observed between the chlorine
and V313 in the m-dichlorophenyl analogue which could explain the improved
KDM4A/B inhibition compared with the p-chlorophenyl analogue in which the
chlorine was too distal for an interaction.

Pyrazolylpyridines were designed based on structural information from the
known KDM inhibitors [68]. The best compound in this series, 9, showed nanomolar
activity against KDM5 (IC50 KDM5A/B ¼ 13/2 nM) as well as KDM4C
(IC50 ¼ 41 nM) but did exhibit good selectivity across the other KDM families.
An increase in H3K4me3 was observed in a breast cancer cell line, ZR-75-1, and
in vivo, in a MCF7-breast cancer xenograft PK/PD model upon treatment with 9.

9 was co-crystallised with KDM5A (PDB:5IW0) confirming bidentate coordina-
tion of pyrazolyl and pyridyl nitrogens with the metal centre (Fig. 8f). As previously
observed, the carboxylate group interacts with K501 and Y409 while the pyridyl
group π-stacks with F480. The benzyl ether also engaged in π-stacking interactions
with Y409 resulting in improved selectivity over the other KDMs.

3.1.2 Selective KDM5 Inhibitors

More recently, compounds have been designed that are more potent and selective
towards KDM5 using structural information from crystal structures of known
KDM5 inhibitors (Fig. 10).

Aminomethylpyridine 10 (KDOAM-25), in which the carboxylic acid of KDM5-
C49 was replaced with a primary amide, showed excellent activity on KDM5B
(IC50 ¼ 19 nM) and also showed improved selectivity (>1,000-fold) over KDM4C
as well as other 2OG oxygenases [64]. The compound was partially competitive with
2OG which may explain the low cellular activity (~50 μM) observed in an immu-
nofluorescence assay measuring the increase in H3K4me3 levels upon incubation
with 10.

KDOAM-25 binds to KDM5B (PDB: 5A3N) in a similar pose to KDM5-C49 via
metal chelation of the pyridine nitrogen (Fig. 11a). The main difference is the
displacement of Y425 to become a hydrogen bond acceptor with the carboxamide
rather than a hydrogen bond donor with the carboxylate. A water molecule can
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occupy the space created by Y425. The flexibility of Y425 in KDM5B explains the
selectivity over KDM4 which has a more rigid tyrosine.

11 (CPI-455) was identified by Genentech and Constellation as a potent inhibitor
of the KDM5 subfamily with IC50 of 10 nM against KDM5A in enzymatic assays.
The compounds were 200-fold selective over KDM4C and 700-fold selective over
KDM7B and showed no inhibition against KDM2B, KDM3B or KDM6A. A
cellular assay measuring global increase in levels of H3K4me3 in PC9 cells after
incubation with the compound resulted an EC50 of 5.2 μM [41].

Crystallisation of 11 in KDM5A (PDB:5CEH) identified a monodentate interaction
between the nitrile and the active site metal and a hydrogen bond between carbonyl
oxygen andN575 (Fig. 11b).A π–π stacking interactionwas observed between the core
andY472 and F480 aromatic side chains aswell as an edge-face interactionwithW503.
Although K501 and partially chargedN1 of CPI-455 are positioned in close proximity,
hydrogen bonding distance was not observed. As with other KDM inhibitors, an acidic
hydrogen was required which was demonstrated by the loss of activity upon alkylation
of 4-nitrogen or replacement of pyrimidine with triazene. 5-Phenyl substituent
interacted through an edge-face contact with Y409 but otherwise was solvent exposed.
Substitution of the isopropyl group was not tolerated due to its tight binding pocket
defined by Y409 and S478. CPI-455 binds in the 2OG binding site and demonstrated
competitive inhibition with 2OG in biochemical assays.

This compound showed no selectivity over other KDM5 isoforms due to identical
amino acids in its binding site. Selectivity over KDM6B could be explained through
collisions between the isopropyl and phenyl substituents and K1381, F1328 and
T1387 residues. Y409 in KDM5A has conformation freedom to rotate out of the
pocket to allow CPI-455 binding, whereas F1328, on a β-sheet next to ARID and
PHD1 domains in KDM5A, projects into the pocket in KDM6B. The residues in
KDM4C only differ in the second sphere of amino acids that do not directly interact
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with the compound. Selectivity over KDM4C could be explained through replace-
ment of KDM5A A583 with KDM4C S290. The presence of I73 in KDM4C
compared to R73 in KDM5A could result in a displacement of Y409.

Further optimisation of 11 led to pyrazolo[1,5-a]pyrimidin-7(4H )-one 12, a
potent and selective inhibitor of KDM5 with improved cell potency (PC9
H3K4Me3 EC50 ¼ 0.34 μM), which has a more balanced human plasma protein
binding (hPPB) and cell permeability [69]. 12 showed good selectivity over the other

Fig. 11 Crystal structures of KDM5 in complex with selective inhibitors. (a) Crystal structure of
10 bound in KDM5B (PDB:5A3N); (b) crystal structure of 11 bound in KDM5A (PDB:5CEH); (c)
crystal structure of 13 bound to KDM5A (PDB:5K4L); (d) crystal structure of 14 bound to KDM5A
(PDB:5V9T)
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KDM families (1A, 2B, 3B, 4C, 6A, 7B) with IC50 > 1.9 μM and also against
300 kinase panel with no activity >50% at 10 μM. The compound demonstrated a
good pharmacokinetic profile in mice and suitable for further profiling in vivo.

Superimposition of KDOAM-25 10 and CPI-455 11 in KDM5A shows that the
cyanopyrazole core is tilted from the plane of the pyridine carboxamide (Fig. 12).
The core in CPI-455 is offset by the nitrile group coordinating to the metal centre
which improves π–π stacking interactions with Y472 and 480. Y409 is displaced
away from the active site when CPI-455 is bound which highlights the improved
selectivity of CPI-455 over KDM4 in which the rigid tyrosine blocks the isopropyl
group from binding.

A hybrid compound of the pyridopyrimidinone and cyanopyrazole scaffolds was
developed by Genentech to give a series of 1,7-naphthyridone inhibitors that were
potent against KDM5 and showed good selectivity over KDM4C and KDM2B
[70]. Various substitutions were trialled at C-3 to extend into the region occupied
by isopropyl group of the cyanopyrazoles with KDM5. Introductions of electron
withdrawing groups at C-3 resulted in an increase in potency for KDM5A due to
improved interactions with K501 and N575. To lower the pKa of the ionisable proton
and improve the cell permeability, C-3 carboxamides were explored. Only small alkyl
groups on the nitrogen were tolerated due to the tight binding pocket created by S478
and Y409. 13 was identified as the most potent inhibitor against KDM5A
(IC50 ¼ 50 nM) with excellent MCDK permeability; however, no cellular activity
was observed in a PC9 cell-based assay measuring H3K4me3 levels.

A co-crystal structure of 13 in KDM5A (PDB:5K4L) confirmed that
1,7-naphthyridones were 2OG competitive with monodentate metal coordination
of N7 (Fig. 11c). π–π stacking interactions were observed between the ring system
and Y472 and F480 and the carbonyl oxygen engaged in hydrogen bonding to Nε of
K501. Van der Waals interactions were observed between N-ethyl of C-3 amide with

Fig. 12 Overlay of 10
(green) bound in KDM5B
(green) and 11 (blue) bound
in KDM5A (blue)
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S478 and Y409. N1 was solvent exposed, and therefore alkylation was not tolerated
due to unfavourable hydrophobic interactions. The selectivity over KDM2B was
attributed to the loss of aromatic stacking interactions through replacement of Y472
with a leucine. KDM4 does not differ in the direct binding residues, so selectivity
over this family was likely due to changes to the second shell of amino acids.

A novel series of KDM5 inhibitors was discovered by Genentech and Constel-
lation [71]. Optimisation of a high-throughput screen hit led to a single enantiomer
14 with a core pyrazole which showed a potent IC50 of 45 nM against KDM5A and
good selectivity over KDM1, KDM2, KDM3, KDM6 and KDM7 and 91-fold
selectivity over most closely related KDM4C. The compound had reasonable cellu-
lar potency of 960 nM and demonstrated good in vivo PK properties.

Co-crystallisation of 14 with KDM5A (PDB:5V9T) revealed a bidentate coordi-
nation of pyrazole N1 and carbonyl oxygen with the active site metal (Fig. 11d). A
strong hydrogen bonding interaction was observed between pyrazole N2 and E485,
while the cyclopropyl carbonyl oxygen engaged in an interaction with K501. As
observed with other KDM5 inhibitors, the compound did not require a weakly acidic
proton to engage in an ionic interaction with K501, which resulted in improved
cell permeability. Most of the compound was positioned in the 2OG binding site,
while the isopropyl group resided in the histone peptide binding site. Competition
with histone peptide was also confirmed using 19F NMR which represent a novel
mechanism for KDM5A inhibition.

3.1.3 KDM6 Inhibitors

A large screening campaign by GSK led to 15 (GSK-J1), a potent (IC50 ¼ 60 nM)
inhibitor of KDM6B (Fig. 13) [50]. The carboxylic acid was necessary for binding;
however, its high polarity resulted in poor cell permeability. Ethyl ester analogue, 16
(GSK-J4), was developed as a cell penetrant pro-drug which is rapidly hydrolysed
by macrophage esterases to give GSK-J1. 16 inhibited loss of nuclear H3K27me3 by
KDM6B in FLAG-KDM6B-transfected HeLa cells and showed increased nuclear
H3K27me3 levels in untransfected cells. Although GSK-J1 showed marginal inhi-
bition against KDM4 and other closely related proteins, it was found to be only
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N N
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GSK-J1 15 (X=OH)
IC50 (KDM6B) = 60 nM
GSK-J4 16 (X=OEt)

GSK-J2 17

Fig. 13 Structures of GSK-J1, GSK-J2 and GSK-J4
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fivefold to tenfold selective over KDM5B and KDM5C [72]. Similar IC50s (3–7 μM)
were also obtained with GSK-J4 in cells transfected with KDM6B, KDM4C and
KDM5B. As a result, inhibition by GSK-J1 is likely a combination of activity
towards H3K4me3/me2 and H3K27me3/me2. Despite this, GSK-J1 is the most-
selective KDM6B inhibitor and is a useful chemical tool for studying KDM6B
biology.

The key binding interactions were determined from a co-crystal structure of
GSK-J1 15 bound to KDM6B (PDB:4ASK) (Fig. 14, left). GSK-J1 bound in the
2OG binding site with the propanoic acid interacting with K1381, T1387 and N1480
and bidentate coordination of the pyridyl-pyrimidine biaryl with catalytic metal. The
pyridine regio-isomer 17 (GSK-J2) was a suitable inactive control as it cannot
engage in the key bidentate coordination to the metal and was much less active
(IC50 > 100 μM). The catalytic metal in KDM6B was shifted by 2.34 Å away from
the HHE triad which was not observed in the other KDM structures. This resulted in
the displacement of a water molecule which could engage in a water-mediated
interaction between H1470 and the metal. As a result, selectivity could be achieved
through designing compounds that can induce this displacement of the metal centre.
The tetrahydrobenzazepine ring is positioned in the narrow cleft between R1246 and
P1388 which is occupied by P30 in the histone peptide. Despite this, GSK-J1 was
found to be only 2OG competitive and not peptide substrate competitive.

15 was also co-crystallised in KDM5B (PDB:5FPU) which showed similar key
interactions as in KDM6B with bidentate coordination to the metal and hydrogen
bonding of carboxylate to K517 (Fig. 14, Right). The main difference is the lack of a
second bonding interaction with the carboxylate in KDM5B as the flexible Y425 is
projected towards the tetrahydrobenzazepine ring.

Fig. 14 Co-crystal of GSK-J1 in KDM6B (left-PDB:4ASK) and in KDM5B (right-PDB:5FPU)
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3.2 Substrate Competitive Inhibitors

3.2.1 Histone Peptide-Derived Inhibitors

As discussed in Sect. 2.1.2, histone peptide sequences and methylation states can
provide remarkable selectivity towards individual JmjC-KDMs/subfamilies. How-
ever, the affinities of histone peptides are generally weaker for the JmjC-domains
(as reflected in their KM values (10�5

–10�4 M)), compared to ‘reader’ binding
domains, where the Kd values can be in the sub-micromolar range. Thus, efforts
have been made to combine the histone peptides with metal-chelating inhibitors to
achieve both selectivity and potency. Woon et al. used dynamic chemistry (using
multiple thiols) linked to mass spectrometry analysis to identify optimal positions to
conjugate a 2OG cofactor mimic, N-oxalylcysteine (NOC), to histone peptides
[73]. H3K9me3 peptides with Cys at varying positions along the histone peptide
were incubated with L-NOC or D-NOC, and various products were tested.
H3K9me3T11C was identified to be most stabilising, and a crystal structure
(PDB:3U4S) revealed the optimal bidentate coordination of NOC projecting from
T11C to Fe(II), as well as H3K9me3 positioning. Replacing the disulphide bond
with CH2-S bond using thiol-ene coupling yielded a demethylase inhibitor 18 that
was potent for KDM4A/E (IC50 ¼ 0.09–0.27 μM) and >100-fold selective over
KDM2A/KDM3A/KDM6B/KDM7B and other 2OG oxygenases (Fig. 15). Interest-
ingly, 19 developed using similar approach from H3K36me3, a substrate for
KDM4A/B/C but not KDM4D/E [74] conferred selectivity for KDM4A over
KDM4E, demonstrating that selective inhibition can be achieved, even within the
subfamily, using peptides [73]. In a different approach, Lohse et al. identified
minimal histone peptide lengths that maintained demethylase activity for KDM4A/
C (H3(7–11)K9me3) and conjugated a bromouracil at the K9 position to chelate the
iron (ARK(BRU)ST) (20) leading to an inhibitory peptide with Ki ¼ 27 μM for
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KDM4C [75]. While a co-crystal structure was not obtained, the study highlights
that a small peptide fragment can confer potency and selectivity for JmjC-
KDMs [75].

3.2.2 Substrate-Binding Pocket Targeted Peptide Inhibitors

mRNA-display-based cyclic peptide library screening against KDM4A generated
potent and selective inhibitors for the KDM4A/B/C family [76]. Interestingly, the
binding cyclic peptides were distinct sequences with no homology to histone H3. A
co-crystal structure of KDM4Awith CP2 (21, PDB:5LY1), a cyclic peptide inhibitor
(IC50 ¼ 42 nM and binding potency Kd ¼ 30 nM against KDM4A), revealed that
CP2 occupies the substrate-binding pocket (Fig. 16). CP2 forms a β-sheet with two
turns; in the β-turn pointing towards the active site pocket, Arg (at position 6 of CP2
(CP2R6)) extends towards the Fe(II) and occupies the same sub-pocket as
trimethyllysine of H3K9me3/H3K36me3 in KDM4A. Similar to the lysines, the
positively charged guanidino group makes hydrogen bonding interactions to
KDM4A (Y177, S288, N290). In addition, Y175 and R309 shift to accommodate
CP2 binding, inducing a conformational change in these regions of KDM4A. CP2
demonstrate high selectivity towards KDM4A–C, with >100-fold selectivity over
other KDMs and 2OG oxygenases tested and even over KDM4D/E. This selectivity
was attributed to the intermolecular interactions that CP2 makes with KDM4A side
chains. CP2 interacts with 14 residues in KDM4A, of which five are different
between KDM4A/B/C and KDM4D/E. Three (N86, Q88, R309) of these five
residues have been identified to be crucial for H3K36me3 binding to KDM4A/B/C

K9/36me3R6

Ni(II) Ni(II)NOG

CP2   21
IC50(KDM4A) = 42 nM
IC50(KDM4B) = 33 nM
IC50(KDM4C) = 39 nM

(KDM4D) = 6270 nM IC50
(KDM4E) = 9200 nM IC50

Fig. 16 Cyclic peptide CP2 binding to KDM4A
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[74]. Thus, subtle differences in the substrate-binding pockets can be utilised for the
generation of selective and potent inhibitors against JmjC-KDMs. Structure and
MS-guided modifications of CP2 yielded peptides that retained in vitro potency and
selectivity and increased cellular permeability and cellular KDM4A target engage-
ment, providing promising cellular tools for the KDM4s.

3.2.3 Small Molecule Targeting Substrate-Binding Pocket

BIX-01294 (diazepin-quinazoline-amines, 22) and its analogues are potent inhibitors
of H3K9 methyltransferase G9a and G9a-linked proteins (GLP) [77]. They inhibit by
mimicking the HMT-bound histone H3 (K4-R8) conformation and bind in the
substrate-binding groove of HMT. Upadhyay et al. tested BIX-01294 and analogues
for inhibition against KDM7A, a H3K9me2/1 demethylase [78]. BIX-01294 was
found to be a moderate inhibitor of KDM7A (IC50¼ 16.5 μM), and its analogue E67
(23) showed improved potency (Fig. 17). An overlay of the crystal structure of
KDM7A.E67.NOG, with KDM7B.H3K4me3K9me2 (PDB:3KV4), shows that
E67 occupies the same region where histone H3(K4–K9) lies in KDM7B and that
the 5-aminopentyloxyl moiety at the O7-methoxy group extends towards the active
site metal. The terminal amino group forms a weak hydrogen bond with carboxyl
oxygen of D284, one of the residues that coordinate Fe(II) in the active site. The
3-dimethylamino propyl moiety at 20-position of E67 extends towards the substrate-
binding groove on the protein surface. It is worth noting that the E67 binding leads to
a different Y292 conformer to the apo structure, inducing NOG to adopt an axial
coordination mode (Fig. 17). This suggests Y292 in KDM7B, conserved across
KDM2/7 subfamilies, may potentially be attractive residue to target to induce non-
productive cofactor binding. Further fine-tuning of selectivity against HMTs gener-
ated E67-2 (24) which removed HMT inhibition and maintained JmjC-KDM
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Fig. 17 JmjC-KDM inhibitors inspired from inhibitors targeting other methyllysine-associated
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inhibition, providing promising opportunities for ‘target-hopping’ for histone
substrate-mimicking inhibitors. It is worth noting that inhibitor chemotypes targeting
other epigenetic proteins have successfully been designed to inhibit the JmjC-KDMs.
Filgastat (25), derived frommethyllysine reader domain inhibitor (26), is a potent and
selective inhibitor of KDM2/7 [79]. It does not compete with 2OG nor histone H3
peptide, and the mode of inhibition is unclear; however, it demonstrates that selective
allosteric inhibition of JmjC-domain is possible.

4 Conclusions

The JmjC-KDMs are a protein family rich in links to disease pathology and are an
exciting new hunting ground of epigenetic targets for drug discovery. This family of
enzymes has been extensively characterised by structural biology to explain their
function and enable inhibitor design. The KMDs all share a similar mechanism of
action and conserved features – Fe(II) chelation, salt bridging and hydrogen bonding
to 2OG – but differences in their active sites, substrate-binding surface and domain
organisation allow selectivity for similar methylated lysine substrates.

Initial efforts at inhibitor discovery yielded nonselective compounds by relying
primarily on iron chelation and salt bridging for potency such as NOG, 8HQ and
Bpy (Fig. 3). Since those initial inhibitor reports, much effort at inhibitor discovery,
aided by thorough characterisation of the family with X-ray crystal structures, has
yielded new chemotypes that still rely on iron chelation and ionic interactions with
the KDMs but achieve selectivity by exploiting differences in the active sites’ first
sphere of residues. This led to compounds selective for KDM5 and KDM6 sub-
families such as KDOAM25 (10), CPI-455 (11) and GSK-J1 (15). Selectivity for
KDM members with similar active sites was then achieved by taking into account
subtle differences in active site residues such as CPI-455 (11) which is selective for
KDM5 members over KDM4 due to the propensity of an active site Tyr to shift more
readily in KDM5 than KDM4. Single KDM selectivity is still elusive, although this
may be acceptable and even desirable in drug development as many KDM subfamily
members, i.e. KDM5A/B/C/D, have identical substrates and redundant function.

A second class of KDM inhibitors are peptide-competitive and achieve selectivity
at the methyllysine binding groove and enzyme surface. CP2 is a cyclic peptide that
has no homology to histone H3 yet is a potent and selective inhibitor of KDM4s
(Fig. 16). The HMT inhibitors BIX01294 and E67-2 bind at the peptide site and are
selective for KDM7, and the related Filgerstat is KDM2A/7A selective although its
binding is not well understood.

The future of KDM drug discovery will involve developing a deeper understanding
of KDM biology using the inhibitors described herein. To be successful, it will also be
necessary to discover new inhibitor chemotypes to continue to improve the potency,
selectivity and cellular activity of this important class of epigenetic enzymes.
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Abstract DNA methylation and its oxidised forms participate in the interpretation
and regulation of the human genome. Many questions arise around the enzymes
responsible for these chemical modifications on DNA, and their roles in
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transcriptional regulation. These epigenetic marks are very dynamic and specific in
their location and context (tissues, diseases, etc.). We review the major enzymes
involved in DNA methylation and oxidation, with a focus on the DNA
methyltransferases and TET enzymes. The principal compounds that inhibit these
enzymes are presented since they will help address these questions.

Keywords DNA hydroxymethylation, DNA methylation, DNMT, Inhibitors, TET

Abbreviations

1-mA 1-Methyl-adenine
2OG 2-Oxoglutarate
3-mC 3-Methylcytosine
3-mT 3-Methyl-thymine
5-aza-C 5-Aza-cytosine
5-azadC 5-Aza-20-deoxycytosine
5-caC 5-Carboxycytosine
5-fC 5-Formylcytosine
5-hmC 5-Hydroxymethylcytosine
5-mC 5-Methylcytosine
5-xC 5-Modified cytosine
6-mA 6-Methyl-adenine
AML Acute myeloid leukaemia
AM-PD Active modification-passive dilution
BAH1 and BAH2 Bromo-adjacent homology domains 1 and 2
BER Base excision repair
CFP1 CpG-binding protein, CXXC finger protein 1
CMML Chronic myelomonocytic leukaemia
CpA Cytidine pairing adenosine
CpC Cytidine pairing cytidine
CpG Cytidine pairing guanosine
CpT Cytidine pairing thymidine
CXXC CXXC domain
DMAP domain DNA methyltransferase-associated protein 1-interacting

domain
DNMT C5-DNA methyltransferase
DSBH Double-stranded β-ηelix
EGCG Epigallocatechin gallate
ELISA Enzyme-linked immunosorbent assay
EMA European Medicines Agency
FDA Food and Drug Administration
FH Fumarate hydratase
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FTO Fat mass and obesity-associated protein
HDAC Histone deacetylase
IDAX Inhibition of the Dvl and Axin complex
IDH Isocitrate dehydrogenase
LCI Low-complexity insert
LC-MS Liquid chromatography-mass spectrometry
MALDI-TOF Matrix-assisted laser desorption/ionisation time-of-flight
MBP Methyl-binding protein
MDS Myelodysplastic syndrome
MLL Mixed lineage leukaemia
mTet1 Murine TET
NgTet1 Naegleria gruberi TET
NLS Nuclear localisation signal
NOG N-Oxalylglycine
PBD PCNA-binding domain
PHD Plant homeodomain
PRMT Protein arginine methyltransferase
PWWP Proline-tryptophan-tryptophan-proline domain
R/S-2HG R/S-2-hydroxyglutarate
RFTD Replication foci targeting sequence (RFTS) domain
ROS1 Repressor of silencing 1
SAH/AdoHys S-Adenosyl-L-homocysteine
SAM/AdoMet S-Adenosyl-L-methionine
SDH Succinate dehydrogenase
SPR Surface plasmon resonance
TCA Tricarboxylic acid
TDG Thymidine-DNA glycosylase
TET Ten-eleven translocation
TLC Thin-layer chromatography
TRDMT1 tRNA aspartic acid methyltransferase

1 Introduction

DNA methylation and its oxidised forms participate in the interpretation and regu-
lation of the genome. Chemical modifications of cytosine in chromosome DNA are
(highly) dynamic and are one of the regulatory elements that, together with histone
modifications and chromatin remodelling, allow the DNA to interact with the
protein machineries that interpret, repair and splice the genetic information.
The cytosine modifications identified to date are 5-methylcytosine (5mC),
5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine
(5caC).
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In humans, DNA methylation is the most stable epigenetic mark [1], and it occurs
at C5 position of cytosine (5mC), mainly in a CpG dinucleotide context. The CpG
dinucleotides are mainly located in the CpG islands (occurring at ca 60% of all gene
promoters), in repeated sequences and in CpG island shores [2]. If promoter CpG
islands are methylated, the corresponding gene is repressed due to a poor recognition
by transcription factors and recruitment of proteins involved in chromatin
remodelling such as methyl DNA-binding proteins (MBPs) [3].

Failure in maintaining DNA methylation and establishment of new DNA meth-
ylation patterns are associated with under- or overexpression of the affected genes,
ultimately leading to inflammation, cancer and other diseases. DNA methylation is
catalysed by DNA methyltransferases (DNMT) that mediate the transfer of a methyl
group from the S-adenosyl-L-methionine (SAM or AdoMet, 1) to position 5 of
cytosine in DNA [4] (Figs. 1 and 2a).

The ten-eleven translocator (TET) enzymes catalyse the 2-oxoglutarate (2OG, 3)-
dependent oxidation of 5mC in a cascade of iterative steps to give 5-hydroxymethyl
cytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC) (Figs. 1 and 2).
The discovery of TET oxidation of 5mC to 5hmC in 2009 garnered interest as an
important epigenetic regulator [5, 6]. Since the identification of 5hmC in human cells,
other DNA modifications (5fC, 5caC as well as 5-hydroxymethyluracil (5hmU)) have
been identified and found to be catalysed by TET1–3 [7–11].

Methylation at position 5 of cytosine is a reversible modification, and there are
four different demethylation pathways that could lead to the reformation of cytosine
identified to date (Fig. 1). First, the 5mC mark is not maintained during DNA
replication, thus 5mC is diluted by subsequent rounds of cell division, a process
known as passive DNA demethylation. Second, 5mC can be iteratively modified to
provide 5hmC, 5fC and 5caC, which then can be diluted in cell division, a combi-
nation of active modification followed by passive dilution (AM-PD). The third
process is an active pathway via a combination of thymidine-DNA glycosylase
(TDG) and base excision repair (BER) enzymes. As part of DNA repair mechanism,
TDG recognises a thymidine guanosine pair mismatch and deaminates the thymidine
base leaving an a-basic sugar. TDG likewise performs this excision efficiently on
5fC and 5caC [12] followed by DNA repair using the base excision repair (BER)
mechanism that introduces C. Finally, recent studies by Iwan et al. demonstrated, by
labelling the 5fC sugar and base independently, that 5fC can be directly converted by
the human cell to C without the change in base or sugar, suggesting direct
deformylation [13]. The protein(s) associated with this process of 5fC, however,
have not been identified to date. In plants, a direct 5mC to C pathway is present,
following a similar TDG-BER mechanism, where repressor of silencing 1 (ROS1)
recognises 5mC [14].

Many questions arise around these enzymes and their roles in regulating cytosine
modifications, which are very dynamic but are specific in the location and context
(tissues, diseases, etc.). How are they precisely regulated in a concerted manner?
Why was this mechanism of DNA demethylation selected in mammals? Their role in
diseases, such as cancer, neuronal diseases, inflammation and infection, is well
established, but the mechanisms involved are still to be fully understood.

258 R. Belle et al.



Compounds that inhibit the enzymes responsible for DNA methylation and oxida-
tion will help address these questions.

2 DNMT Enzymes

DNA methylation was first described by Holliday and Pugh [15] and Riggs [16],
who hypothesised its role in gene regulation during development. Since then it was
shown that DNAmethylation can induce gene silencing when it occurs on promoters

Fig. 1 Methylation of cytosine in DNA and successive oxidation of 5-methylcytosine catalysed
by TETs. Cytosine (C), mainly at CpG sites, is methylated by the DNAmethyltransferases (DNMT)
at position 5 using S-adenosyl-L-methionine (SAM or AdoMet) as methyl donor to give
5-methylcytosine (5mC). Methylated cytosine (5mC) can undergo iterative oxidation by TET
enzymes followed by 5-hydroxycytosine (5hmC), 5-formylcytosine (5fC) and 5 carboxycytosine
(5caC). Each base has a passive and/or active demethylation pathway leading to cytosine (C).
Possible 5mC demethylation pathways include (1) passive dilution; (2) active modification
followed by passive dilution; (3) Thymine DNA glycosylase-mediated base excision repair
(TDG + BER); and (4) deformylation
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of genes (e.g. imprinted genes, transposon silencing, X-inactivation, tumour sup-
pressor genes in cancer). DNA methyltransferase activities were isolated and
observed in several eukaryotic cells [17]. The first mammalian DNMT to be iden-
tified was Dnmt1 in mouse cells [18]. Interestingly all C5-DNA methyltransferases
share ten motifs that are relatively conserved (the motif IV contains the Pro-Cys
dipeptide, the Cys being involved in the catalytic reaction making a covalent bond
with the dC). Dnmt1 has a preference for hemi-methylated DNA, and it is thus called
maintenance enzyme. Dnmt3A and 3B were discovered later [19] and characterised
to be active also on non-methylated DNA and are thus considered de novo DNMTs.
Dnmt3L was shown to lack the catalytic motif [20], resulting in a catalytically
inactive form. However Dnmt3L plays an important role, especially in development
and in imprinting [21]. It enhances the activity of Dnmt3A and 3B [22] and interacts
with several proteins involved in chromatin regulation. See [23, 24] for recent
reviews on the biology of DNMTs. The highly conserved DNMT2 has been
shown to methylate tRNA and has been renamed tRNA aspartic acid
(D) methyltransferase 1 (TRDM1) [23, 25].
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2.1 Structures and Mechanism of DNMTs

DNMTs belong to the C5-DNAmethyltransferases, which have a three-dimensionally
conserved catalytic pocket. The C-terminal contains the motifs of DNA binding and
catalysis of methyl transfer. Upon binding to DNA double helix, cytosine flips and
binds in the catalytic pocket. The catalytic cysteine in the Pro-Cys motif (PCQ or PCN)
then binds to position 6 of cytosine. Then themethyl group from the SAM is transferred
to position 5 of the cytosine, creating a steric clash that releases the 5mC by
β-elimination and resolves the DNA-DNMT complex.

In addition to the catalytic domain at the C-terminus, the DNMTs possess
regulatory N-terminal domains that include a nuclear localisation signal and domains
for protein-protein interactions to chromatin, transcriptional and replication regula-
tors [26]. Several structures of the mammalian DNMTs have been resolved showing
the particular features of the different isoforms and some protein partners. In
particular, the three DNMT3s have a PHD (plant homeodomain)-like domain,
ADD (ATRX-DNMT3-DNMT3L domain) for the interaction with the tail of histone
H3 [26] and DNMT3A and 3B have a PWWP domain found in DNA-binding
proteins and involved in nucleosome recognition [27], interacting with H3K36me3
[26]. The N-terminus of DNMT1 is rich in protein interaction domains that localise it
to the nucleus (NLS), to replication forks (PBD, PCNA-binding domain, DMAP
domain, RFTS domain, BAH1 and 2 [28]) and to un-methylated and hemi-
methylated DNA (CXXC zinc finger domain; BAH1 and BAH2). These domains
are also involved in the enzymatic control of the protein, for example, its inhibition
when bound to non-methylated DNA and its switch to catalytically active form when
bound to hemi-methylated DNA [26, 29, 30].

2.2 DNMTs in Diseases

It is clearly established that aberrant DNA methylation profile is associated with
cancers [31–35]. In parallel to a global hypomethylation, hypermethylation at pro-
moters of specific genes are observed in cancer cells. In particular, genes, such as
tumour suppressor genes, are commonly silenced by promoter hypermethylation.
These features have been exploited for the development of biomarkers for the
detection of many cancers [36, 37], including for colon cancer (ColoVantage® and
Epi proColon®) and lung cancer (Epi proLung). Moreover, DNA methylation is an
anticancer therapeutic target: 5aza and 5azadC have been approved for the treatment
of certain haematological cancers. These drugs are also in clinical trials, mainly in
combination, for several solid tumours [38, 39]. However, these aberrant patterns are
not limited to cancers [40]. Alteration in DNA methylation, caused by genetic
mutations in the DNMTs or DNMTs deregulation, is involved in psychiatric,
cognition, neuronal, ageing disorders, cardiovascular diseases, bacterial and viral
infections and genetic diseases such as cystic fibrosis [41, 42]. Finally, epigenomics
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studies are revealing the role of DNA methylation in obesity, allergy, autoimmune
diseases, addiction and inflammation [42, 43].

Nevertheless, despite the established roles of DNA methylation and DNMT1 and
DNMT3s in diseases [42, 44], which DNMT isoform is best to therapeutically target
and in which pathology remains to be determined. Chemical tools can thus be useful
to address these important questions. Another unanswered question is in regards to
Dnmt2. Mammalian Dnmt2 was discovered by its homology with the most con-
served C5-DNA methyltransferases [45], but it was shown not to methylate DNA
but rather RNA cytosines, the tRNAAsp [46, 47], and was subsequently renamed
TRDMT1. It contains only the catalytic domain and interestingly is present in
species that do not have DNMT1 or DNMT3 (such as Drosophila and
Schizosaccharomyces pombe) [25]. Today it is still debated whether in certain
species, Dnmt2 is able to methylate DNA or if its action is limited to RNA
methylation [48, 49].

Thus, while DNMT enzymes are well-studied, many questions remain to be
answered. Chemical tools that specifically inhibit the DNMTs can contribute
towards answering these biological questions.

3 Inhibitors of DNA Methylation

Two families of inhibitors have been identified for DNMTs: the nucleoside ana-
logues, of which 5-azacytidine (5azaC (5)) and 5-aza-deoxycytidine (5azadC(6)) are
approved anti-leukaemia drugs (known as azacitidine and decitabine), and the non-
nucleoside analogues, which are composed of very different scaffolds (Fig. 3).

3.1 Cytosine Analogues

5azaC (5) was synthetised as an antimetabolite andwas described for its anti-leukaemia
properties in 1964–1965 by Sorm and Vesely [50, 51]. However, it was its impact on
DNAmethylation and on the reprogramming of cells by Jones and Taylor [52, 53] that
allowed the understanding of its mechanism of action [54–56]. 5azaC and 5azadC
incorporate into DNA instead of dC. Once the DNMT is bound to the position 6 of the
5azadC, the β-elimination and restauration of the 5–6 double bond cannot occur and the
DNMT is irreversibly trapped on the DNA (suicide complex), inducing its degradation
by the proteasome [57]. The trapping of the DNMT1 was elegantly visualised by using
fluorescent DNMT1 fusions [56].

5azaC (5) was approved by the FDA and then the EMA, together with the deoxy
analogue 5azadC (6) for the treatment of acute myeloid leukaemia (AML),
myelodysplastic syndrome (MDS) and chronic myelomonocytic leukaemia (CMML).

Both 5azaC and 5azadC are chemically unstable (storage and handling is sensi-
tive) and have a very short half-life in patients [58]. Several efforts were made to
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generate stable analogues (such as zebularine (7) and 5-fluorocytidine (8)) and
prodrugs (reviewed in [59–61]). The most promising prodrug is the dinucleotide
version of 5azadC (6), SGC-110 (9, guadecitabine), which is in clinical trials against
several haematological and solid cancers. Very interesting results are also being
obtained in the clinic by combination studies with other epigenetic inhibitors,
conventional chemotherapies or immunotherapies [38, 62].

Nevertheless, despite being the most potent compounds to demethylate DNA
identified to date, they induce other effects due to their chemical instability, their
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incorporation into RNA and DNA, and also by the formation of suicide complexes.
Indeed, the nucleoside analogues are incorporated into DNA (and 5azaC also in
RNA) instead of C, but not only at CpG sites. They then induce the formation of a
suicide substrate with DNMT that is processed by the proteasome and the DNA
repair machinery. Because of their mode of action, they are not selective for an
isoform of DNMTs and induce effects other than just DNA demethylation. To
overcome this, several studies have focused on the identification of DNMT inhibi-
tors that are not nucleoside analogues.

3.2 Non-nucleoside Analogues

The family of non-nucleoside inhibitors has been largely reviewed [24, 42, 59], so
this section will focus on a selection of inhibitors that have shown effects on cellular
phenotypes and on gene expression or have provided new concepts for the discovery
of new inhibitors (Fig. 3). We have chosen to omit most of the compounds that act by
binding to DNA, such as intercalators (i.e. acridine derivatives [63]) or minor groove
binders (i.e. bisbenzimidazoles [64]), that lack specificity for CpG sites. Natural
products have also been excluded since they have been reviewed recently and show
little specificity for the DNMT enzymes [65]. Importantly direct comparisons of
inhibition properties of these compounds cannot be made, because the assays and
conditions used for each study are very different, as well as the choice of the enzyme
used (reviewed in [66]), which can have an important impact on the inhibition [67].

The first synthetic non-nucleoside inhibitor, N-phthaloyl-l-tryptophan RG108,
was identified by in silico screening against a model of DNMT1 and showed
reactivation of tumour suppressor genes in different cancer models [68, 69]. It is
worth noting that the compound is not active in enzymatic studies against mamma-
lian DNMT1 and DNMT3A [70–72]. However, it is of interest from the perspective
of inhibiting DNA methylation since several groups have shown that it leads to
demethylation of genes in cellular models [73–77] and in vivo [75, 78].Modifications
on RG108 resulted in compounds with improved activity against the mammalian
DNMTs (maleimide 5, (10), (12) and RG119-1 (11) [70, 71, 79] (Fig. 3)) and
highlighted the interactions of the compound within the catalytic pocket. These
studies provide new potential for improving this chemotype.

By modulation of DNA minor groove binders, Datta et al. identified SGI-1027
(13) [80] which interacts weakly with DNA and inhibits DNMT3A and DNMT1 in
the micromolar range [81]. Further modifications by Valente et al. resulted in a more
active meta-meta analogue Cpd5 (14) ([82] Fig. 3), which shows a stronger interac-
tion with DNA at CG-rich regions [81]. Chemical modifications to better character-
ise the structure-activity relationships and increase the cellular potency are ongoing.
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The screening of a library of flavonoids identified a family of 3-chloro-3-
nitroflavanones which was able to inhibit DNMT3A and DNA methylation in
zebrafish embryos (flavanone 69 (15) Fig. 3; [83]). This family of compounds
showed selectivity for the C5-DNA methyltransferases, compared to other
non-specific flavones such as epigallocatechin gallate (EGCG).

Procainamide and procaine were described to weakly bind to DNA and inhibit
DNMTs [84, 85] and were chemically modified to improve the inhibition
[86, 87]. The conjugation to diverse moieties resulted in micromolar inhibitors of
DNMT1 and Dnmt3A/3L (conjugate 12 (16), Fig. 3, [88]).

High-throughput screening campaigns against different DNMTs and use of
diverse biochemical assays resulted in the identification of miscellaneous com-
pounds, the most potent of which are shown in Fig. 3. Among these, the anthraqui-
none laccaic acid (25) was described as a DNA-competitive inhibitor of DNMT1
with a weak activity in breast MCF-7 cancer cells (at 200 μM) [89]. A
naphthoquinone, diclone (19), a pesticide and fungicide, was specific of DNMT1
and Dnmt3A and inactive against the histone methyltransferase G9A. This observa-
tion opened the path to studying the impact on the epigenome of plants, animals and
human when addressing the toxicology of pesticides [90]. SW155246 (20), an
aromatic sulphonamide, showed a weak selectivity against DNMT1 vs DNMT3A
and DNMT3B and induced a weak inhibition of methylation and reactivation of
TSGs in human lung carcinoma [91]. DC_501, DC_517 (24) [92] and SID49645275
(21) [93] were identified to inhibit DNMT1 in the low micromolar level and to
inhibit cell proliferation. The mechanism of action and the selectivity still need to be
explored.

3.3 Transition State and Bisubstrate Analogues

Recently, progress has been made in the design of transition state and bisubstrate
analogues. We have shown that seven cytosine-adenosine compounds, designed as
transition state analogues of the methylation reaction of position 5 of cytosine by
DNMT1 and DNMT3, did not result in inhibitors of DNMTs but rather of histone
arginine methyltransferases PRMT4 [94].

Interestingly, based on the design of mechanism-based transition analogues,
Miletic et al. have described and evaluated a set of adenosyl-1-methyl-pyrimidin-
2-one derivatives in silico as leads for the synthesis of mechanism-based suicide
inhibitors of DNMT1 ([95], prototype (18) Fig. 3).

Another chemical approach we explored is the bisubstrate analogues that have
successfully been applied to inhibit adenine DNA methyltransferases. Using this
approach we have identified compounds (17) as potent inhibitor of DNMT3A able to
demethylate promoters of tumour suppressor genes and to reactivate gene expression
in cancer cells ([96], Fig. 3).
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3.4 New Approaches to DNMT Inhibitor Design

Finally, a very promising approach is the design of dual inhibitors [97]. By modi-
fying BIX-01294, inhibitor of histone H3 lysine 9 methyltransferase G9A, Rotili
et al. identified new quinazoline derivatives as inhibitors of DNMT3A with activity
in cancer cells (cpd 14 (27) Fig. 3 [98]). José-Enériz et al. successfully modulated
this family of G9A and DNMT inhibitors to obtain a dual G9A-DNMT1 inhibitor,
CMC-272 (23) (Fig. 3), with anti-leukaemia effect in an in vivo model of mice
engrafted with ALL-derived CEMO-1 cells [99]. This is the first example of DNMT
dual inhibitors active in vivo. Other dual inhibitors are currently being explored,
such as (22) (Fig. 3), resulting from chemical optimisations based on HDAC
inhibitors [100].

Taken together, the transition state and bisubstrate analogues, as well as dual
inhibitors, are interesting chemical approaches that need to be further explored to
obtain new, potent and selective inhibitors of DNMT. Another strategy worth
exploring is to develop protein-protein interaction inhibitors (PPI) for DNMTs.
PPIs have been successful for other epigenetic targets, and it is worthwhile since
the DNMTs are involved in protein complexes that direct DNA methylation
[101, 102]. For example, the inhibition of the DNMT1/CFP1 interface with peptides
was shown to affect methylation level of cancer cells and to synergise with
temozolomide [103]. Most recently, Ye et al. determined the crystal structure of
DNMT1 in two different states and suggest the possibility to design inhibitors of the
conformational transition necessary for DNMT1 activity [30].

4 TET Enzymes

Methylation at the 5-position of cytosine (5mC) is recognised by the TET enzymes
that catalyse the oxidation of 5mC in a cascade of iterative steps (Fig. 1). TETs are
part of the oxygenase superfamily that uses Fe(II) for catalysis, using O2 and
2-oxoglutarate (2OG, 3) as cofactors, to generate the oxidised substrate, CO2 and
succinate (4) [6]. Recent developments reveal that the 5-methyl oxidations at
cytosines play an extensive role in epigenetic regulation and key steps in the DNA
demethylation pathways. Studies have shown that TETs are fundamental in mammal
development and mutations, or overexpression of the protein is linked to various
diseases.

4.1 Discovery and Biological Roles of TETs

DNAmethylation is a well-established modification, and it has long been known that
passive dilution alone cannot fully account for the rapid rate of genome methyl
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remodelling after mouse fertilisation, indicating the possibility of an additional
mechanism that would remove 5mC [104]. The TET proteins were originally linked
as being fusion partner of mixed lineage leukaemia (MLL) [105] and later identified
as enzymes related to JPB1 that facilitate the oxidation of thymidine (T) in the
nucleus to 5-hydroxyuracil (5hmU) [106]. The first discovery of 5hmC modification
was made in 2009, where 5hmC was detected in the brain tissue at high abundance
[5]. At the same time, it was revealed that TET enzymes are capable of oxidising
5mC to 5hmC [6]. Shortly after, it was discovered that TET enzymes can iteratively
oxidise 5mC to 5caC [107].

TET enzymes are widely conserved through evolution [111], including in
Naegleria gruberi TET (NgTET). Herein, we focus on studies involving human
TETs (hTETs), with some references to other model organisms, such as murine
TETs (mTET) [110] and NgTETs [112].

To date, three TET enzymes have been found in humans (hTET). The hTET
proteins are approximately 180–230 kDa in length, and all human TETs (hTET1–3)
can carry out iterative oxidation of 5mC [6]. The catalytic domain (CD) of TETs
contains the cysteine-rich domain and a split double-stranded ß-ηelix (DSBH)
connected via a flexible region known as the low-complexity insert (LCI) (Fig. 4).
The DSBH domain, which contains a jelly roll/cupin fold, is highly conserved
among the TETs and a signature motif of the 2OG oxygenase superfamily (see
[113] for review). DSBH forms a catalytic core where it positions the 5mC DNA
substrate at the active site adjacent to Fe(II) enabling catalytic oxidation, while
the cysteine-rich region structurally stabilises the DSBH and DNA interactions.

Cys-rich regionCXXC Split DSBH LCI

2136

2002

1660

TET1

TET2    

TET3

TET1CD (1418-2136) TET2CD (1129-2002)

Cys-rich regionCXXC Split DSBH

1418

GS-linker1129 1936
PDB 4NM6 

Fig. 4 Domain architecture of the human TET proteins. The ‘canonical’ sequences for the three
human TETs are shown. The minimum regions required for efficient catalysis (often referred to as
the ‘catalytic domain’, CD) have been reported as follows: TET1 (1418–2136), TET2 (1129–2002)
and TET3 (689–1596)) [6, 108–110]. The CD includes the Cys-rich region (green), the DSBH
domain (blue) and a low-complexity insert (LCI, grey). The DSBH catalytic region is ‘split’ into
two segments by the LCI insertion, with the first two Fe(II) coordinating residues of the HXD . . . H
motif in the first segment, and the last residue His and the 2OG binding Arg in the second segment.
Additionally, TET1 and TET3 have an N-terminal CXXC zinc finger domain that can bind DNA
and act to recruit to target genomic sites
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TET1 and TET3 have an additional DNA-binding CXXC domain at the N-terminus,
which preferentially binds CpG-rich regions. TET2 lacks the CXXC zinc finger
domain but instead has been shown to interact with IDAX (CXXC4) which then
interacts with DNA [6, 114].

While the cysteine-rich domain is essential for the catalytic activity [114],
truncations in LCI retain the activity in all hTET1–3, albeit at reduced catalytic
efficiency [108, 114]. The first structural insight came in 2013 from the crystal
structure of hTET2 in complex with 5mC-containing double-stranded DNA
(dsDNA) (Fig. 5) [114]. To enable crystallisation of hTET2, Hu et al. replaced the
837 amino acid (aa) flexible loop LCI by a GS (15 aa) linker. The structure revealed
that the phosphate backbone of DNA interacts with multiple arginine and lysine
residues of hTET2. The bound helical DNA structure is distorted, where the G-5mC
hydrogen bond interaction is disrupted and 5mC flips into the catalytic core of the
DSBH scaffold. The methyl group of 5mC is placed in proximity to the catalytic Fe
(II) at the active site, which is held in place by H1382, D1384 and H1881 (Fig. 5).
N-oxylylglycine (NOG), an inactive 2OG mimic, coordinates to the metal and
interacts with R1261, H1416, S1898 and R1896 of hTET2.

4.2 Mechanism of Enzyme Catalysis

The human TET enzymes contain a DSBH domain which catalyses the oxidisation
of 5mC, using a similar mechanism as other 2OG oxygenases [115–117]. In the first
step of the proposed mechanism, 2OG enters the active site and binds to Fe
(II) releasing water molecules (Fig. 6). The DNA substrate binds with the 5mC
methyl directed towards Fe(II). Molecular oxygen (O2) then binds and reacts with
the Fe(II) to form Fe(III) species. The radical oxygen molecule reacts further with

270∘
Cys-rich 
region

DSBH

DNA

GS-linker

Fig. 5 Crystal structure of human TET2 in complex with DNA. (LHS) Two different views of the
human TET2 catalytic domain complexed with dsDNA-5mC and NOG. Each domain is coloured
(Cys-rich region, green; DSBH, light blue; GS linker (15 GS repeat replacing LCI,
delΔ1099–1936), magenta; dsDNA-5hmC, orange). (RHS) NOG is bound at the active site.
PDB:4NM6
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2OG giving a Fe(IV) intermediate and carbon dioxide (CO2). The highly reactive Fe
(IV) metal reacts with a proton on the methyl of 5mC substrate to provide the 5hmC
product in two steps, and Fe(II) is regenerated. The newly 5hmC substrate and
succinate can then be replaced by water molecules completing the catalytic cycle.
Oxidative steps of 5hmC to 5fC and 5fC to 5caC catalysed by TET are thought to
follow a similar pathway.

The rate of oxidation by TETs is highly context dependent. The catalytic domain
by itself is not believed to bind to specific DNA sequence but instead the catalytic
domain ‘slides’ along the DNA strand until the active site binds the modified
cytosine (5xC, 5-position modified cytosine, x ¼ m, hm or f (Fig. 7. highlighted in
red)). Enzyme kinetic analysis of hTET2 reveal selectivity for oxidation of 5mC over
5hmC or 5fC on dsDNA substrate, with lower (Kcat: ~3.4- to 4.6-fold) and higher
KM (~1.4- to 2.7-fold) than for 5mC [118]. The C-H proton extraction and inter-intra
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molecular proton stabilisation are understood to be important in determining the
differential rates of catalysis. Furthermore, hydroxyl group at the 20 position on the
sugar (i.e. RNA) is tolerated (Fig. 7, highlighted in green) [119].

Comparison of identical main strand sequences of double-stranded DNA
(dsDNA), single-stranded DNA (ssDNA) and single-stranded RNA (ssRNA)
revealed that both dsDNA and ssDNA can be iteratively oxidised (5mC, 5hmC,
5fC and 5caC) by TETs; however, while 5-methyl RNA cytosine (5mrC) can be
oxidised by TETs to form 5hmrC, limited levels of 5frC formation and the absence
of 5carC were observed [119]. dsDNA and ssDNA are thus better TET substrates
than RNA. It is interesting to note that the 20-(R)-fluorinated derivatives of oxidised
5mC are also substrates of TETs, and although they exhibit decreased catalytic
efficiency, they can be used as mechanistic tools [120]. TET activity is thus
influenced by the modifications at the 20 position of the cytosine sugar, suggesting
that this site contributes towards substrate specificity of TETs (Fig. 7. Highlighted in
green). It has been observed that mTET can oxidise thymidine as an alternative
substrate (Fig. 7 highlighted in yellow), both in vitro [121] and in vivo [122], to give
5-hydroxymethyl uracil (5hmU) and 5-formyl uracil (5fU), albeit at significantly
reduced activity relative to 5mC oxidation.

In the oligonucleotide sequence context, CpG is the preferred substrate over CpC,
CpA and CpT. In the genome, 60–80% of CpG are methylated [123], where
symmetry is frequently observed; this gives rise to 21 possible symmetrical
(on both strands) CpG combinations (C, 5mC, 5hmC, 5fC and 5caC) which TET
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can act on. In NgTET, significant drop in catalytic efficiency is observed by altering
CpG site to CpA (~1.75-fold), CpT (~3.80-fold) and CpC (~5.80-fold) [112]. The
crystal structure of NgTET1 indicates H-bonding interactions between the guanosine
in the CpG pair and the NgTET protein which can account for the preference for
CpG [112]. Note that 5-C modifications of the CpG on the reverse strand do not
influence the catalytic activity.

The alkylation repair protein (AlkB) homologs, subfamily of 2OG oxygenases,
are closely related to the TET oxygenases and use Fe(II) catalysis with 2OG (3) and
O2 to oxidise DNA or RNA. This subfamily contains ABHs and fat mass and
obesity-associated (FTO) proteins. In particular, ABH2 and ABH3, demethylases
involved in repair processes, are structurally similar to hTET2. The preferred sub-
strates for ABHs or FTO are 1N0-methyl-adenine (1 mA), 3N0-methyl thymidine
(3mT), 3N0-methyl cytosine (3mC) and 6N0-methyl adenosine (6 mA), and their
oxidation results in unstable hemiaminal intermediate which decomposes to form-
aldehyde and demethylated base [114].

4.3 TETs in Development and in Disease

5hmC, 5fC and 5caC are found in many cells, but their concentrations vary
depending on the cell types. Interestingly, while the levels of 5mC remain relatively
even across different cell types at approximately ~3.5–4.5% of all cytosine in the
genomic DNA, this is not observed for 5hmC, 5fC or 5caC. The levels of 5hmC can
range from 0.7% in the central nervous system to 0.03% in the spleen [124]. High
levels of 5hmC are commonly found in the brain and neurons. Purkinje neurons, for
example, contain up to 40% of 5hmC abundance relative to the 5mC levels in the
cell [5].

While 5fC and 5caC are stable modifications and believed to be part of signalling
pathways, 5fC and 5caC are significantly less abundant than 5mC or 5hmC. Levels
of 5fC can range between 0.2 parts per million (ppm) in the lungs and 12 ppm in the
brain in mice. Interestingly, there is no direct correlation between 5mC/5hmC and
5fC in cells or among the age of the tissue, suggesting that these marks have
independent roles and are actively generated over time [125]. Postnatal mice have
undetectable levels of 5caC (<0.1 ppm), but in 12-week-old mice, some tissues,
such as the liver, can have elevated levels of 5caC (up to 2.0 ppm), while in others
such as the kidney or brain, 5caC levels remain below the detection limit [125].

Aside from their role as intermediates for demethylation, the function of 5hmC,
5fC and 5caC, is not fully understood. Recent studies suggest that each mark has
multiple implications. 5hmC formation is detected in active genes and enriched in
the promotor regions [126]. While 5fC has been proposed to influence the helical
structure of DNA [127], this may be context dependent [128]. Raiber et al. demon-
strated that additional anchoring of the nucleosome to the DNA can occur in vitro
and in vivo, as a result of histone lysine reacting with the 5fC to form an imine
derivative [129]. This would provide enhanced nucleosome organisation within the
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chromatin remodelling for activation and silencing. Furthermore, 5fC and 5caC can
affect the activity of proteins that associate with these marks. For example, with
RNA polymerase II, 5fC and 5caC result in a lower rate of incorporation of pairing G
[130]. Additionally, modifications at 5mC are distinctly recognised by an array of
reader proteins [131] providing additional level of epigenetic regulation mediated by
TET oxidation.

TET1 was first identified as a translocation partner of MLL gene in patients with
acute myeloid leukaemia (AML) [105]. Subsequently, it was demonstrated that MLL
fusion protein directly binds to TET1 promoter, causing upregulation of TET1 and
global increase in 5hmC levels in MLL-rearranged leukaemia [132]. TET1 plays a
critical role in the oncogenesis of MLL-rearranged leukaemia in vitro and in vivo
through co-activation of the Hoxa9/Meis1/Pbx3 signalling pathway [132]. In glio-
blastomas, TET1-mediated 5hmC production plays a critical role in tumorigenicity
[133]. These studies highlight the therapeutic potential for targeting TET1 in certain
cancers. In contrast, TETs have been shown to also have important tumour suppressor
roles in multiple cancers. Mutations in TET2 have been linked to haematopoietic
malignancies [134]. In myelodysplastic syndrome (MDS), TET2 is the most highly
mutated gene [135], and in AML patients, multiple TET2 mutations (including
frameshift, nonsense and missense within the protein creating mutated or truncated
proteins) are found with reduced or abolished catalytic activity [136]. Furthermore,
abnormalities have been observed in lymphoid malignancies, such as hTET2 B/T-
Cell lymphoma [137]. Rare occurrences ofmutations are found in hTET1/3 in chronic
lymphocytic leukaemia (CLL) [138]. TETs are also linked to various solid tumours
including gastric, breast, lung, liver and prostate cancer [139]. Downregulation of
TET gene expression has been observed in multiple solid tumours, with decrease in
5hmC levels and increasing rate of proliferation [140].

Taken together, the evidence suggests that TETs can have both oncogenic and
tumour suppressor roles, depending on the cellular context. Chemical probes for
TETs are thus needed to understand their biological functions in development and in
diseases.

5 TET Enzyme Assay and Inhibitor Development

The availability of robust and quantitative assays is prerequisite for the biochemical and
functional studies of enzymes. For the TET enzymes, there are now a wide range of
methodologies available to detect and quantitate oxidised 5mC levels, including global
genome-wide mapping at base resolution [141–143]. Analysis techniques of modified
nucleosides/oligonucleotides include (1) antibody-based detection of oxidised 5mC,
(2) analytical methods using thin-layer chromatography (TLC) [5, 110, 112, 144] or
liquid chromatography coupled with mass spectrometry (LC-MS, LC-MS/MS)
[107, 124, 145] and (3) chemical conversion or enzymatic labelling of modified
cytosines (including glucosylation of 5hmC) [146–153]. These methodologies have
enabled studies on tissue and genomic distribution and dynamics of oxidised 5mC in
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biological context. The readers are referred to [154] for an overview of sequencing
techniques available for mapping oxidised 5mC on the genome and [155, 156] for
reviews on some approaches to studying the enzyme activities of TETs. In this section,
we highlight key methodologies used for kinetic analysis of TETs in vitro and recent
TET assays developed for inhibitor discovery.

5.1 Kinetic Analysis of Human TETs

Availability of reagents, such as modified oligonucleotides, oxidised 5mC anti-
bodies and recombinant TET proteins, in recent years have enabled the development
of a variety of biochemical assays for the TETs (Table 1).

LC-MS/MS is a direct and reliable method for quantification of multiple cytosine
modifications simultaneously. While there are a number of variations on the methods
and instruments used, the general procedure is that the DNA is purified, digested to
nucleosides by nuclease and phosphodiesterase treatment. The digested nucleosides

Table 1 Reported assays used for kinetic analysis and inhibitor development for the TET proteins

Detection
method Analytes; principle References

Analytical methods

LC-MS/MS Nucleosides: enzymatic digestion of oligonucleotides to nucleo-
sides, followed by dephosphorylation by CIP and LC-MS/MS
analysis. relative quantification of 5mC and oxidised 5mCs

[114, 118]

MALDI-
TOF MS

Oligonucleotides: Relative quantification of intact DNA substrate
and products using mass-directed detection

[108, 157]

Antibody-based methods

Dot blot Oxidised 5mC (DNA); detection and quantitation of oxidised 5mC
containing intact DNA immobilised on membrane, using specific
antibodies (5hmC, 5fC, 5caC) (chemiluminescence/fluorescence)

[158]

ELISA Oxidised 5mC (DNA); immobilised DNA substrate on a plate.
Upon incubation with TETs, product formation detected using
5hmC antibody (fluorescence)

Epigentek

AlphaScreen Oxidised 5mC (DNA): homogenous bead-based assay, with product
DNA capture and antibody detection of oxidised 5mC
(luminescence)

[158]

Radiolabelling

TLC Nucleosides; oligonucleotides digested and dephosphorylated with
CIP and labelled with [γ-32P]ATP and T4 polynucleotide kinase.
Further treatment with nuclease and analysed on TLC plate. Rela-
tive quantification of 5mC and oxidised 5mCs

[159]

14CO2 assay By-product formation (CO2); measurement of hydroxylation-
coupled 14CO2 production using 2-oxo[1-14C]glutarate cofactor

[160]

Other

Succinate-
Glo

Succinate (5) by-product of catalysis; Enzyme-coupled assay
linking succinate production to ATP production (bioluminescence)

Promega
[161]
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are separated and analysed by LC in tandem with MS (e.g. triple-quadrupole MS,
quadrupole-orbitrap MS) and quantitated against labelled nucleoside internal stan-
dards. The large dynamic range (from low femtomole range) allows diverse appli-
cation of this technique, from gDNA to oligonucleotides. LC-MS/MS analysis has
been used to determine the substrate preference for TETs for 5mC oxidation over
5hmC/5fC-DNA [107, 118]. For example, steady-state kinetics analysis of TET2CD
(delΔ1099–1936) using LC-MS/MS revealed the affinities of modified cytosine to
reduce with increasing oxidation (KM ¼ 0.48, 0.9 and 1.3 μM for 5mC, 5hmC and
5fC, respectively) [118].

While LC-MS/MS methodology provides quantitative accuracy and robustness,
the multistep processing of DNA has hampered its use for high-throughput applica-
tions. A matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF)
MS method has provided a middle ground. This assay allows direct measurements
of intact DNA without the need for downstream processing steps (e.g. enzymatic and
chemical modifications), thus minimising the reagent requirement, processing error
and time. Michaelis-Menten kinetic parameters for 2OG (3) were determined to be
KM ¼ 15.7 μM (hTET2CD (delΔ1099–1936)) and KM ¼ 24.2 μM (hTET3CD (delΔ
689–1596)) using this method. The relatively low 2OG KM suggests that potency is
crucial for 2OG competitive inhibitors.

Assays using antibodies against modified cytosines, such as enzyme-linked
immunosorbent assay (ELISA) and AlphaScreen, have also helped improve the
sensitivity, the volumes and throughput of the assays [158]. Assays using
radiolabelling (e.g. 2-oxo[1-14C]glutarate, [γ-32P]ATP) are also utilised for inhibitor
screening.

5.2 Inhibitors of TET Enzyme Activity

As for the other 2OG oxygenases, the majority of inhibitors target the catalytic Fe
(II) and often mimic or compete with the 2OG binding (see [162] for review of 2OG
oxygenase inhibitors (Fig. 8)).

5.2.1 2OG Analogues as TET Inhibitors

The first TET inhibitor to be identified was R-2-hydroxyglutarate (R-2HG, 28), an
‘oncometabolite’ associated with the gain-of-function mutations in isocitrate dehy-
drogenases (IDH). IDH is a tricarboxylic acid (TCA) cycle enzyme that catalyses the
oxidative decarboxylation of isocitrate to 2OG (3). IDH with mutations in the active
site (Arg100, Arg132 in IDH1, Arg140, Arg172 in IDH2 found in glioma/leukae-
mia) can further catalyse the reduction of 2OG (3) to R-2HG (28), leading to cellular
accumulation of R-2HG (28) (up to 30–50 mM, compared to <0.1 mM in normal
cells) [164–167]. R-2HG inhibits human (and mouse) TETs with IC50 at 4–5 mM
range [159, 160]. Given the inhibitory effect of TETs by R-2HG and significantly
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reduced global levels of 5hmC in IDH mutants, TETs are thought to play a
contributory role in the tumorigenicity of IDH mutant cells. Other TCA cycle
intermediates, such as succinate (31) and fumarate (32), can also accumulate as a
result of tumour-associated mutations in the TCA cycle enzymes succinate dehy-
drogenase (SDH) and fumarate hydratase (FH) [168]. Biochemical assays using
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recombinant mouse Tet1 and Tet2 have shown that both succinate and fumarate
inhibit at 400–600 μM range, and modest changes in global 5hmC levels are
observed in human neuroblastoma cells treated with fumarate and succinate esters
[160]. Thus, it appears TET activities are sensitive to concentration flux in some
TCA cycle intermediates/oncometabolites in vitro and in cells, as found in other
2OG (3) oxygenases [169–171].

In 2015, a fluorescent polarisation assay based on a fluorophore-linked
hydroxamic acid probe (33) was reported for Tet1 from NgTET, a model protein
with 39% similarity to human TETs [163]. The hydroxamic acid motif is thought to
chelate the active site Fe(II). Indeed, the probe binds to NgTet1 with Kd ¼ 250 nM
and competes with 2OG (NgTET Kd ¼ 250 μM). N-Oxalylglycine (NOG, 30), a
close isostere and an inactive analogue of 2OG (3) and a broad-spectrum inhibitor of
2OG oxygenases [172], was also found to bind to NgTet1 (Kd ¼ 49 μM), demon-
strating the utility of FP assay for the identification of 2OG competitive binders of
the TET proteins.

While the human TET2-5hmC-DNA complex had been co-crystallised with
NOG [114], it was not until recently that NOG was demonstrated to inhibit the
catalytic activity of human TET2CD (IC50¼ 149 μM) using MALDI-TOFMS assay
[108]. R-2HG was confirmed to weakly inhibit TET2 in a similar range as previously
reported and S-2HG (28) at IC50 > 10 mM using this assay.

5.2.2 Non-metal-Chelating Inhibitors of TETs

We have recently reported the development of macrocyclic peptide inhibitors for the
human TETs [158]. Using mRNA display-based RaPID technology, macrocyclic
peptide binders of human TET1CD delΔ1099–1936 were selected from a pool of
>1012 peptides. Three sequences (TiP1 (36), TiP2 (37), Tip3M15L (38)) were
confirmed to bind to TET1 (Kd < 100–220 nM) using surface plasmon resonance
(SPR) and inhibit the catalytic activity at approximately IC50 ¼ 1 μM using 5hmC
antibody-based AlphaScreen™-based assay. Interestingly, TiP1 selectively
inhibited TET1 over TET2, demonstrating that some selectivity between different
TET proteins is possible. Unlike IOX1 (34), a 2OG competitive, metal-chelating
broad-spectrum 2OG oxygenase inhibitor control [172], the macrocyclic peptides do
not compete directly with 2OG, demonstrating a novel mode of action and a
promising approach to developing selective inhibitors.

6 Conclusions

DNA methylation is the most conserved epigenetic modification, and in mammals it
plays an important role in gene regulation. It is involved in normal biological
process, but it is also aberrant in several human diseases [35]. In particular it is
well studied in cancer, and, for example, certain FDA-approved cancer diagnostic
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kits are based on DNA methylation. Nevertheless, several questions remain to be
addressed, and chemical tools can be of help. The most potent inhibitors of DNA
methylation are the nucleoside analogues 5azaC and 5azadC that have their limita-
tions as described above. Non-nucleoside inhibitors have been designed or screened
to overcome this. Several have shown to demethylate promoters and reactivate
tumour suppressor genes, but none have the potency of the nucleoside inhibitors
in cells and in vivo. There are ongoing efforts to further improve the design of these
compounds, and novel strategies, such as the design of dual inhibitors or bisubstrate
analogues, are providing promise. Isoform-selective inhibitors of DNMTs (Dnmt1,
Dnmt2 or Dnmt3) will be of great use for the understanding of the roles of each, as
well as compounds that specifically demethylate DNA, which are devoid of
off-target effects.

In parallel, it is crucial to understand the downstream chemical fate of DNA
methylation. While sequential oxidations of 5mC to 5hmC, 5fC and 5caC are key
steps in the passive and active demethylation pathways, each oxidised 5mC mark
themselves has important regulatory functions, including active recruitment of
chromatin reader modules and protein complexes. TETs are thus involved in mul-
tiple levels of epigenetic regulation, making them an interesting protein family to
study. TETs play key roles in development and in disease. In cancer, TETs have
been shown to have both oncogenic and tumour suppressor functions. However, the
catalytic and non-catalytically dependent TET functions remain unclear in many
biological processes.

Recent progresses in structural and biochemical studies have provided great
insight into the functions of TET proteins. The substrate specificity, the allosteric
regulation with respect to other domains (e.g. CXXC domain, LCI domain) and the
biological impact, however, are not fully understood. Selective domain targeting
chemical probes for TETs will be valuable to investigate the regulation of cytosine
modifications on chromatin and transcription. Efforts have been made towards
developing inhibitors targeting the catalytic domain of TETs; however, many of
the small molecule inhibitors reported to date are weak inhibitors and are not
selective. Potent cyclic peptide inhibitors show promise, but cell permeability
remains a challenge. It is anticipated that the recent advancements in (high-
throughput) assays and structural information will aid in the development of chem-
ical probes for the TET proteins.
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Abstract The dynamic regulation of epigenetic processes is dictated by the addi-
tion, removal, and recognition of posttranslational modifications on proteins and
nucleic acids. These processes further regulate how our genetic information is
accessed within chromatin. The recognition of acetylated histones by bromodomain
modules is one such process that has been significantly evaluated as a promising
interaction to disrupt for developing epigenetic therapies. The discovery of such
inhibitors has been aided by the application of a wealth of biophysical and compu-
tational tools leading to insights into the structural biology of bromodomains and
potent inhibitors that are advancing in the clinic. This chapter will first provide a
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brief historical overview on the discovery and characterization of bromodomains,
followed by several of the seminal discoveries of bromodomain inhibitors. The
remainder of the chapter will provide descriptions of the experimental and compu-
tational tools that are available to scientists interested in biophysical analysis of
bromodomain inhibitor discovery for developing new drugs and chemical probes.
The field of chemical epigenetics is rapidly expanding, and the goal of this chapter is
to help researchers keep abreast of the new methods being used to study this
important epigenetic protein domain.

Keywords Acetyl lysine, Biophysical assays, Bromodomain, Histones, Inhibitor
discovery, Structural biology
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1 Introduction

Epigenetic regulation of gene transcription is a highly orchestrated process between
proteins engaging chromatin through enzymatic modification and effector domain
binding. The result of such enzymatic and binding events is the manipulation of
chromatin structure and recruitment of transcriptional complexes leading to either
activated or repressed genes. Understanding the mechanisms which govern the
transcriptional processes leading to heritable phenotypes that are not simply dictated
by the genetic code remains at the heart of the field of epigenetics.

The nucleosome, the fundamental building block of eukaryotic chromatin, is
composed of ~147 base pairs of DNA wrapped around an octameric bundle of
four conserved histone proteins: H2A, H2B, H3, and H4. It is the exposed unstruc-
tured termini of these histones, their core, and the DNA itself, which get
posttranslationally modified through a dynamic process to form a complex code
for determining the transcriptional program of the cell. The molecular mechanisms
of the multidomain proteins which read, write, and erase this code in a dynamic
fashion underlie what Allis and Strahl proposed as the “histone code” hypothesis [1].

Histone acetylation of N-ε-lysine side chains described in this chapter is one of
the many posttranslational chromatin modifications which include serine/threonine/
tyrosine phosphorylation, cytosine/lysine/arginine methylation, citrullination,
ubiquitination, and ADP-ribosylation [2]. Histone acetylation was first identified
by Phillips in 1963 [3] after isolation of calf thymus histones [4] and later described
by Allfrey et al. in 1964 to correlate with active transcription states leading to loosely
packed chromatin, called euchromatin [5]. Installation of lysine acetyl groups is
carried out by lysine acetyl transferases (KATS or HATS in the case of histone
acetyltransferases), belonging to a general class of epigenetic enzymes, colloquially
termed “writers.” Removal of acetylation, which can return chromatin to a con-
densed state, heterochromatin, is carried out by histone deacetylase (HDACs) or
more generally “erasers.” Finally, the effector or “reader” domains which bind to the
N-ε-acetyl groups and more broadly lysine acyl groups are bromodomains [6]. How-
ever, since the early discovery of bromodomain histone interactions, an additional
effector domain, the YEATS domain [7], has also been shown to bind to lysine acyl
groups but will not be discussed further in this chapter.

Whereas epigenetics describes the role of chromatin and chromatin-associated
proteins, the field of chemical epigenetics seeks to apply chemical tools to manip-
ulate epigenetic processes to further understand the biology or to treat disease
[8]. Since the first submicromolar inhibitors of a bromodomain were disclosed in
the primary literature in 2010 for the bromodomain and extraterminal (BET) family
of bromodomains [9, 10], there have been tremendous interest in the development of
highly selective bromodomain chemical probes from the academic community and
pharmaceutical interest for developing clinical drug candidates to treat disease. As of
2018, 26 clinical trials have been carried out or are ongoing for bromodomains, but it
remains to be validated if bromodomain inhibition will be successful as an effective
epigenetic therapy for controlling disease.
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Despite drug discovery efforts targeting bromodomains beginning in earnest only
in the last 8 years, there has been a sharp rise in the literature associated with
chemical epigenetic approaches to study these proteins and manipulate their function
as well as several comprehensive reviews [6, 11–15]. To provide a better under-
standing for researchers interested in drug discovery and chemical probe develop-
ment for bromodomains, this book chapter has been broken up into three parts. Part I
gives a brief timeline on the discovery of bromodomains and the structural biology
efforts to characterize human bromodomains. In Part II, we will describe several
early inhibitors of bromodomains which have led to the current clinical candidate
drugs and chemical probes for bromodomains. Finally, in Part III, we provide brief
descriptions of various biophysical and biochemical tools that have been developed
to study these proteins alongside case studies demonstrating how some of these
methods have led to successful inhibitor development. The chapter will close with a
brief outlook on the future of chemical epigenetic approaches for bromodomains.

2 Part I: Timeline of Bromodomain Discovery
and Characterization

2.1 Discovery of the Bromodomain Structural Motif

Although early drug discovery efforts targeting bromodomains did not start until
2005 [16], the first seminal studies of a bromodomain-containing gene were carried
out 13 years earlier by Tamkun et al. in 1992 when they identified the brahma gene
(brm) in Drosophila melanogaster (Fig. 1) [17]. These studies were based on a
genetic screen for activators of gene expression. The brm gene was shown to remove
the suppression of polycomb gene products and activation of src and antp genes
during embryonic development. Brm encodes for a 1638 residue protein, which the
authors found to be homologous to the SNF2/SWI2 protein found in yeast, a protein
that was associated with DNA binding. Within this large protein, a small structural
motif was identified not only in Brm and SNF2 but also in three other proteins fsh,
SPT7, and CCG1, demonstrating the conservation of this structural domain from
flies to yeast and humans. The motif was coined a bromodomain based on similarity
in name to the brahma gene. Prior to bromodomains, the chromatin-associated
chromodomains, which recognize methylated histones, had been identified. It was
later pointed out by Owen et al. that the similarity in nomenclature between
chromodomains and bromodomains also played a role in coining this new protein
domain name [18].

The prediction of the structure and functional roles of the bromodomains began to
slowly emerge after the initial discovery. Based on the original structural prediction
algorithms, bromodomains were thought to be approximately 77 residues, consisting
of 2 helices, αA and αB [19]. The amphipathic character of the helices led
researchers to speculate on their role in protein-protein interactions. Seven conserved
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residues were also identified within these helices: three tyrosines, a phenylalanine,
an isoleucine, and two asparagines. The conserved phenylalanine was part of
what would later be termed the “WPF shelf” motif in bromodomains [20]. One of
the conserved asparagine and tyrosine residues would also later be shown to be
essential for molecular recognition of the N-ε-acetyl of acetylated lysine by
bromodomains [18].

By 1997, the family of bromodomains was expanded to include 51 bromodomains
within 37 different human bromodomain-containing proteins [21]. Using improved
structural algorithms, the domain size was also enlarged to include ~110 amino acids
and 2 additional α-helices. The first helix N-terminal to helix αA was termed αZ,
and a C-terminal helix was termed αC (Fig. 2). Jeanmougin et al. separated the
51 bromodomains into 6 classes of protein of sequence and functional similarity and
1 unrelated group [21]. This number would increase to the currently established set
of 61 human bromodomains, in 8 families across 46 different proteins in 2012
through a large-scale structural analysis from researchers at the Structural Genomics
Consortium in Oxford [20].

2.2 Structural Biology Studies of Bromodomains Pave
the Way for Drug Discovery Efforts

The first structure of a bromodomain was solved by the Zhou group in 1999 using
solution phase NMR spectroscopy methods to study the bromodomain of the
histone acetyltransferase, p300/CBP-coactivator-associated protein, PCAF (Fig. 1)
[22]. This seminal work verified the four-helix structural motif, demonstrating what
would become a conserved left-handed four-helix bundle, with two structural loops,
connecting the αZ and αA helices and the αB and αC helices, defined as the ZA
and BC loops, respectively. Through 2D-HSQC NMR experiments, the authors

Fig. 2 Bromodomain structural elements. (a) The BRD4 bromodomain (gray) is depicted with a
bound histone (green), and the four alpha-helices, αZ, αA, αB, and αC, ZA loops, BC loops, and
WPF shelf are indicated. (b) Conserved binding interactions between a tyrosine and asparagine with
the acetylated lysine binding partner. (c) Locations of the five strcutural waters in the acetyl lysine
binding pocket are indicated in red. Figure adapted using the PDB entry 3UVX

292 W. C. K. Pomerantz et al.



experimentally showed the first example of an acetylated histone interaction
with a bromodomain using a short peptide of H4 with the PCAF bromodomain
and determined a 346 μM Kd via NMR titration. Such weak affinities would
subsequently be found to be a general characteristic of histone-bromodomain
interactions [20].

What would later pave the way for many biophysical and drug discovery studies,
the Zhou lab also characterized the first bromodomain small-molecule complex
with acetylated histamine [22]. Canonically, a conserved asparagine residue in
bromodomains typically forms a hydrogen bond with the acetyl group of histones
along with a water-mediated hydrogen bond with tyrosine. In this case, using
NOE-derived distance restraints, they localized binding to a hydrophobic cavity
between the BC and ZA loops. The mode of binding was distinct, as the N-acetyl
group on histamine did not engage N803. However, alanine mutagenesis subse-
quently showed that Y809 was essential for binding interactions.

The following year the first bromodomain crystal structures were solved by
Jacobsen et al. of a TAFII250 (also known as TAF1) tandem bromodomain [23]
and Owen et al. [18] of GCN5p, co-crystallized with a peptide of histone H4
containing residues 15–29 acetylated at lysine 16. In contrast to the results of
Zhou and co-workers, the GCN5p bromodomain structure showed the hydrogen
bond-mediated interactions of the acetyl group with the conserved asparagine side
chain on the BC loop (N407). A network of conserved water residues helped form a
water-mediated hydrogen bond with the phenolic hydroxyl of Y364. In addition to
hydrogen bonding, van Der Waals interactions form between the acetyl group and
F352 of the WPF shelf at the base of the pocket. Although an unacetylated histone
was shown to interact with GCN5p, HSQC NMR results disputed data from Ornaghi
et al. Their data favored a secondary low-affinity site with an arginine i + 3 residues
away [24] over a primary binding interaction with the unacetylated peptide. Wright
and co-workers would complement the GCN5p studies with a solution NMR
analysis of the protein alone and calculated affinities of acetylated H4 and H2A
histone peptides with dissociation constants of ~0.9 mM [25]. Further structural
analysis pointed out a negative electrostatic potential near the hydrophobic binding
cavity, consistent with binding interactions with the highly cationic peptides.

A network of five structural waters also identified by Owen et al. is conserved in
bromodomains. These water molecules need to be considered as targetable groups
within the protein complex rather than displaceable for achieving potent inhibition
when small molecules are designed to engage this pocket [18, 26]. These waters are
shown in Fig. 2 alongside additional bromodomain structural elements. One exam-
ple demonstrating the importance of structured water interactions was shown by
Crawford et al. for tuning selectivity and affinity of a series of new bromodomain
inhibitors based on the pyrrolopyridone scaffold (Fig. 3a) [29]. Liu et al. showed a
structured water could also be displaced by a polar acetyl lysine mimic, using a
hydrazide [27]. Further, in a computational analysis of 24 bromodomains by Vidler
et al. [26], they determined the importance of considering 5 structural water mole-
cules present in the acetylated lysine binding site for evaluating druggability.
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Currently, few ligands are known to displace these structural waters, the presence
of which decreases druggability of some bromodomains [1]. However, computa-
tional analysis of the structured water network suggests that differential stability of
structured waters could be exploited for developing selective inhibitors [31].
For example, structured waters were computationally shown to be more weakly
held within the first bromodomains of BRD4 and BRDT relative to the second
bromodomain within the same proteins and highly homologous bromodomains
within BRD2 and BRD3. In support of this difference in stability, Divakaran et al.
showed a 1,4,5 trisubstituted imidazole, V, could indeed displace structured waters

Fig. 3 (a) Small-molecule inhibitors 6 [27], PFI-3 [28], 5 [29], and V [30] that perturb the
structural waters in the Kac binding site. (b) Crystal structure of inhibitor V with BRD4 BD1
showing the key binding interactions and displacement of two structured waters. Adapted with
permission from Divakaran et al. [30]. Copyright (2018) American Chemical Society
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within the first bromodomain of BRD4 and was identified as one of the origins
of high selectivity for this compound [30] (Fig. 3). A similar binding mode and
displacement of structured waters has also been reported for a selective BRG1/PB1
bromodomain inhibitor, PFI-3 [28].

Additional chromatin-binding domains are typically found in close proximity to
bromodomains as a means to further increase affinity and specificity in both chro-
matin and transcriptional complexes. These include proximal PHD domains, such as
those found in BPTF [32] and BRPF [33]; KIX domains, as seen in p300/CBP [34];
as well as tandem bromodomains [20]. TAFII250/TAF1 was the earliest example
where high-resolution structural information was obtained for a multidomain
bromodomain-containing protein, as well as being the first x-ray crystal structure
of a bromodomain (PDBID: 1EQF) [23]. In this case, Tijan and co-workers crystal-
lized the tandem bromodomains. Isothermal titration calorimetry (ITC) analysis,
with both di- and tetraacetylated H4 histones, yielded stoichiometries of either 1:2
or 1:1, supporting engagement of both domains through a single peptide in the
hyperacetylated state. In later studies of the bromodomain and extraterminal (BET)
family of bromodomains, certain diacetylated histones were shown to engage both
the canonical histone binding site, with secondary interactions with the ZA and BC
bromodomain loops, whereas in other cases, engagement of two bromodomains was
observed such as for histone H4 acetylated at positions 8 and 12 [20]. In addition to
histone interactions, Tijan and co-workers speculated on the possibility of weak
DNA interactions with TAFII250. These interactions were thought to occur on the
basic face of the bromodomain and core histone interactions on its acidic face.
Such identifications of weak DNA interactions have since been experimentally
supported [35].

By 2012, driven by the growing structural biology data and disease-associated
behavior of aberrant bromodomain function, there was considerable interest in the
development of small-molecule inhibitors of histone-bromodomain interactions for
drug discovery. As a resource for such initiatives, Filippakopolous and co-workers
performed a large-scale structural analysis of bromodomains and biophysical deter-
mination of histone-bromodomain interactions [20]. These researchers contributed
an additional 29 high-resolution bromodomain crystal structures including 25 new
protein structures. Due to improved structural algorithms and BLAST searches, they
were able to reclassify bromodomains into a cluster of 8 protein families consisting
of 61 distinct bromodomains from 46 human proteins. In the class VIII family of
bromodomains, a new β-hairpin insert was identified as a new structural motif. These
families of bromodomains represent the current state of the field today. As of 2018,
there now exist over 1,050 structures of human and nonhuman bromodomains
(Table 1) serving as an excellent starting point for characterizing native interactions
and design of new inhibitors. A figure of the current bromodomain phylogenetic tree
including information on available crystal structures and chemical probes is com-
piled in Fig. 4.

To address the role of acetylation-dependent bromodomain interactions which
underlie the histone code, these researchers further went on to characterize 485 his-
tone-bromodomain interactions using peptide arrays which included both histone
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acetylation and additional posttranslational modifications [20]. They estimated the
affinity limit of detection for this method to be ~0.5 mM, and thus weaker interac-
tions may have been missed. Due to the limited information content from this assay,
these interactions should be further verified by additional biophysical methods, such
as ITC, which was carried out for a subset of these interactions in that report.

Table 1 Crystal structure information of human and nonhuman bromodomains

Bromodomaina Number of structures Apo/holo PDB entry Holo PDB entry

ASH1L 1 3mqm NA

ATAD2A 43 4tu6 4tte

ATAD2B 1 3lxj NA

BAZ1A 1 5uiy NA

BAZ2B 268 5pen 5l8u

BPTF 4 3uv2 NA

BRD1 300 5pqi 5poa

BRD2(1) 19 NA 3yek

BRD2(2) 35 5ibn 5u6v

BRD3(1) 2 3s91 2le5

BRD3(2) 6 2oo1 3s92

BRD4(1) 157 3lyi 3mxf

BRD4(2) 20 NA 3oni

BRD7 2 NA 5mq1

BRD9 30 4yy4 5iy7

BRDT(1) 6 2rfj 4flp

BRDT(2) 1 2wp1 NA

BRPF1B 1 4lc2 NA

CECR2 2 3nxb 5v84

CREBBP 66 4ouf 5i89

EP300 4 NA 5nu5

GCN5L2 2 3d7c 5mlj

PB1(1) 1 3ui5 NA

PB1(5) 14 3g0j 5fh8

PCAF 18 3gg3 5lvq

PHIP(2) 8 3mb3 5enf

SMARCA4 4 2grc 5dkd

SP100 12 4ptb 5pwc

TAF1(2) 8 3uv4 5mg2

TAF1L(2) 2 3hmh 5igl

TRIM24 16 3o33 5h1t

TRIM33A 5 3u5m 5mr8

WDR9(1) 1 3qet NA

ZMYND11 4 4ns5 NA
aNumbering in parenthesis indicates the order of the bromodomain from the N-terminus of the
protein. NA indicates the structure is not available. Current as of December 2018
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Fig. 4 Bromodomain phylogenetic tree adapted from the Structural Genomics Consortium to
estimate the position and similarity of bromodomain family members. Available crystal structures
(triangles) and reported chemical probes (circles) according to the Chemical Probes Portal and the
Structural Genomics Consortium are indicated when available. Current as of December 2018
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As a final commentary on native bromodomain interactions beyond acetylated
histones, acetylated transcription factor-bromodomain interactions are relevant
for controlling gene expression. Disruption of such interactions can also be targets
for drug discovery. Several examples in the literature have included the CBP
bromodomain with acetylated p53 [36] and CREB [34], the PCAF bromodomain
with acetylated TAT [37], and the BRD4 bromodomain interaction with acetylated
NF-κB [38], TWIST [39], and the androgen receptor [40]. In the case of the tandem
bromodomains of BRD4, it is thought that the predominant role of the first
N-terminal bromodomain is for histone recognition, while the second bromodomain
interacts with transcription factors [35]. However, this may not be the mechanism in
all cases.

3 Part II: Early Small-Molecule Bromodomain Inhibitor
Discovery

3.1 PCAF

The bromodomain of the p300/CBP-associated factor protein, PCAF, holds
historical precedent as the first bromodomain for which a small-molecule inhibitor
was developed. Until 2005, the functional consequences of inhibiting a human
bromodomain were untested due to a lack of small-molecule inhibitors. At this
time, Zhou and co-workers described the first reported bromodomain inhibitor,
NP1 (Fig. 1), targeting the PCAF bromodomain and demonstrated selectivity over
two other bromodomains from CBP and TIF1β [16]. The authors were motivated by
the fact that acetylation of the viral transcriptional activator, TAT, at K50 was
essential for transcription of essential genes for the HIV life cycle through interaction
with the PCAF bromodomain. Blocking such an interaction could then suppress
viral replication. Using a 2D 1H-15N HSQC NMR screen of several thousand
compounds, the authors identified several molecules which bound outside the
histone binding site, targeting the BC and ZA loops. Structure activity studies in
an ELISA format using a biotinylated TAT peptide led to NP1 whose binding was
further confirmed via an NMR solution structure of the complex (PDBID: 1WUG).
Hu et al. would slightly improve on this affinity using a higher-throughput fluores-
cence polarization assay with a related analog leading to inhibition constants at
submicromolar levels (IC50 ¼ 0.93 μM) versus an IC50 of 1.37 μM for NP1 in the
same assay [41]. They also demonstrated preliminary anti-HIV cellular activity data.

Since the original work by Zhou and co-workers, several high-affinity inhibitors
of PCAF are available with high selectivity against human bromodomains. In
addition to HIV infection, aberrant PCAF function has been linked to cancer and
neuroinflammation. As such, these inhibitors should be of broad use to the commu-
nity. One such inhibitor based on a triazolophtalazine scaffold, L-45 or L-Moses
(Fig. 4), was reported by Moustakin et al. in 2017 to be cellular active and highly
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selective [42]. This study used a promiscuous inhibitor scaffold based on the
pan-bromodomain inhibitor, bromosporine [43]. Virtual screening efforts of over
12,000 compounds were then applied and a thermal stability assay (differential
scanning fluorimetry, DSF) implemented to verify hits. The optimized inhibitor
with a Kd of 126 nM for PCAF only had off-target binding to one human
bromodomain, the highly homologous bromodomain of GCN5 (Kd ¼ 600 nM).
Target engagement was carried out by a NanoBRET assay in HEK-293 cells and
possessed a 40 min half-life against human liver microsomes demonstrating good
metabolic stability for in vivo studies. This compound is available from the Struc-
tural Genomics Consortium along with a negative control enantiomer D-Moses.
During the same time period, Constellation and Genentech patented several PCAF
inhibitors, including a pyridazinone scaffold (WO/2016/112298A1), that GSK
researchers also reported on [44]. The lead compound GSK4027 (Fig. 3) and
negative control GSK4028 are also available from the SGC and have improved
binding affinity for PCAF and GCN5 with a Ki of 1.4 nM for both proteins and
>70-fold selectivity against other human bromodomains.

3.2 CBP/p300

The CREB-binding protein (CBP) and homologous protein p300 are large
coactivator proteins possessing histone acetyltransferase activity, histone binding
ability via its bromodomain, and additional protein-protein interaction modules
for binding transcriptional activators, including the KIX, CH1, and CH2 domains
[45]. This protein has been shown to be essential in the development with genetic
knockouts resulting in embryonic lethality [46]. Aberrant function of the protein and
associated transcription factors are linked to Rubinstein-Taybi syndrome [47],
cardiac ischemia [48], leukemia [49], and ovarian, breast, and lung cancers [50].

The bromodomain of CBP was the second target for small-molecule development
in 2006 also by the Zhou lab for disrupting an acetylated p53 interaction [48]. The
tumor suppressor activity of p53 is often attempted to be preserved as an anticancer
therapy; however, in this report Sachchidanand et al. sought to reduce hyperactivity
of p53 during myocardial ischemia which leads to cardiomyocyte death. The
mechanism for such a response is via acetylation of p53 at K382 leading to
p53-mediated recruitment of CBP to chromatin and initiation of gene transcription
in response to DNA damage.

Sachchidanand et al. designed a focused library of acetylated lysine mimics,
consisting of an N-acetyl amine connected to diverse aromatic rings [48]. These
200 compounds were screened by 2D 1H-15N HSQC NMR in mixtures of 8 com-
pounds. Following deconvolution of hits based on chemical shift perturbation,
computational docking and an NMR solution structure led to MS7972 (PDBID
2D82). A Kd of 19 μM was subsequently determined via a tryptophan intrinsic
fluorescence assay in addition to blocking acetylated p53 interactions in vitro.
Preliminary data showed effects at decreasing p21 levels in U2OS cells at high

Applied Biophysics for Bromodomain Drug Discovery 299



micromolar concentrations. A second compound, a tetrahydroquinoline, MS2126,
was also shown to display lower levels of activity. The tetrahydroquinoline motif has
since been shown to be an effective scaffold against additional bromodomains.

By 2011, Zhou and co-workers would develop improved inhibitors based on
cell-permeable peptide macrocycles derived from p53 [51] and a small molecule
with a diazobenzene scaffold, termed ischemin [52] (Fig. 5). Ischemin was able
to completely inhibit p53 activity at mid-micromolar concentrations in a p53-
dependent p21 luciferase assay with an IC50 of 5 μM. Moderate selectivity of
fivefold was further demonstrated over additional bromodomains, including the
first bromodomain of BRD4, PCAF, BAZ1B, and BAZ2B. Doxycycline-induced
DNA damage in rat neonatal cardiomyocytes and apoptosis from caspase activity
were also blocked when treated with ischemin.

Several submicromolar inhibitors have since been developed for the CBP/p300
bromodomain with increasing levels of selectivity [56]. The first promiscuous but
submicromolar binder of the CBP bromodomain was reported in 2013 [53], based on
the triazolophtalazines, the same scaffold as the PCAF inhibitor described above.
The activity was improved by Conway and co-workers, with their report of a 390 nM
inhibitor with increased selectivity for CBP (Fig. 5) [54]. This report is notable, as it
was described as the first selective nanomolar inhibitor of a bromodomain outside of
the bromodomain and extraterminal (BET) family, for which a variety of inhibitors
had already been reported since 2010. Using an AlphaScreen bead-based assay with
immobilized histones and the CBP bromodomain, the Conway group developed a
dihydroquinazolinone as an acetylated lysine mimic from an original fragment lead
based on the solvent molecule N-methyl-2-pyrrollidone. X-ray crystallography was
used to guide the medicinal chemistry identifying engagement of a ZA channel-
structured water, leading to an induced-fit binding mechanism. Notably, a cation-pi
interaction with R1173 and the tetrahydroquinoline pendant group on their inhibitor
was shown to be essential for the observed affinity. Modest selectivity of 3.6-fold

Fig. 5 Select CBP/p300 bromodomain inhibitors, ischemin [52], MS7972 [48], MS2126 [48],
triazolophtalazines [53], dihydroquinazolinone [54], and I-CBP112 [55]
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was observed against the first bromodomain of BRD4. When tested in the U2OS
cells, target engagement and small-molecule displacement of the CBP bromodomain
from chromatin were verified using a fluorescence recovery after photobleaching
(FRAP) assay.

An improved inhibitor from the Structural Genomics Consortium in Oxford,
I-CBP112 (Figs. 4 and 5), has now been disclosed, with a Kd of 151 and 167 nM
for the CBP and p300 bromodomains, respectively, and only low to mid-micromolar
affinity for the BRD4 bromodomains [55]. Although active in cells, and competent
for displacing an isolated bromodomain from chromatin, I-CBP112 was unable to
displace full-length CBP from chromatin in the same FRAP assay, consistent with
additional interactions being necessary to stabilize the protein complex at genomic
loci. However, this molecule did show anticancer activity in bone marrow cells
driven by the MLL-CBP fusion protein impairing clonogenetic growth. Reduced
clonogenetic growth from I-CBP112 treatment was also observed in 12 additional
human cell lines tested.

3.3 BETs

A seminal breakthrough for bromodomain inhibitor discovery occurred in 2010 with
the dual reports of the first submicromolar inhibitors of the BET bromodomains
(BRD2, 3, 4, and T) by GSK [10] and a collaborative study between the Structural
Genomics Consortium in Oxford and the Bradner laboratory at the Dana-Farber
Cancer Institute [9]. These landmark reports which led to invaluable chemical probes
for the BET bromodomains have since set the stage for validating the therapeutic
potential for inhibiting bromodomain function in human clinical trials.

In the GSK study by Nicodeme et al., the researchers developed the 1,2,4-triazolo-
benzodiazepine inhibitor termed I-BET based on their investigation of inflammation
modulatory compounds for the immune system (Fig. 6) [10]. The lead compound was
developed from an initial reporter assay screen for small-molecule activation of
ApoA1 followed by target identification of the BET bromodomains using an affinity
matrix selection of tethered small molecules. I-BETmaintained aKd of 50.5–61.3 nM
for tandem BET bromodomains by ITC and similar affinity in a histone-competitive
FRET assay. Selectivity was further verified against 5 other off-target bromodomains
in a thermal stability study and 38 additional proteins in biochemical assays. In a
cellular context, I-BET-treated bone-derived macrophages stimulated with lipopoly-
saccharide (LPS) downregulated up to 151 inflammatory genes including expression
of cytokines and chemokines, Il6, Ifnb1, Il1b, and cxcl9. Their results with I-BET
treatment were similar when compared with siRNA genetic knockdown of individual
BETs. However, only the siRNA bromodomain knockdowns affecting TNF levels
supported additional mechanisms for BETs outside of bromodomain interactions. In
2012, 20 years after the initial characterization of a bromodomain structural motif,
this molecule (also called IBET762 and GSK525762) would become the first
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bromodomain inhibitor used in clinical trials for treating NUT-midline carcinoma
(NMC, Clinical Trial ID: NCT01587703).

The corresponding study by Filippakopoulos et al. disclosed a similar diazepine,
(+)-JQ1, derived from a 1,2,4 triazolothienodiazepine (Fig. 6) [9]. This compound
was selected from a prior 2009 patent from Mitsubishi Tanabe Pharma Corporation
(WO 2009084693 A1) [65]. Although (+)-JQ1 was not identified as the most
efficacious compound in the patent, it was selected based on expectations for
reduced off-target receptor binding as well as future derivatization. Interestingly,
the more potent compound from the patent contained a 4-hydroxyphenylacetamide
group in place of the tert-butyl ester of (+)-JQ1. This molecule has since been
licensed by Oncoethix (now OTX-015) and as of 2018 had been tested in phase I
and II clinical trials from Merck for treating solid tumors in various cancers.

For chemical probe development, (+)-JQ1 demonstrated high selectivity for BET
bromodomains by thermal shift assays against a panel of 36 bromodomains with the

Fig. 6 Select BET bromodomain inhibitors from the literature including Pan-BET inhibitors [9, 10,
57–59], BRD4-selective inhibitor, Fl-411 [60], BET BD1 selective inhibitors [61, 62], or BET BD2
selective inhibitors [63, 64], BD1 selective inhibitor V, is shown in Fig. 3
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highest induced stability for the first bromodomain of BRD4 [9]. X-ray crystallog-
raphy (PDBID 3mxf) established the binding mechanism, in which the methylated
1,2,4-triazole serving as the acetylated lysine mimetic effectively engaged N140 and
Y97 via a water-mediated hydrogen bond.

One advantageous feature of a chemical probe molecule is a suitable negative
control with similar physicochemical properties to the active compound. The enan-
tiomer (�)-JQ1 has served this role and has led to robust results describing the
biological activity of (+)-JQ1 across a range of disease indications including cancer,
cardiac hypertrophy, and inflammation [14]. In the first report, the authors demon-
strated the efficacy of (+)-JQ1 for treating patient-derived NMC cells, driven by a
BRD4-NUT fusion protein [9]. Treatment led to the cellular differentiation and G1
cell cycle arrest, demonstrating the potential of bromodomain inhibitors for epige-
netic reprogramming of cell identity. PET imaging of NMC-derived mouse xeno-
grafts also showed tumor reduction, further validating anticancer activity.

(+)-JQ1 is a widely shared chemical probe which has been distributed to
researchers across the globe. One of the first collaborative studies to use this probe
in combination with an RNAi screen of chromatin regulators was with the Vakoc
and Lowe labs demonstrating that BRD4 inhibition with (+)-JQ1 can reduce tran-
scription of the oncogene c-Myc in acute myeloid leukemia, leading to differentia-
tion of terminal myeloid cells [66]. At the same time, similar effects were also seen
against multiple myeloma, supporting a broader potential for a BET-targeted therapy
for hematological diseases [67]. Young and co-workers shed light on how (+)-JQ1
inhibition of a ubiquitous coactivator protein like BRD4, typically involved in
transcriptional elongation through association with the positive transcription elon-
gation factor B, P-TEFB, can induce a therapeutic response [68]. In this work, they
showed BRD4 associated with Mediator at large closely spaced enhancer regions
more than 10 kilobases in total size, termed super-enhancers. Inhibiting transcription
of c-Myc in blood cancers due to sensitivity to super-enhancer regulation is one of
the several mechanisms for which BET bromodomains have now been shown to
regulate oncogenic pathways.

Since the disclosure of the triazolodiazepine inhibitor scaffold, numerous inhib-
itors have since been reported and are actively being investigated in the clinic briefly
discussed below. Selectivity within the BET family still remains a significant
challenge. Currently the majority of inhibitors in clinical trials are pan-BET inhib-
itors. Bayer has developed a BRD4 inhibitor BAY123807 with >10fold selectivity
over other BETs, but the structure has not been disclosed. In the published literature,
Ouyang et al. reported a BRD4-selective inhibitor (FL-411, Fig. 6) with high
nanomolar affinity for inducing autophagy-mediated cell death in breast cancer
[60]. In lieu of other specific BET family member inhibitors, selectivity between
the two terminal bromodomains (BD1 and BD2) within the BET family of proteins
has been established in several cases (Fig. 6). RVX-208 [63] and RVX-297 [64],
reported by the Structural Genomics Consortium in Oxford and Zenith Epigenetics
Corp., now allow for the study of BD2-dependent processes. RVX-208 affected a
smaller set of BET-dependent genes when compared to pan-BET inhibitors
[63]. However, RVX-208 testing for treating cardiovascular disease is now in
phase III clinical trials (NCT02586155).
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BET-BD1 inhibition is also being investigated as a potential strategy over
inhibiting both bromodomains for reducing potential off-target effects. Early studies
in mice showed that deletion of domain 1 of BET, BRDT, which is expressed
predominantly in the testis, was sufficient to impair sperm function [69]. The Zhou
lab has since developed molecules MS-436 [61], MS-611 [62], and Olinone [62]
with BD1 selectivity (Fig. 6). Despite being potent BRD4 BD1 inhibitors, however,
MS-436 and MS-611 are not selective for BD1 over BD2 in other BET proteins.
Alternatively, Olinone is a weak-affinity ligand for BRD4 BD1 (Kd ¼ 3.3 μM) but
maintains selectivity against non-BET bromodomains and only exhibits off-target
activity against CBP at high micromolar levels. Divakaran has now reported a
slightly improved inhibitor BD1-selective inhibitor, V, with a 1.2 μM Kd and
>55-fold selectivity of BRD4 BD1 over BD2 and the highest affinity for BRD4
BD1 relative to the other BET bromodomains tested [30]. Improved BET BD1
inhibitors, and ultimately single BET bromodomain inhibitors for BRD2, 3, 4,
and T, will allow researchers to further dissect BET bromodomain interactions
with chromatin, acetylated transcription factors, and their effects on transcription.

As an alternative to improved selectivity, polypharmacology has also been
explored for dual kinase and bromodomain inhibition. The BET bromodomain,
BRD4, was recently identified as an atypical kinase capable of phosphorylating
RNA Pol II [70]. Such behavior led Schönbrunn and co-workers to evaluate a cyclin-
dependent kinase inhibitor, dinaciclib, for interactions with BD1 of BRDT (Fig. 7)
[59]. Although the binding interaction was weak, Kd ¼ 37 μM, selectivity remained
high for BETs. A high-resolution x-ray co-crystal structure identified the pyridine
oxide of dinaciclib to serve as the acetylated lysine mimic. Moreover, comparison of
binding modes with kinase inhibitor co-crystal structures led the researchers to
speculate the hinge-binding kinase inhibitor scaffolds could serve as optimal inhib-
itors for bromodomains.

This observation of kinase hinge binders serving as bromodomain inhibitors
was validated the following year with two independent publications from the
Schönbrunn lab and the Knapp lab [57, 58]. In these cases, library screening and
crystallization studies identified a variety of known kinase inhibitors with affinity for
BET bromodomains. Most notably both groups identified PLK1 inhibitor, BI-2536,
and JAK2 inhibitor TG-101348 to inhibit BRD4 and BRDT with nanomolar potency
(Fig. 6). A subset of the published kinase inhibitor sets I and II from GSK was also
used in a tandem bromodomain NMR screen against BPTF and BRD4 BD1 [71],
identifying ligands for both proteins including a p38α inhibitor analog of the 1,4,5-
trisubstituted imidazole scaffold identified by the Schönbrunn lab for BRD4 BD1.

Although a monotherapy using a dual kinase/bromodomain inhibitor has yet to
be investigated in the clinic, promising results of a potent PI3K and BET inhibitor
with nanomolar potency have been reported using a thienopyranone scaffold
[72]. Supporting a polypharmacology approach, dual inhibition of Myc degradation
through PI3K inhibition and Myc transcription via BET bromodomain inhibition,
led to less toxic effects in an orthotopic pancreatic cancer model for spontaneous
tumor metathesis than when treated with a combination of (+)-JQ1 and PI3K
inhibitor BKM120. Of note, their lead thienopyranone, SF2523, also displayed
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Drug candidate Condition treated
RVX000222/

RVX208

Cardiovascular disease

GSK525762/I-BET-762/iBET

Breast and prostate cancer
NUT midline carcinoma

ABBV-075

Breast cancer
Non-small cell lung cancer

OTX105/OTX015MK8628

NUT midline carcinoma
Triple negative breast cancer

Solid tumors

CPI-0610

Multiple myeloma
Leukemia

Myelofibrosis

BMS-986158

Advanced tumors

RO6870810
Acute myeloid leukemia

Ovarian and breast cancers
Solid tumors

GSK2820151 Solid tumors

CC-900010 Lymphomas

BAY 1238097 Neoplasms

ZEN003694 Metastatic castration-resistant
prostate cancer

INCB054329 Solid tumors and
hematologic malignancy

INCB057643 Solid tumors and
hematologic malignancy

Fig. 7 Bromodomain
inhibitors in clinical trials
and their respective targeted
disease states

Applied Biophysics for Bromodomain Drug Discovery 305



4.2–10-fold BD1 over BD2 selectivity against BRD2, 3, and 4. Further develop-
ments with dual kinase/bromodomain inhibitors have been reviewed elsewhere [73].

3.4 Bromodomain Clinical Trials and Chemical Probes

At this point in time, almost half of the 61 bromodomains now have chemical
probes which maintain high selectivity over the majority of other bromodomains
to study their mechanisms of action. Following the first phase I clinical trial in 2012
by GSK of BET inhibitor I-BET/I-BET762/GSK525762 for treating patients with
NUT-midline carcinoma, 26 additional clinical trials are currently underway or have
been either completed or terminated. The most advanced trial, with BET inhibitor,
RVX-208, created by Resverlogix, is in phase III clinical trials for cardiovascular
disease. In all trials, only BET bromodomain inhibitors are under study. Figure 7
summarizes the current status of both clinical trial candidates, and chemical probes
are shown in Fig. 4. These numbers should only grow over time.

4 Part III: Computational and Experimental Biophysical
Methods for Bromodomain Inhibitor Development

4.1 High-Throughput Virtual Screens and Molecular
Dynamic Simulations for Bromodomain Inhibitor
Discovery

Computational methods have been applied to bromodomain ligand discovery
using virtual screening of small molecules against virtual protein structures. This
is enabled by the wealth of bromodomain structures that have been reported as
shown in Table 1. Virtual screening is commonly accomplished using programs
such as Maestro’s Glide docking software, MOE, or more specialized docking
techniques [74–76]. Methods for library selection range from large (millions of
commercially available compounds) available in the ZINC database to focused
libraries based on previously reported scaffolds or drug repurposing of
FDA-approved libraries. Large libraries are useful for discovering previously
unreported pharmacophores for bromodomain inhibition. An example of this is the
discovery of novel scaffolds for BRD4 reported by Vidler et al. [75]. A large virtual
library of compounds was filtered to include pharmacophores similar to the acety-
lated lysine. Of 2.4 million compounds screened, 240 were taken on for testing in
an AlphaScreen assay, and 6 showed activity against BRD4 BD1. Several of
these molecules were sufficiently soluble and possessed high enough affinity
to be co-crystallized with BRD4 BD1, leading to new substructures for BRD4
inhibitors [75].
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An alternative computational approach is to use known small-molecule scaffolds
as starting points. An advantage to this is the ability to use known structural biology
to rationally design specific interactions to improve affinity and selectivity. This
is often challenging due to high structure homology between the 61 human
bromodomains. Shadrick et al. used molecular docking of previously reported
bromodomain binding epitopes based on a tetrahydroquinoline scaffold [74]. This
core is synthetically tractable and was used to develop a selective inhibitor for BET
BD2s. They rationally designed analogs to take advantage of the difference in the
position of the structural waters in the ZA channel in BRD2 BD1 vs. BD2 and their
contacts with tetrahydroquinoline analogs. Using this technique, they developed a
modestly selective BET BD2 inhibitor with 7.8-fold selectivity for BD2 of BRD2 as
determined by ITC, though the selectivity was less in both SPR and TR-FRET
assays. This study demonstrates the continued difficulty of engineering domain or
isoform selectivity between bromodomains, despite the wealth of structural biology
studies focused on bromodomains.

Continued increases in access to computational power and advances in theory
have furthered the use of molecular dynamics in designing selectivity. A study by
Aldeghi et al. described a retrospective prediction of the pan-bromodomain inhibitor
bromosporine and the BET BD2-selective compound RVX-208. Affinities for a
subset of bromodomains using absolute binding free energy calculations, based on
molecular dynamics, were calculated. They achieved a good correlation between
experimentally measured and predicted affinities; these predictions may lead to
designed selectivity in the future [77]. Recent advances in virtual screening use
proteochemometric models with small-molecule fingerprints and binding-site
descriptors to develop more selective molecules between the bromodomain families
[78]. Virtual screening poses do not always recapitulate in co-crystal structures;
Allen et al. discovered that molecular dynamics were required to determine accurate
poses for their novel class of BRD4 inhibitors [79].

Virtual screening must be followed up by biophysical characterization. A general
workflow used in a virtual screen-to-lead study is described in Fig. 8. As an example,

Fig. 8 General virtual
screening workflow
example: millions of
compounds are docked with
high-throughput virtual
screening; the top 1% are
docked with high-precision
docking. Commercially
available compounds, which
scored well in high-
precision docking, are
followed up in vitro with a
biophysical assay to
determine affinity
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Ayoub et al. conducted a virtual screen of six million compounds against the
first bromodomain of BRDT; the top 0.1% were filtered to 200 compounds by
precision filtering and removal of potential pan-assay interference compounds.
Twenty of these compounds were purchased and tested in a fluorescence polariza-
tion (FP) assay, of which nine had activity against BRDT. The lead compound, a
dihydropyridine, was further verified as a BET inhibitor using differential scanning
fluorimetry, a protein-observed NMR method, and finally the binding pose was
elucidated by a co-crystal structure with the BET bromodomain BRD4 BD1. Due
to the higher binding affinity for BRD4 BD1, the potency of the molecule was
improved leading to in-cell activity in MM.1.S cells by downregulating Myc
expression [80].

4.2 Direct-Binding Experiments with Bromodomains

4.2.1 NMR Methods Have Been Instrumental in Bromodomain
Inhibitor Discovery

As previously noted, early research by Zhou and co-workers using NMR
methods was instrumental in confirming the tertiary structure of bromodomains
and understanding binding-site interactions between acetylated histones and
bromodomains [17]. Since then, NMR methods have been widely used in screening
assays and to characterize bromodomain inhibitors. In a NMR binding assay, the
difference in the chemical shift, intensity, or phase of the resonance is analyzed
between two experiments: (1) ligand- or protein-only reference and (2) ligand +
protein. The two broad classes of NMR binding assays are ligand- and protein-
observed, in which the resonances of ligands or the protein are monitored, respec-
tively. Both ligand- and protein-observed NMR methods are sensitive techniques
that can detect a wide range of binding affinities (nM to mM) making them
applicable assays for any stage of inhibitor development. NMR methods used in
drug discovery of bromodomains include, but are not limited to, HSQC, PrOF, STD,
and CPMG NMR. These methods are described below.

Both ligand- and protein-observed NMR methods offer distinct advantages and
disadvantages. For example, ligand-observed experiments require relatively low
concentrations of protein (5–10 μM per experiment), and the behavior of ligands
in solution can be monitored by resonance height, line width, or chemical shift.
Additionally, mixtures of ligands can be screened in a single NMR tube with no
deconvolution needed, because the identity of each ligand resonance is known.
However, ligand-observed methods give no information on protein stability or
binding-site location. In contrast, protein-observed methods require larger amounts
of isotopically labeled protein (typically 50–200 μM of 19F-, 13C-, or 15N-labeled
protein per experiment). An advantage of protein-observed methods is the ability to
glean protein structural information from the spectrum. Because these methods
observe protein resonances, a disadvantage of protein-observed experiments using
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mixtures of ligands is the inability to identify which compound(s) caused the
perturbation of resonances as well as the throughput of the experiment.

A key advantage of protein-observed NMR methods is the ability to qualitatively
and quantitatively asses binding affinities. For a biomolecular binding interaction,Kd

is defined as the ratio of rate constants koff/kon where kon can be estimated to be the
rate of diffusion for small molecules (although this may not always be true). Thus,
Kd can be estimated from observing koff. On the NMR timescale, compounds sample
the protein-bound and unbound states at different rates that can be classified as fast,
slow, or intermediate exchange (Fig. 9). A qualitative assessment of the strength of
binding can be gleaned by the nature of the protein resonance response. There are
three binding regimes on the NMR timescale: (1) fast chemical exchange (change in
chemical shift (typically for ligands with low affinity Kd ¼ high μM to mM)),
(2) slow chemical exchange (two resonances are present representing the free and
bound states of the ligand (typical Kd < 1 μM)), and (3) intermediate chemical
exchange (broadening and movement of the resonance (Kd typically ~1–100 μM)).
To calculate a Kd of a ligand (or protein) in fast chemical exchange, a titration of
various ligand concentrations, ranging from low μM to mM, is performed. The
change in chemical shift of the protein resonance is plotted and fitted to Eq. 1:

Fig. 9 Examples of resonance behavior indicative of the three chemical exchange regimes.
Examples are of protein-observed 19F NMR spectra, but similar behavior is observed using other
NMR-active isotopes. Arrows indicate the direction of the free to bound resonance and magnitude
of chemical shift change (Δδ)
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where Δδmax is the maximum change in chemical shift, L is the concentration of
ligand, and P is the concentration of protein. Equation 1 is a variation of Eq. 2, the
general Kd equation that accounts for ligand or protein depletion.
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In Eq. 2, Ptot is the total concentration of protein, and Ltot is the total concentration
of the ligand.

4.2.2 Two-Dimensional NMR Methods Provide a Detailed Picture
of the Binding Interaction

Two-dimensional protein-observed NMR experiments identify the binding site and
give information on the key amino acids involved in binding interactions. Common
experiments of this type include 1H-15N- or 1H-13C-HSQC/HMQC experiments.
1H-15N-HSQC/HMQC monitors the protein amide backbone, and 1H-13C-HSQC/
HMQC experiments monitor isotopically labeled protein methyl groups resulting in
a simpler spectrum than 15N labeling. These experiments can be lengthy, require
large amounts of isotopically labeled protein, and give complicated spectra to
interpret making them not ideal for screening large libraries of ligands. However,
both methods have successfully been used to screen for bromodomain inhibitors. For
example, Hasvold et al. used 1H-13C-HSQC to screen 18,000 fragments in mixtures
of 30 leading to a novel methyl pyrrole inhibitor of BET bromodomains [81]. Harner
et al. screened 13,800 fragments against ADTAD2 using 1H-15N-SOFAST-HMQC
(Fig. 10) [82]. More commonly, an assigned 1H-15N-HSQC protein spectrum is used

Fig. 10 Example overlays of 2D-NMR spectra. Blue ovals emphasize shifts of protein resonances
when a ligand is (red) and is not (black) present in the sample. (a) 1H–15N SOFAST-HMQC for
ligand discovery ATAD2. Adapted with permission from Harner et al. (b) 1H–13C-HSQC for ligand
discovery for BRD4 BD2. Adapted with permission from Hasvold et al. permission pending
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to characterize binding of known hits or aid in hit development [83]. This method is
especially useful to identify the binding site and key amino acids when a co-crystal
structure cannot be obtained. Additionally, 2D-NMR methods have been used to
study the interaction between bromodomains and acetylated histone peptide mimics
[25, 84–87]. As an example, Ferguson et al. used 1H-15N-HSQC chemical shift and
CLEAN-chemical exchange experiments to determine hot spot amino acids involved
in the native interaction between H3K14ac and BAZ2B [88]. Multidomain
proteins have also been studied by 1H-15N-HSQC NMR with chemically defined
nucleosomes [35].

4.2.3 PrOF NMR Is a Sensitive Technique That Gives Simple Spectra
to Analyze for Binding Interactions

Protein-observed fluorine (PrOF) NMR is an alternate protein-observed method that
is fast and gives simple spectra to interpret. For PrOF NMR, bromodomains are
fluorine labeled by the incorporation of fluorinated amino acids. Fluorine is an ideal
NMR reporting atom, because it is the second most sensitive stable NMR-active
nuclei (83% compared to 1H), its hyperresponsiveness to change in its environment
evident by its ~400 ppm chemical shift range, 19F is 100% isotopically naturally
abundant, and fluorine is not present in biomolecules, resulting in no background
signal [89, 90]. Aromatic amino acids are enriched at the bromodomain binding
interface but not prevalent throughout the rest of the protein [91, 92]. Thus,
nonnatural amino acids such as 5-fluorotryptophan (5FW), 3-fluorotyrosine (3FY),
or 4-fluorophenylalanine (4FF) may be incorporated as sensitive NMR reporter side
chains. A detailed protocol for fluorinated amino acid incorporation and strategies
for fluorine labeling and screening have been described [93]. PrOF NMR experi-
ments with bromodomains are fast (2–5 min with 50 μM protein on a 500 MHz
instrument) when cryoprobes are used and the chemical shift perturbations are
reproducible making it a good method for screening [94]. Additionally, having
multiple fluorine labels allows for monitoring of protein behavior and assessment
of where small molecules are binding to the protein (Fig. 11).

A 2015 paper by Urick et al. exemplifies a screening platform that takes advan-
tage of the strengths of PrOF NMR, DSF, FP, and ITC to identify hits, rank order
hits, and characterize binding affinity for compounds targeting BRD4 BD1 and
BPTF [71]. An advantage of PrOF NMR over ligand-observed NMR methods is
the ability to screen two proteins in the same experiment (single NMR tube) because
the PrOF NMR spectra are simple, essentially completing two screens at once. Dual-
protein PrOF NMR screens give bromodomain selectivity information at the onset of
the inhibitor discovery process. The HSQC analog of this experiment, RAMPED-UP
NMR, was previously described by Zartler et al. [95].

Urick et al. completed a dual-protein PrOF NMR screen to identify selective hits
for both BRD4 and BPTF. BRD4 BD1 and BPTF were sequence selectively labeled
with 5-fluorotryptophan (5FW). BRD4 BD1 has three tryptophan residues. W81 is
located on the WPF near the binding site and acts as the primary reporting residue.
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W120 is located on the other side of the protein and acts as a control resonance to
assess the stability of the protein. BPTF has a single tryptophan resonance on the
WPF shelf. All four 5FW resonances for the proteins are baseline resolved when
assayed together (Fig. 12). A total of 229 compounds from the published kinase
inhibitor sets I and II (GlaxoSmithKline) were screened against BPTF and BRD4
BD1 simultaneously. Nine hits were found targeting BPTF with three selective over
BRD4. Thirty-one hits were found for BRD4 with 15 selective over BPTF. As
previously reported, the screen uncovered the 1,4,5- and 2,4,5-trisubstituted imid-
azole scaffolds as hits for BRD4. Additionally, the screen discovered two new
binding classes for both BRD4 and BPTF 1,2,5-oxadiazoles and 2,4-disubstuted
pyrimidinyl aryl ureas.

Rank ordering BRD4 BD1 hits by DSF and characterizing affinity via FP
revealed SB-284851-BT (1, Fig. 12) to be a potent and selective hit. DSF was
used to determine ΔTm for hit compounds against BRD4 BD1. The ΔTm were
plotted on a DSF calibration curve to rank order the hits by predicted affinity (see
Sect. 4.2.8 for explanation). A competitive FP assay was used to determine the Ki of
select compounds. Compound 1 was the most potent hit with a Ki of 310 nM
(another trisubstituted imidazole SB-590885-AAE was the second most potent
with Ki of 400 nM). These compounds were previously characterized as p38α and
B-Raf kinase inhibitors.

In addition to novel BRD4 inhibitors, the authors discovered and characterized
the first known BPTF inhibitor aryl urea 1 (AU1) (GSK1379725A) (Fig. 12). Rank
ordering hits with DSF was not possible with BPTF due to a lack of known inhibitors
to create a correlation curve. ITC was used to determine a Kd of 2.8 μM for AU1. In a
firefly luciferase assay, it was shown that AU1 interferes with the regulatory role of
BPTF in cells. As the first known BPTF inhibitor, AU1 provides a starting point for
understanding the role of BPTF. AU1 was subsequently used by Frey et al. to
evaluate the role of BPTF in breast cancer and shown to affect Myc occupancy on
chromatin [96].

Fig. 11 An example of fast
chemical exchange PrOF
NMR binding experiment
with BRD4 BD1. A change
in chemical shift of W81
(the W closest to the binding
site) is observed between a
sample with just protein
(bottom spectrum) and
protein + ligand (top
spectrum). W120 is located
far away from the binding
site and is thus not
disturbed. PDBID 3UVX
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4.2.4 Based on the NOE, STD NMR Can Provide a Binding
Epitope Map

Saturation transfer difference (STD) NMR is a ligand-observed method that has been
used to find bromodomain inhibitors. STD NMR is based on the nuclear Overhauser
effect (NOE), the transfer of magnetization from protein to ligand. In this experi-
ment, a saturating selective pulse is applied to a region of the spectrum where only
protein nuclei will resonate (0 to �2 ppm). The magnetization is transferred through
spin diffusion to bound ligands resulting in an increase in their signal intensity
described as the on-resonance spectrum. The off-resonance spectrum (no selective
saturation) is subtracted from the on-resonance spectrum. Binding ligands will
exhibit a peak in the difference spectrum, while non-binding ligand will not have
visible resonances (Fig. 13). Because the NOE effect is distance dependent, a
binding epitope can be determined by analyzing which proton resonances give
the strongest STD signal (group epitope mapping, GEM STD) [97]. Geist et al.
conducted BRD4 binding studies using STD GEM with a novel application of
waterLOGSY NMR, LOGSY titration, to generate a binding epitope map and
identify protein-bound water molecules near the bound ligand [98]. STD NMR has
been used as a binding assay to discover bromodomain inhibitors for BAZ2A
[59, 99], CBP [100], BRD4 [83], and BRD7 [101]. Despite giving easy to analyze
data, STD can be challenging for small proteins (MW < 20 kDa) such as

Fig. 12 (a) 5FW labels on BRD4 and BPTF. (b) PrOF NMR spectra showing the selective binding
of 1 to BRD4 and AU1 to BPTF in intermediate chemical exchange. Reprinted (adapted) with
permission from Urick et al. [71]. Copyright 2018. American Chemical Society
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bromodomains (MW ~ 15 kDa). The efficiency of the spin diffusion is aided with
increased proton density and longer rotational correlation times, characteristics of
larger proteins. The STD effect can be enhanced by irradiating at a more downfield
ppm, and protein resonances can be suppressed by using a T1ρ filter [83, 102].

4.2.5 CPMG NMR Has Been Used to Screen for Bromodomain
Inhibitors

The Carr-Purcell-Meiboom-Gill (CPMG) NMR method is a ligand-observed exper-
iment that works well with bromodomain-sized proteins. CPMG NMR is a spin echo
train pulse sequence that takes advantage of the difference in rotational correlation
time (Tc) of small molecules and proteins to detect a binding event (Fig. 15a). The Tc
of a compound is reflected in the transverse relaxation time (T2) of the compound. T2
is inversely proportional to Tc. Proteins have shorter T2 than ligands because they are
larger and tumble slower in solution (larger Tc). Ligands that bind to the protein will
take on the Tc (and thus the T2) characteristics of the protein. The pulse sequence
allows the difference in T2 between the bound and free ligand to be represented as a
change in resonance intensity. When the ligand-only and ligand + protein spectra
are overlaid, a decrease in signal intensity is characteristic of binding (Fig. 14b).

Fig. 13 (a) Standard STD
NMR pulse sequence. (b)
Illustration of the off- and
on-resonance spectra as well
as the difference spectrum
that that shows ligand
resonances which is
characteristic of a binding
event
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Typically, a change of 20% is considered reliable for determining a binding event
[102]. If a strong inhibitor that binds in the acetylated lysine binding pocket is
known, a competition experiment can be done to determine if the ligand is occupy-
ing the same binding site. In a competition experiment, the competitor is added to the
ligand + protein tube. An increase in ligand intensity is observed if the competitor
displaces the ligand. A 10% return in ligand intensity upon addition of competitor
indicates that the ligand of interest is binding in the native binding pocket. Unlike
STD, CPMG is not dependent on the proton density of the protein allowing smaller
proteins to give CPMG effects. Strong binders (nanomolar dissociation constants)
cannot readily be detected by CPMG, and poor shimming can give the illusion of
resonance intensity decreasing causing false positives. CPMG has been used to
screen compounds against BRD7/BRD9 [101], BAZ2B [59], BRD4 [94], and
TRIM24 [27]. Additionally, CPMG has been used to study BPTF recognizing
various diacetylated patterns on H2A.Z [103].

When choosing an assay method, discrepancies between different biophysical
methods in identifying and characterizing a binding event can be a concern. Urick

Fig. 14 (a) Standard
CPMG pulse sequence. (b)
An example of a three-part
CPMG experiment. The
black resonance is the 1H
proton of a ligand, red is the
resonance decreasing in
intensity when binding to
the protein, and blue is the
return in resonance intensity
as a competitor is added
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et al. screened the same 930-compound fragment library against BRD4 using both
1H CPMG and PrOF NMR to investigate the correlation between the ligand- and
protein-observed methods [94]. An 85% assay overlap was found for PrOF NMR
and 1H CPMG NMR competitive hits. This result indicates that under the assay
conditions used, the assays show a good correlation. Additionally, the authors
showed rank ordering of hits via DSF and ITC is consistent with rank ordering of
hits by PrOF NMR. Finally, Kd values determined by PrOF NMR and ITC were
compared. A variation of 1.4-4.7 fold in Kd value indicates a good correlation
between the assays for Kd determination.

4.2.6 ITC Can Determine the Thermodynamics and Stoichiometries
of Bromodomain Complexes

Isothermal titration calorimetry (ITC) is a gold standard for accurately determining
all of the thermodynamic binding properties including the Kd, enthalpy, entropy, and
the complex stoichiometry. For example, Filippakopoulos et al. used ITC to deter-
mine the affinity and stoichiometry of a variety of bromodomains binding to multi-
acetylated peptide histone mimics [20]. The ligand of interest is titrated into a
constant concentration of protein (or vice versa). The heat of the binding interaction
is measured as the amount of energy used to keep the reaction at a constant
temperature. ITC is time-consuming and requires a high concentration of ligand
based on a need for a large molar excess above the protein concentration. Although
ITC is not ideal for bromodomain screening, ITC is a sensitive technique that does
not require modification to the ligand or protein of interest and can accurately
measure the Kd of strong and weak binding compounds. This method is often used
to characterize hits and fully elaborated chemical inhibitors and probes. Additional
label-free methods for determining Kd include bio-layer interferometry and micro-
scale thermophoresis and surface plasmon resonance (SPR).

4.2.7 Kinetic Analysis of Interactions Using SPR

Surface plasmon resonance (SPR) is a direct-binding assay which has been used
to screen small-molecule libraries against multiple families of bromodomains
[104]. SPR measures the refractive index of a gold-plated surface called a chip.
The principle of the assay is that a single wavelength laser is directed at a surface that
reflects the light back at a detector. To measure binding affinities, the surface is first
immobilized with the protein of interest. If a binding partner is passed over the
protein and binds, the effective mass of the protein increases, altering the refractive
index of the chip, and causes a change in signal. Data collected via SPR are
displayed as sensograms (Fig. 15). Since this assay measures real-time interactions,
the full kinetics (kon and koff rates) of the ligand can be determined. If the ligand is
measured at several concentrations, the binding sensograms can be plotted as a
function of concentration, and a Kd can be determined. This can be done relatively
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rapidly (20 min to 1 h per compound), and the resulting data gives valuable
information about the ligand. Advantages of this assay to ITC include the low
reagent amounts required and that once immobilized, a protein chip can be
regenerated and reused for typically multiple cycles of SPR. In SPR, several proteins
can be tested in parallel, whereas in ITC this can take several hours. A disadvantage
of SPR is that the interaction measured is of the protein and ligand, while the protein
is immobilized to a chip, which may disrupt or augment the availability of the protein
to ligand binding. Due to the speed and sensitivity of SPR, it has been utilized in
fragment screening against BRD4 BD1, CREBBP, and PCAF bromodomains
[104]. In this study, 656 fragments were screened against BRD4 BD1 and CREBBP,
7 potential hits were measured in a 3-point titration, and 3 were verified as binders to
BRD4 BD1 and CREBBP. In a parallel series of experiments, two fragment scaf-
folds were discovered as binders to the PCAF bromodomain. This study also
demonstrated the importance of DMSO as an additive in the SPR running buffer
where higher percentages have diminishing effect on observed Kds. An analogous
assay, bio-layer interferometry, has also been used in bromodomain ligand
discovery [105].

4.2.8 DSF Has Been Used to Assess Isoform Selectivity of Bromodomain
Inhibitors

DSF is a thermal shift assay that has been utilized as a screening technique, to
rank order hits, and to access bromodomain isoform selectivity. DSF uses a
solvatochromatic fluorescent dye. In polar media, the fluorescence of the dye is
quenched, while in hydrophobic environments such as denatured proteins, the
fluorescence is increased. In this experiment, the dye is incubated with a protein.
As the temperature is gradually increased, the protein denatures exposing the

Fig. 15 Simulated dose-
response SPR sensograms
A) association of small
molecule with captured
bromodomain on the chip
surface, B) steady-state
equilibrium response, C)
dissociation of molecule
from the chip surface
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hydrophobic core. The dye binds to the core and increases in fluorescence monitored
as a function of temperature. The midpoint of the sigmoidal curve is the thermal
melting temperature (Tm) of the protein. Ligand binding will stabilize or destabilize
the protein, changing the protein Tm (Fig. 16). Rank ordering bromodomain binders
based on ΔTm has been done by creating a correlation curve of ΔTm vs Kd of known
binders [9, 71, 106]. Although the correlation is only moderate with higher Tm
indicative of higher affinity, this has been shown an as effective way to rank order
hit compounds for BRD4. This method may not work as well for bromodomains
with few known binding ligands. DSF uses small amounts of unlabeled protein, is
quick, and thus has been used as a high-throughput screening platform for
bromodomains [107–109]. Additionally, DSF has been used as a means to assess
inhibitor isoform selectivity of inhibitors [105, 110–112]. An inhibitor that is
selective would only perturb the Tm of the protein it targets. For example, the
assessment of BET selectivity of (+)-JQ1 was carried out by doing DSF experiments
with 36 bromodomains. Only the eight BET family bromodomains had aΔTm> 7�C,
indicating binding [9]. One challenge with DSF is how to categorize/characterize
compounds that destabilize the protein (negative ΔTm). These compounds may still
bind in other assays. There is no consensus on how to effectively describe these
compounds. As a new advance, a variant of the DSF assay has been demonstrated for
bromodomains to show target engagement in cells called a “cellular engagement
thermal shift assay” or CETSA [113, 114].

4.3 Competition-Based Assays for Inhibitor Discovery

4.3.1 AlphaScreen High-Throughput Competition Assays

AlphaScreen is a competition-based assay which is used as an initial screening
platform and as a follow-up assay to determine IC50 values of compounds

Fig. 16 (a) Example of DSF raw data of protein (black) and protein stabilized by ligand (red). (b)
The first derivative of the raw data is taken to determine the ΔTm (apex of the curve)
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discovered with other HTS techniques. Typically, the assay consists of an acceptor
bead loaded with either a glutathione S-transferase (GST) or nickel nitrilotriacetic
acid (NTA) tag to bind to a corresponding recombinant bromodomain and a
streptavidin-loaded donor bead to bind to a biotinylated partner known to interact
with the bromodomain. Commonly, a polyacetylated histone tail peptide or a small-
molecule ligand is biotinylated and used as the binding partner. Due to the
multivalency of the beads used in AlphaScreen (multiple proteins are displayed on
a single bead), an avidity effect is promoted by the interactions between the beads
and their binding partners. This allows for relatively low-affinity partners (such as
histone peptides and bromodomains which are generally in the single- to double-
digit micromolar affinity range or higher) to be used in very low concentrations
(often nanomolar) and still provide robust signal. Signal is produced upon irradiation
of the ternary complex (donor bead-protein-ligand-acceptor bead) with 680 nm light
which excites the donor beads, leading to the formation of singlet oxygen (Fig. 17).
The singlet oxygen may then react with the acceptor bead which emits energy at
550 nm. The observed signal is distance-dependent based on the short lifetime of
singlet oxygen in aqueous solutions (200 nm). In conjunction with bromodomains,
AlphaScreen is commonly used as a competition-based assay where the IC50 of a
small molecule is measured by displacing a biotinylated histone tail peptide or small
molecule. Due to the avidity effect mentioned above, protein and peptide levels used
in the assay are typically much lower than their dissociation constant (Kd). Using low
levels of protein and peptide in competition assays allows for estimation of Ki values
for small-molecule ligands based on the IC50 using the Cheng-Prusoff equation

Fig. 17 Illustrated description of an AlphaScreen assay. The acceptor bead (yellow) and donor
bead (blue) are brought together by an interaction between the bromodomain (orange) and either a
histone peptide (depicted) or a small-molecule partner. When the acceptor and donor bead are
proximal and the solution is irradiated with light, a transfer of energy via singlet oxygen occurs, and
light is emitted by a chemical reaction with the donor bead and the reactive oxygen species. This
interaction may be disrupted by small-molecule inhibitors at a single concentration and dose-
dependent screening formats
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(Eq. 3) where P is the biotinylated bromodomain binding partner and the Kd Brd,P is
the binding interaction between the bromodomain and its binding partner.

Ki ¼ IC50

1þ P½ �
Kd Brd,P

ð3Þ

When [P] is much lower than Kd Brd,P, this term approaches zero, and the Ki then
approximates the IC50 observed.

Early work using AlphaScreen with bromodomains determined which post-
translationally modified histone peptides bound to a panel of bromodomains by
taking advantage of the avidity effect to detect the relatively weak interactions
between these peptides and proteins [115]. AlphaScreen is an enabling screening
technique because it requires only small amounts of material and can be miniaturized
for high-throughput library screening in 96- and 384-well formats. Because the assay
is based on the release of singlet oxygen, there are less chances of interference due to
small-molecule fluorescence. Unlike TR-FRET assays, the beads are light sensitive
and are unstable if exposed to light above 100 lux [116]. Since singlet oxygen can
travel for about 200 nm in aqueous solutions, a robust signal is possible even when
the beads are relatively far away. AlphaScreen is commonly used as a complemen-
tary assay to high-throughput virtual or experimental screening [100, 117]. The
ability to generate dose-response curves and the knowledge that the native ligand is
being displaced provides confidence in the inhibitors mode of action and gives
insight into the site of binding.

An AlphaScreen was conducted at the Structural Genomics Consortium which
screened a focused library of known kinase inhibitors described above [118]. They
began with an initial screen using an AlphaScreen assay using a tetraacetylated
H4 biotinylated peptide and His6-tagged BRD4-BD1 in a 50 μM singleton screen.
The compounds were counter-screened against beads without protein. At this con-
centration, 9 of 628 kinase inhibitors were shown to have 90% inhibition of the
bromodomain and less than 50% inhibition of the counter-screen. Hits from the
AlphaScreen assay were followed up for bromodomain selectivity assessment with
DSF (46 of 61 bromodomains were tested), and binding was confirmed for most of
the hits. Dose-response curves of each hit with BRD4-BD1 were generated using the
AlphaScreen assay, IC50’s determined ranged from nano- to micromolar affinities.
These affinities were confirmed by ITC. The ability of the lead compounds BI-2536
and TG-101348 to displace BRD4 from chromatin in cells was confirmed using
FRAP. Downregulation of the oncoprotein c-Myc was determined via western
blotting, and cellular activity was confirmed by measuring the inhibition of the
proliferation of MM.1S multiple myeloma cells, which are highly sensitive to
c-Myc inhibition. At time of press, AlphaScreen services can be purchased from
commercial vendors for many His-tagged bromodomains. Assays have been devel-
oped for HTS format for BETs [116], CECR2 [119], and BAZ2B [59], though the
technology should be applicable to any affinity-tagged bromodomain with the
corresponding anti-GST, anti-His, or NTA-linked beads which are commercially
available.
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4.3.2 TR-FRET: A Complimentary Screening Platform to AlphaScreen

TR-FRET or HTR-FRET (homogeneous time-resolved fluorescence resonance
energy transfer) is a bead-based proximity assay which works on a similar principle
to AlphaScreen. The assay is based on bringing together a donor and acceptor bead
due to a molecular interaction between the protein of interest and a peptide or small-
molecule partner. Unlike AlphaScreen, this information is relayed by FRET between
the beads. Irradiation of the donor bead by light is followed by relaxation by
fluorescence. This fluorescence excites the nearby acceptor bead which again relaxes
by fluorescence. The ratio of fluorescence of the acceptor bead to the fluorescence of
the donor bead normalizes the signal in each well and can be read as a measurement
of the direct-binding interaction between the protein of interest and its binding
partner. An advantage of this technique is that the beads are light stable and a
prepared plate may be read for as long as the protein and binding partner are stable.
The dependence of this assay on fluorescence may cause concern that small mole-
cules which fluoresce could interfere with the assay. To address this issue, rare earth
cryptates have been developed as donor dyes such as Eu2+ and Tb3+ which have
long-lived fluorescence decay times, mitigating effects of biological and small-
molecule fluorescence. HTR-FRET has been used widely in HTS campaigns and
confirmation assays to discover ligands for BAZ2A/B [120], CECR2 [119], CBP
[121], BETs [81], PCAF [122], and BRD9 [123]. Variations of this assay are sold
commercially for about half of the human bromodomains.

4.3.3 Fluorescence Polarization: A Homogeneous High-Throughput
Discovery Assay

An alternative inhibition assay to bead-based assays is fluorescence polarization
(FP). FP is a fluorescence assay which requires a fluorescently labeled, high-affinity
ligand for the protein of interest. The fluorescent tag must be appended such that
binding of the ligand is unhindered to the target protein. Histone peptides can be
used as ligands for bromodomains; however, they are often too low affinity to
provide sufficient signal. Determination of IC50s begins with measuring the affinity
of the fluorescently labeled probe with the protein in a direct-binding experiment.
The concentration of protein that is 80% bound is determined with Eq. 4, where Y is
anisotropy, a is the fluorescently labeled probe, b is the maximum anisotropy, c is the
minimum anisotropy, and P is protein concentration. Lower percent bound protein
complex concentrations can also be used, although the dynamic range in obtainable
data will be reduced.

Y ¼ cþ b� cð Þ
Kd þ aþ Pð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Kd þ aþ Pð Þ2 � 4aP
q

2a
ð4Þ

The concentration at 80% bound is determined and used in competition assays
where the fluorescent ligand is competed off with potential drug candidates.
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IC50 values are determined with nonlinear regression fits using software such as
GraphPad or Origin. IC50 values can be converted into Ki values, which are proximal
to dissociation constants, using a variant of the Cheng-Prusoff equation (Eq. 5) as
described by Kenakin [124].

Ki ¼ Lbð Þ IC50ð Þ Kdð Þ
L0ð Þ R0ð Þ þ L0 R0 þ Lb � L0 � Kdð Þ½ � ð5Þ

Care must be taken that appropriate baseline data is achieved for IC50 values to
determine relevant Ki values. BET bromodomain assays have taken advantage of
co-crystal structures to design fluorescent probes of (+)-JQ1 [125] and BI-2536 [71],
both of which are nanomolar inhibitors of BET bromodomains. Advantages of this
assay compared to bead-based assays is that there is no need to tag the protein of
interest with any kind of affinity tag, as well as freeing the protein from being
tethered to a surface or bead. The disadvantages of the assay are in interference of
fluorescent compounds, aggregators which commonly cause light scattering, and the
need for a fluorescently tagged small molecule, the Kd of which determines the
lowest Ki that can be determined by this assay [126].

4.4 Crystallography Guides Rational Design
of Bromodomain Inhibitors

Crystallography is a powerful structural biology tool that has aided in the develop-
ment of bromodomain inhibitors. Crystal structures provide a complete, three-
dimensional illustration of the arrangement of all of the atoms of the protein and
bound ligand. Co-crystal structures provide information on binding site, binding
pose, types, and locations of binding interactions. These co-crystal structures also
provide guidance for potential ligand protein interactions with newly designed
ligand derivatives to increase potency. Many bromodomain inhibitor campaigns
use crystallography to guide analog synthesis and to characterize the binding of
their final inhibitor [108–112]. Screening by crystallography has been done to
discover bromodomain inhibitors [127, 128]. For example, Ember et al. screened
581 compounds against BRD4 BD1 resulting in 14 co-crystal structures. In addition,
both apo and co-crystal structures of bromodomains have enabled improvements for
in silico screening and docking methods (see Sect. 4.1) [106]. A total of 953 crystal
bromodomain crystal structures are published with 57% of the bromodomains
having at least 1 structure (see Table 1).

Although arguably a powerful biophysical method to study bromodomains, x-ray
crystallography is not without challenges. First, crystal structures represent a static
picture, not capturing the dynamics of proteins in solution. Second, unlike many
biophysical methods, the assay conditions are highly dependent on the protein. It can
take months to years to develop conditions for crystallization, and these conditions
may not be transferable between bromodomains. Furthermore, conditions that give
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diffracting crystals for apo structures may not be suitable for crystallization with a
ligand. Finally, crystallography is material, time, and financially intensive. Large
quantities (10–15 mg/mL) of pure and concentrated protein are needed. Protein
preparation, scoring crystals, cryo-protecting crystals, data collection, and data
processing require a trained researcher. Time at a synchrotron or home x-ray source
and crystallography tools are additional infrastructure needs.

A 2012 paper by Fish et al. [129] is an excellent example of the power of
crystallography in aiding the process of transforming an unselective, modestly
potent acetyl lysine mimic fragment into the potent, BET family-selective, commer-
cially available probe PFI-1 (Fig. 4). Fragments mimicking the endogenous acetyl
lysine ligand are attractive starting scaffolds because they anchor binding through a
hydrogen bond to asparagine and a water-mediated bond to a tyrosine. To achieve
improved potency and selectivity, the starting scaffold must be extended to reach
portions of the binding pocket that differ between bromodomains. Inspired by the
BRD2 BD1 co-crystal structure by Chung et al. [112] (PDBID 4A9E), Fish and
co-workers chose 3,4-dihydro-3-methyl-2(1H)-quinazolinone 2 as acetyl lysine
mimics as a starting point. Compound 2 was active in an AlphaScreen assay against
BRD4 and CREBBP. While not universally active (no affinity for BPTF or BAZ2B),
selectivity for the BET family needed to be improved.

A crystal structure of 2with BRD4 BD1 was instrumental in guiding decisions on
analog synthesis to achieve potency and selectivity (Figs. 18 and 19). Binding of 2 is
characterized by a hydrogen bond of the cyclic urea to N140 and lipophilic interac-
tions with V87, L92, L94, Y97, F83, and I146 in the protein. The bromine at the C6
position extends into solvent, a logical place to add functional groups to the molecule
to access new binding interactions without disturbing the binding interactions
already present. The authors took advantage of the WPF shelf near the binding site
that is conserved among the BET family members, but not present in CREBBP, to
gain selectivity for the BET family. Sulfonamide linkers with hydrophobic caps
were used to introduce a pronounced kink at C6 allowing the proper vector to reach
and interact with the WPF shelf.

Two sulfonamide regioisomers were explored. The first generation of sulfon-
amides had the sulfur alpha to the dihydroquinazolinones. While these analogs
showed increased activity compared to the parent, the similar activity of the ethyl
and phenyl derivatives (e.g., 3, Fig. 18) suggests that lipophilicity of the aryl group is
not being efficiently delivered to the WPF shelf. This hypothesis was confirmed with
the crystal structure of 3, which has electron density consistent with multiple binding
poses (Fig. 19). Aryl groups are ideal for lipophilic and pi-stacking interactions
possible at the WPF shelf. The second generation of analogs with the nitrogen atom
alpha to the dihydroquinazolinone core showed significant increase in activity
compared to the first generation. A co-crystal structure of PFI-1 with BRD4 BD1
shows not only a binding interaction at the WPF shelf but also an interaction between
the sulfonamide oxygens and Q85 and a water-mediated hydrogen bond between the
carbonyl of L92 and the methoxy oxygen.

PFI-1 from the second generation of sulfonamides is a potent and BET family-
selective chemical probe. A DSF assay was used to assess selectivity of PFI-1
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against 11 bromodomains. BET family bromodomains gave ΔTm values between
2.08 and 6.48�C. CREBBP had a Tm of 1.72�C. Despite showing binding to
CREBBP, PFI-1 is over 100-fold more selective for BRD4 BD1 with Kd of
0.136 μM (SPR, BRD4 BD1) and 50 μM (ITC, CREBBP), respectively. In a
subsequent 2013 study [105], PFI-1 was shown to have antiproliferative effects on
leukemic cell lines. It also downregulates MYC expression, induces apoptosis,
induces differentiation of leukemic blasts, and downregulates Aurora B kinase.

5 Future Outlook on Bromodomain Inhibitor Development

Beyond traditional non-covalent inhibitor design of single domains, new chemical
biology approaches are beginning to emerge to target bromodomains with significant
potency. Currently the main focus has been on BET bromodomains. These
approaches have included covalently binding small molecules, dimeric compounds
for engaging multiple domains, and molecules aimed at degrading bromodomains.
Covalently binding small molecules have found use as suicide substrates, perma-
nently inhibiting their protein target. In one report, ethacrynic acid analogs were
found in a DNA display screen to covalently attach to bromodomain cysteine
residues. Of the 23 bromodomains tested, 22 contained a cysteine, usually found
in the acetylated binding pocket. The 22 cysteine-containing bromodomains were all
labeled by 1 of 2 ethacrynic acid analogs tested [130]. Sequence and structural

Fig. 18 Fragment
development of a BET
inhibitor guided by x-ray
crystallography [129]
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analysis of the bromodomains demonstrated that 40 of the 61 human bromodomains
contain cysteines which could be targeted with this strategy.

Bromodomains have been coincidentally and rationally targeted by bivalent small
molecules which target multiple bromodomains in the same protein. These mole-
cules have a high affinity due to the potential for an additive free energy of binding
from the two individual ligands. A compound was developed by AstraZeneca,
BiBET, which binds in a multivalent manner to both bromodomains of BRD4.
While no co-crystal structure with both BD1 or BD2 could be solved, a combination
of analytical ultracentrifugation and in-cell bioluminescence resonance energy
transfer (BRET) experiments demonstrated a conformational change in the dual
bromodomain construct tested, as well as an increase in BRET upon addition of
the bivalent molecule [131, 132]. In a parallel study, Bradner et al. developed a
dimeric construct of (+)-JQ1 (Fig. 20). Through AlphaScreen, ITC, and flow
cytometry, they demonstrated their compound engaged multiple bromodomains
and dropped the affinity of their compound by nearly 100-fold. This increase in

Fig. 19 Crystal structure of BRD4 BD1 alone and in complex with 3. (a) Apo structure of BRD4
BD1. (b) Multiple conformations of 3 are visible in the crystal structure of 3 with BRD4 BD1. (c)
Crystal structure showing the important binding interactions of PF1-1 with BRD4 BD1 are
indicated in red. PDBIDs 4HBV, 4HBY, 4E96

Fig. 20 Depiction of dimeric bromodomain inhibitors [17]. The affinity of the compound is
increased by targeting neighboring bromodomains. Since many bromodomain-containing com-
pounds are multidomain proteins, this principle could be applied to non-BET bromodomains,
as well
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activity was maintained when comparing the bivalent inhibitors with (+)-JQ1
in vivo [133].

Another application of bivalent ligands is the combination of bromodomain
inhibitors and ubiquitin ligase targeting agents [134–136]. This technique selectively
degrades the entire protein of interest akin to shRNA; however, since these ligands
can dissociate from the protein of interest, they can act catalytically. These ligands
function by recruiting a ubiquitin ligase (e.g., E3 of von Hippel-Lindau ubiquitin
ligase) to the protein of interest. Recruitment of the ubiquitin ligase leads to poly-
ubiquitination of the ε-nitrogen of surface-exposed lysines; following ubiquitination
the protein of interest is degraded by the proteasome [137]. Since this chemical
knockout is induced by dosage, this strategy can be used on protein targets in which
a genetic knockout is embryonically lethal. Initial applications of this small-
molecule knockout strategy were pioneered by Schneekloth et al. on the androgen
receptor using an MDM2 E3 ligase-recruiting molecule. This strategy has since been
applied to BET bromodomains [134–136] using both VHL and cereblon targeting
molecules (Fig. 21). Exploration of the technology outside of BET bromodomains
has so far been limited to BRD9 and TRIM24 [138, 139].

In summary, it has been 26 years since the first description of a bromodomain
structural motif. Since this discovery, the sustained effort in structural biology
combined with the emerging disease biology of these epigenetic reader proteins

Fig. 21 Bivalent bromodomain degraders targeting BRD4 [135] and BRD9 [138], respectively. E3
ligase-recruiting molecules are shown in red and bromodomain ligands in blue
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has led to many exciting clinical candidates and chemical probes for human
bromodomains. Bromodomain motifs relevant for infectious disease are also now
being disclosed [42]. Increased structural biology efforts to study the bromodomains
as multidomain constructs both by NMR [72] and x-ray crystallography [23] will be
important contributions to the fields combined with our growing ability to study
these multidomain protein interactions with synthetic chromatin [2, 140]. Improve-
ments with cryo-transmission electron microscopy (cryo-TEM) should also be
an enabling tool to study these large complexes. Additionally, as chemical probes
continue to be developed for bromodomains, in-cell engagement tools described
above, such as gene expression analysis, chromatin-based FRAP experiments, nano-
BRET, and CETSA, will need to play significant roles to help validate molecular
mechanisms. With the wealth of biophysical methods and cellular tools available to
researchers, the chemical epigenetics field of bromodomain inhibitor development
should continue to innovate at an accelerated rate.
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Abstract Due to their prevalent role in epigenetic gene regulation, methyllysine
and methylarginine domain readers have emerged as potential drug targets for small-
molecule intervention. Within this book chapter, the biological role and the associ-
ated development of potent small molecules inhibiting the protein-protein interaction
of methyllysine readers (Tudor, malignant brain tumor, chromo-, and PHD domain)
will be discussed. The druggability of these readers and thus their potential to serve
as targets for small-molecule ligands will be evaluated critically. Those domains
(PWWP, WD40, ankyrin repeats, and ADD domains) which are not yet targeted
will be evaluated for their biological actions and eventual therapeutic implications.
To sum up, a comprehensive review of the state of the art for all relevant methyl-
readers and their inhibitors if present will be given from a medicinal chemistry
standpoint of view.

Keywords Chromatin domain, Epigenetic readers, Inhibitors, Malignant brain
tumor domain, Methyl-readers, PHD domain, Royal Family domain, Tudor domain

1 Introduction

Methylation is perhaps the most versatile of all histone posttranslational modifica-
tions (PTMs). It can occur on both lysine and arginine residues, and each of
them has three possible methylation states. Lysine can be mono (Kme1)-, di
(Kme2)-, or trimethylated (Kme3) on its ε-amino group (Fig. 1). The dynamic
methylation state of lysine residues is controlled by a balance in the activity of
lysine methyltransferases (KMTs) [1], which transfer methyl groups from
S-adenosylmethionine (SAM) to the lysine residue, and demethylases (KDMs),
which remove methyl groups. Unlike lysine acetylation, methylation does not alter
the charge of the amino acid side chain. Instead, there is only a gradual increase in
size and lipophilicity from the non-methylated state to mono-, di-, and trimethylation
[2–4]. In contrast to lysines, arginines are only mono- (Rme1) or dimethylated, but
the dimethylation can be symmetrical (Rme2s) or asymmetrical (Rme2a; Fig. 1)
[2, 5]. The three types of arginine methylation are catalyzed by a family of nine
SAM-dependent enzymes called the protein arginine methyltransferases (PRMTs).
Arginine demethylation activity has been reported for the JmjC domain-containing
protein JMJD6 [6], even if this has been challenged by other studies [7]. The
methylation of arginine changes its shape, does not alter the charge, but removes
potential hydrogen bond donors, which would potentially inhibit certain interactions
[8]. On the other hand, the methylation of arginine residues can also increase
their affinity to aromatic rings in cation-π interactions, thus promoting other
interactions [9].

A significant part of the biological outcome of Lys and/or Arg methylation is
quite probably driven by specific reader proteins, which not only recognize the
methylation marks but also distinguish between the various methylation states
and result in downstream events, including the addition and removal of additional
PTMs, chromatin condensation, or recruitment of transcriptional machinery leading
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to gene transcription [4]. The crosstalk between methylated Lys and Arg and the
resulting control over the dynamic addition and elimination of these PTMs is
critical in governing chromatin structure and in the regulation of gene transcription
[10]. Dysregulation of Lys and Arg methylation has been linked to breast, prostate,
colon, bladder, and lung cancers [11], as well as leukemia, cardiovascular diseases,
HIV, multiple sclerosis, and spinal muscular atrophy [11–13]. However, a compre-
hensive map of these PTMs and their function has not been established. Therefore,
a deep understanding of the significance of Lys and Arg methylation and their
recognition by reader proteins is of paramount importance to the development of
inhibitors, probes, and therapeutics for diseases.

2 Methyl-Reader Domains and Families

After the discovery, made almost 30 years ago, that SRC homology 2 (SH2) domains
bind to short protein motifs that are tyrosine phosphorylated [14], it became evident
that different modular domains bind distinct types of PTMs [15]. Indeed, even
if little is still known about the effect of lysine and arginine methylation on
chromatin structure itself, a number of readers of these PTMs have been identified
since 2001, when a chromodomain (CD) of HP1 was found to recognize histone
H3K9me3 [16–18].
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Fig. 1 Regulation of methylation of lysine and arginine residues in proteins. Mono-, di-, or
tri-methylation (Kme1, Kme2, or Kme3) of lysine at the ε-amino group is catalyzed by lysine
methyltransferases (KMTs) and can be erased by lysine demethylases (KDMs) (top panel). The
protein arginine methyltransferases (PRMTs) can modify the guanidinium group of arginine
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(Rme2a) dimethylated arginine (bottom panel). Presently, an arginine demethylation activity
in vivo has been proposed for Jumonji domain-containing protein 6 (Jmjd6)
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To date, methylated lysines on histone tails appear to be targeted by the
largest and most diverse set of readers. This includes plant homeodomains (PHDs),
WD-40 domains, chromatin organization modifier domains (chromodomains, CDs),
double chromodomains (DCDs), chromo-barrel domains, ADD (ATRX-DNMT3-
DNMT3L) domains, ankyrin repeats (ANKs), proline-tryptophan-tryptophan-
proline (PWWP) domains, bromo adjacent homology (BAH) domains, chromo-barrel,
chromodomain (CD), double chromodomain (DCD), HEAT, malignant brain tumor
(MBT) domains, SAWADEE, Tudor domains, tandem Tudor domain (TTD), and zinc
finger CW (zf-CW) domains [4, 8, 19–21]. Somemethyllysine readers, including PHD
and zf-CW, show a high degree of sequence specificity, while others, including MBT
and WD40, are more promiscuous though they can select for a certain methylation
state of a target lysine (Fig. 2). Despite the wide variety of the readers and histone
targets, the majority of these domains have comparable binding affinities, with disso-
ciation constants of the complexes being in the high nanomolar to the low micromolar
range [19, 22].

On the other hand, the only protein domain family currently known to bind
methylated arginine motifs is the Tudor family (although individual PHD and
WD40 domains also harbor this ability) [8, 19].

The main feature of all methyllysine-binding domains identified so far is that
they bind this PTM through an aromatic cage, typically formed by two to four
aromatic residues. The exact composition and size of the pocket are responsible for
the selectivity for mono-, di-, or trimethylated state of lysine [19]. Specificity for a
particular methylated lysine is imparted by interaction with surrounding residues.
Some histone readers show high degrees of specificity, whereas others are selective
for only a certain methylation state and otherwise bind very promiscuously. Beyond
caging of the methyllysine, the mechanism of recognition of surrounding residues
varies among readers [19].

Like methyllysine, methylated arginine occupies an aromatic cage at the top of
the β-barrel structure of a Tudor domain. However, this cage is much narrower
than the cage for methyllysine and thus favors the planar guanidinium group [19].
Interestingly, the other structurally related members of the Royal superfamily,
namely, chromodomain, chromo-barrel, MBT, PWWP, and TTD modules, which
also feature the characteristic β-barrel topology, are not able to bind methylated
arginine [8, 19].

3 PHD Fingers

3.1 PHD Structure and Function

The plant homeodomain (PHD) finger was discovered in the Arabidopsis
protein HAT3.1 in 1993 [23] and has since been found in a variety of proteins
implicated in the regulation of chromatin structure and dynamics. The PHD finger
is an evolutionarily conserved zinc fingerlike motif which is present either as a
single module or in multiple copies in 291 human proteins [24], and, therefore, it is
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considered one of the largest families among reader domains. The PHD finger
is made up of 50–80 amino acid residues including a conserved Cys4-His-Cys3
(C4HC3) motif that binds two zinc ions, necessary for the structural integrity of the
domain, in the so-called “cross-braced” manner [25].

Fig. 2 Different families of methyl-binding proteins and their histone targets
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A number of studies in the past few years reveal diverse biological roles of the
PHD fingers. They recognize unmodified and modified histone H3 tails, interact with
nonhistone proteins, and associate with DNA [25, 26], the specificity of binding
being dictated by the properties of the particular pocket [4]. Some proteins contain
only one canonical PHD finger, but some harbor several PHD fingers that act in
concert or have independent functions. The PHD finger can be linked to a zinc
knuckle, a zinc finger that coordinates one zinc ion, and is characterized by either C4
or C2HC sequence. The closely coupled tandem PHD fingers create a distinct fold,
the double PHD finger (DPF), whereas two PHD fingers connected by a zinc knuckle
are assembled into the PZP (PHD-zinc knuckle-PHD) domain. The various combi-
nations of coupled modules greatly influence the overall function and dynamics of
the PHD finger. The biological activity of the PHD finger can be further altered
through the action of adjacent domains, such as histone readers (bromodomain,
chromodomain, Tudor, etc.) or catalytic PTM writers, and erasers.

One of the well-established subsets of PHD fingers, exemplified by the PHD
fingers of BPTF and ING2 [27–30], consists of numerous proteins that have been
shown to bind H3K4me3 with high specificity and affinity. The lysine-specific
demethylases JARID1A (KDM5A) and JARID1B (KDM5B) also has the ability
to bind H3K4me3 via their three PHD finger domains [31, 32].

A smaller number of PHD fingers display a preference for the H3K9me3 [33–37].
The ADD (ATRX-DNMT3-DNMT3L) domain is a methyllysine-binding domain
that has been characterized in the DNA methyltransferases DNMT3A, DNMT3B,
and DNMT3L family and the chromatin remodeler ATRX. The increased prevalence
of ATRX loss-of-function mutations in various forms of cancer suggests that it plays
an essential role in regard to proper chromatin structure and/or gene regulation in
these tissues; however, our overall understanding of both the normal and oncogenic
roles of the ATRX ADD domain is still evolving. In addition to cancer, missense
mutations in the ATRX ADD domain account for approximately 50% of patients
with ATRX syndrome, a congenital disorder that causes intellectual disabilities [38].

In addition to recognizing histone tails, PHD fingers have been implicated in
binding to nonhistone proteins and self-association. For example, the third PHD
finger (PHD3) of MLL1 is capable of binding both H3K4me3 and the nuclear
cyclophilin Cyp33, while the second PHD finger (PHD2) of MLL1 forms a dimer
and shows E3 ubiquitin ligase activity in the presence of the E2-conjugating enzyme
CDC34 [39]. The mechanistic outcome of histone or nonhistone recognition by PHD
fingers is the recruitment or stabilization of their host proteins, i.e., transcription
factors, PTM writing and erasing and nucleosome-remodeling enzymes, and other
elements of the epigenetic machinery, at chromatin. Yet, the physiological conse-
quence of these interactions is highly context-dependent and is often determined by
the overall function of the chromatin-modifying complex in which the PHD finger
resides.

Disrupting PHD fingers from properly reading their histone marks has been
implicated in a wide variety of human disorders [40]. Mutation, translocation, or
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deletion of PHD fingers in ING1, JARID1A, PHF23, NSD1–3, MLL, and PHF1 has
been identified in multiple forms of leukemia and solid tumors [41]. Germline
mutations in PHD finger domains of other proteins have been linked to autoimmune
or neurological disorders. To date, the majority of the PHD finger mutations that
result in disease prevent its natural function as a chromatin reader; therefore, while
small-molecule inhibitors of this domain can serve as essential probes to understand
their physiological functions, it is unclear whether inhibition of PHD finger function
will be a suitable therapeutic strategy.

3.2 Small Molecules Targeting PHD Fingers

3.2.1 Targeting JARID1A/KDM5A PHD3 Fingers

The first attempts toward the discovery of novel small-molecule ligands of PHD
finger domains revealed promising results. Using a newly developed HaloTag-based
assay, the 446 compounds included in the NIH Clinical Collection 1 library of phase
I–III clinical trial drugs were screened against the H3K4me3-recognizing third
PHD finger of Jumonji, AT-rich interactive domain 1A (JARID1A, also known as
KDM5A), which has been implicated as a potential driver in subsets of acute
myeloid leukemia (AML) [42] and is a recurrent genetic abnormality in pediatric
acute megakaryoblastic leukemia (AMKL) [43]. The initial screen (200 μM) iden-
tified 23 compounds of interest that were further evaluated in a dose-dependent
manner using the HaloTag and AlphaScreen™ assay. Following these secondary
screens, disulfiram, phenothiazine, amiodarone HCl, and tegaserod maleate (Fig. 3)
were identified as weak inhibitors of JARID1A-PHD3/H3K4me3 interactions.
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These hits were further validated by affinity pull-down and fluorescence polarization
(FP) assays [44].

Disulfiram inhibits acetaldehyde dehydrogenase by covalently modifying cyste-
ine residues and ejecting a zinc ion. Since PHD fingers contain a conserved Cys3-
His-Cys4 motif bound to zinc ions, it was hypothesized that inhibition occurred by
the release of zinc ions [45]. Indeed, it was found that disulfiram ejects zinc from
JARID1A-PHD3 (IC50 ¼ 10 μM), thus suggesting that it is a covalent inhibitor
for JARID1A-PHD3 as well as other PHD finger domains. Disulfiram’s alkylating
nature also results in inhibition of other proteins such as dopamine beta-hydroxylase,
viral nucleocapsid protein, DNA methyltransferase I, and histone methyltransferases
[46]. On the contrary, amiodarone HCl and tegaserod maleate were unable to release
zinc. To further probe the structural requirements for amiodarone inhibition of
the JARID1A-PHD3, a series of derivatives with varying amine chain lengths and
methylation states (compounds WAG-003–WAG-006, Fig. 3) as well as known
metabolites, desethylamiodarone, and di-N-desethylamiodarone were synthesized
and evaluated. The results led to the identification of inhibitors with a tenfold higher
potency than amiodarone, including di-N-desethylamiodarone (IC50: 26 μM) and
trimethylamiodarone (WAG-003, IC50: 30 μM). Docking studies suggest that
amiodarone analogs bind to JARID1A-PHD3 primarily in the surface peptide
groove and H3R2-binding pocket, but do not interact in the Kme-binding region.
Mutational studies supported these docking results; however, they were unable
to determine clearly the definitive orientation of the amiodarone scaffold when
it interacts with JARID1A-PHD3 [44]. More recently, a few amiodarone deriv-
atives were observed to inhibit catalysis of JARIF1a/KDM5A in a PHD-finger-
independent manner, thus suggesting a nonunique mode of action [47].

3.2.2 Targeting Pygo PHD Fingers

A useful starting point for the development of new PHD-finger ligand lead structures
was reported in 2014. The potent oncogene β-catenin is a key effector of Wnt
signaling and is recruited to target genes through interaction with TCF/LEF tran-
scription factors to activate cell differentiation [48]. Activating mutations in the
β-catenin gene have been proven in many types of cancer, and this fact makes
β-catenin a potential drug target. Yet, it is rather challenging to target this protein
directly with small molecules successfully. In fact, there are no enzymes required
for its activity that could be inhibited, and its interface with TCF factors involves
most of its structured domain, the armadillo repeat domain (ARD), which is exten-
sive and also constitutes the interface for its negative regulators, including APC and
Axin, whose interaction with the ARD overlaps that of TCF [49]. Unsurprisingly,
attempts to block specifically the interaction between β-catenin and TCFs have
met with little success and failed to uncover any promising leads [48].

Another emerging strategy to target β-catenin signaling is by indirectly affecting
its ability to promote H3K4me-mediated transcription. The N-terminus of the ARD
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harbors a separate interaction surface for the BCL9 adaptor proteins, which bind to
β-catenin through a short α-helical domain (HD2), simultaneously with TCF. In turn,
BCL9 adaptors use a separate domain (HD1) to bind to the rear of the Pygo PHD
finger. This interaction induces a slight allosteric modulation of the PHD finger,
which facilitates the binding of the protein complex to the histone H3 tail methylated
at lysine 4 (H3K4me) through its frontal surface [50]. Thus, oncogenic β-catenin
could be inhibited by targeting these three unique and relatively small protein-
protein interfaces of the Pygo-BCL9 complex.

The druggability of Pygo PHD fingers to inhibit the Pygo-HD1 complex and
deactivate oncogenic β-catenin transcription was explored through a series of con-
secutive structure-based virtual screens of a library of 225 K commercially available
compounds, each screen being increasingly refined and constrained based on the
preceding one [51]. Indeed, the potential hits were then further evaluated for direct
binding to PHD-HD1 through 2-D NMR spectroscopy. Only a small number of hits
was confirmed, all affected by poor solubility. Yet, among them, compound IS19
(Fig. 4) favorably occupied the A1 cavity of the PHD domain, although with a weak
affinity (approximately 3.5 mM, as estimated by chemical shift perturbations).
Unfortunately, co-crystallization of the PHD-HD1 complex with IS19 was unsuc-
cessful, likely due to the combination of the low solubility and affinity. In an attempt
to identify small-molecule scaffolds with improved solubility and ligand efficiency,
a fragment-based NMR screen of the Maybridge “rule of three” library of chemical
fragments was conducted and has led to the identification of aminobenzothiazole
fragments (CF1, CF2, CF4; Fig. 6) which exhibit tight binding to the distal part
of the K4me pocket and to a highly conserved narrow cleft at the rear of the PHD
neighboring its HD1-binding surface. Continued SAR studies identified benzimid-
azole analogs CF16 and CF18 (Fig. 4) as improved analogs with two distinct binding
sites, the K4me pocket and the benzothiazole cleft, respectively. In particular,
CF16 competes with the native ligand (the methylated H3 tail) of the PHD finger
and docks into the distal part of the K4me pocket, thus possessing the potential to
serve as a template for further chemical development.
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3.2.3 Targeting BAZ-PHD Fingers

More recently, another fragment-based approach demonstrated the ligandability
of the PHD fingers of two proteins of the BAZ (bromodomain adjacent to zinc
finger) family, namely, BAZ2A and BAZ2B [52]. First, the ligandability of the
histone pocket of BAZ2A was assessed using an in silico analysis that highlighted
two potential druggable pockets. Then, targeted virtual screening of a diverse virtual
library of a thousand low-molecular-weight compounds identified a set of fragments
that were validated experimentally for protein binding using a biophysical screening
cascade, using 2-D NMR spectroscopy, thermal shift assay (TSA), AlphaLISA
competition assay, and X-ray crystallography. From the set of validated fragments,
it was possible to solve the co-crystal structure of one compound (Fr19, Fig. 5)
bound to the histone pocket, which guided further in silico optimization of the
binding mode, resulting in two more fragments (Fr21 and F3 23, Fig. 5) that were
successfully soaked in BAZ2 PHDs to solve the first crystal structures of PHD zinc
fingers in complex with fragments bound to an anchoring pocket at the histone-
binding site. The best-validated hits were found to displace a histone H3 tail peptide
in competition assays. The chemical scaffolds identified in this work are suitable
starting points for future ligand optimization using structure-guided approaches and
could pave the way for the development of chemical probes to drug PHD reader
domains.

4 Protein Reader Domains of the Royal Family

4.1 General Characteristics of Royal Family Proteins

The so-called Royal Family [53] was created for the structural classification
of protein modules evolutionarily related to a repeated unit first identified in
Drosophila melanogaster maternally expressed gene Tudor [54]. Mutations in
Tudor result in offspring lethality or infertility [55]. Hence, the reference to
English House of Tudor King Henry VIII whose blood group anomaly is thought
to be the cause of the numerous stillbirths and miscarriages suffered by his wives.
The Royal Family is composed of the chromo-, Tudor, MBT, chromo-barrel,
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and PWWP domains, which recognize histones and other proteins harboring
a methylated lysine and also a methylated arginine for the Tudor domain.
The recognition of these posttranslational modifications by Royal Family proteins
affects many key cellular processes such as chromatin condensation, DNA tran-
scription, gene silencing, the maintenance of epigenetic expression states, and
the DNA damage response. Proteins of the Royal Family usually function in
the context of large assemblies typically composed of one or more enzymes
and several nonenzymatic subunits. A case in point is that of the evolutionarily
conserved SAGA (SPT-ADA-GCN5-acetyltransferase) complex, made of more
than 20 proteins, which facilitates DNA transcription [56]. The tandem Tudor
domains of a subunit of SAGA, namely, SGF29 (SAGA-associated factor of
29 kDa), recognize H3K4me3, a signal for gene transcription. Binding of SGF29
to H3K4me3 contributes to the recruitment of SAGA to chromatin and thereby
allows acetylation of H3 at lysines 9, 14, and 18 by SAGA subunit GCN5 (general
control non-derepressible 5, also known as KAT2A), which promotes gene
transcription [57].

The members of the Royal Family show structural similarity, and they all have
a similar structural fold in common. Four of them (Tudor, MBT, chromo-barrel,
and PWWP domains) fold into a roughly 60 amino acid SRC homology 3-like
(SH3-like) antiparallel five-stranded twisted β-barrel structure and differ mainly
by the number and relative orientations of the β-barrels as well as added
secondary structure elements. The first Royal Family structure with a five-stranded
β-barrel core motif to be determined was that of the single Tudor domain of
human SMN (survival motor neuron) protein which was later shown to recognize
a methylarginine [58, 59]. As mentioned above, a defining feature of the Royal
Family proteins is an aromatic-binding cage that can accommodate a methyllysine or
a methylarginine. A well-characterized example is the complex of 53BP1 tandem
Tudor domains with histone H4 methylated at lysine 20 [60].

The chromodomain (chromatin organization modifier domain) differs from other
Royal Family members in that in its simplest form it is constituted of a three-stranded
antiparallel β-sheet packed against a C-terminal α-helix and does not adopt a barrel
structure [61]. A lysine may be mono-, di-, or trimethylated at the ε-amino group
(also referred to as the Nζ position). Regardless of the methylation state, the main
driving force for methyllysine recognition comes from cation-π interactions between
the methylammonium cation and surrounding aromatic residues in the binding cage
[62]. For higher methylation states, there is also a significant contribution of
the hydrophobic desolvation effect to methyllysine recognition [63]. Some Royal
Family domains can selectively recognize a mono- or dimethyllysine and exclude
a trimethyllysine. In these domains, a hydrogen bond and an ion-pair interaction
between the methylammonium cation and a carboxylate group in the aromatic cage
contribute to binding stability and methylation-state specificity.
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4.2 The Chromodomain

4.2.1 Chromodomain Structure and Function

Chromodomains are a highly conserved family ofmethyllysine reader domains that play
diverse roles in gene repression/expression in cellular differentiation, cancer progres-
sion, and stem cell maintenance [61, 64, 65]. Named after “chromatin organization
modifier,” the chromodomain was originally identified in D. melanogaster proteins
HP1 (heterochromatin-associated protein 1) and Polycomb, contributing to genomic
imprinting [66]. The chromodomain of HP1, which binds histone H3K9me3, was
the first methyllysine reader domain to be discovered [16, 17].

Made up 40–60 amino acid residues, the canonical chromodomain structure is
a monomeric three-stranded antiparallel β-sheet flanked by a C-terminal alpha
helix [67]. Chromodomains can be generally divided into three structurally distinct
classes: the HP1 family, the Polycomb group (PcG) family, and the chromo-ATPase/
helicase-DNA-binding (CHD) family [68].

4.2.2 Small Molecules Targeting Chromodomains

4.2.2.1 Targeting CBX7

The members of the Polycomb group of CBX proteins (CBX2, CBX4, CBX6,
CBX7, and CBX8) compete with each other for incorporation into multiprotein
Polycomb-repressive complexes (PRCs) of which two main complexes are present
in mammals (PRC1 and PRC2). Members of the PRC are frequently prone to
dysregulation. Representing transcriptional repressors, Polycomb group genes
are implemented in development, stem cell maintenance, and cancer progression
[69, 70]. Each of the five human CBX proteins recognizes and binds to H3K27me3
(with a different degree of selectivity; see above), a mark that is created by another
member of the PRC, the lysine methyltransferase EZH2/KMT6 [71, 72].

CBX7 is among the best-studied representatives of the Polycomb paralogs. It is
a master controller that extends cellular lifespan, delays senescence, drives prolifer-
ation, and bestows pluripotency to adult and embryonic stem cells [73, 74]. Multiple
lines of evidence suggest promise for CBX7 as a therapeutic target in certain forms
of cancer. CBX7 expression is strongly proliferative in various stem cell and
stemlike cancer cell lines [71, 73, 75, 76]. It has been observed that the depletion
or knockdown of CBX7 in prostate cancer cell lines induces a senescent phenotype
with reduced cell proliferation [73], whereas CBX7 expression significantly
increases in clinical samples of hormone-resistant prostate cancer relative to
hormone-dependent prostate cancers [77] and is linked to poor prognosis in ovarian
clear cell adenocarcinoma [76]. Additional malignancies, where CBX7 seems to
play a central role, are lymphomas [78] and T-cell leukemias [70]. Therefore, even
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if a few literature reports by the same research group suggested that the role in the
regulation of cell growth and tumorigenesis might be tissue- and context-dependent
[79, 80], CBX7 constitutes an interesting potential drug target.

A first successful approach to find inhibitors of CBX7 resulted from the
truncation of a 25 amino acid long peptide sequence from protein SETDB1, which
had demonstrated a twofold increase in binding affinity for CBX7 when compared
to H3K27me3-containing sequences [77]. Initial truncation led to a 5-mer com-
pound, Ac-FALKme3S-NH2 (Fig. 6), with promising activity when evaluated in
a fluorescence polarization (FP) assay measuring CBX7-H3K27me3 disruption
(IC50 ¼ 12 μM). From this starting point and with the aid of molecular modeling
studies utilizing the crystal structure of CBX7 in complex with H3K27me3
(PDB: 2L1B), a series of small trimethyllysine-containing analogs of the initial
peptide were synthesized by the iterative, systematic replacement of one residue
on the scaffold at a time (Leu, Ala, Phe, Ser) while keeping the trimethylated lysine
residue. Modifications at Leu (�1) revealed a high tolerance for hydrophobic and/or
aromatic residues such as Val, Ile, Tyr (analog 11, Fig. 6; IC50 ¼ 6.2 μM), or a
pentane ring [77]. The co-crystal structures of CBX7 in complex with these analogs
confirmed the ligand conformation predicted by modeling studies [77]. It was found
that substituting the C-terminal serine by simple H-bond-donating substituents
like aminobenzimidazole, propanediols, or a pendent ammonium group increases
the binding potency. Finally, a selected set of compounds that comprise all the
favorable modifications to the FALKme3S-scaffold previously gained by SAR
studies was synthesized, which revealed ligands (e.g., analog 64, Fig. 6) with
affinities around 200 nM for CBX7 and tenfold selectivity over CBX8 and even
400-fold selectivity over CBX1, representing the first reported inhibitors of any
chromodomain [77]. Starting from Ac-FALKme3S-NH2 as a lead peptide, a series
of constrained aza-lysine analogs was also prepared with the aim to study the
influence of side chain geometry and ε-amine methylation on affinity [81]. An
aza-amino acid scan was performed in which each amino acid residue of the lead
peptide was replaced by its corresponding semicarbazide counterpart in order to gain
insight into the conformational preferences of the parent peptide. Although the
azapeptides maintain all side chain structural components present in parent ligand,
a loss of affinity was generally seen across the series. Considering the backbone
conformational preferences of azapeptides, as well as the flatter nature of the
semicarbazide residue, such constraints on the lead peptide were not tolerated
in the protein-binding site, likely because they disturb the preferred β-strand
conformation.

Another peptide-based approach led to the identification of the most potent
CBX7 inhibitor reported to date, UNC3866 (Fig. 6). The study was based on
the amino acid sequence RGFALKme3STHG (Fig. 6), which binds CBX7 with
significantly increased affinity compared to H3K27me3 (KD ¼ 5 μM and 110 μM,
respectively) in isothermal calorimetry (ITC) experiments [82]. Several modifica-
tions to RGFALKme3STHG designed to increase the hydrophobicity, cell perme-
ability, and stability against lysine demethylases provided the initial lead peptide,
UNC3567 (Fig. 6), which bound with comparable affinity to the parent peptide
(KD ¼ 6.7 μM). A series of molecular dynamics simulations investigating the
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mechanisms through which the CBX7 aromatic cage closes around H3K27me3
suggested that replacement of the N-terminal benzoylglycine of UNC3567 with
less flexible structural moieties would enhance hydrogen bonding interactions with
CBX7 and facilitate closure of the chromodomain around the peptide. These SAR
studies resulted in UNC3866, which binds CBX7 and CBX4 (KD ¼ 97 nM) with
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equal affinity [82]. UNC3866 bound with modest affinity to chromodomains
of the PcG and the lesser explored chromodomain Y chromosome (CDY) [83]
protein families but was inactive against HP1 chromodomains and other distinct
methyllysine-binding domains. Key insights into UNC3866 selectivity for CBX7
over other CBX proteins were provided by crystallography studies [82, 84].
Consistent with the inhibition of the H3K27me3 recognition by CBX7, UNC3866
demonstrated modest antiproliferative effects in PC3 cells (GI50 ¼ 7.6 μM) [82],
an advanced stage metastatic prostate cancer model previously shown to have its
growth regulated by CBX7 [85].

Due to the off-target affinity of UNC3866 for CDY proteins, specifically CDY1
(KD ¼ 6.3 μM), CDYL1b (0.91 μM), and CDYL2 (0.85 μM), a series of CDYL
inhibitors based on its structure were developed [86]. Roughly 14,000 diverse
peptide compounds were synthesized by means of a split-and-pool combinatorial
method and then screened through an on-bead strategy utilizing magnetic enrich-
ment [87, 88]. This approach led to the isolation of ligands with the desired
selectivity profile and improved affinity for CDYL2. The method successfully
identified UNC4991 (Fig. 6) with high affinity for CDYL2. Further evaluation
using ITC found UNC4991 to effectively bind both CDYL2 (KD ¼ 0.64 μM) and
CDYL (KD ¼ 0.49 μM) with �fivefold to sixfold selectivity over CBX7. Notably,
this study further supported the importance of the nature of the N-terminal capping
on chromodomain selectivity. In particular, the tert-butyl phenyl moiety of
UNC3866 facilitates CBX7 binding, while isobutyl, cyclohexyl, and pyridyl caps
favor CDYL2 binding [86].

The first small-molecule inhibitors of the CBX7-H3K27me3 interaction
were identified in 2015 by high-throughput screening of a library of over 100 K
compounds, including 2,560 FDA-approved drugs and other compounds selected
from commercial sources [89]. About 60 compounds were identified as modest
inhibitors of CBX7, 6 of which (sennoside A, suramin, aurin tricarboxylic acid,
trypan blue, and Evans blue from the FDA database and MS37452 from the
commercial compounds library) were confirmed by using 2D 1H-15N HSQC spectra
and the fluorescence anisotropy-binding assay. Suramin (IC50 ¼ 8.1 μM) and
MS37452 (also termed MS452, KD ¼ 29 μM, IC50 ¼ 67 μM; Fig. 7) were chosen
for further structural and biological evaluation. The co-crystal structure of suramin
in complex with CBX7 demonstrated that two suramin molecules bound to
two CBX7 molecules in two distinct orientations to create an interwoven, compact
2:2 complex [89]. Yet, although the trypanocidal suramin has also recently demon-
strated anticancer activity [90], it is well-characterized as a promiscuous screening
compound in a variety of different screening contexts [91, 92]. Therefore, the
study focused on MS37452. The co-crystal structure of the complex between
CBX7 and MS37452 showed that the ligand adapts two rotamer conformations
in which the methylbenzene moiety is positioned either cis or trans with
respect to the 2,3-dimethoxybenzene [89]. Structural studies demonstrated that the
dimethoxybenzene and piperazine interact with the CBX7 aromatic cage residues
(Phe11, Trp32, and Trp35) in both orientations, but the methylbenzene moiety in
the trans conformation more closely mimics the intermolecular interactions between
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H3K27me3 and CBX7 outside of the methyllysine-binding domain. Selectivity
evaluation of MS37452 toward other chromodomain-containing proteins revealed
a threefold weaker affinity for CBX4 and even a tenfold lower-binding potency
for the other members of the PcG family than for CBX7. Moreover, MS37452
shows almost no binding to the chromodomains of HP1 proteins [89]. Compound
MS37452 was further characterized on a cellular level where it induced transcrip-
tional depression of p16/CDKN2A by disrupting CBX7-CHD binding to
H3K27me3 at the INK4A/ARF locus in PC3 prostate cancer cells, which was
determined by chromatin immunoprecipitation (ChIP) [89].

Later, an in silico screening performed by the same group led to the identification
of a structurally distinct aminobenzimidazole compound, MS351 (Fig. 7), endowed
with a unique mode of action [93]. The compound binds and forms a ternary
complex with the methyllysine-binding pocket of CBX7 and a predicated hairpin
RNA derived from long noncoding RNA (lncRNA) ANRIL. Binding of RNA
ANRIL is thought to allosterically influence the conformation of the aromatic
cage of CBX7, thus “activating” it for methyllysine recognition [93]. The affinity
(KD ¼ 23.8 μM in fluorescence anisotropy assay) is 21-fold higher than for
uncomplexed CBX7 protein. MS351 also enhanced RNA ANRIL binding in a
dose-dependent manner, while MS37452 did not have a similar effect in the
same assay, supporting the differences in their biological actions. Additionally,
MS351 effectively induced transcriptional derepression of p16INK4a in PC3 and
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mouse embryonic stem cells at 1–5 μM and 1–2 μM, respectively. The crystal
structure of CBX7 complexed with MS351 further supported the allosteric influence
RNA binding has on H3K27me3 recognition by CBX7 [93].

4.2.2.2 Targeting CBX6

As described above, the overall similarity of the aromatic cage pockets regarding
the chromodomains of the CBX proteins within Polycomb group makes their
selective inhibition challenging. Nonetheless, another peptide-based approach,
aimed at targeting the more diverse hydrophobic clasp region of CBX chromo-
domains, successfully led to the identification of CBX6 inhibitors [94]. As men-
tioned above, CBX4 and CBX7 contain a Val13 residue, whereas CBX2, CBX6,
and CBX8 have an Ala residue in the same location at the bottom of the pocket.
Starting from the CBX7 inhibitors analogs of peptide Ac-FALKme3S-NH2 (Fig. 6),
a series of peptides (Fig. 8) was designed by incorporating slight modifications
to the Ala (�2) position. Also, a FITC label was appended to these peptides to
aid their evaluation against the CBX proteins. CBX6 ligands 3 (methyl) and 4 (ethyl)
were broadly selective toward PcG family proteins over the HP1 protein with
moderate-binding affinities ranging from 0.1 to 1.0 μM and 0.4–1.6 μM, respec-
tively. The introduction of an isopropyl group at Ala (�2) (ligand 5; Fig. 8) yielded
a potent (KD ¼ 0.9 μM) and highly selective CBX6 inhibitor with 90-, 20-, 18-, 6-,
and 7-fold preferential binding over CBX-1, CBX-2, CBX-4, CBX-7, and CBX-8,
respectively. Mutational studies revealed that enhanced interactions at the hydro-
phobic clasp alone did not determine the CBX6 selectivity of the compound. On
the other hand, molecular dynamics simulations provided strong evidence that the
chromodomain of CBX6, but not that of CBX7, is able to envelop this peptide in the
surface groove-binding region completely and that the internal pocket of the CBX6
hydrophobic clasp is less strained when in complex with this ligand [94].
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4.3 The Tudor Domain

At around the same time that the chromodomain-containing protein HP1 was
discovered as the first “reader” of a methyllysine mark on histone tails [16, 17],
the Tudor domain of survival motor neuron protein (SMN1) was characterized as
a methylarginine-binding module [59, 95]. Subsequent work revealed that Tudor
domains do not only bind methylarginine motifs but also interact with methyllysine
motifs [96–98]. Based on the primary amino acid sequence alignment of different
Tudor family members, it is not possible to predict whether the Tudor domain
belongs to the methyllysine- or methylarginine-binding family or what degree
(Kme1, Kme2, or Kme3) or type (Rme1, Rme2s, or Rme2a) of methylation is
recognized by a particular domain. As mentioned above, only recently structural
insight has been gained into the interaction of Tudor domains with their specific
methylarginine motif ligands [99–104] and suggested that the aromatic cage of
the methylarginine binders is narrower than that of methyllysine binders, which
favors the docking of the planar methyl-guanidinium group of arginine [102].

In mammals, there are at least 41 proteins that harbor Tudor domains [105],
and many of these proteins contain multiple copies of this domain. This structurally
diverse family of Tudor domain-containing proteins can be divided into three
groups: proteins with a single Tudor domain, tandem Tudor domains, and hybrid
Tudor domains.

4.3.1 Single Tudor Domain (PHF1, PHF19, PHF20)

4.3.1.1 Structure and Function

The best-characterized single Tudor domains are from the proteins plant
homeodomain finger 1 and 19 (PHF1 and PHF19), two components of the
Polycomb-like complex (PCL) in mammals. The PCL proteins regulate the
Polycomb-repressive complex PRC2 (Polycomb-repressive complex 2) by
recruiting PRC2 to its target genes where it triggers transcriptional silencing
by trimethylation of H3K27. Although not fully understood, the mechanism
involves the recognition by the Tudor domains of PHF1 and PHF19 of histone
H3 di- or trimethylated at lysine 36 (H3K36me2/3), which are markers of transcrip-
tionally active genes. This brings PRC1/PHF1 or PRC2/PHF19 complexes and
associated H3K36me2/3 demethylases NO66 and KDM2B, and H3K4me3
demethylase KDM2A to target genes. Following H3K36me2/3 and H3K4me3
demethylation, PRC2 trimethylates H3K27, which leads to de novo gene silencing
[106–108]. The structures of the complexes of PHF1-Tudor and PHF19-Tudor
bound to an H3K36me3 peptide revealed the binding mechanism of a single
Tudor domain [106–108]. Another single Tudor domain characterized structurally
in complex with a methylated peptide is from human PHF20 (plant homeodomain
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finger 20), a protein that regulates p53 and NF-κB transcription factors in a lysine
methylation-dependent manner [109, 110]. The association of PHF20 with methyl-
ated p53 stabilizes p53 by limiting Mdm2-mediated ubiquitylation and subsequent
degradation of p53 [109]. PHF20 is also involved in transcriptional regulation and
activates p53 through binding the p53 promoter [111, 112]. PHF20 was also recently
shown to be necessary for somatic cell reprogramming to generate inducible
pluripotent stem cells [113]. In the NF-κB pathway, PHF20 was shown to drive
the constitutive activation of this transcription factor in gliomas by preventing the
interaction between protein phosphatase PP2A and the p65 subunit of NF-κB. This
process strictly depends on the recognition of a methyllysine in p65 (Lys218 or
Lys221) by PHF20-Tudor2 [110], suggesting that inhibiting this interaction
might be beneficial for cancer treatment.

4.3.2 Tandem Tudor Domains (53BP1, SGF29, SHH1, UHRF1,
Spindlin-1)

4.3.2.1 Structure and Function

Tandem Tudor domains were first identified in p53-binding protein 1 (53BP1)
[97, 114], a protein that has recently emerged as a major regulator of DNA
double-strand break (DSB) repair by nonhomologous end joining (NHEJ) [115]
and as an essential protein in the protection against breast cancer due to its ability
to contribute significantly to the tumor suppression pathways associated with
DNA repair, cell cycle control, apoptosis, and cell senescence [116]. 53BP1 recruits
the NHEJ effector protein RIF1 (Rap1-interacting factor 1) to DSBs [117, 118].
53BP1 is essential for class switch recombination in antibody diversification [119]
and for the fusion of deprotected telomeres [120], two processes that depend on
NHEJ. Furthermore, 53BP1 inactivates homologous recombination (HR)-mediated
DNA repair by inhibiting DNA end resection, the initial step of HR [121]. Remark-
ably, deletion of the 53bp1 gene restores HR in cells defective in HR protein BRCA1
and alleviates embryonic lethality in Brca1-nullizygous mice [121].

Another TT-containing protein is SAGA-associated factor 29 (SGF29), a subunit
of Spt-Ada-Gcn5 acetyltransferase (SAGA) chromatin-modifying complex that
regulates gene expression [122]. SAGA is evolutionarily conserved and was initially
identified in budding yeast where it was shown to acetylate and deubiquitylate
histones [56, 123]. The SGF29 subunit is required for the recruitment of SAGA to
gene promoters and for the acetylation of histone H3 by SAGA [57]. In human
and Saccharomyces cerevisiae, SGF29 recognizes histone marks H3K4me2 and
H3K4me3, with a slight preference for H3K4me3, by means of tandem Tudor
domains (SGF29-TT) [57, 124]. The structures of budding yeast and human
SGF29-TT are virtually identical [57]. Both yeast and human SGF29 are highly
specific for the H3 sequence surrounding Lys4. The affinity of SGF29-TT for its
target peptide is higher than the affinity of 53BP1-TT for H4K20me2. Unlike
53BP1, SGF29 does not have a stringent methylation-state specificity. SGF29-TT
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binds tightest to H3K4me3 and H3K4me2, but it also recognizes H3K4me1 with
relatively high affinity and even H3K4me0 for the human protein (KDs ~0.5 μM,
~1 μM, ~4 μM, and 24 μM, respectively) [57].

Sawadee homeodomain homolog 1 (SHH1) from Arabidopsis thaliana is a
protein involved in the RNA-directed DNA methylation (RdDM) pathway [125].
This pathway involves plant-specific RNA polymerases such as Pol-IV, which
initiates the synthesis of siRNAs [126]. SHH1 enables the production of siRNAs
from a large number of RdDM targets and is required for Pol-IV to occupy the
corresponding loci. SHH1 includes tandem Tudor domains (SHH1-TT), also called
Sawadee domain. SHH1-TT, which binds histone H3 methylated at Lys9, is essen-
tial in vivo for Pol-IV to occupy RdDM targets and for the maintenance of siRNA
and DNA methylation levels [127]. SHH1-TT is similar to UHRF1-TT, but with
a unique zinc-binding site in Tudor 2. Extensive structural and binding studies
have shown that SHH1 binds equally well to H3K9me1, H3K9me2, and
H3K9me3 peptides with KDs of ~2 μM.

The multidomain ubiquitin ligase UHRF1 (ubiquitin-like, PHD, and ring finger-
containing 1) is required for the maintenance of DNA methylation patterns
by DNMT1 (DNA methyltransferase 1) at hemimethylated CpG dinucleotides
[128, 129]. These sites are recognized by UHRF1 SRA (SET- and RING-associated
domain) domain, which also directly binds DNMT1 [130–132]. In addition, UHRF1
associates with H3K9me3 and H3K4me0 or H3K4me1 [133]. UHRF1 ubiquitylates
histone H3 at lysine 23, and this mark is required for the recruitment of DNMT1
to DNA replication sites [134]. Therefore, UHRF1 links two layers of epigenetic
information: the methylation of DNA associated with transcriptional silencing
and histone methylation marks associated with chromatin condensation and inhibi-
tion of gene expression [135]. The tandem Tudor domains of UHRF1 (UHRF1-TT)
binds H3K4me0K9me3 with a KD of ~20 μM. Noteworthy, the affinity for
H3K4AK9me3 or H3K4me3K9me3 is significantly lower (KDs ~210 μM and
~90 μM, respectively) [133]. More recently, it was shown that the PHD finger
at the C-terminus of UHRF1 is also involved in recognition of methylated histone
H3 [130, 136, 137].

A particular example of TT-containing protein is Spindlin-1, a transcriptional
coactivator that has been reported to regulate the expression of rRNA genes, which
are regulated by the MAZ transcription factor and Wnt target genes [138, 139].
The protein is named after the meiotic spindle in mice where it was initially found
[140]. Later, the gene for the human ortholog (SPIN1) was found as overexpressed
in a screen for genes involved in ovarian cancer [141]. Spindlin-1 levels are elevated
in a number of different cancers, including non-small cell lung cancers, ovarian
tumors, and some hepatic carcinomas [138, 142], and the protein displays a diffuse
nuclear localization and is enriched in nucleoli [139]. Spindlin-1-overexpressing
cells undergo a complete morphological change and show increased cell growth as
well as cell cycle delay in metaphase and chromosome instability [143]. It has been
proposed that cancer cell growth promotion by Spindlin-1 occurs via WNT/TCF-4
signaling activation [142].
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The structure of human Spindlin-1 revealed a folded globular unit constituted of
a tandem of Tudor domains (Tudor 1 and Tudor 2) tightly packed against a third
Tudor domain (Tudor 3) via hydrophobic interactions, giving rise to a circular
arrangement of three Tudor domains [144]. The first and second Tudor domains
have cages made up of four aromatic residues. Spindlin-1 T1 aromatic cage binds an
H3K4me3 peptide with a KD of ~0.2 μM. Interestingly, it was found that the affinity
of the binding of Spindlin-1 to H3K4me3 is further increased by an asymmetric
methylated arginine in position 8 (H3R8me2a), which is recognized by the second
Tudor domain (KD ~0.05 μM) [145]. Furthermore, in vivo, functional experiments
suggested that Spindlin-1 activates the signaling downstream of Wnt/β-catenin from
protein arginine methyltransferase 2 (PRMT2), which creates H3R8me2a marks,
and the MLL complex, which is responsible for the generation of trimethylated
H3K4 residues. Together, this results in a specific “K4me3-R8me2a” pattern which
can be recognized by Spindlin-1 [145].

Consistent with the dual recognition of H3K4me3 and H3R8me2a, it was found
that Spindlin-1, H3K4me3, and H3R8me2a are all enriched at the promoter region
of Wnt target genes, strongly suggesting a direct role of Spindlin-1 in regulating the
expression of these genes [145]. Wnt/β-catenin signaling plays a role in a wide range
of cellular processes, including proliferation, differentiation, tissue homeostasis,
tumorigenesis, apoptosis, and cell survival. Targeting this pathway could open
new strategies for the treatment of a variety of diseases [138].

4.3.2.2 Small Molecules Targeting Tandem Tudor Domains

Targeting 53BP1

The first compound (UNC2170, Fig. 9a) that selectively targets the methyllysine-
binding domain of 53BP1 was identified from the cross-screening of a series of small
molecules developed initially as inhibitors of L3MBTL1/L3MBTL3 (see below)
against a panel of methyllysine readers [146]. The binding affinity of UNC2170 for
53BP1 was moderate (KD ¼ 22 μM), but the compound was completely selective
for 53BP1 when compared against a range of other methyllysine readers at concen-
trations up to 500 μM. Synthetic modifications to the basic amine, linker region,
and aromatic moiety of the UNC2170 scaffold together with a structural analysis
of the 53BP1–H4K20me2 complex led to the development of SARs.
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Interestingly, any changes to the secondary tert-butyl amine of UNC2170 resulted
in a complete loss of affinity for 53BP1 [146]. Noteworthy, the tertiary amine
derivative UNC2892 (Fig. 9a) was chosen as a negative control for follow-up
studies, due to its structural similarity to UNC2170 and its complete lack of binding
affinity for 53BP1. In order to confirm that the complete loss of activity for
the analogs was due to the lack of the secondary tert-butyl amine, a methyllysine-
binding site mutant of 53BP1 (D1521A) was prepared. Removal of the aspartate
is known to disrupt the salt bridge and hydrogen bond between 53BP1 and the
dimethylammonium of H4K20me2 [96]. UNC2170 did not bind to the 53BP1
mutant, providing strong evidence that the secondary tert-butyl amine was
interacting with the Kme2-binding region [146]. The only tolerated substitutions
resulted from the replacement of the bromine atom in the C-3 position of the
aromatic moiety with bulky, lipophilic substituents, such as iodine, isopropyl,
and trifluoromethyl, which all yielded selective and moderate inhibition [146].
Further analysis of UNC2170 confirmed its potential as a chemical probe. Pulldown
assays with H4K20me2 and p53K382me2 demonstrated that UNC2170 binds
competitively to the TT domain of a His-53BP1 fusion protein. UNC2170 was
able to competitively displace p53K382me2 in a concentration-dependent manner
(IC50 ¼ 30 μM). Within a cellular context, UNC2170 was nontoxic and highly
permeable with no significant measurable efflux as determined by a bidirectional
Caco-2 cell permeability assay. No significant decrease in 53BP1 foci formation was
observed in U2OS and γH2AX cells before and after ionizing radiation, possibly
due to the bivalent nature of 53BP1 readers also recognizing H2AK15ub at DSB
sites [147]. UNC2892 was inactive in each of these cellular assays, providing
strong evidence that the cellular effects seen with UNC2170 are due to inhibition
of 53BP1 and highlighting the potential of a potent 53BP1 antagonist.

Targeting UHRF1

Histone and DNA binding by UHRF1 are regulated by long-range interdomain
and linker-domain interactions within the full-length protein [148–150]. It has
been showed that a 15-residue polybasic region (PBR-UHRF1643–657) in the linker
between the SRA and RING (really interesting and new gene) domains regulates
the transition between PHD- and TTD-mediated histone reader states. This
occurs through its reversible binding to the TTD groove or the phospholipid PI5P
that in full-length UHRF1 results in the failure of UHRF1 to recognize H3K9me3
caused by a transition from TTD-mediated to PHD-mediated histone binding [148].
The PHD has also been reported to interact with the SRA domain in a UHRF1
state where histone binding is restricted [149, 150]. These studies suggest that
disruption of interdomain interactions could be a mechanism to target UHRF1
pharmacologically.

A small-molecule fragment library containing 2,040 compounds was screened
against isolated TTD (UHRF1121–UHRF1286) using a fluorescence polarization
(FP) assay that tracked the displacement of an N-terminally tagged H3K9me3
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peptide (H3K9me3(1–25)). From this screen, eight putative TTD-binding hits were
identified. Analysis of amide peak movement in the (1H-15N) HSQC spectra of the
TTD in the presence of the fragments indicates that the binding of one of them,
4-benzylpiperidine-1-carboximidamide (BPC, Fig. 9b), occurs in the groove [151].
Further characterization of BPC binding to isolated TTD using ITC and DSF
estimated a KD of 50 μm and a calculated ligand efficiency of 0.38 (which is defined
as the binding energy per heavy atom) [151]. Saturating concentrations of this highly
soluble compound induced open conformers of the TTD-PHD module and reduced
its affinity for H3K9me3 peptides. Therefore, BPC could be a useful tool for in vitro
investigations aimed to relate open TTD-PHD conformations with specific UHRF1-
binding modes. Due to the small size and high ligand efficiency, the compound can
be further optimized for potency, for instance, by linking it to compounds designed
for interaction with the aromatic cage, which recognizes the trimethyl lysine of
H3K9me3.

Targeting Spindlin-1

The emerging role of Spindlin-1 in transformation and cancer prompted a growing
interest in developing inhibitors of the protein-protein interactions that it mediates.
Recently, an epigenetic reader assay platform was developed to identify small-
molecule inhibitors of the Spindlin-1-H3K4me3 interaction [152]. The methodology
included a primary screen using an in vitro AlphaLISA assay, an FP-based verifica-
tion assay, a fluorescent thermal shift assay (FTSA) to investigate direct binding,
a biolayer interferometry (BLI) assay, and finally cellular thermal shift assay
(CETSA). The pilot screen of a small library of bioactive compounds identified
compound A366 (Fig. 16), previously reported as selective inhibitor of lysine
methyltransferase G9a [153], as endowed with good in vitro inhibition of the
Spindlin-1-H3K4me3 interaction (IC50 ~200 nM) as a result of H3K4me3-
competitive direct binding to the Tudor domains of Spindlin-1. However, the
compound showed poor cell-based activity (100 μM) [152]. Moreover, similarly to
what was previously reported against G9a [153], even minor structural modifications
of A366 led to significant reduction of SPIN1-binding affinity. In fact, the structur-
ally related compound YX-11-102 (Fig. 10) did not show any activity in either the
AlphaLISA or FP assay [152]. More recently, the same group used an iterative
virtual screening approach to generate pharmacophore models based on the crystal
structure of Spindlin-1 in complex with H3K4me3 peptide and, subsequently, screen
databases of commercially available compounds. After docking the identified poten-
tial hits in the crystal structure of Spindlin-1 to verify the occurrence of significant
interactions with the residues of the binding site, structural analogs of the validated
hits were synthesized and tested employing an AlphaLISA assay. Two molecular
scaffolds, 4-aminoquinazoline and quinazolinethione, were identified as promising
lead structures (Fig. 10) [154]. However, all the derivatives synthesized displayed
only low-to-moderate activity in vitro. Interestingly, the studies highlighted that an
appropriate lysine mimetic group is crucial for inhibitory activity [154].
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A different approach used a library of biotin-tagged analogs of the small-
molecule probe UNC1215, a nonselective inhibitor of MBT domains (see below),
to screen a protein domain microarray that harbored about 100 GST fusion proteins,
including 41 Tudor domains, 31 chromodomains, and representative PHD, BHA,
MBT, PWWP, ANK, AGENET, and HEAT domains. This “library-on-library”
approach led to the identification of EML405 (Fig. 10) as a lead compound capable
to interact with Spindlin-1 [20]. Structural studies revealed that EML405 engages
both the first and second Tudor domains of Spindlin-1 and also revealed a large
unoccupied negatively charged pocket [20]. With the aim to engage this pocket,
a series of derivatives were designed and synthesized and revealed an improved
binding constant with respect to EML405 (3 μM for EML631 vs 14 μM for
EML405). Moreover, the novel compounds displayed a significantly weaker
binding affinity for the Tudor domain-containing proteins 53BP1 and PHF20
and for the MBT domain-containing proteins L3MBTL1 and L3MBTL3, thus
showing a dramatic improvement of selectivity for Spindlin-1. Competition assays,
chemiprecipitation experiments, and cellular thermal shift assay (CETSA) experi-
ments demonstrated that the most specific compound identified in this study,
EML631 (Fig. 10), was capable to engage Spindlin-1 in cells, block its ability
to recognize H3K4me3 marks and inhibit its transcriptional coactivator activity.

Interestingly, the crystal structure of the complex between Spindlin-1 and
EML631 revealed an unpredicted interaction of the additional pyrrolidine group
with a negatively charged groove that lies between the first two Tudor domains.
Recently, EML631 was successfully used as a chemical probe to characterize
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Spindlin-1 docking protein (SPIN�DOC), a transcriptional repressor that binds
Spindlin-1 and masks its ability to engage the H3K4me3 activation mark [155].
SPIN�DOC associates with TCF4 in a Spindlin-1-dependent manner and dampens
Spindlin-1 coactivator activity in a TOPflash luciferase reporter assays. Furthermore,
knockdown and overexpression experiments indicated that SPIN�DOC represses the
expression of a number of Spindlin-1-regulated genes, including those encoding
ribosomal RNA and the cytokine IL1B [155].

4.3.3 Hybrid Tudor Domains (JMJ2A/KDM4A)

The hybrid Tudor domain JMJD2A/KDM4A has been poorly understood, and no
inhibitors have been published so far; thus this reader will not be further discussed
within this book chapter [156].

4.3.4 Tudor Domains that Bind Methylarginine Motifs

Tudor domains are the only protein domain family that binds methylated arginine
motifs (although individual PHD and WD40 domains also harbor this ability)
[8, 19]. Several Tudor domain-containing proteins that have been clearly shown
to participate in methylarginine-driven protein-protein interactions have been
described in the literature. These include proteins that are implicated in the regula-
tion of splicing (SMN, important for the survival motor neuron 1 in spinal muscular
atrophy [157] and SPF30, survival of motor neuron-related-splicing factor 30 [102]),
in the regulation of gene expression (TDRD3, Tudor domain-containing protein
3 [158], and SND1, staphylococcal nuclease domain-containing protein 1 [159]),
and in a gonad-specific small RNA silencing pathway (TDRD1, TDRD6, and
TDRD9, and TDRKH [99, 160]). All of these aforementioned Tudor domain
proteins are still not fully understood, and no probes or inhibitors can be found in
the literature so far.

4.4 The MBT Domain

The MBT (malignant brain tumor) domain was originally discovered as three
repeated units in D. melanogaster gene lethal (3) malignant brain tumor [161].
Mutations in this gene correlate with tumor development in the larval brain.
The Drosophila L(3)MBT protein functions in transcriptional repression [162].
The corresponding human protein, L3MBTL1, was the first MBT protein to be
characterized structurally [163], revealing the general architecture of the MBT repeat
conserved in all other MBT structures solved to date [164]. MBT domains always
occur in two or more copies, and the arm extension of a given MBT domain packs
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against the core subunit of another repeat. This generates different spatial organiza-
tions of the MBT repeats in different proteins. For example, the three MBT domains
of L3MBTL1 adopt a triangular propeller-like architecture where the arm of the first
MBT domain contacts the core of the third MBT domain. Structurally, MBT proteins
are comprised of two, three, or four MBT domains (MBT1, MBT2, MBT3, MBT4)
flanked by other domains such as a zinc finger and/or sterile alpha motif (SAM)
[4, 165]. Interestingly, while each MBT-containing protein has multiple MBT
domains, only one domain contains the functional aromatic cage that can recognize
and bind methylated lysine residues [166, 167].

The cellular functions containing two (such as SCML2) or four (such as
L3MBTL2 and Sfbmt) MBT repeats are still poorly understood from a biological
point of view. Therefore they will not be discussed further in this more chemical
oriented book chapter [168].

4.4.1 Proteins Containing Three MBT Repeats (L3MBTL1
and L3MBTL3)

4.4.1.1 Structure and Function

The first structures of MBT complexes to be reported were those of human
L3BMTL1 bound to H4K20me1, H4K20me2, and H1.5K27me2 peptides and
single mono- and dimethylated lysines [166]. Only the methylated lysine of
H4K20me1, H4K20me2, or H1.5K27me2 contacts extensively L3MBTL1. This
is consistent with the relatively low affinity (KD ¼ ~5 μM for H4K20me1 or
H4K20me2) and especially low specificity of this protein. Several other mono- or
dimethylated histone peptides such as H1bK26, H3K4, H3K9, and H3K27 bind
L3MBTL1 with similar KDs [166]. Human L3MBTL1 seems to play multiple roles
in the cell although a clear function remains to be determined. It was initially
characterized as a transcriptional repressor, and the three MBT domains were
shown to be essential for this gene-silencing function [169]. Transcriptional repres-
sion requires that L3MBTL1 associates with histones in a mono- or dimethylation-
dependent manner at H4K20 or H1bK26, which leads to chromatin condensation
at retinoblastoma protein-regulated genes [170].

L3MBTL3, a close homolog of L3MBTL1, is a relatively uncharacterized
member of the human MBT family. It also contains three MBT domains but differs
from L3MBTL1 in what lysine methylation marks it recognizes. While L3MBTL1
recognizes Kme1 and Kme2 on H2B, H3, and H4, L3MBTL3 exclusively binds to
Kme2 marks on these histones [165]. Additionally, L3MBTL1 has been shown
to bind nonhistone targets like the tumor suppressor protein p53 (p53K382me1).
Unlike other members of the MBT family, both L3MBTL1 and L3MBTL3 are
nonselective readers of lysine methylation that do not recognize histone peptides
in a sequence-selective manner [171]. Furthermore, L3MBTL1 has been described
as a “chromatin lock” with the ability to negatively regulate the expression of E2F
regulated genes like c-myc through the binding of the retinoblastoma protein (pRb)
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to form a repressed E2F/pRb complex [170]. Homozygous deletion of L3MBTL3
was identified in human medulloblastoma [172], and, in general, reduced L3MBTL
expression may be relevant in certain subsets of myeloid leukemia [96, 173].

4.4.2 Small Molecules Targeting MBT Domains

The majority of small-molecule probes developed against MBT domains have
focused on L3MBTL1 and L3MBTL3 proteins. A crucial first step in targeting
methyllysine-binding proteins was the development and optimization of a broadly
applicable chemiluminescent AlphaScreen™ bead-based proximity assay capable
to identify small molecules that disrupt interactions between methylated histone
residues and the reader protein [174]. A preliminary screen identified two com-
pounds, Cefsulodin and I-OME-Tyrphostin AG 538 (Fig. 11; IC50 ¼ 98 nM and
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282 nM, respectively) as potent inhibitors of L3MBTL1/H3K9me1 interactions.
A specific binding of these compounds to the labeled L3MBTL1-His protein was
confirmed by follow-up studies. Yet, further reports on these compounds have
not been disclosed due to unclearness of the exact mechanism of action.

4.4.2.1 Targeting L3MBTL1

A virtual screening campaign performed on a large library of commercially available
compounds containing such moieties led to the identification of several hits, which
were predicted to bind with high affinity to the H4K20Me2 pocket on L3MBTL1
[175]. Among them, a few compounds (in particular VS Hits #1, 2, and 13; Fig. 11)
that contained a substituted aromatic moiety linked to an alkylated amine through
a variety of different tethers were identified as modest inhibitors of L3MBTL1 in
the AlphaScreen™ assay (IC50 values ¼ 14–17 μM). Docking studies with VS
Hit #13 in the MBT domain suggested that the pyrrolidine nitrogen mimics the
Kme and forms an ionic bond with Asp355, while the sulfonamide forms hydrogen
bonds with the side chains of Tyr386 and Asn358.

A combined ligand- and structure-based approach (using the co-crystal structure
of the L3MBTL1-H4K20me2 complex; PDB: 2PQW [166]) led to the design of a
series of peptidomimetic inhibitors targeting L3MBTL1 [176]. These compounds
included a histidine residue to promote interactions between the small molecule
and Thr385 on the protein surface, while interactions with the methyllysine-binding
pocket of the MBT2 domain were probed by the addition of various alkylated
diamines. Not surprisingly based on the hits from the virtual screening study,
the pyrrolidine peptidomimetic structure #6 (Fig. 11) demonstrated significantly
improved binding affinity (KD ¼ 37 μM) compared to several acyclic mono-, di-,
or trimethylated amines. Furthermore, the compound occupied the anticipated
MBT2 domain site as confirmed by the loss of binding to an L3MBTL1-D355A
mutant [176]. To simplify the peptidomimetic structure and determine whether
substituted aromatic moieties with improved drug-like properties (cell permeability,
ligand efficiency) could enhance the scaffold, a large library of analogs was synthe-
sized and evaluated. While much of the structure-activity relationship (SAR)
for this region of the scaffold was initially flat, nicotinamide derivative UNC280
(Fig. 11) did demonstrate moderate-binding affinity (KD ¼ 26 μM) and a fourfold
increase in ligand efficiency when compared to the native peptide, H4K20me1 9-mer
(residues 17–25), in ITC studies. UNC280 was not selective for L3MBTL1
but rather demonstrated modest potency against L3MBTL3 and PHF13 domains
(IC50 values of 28 μM and 48 μM, respectively). The incorporation of the sulfon-
amide moiety from VS Hit #13 into the UNC280 scaffold led to the pyrrolidine
containing sulfonamide derivatives #10 (Fig. 11), which demonstrated a comparable
binding affinity to L3MBTL1 (KD¼ 25 μM). Both the substitution of the pyrrolidine
ring of this derivative and the addition of an oxygen atom to the linker produced
significantly reduced or inactive compounds. By contrast, substituting the alkyl
linker with a bulky and inflexible piperidine resulted in compound UNC669
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(KD values ¼ 5–8.6 μM), which demonstrated approximately a fivefold increase
in binding affinity to L3MBTL1 compared to UNC280, but without improved
selectivity between L3MBTL1 and L3MBTL3 in the AlphaScreen™ assay
(IC50 ¼ 6–7.9 μM and 4.8 μM, respectively) [176, 177]. In addition, UNC669
did not bind to the L3MBTL1-D355A mutant suggesting it targets the intended
MBT2 domain-binding pocket. ITC and AlphaScreen™ binding results for UNC669
were further confirmed with a competitive fluorescence polarization (FP) inhibition
assay using a FAM-labeled H3K9Me1 peptide (IC50 � 10 μM).

Starting from the UNC669 scaffold, a series of second-generation molecules were
designed to gain information about SARs for the aromatic ring, the piperidine/
pyrrolidine moieties, and the carbonyl linker. The compounds were screened for
binding, potency, and selectivity against a panel of methyllysine domains [177].
Unsurprisingly, exchanging the pyridine for a phenyl ring (UNC926, Fig. 12)
improved binding twofold for L3MBTL1 (IC50 ¼ 3.9 μM), yet it had no effects on
selectivity over L3MBTL3 or L3MBTL4 (IC50¼ 3.2 μM and 15.6 μM, respectively)
[177]. Changing the position of the bromine atom as well as removing it from the
ring resulted in significant decreases in binding affinity, suggesting favorable inter-
actions between the meta-bromine and the protein surface. Attempts to modify the
“right-side” of the UNC926 scaffold in order to obtain SARs regarding the size and
disposition of the basic pyrrolidine ring had little success at producing an improved
probe of L3MBTL1, with the exception of analog #14 (Fig. 12, compound number-
ing as in the original paper; IC50 ¼ 8.6 μM). However, the compound was not
selective with comparable binding to L3MBTL3 (IC50 ¼ 8.7 μM) [177]. A follow-
up pull-down assay demonstrated that UNC926 inhibits the interaction between
the three MBT repeats of L3MBTL1 (L3MBTL13xMBT) and H4K20me1 in a
concentration-dependent manner more potently than UNC669.

With the aim to place the basic amine more shallowly in the L3MBTL1 binding
pocket, analog #15 was synthesized and evaluated (Fig. 12). Interestingly, while this
compound did not interact with L3MBTL1 (IC50 > 30 μM), it demonstrated modest
potency against the MBTD1 domain (IC50 ¼ 9.2 μM), indicating amine location
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may promote reader selectivity. Noteworthy, replacement of the piperidine ring with
a (pyrrolidinyl)azepane (analog #19, Fig. 12) or an azabicyclooctane (analog #20,
Fig. 12) introduced an increase in hydrophobicity, rigidity, and size to the ligand,
resulting in enhanced potency and selectivity for the L3MBTL3 reader (L3MBTL3:
IC50 values ¼ 6.7 μM and 3.6 μM, respectively; L3MBTL1: IC50 values ¼ 28.9 μM
and 23.6 μM, respectively) [177]. Modifications to the linker region connecting
the phenyl and piperidine rings did not increase potency toward L3MBTL1 when
compared to UNC926. Nevertheless, several of these analogs were modest inhibitors
of L3MBTL3 and MBTD1 readers. Sulfonamide analog #21 maintained potency
against L3MBTL3 (IC50 ¼ 3.7 μM) and MBTD1 (IC50 ¼ 21.9 μM) but weakly
bound L3MBTL1 at 48% inhibition. Similarly, both removal of the carbonyl (analog
#22, Fig. 12) or its replacement with a methyl group (analog #23) resulted
in compounds that demonstrated modest potency against L3MBTL3 (IC50

values ¼ 13.3 μM and 16.0 μM, respectively) and MBTD1 (IC50 values ¼ 18.6 μM
and 9.0 μM, respectively), but not against L3MBTL1 (IC50 > 30 μM). Finally, the
addition of a phenyl ring (analog #24) yielded an analog with approximately
eightfold selectivity for L3MBTL3 (IC50 ¼ 2.4 μM) compared to L3MBTL1
(IC50 ¼ 20.3 μM) [177].

4.4.2.2 Targeting L3MBTL3

L3MBTL3 reader antagonists based on the 4-(pyrrolidin-yl)-piperidine scaffold
have been recently identified during a campaign aimed to develop small-molecule
probes of Tudor domain-containing p53-binding protein 1 (53BP1, see above),
which binds Kme2 residues adjacent to lysine or arginine [178, 179]. The primary
design strategy for these compounds consisted of appending an additional basic
amine to the phenyl ring of the UNC926 scaffold to provide UNC928 (Fig. 13)
[179]. Interestingly, while UNC928 was inactive against 53BP1, it demonstrated
submicromolar activity against L3MBTL3 (AlphaScreen™ IC50 ¼ 0.36 μM).

A LANCE (Lanthanide chelate excite) time-resolved fluorescence resonance
energy transfer (TR-FRET) assay was used to confirm the AlphaScreen™ results
and found UNC928 had an analogous binding affinity of IC50 ¼ 0.29 μM. In
addition, UNC928 was moderately active only against L3MBTL1 (IC50 ¼ 2.8 μM),
suggesting the potential for developing selective probes of the L3MBTL3 reader.

To further probe SAR for this “dimeric” scaffold with regard to both potency and
selectivity for the L3MBTL3 reader, an extensive series of small molecules that
contained modifications to either the “left-side” amine, the linker, or aromatic core of
UNC928 (Fig. 13) were synthesized and evaluated [179]. Repositioning the amine in
the para position with respect to the original “right-side” 4-(pyrrolidin-yl)-piperidine
resulted in a significant improvement in activity against L3MBTL3 (UNC1021,
LANCE IC50 ¼ 0.048 μM and AlphaScreen™ IC50 ¼ 0.071 μM), without increased
affinity for L3MBTL1 (AlphaScreen™ IC50 ¼ 2.9 μM). To explore the central
aromatic core, a variety of functional groups were appended to the phenyl
ring of UNC1021 [179]. While the majority of compounds evaluated did not
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show enhanced activity against L3MBTL3, the addition of an aniline moiety resulted
in UNC1215, which demonstrated comparable activity to UNC1021 against
L3MBTL3 (IC50 ¼ 0.064 μM), but with an enhanced binding affinity (KD ¼ 0.12).

Co-crystallographic studies of UNC1215 in complex with L3MBTL3 revealed
a unique 2:2 polyvalent binding mode where one UNC1215 molecule interacted
with two L3MBTL3 molecules [178]. UNC1215 showed a high degree of selectivity
for L3MBTL3 in selectivity studies against a broad panel of methyllysine-binding
domains, G protein-coupled receptors, ion channels, and kinases and provided
preliminary evidence that cellular effects of this probe could be attributed to its
inhibition of this reader protein. In vitro, UNC1215 was nontoxic (100 μM) and
capable of competing with cellular factors that bind to MBT domains in fluorescence
recovery after photobleaching (FRAP) experiments. Based on its selectivity and
cellular activity, UNC1215 was used as a chemical probe to identify cellular proteins
that interact with L3MBTL3 [178]. Affinity purification of GFP-fused L3MBTL3
transfected HEK293 cells treated with or without UNC1215 and analysis by
mass spectrometry identified BCL2-associated transcription factor 1 (BCLAF1),
a transcriptional repressor involved with DNA damage repair, as an antagon-
ized interacting partner of L3MBTL3 [180]. The BCLAF1 interaction with
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L3MBTL3 was further confirmed by immunofluorescence, immunoprecipitation,
and mutagenesis experiments. Lastly, AlphaScreen™ assay confirmed that K455me,
the known methylation mark of BCLAF1, effectively bound to L3MBTL3 with
similar affinity as H4K20me histone peptides [178]. The use of UNC1215 to identify
this cellular interaction highlights the importance of developing specific probes for
each of the methyllysine reader proteins [181].

Parallel attempts to enhance the selectivity of the UNC1215 scaffold for
L3MBTL3 focused on substituting a variety of basic amine-containing groups that
were predicted to prevent its interaction with the MBT2 domain of L3MBTL1 [179].
These studies resulted in the identification of two compounds, UNC1679 and analog
#56 (numbering as in original paper; Fig. 13), that demonstrate comparable potency
against L3MBTL3 (IC50 values 0.17 μM and 0.13 μM, respectively) and no activity
against L3MBTL1 at �10 μM or greater. A series of molecular modeling and
mutational studies provided strong evidence that the enhanced selectivity for
L3MBTL3 demonstrated by these compounds is due to favorable stabilizing π-π
or CH-π bonds between the 2-ethylisoindoline group and Phe387, interactions
that cannot occur in the L3MBTL1 reader domain where the analogous residue
is Leu361 [179]. Both UNC1679 and analog #56 were nontoxic in cell culture,
and their ability to antagonize L3MBTL3 activity in vitro was confirmed by the
eliminating foci formation when HEK293 cells were treated with either compound
conjugated to the cell-permeable merocyanine dye mero76 and GFP-FLMBT.

A combination of structural and free energy computations guided the develop-
ment of second-generation “UNC1215-like” probes targeting L3MBTL3 [182].
These computational studies suggested that small molecules with reduced size
might more suitably interact with a compact reader pocket in L3MBTL3. With
this in mind, UNC2533 (Fig. 14) was synthesized and identified as a comparable
inhibitor of L3MBTL3 (IC50 ¼ 0.62 μM and KD ¼ 0.37 μM) [182]. Similar to
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UNC1215, the UNC2533-L3MBTL3 co-crystal structure revealed a 2:2 dimer
complex with UNC2533 bridging the L3MBTL3 dimer interface and interacting
with the MBT1 domain of one monomer and the MBT2 domain of the second
(PDB: 4 L59) [182]. When compared to the UNC1215-L3MBTL3 complex, the
two monomers rotated at the dimer interface to accommodate for the smaller size
of UNC2533 rather than altering the conformation of the protein backbone in the
ligand-binding site [182].

A series of UNC2533-based compounds with modifications to both amine
moieties and the two carbon linker between the phenyl and pyrrolidinyl rings were
synthesized and evaluated [182]. Increasing the size of the (pyrrolidinyl)piperidine
moiety or replacing the piperidine with an aliphatic C-2 chain was not well-tolerated
as evidenced by significant decreases in activity against L3MBTL3. Reducing the
ethyl linker to a methylene reduced potency approximately sixfold (IC50¼ 0.35 μM),
while increasing the tether to three carbons maintained potency against L3MBTL3
(IC50 ¼ 0.07 μM), but did not demonstrate the same binding affinity in ITC studies
(KD ¼ 1.8 μM). The requirement for a basic amine on both sides of the phenyl
ring was highlighted by the 40- (analog #8; numbering as in the original paper)
and 200-fold (analog #11) loss in potencies seen when these moieties were
either modified or removed. Interestingly, without the second basic amine, a
decrease in L3MBTL1 activity was also observed, indicating the significance of
the pyrrolidine ring in binding to this reader. Replacing the pyrrolidine with
an azetidine (analog #14) resulted in a compound with equipotent activity toward
L3MBTL3 (IC50 ¼ 0.048 μM) and increased selectivity with respect to L3MBTL1
(IC50 ¼ 86 μM) when compared to UNC2533 [182].

From a SAR perspective, it can be concluded that two basic moieties at each
end of the molecule are necessary to improve potency and selectivity toward
L3MBTL3 due to its unique dimer formation. Furthermore, smaller inhibitors
like UNC2533 highlight the rotational mechanism by which L3MBTL3 may use
to bind specific ligands or methylated histones without altering Kme-binding
pockets. The ability to “tune” molecules for L3MBTL3 inhibition brings promise
to the development of potent inhibitors not only targeting L3MBTL3 but also
other MBT domain-containing effector proteins.

4.5 The PWWP Domain

4.5.1 Structure and Functions

The PWWP domain was named for the Pro-Trp-Trp-Pro motif initially identified
in the Wolf-Hirschhorn syndrome candidate 1 (WHSC1) protein [183]. This motif
is loosely conserved in several other proteins, including over 20 human proteins
[184]. The first (Pro) and second (Trp) residues can vary, while the third (Trp)
and fourth (Pro) are well preserved. As revealed by the first PWWP domain structure
to be determined, from mouse DNA methyltransferase DNMT3B, the PWWP
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domain contains a five-stranded antiparallel β-barrel core followed by a helix bundle
of one to six α-helixes following the β-barrel [185]. The PWWP motif (SWWP
in DNMT3B) belongs to the β-barrel and is at the interface between the two
subdomains. The WWP submotif initiates strand β2. While the PWWP domain
of DNMT3B binds DNA, there is evidence that it also interacts with methylated
targets, and for several other proteins, it was demonstrated that the PWWP domain
is a methyllysine-binding domain [124, 184, 186–188]. General principles for the
PWWP fold were derived from the structural characterization of seven human
proteins that recognize a methylated lysine [184]. The PWWP domains can be
subdivided into three units, namely, a β-barrel, an insertion motif between the second
and third strand of the β-barrel which varies in length and secondary structure, and
a C-terminal α-helical bundle. WHSC1 is a member of the NSD (nuclear receptor
SET domain-containing) family of proteins, large multidomain-containing proteins
that, in addition to the PWWP domain, include PHD domains and a catalytic SET
(Su(var), E(z), and Trithorax) histone methyltransferase domain [189]. Upregulation
of WHSC1 has been linked to several cancers including neuroblastoma [190],
gliomas [191], and several others including bladder cancer [190] and has also been
linked to increased tumor aggressiveness [192].

Furthermore, a gain-of-function WHSC1 point mutation (E1099K) has also
been identified in pediatric acute lymphoblastic leukemia cell lines resulting in a
dependency on mutant WHSC1 activity [193]. Amplification of WHSC1L1 has been
seen in breast cancer where knockdown modulated the growth and survival of these
cells [194]. Interestingly, while no small molecules have been developed to date
to target the PWWP domain as a methyllysine reader, very recently a peptide
inhibitor targeting the SET domain of WHSC1 has been reported [195].

5 The WD40 Repeat Domain

Proteins that contain WD40 domains constitute a large family, and examples have
been identified in roles throughout the cell [196]. In the nucleus, WD40 β-propeller
proteins are frequently found as components of chromatin-associated complexes.
Here, they mediate inter-complex interactions or facilitate tethering of the complexes
to the nucleosome. WD40 repeat proteins are commonly part of large, multiprotein
complexes whose protein-protein interactions help orchestrate an array of down-
stream effects such as vesicle biogenesis [197], cytokinesis [198], chromatin dynam-
ics (i.e., DNA replication and cell cycle progression) [199], and transcriptional
regulation [200–203]. More than one WD40 domain protein may be found in
a single complex. As yet, a high-resolution structure of a complex including a
β-propeller domain, showing its full set of interactions, is not available. Neverthe-
less, a number of pair-wise interactions between the WD40 proteins and histone
proteins, or peptides mimicking histones, have been characterized. These, rather
than displaying a common theme, illustrate the versatility of the WD40 β-propeller
fold [204].
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5.1 Recognition of the Histone H3 Tail by WDR5

The plasticity of WD40 β-propeller recognition sites is an important and recurring
feature in binding studies, and this is underlined in the investigation of WDR5 and
its interaction with histone H3. This β-propeller protein is a member a multiprotein
complex that is associated with the KMT2 methyltransferase family [205, 206]. The
KMT2s are a family of six histone H3K4-specific methyltransferases, KMT2A-D,
KMT2F, and KMT2G, also known as mixed-lineage leukemia protein 1–4 (MLL1–
MLL4) and SET domain-containing protein 1A and 1B (SETD1A and SETD1B),
respectively. These enzymes are implicated in the positive transcriptional regulation
of critical developmental genes [207]. Although the conserved C-terminal catalytic
SET domain consists of only 150 amino acids, the KMT2s are large multidomain
proteins. It is presumed that the majority of the protein domains are involved in
ensuring a highly specific and regulated gene targeting. However, the KMT2
SET domain is not competent for methyl transfer on its own but requires assembly
into a multiprotein complex for full biochemical activity [205, 206]. This associated
“core complex” consists of four proteins, ASH2L ([absent, small, or homeotic]-
like protein), DPY30, and two WD40 β-propeller proteins, WDR5 and RBBP5.
Both knockdown experiments in cells and in vitro reconstitution experiments con-
firm that assembly of the full complex is required for full SET domain activation
[205, 208, 209]. Early biochemical studies indicated that WDR5 might function in
histone H3 amino tail recognition and recruitment of the complex to the nucleosome
and even suggested that WDR5 may sense the H3K4 methylation state [209].
However, subsequently, structural analyses revealed that the β-propeller robustly
recognized only a short sequence motif (Ala-Arg-Thr) in the amino tail of histone
H3 [210]. The H3-binding site is located in the axial region on the top of the WDR5
propeller [210].

The integral role that the histone H3R2 side chain has in the histone recognition
mechanism of the WDR5 β-propeller is particularly significant because this residue
is itself a target for posttranslational modifications associated with epigenetic regu-
lation. The R2 arginine side chain can be asymmetrically dimethylated (H3R2me2a)
by PRMT6 or symmetrically dimethylated (H3R2me2s) by PRMT5 and PRMT7
[202, 203]. The effect that these two types of arginine methyl modification have
on binding toWDR5 is surprisingly divergent. Whereas the H3R2me2a modification
effectively ablates binding to WDR5, in contrast, the H3R2me2s modification
results in up to tenfold higher binding affinity [202, 203, 210]. WDR5 is rather
an arginine reader than a methyllysine reader. This is even more underlined by
the observation that WDR5 binds several arginine-containing peptides, with some
of them even lacking a lysine residue (e.g., SET1A, SET1B, and MLL1–MLL4).
Aside from the arginine side chain itself, the interaction with H3 does not include
sequence-specific contacts. In crystallization studies, the plasticity of the site has
been highlighted by its occupation by a range of peptide sequences. These included
the amino terminus of a neighboring WDR5 molecule in the lattice (sequence ARA),
or part of the purification tag (GRE) [211]. The role of WDR5 in the cell is not

Methyl-Readers and Inhibitors 373



limited to its assembly into the MLL core complex, but rather it is a ubiquitously
expressed protein that has been identified in other chromatin-associated complexes,
including the ATAC and NSL histone acetyltransferase complex [212, 213],
and associates with the chromodomain helicase DNA-binding protein 8 (CHD8)
nucleosome-remodeling enzyme [214]. It is highly likely that the WDR5 histone
H3-binding function is integral to its role in these complexes. The epigenetic
regulation of this binding activity by arginine methylation may, therefore, have
significant downstream consequences through a number of chromatin-mediated
pathways. WDR5 was also recently reported to play a role in bladder cancer by
mediating the transcription of cyclin B1, cyclin E1, cyclin E2, UHMK1, MCL1,
BIRC3, and Nanog by H3K4me3 suggesting that this reader can be a potential
biomarker and therapeutic target for the treatment of bladder cancer [215].

5.2 Methyllysine-Specific Recognition by EED

The axial site on the top of the β-propeller is also the site of histone binding by
the EED subunit of Polycomb Repressive Complex 2 (PRC2). However, in this
case, an aromatic cage senses the methylation state of lysine residues [216]. The
PRC2 multiprotein complex is a member of the Polycomb group and functions by
copying repressive histone lysine methylation marks from one histone tail to another
[217]. This facilitates the spreading of a repressive domain within one cell or
copying it into a new daughter cell to control the genetic program [218]. The copying
of chromatin domains is needed to ensure the correct development of multicellular
organisms but often goes awry in diseases such as cancer [219]. How PRC2
recognizes existing repressive lysine marks and then makes a faithful copy of
them to newly formed histones is now beginning to be understood. The PRC2
complex consists of five core subunits: histone-lysine N-methyltransferase EZH2
(enhancer of zeste homolog 2; also known as KMT6), which contains the catalytic
SET domain, SUZ12 (suppressor of zeste 12 protein homolog), zinc finger protein
AEBP2 (adipocyte enhancer-binding protein 2) and two WD40 β-propellers,
EED (embryonic ectoderm development protein), and either RBBP4 or RBBP7
(see before) [220]. Similar to the transcriptional activator MLL, the EZH2 SET
domain is not very active on its own and requires the assembly with the other PRC2
subunits to methylate histone lysines [217]. The target lysine of PRC2 is histone
H3K27, to which EZH2 can add one, two, or three methyl groups. The fully
methylated histone H3K27 (H3K27me3) is the epigenetic signature that is classi-
cally associated with the repressive chromatin state [221]. However, as the field of
epigenetic research has matured, it has become clear that the role of individual marks
is more complicated, and for example, H3K27 is known to coexist with H3K4 on
bivalent promoters in ESC cells [222]. This more complex view is reflected in how
EZH2 activity within the PRC2 complex is regulated through the β-propeller protein,
EED. Given that misregulation of PRC2 activity is strongly implicated in the
molecular etiology of a range of cancer types, there has been an extensive effort to
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elucidate the mechanism of its activity [223, 224]. One long-standing experimental
observation is that PRC2 activity is markedly higher with native nucleosomes
substrates, naturally containing many chemical modifications, than with unmodified
recombinant nucleosomes [217]. This implies a role for the pre-existing marks in
regulating PRC2 activity, and this model was refined further when it was observed
that the complex binds to the H3K27me3 mark in vivo [225]. Thus, pre-existing
H3K27me3 marks recruit PRC2 to newly synthesized DNA, and this, in turn,
facilitates the H3K27 methylation of the nascent histones. The determination of
the EED β-propeller structure in complex with histone peptides has provided
an explanation for the role of pre-existing modifications in the recruitment and
activation of PRC2 [216].

An initial EED structure, in complex with a helical peptide derived from the
amino terminus of EZH2, confirmed that it is a seven-bladed β-propeller, which
has a helical insertion of currently unknown function into blade 3 [226]. Later,
EED was crystallized in the absence of binding partners, however, serendipitously
the conditions needed to produce well-diffracting crystals of the apo-form
contained 3-(ethyldimethylammonio)propane-1-sulfonate (NDSB-195), a non-
detergent sulfobetaine additive [216]. Fluorescence competition assays were used
to assess the relative affinity of EED for histone peptides carrying epigenetically
relevant trimethyl marks. These experiments confirmed that EED does bind to
histone tails, but in addition, they revealed that the binding was restricted to
those associated with repressive chromatin – H1K26, H3K9, H3K27, and H4K20.
Conversely, peptides representing marks associated with active chromatin such
as H3K4, H3K36, and H3K79 did not bind. The authors of this study went on
to determine a series of crystal structures of EED bound to the four repressive
trimethylated peptides [216]. The four trimethyl peptides bound to EED
β-propeller, in fluorescence and isothermal calorimetry measurements, with disso-
ciation constants in the range 10 μM for H3K36me3 to 45 μM for H3K27me3.
H3K27me2 peptide had a KD of only 114 μM, and H3K27me1 had a KD of only
434 μM, showing that recognition of H3K27 by EED is methylation state specific.
The structure also revealed the mechanism that allows EED to select for only histone
marks associated with repressive chromatin domains.

5.3 Small Molecules Targeting WD40 Domains

As mentioned above, in addition to being associated with disease gene networks,
many WDR domain-containing proteins are target candidates for therapy in cancer,
metabolic disorders, neurological diseases, and regenerative medicine. Although
these putative targets remain to be fully validated, the WDR domain is potentially
a common yet unexploited entry point for drug discovery in many disease areas.
Indeed, several compounds have been recently identified as inhibitors of WD40
domain-containing protein complexes.

Methyl-Readers and Inhibitors 375



5.3.1 Targeting WDR5

As a common component of mammalian H3K4 methyltransferase complex, WDR5
is a major H3K4 methylation associated protein [209]. As a bridge between the
remainder units of the complex and MLL1, WDR5 bounds to a conserved arginine
containing motif of MLL1, called “WIN” or WDR5 interaction motif [205, 227,
228]. The interaction between MLL1 and WDR5 is critical for the integrity of
the MLL1 complex and, therefore, its HTM activity [229]. Knockdown of WDR5
affects the levels of global H3K4 methylation, especially decreases the level of
H3K4me1/3, and downregulates Hox gene expression in human cells [209]. So
disturbing the interaction of WDR5-MLL1 with antagonists to inhibit H3K4
methyltransferase activity can be a potential therapeutic strategy to treat leukemias
carrying MLL1 fusion proteins.

The discovery of the first inhibitor of MLL1-WDR5 interaction originated from
the identification of peptide Ac-ARA-NH2 (Fig. 15) as the minimum MLL1-WIN
motif able to bind to WDR5 with high affinity [230]. Based on Ac-ARA-NH2, three
linear peptidomimetic inhibitors of MLL1-WDR5 PPI were identified (MM-101,
MM-102, and MM-103; estimated Ki < 1 nM) by modification of the Ala residues
[231]. Then cyclic peptidomimetic MM-401 was designed by constraining confor-
mation of the linear peptide MM-102 (Fig. 15) [229]. In a competitive FP
experiment, MM-401 showed an IC50 value of 0.9 nM in disrupting the interaction
of WDR5 with MLL1. MM-401 was further demonstrated to specifically inhibit
the enzymatic activity of MLL1 (IC50 ¼ 0.32 μM) by blocking the MLL1-WDR5
interaction and thus the assembly of the complex assembly. MM-401 is cytotoxic to
MLL-associated leukemic cells in an MLL1-mediated H3K4 methylation-dependent
manner by inducing cell cycle arrest, apoptosis, and myeloid differentiation, whereas
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normal cells stay unaffected, making MM-401 an interesting candidate to be further
evaluated as a potential therapeutic drug [229]. Based upon the co-crystal structure
of MM-401 in complex with WDR5, other macrocyclic peptidomimetics were
designed and synthesized to further determine the structure-activity relationships
for this class [232]. In particular, this study determined the optimal linker length in
these macrocyclic peptidomimetics and discovered a number of potent and promis-
ing macrocyclic peptidomimetics with MM-589 (Fig. 15) as the best compound,
capable to bind to WDR5 with a Ki value <1 nM and inhibit the MLL HMT activity
with an IC50 value of 12.7 nM. Significantly, MM-589 resulted >40 times more
potent than MM-401 in inhibition of the MLL HMT activity and growth of MOLM-
13 and MV4-11 human leukemia cell lines harboring MLL translocation, with >30-
fold selectivity over HL-60 leukemia cell line lacking MLL translocation. The
compound also displayed excellent metabolic stability in human, mouse, and rat
microsomes (T1/2> 60min). Further optimization of MM-589may ultimately yield a
new therapy for the treatment of acute human leukemia carrying MLL translocation
and potentially other human diseases and conditions that depend upon the MLL
HTM activity, the WDR5-MLL interaction, or WDR5.

The first small-molecule inhibitor of the WDR5-MLL1 interaction was identified
in 2013 by screening a library of 16,000 compounds [233]. The most promising
hit (WDR5–0101; Fig. 16) revealed a KD value of 12 μM. Further screening of a
library of six million commercially available compounds led to 119 molecules
with similarities to WDR5-0101. Among these compounds, WDR5–0103
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exhibited the highest binding affinity with a KD value of 450 nM (Fig. 16)
[233]. Based on the co-crystal structure of the inhibitor-WDR5 protein, a more
potent antagonist, WDR5-47 (Fig. 16), was obtained from the optimization of
WDR5-0102 [234]. A more potent antagonist OICR-9429 (Fig. 16) was reported
to explore the mechanism of p30-dependent transformation and establish the essen-
tial p30 cofactor WDR5 as a therapeutic target in CEBPA-mutant AML [235]. With
the aim to improve the binding affinity of OICR-9429 to WDR5 (KD ¼ 50 nM, as
measured by ITC), other groups also worked on this scaffold and designed and
synthesized a series of biphenyl inhibitors of MLL1-WDR5 PPI [236–238]. Among
them, compounds W-26 [237] and, even better, DDO-2117 (Fig. 16) [236] effec-
tively inhibited MLL1 HMT activity in vitro and in MV4-11 cell line. In particular,
DDO-2117 proved to be a high-affinity inhibitor of the MLL1-WDR5 interaction
(IC50 ¼ 7.6 nM, KD ¼ 13.6 nM) and showed the most potent inhibitory activity
(IC50 ¼ 0.19 μM) in HMT assay [236].

Very recently, a “drug repositioning” approach was applied, and a library of
592 FDA-approved drugs was screened for MLL1 inhibitors by measuring alter-
ations in HTRF signal by means of an in vitro histone methyltransferase assay.
The dopamine D2/D3 agonist piribedil (Fig. 16), which is used for the treatment
of patients with Parkinson’s disease and circulatory disorders [239], exhibited
a promising antileukemic effect on cells harboring MLL-FPs [240]. Mechanism
study showed that piribedil blocked the MLL1-WDR5 interaction and thus selec-
tively reduced MLL1-dependent H3K4 methylation. Importantly, MLL1 depletion-
induced gene expression that was similar to that induced by piribedil and rendered
the MLL-r cells resistant to piribedil-induced toxicity, revealing piribedil exerted
antileukemia effects by targeting MLL1. Furthermore, both the piribedil treatment
and MLL1 depletion sensitized the MLL-r cells to doxorubicin-induced apoptosis
[240]. Piribedil has been previously shown to inhibit the growth of colorectal cancer
DLD1 cells [241], and this study suggested that it could serve as a new drug for
the treatment of MLL-r AML and provide new insight for further optimization of
targeting MLL1 HMT activity.

5.3.2 Targeting EED

In an effort to identify PRC2 inhibitors, recently a homogeneous time-resolved
fluorescence (HTRF) assay was employed to screen approximately 1.4 million
compounds using the recombinant 5-member PRC2 complex as an enzyme, and
the H3K27me0 peptide (comprising residues 21–44) as a substrate led to the
identification of a number of hits with different mechanisms of inhibition. 11,765
compounds at 30% or higher inhibition were identified as primary hits. After
chemoinformatic triage of these initial hits and confirmation of the inhibition,
2,911 compounds were confirmed. From the confirmation and counterscreen data,
1,967 compounds were selected and tested in dose-response titration from 15 to
0.1 μM in a 1:2 serial dilution series. Of these, 1,405 compounds produced valid
dose-response curves. These hits were further validated in an LC-MS orthogonal
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assay, mechanism-of-action assay, cellular H3 trimethylation assay, biophysical
assay, and HMT profiling. Data and chemoinformatic clustering analyses allowed
to classify some hits as SAM competitive, while others as SAM noncompetitive, and
these were further characterized to demonstrate that their mechanism of inhibition
(MOI) was indeed through EED binding [242]. An AlphaScreen assay to measure
the interaction between His-tagged recombinant EED protein and a biotinylated
H3K27me3 peptide showed that these compounds, including derivatives EED162
and EED210 (Fig. 17), reduced the H3K27me3 binding signal to the basal level
(with IC50 ranges from 0.3 to 11.6 μM), suggesting that they can fully antagonize
the binding of the H3K27me3 peptide to EED. Biophysical studies (both ITC
and SPR) validated that EED210 indeed directly binds to EED (calculated KD of
28 μM and 35.1 μM, for ITC and SPR assays, respectively) [242]. Both compounds
were found to inhibit not only the H3K27me3-stimulated PRC2 activity but also
the basal activity in vitro and showed no inhibitory activity toward other HMTs
(IC50 > 100 μM) in a panel of 22 such enzymes. It is worth noting that they showed
similar inhibitory activities to both EZH2 and EZH1 harboring PRC2 complexes.
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This is not surprising as EED is the common component in both complexes. The
co-crystal structures of EED162 and EED210 bound to EED (as well as those
obtained with the other identified hits) demonstrate a common and yet dynamic
“induced fit” in the H3K27me3 pocket of EED with a significant conformational
change of the aromatic cage residues [242]. These structural studies suggested
that optimizing interactions with the key residues of the H3K27me3 pocket can
potentially improve the binding affinities of the identified hits, providing an attrac-
tive starting point for developing novel EED binders.

Indeed, optimization studies were carried out for EED210. Due to difficulties
in synthesizing this scaffold, the structure of EED210 (IC50 ¼ 2.5 μM, LE ¼ 0.29,
cLogP ¼ 4.9) was deconstructed to its minimal fragment, 3-(3-methoxybenzyl)
piperidine (Fig. 17; IC50 ¼ 95 μM, LE ¼ 0.36, and cLogP ¼ 2.8). This fragment
showed direct binding to EED in the 2D NMR assay with a KD of 32 μM, and
its co-crystal structure with EED showed that the interactions made with the
protein are the same as the ones observed for the parent compound EED210, with
a total retainment of the binding pose [243]. Aided by the co-crystal structure,
the deconstructed ligand was then “regrown,” and this approach led to the develop-
ment of a series of small molecules that allosterically inhibited PRC2 activity by
interacting with the methyllysine-binding pocket of EED [243]. All compounds were
evaluated for key properties, such as PRC2 inhibition (LC/MS-based assay), ligand
efficiency (LE), and cellular permeability (cLogP, Caco-2 cell permeability). The
most promising compound resulted derivative #19 (Fig. 17, compound numbering as
in the original paper), which demonstrated enhanced potency (IC50 ¼ 1 μM), good
ligand efficiency (LE ¼ 0.35), and improved permeability (cLogP ¼ 3.9) [243].

A similar deconstruction-reconstruction approach was applied for the optimiza-
tion of EED162 [244]. In fact, a closer inspection of the interactions between
compound EED162 and EED suggested that the entire piperidine ring connecting
C7 to C8 and the benzyl group attached to nitrogen at 9-position did not contribute
much to the interaction and likely reduced efficiency of binding due to the nones-
sential lipophilicity. Compound #8 (Fig. 17, compound numbering as in the original
paper), a fragment of EED162, was confirmed to retain most of the key interactions
with EED and was found to be as potent as the parent compound but with dramatic
improvements of both ligand efficiency (LE; 0.26 and 0.46 for EED162 and com-
pound #8, respectively) and lipophilic efficiency (LipE; 2.6 and 5.0, respectively).
Guided by X-ray crystallography, the approach finally led to the discovery of
EED226 (Fig. 17) as a potent and selective inhibitor of PRC2 activity (ITC with
EED, KD ¼ 82 nM, and PRC2 complex, KD ¼ 114 nM) [244, 245]. Like EED162
and EED210, EED226 was found selective against a panel of over 21 other protein
methyltransferases, kinases, and other protein classes and was unsurprisingly an
inhibitor for the EZH1/2-PRC2 complexes suggesting its potential effectiveness in
treating EZH1 and/or EZH2 dependent cancers such as myelodysplastic disorders.
EED226 directly binds to the H3K27me3 pocket of EED causing a distinct allosteric
effect that inhibits both basal- and H3K27me3-stimulated PRC2 activity. The crystal
structure of its complex with EED and EZH2 peptide (40–68, EBD) showed that the
binding of EED226 to the aromatic cage of EED (comprised of F97, Y148, W364,

380 G. Sbardella



and Y365) translocates side chains Y365 and W364 to create a deeper
pocket allowing for insertion of EED226 further into the pocket. EED226 did not
alter the conformation of the EBD-binding site. In vivo, EED226 induced the
regression of tumor xenografts in mouse models. Finally, EED226 was capable of
inhibiting cancer cell lines with acquired resistance to S-adenosylmethionine EZH2
inhibitors and also displayed a synergistic effect to inhibit cancer cell growth when
combined with EZH2 inhibitors [245].

Another high-throughput screening effort against EED, followed by structure-
based medicinal chemistry efforts, led to the identification of A-395 (Ki¼ 0.4 nM) as
an allosteric inhibitor of PRC2 (Fig. 17) [246]. The compound selectively and
potently binds EED and inhibits the catalytic activity of the trimeric PRC2 complex
(EZH2-EED-SUZ12) in an in vitro radioactivity-based assay with an IC50 of 18 nM.
Crystallographic studies and an AlphaLISA assay demonstrated the capability of
A-395 to compete with H3K27me3 for binding to the aromatic cage formed by the
WD40 repeat domain of EED (IC50 ¼ 7 nM). Additionally, A-395 potently reduced
H3K27 methylation in rhabdoid tumor cells and inhibited proliferation of human
cancer cells, specifically DLBCL Pfeiffer and Karpas422, which are sensitive to
EZH2 inhibition. In DLBCL Pfeiffer cell xenograft models, A-395 displayed sig-
nificant inhibition of tumor growth (84%). Finally, A-395 retained antitumor effects
against cell lines resistant to SET domain targeted EZH2 inhibitors [246].

A different approach to discover ligands of EED started from the identification of
JARID2 trimethylated at lysine 116 (JARID2-K116me3) as an EED-binding partner
and allosteric activator of PRC2 methyltransferase activity at low micromolar
potency (KD ¼ 3 μM), which is tenfold higher than the affinity of EED for
H3Kme7 in vitro [247]. The co-crystal structure of EED in complex with
JARID2-K116me3 (PDB: 4X3E) provided insight to the structural features neces-
sary for binding, specifically at residues 114–118 [248]. Using a split-and-pool
synthesis method, a first-generation library of 1,029 peptides based on a truncated
JARID2114–118K116me3 scaffold (Fig. 18) was synthesized, and an on-bead mag-
netic enrichment screening approach for EED was used to identify lead compounds
[248]. Compound #1 (Fig. 18, compound numbering as in the original paper) was
identified and when evaluated by ITC had improved potency compared to
JARID2114–118K116me3 (KD ¼ 4.8 μM and 8.8 μM, respectively). A subsequent
second-generation library consisting of 4,410 compounds was designed to enhance
ligand affinity and compound #3 (Fig. 18, compound numbering as in the original
paper), which demonstrated similar binding values in both ITC and an EED FP assay
(KD ¼ 1.09 μM and IC50 ¼ 1.65 μM, respectively) was identified. Crystallographic
studies and further modifications to the N- and C-terminus as well as replacement of
the Kme3 resulted in the more potent UNC5114 (ITC, KD ¼ 0.68 μM and FP assay
IC50¼ 1.74 μM) andUNC5115 (ITC,KD¼ 1.14 μMand FPAssay, IC50¼ 3.87 μM).
A biotinylated UNC5114 chemiprecipitated PRC2 components, EED, EZH2, and
SUZ12, confirming the endogenous interaction of UNC5114 with the Kme reader
pocket of EED without disrupting the PRC2 complex. Finally, both UNC5114 and
UNC5115 were able to competitively inhibit the PRC2 complex in the presence of
H3K27me3 [248].
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6 Conclusions

Due to their prevalent role in epigenetic gene regulation, methyllysine and
methylarginine domain readers have emerged as potential drug targets for small-
molecule intervention. The shallow aromatic-binding pockets have initially
presented a challenge for targeting such domains with small molecules [249], in
contrast with the great success achieved with bromodomain inhibitors. Nonetheless,
the development of potent small molecules inhibiting the protein-protein interaction
of methyllysine readers (Tudor, MBT, chromo-, and PHD domain) and their mod-
ified histones has proven the druggability of these sites, and, even if for many
potential targets no small-molecule ligands are known yet or only rather weak
inhibitors have been found so far, the increasing knowledge gained about the
structure-activity relationships of the identified ligands is paving the way for the
development of drug candidates targeting these readers. Future research efforts are
needed in order to learn more about the biological actions and therapeutic advan-
tages of these proteins especially those domains (PWWP, WD40, ankyrin repeats,
and ADD domains) not yet targeted.
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In cases where proteins comprise different properties, like combining writer or
eraser functions with reader abilities, targeting the respective reader domain should
also be considered as an alternative to the so-far preferred aim of influencing the
enzymatic reader or eraser process. It will be interesting to address the question
if inhibitors of the reader-histone interaction will phenocopy the inhibition of the
enzymatic activity. This strategy would potentially preserve enzymatic nonhistone
activities of the respective protein which could help in avoiding possible side effects
that might occur upon the treatment of a specific phenotype.
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Abstract Long non-coding RNAs (lncRNAs) have been implicated in a wide range
of biological processes. One of the most striking functions of lncRNAs is their
capacity to act as “backstage” sculptors of the epigenetic landscape by interacting
with chromatin-modifying proteins and directing their activities. LncRNAs can
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thereby modulate locus-specific chromatin marks as well as arrange the three-
dimensional configurations of entire chromosomes. They may also serve as focal
points of microRNA (miRNA) regulatory networks through direct RNA-RNA
contacts with miRNAs, shaping miRNA network activities through an “RNA
language” yet to be deciphered. In this review, we provide a brief overview of
how lncRNAs influence these molecular processes. We also outline a cancer
epigenetic perspective on how lncRNAs can help or hinder the development of
different types of cancer, how they may be exploited to predict patient prognosis
and, most interestingly, how they affect tumour responses to current therapeutic
interventions. Finally, we describe recent works that have made substantial progress
in bringing to fruition the prospect of therapeutically targeting lncRNAs to correct
epigenetic aberrations in human diseases, especially in cancer.

Keywords Cancer, Chromatin modification, Epigenetic therapy, Epigenetics,
Long non-coding RNA, RNA therapy

Abbreviations

ALDH1A1 Aldehyde dehydrogenase
ASO Antisense oligonucleotide
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MRE miRNA recognition element
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TLS Translocated in liposarcoma
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TUG1 Taurine Upregulated Gene 1
XCI X-chromosome inactivation
YTHDC1 YTH domain containing 1

1 Introduction

One of the most striking discoveries of the postgenomic era has been that most
of the human genome is transcribed into non-coding RNA (ncRNA), the “dark
matter” of the genome, while scarcely 2% consists of protein-coding genes [1].
The non-coding transcriptome spans a vast size range. Some ncRNAs such
as miRNAs and Piwi-interacting RNAs (piRNA) are shorter than 40 nucleotides
(nt), while long non-coding RNAs (lncRNAs), arbitrarily defined as almost any
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non-coding transcript of over 200 nt, can exceed 10Knt in length [2]. LncRNAs are
further stratified into long intergenic ncRNA (lincRNAs), transcribed ultraconserved
regions (T-UCRs), natural antisense transcripts (NATs) and large intronic ncRNAs,
among other groups. Although few of the nearly 60,000 human lncRNA “genes” [3]
have been well-characterised, they have been implicated in a diverse array of
molecular and biological processes, of which we outline herein their roles in
the epigenetic regulation of gene expression, nuclear architecture, alternative splic-
ing and RNA-RNA crosstalk [4]. We also provide an overview of key discoveries
that reveal how some lncRNAs can misguide epigenetic factors to generate cancer-
promoting epigenetic alterations, while others act as barriers to neoplastic growth,
and we describe how lncRNAs differentially expressed in cancer can serve as
biomarkers for patient prognosis and how they can influence the sensitivity of
tumours to anticancer therapy. Finally, we outline recent innovative studies that
have brought the prospect of therapeutically targeting oncogenic lncRNAs closer
to fruition.

2 lncRNAs in Epigenetic Processes

A central focus of lncRNA research is the hypothesis that lncRNAs directly interact
with epigenetic factors to guide them to specific target loci, specifying their sites
of reading, writing and erasure of epigenetic marks. In this capacity, they are
thought to function as RNA scaffolds of specific and context-dependent chromatin
regulatory complexes to fine-tune the chromatin landscape of any given genetic
locus or genomic region [5]. This section will outline how the concept of the
epigenetic interface with lncRNAs emerged, how this interface may shape the
epigenetic landscape and the challenges and discrepancies that confront us in
defining these regulatory principals.

2.1 Histone Modification and Transcriptional Regulation

The idea that lncRNAs influence the epigenetic control of gene expression emerged
on the back of major breakthroughs in characterising the process of X-chromosome
inactivation (XCI) that were made during the 1990s and early 2000s [6]. Recent
efforts to comprehensively characterise Xist-interacting proteins using novel bio-
chemical approaches to study protein-RNA interactions have led to the development
of a refined model of how Xist enacts XCI. Accordingly, Xist interacts with Xi
loci via the DNA-/RNA-binding protein SAFA and recruits histone deacetylase
3 (HDAC3) and the SMRT complex via SHARP to initiate transcriptional silencing.
Subsequent recruitment of Polycomb Repressive Complexes 1 and 2 (PRC1/PRC2)
by Xist then serves to consolidate gene repression and chromatin compaction [7–9].
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The broad notion that other lncRNAs might guide epigenetic factors in regulating
gene expression took hold following a study on Homeobox gene regulation [10].
In this study, a lncRNA transcribed from the HOXC locus, dubbed HOTAIR, was
demonstrated to recruit PRC2 in trans to the HOXD locus to mediate H3K27me3
deposition and locus silencing [10]. Biochemical confirmation of the reported
role of HOTAIR in establishing repressive chromatin at the HOXD locus came
when HOTAIR was shown to interact not only with PRC2 but also with H3K4
demethylase complex LSD1-CoREST to form an epigenetic silencing scaffold at
the HOXD locus [11] (Fig. 1a). Two independent global RNA immunoprecipitation
studies demonstrated that PRC2 binds to a substantial fraction of lincRNAs and
transcripts genome-wide [12, 13]. These findings consolidated the hypothesis of a
global regulatory interface between epigenetic machinery and lncRNAs responsible
for the dynamic modulation of epigenetic landscapes. However, the centrality of
PRC2 in the gene regulatory function of HOTAIR has been disputed. A recent study
found that HOTAIR could mediate reporter silencing independently of PRC2 [14].
Perhaps, as seems to be the case for Xist, PRC2 functions more as a sensor of
the altered chromatin terrain of the newly HOTAIR-silenced locus and proceeds
to enrich it with H3K27me3 to compact the surrounding chromatin and thereby
stabilise and maintain its transcriptional repression.

Numerous other lncRNAs have been shown to manipulate Polycomb activity
in mediating gene repression. ANRIL, an antisense transcript of the INK4b(p15)-
ARF(p14)-INK4a(p16) tumour suppressor gene cluster, mediates cis recruitment
of both PRC1 and PRC2 to the locus, which epigenetically silence it via local
enrichment of H3K27me3 and H2AK199ub [15, 16]. KCNQ1OT1, a non-coding
transcript of the imprinted Kcnq1 locus, coordinates lineage-specific transcriptional
silencing of the 200 kb proximal region by scaffolding both PRC2 and H3K9 histone
methyltransferase (HMT) G9a and enriching the locus with their corresponding
repressive marks H3K9me3 and H3K27me3 [17].

LncRNAs can also guide the epigenetic writers of DNA methylation as well
as those of histone marks. For example, in the context of reprogramming
pre-induced pluripotent stem cells into iPSCs, lincRNA-p21 has been shown to
interact not only with H3K9 histone methyltransferase (HMT) but also with DNA
methyltransferase 1 (DNMT1), resulting in increasing H3K9me3 deposition and
CpG island hypermethylation of the target promoters. LincRNA-p21 thus acts
as a barrier to induced pluripotency [18]. It has also been proposed that, in addition
to its role in scaffolding PRC2 and G9a, KCNQ1OT1 interacts with DNMT1 to
direct CpG island methylation of the paternal Kcnq1 locus [19].

As well as recruiting and scaffolding epigenetic modification complexes,
lncRNAs can also modulate their activity by directly or indirectly inducing structural
changes in epigenetic editor proteins. In a classic example, numerous DNA damage-
induced ncRNAs transcribed from upstream of the CCND1 gene recruit and allo-
sterically activate TLS (translocated in liposarcoma) to the locus, which then inhibits
locally bound histone acetyltransferase (HAT) CBP/p300, preventing the establish-
ment of the histone acetylation marks necessary for the epigenetic activation of
CCND1 transcription [20]. By contrast, enhancer RNAs (eRNAs) have recently
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Fig. 1 LncRNAs can scaffold chromatin-modifying complexes to mediate epigenetic silencing of
gene transcription: HOTAIR recruits the H3K4 demethylase complex LSD1-COREST and H3K27-
specific HMT PRC2 to the HOXD locus to silence it (a); eRNAs can allosterically activate
enhancer-bound HATs (b); lncRNAs can rearrange higher-order chromatin conformation: Xist
compacts the entire Xi into two silent megadomains and relocates them to the nuclear periphery
(c); lncRNAs known as ceRNAs can “sponge” miRNAs to upregulate the mRNA transcripts that
they target: PTENP1 sponges miRNAs that target PTEN transcripts (d); lncRNAs can regulate
splicing outcomes by sequestering splicing factors in subnuclear compartments, as MALAT1 can
sequester SRSF1 to nuclear speckles to restrict its availability to participate in splicing reactions (e)
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been found to carry out direct allosteric modulation of enhancer-bound CBP/p300
HAT complexes to the opposite end, that of gene activation. eRNAs can allosteri-
cally stimulate CBP HAT activity to increase both enhancer and target promoter
H3K27ac levels and epigenetically activate target gene transcription [21] (Fig. 1b).

2.2 LncRNA Epitranscriptomics

Just as the field of epitranscriptomics, the study of post-transcriptional modifications
of RNA molecules is beginning to expand, so too has attention turned to chemical
modifications of lncRNAs. Although several instances of such lncRNA editing have
already been reported, very little is known about their effects on lncRNA function
[22]. In the best-characterised lncRNA editing scenario to date, Methyltransferase-
Like 3 (METTL3) interacts with Xist RNA via Spen family RNA-binding motif
proteins 15 and 18 (RBMP15, RBMP18) to carry out N6-adenosine methylation
(m6A) of Xist. (m6A)-Xist is then recognised by YTH domain containing
1 (YTHDC1) [23]. Despite its necessity, it is unclear how Xist-mediated recruitment
of YTHDC1, as facilitated by the Xist modification pathway described, contributes
to the Xist-directed epigenetic repression of gene transcription during XCI [23].

2.3 Nuclear Architecture and 3D Genome Structure

Recent efforts to characterise the Xist interactome during XCI have also yielded
insights into how the higher-order chromatin structure of the Xi is rearranged and
compacted. The Xa forms a 3D structural arrangement shaped by various topolog-
ically associating domains (TADs). During the process of XCI, Xist first silences
and compacts the chromatin surrounding the Xic locus and then spreads to other
nearby sites of the designated Xi to form the transcriptionally silent inactive X
territory that expands as Xist transcripts spread and pull increasingly distant Xi
regions into the inactive X territory as do other chromosomes [24]. This process
culminates with the formation of two compacted Xi megadomains that are tethered
to the nuclear lamina [25] and several megaloops that escape Xist-mediated
compaction to form transcriptionally active foci in the nuclear core [9] (Fig. 1c).

One such XCI escape locus, Firre, expresses another lncRNA that sculpts 3D
chromosomal conformation. Firre transcripts are anchored by SAFA to both cis and
trans chromatin sites in a multivalent manner to bring specific loci from various
chromosomes into proximity with each other. Together they form a distinct Firre-
scaffolded nuclear subcompartment that is associated with the co-regulation of genes
involved in several pluripotency pathways, chief among which are adipogenesis
and electron transport chain-mediated energy metabolism [26].
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2.4 Alternative Splicing

Even though the molecular mechanisms of intrinsic pre-mRNA splicing have
been well-characterised, it is not well understood how splicing events are directed
to determine isoform specificity in selecting between different alternative splicing
outcomes [27]. It is appreciated that splicing outcomes are influenced by the
dynamic interplay of splicing regulatory factors, histone marks and chromatin-
binding proteins and that lncRNAs could also have key roles in selectively directing
splicing events towards the production of specific isoforms [28]. Among the
lncRNAs that participate in the formation of nuclear subcompartments, some
may also regulate splicing factors. MALAT1 (metastasis-associated lung adenocar-
cinoma transcript 1) forms nuclear speckles in which it preferentially colocalises
with serine/arginine (SR) splicing regulatory factors in their phosphorylated forms,
most prominently with SRSF1. It is thought that MALAT1 influences alternative
splicing by sequestering splicing factors in nuclear speckles [29] (Fig. 1d). A second
lncRNA with a well-established influence on alternative splicing regulation is MIAT
(myocardial infarction-associated transcript) [30], sometimes alternatively named
Gomafu. MIAT directly binds splicing factor 1 (SF1) via a repeat SF1-interacting
motif that is homologous to the optimal SF1-binding intronic branch point sequence
and thus has a higher affinity for SF1 than endogenous, suboptimal SF1-binding
branch points [31]. It was demonstrated that repeat oligos mimicking the MIAT
SF1-binding region can delay the onset of splicing of a pre-mRNA substrate
containing a suboptimal SF1-interacting branch point, but had no effect on the
splicing rate of a substrate containing a strong SF1-binding branch point [31].
MIAT can also bind to other splicing factors including Celf-3 and QKI, further
corroborating the notion that MIAT, like MALAT1, can also sequester splicing
factors to alter the kinetics of alternative splicing events [32, 33].

2.5 Crosstalk with miRNAs: Competing Endogenous ncRNAs

It is thought that RNA molecules can influence each other’s levels by competing for
a limited pool of miRNAs, an idea that has given rise to the concept of a “regulatory
language” of miRNA-RNA crosstalk [34]. The competing endogenous RNA
(ceRNA) hypothesis postulates that protein-coding mRNA transcripts and ncRNAs
can act by the reverse logic of miRNA-mediated mRNA suppression to cross-
regulate the expression of other RNA molecules with which they share miRNA
recognition elements (MREs) by competing for occupancy of mutually recognised
miRNAs (Fig. 1e). The elucidation ceRNA interaction networks would thus depend
on identifying crosstalking ceRNAs and characterising the precise number and
location of MREs that they contain, which would be the “letters” of the RNA
cross-regulatory code. Moreover, three conditions that influence the significance
of ceRNA regulatory events were outlined: (1) the expression level changes of any
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given ceRNA must be large enough to relieve or overcome miRNA binding and
suppression of competing transcripts; (2) transcripts sharing MREs for multiple
miRNAs will form more robust ceRNA networks; and (3) since few transcripts
among all those that are bound by any given miRNA are primary targets for
suppression, some MREs of any given ceRNA may be more influential than others
in its ceRNA network [34].

3 lncRNA and Epigenetic Deregulation in Cancer

Many innovations in non-coding RNA research have been spurred on by the
persistent need to better understand the molecular underpinnings of human diseases.
Cancer studies in particular have contributed greatly to our overall understanding
of the interface between epigenetics and lncRNA. Several lncRNAs have been
comprehensively established as playing oncogenic roles in many kinds of tumour,
whereas others have emerged as tumour suppressor lncRNAs. In this section, we
highlight several interesting insights into the roles of lncRNAs associated with
epigenetic regulation in promoting or preventing cancer, how they influence tumour
responses to anticancer therapies and how some of these lncRNAs themselves
can be exploited as biomarkers or therapeutic targets in cancer (Table 1).

3.1 Oncogenic lncRNAs: HOTAIR, MALAT1, TUG1
and MIAT

HOTAIR was one of the first lncRNAs to be linked to cancer progression, and
it remains one of the best-studied oncogenic lncRNAs. HOTAIR overexpression
promotes lung cancer metastasis both in vitro and in vivo, and it has also been
demonstrated that HOTAIR overexpression can “re-target” PRC2 to repress over
800 genes, including known breast cancer tumour suppressors, and that the onco-
genic effect of HOTAIR this context is co-dependent on PRC2 [35]. Furthermore,
HOTAIR has been implicated in c-Myc transcriptional activation mechanisms in
breast cancer, contributing to breast cancer growth and progression in both in vitro
and in vivo models. Therefore, HOTAIR does not exclusively mediate transcrip-
tional silencing but can also coordinate transcriptional activation in breast cancer
MALAT1 which earned its name when it was found overexpressed in non-small-cell
lung cancer (NSCLC) metastases. It was one of the first long non-coding transcripts
found to be relevant in cancer [36]. A landmark MALAT1 knockout study of
NSCLC demonstrated that MALAT1 significantly alters the expression levels of
metastasis-associated genes in NSCLC cells but does not cause significant mRNA
splicing changes [37]. MALAT1 was also shown to be required for lung cancer
metastasis of xenograft NSCLC tumours in mice both by MALAT1 gene knockout
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Table 1 Biological effects of lncRNAs associated with epigenetic processes that are up- and
downregulated in various types of cancer and their potential clinical applications

lncRNA Disease
Oncogenic/tumour-
suppressive effects

Potential
clinical
applications References

Upregulated in cancer

HOTAIR Breast cancer • Cell cycle progres-
sion
• Proliferation
• Metastasis
• Chemoresistance

• Prognostic
biomarker

[35, 97–
100]

Lung cancer • Proliferation
• Metastasis
• Cisplatin
resistance

• Prognostic
biomarker

[101–104]

Ovarian cancer (OC) • Proliferation
• Platinum drug
resistance

• Prognostic
biomarker
• Therapeutic
target

[52, 53,
105, 106]

Oral/oesophageal squamous
cell carcinoma (OSCC)

• Proliferation
• Metastasis
• CSC maintenance

• Prognostic
biomarker
• Therapeutic
target

[107–109]

Hepatocellular carcinoma
(HCC)

• Cell viability
• Metastasis
• CSC maintenance

• Prognostic
biomarker

[110–113]

MALAT1 Lung cancer • Proliferation
• Cell motility
• Metastasis
• Chemoresistance

• Prognostic
biomarker
• Diagnostic
biomarker
• Therapeutic
target

[36, 37,
114–117]

Glioblastoma • Proliferation
• Metastasis
• Temozolomide
resistance

• Prognostic
biomarker
• Therapeutic
target

[64, 65,
118]

HCC • Proliferation
• Metastasis
• Multiple drug
resistance

• n/a [119–122]

CRC • Proliferation
• Metastasis
• Chemoresistance

• Prognostic
biomarker
• Therapeutic
target

[123, 124]

Osteosarcoma • Metastasis
• Angiogenesis

• Therapeutic
target

[40, 125,
126]

(continued)
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Table 1 (continued)

lncRNA Disease
Oncogenic/tumour-
suppressive effects

Potential
clinical
applications References

MIAT Chronic lymphocytic
leukaemia (CLL)

• Evasion of cell
death

• Prognostic
biomarker

[47]

Breast cancer • Proliferation
• Metastasis

• Prognostic
biomarker

[127]

Lung cancer • Proliferation
• Metastasis

• Prognostic
biomarker
• Therapeutic
target

[48, 128,
129]

TUG1 Glioblastoma • Proliferation
• CSC maintenance

• Therapeutic
target

[68, 130]

RCC • Proliferation
• Evasion of cell
death
• Metastasis

• Prognostic
biomarker
• Therapeutic
target

[42, 131]

Osteosarcoma • Proliferation
• Evasion of cell
death
• Metastasis

• Therapeutic
target

[44, 132,
133]

ANRIL Gastric cancer • Proliferation
• Multiple drug
resistance

• Prognostic
biomarker
• Therapeutic
target

[134, 135]

Osteosarcoma • Proliferation
• Metastasis

• Prognostic
biomarker
• Therapeutic
target

[136, 137]

Downregulated in cancer

lincRNA-
p21

CRC • Growth suppres-
sion
• Self-renewal sup-
pression
• Radiosensitivity

• Prognostic
biomarker
• Therapeutic
target

[138–140]

Prostate cancer (PCa) • Proliferation sup-
pression
• Apoptosis

• Therapeutic
target

[141, 142]

TB53TG1 CRC • Proliferation sup-
pression
• Metastasis
inhibition

• Prognostic
biomarker

[50]

MEG3 Pancreatic cancer • Growth inhibition
• Apoptosis
• Metastasis inhibi-
tion
• Gemcitabine
sensitivity

• Prognostic
biomarker

[143, 144]

Lung cancer • Proliferation sup-
pression
• Apoptosis
• Chemosensitivity

• Therapeutic
target

[145–148]
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and by MALAT1 RNA depletion using antisense oligonucleotides (ASOs), provid-
ing an early demonstration of lncRNA targeting as a potentially useful therapeutic
strategy in cancer treatment [37].

Subsequent studies ranging across several types of solid tumour such as
bladder cancer have corroborated the notion that MALAT1 overexpression mainly
contributes to tumour metastasis through the epigenetic dysregulation of gene
expression, rather than through its molecular activities of nuclear body formation
and pre-mRNA splicing regulation [38]. MALAT1 upregulation has also been
linked to epigenetic dysregulation in renal cell carcinoma (RCC), as well as reduced
overall survival among RCC patients [39]. In addition, the MALAT1-EZH2 inter-
action has been linked to metastasis-promoting E-Cadherin repression in osteosar-
coma tumours associated with reduced survival [40]. Another lncRNA implicated
in driving cancer is Taurine Upregulated Gene 1 (TUG1) [41]. Overexpression of
TUG1 is generally associated with poor prognosis across several tumour types
including RCC [42] and bladder cancer [43]. In osteosarcoma, TUG1 has been
implicated as a positive regulator of EZH2 expression by directly binding and
inhibiting anti-EZH2 miRNA miR-144-3p, which enhances the metastatic potential
of osteosarcoma cells [44]. TUG1 is also upregulated in HCC, in which it promotes
cell proliferation and apoptosis resistance by directing PRC2, via EZH2, to epige-
netically silence Krüppel-like factor 2 (KLF2) [45]. Thus, in many solid tumours,
TUG1 appears to act as an oncogenic lncRNA [46].

MIAT is rapidly emerging as a novel cancer-promoting long non-coding
RNA. The first indication of its relevance in cancer came when it was found to
be upregulated in aggressive forms of chronic lymphocytic leukaemia (CLL) [47].
In CLL, MIAT participates in a positive feedback loop with pluripotency-associated
transcription factor Oct4 that facilitates evasion of apoptosis in malignant B cells.
Recently, several studies have implicated MIAT in several different solid tumours,
among which MIAT has been found to be significantly upregulated in advanced-
stage NSCLC tumours. Upregulated MIAT has been shown both in vitro and
in vivo to be responsible for increased NSCLC tumour cell proliferation as well as
metastasis, in which it promotes the epigenetic activation of metastasis-associated
gene matrix metalloproteinase 9 (MMP9) [48].

3.2 Tumour-Suppressive lncRNAs: lincRNA-p21
and TP53BP1

LincRNA-p21 is a p53-directed lncRNA that is required to transcriptionally regulate
a substantial proportion of genes regulated by p53 and is itself a tumour suppressor,
as its knockdown significantly reduces apoptosis in cancer cells [49]. It is thought
that lincRNA-p21 may perform its tumour-suppressive function by guiding hetero-
geneous ribonucleoprotein particle K (hnRNP-K), both a coactivator and corepressor
of p53, to its target genes to coordinate its branch of the p53-directed DNA damage
response (DDR) gene regulatory network [49].
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Another lncRNA of the p53 network, TP53TG1, undergoes CpG hypermethylation
and transcriptional repression of its genomic locus in CRC cell line HCT-116 and
acts as a tumour suppressor when overexpressed in p53-positive CRC cells [50].
TP53TG1 also directly interacts with YBX1, a dual DNA-/RNA-binding protein
that plays regulatory roles in gene transcription, pre-mRNA splicing and translation
[51]. TP53TG1 recovery in HCT116 cells reduces YBX1 occupancy of the PI3K
promoter, which in turn lowers PI3K expression and stabilises p53 levels. In addition,
TP53TG1 promoter hypermethylation and increased nuclear YBX1 are both associ-
ated with worse progression-free survival of CRC patients [50].

4 Strategies to Target lncRNAs Implicated in Cancer
Therapy Resistance

4.1 HOTAIR

Of all tumour types in which the therapeutic relevance of HOTAIR is being
investigated, some of the most remarkable insights have been made in ovarian
cancer (OC) studies. Two recent studies have done much to deepen our understand-
ing of the influence of HOTAIR on OC response to chemotherapy [52, 53]. A
functional overlap had previously been established between PRC2 and NF-κB
in the response of breast cancer cells to genotoxic agents [54], and since HOTAIR
negatively regulates the expression of NF-κB pathway inhibitor Iκ-Bα [55], it
may in turn influence DDR via modulation of NF-κB activity in OC cells that
display HOTAIR upregulation, NF-κB hyperactivation and platinum drug resis-
tance. HOTAIR overexpression in OC cells sensitive to cisplatin increased their
clonogenic potential, while the reverse was the case following HOTAIR knock-
down in cisplatin-resistant cells. When HOTAIR-overexpressing cisplatin-sensitive
cells were injected into mice, the tumours formed showed enhanced growth and
cisplatin resistance [52]. Correspondingly, there were significant differences in
the expression levels of NF-κB pathway genes. Increased secretion of interleukin
6 (IL-6), along with several other cytokines, was also observed following HOTAIR
vector transfection [52]. Furthermore, treatment of non-transfected cells with
“HOTAIR-conditioned” media was sufficient to increase their resistance to cisplatin
in the presence of functional IL-6, implying that HOTAIR upregulation may
contribute to the previously reported role of IL-6 in shaping tumour microenviron-
ments into “chemoresistant niches” [52, 56].

To therapeutically exploit the HOTAIR-NFκB axis in chemoresistant OC, a
strategy to target HOTAIR using peptide nucleic acids (PNAs) was developed
(Fig. 2a). In essence, PNAs are ASOs in which the sugar-phosphate backbone
is replaced with a synthetic peptide backbone, rendering them more stable than
conventional short interfering RNA (siRNA)s due to nuclease resistance and
increased thermal stability [57, 58]. A PNA was designed to target a minimum
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89mer within the EZH2-interacting region of HOTAIR RNA to disrupt its interac-
tion with PRC2. This PNA, named PNA3 in this study, inhibits the interaction
by 80% [53]. OC and breast cancer cell lines ectopically overexpressing HOTAIR
were then treated with PNA3 in combination with either cisplatin or etoposide.
PNA3 co-treatment reduced clonogenic survival and migrational capacity of
cisplatin-resistant cells, but PNA3 had no effect on either cell proliferation or
on HOTAIR levels when administered as a single agent [53], indicating that
HOTAIR inhibition could resensitise chemoresistant OC cells to these agents.
Co-treatment of OC cells with cisplatin and PNA3 also led to the downregulation
of ovarian cancer stem cell (CSC)-associated aldehyde dehydrogenase (ALDH1A1)
[59], suggesting that the combined treatment could confer chemosensitivity by
depleting chemoresistant CSC subpopulations of OC tumours [53].

Next, to specifically target PNA3 to the acidic tumour microenvironment,
PNA3 was conjugated with a pH-low insertion peptide (pHLIP) [60], akin to a
strategy previously developed to deliver an anti-miR155 PNA to lymphomas [61].
Cisplatin-resistant OC cells were co-treated with cisplatin and pHLIP-PNA3 under
both neutral and acidic (pH < 6) conditions. No survival differences were observed
under the pH-neutral condition, whereas reduced survival was exhibited by

Hotair
IL-6

ALDH1A1
CDDP sensitivity

pHLIP-PNA

Ovarian tumour
pH<6.0

pHLIP-PNA
+ CDDP

treatment

PNA PNA

Ovarian
cancer cell

Bloodstream Blood-Tumour-Brain Barrier Glioblastoma Reduced tumour weight
CSC depletion

AS0

CS
Cs AS0

TUG1

Notch signalling

Nestin

A

B

Fig. 2 Recent strategies to therapeutically target lncRNAs in cancer: delivery of HOTAIR-
targeting PNA to the acidic tumour microenvironments of ovarian tumours, sensitising them
to cisplatin (CDDP) (a); delivery of TUG1-targeting ASOs to glioblastoma tumours across the
BTBB via integrin-specific peptide delivery nanoparticles, reducing tumour weight by depleting
the glioblastoma CSC population (b)
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co-treated cells under the pH-low condition, indicating that pHLIP-PNA3 specifi-
cally resensitised cisplatin-resistant cells in an acidic environment mimicking that of
the tumour microenvironment [53]. In mice, the combined treatment decreased
tumour volume and increased survival and led to reduced blood levels of secreted
IL-6 and reduced tumour expression of IL-6 and ALDH1A1 [53].

4.2 MALAT1

MALAT1 overexpression has been linked with poor prognosis in glioblastoma [62],
a form of childhood neurological cancer that remains notoriously difficult to suc-
cessfully treat because of the frequent emergence of resistance to front-line treatment
with the chemotherapeutic agent temozolomide (TMZ). This typically manifests as
a multiple drug resistance phenotype in which drug efflux channels and pumps of
the MDR and MRP families are upregulated [63]. There is an urgent need to
find strategies to increase the effectiveness of TMZ treatment and substantially
improve survival outcomes for glioblastoma patients. Recent experimental evidence
indicates that MALAT1 is a key factor in conferring TMZ resistance to glioblastoma
multiforme (GBM) tumours. It is upregulated in TMZ-resistant GBM cell lines that
also exhibit upregulation of multiple drug resistance genes [64]. siRNA knockdown
of MALAT1 resensitised TMZ-resistant GBM cells to TMZ, and gene expression
profiling showed downregulation of all three of the active multiple drug resistance-
associated genes [64].

Another factor involved in the TMZ resistance problem in GBM treatment is the
blood-tumour-brain barrier (BTBB). It has an intrinsically low permeability to free
anticancer compounds in circulation and thus severely hinders their access to
GBM tumours. To overcome this barrier, an immunoliposome-based system
has been developed to deliver drugs across the BTBB to GBM tumours [65].
This comprises a positively charged liposome conjugated with a single-chain vari-
able region fragment of a human anti-transferrin receptor (TfR) monoclonal
antibody (TfRscFv) [66], named scL. It exploits the endogenous activity of TfR in
translocating its ligand, diferric transferrin, across the BBB, and also takes advantage
of the elevated presentation of TfR on the cell surfaces of tumour cells in order to
preferentially deliver the liposome contents across the BTBB and into tumour cells
[66]. Following initial success in using scL to enhance GBM tumour uptake of TMZ
itself [67], the strategy has recently been adapted to usurp TMZ resistance in GBM
by delivering a MALAT1-targeting siRNA to GBM [65]. scL-siMALAT1 treatment
is intrinsically effective at inhibiting GBM cell growth and migration capacity
in vitro and can also suppress glioblastoma stem cell (GSC) stemness [65]. Crucially,
scL-siMALAT1 treatment resensitised TMZ-resistant GSC cells not only to TMZ
but also to cisplatin and irinotecan. Finally, even as a single agent, scL-siMALAT1
inhibited tumour growth in mouse xenograft TMZ-resistant GBM tumours, and
complete remission was achieved in some mice when scL-siMALAT1 was com-
bined with TMZ treatment. Accordingly, overall survival was exclusively increased
among mice administered the combinatorial treatment [65].
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Overall, this study has demonstrated a truly effective and feasible approach to
smuggle a lncRNA-targeting agent across the BTBB to take down the multiple drug
resistance defences of TMZ-resistant GBM and meet the urgent clinical need to
improve the effectiveness of TMZ treatment. Indeed, this method of MALAT1
targeting has arguably yielded the best results to this end of any preclinical approach
taken to date and should be prioritised in the design and trial of new and improved
TMZ treatment regimens that might also be able to effectively use lower and less
toxic TMZ doses.

4.3 TUG1

Another recent glioblastoma-focussed study has not only shed light on tumour-
promoting epigenetic dysregulation by TUG1 but has also described one of
the most promising and feasible lncRNA-targeting therapeutic strategies to date.
Katsushima and colleagues were interested in better characterising how GSCs
maintain their characteristics [68]. While it had previously been established that
Notch signalling is a hallmark of GSCs [69], it was unclear how Notch signalling
maintains GSC stemness in glioblastoma (GBM). Based on a previous study indi-
cating that lncRNAs may be involved in Notch signalling regulation in leukaemia
[70], expression profiling in GSCs of lncRNAs potentially regulated by Notch
signalling revealed that TUG1 is upregulated in GSCs and contains multiple
RBPJκ binding motifs in its promoter and thus is a bona fide transcriptional target
of Notch signalling [68]. It was then established that TUG1 promotes GSC cell
viability and maintains stem cell characteristics such as neurosphere formation
and expression of GSC stemness-associated transcription factors [71] Sox2 and
MYC [68]. Two distinct mechanisms by which TUG1 maintains GSC stemness
have been suggested. First, TUG1 contains an MRE for miR-145, a repressor of
GSC stemness-associated transcription factors SOX2 and MYC, and is proposed to
antagonise miR-145 to protect SOX2 and MYC transcripts from miR-145-mediated
downregulation. Second, TUG1 binds to both PRC2 and YY1 and is proposed
to scaffold them to maintain transcriptional repression of neuronal differentiation
genes [68].

To establish the clinical relevance of the findings, not only was it demonstrated
that TUG1 is upregulated in a cohort of GBM patient tumours, but it was also
confirmed that TUG1 is highly expressed in most Notch1-positive cells enriched
around perivascular regions [68], in which Notch ligand-positive endothelial cells
are thought to form a niche to promote GSC self-renewal via Notch signalling [72].
Having shown that TUG1 overexpression was a physiologically relevant factor
in GSC maintenance, a strategy to target TUG1 in GSCs was developed. An
ASO against TUG1 was delivered to xenograft mouse GBMs by using a cyclic
Arg-Gly-Asp (cRGD) drug delivery system (DDS). The cRGD DDS has previously
been developed to deliver a parent compound of the chemotherapeutic agent
oxaliplatin across the blood-tumour-brain barrier (BTBB) to GBM by preferentially
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targeting tumour-associated neovascular endothelial cells that overexpress ανβ3/ανβ5
integrins, for which the Arg-Gly-Asp peptides used are ligands [73]. TUG1-DDS
treatment effectively repressed TUG1 and achieved more marked tumour weight
reduction than γ-secretase inhibitor treatment, the current lead strategy for therapeu-
tically targeting Notch signalling in GBM [74, 75]. No TUG1- nor Notch1-positive
tumours remained following TUG1-DDS treatment, and the GSC populations of
the tumours were almost fully eliminated [68] (Fig. 2b).

Given that inhibition of Notch cleavage by γ-secretase is the current focus of
GBM-targeted therapy development, these findings imply that targeting TUG1 with
anti-TUG1 ASOs specifically delivered to the GSC niche might be a safer, more
potent and more specific treatment strategy to target the same signalling pathway.
Therefore, taken together, not only do the findings of this study represent a major
advance towards the future development of implementable lncRNA-targeting
therapeutic agents per se but also make an unprecedentedly strong case for
prioritising the development of a lncRNA inhibition approach to signalling pathway
shutdown over developing a conventional small molecule approach to inhibit a
protein component of the same cancer-driving pathway.

5 Conclusion and Future Perspectives

The realisation that epigenetic traits are reversible and dynamically regulated was
swiftly followed by the development of small molecule inhibitors of “epi-enzymes”,
the first generation of “epidrugs” developed to correct epigenetic deregulation in
human disease [76]. Many have been developed into mainstream therapeutic agents,
including bromodomain inhibitors against epigenetic readers [77]; inhibitors against
the erasers of acetyl marks, HDACs [78]; and inhibitors of the catalytic components
of histone writer complexes such as EZH2 in PRC2 [79]. While moderately effective
in some cases, epi-enzyme inhibitors are generally limited in their use. This is
because they inhibit components of the epigenetic machinery that act globally, so
the blockade of their activity affects the distribution of the marks written, erased or
acted upon across the whole genome, not only at the specific genomic sites that
undergo disease-provoking epigenetic deregulation. Also, because many epigenetic
proteins act in complexes, inhibition of one component can have secondary effects
on other epigenetic proteins that are not direct targets for inhibition [76]. Moreover,
widespread transcriptomic changes corresponding with the sweeping global
epigenetic alterations brought about by epi-enzyme inhibitors would not only affect
protein-coding genomic loci but would also occur in the non-coding genome. Such
transcriptional perturbations may in turn affect the expression levels of lncRNAs that
are themselves involved in epigenetic regulation, further convoluting the indirect
epigenetic consequences of epi-enzyme inhibition. Therefore, the first generation
of epigenetic therapy agents are blunt tools for correcting epigenetic defects, and
their effectiveness in treating any given disease inevitably depends on the extent
to which the global epigenetic changes they induce preferentially lead to disease-
ameliorative changes in the epigenetic landscape over disease-worsening ones.
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However, lncRNAs represent a steadily emerging “backstage” layer of epigenetic
regulation, in which they are responsible for directing the epigenetic machinery in
sculpting and moulding the epigenetic landscape in fine detail. As these “backstage”
workings of lncRNAs in health and disease become more clearly illuminated year on
year, so too does the potential of therapeutically targeting them in order to precisely
correct pathological epigenetic alterations. LncRNA-targeting approaches designed
to enact gene- and gene network-specific epigenetic change would in principle
minimise the occurrence of non-specific, undesired global perturbations of epige-
netic traits that are inevitable with current epidrugs but that do nothing to alleviate
the diseases being treated. Therapeutically targeting lncRNAs could also expand
the repertoire of epidrug development by opening the previously untapped possibil-
ity of reactivating the expression of proteins that are silenced in diseased states.
Such an approach would not only be useful for reactivating silenced tumour
suppressors, such as KLF2 in certain types of cancer, but also for compensating
the inborn errors of the epigenetic machinery that characterise rare epigenetic
syndromes. For example, Angelman syndrome is caused by the dominant negative
mutational loss-of-function of the maternally expressed allele of the imprinted
Ube3a gene and the continued silencing of the paternal allele by its NAT Ube3a-
AS that prevents it from being able to compensate the loss of the maternal allele.
However, proof of concept for the effectiveness of reactivating the paternal Ube3a
allele by targeting the NAT of Ube3a with siRNA has been provided by results from
a mouse model of Angelman syndrome showing that anti-Ube3a-NAT siRNA
markedly reduced multiple symptoms of the disease [80]. Early in vitro success
has also been gained in applying ASOs to alleviate Friedreich’s ataxia (FRDA), the
most frequent genetic cause of ataxia that is provoked by expanded GAA motif
repeats in the first intron of the Frataxin (FXN)-coding mitochondrial gene FXN. It is
proposed that when mutated FXN is transcribed, the expanded repeat region binds
with the complementary genomic DNA sequence to form a transcription-disrupting
R-loop, which effectively causes the breakdown of its own transcription and in turn
depletes FXN protein expression [81]. Li et al. developed a strategy to recover FXN
transcription, showing that both duplex RNA and LNA against expanded FXN
repeats could increase FXN levels in fibroblasts derived from FDRA patients [82].

The potential usefulness of therapeutically targeting lncRNAs in non-cancer
diseases has also been demonstrated in the neuromuscular disease that is the
most common inherited cause of infant death, spinal muscular atrophy (SMA). It
is primarily caused by recessive inactivating mutations in the Survival Motor
Neuron 1 (SMN1) gene [83]. In addition, the homologous SMN2 gene is retained
in variable copy numbers and harbours a mutation that leads to reduced inclusion of
exon 7 during pre-mRNA splicing [84]. Most SMN2 mRNA transcripts thus
lack exon 7, and these transcripts in turn produce a truncated and unstable form of
SMN protein. The consequent lack of functional SMN protein in spinal motor
neurones severely impairs their survival [85]. Various studies have innovated
the use of splice switching oligonucleotides (SSOs) to correct this splicing defect
in SMN2 pre-mRNA to promote exon 7 inclusion and thereby increase the produc-
tion of stable, full-length SMN protein [86, 87]. One such SMN2-targeting SSO,
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Nusinersen (Spinraza), was effective in a phase III trial in infants with SMA [88] and
has received FDA approval. However, this strategy is contingent on the number of
SMN2 copies retained. The most severe cases of SMA are associated with the fewest
copies of SMN2. Therefore, while SMN2 pre-mRNA splicing correction may be an
effective strategy for recovering SMN protein levels in cases with high SMN2 copy
numbers and abundant levels of SMN2 pre-mRNA, it will not suffice in more severe
cases with few SMN2 copies and low amounts of targetable SMN2 pre-mRNA [85].
However, a potential solution involving lncRNA targeting has recently emerged.
SMN2 transcription has recently been shown in two independent studies to be
negatively regulated by its NAT, SMN-AS1, through PRC2 recruitment and epige-
netic repression [89, 90]. In one of the studies, targeting SMN-AS1 for RNase
H-mediated degradation with ASOs was found to be effective at restoring SMN2
transcription and functional SMN protein production in SMA patient-derived cells,
while combined systemic administration of ASOs targeting SMN-AS1 with SMN2-
targeting SSOs alleviated SMA symptoms in mice [89]. The other study demon-
strated the effectiveness of using SMN1-AS-targeting ASOs to sterically inhibit the
SMN1-AS:EZH2 interaction to epigenetically derepress and upregulate full-length
SMN2 expression in human SMA fibroblasts and SMA neuronal cells [90].

The mechanistic roles of lncRNAs in cardiac physiology and disease that have
been discovered to date have been comprehensively reviewed elsewhere [91–93].
However, an intriguing recent example that immediately offers a potential therapeu-
tic target is the novel lncRNA CHAST. It is upregulated in the hearts of aortic
stenosis patients, and CHAST silencing with GapmeR treatment effectively
prevented cardiac hypertrophy in a mouse model of CHAST-inducible cardiac
hypertrophy [94]. CHAST inhibition was also effective in attenuating established
cardiac hypertrophy in mice with pre-established cardiac disease. These findings
demonstrate that ASO-mediated CHAST inhibition may be an effective strategy to
ameliorate or even prevent cardiac hypertrophy in patients with aortic stenosis [94].

There remain many outstanding issues regarding lncRNA and epigenetics.
Firstly, owing to their highly tissue-specific expression profiles, it remains necessary
to more comprehensively characterise endogenous lncRNA transcriptomes in dif-
ferent human tissues. Second, the methodological hurdles that limit our current
knowledge of lncRNAs must be overcome. Recent advances in the biochemical
study of RNA-protein interactions have already deepened and refined our mecha-
nistic understanding of some lncRNAs. Sustained progress in this regard, combined
with sharper prediction of RNA secondary structure, will enable an increasingly
detailed and comprehensive appreciation of how lncRNAs dynamically modulate
epigenetic processes in physiological settings and of how these processes go awry in
disease. Moreover, the pharmacological development of RNA-targeting agents
such as ASOs has been rejuvenated by the emergence of lncRNAs as major players
in epigenetics. This is precisely because they offer a novel opportunity to solve
the problem of how to upregulate targets that are aberrantly downregulated in
disease. As outlined in the various examples described in this review, the use of
ASOs to target specific lncRNAs overexpressed in disease contexts of lncRNA
overexpression can lead to direct and highly specific transcriptional and post-
transcriptional upregulation of the targets whose expression they repress [95].
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As in the case of SMA, ASO-mediated lncRNA repression can potentiate the effects
of SSOs by specifically derepressing the expression of the very mRNAs whose
aberrant splicing is targeted for splicing correction [89]. Aside from the demonstra-
tion of ASO use to sterically inhibit the SMN-AS1:EZH2 interaction in SMA cells
[90], the use of ASOs to sterically disrupt lncRNA-protein interactions remains to be
explored as a general treatment strategy in other disease models. Any future efforts
to develop ASOs to this end will rely on more comprehensive characterisation of
the structural dynamics of lncRNA-protein interaction. For the time being, it may
be more feasible to develop small molecule inhibitors of interactions between
lncRNAs and epigenetic modifiers, as a recent small molecule screening study
identified compounds from a small panel that could effectively disrupt the interac-
tion of brain-derived neurotrophic factor (BDNF) and EZH2 in cancer cells [96].

As further mechanistic details of lncRNA structural and interactive dynamics
emerge, so must anti-lncRNA drug development co-evolve to quickly exploit
such insights. As the non-coding side of epigenetics continues to be more clearly
illuminated, it is hoped that the front runners of the hotly anticipated novel class
of lncRNA-targeting epidrugs will soon reach the clinic.
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Abstract The urgent need for new therapies to treat airway diseases is exemplified
by the death of approximately three million patients suffering from chronic obstruc-
tive pulmonary disease (COPD) each year. Additionally, lung cancer is the most
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common cause of cancer death, causing over 1.5 million deaths per year. A prom-
ising direction for new therapies for these and other lung diseases, like asthma,
comes from the notion that deranged intracellular signaling pathways in asthma,
COPD, and lung cancer are critically regulated by protein posttranslational modifi-
cations (PTMs). Acetylation and methylation are the quintessential PTMs, found on
over a thousand proteins and influencing a diverse range of protein properties.
Acetyl- and methyltransferases and deacetyl- and demethylases, the enzymes that
control the dynamic process of acetylation and methylation, have consequently been
recognized as important drug targets. Hence, inhibitors of these enzymes have been
developed, which are currently being evaluated in preclinical models of asthma and
COPD and in clinical trials of lung cancer. Significant progress has been made in this
area, with many promising results, but several challenges still need to be overcome
to provide effective new therapies for these airway diseases.

Keywords Asthma, COPD, Deacetylase inhibitors (HDACi), DNA
methyltransferases (DNMTs), Lung cancer, Posttranslational modification (PTM)
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1 Introduction

1.1 Epigenetics

Every human cell contains a fascinating 3 m long string of DNA that is tightly coiled
around repeating histone octamers, together called chromatin. Chromatin can be
packaged lightly, as is the case in actively transcribed DNA regions, or tightly,
leading to gene silencing by a decrease in DNA accessibility [1]. Variability in DNA
packaging, tightly or lightly, is mostly the result of differences in posttranslational
modification (PTM) of histones and is an important requisite for cell-specific gene
expression [2]. Numerous histone residues can be modified in a variety of ways,
including ubiquitination, phosphorylation, acetylation, and methylation, each having
their own specific effect [3]. Histone acetylation only occurs on lysine residues,
while both lysine and arginine are methylated. Lysine and arginine are positively
charged at physiological pH and are present in the N-terminal DNA-binding tail of
histones. Acetylation is thought to facilitate transcriptional activation either by
neutralization of the ionic interaction between the tail and DNA or by forming a
binding site for chromatin remodeling proteins [4]. Methylation is similarly associ-
ated with transcriptionally active genes, although this highly depends on the specific
lysine or arginine residues that are methylated and to what extent. Methyl marks are
furthermore a binding site for a number of chromatin-modifying proteins [5]. The
ability to influence gene expression through the modification of histones raises the
question if and how such modifications are being passed down to daughter cells
during replication to maintain similar gene expression patterns, which is the main
topic of epigenetics. All epigenetic mechanisms together provide an important
explanation of how cells with the same DNA are able to differentiate into distinct
cell lines.

1.2 Epidrugs

An important area of research centers on the enzymes that install and remove the
mentioned PTMs on histones. Such enzymes can be considered to be the principal
executors of epigenetic mechanisms. Being highly dynamic in nature, PTMs are not
only regulated in a cell-specific but also in a time-specific manner, in turn turning
many different genes on or off over the course of a cell cycle. The crucial consequence
of this discovery is that gene expression can directly be controlled at any point in time
by drugs that target the enzymes that carry out PTMs. To refer to their actions on
epigenetic processes, such drugs are often termed “epidrugs” [6]. “Epidrug” is,
however, not an all-encompassing name that only refers to an epigenetic component.
It becomes increasingly clear that also nonhistone proteins are targeted by enzymes
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that were initially discovered to act on histones [7]. Therefore, the actions on
nonhistone proteins need always be taken into account when evaluating the effects
of epidrugs.

1.3 Protein Lysine Acetylation and Deacetylation

Besides histones, principally any protein with a lysine can undergo a dynamic
process of acetylation and deacetylation at some point during its lifetime [8]. One
study mapped over 3,600 of such acetylation sites on approximately 1,750 proteins
[9]. This so-called acetylome is under the control of acetyltransferases and
deacetylases, of which many isoforms exist. To date, 18 deacetylases are known,
which are grouped into two families based on their dependency on either zinc or
nicotinamide adenine dinucleotide as cofactor [10]. Members of the latter family are
called sirtuins. Deacetylases that contain zinc are still mostly called histone
deacetylases (HDACs), named after their firstly discovered target, and are further
divided into four different classes based on sequence similarity. The functionally
opposing group of proteins that show acetyltransferase activity is even larger and
more diverse [11].

1.4 Relevance of Deacetylases in Disease and Their Potential
as Drug Targets

Protein acetylation influences important protein properties. Next to altering
DNA-protein interactions, protein-protein interactions, subcellular localization, and
even transcriptional activity can all be tuned by the dynamic process of acetylation
[12–14]. Acetylation of the transcription factor p53, for example, destabilizes the
interaction with its negative regulator Mdm2, thereby activating p53 and ultimately
leading to an increase in the expression of apoptosis and growth arrest-inducing
genes [15]. In a similar fashion, acetylation of the p65 subunit of nuclear factor-
kappa B (NF-κB), an important inflammatory transcription factor [16], influences its
subcellular location and transcriptional activity [17]. Since acetylation is a posttrans-
lational modification with fundamental importance for the function of key proteins, it
is not surprising that acetylation patterns are distorted in various diseases. In cancer,
p53 is acetylated to a lesser extent, allowing cells to grow rapidly [18]. In ulcerative
colitis and other inflammatory diseases, the acetylation status of NF-κB is changed,
resulting in an increased expression of cytokines [18, 19]. Consequently, small
molecule inhibitors of HDACs (HDACi), which increase acetylation by repressing
deacetylation, are in over 100 clinical trials for cancer and may also enter clinical
trials for inflammatory diseases [20]. So far, four HDACi have been FDA-approved,
and these are known to relatively selectively induce apoptosis in a number of tumor
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cell types [21]. As many of the underlying processes of cancer are also important
in inflammation, HDACi may be equally useful in chronic inflammatory diseases
[22, 23]. Importantly, their anti-inflammatory effects generally occur at 10–100-fold
lower concentrations than needed for their cytotoxic effects on cancer cells [24].

The currently FDA-approved HDACi are pan-HDAC inhibitors, which cause an
overall increase in acetylation. Many side effects are expected to originate from this
nonselectivity. To improve HDACi in oncology, it is therefore important to develop
inhibitors that target individual deacetylase isoforms [25]. Isoenzyme selectivity will
be even more crucial in non-oncological applications such as inflammation. For
instance, NF-κB is mostly deacetylated by HDAC3 [26], and selective inhibition of
this deacetylase enables modulation of the NF-κB pathway. Co-inhibiting other
deacetylases might counteract or change these effects. Therefore, the individual
contributions of the various deacetylase isoforms in specific disease models need
to be understood to enable their exploitation as therapeutic targets.

Additionally, apart from their enzymatic activity, HDACs also have roles in the
formation of protein-protein complexes. It is important to be aware of this when
comparing conditional knockout studies to studies using HDAC inhibitors [27]. This
is exemplified by the HDACs 4, 5, 7, and 9 for which their deacetylase activity might
not be crucial for their function [28]. HDAC4, for instance, is unable to efficiently
deacetylate proteins on its own [28]. Instead, this deacetylase binds HDAC3, and the
thus resulting HDAC4/HDAC3 complex has deacetylase activity [27]. Additionally,
these HDACs shuttle between the nucleus and the cytoplasm, and thus their subcel-
lular localization, rather than their expression or activity per se, controls their
actions.

In this chapter we focus on the particular roles of zinc-dependent lysine
deacetylases in models of asthma, COPD, and lung cancer. Additionally, the role
of protein and DNA methylation in these diseases is described.

2 Lysine Deacetylases in Asthma and COPD

2.1 Similarities and Differences Between Asthma and COPD

Asthma and COPD are important examples of chronic inflammatory diseases, which
are characterized by an influx of inflammatory cells in the lungs and an associated
abundance of secreted cytokines. Each disease constitutes a major health burden,
with 328 million people worldwide suffering from moderate to severe COPD and
asthma affecting approximately 300 million [26, 27]. Asthma and COPD both
involve the small airways and cause airflow obstruction and are usually character-
ized by mucus secretion and bronchoconstriction, leading to breathlessness,
coughing, and eventually severe breathing impairment [29]. The underlying mech-
anisms of inflammation are, however, different. Asthma is primarily eosinophilic in
nature and driven by CD4+ T cells, while COPD is mostly neutrophilic and
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CD8-driven [29–31]. This is an important distinction, since it affects drug efficacy.
There is now plenty of evidence that inhaled corticosteroids are effective against the
eosinophilic inflammation observed in asthma but largely ineffective against the
primarily neutrophilic inflammation encountered in COPD [32, 33]. Even more so,
currently no pharmaceutical agent effectively stops the progression of COPD,
leading to approximately three million deaths per year [30].

2.2 Deacetylase and Acetyltransferase Expression in COPD

In peripheral lung tissue, alveolar macrophages, and bronchial-biopsy specimens
from COPD patients, HDAC activity is decreased compared to healthy non-smokers
[34]. Notably, there is a marked and selective reduction in the expression of HDAC2
in patients with very severe COPD. They express less than 5% of HDAC2 of
non-smokers, whereas smaller reductions were observed for the expression of
HDAC5 and HDAC8. Reduced HDAC2 activity is correlated with disease severity
and increased expression of inflammatory genes such as IL-8, which is most likely
caused by increased histone H4 acetylation at the IL-8 promoter [34]. Reduced
HDAC activity is also related to corticosteroid resistance, a characteristic feature of
COPD. The expression of HDAC1, HDAC3, HDAC4, HDAC6, and HDAC7 was
found unaltered. The expression and activity of HDAC9, HDAC10, and HDAC11
and most of the sirtuins in COPD are unknown, although sirtuin 1 activity is
decreased [35]. The expression of acetyltransferases is largely unaffected.

2.3 Causes and Consequences of a Decrease in HDAC2
Expression in COPD

The decrease in HDAC2 activity is believed to be partly caused by nitration of one or
two tyrosine residues of HDAC2 through the formation of peroxynitrite, which is
generated by a reaction between superoxide anions and nitric oxide upon inhalation
of noxious particles [36]. Nitration in turn triggers ubiquitination and subsequent
proteosomal degradation [37]. While both HDAC1 and HDAC2 are modified by
such reactive nitrogen species, only the level of HDAC2 is decreased, possibly by
selective ubiquitin tagging of nitrated HDAC2 [37]. The enzymes responsible for
ubiquitination of HDAC1 are unknown but differ from those of HDAC2. Addition-
ally, reactive oxygen species in inflamed lung tissue activate the phosphoinositide-3-
kinase (PI3K) pathway, causing phosphorylation of HDAC2’s serine residues by
either PI3K itself or other downstream kinases, which similarly leads to its ubiquitin-
proteosomal breakdown (Fig. 1b) [38].
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Besides influencing histone acetylation at the IL-8 promotor, HDAC2 is known to
play a crucial role in the glucocorticoid receptor (GR) pathway [38]. When a
corticosteroid binds to the GR, the receptor translocates to the nucleus where it is
acetylated by an acetyltransferase. Upon acetylation, the receptor binds to the
promotor regions of several key anti-inflammatory genes, such as IL-10 and IκB,
leading to a subsequent increase in their expression [39]. Even bigger anti-
inflammatory effects are, however, seen upon deacetylation of the GR by HDAC2.
In its deacetylated form, it forms a complex with an array of other proteins, together
able to repress the important NF-κB pro-inflammatory pathway [40]. Altogether, this
indicates a clear connection between a decrease in HDAC2 activity and steroid
resistance (Fig. 1b).

Glucocorticoid
resistance

Airway 
remodeling

Airway
constriction

HDAC2

PI3K

GR

Cytokines

Inflammation

HDAC3

NF-kB

HDAC6

Tubulin

HDAC8

Actin

PLCG1

COPD Asthma

Oxidative stress Metacholine

Growth factors

A B C D

Fig. 1 Roles of HDAC isoforms in asthma and COPD. (a) HDAC3 deacetylates NF-κB at several
lysines. Depending on the lysine deacetylated, it activates NF-κB to increase the expression of
pro-inflammatory genes. (b) Oxidative stress following cigarette smoke exposure causes PI3K to
phosphorylate HDAC2, which results in its ubiquitin-mediated proteosomal degradation. The
glucocorticoid receptor (GR) remains acetylated, rendering it unable to repress NF-κB, thus leading
to steroid resistance. (c) HDAC8 promotes actin polymerization in smooth muscle cells to facilitate
contraction in response to methacholine stimulation. HDAC8 may also repress the activity of
PLCG1, potentially preventing sarcoplasmic Ca2+ release. (d) HDAC6 is implicated in growth
factor-activated pathways by decreasing microtubule stability through deacetylation of α-tubulin. In
the long term, this may lead to airway remodeling

Acetylation and Methylation in Asthma, COPD, and Lung Cancer 435



2.4 Restoring HDAC2 Activity in COPD as a Therapeutic
Strategy

Given the observed decrease in HDAC2 expression, and the resulting increase in
IL-8 and steroid resistance, restoring its activity is the first and most logical thera-
peutic aim. To this end, a low concentration of theophylline (10 μM) has been shown
to increase HDAC activity both in vitro and ex vivo [41, 42]. It is unclear how
exactly theophylline increases HDAC activity, but it is thought to occur through the
inhibition of PI3K [43]. At higher concentrations (>10 μM), theophylline inhibits
phosphodiesterases and antagonizes adenosine receptors, for which it has been used
to treat airway diseases for decades, with the main result being airway smooth
muscle relaxation [44]. Interestingly, theophylline’s ability to restore HDAC activity
is lost at such higher concentrations [42]. It should be noted that administration of a
low dose of theophylline alone did not significantly reduce steroid-resistant inflam-
mation in vivo [43]. Only combined with corticosteroids, a positive effect was
observed, effectively alleviating steroid resistance.

A hypothetical novel way of restoring HDAC2 activity would be to inhibit a
functionally opposing acetyltransferase. This is based on the presumption that an
acetyltransferase may have the same substrates as HDAC2, but so far this has not
been confirmed. Even more so, the development of clinically useful acetyltransferase
inhibitors has fallen behind that of HDACi partly due to the low druggability of the
catalytic domain of acetyltransferases. Consequently, only a few acetyltransferase
inhibitors exist, and none have been tested in COPD. Other ways to restore HDAC
activity are focused on inhibition of PI3K similar to theophylline or on the reduction
of oxidative stress and thus peroxynitrite, potentially by the administration of
antioxidants [45]. In the latter case, reducing the exposure to harmful particles
works in a similar way. The success of such a strategy is exemplified by the fact
that in COPD patients who smoke, smoking cessation has been shown to be the
single most effective approach for slowing or halting disease progression [46, 47].

2.5 Targeting HDAC Isoenzymes in COPD

Given the decreased activity of HDAC2 in COPD and an observed add-on effect of
theophylline as a HDAC activator in corticosteroid therapy, attempts to decrease
HDAC activity with HDACi in COPD seem counterintuitive. On the other hand,
diverse chemical classes of HDACi demonstrated therapeutic potential in several
animal models of inflammation, such as colitis [48], multiple sclerosis [49], and
arthritis [50]. The mentioned models are not necessarily predictive of an anti-
inflammatory effect in COPD, as the underlying inflammatory dynamics are often
very different. However, entinostat, a HDAC1-, HDAC2-, and HDAC3-selective
inhibitor (Fig. 2), was recently found to attenuate inflammation in a mouse model of
COPD [51]. The observed positive effect was connected to a decrease in neutrophil
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influx in the lungs, in turn caused by a decrease in mouse IL-8. The expression of the
pro-inflammatory cytokines IL-6 and IL-1ß was also decreased. Surprisingly, the
used HDACi restored overall HDAC activity and led to an overall decrease in
histone acetylation. This leads to intriguing questions about the exact mechanisms
by which HDACs and their inhibitors act and in which cell types they play a leading
role.

In the mouse COPD model, at least part of the effects can be explained mecha-
nistically by the indirect action of entinostat on the acetylation status of NF-κB in
macrophages [51]. NF-κB contains seven lysine residues that can be acetylated in a
site-specific way. Acetylation of lysines 122 and 123 affects DNA binding, thereby
acting in an inhibitory manner [52]. In contrast, acetylated lysines 218 and 221 block
NF-κB’s association with its cytoplasmic partner IκB, thereby enhancing its nuclear
translocation and DNA-binding capability [53]. Acetylation at lysine 310 has been
shown to boost transcriptional activity without affecting IκB or DNA binding,
presumably by generating a binding site for coactivator proteins [54]. Most inter-
estingly, acetylation of lysines 314 and 315 does not affect NF-κB’s transcriptional
activity but rather increases its promoter selectivity [55]. Overall, this means that
acetylation patterns shape NF-κB’s transcriptional activity and, importantly, gear it
toward certain parts of the chromatin. For all lysine residues, acetylation is under the
control of CBP/p300 acetyltransferases [56]. Deacetylation of NF-κB is mostly
controlled by HDAC3 (Fig. 1a), making HDAC3 a highly interesting target in
inflammation [26]. This is further backed up by the finding that HDAC3-deficient
macrophages are unable to activate almost half of LPS-induced inflammatory gene
expression [57]. Coming back to entinostat, which inhibits HDAC1, HDAC2, and
HDAC3, the acetylation level of NF-κB increases in LPS-/IFNγ-stimulated macro-
phages upon treatment with the inhibitor, leading to its increased transcriptional
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activity [51]. Additionally, NF-κB nuclear translocation and binding to the IL-10
promotor increase, resulting in an enhanced expression of the anti-inflammatory
cytokine IL-10.

The role described for HDAC3 in the NF-κB pathway in macrophages is an
example, highlighting the potential for HDAC3-selective inhibition. Nevertheless, it
should be noted that HDACs potentially target thousands of substrates, including
many other transcription factors and general transcriptional regulators. However, it is
to be expected that only a few potential lysine acetylation and deacetylation events
have functional consequences. Therefore, it is important to identify these crucial
events and the enzymes involved. This provides chances to find specific effects in
specific disease models. Taken together, the current evidence indicates that HDAC3
is an important player in pro- and anti-inflammatory gene transcription and that
HDAC inhibitors with isoenzyme selectivity among HDAC1, HDAC2, and HDAC3
have potential as anti-inflammatory agents.

2.6 Deacetylase and Acetyltransferase Expression in Asthma

Asthma is a heterogeneous disease with many different clinically overlapping sub-
types. Prototypically, asthma is considered to be an allergic disorder mediated by
mast cells, eosinophils, and T-helper cells (CD4+) [58]. The importance of IL-8 in
COPD is mirrored by IL-5 in asthma, which induces eosinophil generation in the
bone marrow and leads to a subsequent increase in eosinophils in the lung [59]. Addi-
tionally, IL-4 is a key cytokine that enhances IgE-mediated immune responses in
allergic airway inflammation [60]. Asthma is further clinically characterized
by increased sensitivity of the airways to an inhaled constrictor agonist, like
methacholine, termed airway hyperresponsiveness [61]. Looking at the balance
between acetylases and deacetylases in patients with mild, stable asthma, a much
more complicated balance is found compared to COPD. One study showed that
histones were acetylated to a significantly higher extent in bronchial biopsies of
asthma patients compared to healthy individuals and that this may be caused by a
small but significant decrease in the expression of both HDAC1 and HDAC2
[62]. The expression of other HDACs was not evaluated, but it was shown that
HDAC1 to HDAC6 were present primarily within the epithelium and to a lesser
extent in infiltrating inflammatory cells. Another study analyzed the deacetylase
activity in alveolar macrophages from asthmatic patients and found a decrease,
related to a decrease in the expression of HDAC1, but not HDAC2 nor HDAC3
[63]. In circulating blood monocytes, no differences in HDAC activity were found,
further confirming that differences in HDAC expression only occur locally at or near
the site of inflammation. Taken together these results show that the expression levels
of HDAC1, HDAC2, and HDAC3 are affected to a much lesser extent in asthma
compared to COPD. This may have important consequences for treating this disease
with HDACi. Unfortunately, neither the expression and activity of other HDACs nor
the role of acetyltransferases has been adequately characterized in asthma.
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2.7 Which HDAC to Inhibit in Asthma?

Trichostatin A (TSA, Fig. 2) has originally been reported as a fungistatic antibiotic
and is one of the first natural compounds found to inhibit HDACs. This nonselective
HDACi has been evaluated in allergen-induced airway inflammation. TSA signifi-
cantly reduced airway hyperresponsiveness in both acute and chronic asthma models
at concentrations of 1, 2, and 5 mg/kg [64–66]. Additionally, the number of
eosinophils and the expression of IL-4 and IL-5 were decreased in bronchoalveolar
lavage fluid upon treatment with �1 mg/kg TSA. The anti-inflammatory effects of
TSA may partly be the result of enhanced apoptosis in eosinophils and neutrophils
through a caspase-activating pathway, not involving PI3K nor NF-κB [67].

At a lower concentration, namely, 0.6 mg/kg, TSA did not reduce airway
inflammation, but it did inhibit airway hyperresponsiveness [68]. This could be
explained by blockage of airway smooth muscle contraction by TSA, even at
lower concentrations, by decreasing the release of Ca2+ from the sarcoplasmic
reticulum. A specific HDAC might be involved in this pathway, possibly HDAC8.
This HDAC is known to deacetylate cortactin, which subsequently promotes actin
filament polymerization and smooth muscle contraction and therefore plays an
important role in the regulation of cytoskeletal dynamics of airway smooth muscle
(Fig. 1c) [68–70]. In contradiction, inhibition of HDAC8 has been shown to increase
Ca2+ flux and subsequent apoptosis in T cells by activating PLCG1 [71]. In any case,
treatment with the HDAC8-selective inhibitor PCI-34051 (Fig. 2) showed that
inhibition of HDAC8 alone attenuates airway hyperresponsiveness, airway inflam-
mation, and to some extent even airway remodeling [72]. In view of airway
remodeling, HDAC6 should also be considered as a target since its main function
is to deacetylate α-tubulin [73, 74]. Reversible acetylation of α-tubulin regulates
microtubule stability and function, with acetylation marking stabilized microtubules
and an associated decrease in cellular motility (Fig. 1d). In asthma, inhibition of
HDAC6 potentially maintains the cellular morphology of airway smooth muscle
cells and thus may prevent airway remodeling. Although administration of the
HDAC6-selective inhibitor tubastatin A (Fig. 2) in asthmatic mice reduced inflam-
mation and airway hyperresponsiveness to a lesser extent than the HDAC8 inhibitor,
it was similarly involved in decreasing α-smooth muscle actin and TGF-β1, both
markers of airway remodeling [72]. In summary, inhibition of HDAC6 and HDAC8
might relieve airway constriction and prevent airway remodeling.

From a theoretical standpoint, inhibiting all HDACs, like TSA does, will lead to
conflicting effects, but in reality a mostly positive outcome on inflammation and
airway hyperresponsiveness is observed in asthma. This is especially fascinating
given the fact that it was administered systemically by either subcutaneous or
intraperitoneal injection. Although TSA did not seem to be toxic or induce notice-
able side effects during the duration of the experiments, respiratory diseases are
ideally treated by local administration to reduce the chance of systemic side effects.
Since HDACs are ubiquitously expressed, this may offer substantial benefits to
treatment with HDACi in airway diseases.
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In conclusion, HDAC2 inhibition should be avoided in asthma since it has the
potential to shift asthma’s eosinophilic character to the more neutrophilic one seen in
COPD, potentially by a similar mechanism of derepression of IL-8. Furthermore, the
use of HDAC6- and HDAC8-selective inhibitors highlights key modes of action of
the respective HDAC isoforms in asthma and shows that their inhibition leads to
promising effects on airway hyperresponsiveness, inflammation, and remodeling.

3 Protein and DNA Methylation in Asthma and COPD

The role of other PTMs in lung diseases is also being deciphered. Of these other
PTMs, most is known about dynamic methylation, governed by methyltransferases
and demethylases. Importantly, while reversible acetylation is only known to occur
on proteins, both proteins and DNA are found to be methylated. Similar to post-
translational modifications, DNA methylation is a post-replicative modification.
However, different enzyme families are at play that control either protein or DNA
methylation and demethylation. DNA methyltransferases (DNMTs) methylate the
C-5 carbon of cytosines that are next to a guanine, and the presence of
5-methylcytosine (m5C) in a promotor generally leads to a transcriptionally inactive
gene [75]. Interestingly, the DNMT inhibitors (DNMTi) azacitidine (Fig. 3) and
decitabine are substrates for the DNA replication machinery and incorporated into
DNA as cytosine substitutes. Once incorporated, they are recognized by DNMTs as
if they were natural cytosine, but upon methylation the enzymes are covalently
trapped. This leads to the degradation of DNMTs and so ultimately to DNA
hypomethylation [76]. Of note, extensive incorporation of azacitidine and decitabine
results in DNA damage and apoptosis [77].

Demethylation of DNA on the other hand is a more complicated process.
The DNA demethylation pathway begins with oxidation of the methyl group of
m5C by the ten-eleven translocation (TET) family of enzymes to result in
5-hydroxymethylcytosine (hm5C), which is then further oxidized to 5-formyl and
5-carboxylcytosine by the same TET enzymes [78–80]. It is currently unclear if the
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oxidized intermediates serve as epigenetic marks in their own right or if they are just
short-lived intermediates in the DNA demethylation pathway. Some evidence indi-
cates that hm5C has some signaling properties, also because it is more prevalent than
the formyl and carboxyl derivatives [81]. In any case, the final product in the
oxidation cascade, 5-carboxylcytosine, could in theory be decarboxylated to reform
unmodified cytosine. However, a decarboxylase that is capable of decarboxylating
5-carboxylcytosine is yet to be identified. Known mechanisms to date show that the
oxidized versions of 5mC are diluted in a replication-dependent manner to regener-
ate unmodified cytosine or in the case of 5-formyl and 5-carboxylcytosine are
recognized and excised by enzymes involved in base excision repair mechanisms
[82, 83]. The first step in this process is to flip the oxidized base out of the DNA
double helix followed by cleavage of the N-glycosidic bond, which is catalyzed by
thymine DNA glycosylase [84]. This leaves a gap in the DNA while leaving the
sugar phosphate backbone intact. Other enzymes then refill the gap with an
unmodified cytosine.

Protein demethylation is a somewhat simpler process that nonetheless also starts
with oxidation [85]. However, in this case oxidation results in an unstable interme-
diate, a hemiaminal, which degrades to release formaldehyde and the thus
demethylated lysine or arginine residue. Similar to HDACs, lysine demethylases
(KDMs) come in various isoforms, and KDMs are grouped based on their depen-
dency on either Fe(II) and 2-oxoglutarate or flavin [86–88]. In contrast, so far just
one enzyme, the Jumonji domain containing protein 6, is speculated to have arginine
demethylation activity in vivo [89]. The functionally opposing group of methyl-
transferases for both lysines and arginines is even larger and more diverse. Addition-
ally, while acetyltransferases catalyze the addition of just one acetyl group to a lysine
residue, methyltransferases mono-, di-, or tri-methylate them and mono- or
di-methylate arginines [90]. The extent of methylation and the specific residues
involved dictate the functional outcome.

3.1 Cross Talk Between Acetylation and Methylation

An additional layer of complexity is added by the fact that PTMs can be linked
mechanistically by processes that are collectively termed “cross talk” [91]. As an
example, methylation of histone H3 on lysine 4 (H3K4) recruits acetyltransferases to
acetylate several other lysine residues of histone H3 [92]. Furthermore, the degree to
which H3K4 is methylated directly influences the extent of H3 acetylation [93]. As a
result, trimethylation of H3K4 is generally considered to be a marker of transcrip-
tional activation. Additionally, methylation of H3K4 is known to inhibit DNA
methylation, thereby further ensuring transcriptional activation [94, 95]. Conversely,
DNA methylation decreases H3K4 methylation and H3 acetylation through a group
of proteins that specifically recognize and bind to methylated DNA and in turn
recruit a protein complex that contains HDACs and histone demethylases
[96, 97]. Cross talk thus not only occurs between histone modifications but also
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between histone modifications and other epigenetic processes like DNA methyla-
tion. Not surprisingly, cross talk between PTMs of many different proteins exists,
simply because lysines are found to be both acetylated and methylated, and these
modifications affect protein functionality in different ways. It is often not clear how
these different modifications compete with each other.

3.2 DNA Methylation in Asthma and COPD

There does not seem to be a clear association between DNA methylation levels and
the presence of COPD. While there are studies that suggest that DNA methylation
may be a biomarker of COPD [98], a genome-wide analysis of DNA methylation
using blood samples of 903 never and 658 current smokers from the general
population failed to show any significant association [99]. A systematic review of
six articles that assessed the association of COPD with DNA methylation also failed
to see consistency in the data [100]. Perhaps due to this lack of a clear link between
DNA methylation and COPD, no inhibitors of DNA methyltransferase have been
tested so far in in vivo models of COPD. Interestingly, the promotor of HDAC6 is
known to be hypomethylated in COPD [101], which may partly explain the elevated
HDAC6 expression seen in COPD and further point to treatment with HDAC6-
selective inhibitors.

In contrast, a large meta-analysis of DNA methylation in childhood asthma, using
data from more than 5,000 children, identified reduced DNA methylation levels in
14 distinct sites to be associated with asthma across childhood from ages 4 to
16 years [102]. Interestingly, whole blood DNA methylation profiles were strongly
driven by lower methylation within eosinophils, further highlighting the important
role of eosinophils in asthma. Additionally, the association was not found at birth,
suggesting that environmental factors, like allergen exposure, could be the main
cause of the observed change in the DNA methylation status. This possibility is
further supported by results from mouse models of asthma, which showed reduced
overall m5C and increased hm5C that correlated with a respective decrease in
DNMTs and increase in TET enzymes upon allergen exposure [103, 104]. This
indicates that DNMT activity limits asthma severity and thus that increasing DNA
methylation may be beneficial in asthma. In stark contrast, treatment with
azacitidine, a nonselective DNMTi, has been reported to reduce inflammation and
airway hyperreactivity in mice, possibly by increasing the numbers of regulatory T
cells [105]. Future research therefore needs to determine whether treatment of
asthma with DNMTi or with still to be developed DNA demethylase inhibitors
will be most beneficial.
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3.3 Protein Methylation in Asthma and COPD

There is limited data on the role of arginine and lysine methylation in asthma and
COPD. With respect to arginine methylation, one study reports the expression levels
of protein arginine methyltransferase (PRMT) isoforms 1–6 in an animal model of
asthma [106]. Except for PRMT4, the expression of all other PRMTs was found to
be increased. In asthmatic rats, PRMT1 expression was especially high in epithelial
cells [107]. The epithelial cells also expressed and secreted more eosinophil-
attracting chemokines and fibroblast-activating cytokines. Consequently, the fibro-
blast proliferated more and expressed more growth factors, most likely through
IL-1β-induced NF-κB activation [108, 109]. Interestingly, PRMT1 expression was
also increased in the fibroblasts. Furthermore, treatment of the asthmatic rats with
AMI-1 (Fig. 3), a nonselective inhibitor of PRMTs, ameliorated the observed
pulmonary inflammation, mucus secretion, and collagen generation. This indicates
that inhibition of PRMTs might be a valuable therapeutic strategy in asthma.
Another reason for PRMT inhibition in asthma is that methylated arginine in itself,
resulting from metabolic turnover of methylated proteins, is known to inhibit nitric
oxide synthase [110, 111]. This results in a decrease in nitric oxide and an increase in
reactive oxygen species, through which methylated arginine potentiates lung inflam-
mation and airway hyperresponsiveness.

In contrast to asthma, the expression of PRMT6 is downregulated in lung tissue of
COPD patients, as well as in mice with emphysema [112]. Furthermore, restoration
of PRMT6 expression in mice exposed to cigarette smoke extract resulted in a
decrease in inflammation, apoptosis, and oxidative stress. PRMT6 expression was
restored by treatment with a lentivirus that was encoded with the PMRT6 gene. The
protective effect of PRMT6 expression indicates that COPD treatment should focus
on increasing protein methylation. However, the role of the other PRMT isoforms
and protein demethylases in COPD is as of yet unknown. Consequently, the outcome
of treatment of COPD with either PRMT or demethylase inhibitors is unpredictable.
As with HDAC inhibition, the extent of inhibition of specific isoforms of PRMTs or
demethylases will dictate the outcome. The field is thereby in need of the discovery
and testing of isoform-selective inhibitors of PRMTs and demethylases in models
of COPD.

In comparison to arginine methylation, less is known about the functional role of
lysine methylation in asthma and COPD. This is in spite of the fact that potent and
selective lysine demethylase inhibitors have been developed [113, 114]. One in vitro
study found that reduced lysine histone methylation enhances the expression of
vascular endothelial growth factor in airway smooth muscle cells from patients with
asthma, thereby playing a role in airway remodeling [115]. An in vivo study found
that restoration of lysine methylation by treatment with the potent KDM6 inhibitor
GSK-J4 (Fig. 3) ameliorated the classical hallmarks of asthma, such as airway
hyperresponsiveness, airway inflammation, and remodeling [116]. Treatment with
GSK-J4 did however not decrease the expression of the vascular endothelial growth
factor. The main explanation for the observed positive effects of GSK-J4 is that the
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inhibitor decreased the proliferation and migration of airway smooth muscle cells
and prevented the upregulation of contractile proteins in these cells. In conclusion, in
asthma, an increase in lysine methylation and a decrease in arginine methylation
have so far shown to be potentially beneficial treatment strategies. For COPD
nothing is known about the role of lysine methylation, but the role of arginine
methylation in COPD is starting to be explored. The first studies are showing a
beneficial effect of the restoration of arginine methylation in COPD.

4 HDACi and DNMTi in Lung Cancer

Of the different types of inhibitors described in this chapter, primarily HDACi and
DNMTi are in clinical trials for lung cancer. Alterations in DNA methylation and
protein acetylation are both considered to be major contributors to the development
and progression of lung cancer. Lung cancer is generally classified as either small-
cell lung cancer (SCLC) or non-small cell lung cancer (NSCLC), with the latter
category split into a range of other histological subtypes. NSCLC accounts for
approximately 85% of all lung cancer cases, and SCLC takes up the remaining
15% [117]. Most SCLC tumors initially respond to chemotherapy, but, unfortu-
nately, essentially all patients experience relapse within 1 year of receiving first-line
treatment. Similar to COPD, smoking is the major risk factor for all forms of lung
cancer, particularly for SCLC.

DNMTi and HDACi have both demonstrated anticancer effects in in vitro
NSCLC studies. However, single-agent clinical trials with these inhibitors in lung
cancer patients mostly failed to show a beneficial effect. The current view is that the
combination of DNMTi or HDACi with established therapies might increase effi-
cacy by priming cancer cells to standard chemotherapy, possibly by reactivation of
tumor suppressor genes [118]. Consequently, DNMTi and HDACi are in a host of
phase I and II clinical trials in combination therapies, for instance, with immune
checkpoint inhibitors like the monoclonal anti-PD1 antibody nivolumab. A detailed
description of these trials can be found elsewhere [119].

Interestingly, a direct link between HDACs and DNMTs exists, since it has been
found that HDACs deacetylate DNMTs [119]. In support of this, knockdown of
HDACs and treatment with a HDACi induced DNMT acetylation. Surprisingly, this
led to a decrease in DNMT levels. Overall, treatment with HDACi may thus
concomitantly decrease DNMT levels. Since increased expression of DNMTs and
HDACs crucially occurs in the oncogenic transformation of epithelia, it is therefore
speculated that HDAC inhibition may prevent lung cancer. Additionally, combina-
tions of DNMTi and HDACi are under investigation because they may synergize in
the re-expression of silenced genes. A phase I/II trial of low-dose azacitidine
combined with entinostat in 45 extensively pretreated patients with recurrent meta-
static NSCLC showed that the combination was well tolerated and objective
responses were observed [120]. This included one complete responder that was
free of disease 26 months since enrolment. The combination also compared
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favorably with erlotinib, the existing treatment option. However, the objective
responses to this therapy occurred in only 4% of patients, and the median survival
in the entire cohort was nevertheless just 6.4 months. Two other phase II trials using
the combination of azacitidine and entinostat in lung cancer are still ongoing
[121]. The results of these trials will hopefully clarify the potentially synergistic
effect between HDACi and DNMTi.

Finally, an interesting ongoing phase I clinical trial investigates the efficacy of
inhaled azacitidine in patients with advanced NSCLC [121]. Generally, azacitidine is
administered by subcutaneous injections, leading to systemic exposure. However,
localized delivery of the drug to the lungs by means of inhalation was proven highly
effective in animal models, because it was associated with longer survival, less
toxicity, and less lung cancer burden compared to subcutaneous injection
[122]. The results of that study sparked the initiation of the phase I trial. The outcome
of this trial will be interesting as it only investigates the effect of inhaled azacitidine,
not in combination with other therapies, which as a single-agent therapy has so far
been unsuccessful. A caveat for the use of inhaled therapies in lung cancer is that
between 30 and 40% of patients will have systemic metastases at the time of clinical
diagnosis [123]. Logically, a therapy localized to the lungs will then need to be
combined with a more systemic one.

5 Conclusions and Future Directions

Progress has been made in the chemotherapy of lung cancer by employing drugs that
influence the reversible posttranslational and post-replicative modifications of pro-
teins and DNA, respectively. However, optimum treatment regimens with such
drugs still need to be defined, and it is clear that mostly a combination with another
drug is required. In that sense the triple therapy of a HDACi, a DNMTi, and an
immune checkpoint inhibitor is an interesting approach that is currently being
investigated. Additionally, other influencers of PTMs, like inhibitors of KDMs, are
in clinical trials for lung cancer [121]. It is to be expected that in the future an even
broader range of compounds that influence the state of PTMs will be studied in
combination therapies for lung cancer.

The results of the studies in lung cancer are highly relevant to other lung diseases
like asthma and COPD, because one way to view the airway remodeling observed in
asthma and COPD is to compare it to benign tumor growth. For instance, in both
cases cell proliferation is out of control, and tissue boundaries are weakened.
Therefore, as in lung cancer therapy, using drugs that regain control of tissue
proliferation and architecture might be promising in asthma and COPD. Yet, as
mentioned in this chapter, the study of HDACi and other influencers of PTMs in
these diseases is still in the proof-of-principle stage. The initial in vivo preclinical
studies are nonetheless promising, especially in the case of HDACi. In mouse
models of asthma and COPD, application of several HDAC inhibitors has shown
to result in a broad range of beneficial effects. Local administration of HDACi at
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relatively low concentrations may therefore hold great promise for the treatment of
these diseases.
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Abstract Computer-aided and structure-based design methods play an important
role in the development of inhibitors for epigenetic drug targets. Multiple hits have
been discovered over the last years, and several leads have been optimized using
molecular modeling methods, such as virtual screening, molecular docking, binding
free energy calculations, homology modeling, and others. In this chapter, advances
and success stories of computer-assisted development of epigenetic inhibitors are
collected. The presented examples give an overview of successfully applied strate-
gies and emphasize the advantage of guidance and rationalization of experimental
data with computational means.
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Abbreviations

3D Three-dimensional
α-KG α-Ketoglutarate
ADMET Absorption, distribution, metabolism, excretion, and toxicity
AML Acute myeloid leukemia
AOD Amine oxidase domain
CARM1 Coactivator-associated arginine methyltransferase 1
CoMFA Comparative molecular field analysis
CoMSIA Comparative molecular similarity indices analysis
DOT1L Disruptor of telomeric silencing 1-like
DNA Deoxyribonucleic acid
DNMT DNA methyltransferase
EZH Enhancer of Zeste homologue
FAD Flavin adenine dinucleotide
FDH Formaldehyde dehydrogenase
FEP Free energy perturbation
FIH Factor inhibiting hypoxia-inducible factor
G9a/EHMT2 Euchromatic histone-lysine N-methyltransferase 2
GLP G9a-like protein
H3K4 Lysine 4 of histone 3
H3K4me3 Trimethylated lysine 4 of histone 3
H3K9me2 Dimethylated lysine 9 of histone 3
HDAC Histone deacetylase
HTS High-throughput screening
IC50 The half maximal inhibitory concentration
ICM Internal coordinate modeling
JARID Jumonji and AT-rich interaction domain
Jmj Jumonji
JMJD Jumonji domain-containing protein
KDM Lysine demethylase
KMT Lysine methyltransferase
LIE Linear interaction energy
LSD Lysine-specific demethylase
MAO Monoamine oxidase
MDS Myelodysplastic syndromes
MM-GBSA Molecular mechanics generalized Born surface area
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MM-PBSA Molecular mechanics Poisson-Boltzmann surface area
NAD+ Nicotinamide adenine dinucleotide
NCI National Cancer Institute
PAO Plant amine oxidase
PDB Protein Data Bank
PHD Prolyl hydroxylase domain-containing protein
PKMT Protein lysine methyltransferase
PRMT Protein arginine methyltransferase
QSAR Quantitative structure-activity relationship
RMSE Root-mean-square error
SAH S-adenosylhomocysteine
SAM S-adenosyl-L-methionine
SAR Structure-activity relationship
SET Su(var)3-9, Enhancer-of-zeste and Trithorax
SETD SET domain-containing lysine methyltransferase
Sirt Sirtuin
smHDAC8 Schistosoma mansoni HDAC8
SWIRM SWI3p, Rsc8p, and Moira
TI Thermodynamic integration
TCF4 Transcription factor 4
VS Virtual screening

1 Introduction

The two major biochemical pathways of epigenetic regulation are DNA methylation
and posttranslational modifications of amino acids in histone proteins. Histone
modifications interact with each other and constitute a particular pattern of alter-
ations in the chromatin structure, the so-called histone code [1]. Posttranslational
modifications of histones have been shown to participate in a wide array of cellular
processes. Regulations of these covalent modifications and their implications are
currently of great interest in the scientific community [2]. Although histone proteins
are under the control of various posttranslational modifications, such as acetylation,
acylation, methylation, phosphorylation, ubiquitination, or glycosylation, the focus
of most studies has been mainly on lysine acetylation/deacetylation and methylation/
demethylation. Over the last decade, many of the enzymes that regulate these histone
modifications have been identified and characterized on a molecular level. With
large effort, a wealth of 3D structures of epigenetic targets has been determined,
which helped to understand the different epigenetic targets and their regulation on a
molecular level. From the early discovery of histone deacetylase inhibitors, such as
trichostatin A, to the more recent discovery of novel histone-modifying enzyme
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inhibitors, structure- and computer-based approaches were applied to analyze target-
ligand interactions and to rationalize the development of small molecule modulators
[3]. This chapter will illustrate various structure-based approaches which have been
successfully implemented to identify and design small molecule inhibitors of
histone-modifying enzymes.

2 Computational Methods to Predict the Target Interaction
of Small Molecules and Their Binding Affinities

Designing small molecules with desired biological activity has long been a major
goal of structure-based drug design. Different approaches have been tested to predict
the biological activity of an inhibitor from its calculated interaction with the target.
Molecular docking tools are able to predict the interactions in a putative binding site
and can easily screen large numbers of molecules and rank them according to their
calculated affinities [4, 5]. However, using a single frozen protein structure in most
of the cases hampers the true conformational and orientational sampling of an
inhibitor in its putative binding pocket [6]. Moreover, currently available scoring
functions that estimate the binding affinity of calculated poses for a ligand are still far
away from ranking the biologically active molecules in a reasonable agreement with
the experimental data [7]. To overcome this challenge, more sophisticated methods
that take into account conformational changes, desolvation effects, as well as
entropic effects on binding are needed to predict the binding strength of molecules
of interest.

In contrast to simple docking methods, free energy calculations were shown to
give results that are in better agreement with experimental data [8]. Two different
approaches have been widely studied for their applications in estimating the binding
affinity of small molecule inhibitors. The first approach includes the so-called
pathway methods such as free energy perturbation (FEP) and thermodynamic
integration (TI) which consider all small changes that occur between the initial and
final states [9]. These methods are more accurate and robust in predicting reliable
affinities than docking methods but are expensive and time-consuming, thus, making
them inapplicable for large datasets of compounds. Meanwhile, the second group of
approaches (endpoint methods) including linear interaction energy (LIE), molecular
mechanics Poisson-Boltzmann surface area (MM-PBSA), and molecular mechanics
generalized Born surface area (MM-GBSA) methods calculate only the difference
between the starting and last step of these two states leading to much faster
calculations than FEP and TI [10]. MM-PBSA and MM-GBSA methods have
found various applications in drug discovery studies such as pose selection, discrim-
ination of the true actives from decoys or inactive molecules in virtual screening
(VS) studies, and prediction of the relative binding free energies in the lead optimi-
zation stage [11, 12]. The applicability of such approximations has been tested and
shown to be valuable as post-docking filter to rescore docking results and to increase
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the hit rate in VS [13, 14]. Satisfactory correlations have been obtained between
calculated binding affinities and experimental data, especially for ligand series with
high structural similarity [15]. Although previous applications of MM-PBSA and
MM-GBSA proved to be very useful and efficient in many macromolecular studies,
there remains still room for improvement in many aspects of existing methods,
including estimation of the solute entropy solvation free energy of polar compounds,
sampling of the conformational space of the protein-ligand interaction as well as
developing adequate parameters for describing the molecular structures. The above
described methods provide a set of computational tools for structure-based design of
epigenetic inhibitors.

3 Histone Deacetylases

The family of human histone deacetylases (HDACs) includes 18 isoforms and is
classified into two structurally distinct groups and five classes. The first group
is called zinc-dependent HDACs. It consists of 11 isoforms subdivided into four
classes: class I (HDAC1–HDAC3, HDAC8), class IIa (HDAC4–HDAC5, HDAC7,
HDAC9), class IIb (HDAC6 and HDAC10), and class IV (HDAC11). The second
group of HDACs is usually referred to as sirtuins. It comprises seven isoforms,
which all belong to class III [16]. Structural features of different HDAC groups,
classes, and isoforms are often addressed in the structure-based design of HDAC
inhibitors. Computational methods allow to visualize those features and to predict
protein-ligand interactions in a qualitative and quantitative manner as illustrated
further.

3.1 Zinc-Dependent HDACs

Zinc-dependent HDACs share a conserved deacetylase core domain [17]. To date,
more than 100 structures of these domains have been solved [18–26]. Their archi-
tecture is similar: an α/β fold formed by an ensemble of conserved α-helices,
β-sheets, and binding pocket loops as well as less conserved distant loops. The
residues of the binding pocket form an approximately 12 Å long substrate binding
tunnel with the catalytically important zinc ion at the bottom [27]. This tunnel and
adjacent cavities are usually targeted by inhibitors bearing a warhead containing a
zinc-binding group (examples are shown in Fig. 1).

The most common zinc-binding group is hydroxamic acid. Interestingly, it is able
to interact with the zinc ion either in a bidentate or a monodentate fashion, as seen,
for example, in the crystal structures of zebrafish HDAC6 with Panobinostat (1)
(PDB ID: 5EF8) and Nexturastat A (2) (PDB ID: 5G0I), correspondingly (Fig. 2). In
both cases, the hydroxamic acid group makes a number of hydrogen bonds to the
nearby amino acid residues, the hydrophobic spacer is stabilized by van der Waals
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interactions inside the substrate binding tunnel, and the cap group interacts with
residues at the rim of the binding pocket [24, 25].

Crystal structures of protein-ligand complexes represent the basic source of
structural information for inhibitor optimization and for identification of novel
hits. In early studies, the first solved HDAC crystal structure of bacterial HDAC-
like protein was readily used for docking and structure-based optimization of
inhibitors [28–36]. In the absence of the target protein structure, homology modeling
was applied. Homology models of HDAC1 and HDAC6 have been often generated
and used to predict the binding modes of inhibitors [37–48]. VS has been a major
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Fig. 1 Molecular structures of HDAC inhibitors mentioned in the text

Fig. 2 (a, b) X-ray structure of DrHDAC6 in complex with inhibitors: (a) Panobinostat (1) (PDB
ID: 5EF8) and (b) Nexturastat A (2) (PDB ID: 5G0I). Only the residues in the binding pocket are
shown. Hydrogen bonds are displayed as yellow dashed lines, metal coordination as blue dashed
lines, ligands as yellow sticks, zinc ion as cyan sphere, and water molecules as red spheres
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method to search for novel hits. However, in many cases the identified inhibitors
were not optimal due to weak inhibitory activity or unspecific mode of action
[49]. Below, several VS campaigns with biologically validated hits suitable for
further optimization are described.

Price et al. published a study in which they docked a virtual library of
644 hydroxamic acids, generated from available in-house carboxylic acids to a crystal
structure of bacterial HDAC-like protein [50]. Based on the docking poses and scores
obtained with FlexX docking program, 75 compounds were selected for biological
testing. A promising hit, namely, ADS100380 (3, Fig. 1), was identified with an IC50

of 0.75 μM in an in vitro HDAC assay and a weak functional activity (IC50 of
11.4 μM) in a cell proliferation assay. Structure-based optimization of the hit guided
by molecular docking studies resulted in a series of compounds with improved
potency, showing up to single-digit nanomolar activity in a HDAC assay and
double-digit nanomolar activity in an antiproliferative assay (4, Fig. 1) [50].

Tang et al. reported their quantitative structure-activity relationship (QSAR)-
based VS implemented to search for human HDAC1 inhibitors. Chemical descrip-
tors were calculated for 59 known HDAC inhibitors to generate QSAR models,
which were used to screen a virtual library of 9.5 million compound structures. Out
of the 45 retrieved screening hits, 4 structurally diverse compounds were selected for
experimental validation. Three of them, which were hydroxamic acids, showed
micromolar activity against HDAC1 and HDAC6 [51].

Park et al. identified novel HDAC inhibitors by applying structure-based VS
[52]. A virtual library of around 460,000 compounds was pre-filtered by Lipinski’s
rule of five [53] and structural similarity. The remaining 180,000 compounds were
docked to a homology model of HDAC1 using AutoDock program and scored with a
modified scoring function which included a novel solvation model. Around
100 top-scored virtual hits were selected for pretesting in a HDAC inhibition
assay. The IC50 values of the six final hits ranged between 4 and 100 μM. Interest-
ingly, the most active hit (5, Fig. 1) was a non-hydroxamate HDAC inhibitor with a
putative thiadiazole sulfonamide zinc-binding group [52].

Another successful structure-based VS was conducted by Kannan et al.
[54]. The ZINC database of around 15 million compounds was pre-filtered to
select only compounds containing one of several known zinc-binding groups
(hydroxamic acid, anilinobenzamide, thiazole sulfonamide). About 5,000 retrieved
zinc binders were docked and scored with Glide (Glide SP scoring function) and
GOLD (GoldScore, ChemScore, ChemPLP, and ASP scoring) docking programs
using a homology model of the anti-parasitic target Schistosoma mansoni HDAC8
(smHDAC8). This docking protocol was previously validated by re-docking of the
cocrystallized human HDAC8 inhibitors. Based on the docking poses and calcu-
lated scores, 75 compounds were purchased and tested on smHDAC8. For the six
most active hydroxamic acid hits, the IC50 values were determined on smHDAC8
(1–6 μM), as well as human HDAC8 (0.6–3 μM), HDAC1 (3–30 μM), and
HDAC6 (0.02–4 μM) [54]. Two of the most promising fragment-like compounds
T5979345 (6) and T6072858 (7, Fig. 1) could be cocrystallized with the
target protein [55]. Based on the binding mode of 6, a library of open-ring analogs
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(e.g., compound 8, Fig. 1) was designed to target smHDAC8 binding pocket
features. Docking studies predicted that the benzamide moiety of 8 is embedded
into HDAC8-specific side pocket and the amide group undergoes hydrogen bond
interactions with the unique smHDAC8 amino acid residue His292. Crystal
structure of 8 with the target protein confirmed the predicted binding mode
(Fig. 3). Computer-guided optimization of 8 led to a series of benzohydroxamic
acids, some of which were potent smHDAC8 inhibitors showing in vitro anti-
parasitic activity, for example, compound 9 (Fig. 1) with an IC50 of 76 nM
[56]. Furthermore, optimization of structural analogs of compound 6 toward
human HDAC8 led to potent and selective inhibitors of this enzyme with anti-
neuroblastoma activity. Compounds 10 and 11 were among the most potent
derivatives with an IC50 of 69 nM and 27 nM, respectively (Fig. 1) [57].

Novel HDAC inhibitors have not only been discovered by VS approaches.
Structure-based design assisted by molecular modeling methods such as homology
modeling, molecular docking, and binding free energy calculations also provided
valuable hits. Butler et al. rationally designed the highly potent and selective
HDAC6 inhibitor tubastatin A (12, Fig. 1). They noticed that the substrate binding
tunnel and especially its rim are wider in HDAC6 homology model than in HDAC1.

Fig. 3 X-ray structure of smHDAC8 in complex with a benzhydroxamate-based inhibitor (8) (PDB
ID: 5FUE) showing the interaction with the lysine channel. Only the residues in the binding pocket
are shown. Hydrogen bonds are displayed as yellow dashed lines, metal coordination as blue dashed
lines, the ligand as cyan sticks, and the zinc ion as a purple sphere
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Ligands with short aromatic linkers and large rigid cap groups were docked into the
target binding pocket, and a carbazole cap group was found to fit well. These
compounds were synthesized, tested, and found to be indeed highly selective
HDAC6 inhibitors [58]. More cases of successful structure-based design of HDAC
inhibitors are described in recent reviews [59, 60].

3.2 Sirtuins

Sirtuins, in contrast to the classical zinc-dependent HDACs, use nicotinamide
adenine dinucleotide (NAD+) as cofactor to carry out the deacetylation step. For
most of the seven human sirtuin (Sirt) isoforms, crystal structures have already been
solved. The reported crystal structures of human Sirt1 [61, 62], Sirt2 [63–66], Sirt3
[65, 67–75], Sirt5 [70, 74, 76–78], and Sirt6 [79], as well as sirtuins derived from
other species [80–88] shed light onto the overall structure of sirtuins. Sirt2 has been
extensively studied by crystallographers, who solved the 3D structure of this isoform
in the apo, cofactor-bound, substrate bound, as well as in inhibited form. So far, no
3D structure of human Sirt4 and Sirt7 is available. A recent review focused on the
structural details of sirtuins has been published, and the interested reader is referred
to [89]. Sirtuins contain a conserved 275 amino acid catalytic domain with variable
N- and C-termini. The structure of the catalytic domain consists of the so-called
Rossmann fold and a smaller zinc-binding domain. The sirtuin structure shows
several subpockets that accommodate adenine (A), ribose (B), and nicotinamide
(C) as well as the acetyllysine substrate peptide (Fig. 4a). Upon binding of the
substrate peptide, the zinc-binding domain rotates toward the Rossmann fold domain
and induces a “closure” of the active cleft. This closure of both domains helps to
correctly orientate the modified lysine group in the hydrophobic tunnel, allowing the
formation of a hydrogen bond between the Nε atom of lysine and the backbone
carbonyl of a conserved valine residue (Val233, Sirt2 numbering). A further con-
formation of sirtuins that has been recently reported is the “locked-open conforma-
tion” that is observed upon binding of the allosteric and highly selective Sirt2
inhibitor SirReal2 [90] (Fig. 4b). Upon binding, SirReal inhibitors induce a major
rearrangement of Sirt2 active site and open up a so far unexploited binding pocket.
This unique rearrangement is the basis for the high potency and isotype selectivity of
the SirReals. This pocket was therefore termed “selectivity pocket.”

Several inhibitors are available for Sirt2 that have been discovered by applying
computer-based methods [91–93]. One of the first potent Sirt2 inhibitors, the
vinylnitrile derivative AGK2 (13, Fig. 5), has been identified by focused-library
screening [94], and the interaction of the inhibitor with Sirt2 has been analyzed by
docking studies. The docking of the active inhibitors was carried out into different
conformations of Sirt2 that were generated by homology modeling. The high
flexibility of the active site loop made this strategy necessary [95]. The detailed
analysis of the docking results of AGK2 and inactive analogs resulted in the
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postulation that the inhibitor is interacting with the nicotinamide-binding pocket of
Sirt2. AGK2 inhibits Sirt2 with an IC50 value of 3.5 μM and shows more than
tenfold selectivity over Sirt1 and Sirt3. AGK2 is a valuable chemical tool since it
also displayed the ability to block α-synuclein-mediated toxicity in a Parkinson’s
disease model, possibly by modulating tubulin acetylation regulated by Sirt2 [94].

Another approach to discover novel sirtuin inhibitors was based on fragments
identified by random screening and applying structure-based design to optimize the

Fig. 4 (a) X-ray structure of human Sirt3 (white ribbon) in complex with Carba-NAD+ (yellow
sticks) and acetylated peptide (green) (PDB ID: 4FVT). (b) X-ray structure of human Sirt2 in
complex with the selective inhibitor SirReal2 (16; green sticks) (PDB ID: 4RMH). Only the
residues in the binding pocket are shown. Hydrogen bonds are displayed as yellow dashed lines
and the water molecule as a red sphere
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potency of initial fragments. Cui et al. [96] used chemical fragments derived from
suramin and nicotinamide and designed several 5-benzamidonaphthalen-1/2-yloxy-
nicotinamide derivatives using the available crystal structure of Sirt2. Among these,
compound 14 (Fig. 5) showed nanomolar inhibitory activity against Sirt2
(IC50 ¼ 0.0483 μM) and 200–900-fold selectivity over Sirt1 (IC50 12.0 μM) and
Sirt3 (IC50 44.2 μM). The docking of inhibitor 14 predicted a binding mode where
the nicotinamide moiety binds into the nicotinamide-binding pocket of Sirt2 and
forms hydrogen bonds with the conserved residues Ile169 and Asp170, whereas the
naphthalene group makes π-π interactions with either Phe96 or Phe119 located in the
acetyllysine tunnel. Interestingly, a structurally similar compound (15, Fig. 5) was
recently crystallized in complex with Sirt2 (PDB ID: 5Y5N) and showed a different
binding mode. Unexpectedly, the benzamide moiety of 15 does not occupy the
C-pocket as the nicotinamide of NAD+ (Asp170) but undergoes hydrogen bonds
with two cocrystallized water molecules. The hydrophobic aromatic tail of the
inhibitor interacts with the hydrophobic selectivity pocket (Tyr139, Phe143,
Phe190). This hydrophobic pocket was identified as the binding site of the myristoyl
chain, which is also recognized as a substrate modification by Sirt2 [97].

Highly selective Sirt2 inhibitors containing an aminothiazole scaffold were
identified by a focused-library screening of putative kinase inhibitors [90]. These
inhibitors were named SirReals (sirtuin rearranging ligands) because obtained
cocrystal structures of Sirt2 showed that the inhibitors rearrange the Sirt2 binding
pocket and behave as allosteric inhibitors. Due to the allosteric inhibition, SirReals
were found to be highly selective and represented a promising starting point for
structure-based optimization. SirReal2 (16, Figs. 4b and 5) binds to a highly
hydrophobic pocket adjacent to the zinc-binding domain and does not prevent the
binding of NAD+ in its productive conformation. Guided by the structural insights
obtained from the Sirt2-SirReal2 crystal structure, Schiedel et al. aimed to system-
atically probe the limits of variation within the scaffold of the SirReals [98]. A
library of designed aminothiazoles was docked into the Sirt2 crystal structure and
was used to guide the structural optimization. About 50 compounds were finally
synthesized and tested in vitro resulting in low nanomolar Sirt2 inhibitors. Binding
free energies of the Sirt2-inhibitor complexes were calculated using the MM-GBSA
approach. The calculated MM-GBSA protein-inhibitor binding energies showed a
good correlation with the observed Sirt2 inhibition values (r2¼ 0.67, RMSE¼ 0.60).
Moreover, the authors were able to rationalize their results with a further crystal
structure of Sirt2 in complex with the most potent inhibitor (17, Fig. 5) from this
series [98].

4 Histone Methyltransferases

Histone methylation is performed by proteins that belong to two different classes of
enzymes called protein arginine methyltransferases (PRMTs) and protein lysine
methyltransferases (PKMTs). The latter class is generally subdivided into SET
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domain-containing lysine methyltransferases and non-SET domain lysine methyl-
transferases. PRMTs and PKMTs share a common mechanism of action, in which
S-adenosyl-L-methionine (SAM) acts as cofactor, and hence the methyl donor, and
S-adenosylhomocysteine (SAH) is formed as a by-product [99]. Methylation occurs
on a nitrogen atom of either an arginine or lysine residue in the histone tails. This
type of modification does not alter the charge of the residue, but it affects the
basicity, hydrophobicity, and the size of the amino acid side chain which in turn
has an impact on the proteins that recognize such modifications. Indeed, despite the
subtle changes, many proteins are able to distinguish and bind specific methylation
states.

So far, more than 20 PKMTs and 11 PRMTs have been identified [100]. Never-
theless, enzymatic activity could not be demonstrated for all members [101–
103]. Over the years, different names and classifications have been attributed to
PKMTs, for instance, they have been renamed as lysine methyltransferases (KMTs)
and subdivided into eight classes [104]. Many of the methyltransferases have been
linked to diverse cellular processes and different types of cancers, and, therefore, the
development of selective inhibitors is desirable [105]. Here, we illustrate some
computational studies to highlight the utility of ligand- and structure-based methods
in the discovery of new inhibitors of histone methyltransferases.

In 2007, the first PRMT1 inhibitors retrieved by applying structure-based VS
methods were reported [106]. Through a combination of molecular docking,
pharmacophore-based filtering, and biochemical characterization, two drug-like
compounds, namely, allantodapsone (18) and stilbamidine (19, Fig. 6), were iden-
tified as substrate-competitive inhibitors of PRMT1. In this study, the authors
generated a homology model of PRMT1 which was subsequently used for screening
the National Cancer Institute (NCI) diversity set into the substrate binding site.
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The analysis of the docking poses could suggest some key interactions between the
newly identified inhibitors and PRMT1. For example, a common feature of the
active inhibitors is the hydrogen bond of a basic or polar group with the acidic
residue Glu152 (human PRMT1 numbering) of the active site. Moreover, van der
Waals interactions between the inhibitors and several aromatic residues in the
binding pocket (Tyr47, Tyr156, Trp302, human PRMT1 numbering) were present.
Interestingly, the inhibitors showed a reduction of estrogen receptor activation by
estradiol in a dose-dependent manner. Based on the first positive outcomes and the
latest insight into the ligand-protein interactions, further research was conducted. In
the new study, Heinke et al. screened the ChemBridge database containing 328,000
molecules using a structure-based pharmacophore generated with LigandScout [107]
on the basis of the PRMT1-allantodapsone complex [108]. The hits were then
docked using the GOLD program and GoldScore as fitness function into the
substrate binding site, and the top-ranked compounds were filtered based on the
distances to the amino acids in the binding pocket which were already identified as
important binding partners (i.e., the aforementioned Glu152 and Tyr156). Nine
compounds among the top-ranked 100 compounds that fulfilled the distance con-
straints were manually selected and tested in vitro. This approach resulted in the
discovery of inhibitors 20, 21, and 22 (Fig. 6) with inhibitory effects down to 13 μM
[108]. Even though the new hits did not show improvement of the activity in
comparison with allantodapsone (IC50 1.7 μM), they could help to prove the
importance of specific interactions and to demonstrate the ability of VS to signifi-
cantly increase the hit rates.

Another successful application of computer-based methods that guided the dis-
covery of several PRMT4 (also named CARM1) inhibitors was reported by de
Freitas et al. [109]. Their strategy encompassed a combination of ligand- and
structure-based VS approaches followed by rescoring steps. The starting point of
the study was the structural analysis of some available crystal structures of PRMT-
ligand complexes, which led to the identification of a common feature present in the
inhibitors. Indeed, all five inhibitors under analysis show a basic amine tail that is
anchored in the PRMT substrate arginine-binding channel. Thus, they constructed a
PRMT-focused virtual library by filtering the ZINC database (~22 million com-
pounds) with substructure searches focused on the two basic amine tails featured in
known PRMT inhibitors. This resulted in a virtual library of ~132,000 compounds
that was consequently subjected to docking studies by means of Glide (Glide SP
scoring function) using the tail structures as reference core. The top-ranked 1084
docking poses were then rescored using a MM-PBSA protocol. Out of 51 tested
compounds, 11 showed dose-response inhibition of PRMT4. Among these, a valu-
able hit with an IC50 of 1.9 μM was selected for further investigation. As a result of
two rounds of structure-based optimization, the nanomolar lead 23 (IC50 50 nM,
Fig. 6) was obtained. With the exception of PRMT6 (IC50 5.2 μM), compound 23
showed selectivity against a panel of 21 human protein methyltransferases.

Recently, Ye et al. described a structure-based VS followed by a second round of
fingerprint similarity search and a final optimization step for another arginine
methyltransferase, PRMT5 [110]. A crystal structure of PRMT5 was employed to
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dock the filtered SPECS library to the substrate binding pocket with Glide program
using Glide SP as scoring function. Afterward, the top-ranked 1,000 compounds
were clustered according to their structural similarity and interactions with key
residues like Phe327, Phe580, or Glu444 (human PRMT5 numbering). Among the
42 selected and tested hits, DC_P33, a low micromolar hit (IC50 35.6 μM), could be
obtained. Based on DC_P33, a chemical fingerprint similarity search was executed
which could help in investigating the structure-activity relationship (SAR) of this
series. Although the analogs showed lower activity, they could guide the optimiza-
tion studies that led to discovery of DC_C01 (24, Fig. 6) with an IC50 of 2.8 μM. The
selectivity of DC_C01 was tested and confirmed against PRMT1, EZH2, and
DNMT3A. However, the optimized hit is still ~100 times less potent than the
reported reference inhibitor for PRMT5, EPZ015666, which shows an IC50 of
22 nM (25, Fig. 6).

Regarding PKMTs, several studies using computer-based approaches have been
reported for G9a [111–115], a SET domain-containing lysine methyltransferase
protein also known as euchromatic histone-lysine N-methyltransferase
2 (EHMT2), and some of them are summarized here.

Kubicek et al. combined diverse computer-based methods in order to filter down
the Boehringer Ingelheim chemical compound library prior to a HTS assay for G9a
[111]. Using nine known small molecule inhibitors of arginine and lysine
methyltransferases [116], a similarity searching approach was carried out. Mean-
while for the structure-based approach, a homology model based on the crystal
structure of DIM-5 [117], a lysine methyltransferase with 30% identity in the SET
domain to G9a, was generated. Thereby, ligand- and structure-based pharmacophore
fingerprint and site-point [118] models were developed and used for filtering the
library. Other compounds were randomly selected, and a total of ~125,000 com-
pounds were evaluated in HTS which resulted in seven confirmed hits with IC50 in
the low micromolar range. Of note is BIX-01294 (26, Fig. 6), which specifically
inhibited G9a at 1.7 μM (IC50), to a lesser extent the closely related GLP (G9a-like
protein) with an IC50 of 38 μM and showed no activity against SUV39H1 and
PRMT1. In addition, the mode of action was investigated and indicated a
noncompetitive inhibition with the cofactor SAM. Later, the quinazoline-based
scaffold of BIX-01294 was further explored by Liu et al. with the aim to elucidate
the SAR and improve potency and selectivity [112]. A highly potent and selective
inhibitor, UNC0224 (27, Fig. 6) with an IC50 of 15 nM, was thus identified, and the
first crystal structure of G9a with a small molecule inhibitor was subsequently
resolved.

Using the abovementioned G9a crystal structure and the ChemBridge CORE
library, Zhang et al. discovered benzoxazole and benzimidazole scaffolds as new
G9a inhibitors by means of structure-based VS and optimization steps. The study
resulted in compound GA001 (28, Fig. 6) with moderate G9a inhibition and cellular
activity (G9a IC50 of 1.32 μM, MCF7 cells IC50 of 5.73 μM) [113].

An integrated procedure combining pharmacophore- and docking-based VS,
similarity search, and hit optimization, which led to the discovery of micromolar
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hits for the lysine methyltransferase SET7 (also named KMT7, SETD7, SET9), has
been recently described by Meng et al. [119]. Using the crystal structure of SET7 in
complex with SAM, a pharmacophore model was generated and used to screen a
filtered SPECS library (182,014 compounds). The pharmacophore hits were subse-
quently docked into the SAM cofactor binding site using Lys294 as a hydrogen bond
constraint. The top-ranked 649 molecules were clustered, and at least one molecule
for each cluster was picked to cover a large chemical space. Program Glide was used
as docking program due to its better performance in preliminary studies. Indeed, the
authors investigated the performance of diverse docking programs with respect to
enrichment factors. Moreover, the ability of the selected procedure to reproduce the
cocrystallized binding mode of SAM was evaluated by re-docking studies. Using
such a protocol, seven compounds, among the 127 tested, were discovered to inhibit
SET7 activity. Compound DC-S100 (IC50 ¼ 30.04 μM) was chosen as a query for
the similarity search and structure-guided optimization studies. This approach led to
the identification of compound DC-S239 (29, Fig. 6) with an IC50 of 4.59 μM and
selectivity over DNMT1, DOT1L, EZH2, NSD1, SETD8, and G9a.

5 Histone Demethylases

In 2004, lysine-specific demethylase-1 (LSD1, also named KDM1A) was discovered
as the first demethylase which can specifically remove methyl groups from histone
H3K4 (lysine 4 of histone 3) utilizing flavin adenine dinucleotide (FAD) as a cofactor
[120]. Later on, JumonjiC (JmjC) domain-containing proteins were identified as
another superfamily of histone demethylases which use Fe2+ and α-ketoglutarate
(α-KG) as cofactors in an oxygenation reaction to remove the methyl groups from
lysine residues [121]. Numerous histone lysine demethylases were found to be
overexpressed in primary tumors, which render them as highly promising biological
targets [122–124]. Over the past years, huge efforts have been made to explore the
structural requirements for modulating these targets. This culminated in the discovery
of numerous small molecule inhibitors of diverse histone demethylases; one of them,
namely, the irreversible LSD1 inhibitor GSK2879552, is currently undergoing clin-
ical trials for the treatment of acute myeloid leukemia (AML), myelodysplastic
syndromes (MDS), and small cell lung carcinoma.

Plenty of crystal structures of LSD1 and various JmjC domains have been solved
in the last decade which helped to understand the binding of substrates and some
available inhibitors.

5.1 LSD1 (KDM1A)

LSD1 is composed of three domains: the tower domain (aa 419-520), the SWIRM
domain (aa 166-260), and the amine oxidase domain (AOD, aa 520-852) [125, 126];
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the latter harbors the catalytic site where both the cofactor FAD and the substrate
bind [127]. The AOD of LSD1 shares a significant sequence similarity with other
FAD-dependent amine oxidases showing 26% homology with PAO (plant amine
oxidase) and 20% homology with MAO-A and MAO-B enzymes [128]. The
FAD-binding pocket of these FAD-dependent amine oxidases shares a high
sequence similarity, whereas the substrate binding pocket, accommodating the
natural substrates, shows substantial differences [129]. Importantly, the substrate
peptide of LSD1 is embedded in a deep and negatively charged pocket which is
much more spacious and open as compared to other FAD-dependent amine oxidases
[127, 128]. Moreover, the other amine oxidases characteristically possess an aro-
matic cage to recognize the positively charged ammonium group through cation-π
interactions, which is missing in LSD1 [127, 128]. In LSD1, only one aromatic
amino acid residue (Tyr761) is preserved, whereas the second one is replaced by
Thr810.

Currently, more than 50 crystal structures of LSD1 are available in the Protein
Data Bank (PDB), which have been used for virtual screening and structure-based
optimization studies of LSD1 inhibitors. However, docking and VS of LSD1 small
molecule inhibitors face two major challenges: the huge size of the substrate binding
pocket (more than 1,700 Å3) and the fact that many known LSD1 inhibitors are
irreversible and covalently bind to FAD.

Several VS approaches utilizing diverse techniques have been successfully
applied to find novel LSD1 inhibitors [130–132]. In 2013, Schmidt et al. reported
on a substructure-based screening combined with molecular docking to the LSD1
substrate binding pocket to identify novel propargylamines as irreversible LSD1
inhibitors [130]. The Enamine compound collection (~750,000 compounds) was
first screened for compounds bearing an N-propargylamine warhead, known from
irreversible amine oxidase inhibitors such as pargyline, and the retrieved hits were
subsequently docked into LSD1 substrate pocket. This led to the identification of the
3-aryloxy-2-hydroxypropargylamine derivative T5342129 (30, Fig. 7) as an LSD1
inhibitor (IC50 of 44 μM and 34 μM in a hydrogen peroxide-dependent assay and a
formaldehyde dehydrogenase (FDH) assay, respectively). An in vitro dilution assay
confirmed that T5342129 is an irreversible LSD1 inhibitor.

Another VS approach was described by Zhou et al. who used a combination of
pharmacophore-based VS and docking to identify novel LSD1 inhibitor chemotypes
[132]. A common ligand-based pharmacophore model was generated on the basis of
22 known LSD1 inhibitors, although these inhibitors encompassed different
chemotypes, including irreversible tranylcypromine and propargylamine inhibitors
and FAD-competitive and FAD-noncompetitive inhibitors. The resulting
pharmacophore was subsequently screened against the SPECS database (about
172,000 compounds), and the resulting hits (about 7,000 molecules) were further
filtered according to their drug-likeness and predicted ADMET properties. Finally,
950 compounds were docked to the LSD1 substrate binding pocket. Among the nine
selected compounds, XZ09 (31, Fig. 7) was the most potent, showing an IC50 value
of 2.41 μM and selectivity for LSD1 over MAO-A/MAO-B. However, an
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experimental validation concerning target engagement and cellular effects has not
been reported.

A structure-based VS approach to identify reversible LSD1 inhibitors was
described by Sorna et al. [131]. This study involved docking into LSD1 using
several docking programs and scoring functions in a stepwise manner. For this
purpose, the ZINC database (about 13 million compounds) was first docked using
Glide in high-throughput virtual screening mode; the top-ranked 15% compounds
were further docked using Glide in Standard Precision mode, followed by docking of
the top-ranked 0.5 % using ICM. 121 hits were finally selected for in vitro screening,
which led to the identification of a series of six N0-(1-phenylethylidene)
benzohydrazide derivatives showing submicromolar activity against LSD1. Further
chemical optimization and SAR studies resulted in the discovery of compound 32
(Fig. 7), a potent, reversible, and specific inhibitor of LSD1 (Ki ¼ 31 nM). Cellular
effects such as an increase of the H3K9me2 (dimethylated lysine 9 of histone 3)
mark and growth inhibition of several cancer cell lines were also reported.

Molecular docking studies have also been extensively used to predict the binding
mode of reversible as well as irreversible LSD1 inhibitors and to rationalize their
SAR utilizing various docking software and techniques, such as non-covalent and
covalent docking [133–144]. Other molecular modeling approaches aiming to better
understand the SAR of LSD1 inhibitors include 3D-QSAR studies as reported by
Ding et al. [145]. In this 3D-QSAR study, a series of 25 6-aryl-5-cyano-pyrimidine
LSD1 inhibitors was used to generate comparative molecular field analysis
(CoMFA) and comparative molecular similarity indices analysis (CoMSIA) models,
while a test set of 8 compounds was used to confirm the models’ reliability. The best
models showed good correlation with experimental data, with the best CoMFA
model showing a cross-validation correlation coefficient (q2) of 0.802 and the best
CoMSIA model a q2 of 0.799. These models could provide a better understanding of
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the SAR of 6-aryl-5-cyano-pyrimidine LSD1 inhibitors and shed light onto the effect
of the different substituents on the inhibitory activity of the compounds.

Moreover, combination of available structural data for LSD1, docking studies and
medicinal chemistry approaches were frequently used to guide the optimization of
novel LSD1 inhibitors [146–148]. For instance, Wu et al. reported on the structure-
based design of a series of 3-(piperidin-4-ylmethoxy)pyridine derivatives, such as
compound 33 (IC50 29 nM, Fig. 7), which exhibited high inhibitory activity against
LSD1, high selectivity over MAO-A/MAO-B, cellular activity, and inhibition of
tumor cells proliferation. Very recently, the structure-based optimization of a novel
chemical series of thieno[3,2-b]pyrrole-5-carboxamide LSD1 inhibitors, which had
been initially identified by an HTS campaign, was also reported. Structural optimi-
zation culminated in the discovery of the thieno[3,2-b]pyrrole-5-carboxamide 34
(IC50 7.8 nM, Fig. 7) which was also successfully cocrystallized with LSD1 [147].

5.2 Jumonji Histone Demethylases

JmjC domain-containing proteins belong to the cupin superfamily of metalloenzymes
[149] and comprise about 20 (usually multidomain) proteins which are subdivided
into seven subfamilies (KDM2–KDM8) [129, 150]. JmjC domains characteristically
show a conserved antiparallel β-barrel fold which harbors the binding site for Fe2+ and
α-KG cofactors. The catalytic Fe2+ is coordinated in an octahedral fashion by three
conserved residues in the catalytic pocket (two histidine and one aspartate/glutamate),
besides the cofactor α-KG and a water molecule. Meanwhile, the substrate binding
pocket of the different JmjC subfamilies shows great structural variations and can thus
be addressed for the development of selective inhibitors [151]. Numerous crystal
structures of various JmjC domains in complex with inhibitors have appeared in the
last few years, which shed light onto the inhibitory mechanism of these compounds.
All inhibitors reported so far are metal chelators and bind competitively in the α-KG
binding pocket [129, 152]. Hence, many of them lack selectivity and inhibit different
JmjC protein subtypes as well as other Fe2+-/α-KG-dependent enzymes, such as
prolyl hydroxylase domain-containing proteins (PHDs) and factor inhibiting
hypoxia-inducible factor (FIH). While targeting the metal ion is obviously necessary
for the activity of the inhibitors, simultaneously addressing the substrate binding
pocket represents a promising strategy to achieve selectivity [153].

The first VS for JmjC proteins was reported by Chu et al. [154], who used an
available crystal structure of JMJD2A (KDM4A) and docked the NCI dataset
(around 240,000 compounds). Among the ten compounds selected for in vitro
screening, the 2,4-dinitrobenzene derivative 35 (Fig. 8) showed the highest inhibi-
tory activity against JMJD2A (IC50 6.4 μM) and JMJD2B (IC50 9.3 μM) and
selectivity over JMJD2D and JMJD2E. However, the identified inhibitor does not
possess a classical metal ion-chelating group, and the binding mode of the molecule
is not clear, even if the docking study predicted an interaction between the nitro
group and the metal ion.
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An iterative VS campaign combined with rational structural optimization led to
the discovery of another potent class of JMJD2A (KDM4A) inhibitors [155]. Several
compound databases were first filtered for molecules containing a metal
ion-chelating moiety. The retrieved hits were docked into the α-KG binding pocket
of JMJD2A, and the top-ranked compounds were tested in vitro against several
KDMs. This led to the identification of two 2-(pyrimidin-4-yl)pyridine-4-carboxylic
acid derivatives with promising JMJD2A inhibitory activity (IC50 ~1 and 4 μM). A
subsequent substructure search for compounds bearing a 2-(pyrimidin-4-yl)pyri-
dine-4-carboxylic acid scaffold resulted in a series of potent JMJD2A inhibitors
with IC50 between 0.9 and 8.1 μM. Finally, structural optimization led to compound
36 (Fig. 8) which showed a submicromolar inhibition of JMJD2A (IC50 370 nM).
Selectivity studies revealed a preference for JMJD2A and JARID1A over JMJD3.
As predicted by the docking studies, a cocrystal structure of one of the VS hits (37,
Fig. 8) showed that this series of compounds act as α-KG competitive inhibitors
(Fig. 9), where the pyridyl and pyrimidyl nitrogens chelate the central Fe2+ ion.

Another structure-based VS approach to identify JMJD2A inhibitors was recently
reported by Franci et al., who performed molecular docking using mcule.com data-
base [156]. They were able to identify PKF118-310 (38, Fig. 8), a TCF4/β-catenin
signaling antagonist, as JMJD2A inhibitor. The predicted binding mode of this hit
compound was, however, not disclosed.

Korczynska et al. reported on a fragment-based docking approach to discover
novel JmjC inhibitors [157]. The ZINC fragment library (over 600,000 compounds)
was docked into JMJD2A using DOCK3.6. Four of the selected fragments showed
an IC50 below 100 μM against JMJD2C in the established in vitro assay, three of
which possessed a 5-aminosalicylic acid core that was predicted to coordinate the
central Fe2+ ion via its carboxylate and hydroxyl moieties. Structure-based optimi-
zation was performed by an in silico design of a fragment-linked library composed of
12 scaffolds. This resulted in the identification of a series of 2-(2-hydroxyphenyl)
pyridine-4-carboxylic acids which showed high potency against JMJD2C and selec-
tivity over related enzymes, as exemplified by compound 39 (Ki 43 nM; Fig. 8).
Crystal structures of JMJD2A with 39 and various other analogs showed an
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agreement with the predicted docking poses, where the phenolic group and the
pyridyl nitrogen were shown to engage in metal chelation.

Further, a series of pyrazolo[1,5-a]pyrimidine-3-carbonitrile was identified as a
new class of JMJD2D (KDM4D) inhibitors by another docking-based VS campaign
[158]. Various chemical libraries were first docked into the α-KG binding pocket of
JMJD2D. Among the 30 compounds selected for primary in vitro screening, two
compounds showed considerable inhibition of JMJD2D, with one of them, a
pyrazolo[1,5-a]pyrimidine-3-carbonitrile derivative, showing selectivity over other
tested KDMs. Further chemical modifications resulted in compound 40 (Fig. 8)
which showed submicromolar inhibition of JMJD2D (IC50 410 nM). Docking
studies predicted that only the nitrile moiety acts as the metal-chelating group,
which has been substantiated by the recently reported crystal structure of JARID1A
(KDM5A) in complex with an analogous pyrazolopyrimidine-3-carbonitrile 41
(Fig. 8) [159]. However, no cellular activity of compound 40 has been reported
so far.

In order to identify novel inhibitors of JARID1A (KDM5A), Wu et al. [160]
performed a docking-based VS using a generated homology model of the enzyme.
Since no crystal of the JARID1A JmjC domain was available at that time (recently
several 3D structures of JARID1A/inhibitor complexes have been resolved), a homol-
ogy model was built using multiple JMJD crystal structures as templates. Subse-
quently, several compound libraries were docked into the generated homology model.

Fig. 9 X-ray structure of the VS hit 37 (orange sticks) with the histone demethylase JMJD2A (PDB
ID: 5ANQ). Only the residues in the binding pocket are shown. Hydrogen bonds are displayed as
yellow dashed lines, metal coordination as cyan dashed lines, Fe2+ as purple sphere, and the water
molecule as a red sphere
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Among the top-scored 48 compounds, which were subjected to in vitro screening,
12 compounds showed a micromolar activity against JARIDA. Further structural
optimization of one of the identified hits, namely, a 2,4-diaminopyrimidne derivative,
resulted in the submicromolar inhibitor 42 (Fig. 8), which bears a pyrimidine-
carboxylic acid scaffold, a core structure already known from JMJD2 inhibitors.
Cellular testing showed that the compound is able to increase the level of
H3K4me3 (trimethylated lysine 4 of histone 3) in a dose-dependent manner.

6 Summary

Despite many technical challenges, structure-based design plays an important role in
drug discovery. As a steadily growing number of epigenetic targets are biologically
and structurally characterized, structure-based methods are more and more applied to
design specific inhibitors in order to elucidate their therapeutic potential. Ligand
docking and scoring technologies have steadily improved, and the importance of the
adequate validation of pragmatic VS protocols is now well recognized. While both
ligand- and structure-based approaches have already demonstrated their worth in the
identification of novel lead compounds for epigenetic targets, there is still the
challenge to improve the predictive accuracy of scoring functions, particularly to
enable scoring-based methods to have a greater impact in guiding lead optimization.
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Abstract Epigenetic marks of DNA such as 5-methylcytosine control the levels of
gene expression in cells and tissues by altering DNA structure, inhibiting transcrip-
tion factor binding, and recruiting chromatin-modifying enzymes. DNA methylation
marks are introduced in both strands of DNA by DNA methyltransferases, allowing
for heritable gene silencing. In addition to 5-methylcytosine, cells contain its oxidized
forms 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine, as well
as recently discovered DNA marks, 4-methylcytosine and 6-methyladenosine.
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Structural identification, quantitation, and mapping of DNA epigenetic marks are
critical for our understanding of epigenetic control in healthy cells and to allow for
insight into epigenetic deregulation in human disease and the efficacy of epigenetic
therapies. This review focuses on experimental techniques and methodologies that
can be used to study epigenetic modifications of DNA, including methods for
quantifying global levels of epigenetically modified nucleosides and sequencing
techniques for mapping the locations of various epigenetic marks along the genome,
leading to better understanding of their biological functions and dynamics.

Keywords Direct detection, Epigenetics, Mass spectrometry, Microarray,
Quantitation, Sequencing

Abbreviations

2D-LC Two-dimensional HPLC
4mC N4-methyl-20-deoxyadenosine
5caC 5-Carboxylcytosine
5fC 5-Formylcytosine
5hmC 5-Hydroxymethylcytosine
5mC 5-Methylcytosine
6mA-RE-Seq N6MedA restriction enzyme sequencing
anti-CMS-Seq Anti-cytosine-5-methylenesulfonate sequencing
ARP Aldehyde reactive probe
caMAB-Seq Carboxylcytosine modification-assisted bisulfite sequencing
CGIs CpG islands
CMS Cytosine-5-methylenesulfonate
DNMT DNA methyltransferase
ELISA Enzyme-linked immunosorbent assay
ESI Electrospray ionization
fCAB-Seq Formylcytosine chemical-assisted bisulfite sequencing
GLIB-Seq Glucosylation, periodate oxidation, biotinylation sequencing
hMeSeal-Seq Hydroxymethyl selective chemical labeling sequencing
HPLC High-performance liquid chromatography
IP Immunoprecipitation
LOD Limit of detection
LOQ Limit of quantitation
MAB-Seq Modification-assisted bisulfite sequencing
MeDIP Methylated DNA immunoprecipitation
MS Mass spectrometry
MS/MS Tandem mass spectrometry
MSO Methylation-specific oligonucleotide
N6MedA N6-methyl-20-deoxyadenosine
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oxBS-Seq Oxidative bisulfite sequencing
redBS-Seq Reduced bisulfite sequencing
RRBS Reduced representation bisulfite sequencing
SAM S-adenosyl-L-methionine
SMRT Single-molecule real-time
SNPs Single-nucleotide polymorphisms
TAB TET-assisted bisulfite
TAB-Seq TET-assisted bisulfite sequencing
TET Ten-eleven translocation protein
TLC Thin-layer chromatography
WGBS Whole-genome bisulfite sequencing

1 Introduction

The human genome contains three billion base pairs [1]. Of these, nearly 27 million
cytosines exist in the CpG sequence context, making them potential targets for DNA
methyltransferase (DNMT) activity [2]. 5-Methylcytosine (5mC in Fig. 1) is a key
epigenetic modification of DNA with important roles in gene regulation, genetic
imprinting, X-chromosome inactivation, and genome stabilization [3]. Methylated
CpG sites are recognized by methyl-CpG binding proteins, leading to the recruit-
ment of histone deacetylases, chromatin remodeling, and, in most cases, reduced
levels of gene expression [4, 5]. DNMTs introduce 5mC into the genome by
catalyzing the transfer of a methyl group from S-adenosyl-L-methionine (SAM) to
the C-5 position of cytosine in DNA [5, 6]. DNMT3 A/B are responsible for de novo
DNA methylation, a process mediated by DNMT3L scaffolding protein [7]. Once
established, DNA methylation patterns are faithfully maintained by specialized
DNA methyltransferase DNMT1, which recognizes hemi-methylated CpG sites
and methylates the newly synthesized strand [5]. This preserves cell identity and
maintains tissue-specific gene expression patterns following semiconservative DNA
replication.

Recent studies have shown that cytosine methylation marks are reversible.
Ten-eleven translocation family of proteins (TET) oxidize 5mC to generate

Fig. 1 Chemical structures
of epigenetic modifications
in DNA
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5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine
(5caC) (Figs. 1 and 2) [8–11]. This leads to passive DNA demethylation since
DNMT1 activity is reduced or inhibited at hemi-modified CpG sites [12–14]. Addi-
tionally, both 5fC and 5caC can be removed via the base excision repair pathway
[11], and all oxidized forms of 5mC can be removed by SRAP1 [15], leading to
active DNA demethylation. In addition to their roles in DNA demethylation, oxi-
dized forms of 5mC have been proposed to fulfil their own epigenetic functions by
directly participating in epigenetic signaling [16–19]. Mass spectrometry-based
proteomics studies have identified a number of proteins that specifically interact
with 5mC, 5hmC, 5fC, and 5caC, suggesting that each of these epigenetic marks is
recognized by a unique set of “readers” [20, 21]. The distributions of 5mC, 5hmC,
5fC, and 5caC bases along the genome are suggestive of their distinct roles in gene
regulation [22]. For instance, 5hmC is preferentially enriched at distal regulatory
elements such as enhancers in mouse or human embryonic stem cells, whereas 5fC
or 5caC tend to accumulate at poised enhancers and promoters [22].

5mC and its oxidized forms are present in all mammalian tissues examined, but in
different amounts. 5mC makes up 4.30 � 0.22% of dG [23]. 5hmC levels vary
between 0.03 and 0.69% of dG depending on tissue type (Fig. 3) [23]. In most
tissues, 5fC and 5caC are present in much lower amounts, with 5fC concentrations
approximately three orders of magnitude lower than the levels of 5hmC and the
levels of 5caC approximately tenfold less than the amount of 5fC [24].

More recently, several additional epigenetic modifications of DNAwere discovered
including N6-methyl-20-deoxyadenosine (N6MedA) and N4-methyl-20-deoxycytidine
(4mC) (Fig. 1). In prokaryotes, N6MedA and 4mC are the most prevalent DNA

Fig. 2 Enzymatic pathways
for the introduction of 5mC,
5hmC, 5fC, 5caC, and
N6MedA into DNA.
Cytosine is methylated by
DNA methyltransferase in
the presence of
S-adenosylmethionine. 5mC
can then be oxidized by the
TET family of enzymes to
produce 5mC, 5hmC, 5fC,
and 5caC. N6MedA is
introduced by N6AMT1 and
can be demethylated by
Alkbh1
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modifications that are primarily used for distinguishing host DNA from foreign
pathogenic DNA [25, 26]. First indirect evidence for the presence of N6MedA in
mammals dates to 1983 [27].Although subsequent studies byRatel et al. were unable to
confirm the presence of N6MedA in mammals [28], more recent reports confirmed the
presence of N6MedA in mouse and human genomes [26, 29] and identified the
methylase that creates N6MedA, N6AMT1 [30]. N6MedA was shown to be widely
distributed across the genome, but depleted in exonic regions [26]. Furthermore,
N6MedA is preferentially found at TAGG sites and has been implicated in gene
repression [26, 29]. Many features of N6MedA in mammals remain to be investigated,
including the identities of possible N6MedA-interacting proteins [26].

N4-methyl-20-deoxycytidine (4mC, Fig. 1) was first detected in the DNA of
thermophilic bacteria and bacterial mesophiles [31]. 4mC is generated by the N-4
cytosine-specific DNA methyltransferase which specifically methylates the amino
group at the N-4 position of cytosine [32]. 4mC is a part of a bacterial restriction-
modification system used to defend against foreign DNA, with several 4mC
methyltransferases and 4mC-sensitive restriction endonucleases identified in various
bacterial strains [33]. However, additional biological functions of 4mC have not

Fig. 3 Tissue-specific amounts of 5mC and 5hmC determined by mass spectrometry. (a) Values of
5hmC in percentage of dG. Levels of 5hmC have been shown to be tissue-dependent with the
highest levels of 5hmC observed in tissues corresponding to the central nervous system. The lowest
levels of 5hmC are observed in the pituitary gland, liver, spleen, and testes. This roughly correlates
with proliferation rates, with higher levels of 5hmC found in tissues with the lowest proliferation
rates. (b) Values of 5mC in percentage of dG. Levels of 5mC appear to stay relatively consistent
across all tissue types. Adapted from Globisch D et al. (2010). Tissue distribution of
5-hydroxymethylcytosine and search for active demethylation intermediates. PLoS One. Dec
23;5(12):e15367. doi: https://doi.org/10.1371/journal.pone.0015367. Used in accordance with CC
BY license (http://creativecommons.org/licenses/by/4.0/) [23]
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been fully elucidated, and its relevance in eukaryotes remains to be established. In
order to better understand the biological functions of 4mC, it is necessary to map this
epigenetic mark along the genome.

Epigenetic deregulation is increasingly recognized as a critical event in the
development of cancer and other diseases [34]. Changes in DNA methylation
patterns can lead to silencing of tumor suppressor genes and activation of proto-
oncogenes, which represents an early critical event in tumor development
[34]. Silencing of gene expression is correlated with hypermethylation of promoter
regions [3]. Aberrant cytosine methylation is implicated in many other human
diseases including asthma, autism, and amyotrophic lateral sclerosis [35–
37]. DNMT inhibitors such as 5-azacytidine, 5-aza-20-deoxycytidine (decitabine),
and pyrimidin-2-one ribonucleoside (zebularine) are widely used as single therapeu-
tic agents and in combination with classical chemotherapeutic agents in treatment of
various tumors [38–41].

On the other hand, the levels of 5hmC are substantially lowered in human
cancers, with a 50–90% reduction of 5hmC in breast cancer, liver cancer, lung
cancer, and several other tumor types [42]. In contrast, elevated levels of 5hmC
have been observed in patients with systemic lupus erythematosus [43], autism [36],
and bronchial asthma [44]. Recently, N6MedA concentrations in mouse brain have
been shown to be mediated by environmental stress [45], although the biological
significance of this finding remains to be established.

2 Methods for Detection and Quantification of Epigenetic
Modifications Within the Genome

2.1 Initial Detection of 5mC and Its Oxidized Forms via
Paper Chromatography and Thin-Layer
Chromatography

Paper chromatography and thin-layer chromatography experiments played a key role
in the initial discovery of epigenetically modified DNA bases [46]. In paper chro-
matography, a compound mixture is spotted on a strip of chromatography paper,
which is then hung in a development chamber, and dipped into a solution of volatile
alcohols in which to develop the chromatogram. Compounds that are more soluble in
the alcohol mobile phase move up the paper strip during development. Paper
chromatography was used for the initial detection of 5mC in eukaryotic DNA
[46]. Calf thymus DNA was hydrolyzed with acid, and the resulting free bases
were separated by paper chromatography using butanol. The resulting chromato-
graphic spots were extracted with alcohol and identified by comparing their UV
spectra to those of standard nitrogenous bases. Paper chromatography has since been
replaced by newer techniques such as thin-layer chromatography (TLC).
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TLC was instrumental for the initial discovery of 5hmC in Purkinje cells and
cerebellum tissue [47] and for the identification of TET family of enzymes respon-
sible for the oxidation of 5mC to 5hmC [8]. To determine the components of DNA
by TLC, the DNA was digested to nucleosides and radiolabeled with 32P, followed
by 2D-TLC analysis, in which an additional spot was observed on the TLC plate
[47]. A new TLC spot, corresponding to 5hmC, was detected in both cell types, but
was twice as abundant in Purkinje cells as compared to granule cells [47]. TLC was
also used to identify 5hmC as the oxidation product of 5mC in HEK293 cell DNA
[8]. Following transfection of HEK293 cells with a plasmid-containing TET1,
cellular DNA was isolated and cleaved with MspI. Following radiolabeling with
32P, DNA fragments were enzymatically digested to nucleotides, which were run out
on a cellulose TLC plate using a mixture of isobutyric acid, water, and ammonia and
imaged using a phosphoimager [8]. The TLC showed a small spot that was only
visible when cells had been transfected with TET1 and cleaved with MspI
(Fig. 4b) [8].

Fig. 4 Identification of 5hmC in brain cells and its formation by TET1 via 32P TLC. (a) The
2D-TLC of Purkinje cells and granule cells indicated a new spot marked X, which comigrates with
5hmC monophosphate. From Kriaucionis, S., and Heintz, N. (2009). The nuclear DNA base
5-hydroxymethylcytosine is present in Purkinje neurons and the brain. Science 324, 929–930.
Reprinted with permission from AAAS [47]. (b) DNA was isolated from HEK293 cells after
transfection with TET1 plasmid. DNA was digested with MspI, 32P end labeled, and digested to
nucleosides. HEK293 DNA revealed an additional nucleotide in the presence of TET1, both full
length (FL) and catalytic domain (CD), but not in the mutants of either. From Tahiliani, M. et al.
(2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL
partner TET1. Science 324, 930–935 [8]. Reprinted with permission from AAAS
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The strength of TLC in studies aiming to identify new epigenetic modifications of
DNA lies in its high sensitivity following 32P end labeling of native and modified
nucleosides. A key weakness of TLC is the necessity for a secondary confirmation of
the identified spot, which is most often done through mass spectrometry. Addition-
ally, TLC is not scalable to a high-throughput format and thus is not well suited for
large studies.

2.2 Antibody-Based Detection of Epigenetic Marks in DNA

Antibodies that specifically recognize epigenetic marks of DNA are commonly used
to quantify their global levels. In 1980, Sano et al. developed an antibody against
5mC which could recognize methylated sites in purified DNA [48]. In brief, DNA
fragments were separated by agarose gel electrophoresis and transferred to nitrocel-
lulose paper. The membrane was incubated in the presence of purified antibody
against 5mC, raised in rabbits, followed by incubation with 125I-labeled goat anti-
rabbit IgG. The 5mC was then visualized by autoradiography. This methodology
was capable of detecting 20 fmol of 5mC in immobilized restriction fragments of
DNA [48]. A more sensitive 5mC antibody, as well as an antibody specific for
N6MedA, was developed a few years later and utilized for their detection in human
and Drosophila DNA [27]. This more sensitive 5mC antibody enabled the detection
of a minimum of 5 fmol amounts in nanogram quantities of DNA [27].

Today, antibody-based detection of DNA epigenetic marks is a commonly used
technique, and antibodies for many epigenetic DNA modifications are commercially
available. These antibodies have been used in an enzyme-linked immunosorbent
assay (ELISA) [49, 50] (Fig. 5). Commercially available ELISA-based kits for
global DNA methylation profiling are available from a number of companies
including Zymo and EpiGentek. Generally, these kits capture DNA on an ELISA
plate. 5mC is detected through sequential incubations with a primary antibody
against 5mC, followed by a secondary antibody linked to luciferase or a similar
enzyme, and finally using colorimetric or fluorometric detection reagents [49]. The
development of antibodies specific for 5hmC and 5fC allowed for their quantitation
using similar commercially available kits (e.g., EpiGentek MethylFlash Global DNA
Hydroxymethylation (5-hmC) ELISA Easy Kit; Active Motif Global 5-hmC DNA
Quantification Kit; EpiGentek MethylFlash 5-Formylcytosine (5-fC) DNA Quanti-
fication Kit). These ELISA-based assays are easy to perform, employ simple equip-
ment that is readily available at most research laboratories, and work well for
monitoring relative changes in global DNA methylation. However, it should be
noted that ELISA-based methods are prone to high variability, do not allow for
absolute quantitation, and are best suited for detecting large changes in global levels
of 5hmC or 5fC.

Dot blotting is another simple and rapid antibody-based method to quantify
global levels of epigenetic modifications of DNA. In this method, genomic DNA
is spotted on a membrane. The membrane is sequentially incubated in blocking

494 C. L. Seiler et al.



buffer, antibody solution, and rinsing buffer. Using an antibody specific for epige-
netic modifications of interest allows for determination of overall global genomic
levels. After chemiluminescence imaging, the intensity of the signal can be used to
compare the levels of epigenetic modifications between samples. Generation of
antibodies specific for different epigenetic modifications has permitted the quantifi-
cation of 5mC, 5hmC, 5fC, 5caC, and N6MedA in both human and mouse tissues by
dot blot [26, 51, 52]. As is the case for ELISA-based detection, dot blots do not allow
for absolute quantification and suffer from high variability.

Fig. 5 Scheme of ELISA
methodology. In an ELISA
the methylated DNA is
coated onto the surface of a
well plate and incubated
with a 5mC-specific
antibody. Following binding
of the primary antibody, a
secondary antibody toward
the first is added which is
conjugated to a dye or
fluorophore. The amount of
methylation can then be
visualized by the level of
absorbance or fluorescence
intensity
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Antibodies have also been used to elucidate the biological functions of DNA
epigenetic marks by studying their tissue-specific levels and distribution. Global
levels of epigenetic DNA marks can be evaluated by staining cells or tissues with a
specific monoclonal antibody [53]. Globisch et al. utilized immunostaining experi-
ments with a commercially available 5hmC-specific antibody to map the distribution
of 5hmC in cells and tissues. They found that 5hmC was localized in the cell nuclei
and that virtually all cells contained 5hmC. Furthermore, the use of immunostaining
allowed these authors to confirm that the highest levels of 5hmC are found in the
brain, followed by kidney and nasal epithelia [23].

Antibodies specific for certain epigenetic marks can also be used for affinity
enrichment of DNA regions. Antibodies can be used to immunoprecipitate
modification-containing DNA fragments, allowing for their enrichment. This tech-
nique can then be coupled to methylation-specific oligonucleotide (MSO)
microarrays, locus-specific PCR, or whole-genome approaches such as next-
generation sequencing or microarrays, to enable for low-resolution mapping of
epigenetic marks within the genome (see Sect. 3.2).

2.3 High Performance Liquid Chromatography: Mass
Spectrometry

Global levels of 5mC, 5hmC, 5fC, 5caC, N6MedA, and 4mC in genomic DNA can
be accurately quantified by isotope dilution liquid chromatography-mass spectrom-
etry. In this approach, DNA is enzymatically digested using nucleases and phos-
phatases, and the resulting nucleosides are analyzed by HPLC-ESI-MS/MS. HPLC
with UV detection can be used for measuring 5mC in biological samples due to its
high content (4–5% of all cytosine bases) [54], while other epigenetic modifications
(5hmC, 5fC, 5caC, N6MedA, and 4mC) are significantly less common and thus
require more sensitive methods such as HPLC-ESI-MS/MS [54].

HPLC-ESI-MS/MS is widely accepted as the most accurate technique for quan-
tification of global levels of 5mC and its oxidized forms [54]. In this approach, DNA
is digested to individual nucleosides. Epigenetically modified DNA nucleosides are
detected based on their characteristic molecular weights, HPLC retention times, and
MS/MS fragmentation (Fig. 6a). 5mC, 5hmC, 5fC, 5caC, and N6MedA can be
readily identified by mass spectrometry based on their distinct mass to charge ratios
and MS/MS fragmentation patterns (Table 1) [54]. Absolute quantitation is
performed using stable isotope-labeled analogues of each nucleoside that are spiked
into samples (Fig. 6b) or by using external calibration curves. This methodology
makes it possible to accurately quantify global amounts of each epigenetic mark of
DNA, although it does not provide their distribution along the genome [55].

Methods that employ HPLC-MS/MS techniques to quantify epigenetic modifi-
cations of DNA have been developed for a variety of applications and instruments
[56–58]. Due to the large number of methods that have been published for analyzing
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a combination of 5mC, 5hmC, 5fC, and 5caC, only a few of them will be
discussed here.

Earlier approaches employed offline analyte enrichment prior to HPLC-ESI-MS/
MS analysis to minimize chemical noise and improve detection sensitivity. Sample
cleanup steps can include offline HPLC [10, 59] or solid-phase extraction [13]. In
one example, DNA digests were subjected to offline HPLC cleanup, followed by
HPLC-MS/MS/MS method on a LTQ linear ion trap [59]. The methodology used

Fig. 6 Quantitation of epigenetic modifications via mass spectrometry. (a) Mass spectrometry
analyses begin with DNA that is spiked with internal standards and enzymatically digested to
nucleosides. The hydrolysate is enriched for the target analytes prior to LC-MS analysis. (b)
Example of LC-MS/MS trace for the epigenetic modifications of cytosine, 5mC, 5hmC, 5fC, and
5caC. Standards of 5mC, 5hmC, 5fC, and 5caC, 100 fmol each were separated using a Luna Omega
C18 column (Phenomenex, Torrance CA) which was eluted with a gradient of 0.1% acetic acid in
water and pure acetonitrile. The mass spectrometric analysis was performed using a Thermo Fisher
Scientific TSQ Quantiva Mass Spectrometer operating in SRMmode. The fragmentation conditions
were optimized to give only the loss of deoxyribose as the primary fragmentation

Table 1 Molecular weights
and main MS/MS fragments
of standard and epigenetically
modified DNA nucleosides

Nucleoside [M + H]+ [M + H – deoxyribose]+

dC 228.0979 112.0505

dG 268.1040 152.0567

T 243.0975 127.0502

dA 252.1091 136.0618

5mC 242.1135 126.0662

5hmC 258.1084 142.0611

5fC 256.0928 140.0455

5caC 272.0877 156.0404

N6MedA 266.1248 150.0774

4mC 242.1135 126.0662
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30–80 μg of genomic DNA, and the limits of detection for 5hmC, 5fC, and 5caC
were reported to be 2–3 modifications per 105 cytidines [59].

More recent applications of HPLC-MS/MS for epigenetic marks of DNA have
employed two-dimensional HPLC (2D-LC) tandem mass spectrometry. A general
method for analysis of 5mC, 5hmC, 5fC, and 5caC was reported by Liu et al. [54]. In
this approach, DNA samples are enzymatically digested to nucleosides, followed by
ultrafiltration to remove proteins. A column switching nano-HPLC methodology
using two HPLC columns was used to allow for online sample cleanup prior to high-
resolution MS/MS analysis using a Q Exactive hybrid quadrupole-Orbitrap mass
spectrometer [54]. Using this methodology, 5mC, 5hmC, 5fC, and 5caC can be
quantified at low femtomole levels [54]. A similar methodology was reported by
Gackowski et al. [60]. 2D-LC allowed for isolation of peaks of interest (5hmC, 5fC,
and 5caC) as they eluted off the first HPLC column and directing them to a second
column, which was connected to a Waters Xevo TQ-S mass spectrometer. Using this
approach, a high level of sensitivity was achieved for 5hmC (LOD (limit of
detection), 3 fmol; LOQ (limit of quantitation), 10 fmol), 5fC (LOD, 0.3 fmol;
LOQ, 0.8 fmol), and 5caC (LOD, 0.05 fmol; LOQ, 0.13 fmol), and the amounts of
each were quantified in matched cancer and normal human colon tissue samples
[60]. By minimizing sample processing and analyte cleanup steps, 2D-LC method-
ologies significantly simplify sample analyses and minimize the cost, allowing for
high-throughput quantification of large numbers of samples.

Although the vast majority of mass spectrometry-based techniques do not allow
for mapping epigenetic marks along the genome, a recent report by Lin et al.
employed a mass spectrometry-based approach to determine local concentrations
of 5mC at specific genes [61]. Following endonuclease cleavage with BbvI, DNA
sequences of interest were captured by hybridization to complementary sequences
immobilized on streptavidin beads [61]. The captured DNA was heated in formic
acid to release 5mC as a free base, which was detected using an LTQ mass
spectrometer. Lin et al. used this method to probe methylation status of four
promoter regions: GSTP1, BCL2, ESR1, and HIC1 in DNA from clinical prostate
tissue samples digested with BbvI [61]. The capture methodology was able to
effectively distinguish cancer tissue from normal tissue based on the level of
promoter methylation of GSTP1, BCL2, ESR1, and HIC1 [61].

Biological samples from clinical studies are often precious, requiring method
minimization to reduce DNA input. Le et al. have developed an LC-MS/MS method
for the analyses of 5mC and 5hmC in 50 ng of DNA [62]. This effort employed an
Agilent 6,460 QQQ, an Agilent Eclipse C18 (2.1 � 50 mm, 1.8 μm particle size)
column eluted at a flow rate of 100 μL/min. External calibration curves were
constructed using known concentrations of 5mC and 5hmC. This method was able
to quantify 0–10% 5mC and 0–2% 5hmC [62].

The recent discovery of N6MedA (Fig. 1) in mammalian embryonic stem cells
[29] was accomplished by offline HPLC separation of enzymatic DNA digests,
followed by HPLC-ESI-MS/MS analysis of N6MedA using a Waters UPLC coupled
to a TSQ Quantum Ultra triple-quadrupole mass spectrometer. Quantitation of the
N6MedA was performed with external calibration curves, and the identity of the
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novel nucleoside in embryonic stem cells was confirmed using high-resolution mass
spectrometry [29].

HPLC-ESI-MS/MS analysis of 4mC is challenging because it is present in
relatively low amounts but also has the same molecular mass and similar biophysical
properties as 5mC (Fig. 1), making it difficult to detect the two isomers separately.
HPLC resolution of 4mC and 5mC was achieved by gradient elution of a
C18 column under acidic conditions, allowing for 4mC quantification in
C. kristjanssonii containing high concentrations of 4mC [33].

3 Indirect Methods to Map Epigenetic DNA Modifications
Along the Genome

Mapping epigenetics DNA marks along the genome is essential for our understand-
ing of their biological roles, interrelationships, and dynamics. The majority of
techniques used currently employ bisulfite conversion, modified bisulfite conver-
sion, or antibody capture to help locate epigenetic DNA modifications. Although the
readout from these techniques is indirect, they have yielded a wealth of important
information over the years. Novel methodologies such as nanopore sequencing and
single-molecule real-time (SMRT) sequencing allow for a direct sequencing of
modified DNA and are discussed in Sect. 4.

3.1 Bisulfite Conversion to Distinguish Between C and 5mC

Early studies of chemical reactivity of native and modified DNA nucleosides have
revealed an important difference in chemical reactivity of C and 5mC [63, 64]. Upon
treatment with bisulfite, cytosine is readily deaminated to uracil, while much slower
reaction is observed for 5mC. The bisulfite reaction with cytosine proceeds through a
C-6 sulfonate intermediate, which undergoes hydrolysis in the presence of base to
release uracil (Fig. 7a) [63]. Unlike C, 5mC is resistant to deamination under the
same conditions [65]. Therefore, bisulfite treatment of genomic DNA can be used to
distinguish between methylated and unmethylated cytosines in the genome. Follow-
ing bisulfite treatment, cytosines are deaminated and subsequently read as T, while
5mC will resist deamination and will be read as C (Fig. 7a). This unique property has
been used by various sequencing technologies that employ bisulfite conversion to
determine the locations of 5mC bases in the genomes of various species including
mammals, plants, and bacteria [66, 67].

Experimental Methodologies for Detection and Mapping of Epigenetic DNA Marks 499



Fig. 7 Effects of bisulfite treatment on 5mC and 5hmC in DNA and the sequencing results. (a)
Bisulfite-mediated deamination of cytosine. HSO3

� adds across the 5,6-double bond of cytosine,
promoting deamination and conversion to 6-sulfonyluracil. 6-sulfonyluracil is desulfonated to
uracil (U) at higher pH. 5mC is also deaminated to thymine by bisulfite conversion, but the rate
is approximately two orders of magnitude slower than that of cytosine. Bisulfite quickly converts
5-hydroxymethylcytosine to form cytosine-5-methylenesulfonate (CMS), which does not readily
undergo deamination. (b) Shown are examples of Sanger sequencing traces of 5hmC-containing
DNA before and after bisulfite treatment. 5hmC resists bisulfite-induced deamination and is thus
read as cytosine. The control C-containing oligonucleotide, on the other hand, shows complete
conversion of all C’s in the top strand (highlighted sequences) to T’s (lower panel). Adapted from
Huang Y et al. (2010). The behaviour of 5-hydroxymethylcytosine in bisulfite sequencing. PLoS
One. Jan 26;5(1):e8888. doi: https://doi.org/10.1371/journal.pone.0008888. Used in accordance
with CC BY license (http://creativecommons.org/licenses/by/4.0/) [78]
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3.2 Microarray Technology for Sequencing

A DNA microarray is a collection of DNA segments of known sequence attached in
a known pattern to a solid surface. The DNA to be sequenced is fragmented and
modified with fluorescent tags, which are incorporated through PCR. These DNA
fragments are hybridized to specific sites on the array and can be fluorescently
imaged [68]. Differences in hybridization can be quantified using the fluorescence
intensity [68]. Microarrays are often coupled to antibody enrichment or used with
cDNA to explore RNA abundance under different treatment conditions. The micro-
array methodologies require small sample input and are easily replicated for multiple
samples.

Commercial arrays have been developed to explore methylation status of human
samples using bisulfite-treated DNA and offer around 850,000 probes for hybridi-
zation [69–73]. In this way, a DNAmicroarray enables high-throughput screening of
many genomic regions [72, 73]. In 2002, Gitan et al. developed the first methylation-
specific oligonucleotide (MSO) microarray for DNA methylation analysis [69]. In
this technique, DNA samples are treated with bisulfite to convert cytosine to uracil,
whereas 5mC remains unchanged (Fig. 7a). Specific CpG-containing regions of the
genome are then amplified by PCR and labeled using fluorescent dye-conjugated
primers and hybridized to oligonucleotide probes attached to a glass surface. The
oligonucleotide probes are specifically designed to discriminate between bisulfite-
converted and bisulfite-unconverted sequences containing known CpG sites. The
quantitative differences in hybridization, which can be assessed by the fluorescence
intensity, indicate the methylation status of a particular genomic locus. This first use
of a MSO microarray successfully mapped methylated CpG sites within the CpG
island of the estrogen receptor gene in cultured breast cancer cells and clinical
samples [69].

Further developments in the MSO microarray methodologies have led to a
creation of gene-specific, multiplex systems that can be used to simultaneously
examine methylation across multiple CpG sites of numerous genes. This method
provides both qualitative and quantitative DNA methylation data [70]. Due to these
advantages, the MSO microarray technology was commercialized and is now widely
used to study cytosine methylation along the genome.

A variety of commercially available methylation microarrays are available from
companies such as Illumina, Affymetrix, Agilent, and Roche NimbleGen. One such
commercially available microarray is the Infinium Human Methylation
450 BeadChip (Infinium Methylation 450 K) by Illumina. The Infinium 450 K
array makes it possible to assess the methylation status of more than 480,000
cytosines distributed over the entire human genome [71]. This microarray utilizes
a similar technique as the MSOmicroarray developed by Gitan et al. in 2002 and can
determine the methylation status of 96% of CpG islands and 99% of known human
genes using ~500 ng DNA [49]. The CpG sites being interrogated include promoter
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regions, 50-UTRs, gene bodies, 30-UTRs, and intergenic regions [71]. The Infinium
450 K is also applicable to both cell and tissue samples; however this array lacks
coverage of distal regulatory elements [74].

Although the Infinium 450 K had been widely used by the epigenetics research
community, the technology has presented some technical challenges [74]. It was
reported that many of the probes in the Illumina 450 K array either cross-hybridize to
nontargeted genomic regions or target loci that contain known single-nucleotide
polymorphisms (SNPs), both of which can interfere with analysis of DNA methyl-
ation levels [75]. Because of this, sites of differential DNA methylation identified
using the Illumina 450 K array must be confirmed using a secondary independent
assay, especially the sites targeted by the cross-reactive probes or that contain known
SNPs. This led Illumina to release a new technology, the Infinium MethylationEpic
(EPIC) BeadChip. This new array was specifically designed to target enhancer
regions and avoid SNPs and cross-reactive probes. It contains over 850,000 probes,
which cover more than 90% of the sites on the Infinium 450 K, plus more than
350,000 CpGs at regions identified as potential enhancers by FANTOM5 and the
ENCODE project [72, 73]. In this array, probe sequences are designed to be
complementary to specific 50 base regions of bisulfite-converted genomic DNA
with a CpG site at the 30 end of the probe. Following hybridization to bisulfite-
converted DNA, single-base extension of the probe incorporates a fluorescently
labeled ddNTP at the 30 CpG site to distinguish between the C/T conversion that
results from bisulfite treatment [74].

Methylation array methodologies described above represent a cost-effective and
high-throughput technology to quantify the methylation level of half a million
cytosines all over the genome. Furthermore, these arrays have low input DNA
requirements, making them a powerful tool to study DNA methylomes. However,
there are potential biases with this technology. As with all bisulfite-based methods,
incomplete bisulfite conversion can affect accurate quantitation of methylation
differences. In addition, single-nucleotide polymorphisms (SNPs) can interfere
with methylation level detection, and commercial arrays are limited to human
samples only. No commercial arrays are now available to map methylation of the
murine genome, hindering the application of this methodology to the wide range of
valuable animal models of disease [76, 77]. Despite these limitations, Needhamsen
et al. recently reported the use of the Infinium HumanMethylationEPIC BeadChip to
study DNA methylation in mouse DNA samples [77]. This study identified over
19,000 EPIC probes which aligned to the bisulfite-converted reference mouse
genome [77]. Another limitation of this technology is its inability to differentiate
methylation from hydroxymethylation [78].

Traditional array methods do not distinguish between 5mC and 5hmC as both are
resistant to deamination. However, recent work by Nazor et al. combined
TET-assisted bisulfite (TAB) conversion with Illumina 450 K DNA methylation
arrays. This method, termed TAB-array, provides a low-cost, high-throughput
approach that distinguishes 5hmC from 5mC signals at base resolution [79]. This
technique requires that the genomic DNA from each biological sample is split in two
fractions for different downstream processing steps. One fraction undergoes normal
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bisulfite conversion which identifies cytosines as methylated or not methylated,
without distinguishing between 5mC and 5hmC. The other fraction undergoes
TAB conversion in which DNA is first glucosylated to protect 5hmC and then
oxidized by TET1, followed by bisulfite treatment. This allows 5hmC to be distin-
guished from 5mC [79].

3.3 Next-Generation Sequencing

Next-generation sequencing includes techniques that utilize polymerase synthesis of
complementary DNA strand to determine the sequence of input DNA. The technol-
ogy, developed by Illumina (San Diego, CA), immobilizes DNA fragments onto a
chip by hybridizing them to synthetic DNA oligomers that were seeded on the chip
during manufacturing. The immobilized DNA is then amplified to create clusters of
identical DNA fragments, which will amplify the recorded signals. Following
amplification, the resulting DNA clusters are sequenced by synthesis of the com-
plementary DNA using engineered DNA polymerases and specially modified
nucleic acids [80]. Each nucleotide has a fluorescent tag and is reversibly modified
at the 30 end to allow for only a single-nucleotide incorporation [80]. Following
single-nucleotide addition, a camera images the chip to record a fluorescent signal
and records the sequence being made, followed by deprotection of the 30 end for
continued synthesis [80]. These steps for elongation are repeated until the desired
read length is achieved. This technology can be combined with antibody/enrich-
ment-based sequencing (Sect. 3.4), whole-genome sequencing (Sect. 3.5), reduced
representation sequencing (Sect. 3.6), and modified bisulfite sequencing (Sect. 3.7)
as detailed below.

3.4 Antibody/Enrichment-Based Sequencing

Low-resolution data for genome-wide distribution of DNA methylation marks can
be obtained using antibody-based techniques such as methylated DNA immunopre-
cipitation (MeDIP). In this assay, a 5mC-targeted antibody is used to specifically
immunocapture methylated genomic fragments [81]. The enriched DNA fragments
can then be input into high-throughput DNA detection methods such as DNA
microarray (MeDIP-Chip) or next-generation sequencing (MeDIP-Seq). Through
genome-wide peak calling of the microarray and sequencing results, methylated
regions along the whole genome can be identified [81, 82]. The advantages of this
method are its low cost and the ability to rapidly identify DNA methylation regions
within the genome. However, the enrichment efficiency of 5mC antibody can be
affected by the number of methylated CpG sites [81]. Thus, the detection sensitivity
is poor at low-CpG-density regions, making it hard to differentiate low methylation
differences in these regions.
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Similar immunoprecipitation (IP)-based methodologies have been developed for
oxidized forms of 5mC (including 5hmC, 5fC, and 5caC), as the corresponding
antibodies against them are now readily available [83, 84]. This approach has been
used in multiple studies to identify the regions of 5hmC enrichment such as
CpG-rich transcription start sites [83] and 5fC and 5caC enrichment at pericentric
heterochromatin as well as at distal regulatory elements [84].

Apart from direct antibody enrichment techniques, a number of chemically assisted
enrichment techniques have been developed for mapping 5hmC and 5fC. In the anti-
cytosine-5-methylenesulfonate (anti-CMS Seq) technique, 5hmC is converted to cyto-
sine-5-methylenesulfonate (CMS) by bisulfite treatment. CMS-containing DNA frag-
ments are enriched via CMS-targeted antibody and then sequenced [85]. This
methodology has a lower background and lower reliance on 5hmC density in the
fragment as compared to direct antibody pulldown of 5hmC-containing fragments
[85, 86].

In GLIB-Seq (glucosylation, periodate oxidation, biotinylation sequencing),
5hmC is glucosylated in the presence of β-glucosyltransferase, and the resulting
glucosyl derivatives are oxidized with sodium periodate to yield two aldehyde
groups [85]. The latter are derivatized with biotin-containing aldehyde reactive
probe (ARP), and the derivatized fragments are enriched via streptavidin beads
and sequenced, allowing for mapping of 5hmC marks along the genome
[85]. Another chemically assisted enrichment method for 5hmC is hMeSeal-Seq
(hydroxymethyl selective chemical labeling) [87]. In this method, an engineered
glucose moiety containing an azide group is enzymatically added to the hydroxyl
group of 5hmC by T4 bacteriophage β-glucosyltransferase. The azide group can then
be chemically modified with biotin for detection, affinity enrichment, and sequenc-
ing of 5hmC-containing DNA fragments [88].

Similar mapping methodologies have been developed for 5fC [89, 90]. Since 5fC
contains an inherently reactive aldehyde group, it can be directly modified with
biotin-containing aldehyde reactive probe (ARP), followed by enrichment of
5fC-containing DNA fragments using streptavidin beads [89]. Another method for
mapping 5fC involves enzymatically blocking 5hmC with unmodified UDP-Glc
[90]. This is followed by 5fC reduction to 5hmC with NaBH4 and hMeSeal-Seq to
tag, enrich, and map the 5fC fragments as newly formed 5hmC sites [90].

The main limitation of all enrichment-based methods is their low resolution
(100–300 bp) [91]. This can be a major problem, especially for studies investigating
multiple epigenetic marks. Another limitation is that these methods are unable to
quantify absolute methylation levels because each enriched fragment may have
variable numbers of epigenetic marks. Additional common concerns include anti-
body cross-reactivity, low capture efficiency, and the limitations of downstream
DNA detection methods (microarrays and next-generation sequencing) used to
determine the enrichment. However, these techniques are still widely used as they
provide a rapid, comparatively less laborious and inexpensive way to study genome-
wide methylation.
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3.5 Whole-Genome Bisulfite Sequencing

Studies of DNA methylation were initially restricted to localized CpG-rich regions
of the genome [92]. However, several methods now exist which can map DNA
methylation genome-wide. Whole-genome bisulfite sequencing (WGBS) was devel-
oped in 1992 by Frommer et al. to measure CpG methylation genome-wide at a
single-base resolution [93]. This method utilizes bisulfite-induced modification of
genomic DNA to convert cytosine to uracil; the latter is converted to thymine during
PCR amplification. 5mC residues, however, are not converted and remain as cyto-
sines after PCR amplification [93]. The development of high-throughput sequencing
has facilitated the generation of genome-wide, single-base resolution DNA methyl-
ation maps from bisulfite-converted DNA [94]. The first methylome was generated
in 2008 from the Arabidopsis thaliana genome [95, 96]. The first human methylome
was reported by Lister et al. in 2009 from human embryonic stem cells and fetal
fibroblasts [97]. These studies revealed the genome-wide context of DNA methyl-
ation. Extensive differences were found between the methylomes of two human cell
types, revealing a dynamic nature of this modification. Due to the high genomic
coverage of WGBS (95%), this method is preferred for building reference
methylomes [98].

WGBS can be combined with nucleosome occupancy and methylome sequencing
(NOMe-seq) to measure the relationship between DNA methylation and nucleosome
occupancy [99]. Developed by Jones et al. in 2012, this method utilizes the DNA
methyltransferase M.CviPI to methylate cytosines that are present in a GpC context.
GpC sites that are not protected by nucleosomes or transcription factors are acces-
sible and can be methylated. M.CviPI does not alter endogenous DNA methylation
patterns found in a CpG context; thus, NOMe-seq can be paired with WGBS, and the
methylation status of both the CpG and GpC sites can be simultaneously detected
[100]. This method has enabled footprinting of chromatin architecture at a variety of
promoter and non-promoter regions. Work done by Jones et al. has demonstrated
that the relationship between nucleosome occupancy and DNA methylation is
context-specific, depending on genomic location [99]. Commercially available
NOMe-seq kits are available through Active Motif.

3.6 Reduced Representation Bisulfite Sequencing (RRBS)

Although WGBS allows for the greatest coverage of DNA methylation genome-
wide, it is time consuming and requires a significant investment to reach the effective
depth required for accurate DNA methylation mapping [101]. Although the cost of
WGBS has decreased significantly in recent years, it remains around $1,000 per
genome according to the National Human Genome Research Institute [102], making
this approach non-practical for large studies involving hundreds of samples
[103]. Reduced representation bisulfite sequencing (RRBS) is an efficient and
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high-throughput technique used to analyze methylation profiles at a single-
nucleotide level from regions of high CpG content [104, 105]. This technique
utilizes a methylation-insensitive restriction enzyme, such as MspI, which cuts at
50-CCGG-30 sites, enriching for CpG-rich regions of the genome such as CpG
islands by leaving CpG-rich regions at the ends of fragments being sequenced
[94]. This portion of the genome is then sequenced using NGS to generate single-
base pair resolution DNA methylation maps. RRBS captures 85% of CpG islands
and 60% of gene promoters, requiring small sample input (0.01–0.03 μg of DNA)
[94, 106]. By combining different restriction enzymes, CpG coverage across the
genome can be altered to include or exclude certain regions of interest such as CpG
island shores, which are the 2 kb regions adjacent to CpG islands and are known to
play an important role in various biological processes including cellular differenti-
ation [107, 108].

One of the main advantages of RRBS over WGBS is the overall reduction of the
size of DNA regions to be sequenced, therefore requiring fewer reads for accurate
sequencing and thus reducing the cost and allowing for deep sequencing [94]. An
important disadvantage of RRBS is that it does not capture all CpG islands and/or
promoters. While WGBS can access ~95% of the genome, RRBS only reaches 3.7%
genome coverage [94]. However, RRBS enjoys much better coverage depth than
WGBS, and the concordance of DNAmethylation levels between the two methods is
high [101]. Due to these advantages, RRBS has become popular when high-
throughput, low-cost methylation analysis is needed such as in clinical applications
[109]. It is important to note, however, that RRBS has been mostly applied for DNA
methylation profiling of CpG sites within mouse and human genomes, and the ability
of MspI coupled with RRBS to cover non-CpG methylation has not been demon-
strated [101]. MspI-based RRBS methods can only cover 10% of the genomic
regions [106].

More targeted capture-based approaches are available for sequencing specific
regions, such as the SeqCap Epi (Roche) and SureSelect (Agilent) systems
[110, 111]. These capture methods focus on predetermined genomic regions to
reduce sequencing complexity but are limited by design around specific genomic
regions which may or may not include the regions of interest. Custom capture
libraries can be created if certain regions are not part of the original capture
systems [112].

3.7 Modified Bisulfite Sequencing Methods for Detection
of 5hmC, 5fC, and 5caC

The discovery of 5hmC, 5fC, and 5caC as oxidation products of 5mC generated by
TET enzymes has spurred a flurry of speculation about possible biological roles of
these additional epigenetic marks [113]. In addition to their role as demethylation
intermediates, these oxidized forms of 5mC may serve as unique epigenetic marks in
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their own right, interacting with a distinct group of protein readers and eliciting a
unique epigenetic response [20, 21]. Therefore, it is of great interest to map the
locations of 5hmC, 5fC, and 5caC along the genome.

Standard bisulfite sequencing cannot distinguish between 5mC and its oxidized
forms. Similarly to 5mC, 5hmC resists bisulfite-mediated deamination (Fig. 7)
[65, 78, 114]. Therefore, previous studies that employed bisulfite conversion to
map 5mC detected both hydroxymethylation and methylation together. In contrast,
5fC and 5caC readily undergo deamination upon treatment with bisulfite and thus
cannot be distinguished from C [10, 11, 115]. In addition, 5fC also undergoes
deformylation which is mediated by sulfonation of the C6 position of the nucleoside
to generate the corresponding alcohol. Base-catalyzed deprotonation of the alcohol
and β-elimination produce cytosine [11]. Determining the levels and positions of
epigenetic modifications in the genome is important to understanding the biological
function of these DNA marks. Therefore, novel sequencing methodologies were
needed to separately map all four epigenetic marks.

The first method for distinguishing between 5mC and 5hmC during bisulfite
sequencing utilized an additional chemical reaction on the genomic DNA. Oxidative
bisulfite sequencing (oxBS-Seq) includes DNA treatment with potassium
perruthenate (KRuO4) to selectively oxidize the 5hmC to 5fC (Fig. 8) [115]. Follow-
ing oxidation, the DNA is treated with bisulfite to deaminate cytosine. Booth et al.
coupled oxBS-Seq with RRBS to increase the sequencing depth at potentially
interesting CG repeats by reducing the amount of DNA that could be sequenced.
5hmC was identified primarily at CG sites located within low-density CpG islands
(CGIs) [115].

As an alternative to chemical oxidation to distinguish between 5mC and 5hmC,
enzymatic oxidation can be used (TET-assisted bisulfite sequencing, TAB-Seq)
[116]. The latter technique utilizes T4 β-glycosyl transferase and UDP-glucose to
protect the primary alcohol on 5hmC, followed by oxidation of 5mC to 5caC using
recombinant TET1 protein (Figs. 8 and 9) [117]. This is coupled with bisulfite
treatment and sequencing of the original sample as well as the TET-treated DNA
to provide data for the locations of 5mC and 5hmC. Using the technique on the
whole genome, 5hmC was found to be almost exclusively found at CG sites, and
nearly half of all 5hmC sites were present in distal regulatory elements
[116]. TAB-Seq has been applied to identify changes in 5mC and 5hmC in
intergenic regions of kidney tumors [118] and to identify sites of 4mC in bacterial
DNA [33].

Mapping 5fC along the genome was accomplished in part by modification of the
previous techniques to distinguish between 5mC and 5hmC. The first reported
method for 5fC was formylcytosine chemical-assisted bisulfite sequencing (fCAB-
Seq) [90]. In this approach, chemical labeling of 5fC is conducted with O-
ethylhydroxylamine to protect 5fC from conversion during DNA treatment with
bisulfite (Figs. 8 and 9) [90, 115]. DNA sequencing is performed on paired samples
that have either undergone fCAB protection plus bisulfite treatment or standard
bisulfite treatment. Through the mapping of standard bisulfite sequencing results
and fCAB-Seq data to the genome, sites specifically modified with 5fC could be

Experimental Methodologies for Detection and Mapping of Epigenetic DNA Marks 507



Fig. 8 Methodologies for distinguishing epigenetic modifications in DNA using bisulfite-treated
DNA. (a) Diagram of the bisulfite-coupled sequencing technologies used for mapping the positions
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identified. Cytosine formylation amounts at these sites can be estimated by
subtracting the percent cytosine methylation determined in the bisulfite only treated
sample (which is the sum of 5mC and 5hmC) from the percent of cytosine methyl-
ation in the fCAB-Seq sample data (which is the sum of 5mC, 5hmC, and 5fC)
[90]. Because 5fC is a minor component of DNA, each region of DNA was

⁄�

Fig. 8 (continued) of 5mC, 5hmC, 5fC, and 5caC. (b) Sample preparation scheme for differenti-
ating 5mC and 5hmC in TAB-Seq [116] and oxBS-Seq [115]. (c) 5fC is deaminated and
deformylated by treatment with bisulfite. Protection of 5fC by reaction with O-ethylhydroxylamine
in fCAB-Seq prevents the deamination and deformylation that typically occur when 5fC is treated
with bisulfite [90]. In redBS-Seq, 5fC is reduced with sodium cyanoborohydride to 5hmC which
will resist deamination [119]. 5fC in the original sample can be determined by comparison of fCAB-
Seq or redBS-Seq data with DNA that had undergone standard bisulfite sequencing. (d) Because
5fC and 5caC deaminate when treated with bisulfite, MAB-Seq utilizes the methylase M. SssI to
methylate unmodified cytosines. Following bisulfite treatment, 5mC and 5hmC will be identified
as C, while 5fC and 5caC are deaminated and identified as T [120]. caMAB-Seq first reduces 5fC to
5hmC and then follows MAB-Seq in order to specifically map 5caC [120]

Fig. 9 The effectiveness of various sequencing technologies at discriminating between epigenetic
modifications in DNA and the relative cost of their application. The ability of a method to identify
5mC (blue), 5hmC, (green), 5fC (yellow), 5caC (orange), and N6MedA (red). The relative cost is
depicted as filled circles, least expensive ( ) to most expensive ( )
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sequenced an average of 1,000 times, which allows estimation of 5fC levels to
�0.1%. Sequencing of DNA from mouse embryonic stem cells showed that 5fC
levels were increased at poised enhancer sequences, while 5mC was also reduced at
those same enhancers, indicating 5mC oxidation by TET could function in epige-
netic priming [90]. Another chemical method for identification of 5fC is reduced
bisulfite sequencing (redBS-Seq). The redBS-Seq method employs sodium
cyanoborohydride to reduce 5fC to 5hmC in genomic DNA (Figs. 8 and 9)
[119]. The DNA is then treated with bisulfite to deaminate cytosine, and both
redBS and standard bisulfite-treated DNA samples are sequenced. Cytosine
formylation levels are determined as in fCAB-Seq above. Using this technique,
5fC was shown to be present in CpG sites asymmetrically with 5hmC, where one
strand contains 5fC and the opposite strand 5hmC [119].

An additional method for determination of oxidized forms of 5mC by sequencing
is modification-assisted bisulfite sequencing (MAB-Seq) (Figs. 8 and 9)
[120]. Detection of 5caC and 5fC is simultaneously possible by treatment of the
DNA with bacterial methylase M. SssI, which methylates all unmodified CG dinu-
cleotides to give 5mCG. Following methylation to protect all unmodified cytosine in
a CG context, bisulfite treatment of DNA will lead to deamination of 5fC and 5caC.
This results in sequencing output that can identify the locations of 5fC and 5caC
together. MAB-Seq is reliant on quantitative conversion of C to 5mC byM. SssI and
is limited to detection of 5fC and 5caC only in the CG context. MAB-Seq was
further developed to be specific for 5caC (caMAB-Seq) (Figs. 8 and 9), which takes
advantage of the reduction of 5fC by sodium borohydride prior to performing the
steps of MAB-Seq [120]. Using MAB-Seq and caMAB-Seq, 5fC and 5caC have
been mapped at single-base resolution to regions with higher chromatin accessibility
and therefore TET accessibility [121]. The sequencing profiles obtained via
MAB-Seq and caMAB-Seq indicate that there might be preferential locations for
TET activity, either through chromatin accessibility or sequence-dependent removal
of 5fC and 5caC by TDG [120].

The first report for mapping 4mC along the genome employed a modification of
the TAB-Seq methodology [33]. This is possible because 4mC undergoes deamina-
tion at a rate between C and 5mC [33]. To allow for 4mC detection, the bisulfite
conditions were optimized to ensure the retention of 4mC in the genome while
deaminating TET-generated 5caC. Using this methodology, 4mC was mapped in
C. kristjanssonii, a bacterium with similar levels of 5mC and 4mC [33]. This
methodology, 4mC-TAB-Seq, is well suited for identification of 4mC in genomes
which have high concentrations of 4mC at particular sites, especially in bacteria
which utilize 4mC as part of their restriction-modification systems [31]. Application
of this methodology to mammalian cells and tissues is limited by the incomplete
(40–55%) retention of 4mC after bisulfite conversion, making accurate identification
of sites possessing less than complete methylation nearly impossible [33].

Mapping N6MedA can also be accomplished using restriction enzyme-based
sequencing (6mA-RE-Seq) [122]. This sequencing technique takes advantage of
previous information gained from antibody enrichment methods, which found that
N6MedA was found in CATG and CATC motifs in the C. reinhardtii genome, a
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green algae [122]. Focusing on these two motifs, 6mA-RE-Seq employs digestion of
DNA by CviAII or DpnII, sonication to fragment the DNA, end repair, adenylation,
and ligation to adapters [122]. The methylated sequences will resist enzymatic
digestion, allowing indirect detection of N6MedA based on the location of the
motif in the sequencing read. The motif at the end of a read indicates a lack
of methylation, while a read with the motif in the middle indicates the presence of
N6MedA. The amount of N6MedA can be calculated from the relative number of
sequencing reads where the specific adenosine is located at the end of a read
(unmethylated) or at an internal position (methylated). Using this technique,
N6MedA was identified at 3–4% of all available motifs in the C. reinhardtii genome
[122]. When N6MedA-containing sites identified by 6mA-RE-Seq were compared
to those from immunoprecipitation (IP), 28% of sites identified by IP were not
identified by 6mA-RE-Seq and did not contain the motifs used in 6mA-RE-Seq.
Using 6mA-RE-Seq and IP sequencing, Fu et al. found that N6MedA was enriched
in the regions of DNA linking nucleosomes possibly used for positioning these
nucleosomes on DNA [122].

4 Direct Detection of Epigenetic Modifications

The requirement for bisulfite conversion and other chemical reactions to locate DNA
epigenetic marks as described above in Sect. 3 introduces an inherent uncertainty
because the conversion rate is never 100%. In addition, these methods usually
involve several rounds of sequencing under different conditions, which increases
the cost, labor, and DNA sample input. Artifactual deamination of cytosine to uracil
during sample preparation and the required read alignment pose additional chal-
lenges with this approach. Third-generation sequencing methods allow for reading
the nucleotide sequences at the single-molecule level, making it possible to directly
distinguish between C, 5mC, and its oxidized forms during the sequencing step.
These methodologies are currently under active development.

4.1 Single-Molecule Real-Time (SMRT) Sequencing

As DNA sequencing methodologies entered the third generation, single-molecule
real-time (SMRT) technology has become a new favorite since it has longer read
lengths (10,000 bp up to 60,000 bp), produces higher consensus accuracy, and is
characterized by a lower degree of bias as compared to second-generation sequenc-
ing [123]. SMRT-Seq can directly read different base modifications via the kinetics
of nucleotide incorporation during the normal course of sequencing of an intact
DNA [124]. In SMRT-Seq, kinetic signatures of 5mC and 5hmC are very subtle,
presenting an accuracy challenge for detection, whereas 5fC and 5caC show very
distinct kinetics signatures [125]. More recently, it was shown that glycosylation of
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5hmC significantly enhances its kinetics signature, making simultaneous mapping of
all three oxidized forms of 5mC possible [126]. Because these methods do not rely
on DNA conversion with bisulfite or enzymatic processes and allow for longer reads,
read alignment is simplified. Despite these positives, third-generation sequencing
still has areas which need improvement, specifically signal intensity for some
specific epigenetic marks, the overall accuracy, and larger DNA input requirements.
These limitations prevent the application of this technology to whole-genome
sequencing without some form of enrichment [29].

4.2 Nanopore Sequencing

Another emerging third-generation sequencing technology is nanopore sequencing,
which can directly read different bases out using distinct ionic current signals
generated as DNA translocates through a protein nanopore [127]. Generally, a
protein nanopore is set in an electrically resistant polymer membrane, and an ionic
current is passed through the nanopore by setting a voltage across this membrane.
When DNA passes through the pore or near its aperture, this event creates a
characteristic disruption in the current. Measurement of that current makes it possi-
ble to identify the molecule in question. Previous studies have shown the ability of
discriminating between all five cytosine variants by low-throughput nanopore sen-
sors [128]. However, high-throughput nanopore sequencing can only discriminate
cytosine, 5mC, and 5hmC [129]. Notably, the overall error rate for nanopore
sequencing is 13.4–20.2%, which is higher as compared to SMRT sequencing
(1.72–14.2%) [130]. However, both third-generation sequencing techniques remain
under active development, which will hopefully bring more robust, cost-effective,
and straightforward solutions to the sequencing of epigenetic modifications in DNA.

5 Conclusions

A growing number of DNA epigenetic modifications identified in human cells
suggest that epigenetic DNA marks are more common in higher eukaryotes than
previously thought. DNA methylation and other epigenetic marks play a central role
in controlling the physiological processes of living cells. Epigenetics has been
shown to have broad implications for human health, which creates a need for reliable
techniques to detect and measure these epigenetic modifications. A variety of
methods have been developed and applied to study these epigenetic marks
(Table 2). Recent years have seen a marked increase in novel approaches to analyze
the expanding number of epigenetic DNA modifications. Information obtained from
such studies will be useful both for our understanding of basic cellular regulation and
for identifying future targets for drug design.
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Abstract Epigenetic mechanisms orchestrate the finely tuned regulation of genetic
material and play a pivotal role in defining cellular functions and phenotypes. A
growing set of tools supports analysis of the epigenome. This chapter will provide an
overview of the principle methods of studying complex epigenetic machinery,
focusing on recent advancements of tools and techniques in the field of epigenetics.
It will also address the advantages, limitations and perspectives of each approach.
Increasingly, the high sensitivity, specificity, accuracy, precision and reproducibility
of cutting-edge technologies in epigenetics are allowing the identification of new key
targets and molecular mechanisms in healthy and pathological states and are becom-
ing methods of choice for clinical investigations.
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Abbreviations

5caC 5-Carboxylcytosine
5fC 5-Formylcytosine
5hmC 5-Hydroxymethylcytosine
5mC 5-Methylcytosine
AlphaScreen Amplified Luminescent Proximity Homogeneous Assay Screen
BRET Bioluminescence resonance energy transfer
BS-seq Bisulfite sequencing
CAB-seq Chemical modification-assisted bisulfite sequencing
CE-SSCP Capillary electrophoresis single-strand conformation polymorphism
CETSA Cellular thermal shift assay
ChIP Chromatin immunoprecipitation
ChroP Chromatin proteomics
ddPCR Droplet digital PCR
EDC 1-Ethyl-3(3-dimethylaminoproyl)-carbodiimide hydrochloride
EnIGMA Enzyme-assisted identification of genome modification assay
ePL Enhanced ProLabel
ES Embryonic stem
EWAS Epigenome-wide association studies
EXPAR Exponential amplification reaction
fCAB-seq 5-Formylcytosine chemical modification-assisted bisulfite

sequencing
FISH Fluorescent in situ hybridization
FLIM Fluorescence lifetime microscopy
FRET Förster resonance energy transfer
G4 G-quadruplex
HATs Histone acetyltransferases
HMTs Histone methyltransferases
HTDR High-throughput dose-response
HTS High-throughput screening
HT-seq High-throughput sequencing
ISH In situ hybridization
ITC Isothermal titration colorimetry
LC-MS Liquid chromatography-mass spectrometry
LNA Locked nucleic acid
miRNA microRNA
miR-TRAP miRNA trapping
MPS Massive parallel sequencing
MS Mass spectrometry
MST Microscale thermophoresis
NGS Next-generation sequencing
Nluc NanoLuc luciferase
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PAR-CLIP Photoactivatable ribonucleoside-enhanced cross-linking and
immunoprecipitation

QD Quantum dot
RBPs RNA binding proteins
RIME Rapid immunoprecipitation mass spectrometry of endogenous

protein
Rluc Renilla luciferase
RRBS Reduced representation bisulfite sequencing
scBS-seq Single-cell bisulfite sequencing
scM&T-seq Single-cell genome-wide methylome and transcriptome sequencing
scRRBS Single-cell reduced representation bisulfite sequencing
snmC-seq Single-nucleus methylcytosine sequencing
SNPs Single-nucleotide polymorphisms
SPR Surface plasmon resonance
TAB-seq Tet-assisted bisulfite sequencing
TCL Targeted chromatin ligation
Tm Melting temperature
TR-FRET Time-resolved fluorescent energy transfer
UV Ultraviolet
YFP Yellow fluorescent protein

Epigenetic modifications work with genetic mechanisms to control gene expression
and chromatin structure in normal cells [1]. Disruption of epigenetic regulatory
processes results in abnormal gene function and/or alterations in cellular signalling
pathways, leading to several pathological states such as cancer [2]. Unlike most
genetic mutations, epigenetic abnormalities are reversible and potentially good
targets for deriving therapeutic strategies. Global changes in the epigenetic land-
scape can precede genetic alterations at early stages of disease development, making
them suitable predictive biomarkers for clinical diagnosis [3]. Furthermore, several
studies have identified defects in epigenetic modulators as indicators of both pro-
gression and outcome of a disease, as well as biomarkers of patient response to
therapy and early detection of recurrence, suggesting a prospective translational
application in clinical practice to improve prognosis [4–7]. Advanced technologies
able to rapidly analyse epigenetic changes have revealed a challenging scenario and
provide an accurate detection of new key epi-targets in pathological states and
several multifactorial complex diseases, including cancer. This chapter will describe
the most innovative epigenomic technologies and will be divided into three main
sections: (1) assays, in vitro and in cell, useful to define the activity and binding of
epigenetic modulators; (2) genome-wide approaches used to determine the chroma-
tin modification status of cells at nucleotide resolution level and to detect the binding
sites of DNA-associated proteins; and (3) methodologies for miRNA expression and
functional analysis. The advantages, limitations, cost-effectiveness and therapeutic
perspectives of each technique will also be discussed. Further work improving the
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sensitivity, specificity and reproducibility of epigenetic technologies will not only
reveal underlying deregulated epigenetic pathways associated with disease progres-
sion and treatment response but will also provide a robust measure of novel bio-
markers for risk stratification in terms of disease development and for individualized
precision medicine.

1 Epi-proteomic Analyses

Post-translational histone modifications make up a significant portion of epigenetic
mechanisms involved in several biological processes. Chromatin remodelling is
known to affect up- and downregulation of gene expression, and tumorigenic
diseases can be driven by alterations of epigenetic modification patterns. New
technologies have therefore been designed to identify histone modification enrich-
ment in specific cellular contexts, and new drugs able to restore the physiological
epi-state have been developed. This section of the chapter focuses on the techniques
most commonly used to rapidly identify macromolecular complexes and to discover
drugs that bind and modify protein activity. The assays have been divided into two
main groups: (1) in vitro assays following protein expression and purification and
(2) techniques that allow experiments to be performed directly in cells.

1.1 Biochemical Studies: In Vitro Assay

The choice of technique mainly depends on the starting point and objectives. The
advantage of biochemical experiments is that the protein of interest can be isolated,
purified and overexpressed. Data analysis is straightforward and fast. Indeed, this
approach is commonly used to detect protein-protein or protein-drug interactions in
high-throughput screening (HTS) strategies. Cell-based assays allow investigation
of the target protein, and all the macromolecular complexes of which it is a part,
under physiological conditions. In this case it is important to take into account
several factors that can complicate studies in cells, such as drug permeability and
half-life, cellular enzymatic degradation, small amounts of starting material and long
lead times of experiments. The analysis of chemiluminescent protein interactions
(AlphaScreen/AlphaLISA), variation in diffraction radius (surface plasmon reso-
nance), or changes in molecular solvation (isothermal titration calorimetry) are the
most common techniques used for in vitro macromolecule interaction studies.

1.1.1 AlphaScreen/AlphaLISA

Biomolecular interactions, post-translational modifications or activity of substrates
as competitor compounds can be investigated using AlphaScreen and AlphaLISA
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(PerkinElmer) technologies (where Alpha stands for Amplified Luminescent Prox-
imity Homogeneous Assay Screen). These are non-enzymatic in vitro assays that
detect protein interactions using donor and acceptor beads. When the interaction
takes place, a chemical reaction produces an amplified signal. After donor excitation,
singlet state oxygen molecules react with acceptor fluorophores, if located in prox-
imity, that emit light at 520–620 nm [8]. Generally, donor beads in AlphaScreen and
AlphaLISA contain a phthalocyanine molecule that produces a singlet state oxygen,
keeping energy irradiation at 680 nm. Acceptor beads contain thioxene, anthracene
and rubene in AlphaScreen and thioxene, europium, terbium or samarium in
AlphaLISA [9]. The beads are covered with reactive aldehydes to bind the ligand,
antibody or substrate [9]. Compared to other methods such as time-resolved fluo-
rescent energy transfer (TR-FRET), these assays have better sensitivity and can be
used for large-scale reactions. Depending on the interaction under investigation, the
beads are functionalized in different ways. AlphaLISA epigenetic toolbox
(PerkinElmer) is used to detect histone methylation and acetylation marks. Using
S-adenosylmethionine or acetyl CoA as a cofactor, epigenetic enzymes such as
histone methyltransferases (HMTs) or histone acetyltransferases (HATs) react on
the specific biotinylated histone substrate. Antibody AlphaLISA acceptor beads and
streptavidin Alpha donor beads are then added to measure methylation and acetyla-
tion levels. The donor binds the histone substrate by biotin-streptavidin binding and
the acceptor captures the modification. If the enzyme works, the acceptor and donor
beads are in proximity, and, after laser irradiation, a chemiluminescent signal at
615 nm is generated [10]. The same methodology was used to develop an HTS
platform to identify new G9a [9] and JMJD2A [11] modulator drugs.

AlphaScreen and AlphaLISA offer several advantages:

• The difference between donor and acceptor wavelength reduces interference.
• Interactions are detected from sub-nM to μM range.
• The assay is suitable for use in HTS and adapts to 96-, 384- and 1,536-well

formats.
• Many biological interactions can be studied.

1.1.2 Surface Plasmon Resonance (SPR)

To study in real time the association and dissociation constants of protein complexes
or drug enzymes, SPR is one of the most widely used in vitro assays. The technique
measures refractive index changes when there is a variation in mass on a gold chip.
Incident light (Fig. 1) strikes electrons at the surface of the metal sensor and converts
them into surface plasmon waves, generating an SPR angle. Interaction between the
target immobilized on the chip and the captured analyte induces a perturbation at the
gold surface and therefore a change in angle of reflection, which can be measured.
To improve the optical quantitative detection method, SPR microscopy or imaging
(SPRi) technology is used for high-throughput probing of biomolecular interactions.
SPRi Biochips™ and SPRi Slides™ are customized for HORIBA SPR imaging
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instruments [12]. Although many assays are available to study biomolecular inter-
actions, most require labelled reporter molecules such as fluorophores or antibodies
(AlphaScreen, immunoprecipitation [13]) or large quantities of material. The advan-
tage of SPR lies in its reliable instrumentation, automation, disposable sensor chips
and versatility of surface chemistries. Table 1 lists the main advantages and disad-
vantages of the SPR methodology.

1.1.3 Isothermal Titration Colorimetry (ITC)

ITC is a physical technique that allows in vitro study of the thermodynamic
parameters of macromolecules or drug interactions in solution. Using temperature
variation, it is possible to quantify the interaction by measuring the heat that is
released or adsorbed during binding [14, 15]. The microcalorimeter has two cells,

Fig. 1 Scheme of SPR experiment. The molecule is immobilized on metal surface and is injected
the analyte solution. When there is the binding between molecules, there is a variation in angle of
reflection and of surface plasmon resonance

Table 1 Advantages and disadvantages of SPR

Advantages Disadvantages

Real-time analysis Requires a long time for sample preparation

Association (ka) and dissociation (kb)
constant study

Protein instability

Use of several proteins It is possible to immobilize only one protein on the gold
chip

Does not interfere with physical and chemical molecular properties (e.g. fluorescence of
compounds)

Possible to analyse total protein
extraction

Higher sensibility

528 C. Dell’Aversana et al.



one for water (the control) and one for the sample. The sensor detects temperature
difference between the cells. The ligand, loaded by a syringe in a cell sample, binds
the molecule, and the heat change is measured compared to the control.

This technique has several advantages: (1) the protein can be left in solution and
no molecule modification is therefore required, and it measures the affinity of
proteins in their native state; (2) the addition of chemofluorescent tags is not
necessary; (3) stoichiometry, association constant and binding enthalpy can be
characterized in a single experiment; and (4) experiments can be performed in
systems such as dispersions, intact organelles or cells. The main disadvantage of
ITC is the limited range for measuring binding affinities (association constants from
104 to 10�1 M). In addition, it is a slow technique for HTS analysis (0.25–2 h/assay).
In recent years, new technologies for a more rapid analysis of data have been
designed. In 2017, Mitter et al. described the development of a new ITC technique
allowing for the acquisition of data in the order of 0.2 s and less.

ITC is widely used for:

• Quantification of binding affinity
• Confirmation of binding targets of small molecules and characterization of

mechanisms of action
• Validation of IC50 and EC50
• Measurement of enzyme kinetics

ITC can be performed using MicroCal™ (Malvern Panalytical) ITC instruments
such as MicroCal PEAQ-ITC, which gives high sensitivity and quality data with low
sample consumption, or MicroCal VP-ITC, an easy-to-use isothermal titration
calorimeter. ITC is mainly used for target validation, measuring enzyme kinetics,
investigating the binding mechanisms and potency of drugs and studying the design
of inhibitors.

1.1.4 Microscale Thermophoresis (MST)

MST, similarly to ITC, quantifies protein binding in a temperature gradient, but the
movement of the molecule and conformational state is recorded by the use of
fluorophores [16, 17] (Fig. 2). Infrared laser is used for temperature increase. The
molecule is placed in a capillary containing a fluorescent solution, and an infrared
ray of a wavelength of 1,480 nm is projected against the capillary, causing an
increase in temperature. The fluorophores with an increased temperature are excited
and emit fluorescence. The ability to emit fluorescence by temperature increase is
inversely proportional to the ability to bind the ligand. MST analysis has no
limitations in terms of molecule size or molecular weight and is performed in a
matter of minutes in free solution.

There are a number of different devices to monitor MST, such as the Monolith
NT.Automated or Monolith NT115Pico (NanoTemper) instruments designed to
detect even low picomolar concentrations in microlitre volumes of red-emitting
fluorophores. With minimal sample consumption, they provide high sensitivity
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and affinity interactions. The Monolith NT.Automated is specifically designed with
high-throughput capabilities for HTS approaches. In recent years MTS has also been
used to study interactions directly in cell lysates using fluorescence fusion proteins.
To bypass fluorescence artefacts, MST experiments can be performed with two
different cell lysates expressing different fluorescence fusion proteins. These
approaches can be used to rapidly test whether and in what manner proteins of
interest interact in close-to-native conditions without protein purification. As
reported in several studies, MST can be used to characterize protein-histone inter-
actions. Alpatov et al. identified the fragile X mental retardation protein [18] as a
chromatin-binding protein that uses its tandem Tudor domain for binding. Josling
et al. also demonstrated that the bromodomain protein PfBDP1 binds specifically to
H3K9Ac and H3K14Ac peptides with Kd ¼ 110.79 � 10.31 μM (R2 ¼ 0.995) and
Kd ¼ 126.17 � 14.39 μM (R2 ¼ 0.993), respectively. In conclusion, MST technol-
ogy is able to perform screening assays, binding assays and competition assays with
multiple binding partners [19]. The advantages and disadvantages of these last two
techniques are summarized in Table 2.

1.2 Cell-Based Assays

The presence of numerous binding sites, molecular dynamics, interaction complex-
ity and external factors complicates the study of macromolecular complexes in cells.
Several new techniques have been developed to study protein-protein interaction

Fig. 2 (a) Monolith NT.115Pico. (b) Capillary tray. (c) Schematic of assay: the temperature is
increased inside the capillaries, where the sample is located, by IR-laser. Florescence is detected by
the objective. (d) Signal obtained in the assay. Molecules in the initial state are homogeneous. When
the temperature increases, a T-jump occurs, corresponding to a change in fluorophore properties.
The laser is then deactivated and the molecules move by mass diffusion
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complexes, epigenetic modifications and activity of new drugs in living cells.
In addition to chromatin immunoprecipitation (ChIP), which has always been one
of the most widely used techniques, several methods have been designed to better
and more rapidly investigate proteomic complexes, such as cellular thermal shift
assay (CETSA) and Förster resonance energy transfer (FRET)/bioluminescence
resonance energy transfer (BRET).

1.2.1 ChIP Assay

Immunoprecipitation and ChIP assays are the two main techniques for studying
epigenetic modifications and their quantization (ChIP-PCR). The two approaches
have also been combined with next-generation sequencing (NGS) to generate profiles
of genetic modifications [20] (ChIP-seq), as will be amply described in Sect. 2.1.
Over the years, proteomics studies have evolved, coupling conventional ChIP tech-
nology that involves cross-linking with formaldehyde, sonication and subsequent
quantitative analysis using real-time PCR with mass spectrometry (MS). The com-
bination of these two techniques led to the development of new protocols such as
ChIP-MS [21], chromatin proteomics (ChroP) or rapid immunoprecipitation mass
spectrometry of endogenous protein (RIME) [22], which allow a faster analysis of all
proteins. Standard ChIP assay has several disadvantages, including the possible
alteration of chromatin-protein interactions during the experiment, the large amounts
of starting material necessary to obtain good results and the long time required to
complete the procedure (3 days). A new microfluidic technique was developed to
decrease reaction volumes and reduce experiment times [23]. This new microfluidic
device integrates sonication and immunoprecipitation, using 1,500–2,000 cells to
point (compared to 106–7 in conventional ChIP). Specifically, the cell/DNA

Table 2 Advantages and disadvantages of ITC and MST

Advantages Disadvantages

• Possibility to measure in one
experiment all binding parameters

• Required higher amount of ligand

• It’s not required molecular modifi-
cation to study the interaction

• It’s possible to measure only the μM concentrations

• Nothing ligand immobilization • Kinetics of association and dissociation aren’t
measured

• It’s a slow technique not used for HTS mode

• Doesn’t read non-covalent complex

• Read small-molecules, vesicles and
synthetic compounds

• Required molecular modification with fluorescent
tag that can be able to induce a non-specific binding

• Nothing ligand immobilization • Don’t do information on kinetic interaction

• It’s possible to measure nM
concentrations

• Faster technique that can be used
for HST mode
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sonication step is integrated with the rest of the procedures, and acoustic energy is
used to facilitate the mixing and washing of beads. In this way the experiment can be
completed in only 40 min. Cross-linked cells are placed on the microfluidic chip to
generate sonication of DNA through a magnetic field. The use of crescent structures
increases the gas-liquid contact surface, increasing the power of the magnetic field.
Low acoustic waves are then used to allow greater interaction between the beads and
cell extract. The immunoprecipitation step is completed after 30 min. The beads are
simply washed with a buffer to remove impurities and then collected for analysis. The
obvious advantages of this technique include small amounts of starting material, ease
of experimental procedure, very short experiment times and high resolution.

1.2.2 Cellular Thermal Shift Assay (CETSA)

CETSA allows for the evaluation of protein interactions through macromolecular
stabilization or destabilization and therefore variation in the melting temperature
(Tm) [24]. Specifically, this technique is based on the biophysical principle that if a
protein/enzyme is subjected to temperature increase, it will undergo protein
unfolding with different melting curves. CETSA has several advantages: (1) it is
not necessary to modify the molecule for immobilization on beads (as in chemo-
proteomic approach, AlphaLISA, MST); (2) it is not an expensive technique; and
(3) it is very simple to perform. The CETSA protocol includes the following steps:
incubation of cells or cell extracts (to ensure permeability of the compound) with the
molecule of interest; incubation of cell pellets at different temperatures, usually
between 37�C and 70�C (the choice of temperature depends on the protein
under investigation); total protein extraction; and detection of stabilization by
Western blot.

Over the years, this technique has undergone various modifications, such as the
use of different compound concentrations to evaluate dose-dependent enzymatic
stability or to study not only the interaction of the molecule with a single protein but
with all the cellular proteasomes. A two-dimensional thermal proteomic profile
strategy was developed to investigate all the off-target effects of panobinostat
(an epigenetic drug used for multiple myeloma) [25]. After treatment of the cells
with panobinostat at five different concentrations and incubation at 12 different
temperatures, all proteins undergoing a change in Tm, and therefore all proteins
that bind the drug, were analysed by liquid chromatography-mass spectrometry
(LC-MS)/MS. Using this assay, four new different proteins which interact with the
compound were identified. One of the limitations in using CETSA is that it is
unsuitable for HTS of protein interactions due to the time and quantity of materials
required. In 2017, Holbert and colleagues [26] developed a new method named high-
throughput dose-response (HTDR)-CETSA, which allows for HTS using a 384-well
plate format of drug-protein interactions by chemiluminescence signal (Fig. 3). In
this assay the target protein, SMYD3, is fused and overexpressed in the cell using
the BACMam system (ThermoFisher Scientific), with a small enzyme donor frag-
ment of β-galactosidase (β-gal) called enhanced ProLabel® (ePL; DiscoverX).
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Upon addition of a compound that binds the target, stabilization can be monitored by
measuring target protein abundance using chemiluminescent detection. The detec-
tion reagents are a chemiluminescent substrate added with a large enzyme acceptor
fragment that reacts with the ePL tag to create an active β-gal enzyme, which
hydrolyses the substrate to generate a chemiluminescent signal. The signal is directly
proportional to protein stabilization (www.discoverx.com/products-applications/tar
get-engagement-assays). The cells were plated in 384-well plates, incubated with the
compound for 1 h and treated at different temperatures, as in the standard CETSA
protocol. The cell reagent was added and the signal was read after incubation for 3 h
at room temperature. Using HTDR-CETSA, (1) it is possible to quantify the protein
interaction; (2) centrifugation and washing are not necessary because the results are
not affected by the presence of serum or cellular lysate; and (3) data observation is
more simple and rapid than in standard CETSA, which uses Western blotting to
confirm the protein interaction.

1.2.3 Förster Resonance Energy Transfer (FRET) and Bioluminescence
Resonance Energy Transfer (BRET)

FRET and BRET are two effective methods used to identify protein interactions in
cells in real time by measuring the interaction between donor and acceptor chromo-
phores. FRET is a physical assay where laser light induces donor excitation and the

Fig. 3 CETSA in chemiluminescent system. The protein SMYD3 is expressed with ePL tag. After
induction and stabilization with GSK5628, the enzyme acceptor binds ePL tag and hydrolyses the
substrate
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transfer between excited donor and acceptor chromophores when the molecules are
in proximity (100 Å) [27]. Förster proposed that the energy (kt) was given by:

kt ¼ r�6k2Jn�4kF � 8:71� 1023

where r is the distance between donor and acceptor, k2 is the orientation factor, J is
the overlap between donor and acceptor spectrum, n is the refractive index of the
medium and kF is the ratio constant emission of donor. FRET is generally read
through an imaging-based assay or flow cytometry to measure the molecular dis-
tance or the “on” and “off” interaction state. Depending on the experimental aim and
the epigenetic protein under investigation, several cell types including U2OS,
HEK293, HeLa, COS-7, CHO and HCT-116 cells can be used. A number of
instruments are available for imaging such as Image Xpress (Molecular Devices),
IN Cell Analyzer (GE Healthcare) and Operetta (PerkinElmer). Alternatively, com-
mercial plate readers can be used to detect the FRET signal, including Infinite
M1000 (Tecan), PHERAstarFS (BMG), Synergy 2 and 4 (BioTek) and Envision
(PerkinElmer).

Fluorescence lifetime microscopy (FLIM) is a third alternative for measuring
FRET in presence and absence of compounds. It only measures changes in donor
fluorescence lifetime. Recently, FLIMmicroplate readers have been produced that are
compatible with SBS standard labware and improved to perform 96-well plate reads
of tens of minutes instead of hours (see, e.g. http://www.fluorescenceinnovations.
com/cells.html) [28, 29]. Using FRET to visualize histone methylation in cells,
Tinget al. developed a plasmid-based biosensor which consists of a peptide (substrate,
H3 at K9 or K27) that is inserted into a flexible linker with a methyl-lysine binding
domain (chromodomain), which binds selectively to lysine-methylated peptides.
When methylation occurs at the histone-derived peptide, the methyl-lysine binding
domain causes a structural change and induces a FRET signal. Because this mecha-
nism is reversible, demethylation induces the separation of fluorescent units and so
lowers the FRET signal back again.

FRET has two main advantages: (1) it does not use additional substrates to
generate the signal and (2) it is able to measure the interaction with low protein
expression better than other assays, such as BRET. However, the technique also has
several disadvantages: (1) the intensity of laser light can cause problems of photo-
toxicity or photoheating; (2) bleed-through occurs when an acceptor is excited by the
donor excitation wavelength and vice versa; and (3) there may be an overlap in donor
and acceptor emissions. BRET overcomes some of the problems associated with the
FRET approach. BRET is based on the same principles as FRET. The energy is
generated by a fluorescent donor, usually Renilla luciferase (Rluc), which matches
with yellow fluorescent protein (YFP) [30]. Rluc was originally chosen because its
emission spectrum overlaps with YFP emission spectrum. It is now possible to
change the Rluc and protein acceptor (Table 3).

In recent years, NanoLuc luciferase (Nluc) assay was developed to increase the
distance between the donor and acceptor spectrum and to improve the low quantum
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yield and poor luminescent stability of BRET [31]. Nluc uses furimazine, an
engineered small protein (19 kDa), as the donor, which produces a higher lumines-
cent signal than Rluc and allows better discrimination with acceptor fluorophores,
and a fluorescently labelled HaloTag fusion protein as the acceptor. A recent study
demonstrated that chloroalkane derivative of non-chloro TOM dye is the best
acceptor substrate [31]. It provides peak light emission at 635 nm, and so the spectra
are separated by 175 nm. Nluc is able to visualize subcellular translocation events
with sub-second temporal resolution. It is in fact possible to evaluate bromodomain
activity and identify compounds that inhibit it using HTS. The interaction between
the bromodomain and the acetylated histone substrate can be monitored by
expressing Nluc-BRD4 (one of the BET family members [32] in mammalian cells
with H3.3-HT protein). When BRD4 binds H3.3 substrate, the distance between
Nluc and HT is less than 10 nm and it is possible to see the signal. Treating cells with
an inhibitor that competes with the substrate induces the loss of BRD4-H3.3 binding
and so a decrease in BRET signal (Fig. 4). Similarly to FRET, with the BRET
approach, it is possible to use a cell line that can be transfected (e.g. HEK293, HeLa,
HCT-116, NIH3T3, CHO and Jurkat). It is generally better to generate a stable cell
line expressing one or both proteins for a higher and clearer signal. Commercial plate
readers pre-equipped with the correct filter set-up include GloMax Discover
(Promega) and CLARIOstar (BMG). Instruments that can be supplied with optional

Table 3 Some protein donors and acceptors in FRET

Donor Donor emission (k, nm) Acceptor Acceptor excitation/emission (k, nm)

Rluc 420–530 EYFP 513/527

RLuc 420–530 Topaz 514/527

RLuc 385–420 GFP 405/510

Aequorin 430–500 GFP 489/510

Fig. 4 NanoBRET interaction assay. BRD4 is co-expressed with Nluc with emission at 460 nm.
The enzyme interacts with the substrate and the BRET signal is observed. IBET151 binds BRD4
and only the light emission of Nluc is visible
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filters include Varioskan (Thermo Scientific; Edmunds Optics filters: donor 450 nm
CWL, 25 mm diameter, 80 nm FWHM, Interference Filter and acceptor 1 in.
diameter, RG-610 Long Pass Filter) and EnVision (PerkinElmer; Chroma filters:
Emission Filter for EmSlot4).

2 Innovative Genome-Wide Technologies

Numerous accurate and reliable approaches have been gradually introduced to study
epigenetic processes both at the level of single genes and genome-wide, collectively
called epigenetic technologies [33]. Progress in epigenetics [34] is closely linked to
the design of new technologies. Since epigenetic alterations may cause several
disorders, studying the (epi)-genome is a valid approach to identify these deregula-
tions. While the genome itself is stable, epi-modifications are in continuous trans-
formation and so the choice of methodology is crucial. Genome-wide research
technologies [35] have dramatically enhanced the study of epigenetic phenomena
and the development of new epigenetic-based diagnostic and therapeutic tools.
Many innovative platforms associated with advanced software packages for the
study and interpretation of the epigenome are now available. These platforms are
often related to specific diagnostic panels for different diseases. This section will
describe the most advanced methodologies for epigenome-wide applications with a
particular focus on single-cell epigenomic methodologies [36].

2.1 ChIP: From Standard Procedures to Innovative
Applications

ChIP is one of the principal methodologies used to examine the epigenetic state of
chromatin, that is to say the regulatory processes including direct methylation of
DNA, covalent modifications to histones and protein interactions with genomic
regions. The standard ChIP protocol [37] includes a set of specific steps as shown
in Fig. 5. Over the years this technique has been extensively revised and improved to
provide a better “resolution” of epigenetic markers and profiles. However, ChIP
results can still be disappointing for several reasons: high background binding,
inappropriate controls, low affinity of antibodies, errors made during DNA amplifi-
cation and suboptimal quality of reagents used in chromatin preparation procedures.
A further critical experimental point involves the starting material. Since
ChIP comprises numerous steps, the amount of cells is crucial and pooling
immunoprecipitated DNA samples is often a mandatory strategy. Sometimes pooling
starting material is not always possible as specific cell types, cancer cells or hetero-
geneous materials in general are used. The size of DNA fragments is another key
issue. DNA fragments are usually obtained by sonication and optimal fragment size
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should be in the range of 200–500 bp. This is a very important step which depends on
many different variables such as the kind and quantity of starting material (cell line,
tissue, etc.), the power and frequency of sonication, the timing for and between each
step and the sonicator itself. As previously discussed, conventional ChIP requires a
huge amount of starting material, which is often lost during the numerous steps
involved in the protocol. This is a crucial drawback, which often does not allow
appropriate validation of the method, thus preventing the generation of reliable and
precise results. As the use of personalized therapies is increasingly playing a funda-
mental role in the study and prevention of various diseases, new nonconventional

Fig. 5 Schematic representation of standard ChIP procedure. The figure shows the main steps
characterizing ChIP basic protocol: DNA-protein complexes are in situ cross-linked, following
chromatin fragmentation by sonication and incubation with specific antibodies. DNA is then eluted
and purified. Finally the last steps include analysis by quantitative PCR, hybridization platforms or
NGS (Chip-seq)
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approaches are continuously evolving. One of the latest applications involves the use
of targeted chromatin ligation (TLC), by which it is possible to start from a very small
quantity of biological material [38]. This is especially important when starting
material comes from biopsy specimens of human tissues or rare cell subpopulations.
This alternative method preserves the sample without requiring the numerous steps
involved in conventional ChIP procedures. The TLC technique increases the recovery
of enrichedmaterial and improves the efficiency of ChIP using a simplified workflow.
This approach excludes the use of beads by recruiting proximal binding of the
antibody to specific adapters, followed by subsequent amplification of the ligated
chromatin involving fewer steps and much shorter experimental times. This new
application greatly reduces the methodological complexity by increasing the sensi-
tivity of results obtained. These conditions have been optimized over time and more
specific protocols have been developed.

2.1.1 ChIP in Microfluidic Droplets

This microfluidic-based method is another advanced tool able to overcome the
limitations of standard ChIP described above. It involved for the first time the
development of ChIP in droplets based on a microfluidic platform that combines
nanolitre droplets, magnetic beads and tweezers. This innovative technique has
many advantages including compartmentalization within nanolitre droplets,
improved mixing, reduced consumption of samples and reagents, lower assay time
(about 7 h), decreased number of cells required, lower cross contamination and very
high sensitivity/specificity. The assay is very useful for the study of epigenetic
processes/modifications. The protocol [39] was specifically designed to investigate
four different histone modifications, with known epigenetic roles. This integrated
ChIP procedure is performed using a Teflon tube platform. The system consists of a
syringe pump which pushes sequential droplets across the tube toward a magnetic
tweezer, whose activation/deactivation gives the extraction and dispersion of mag-
netic beads and droplets. The syringe pump permits droplet manipulation and
processing by switching from injection to aspiration mode. The first train of droplets
is made of magnetic beads associated with antibodies and chromatin, washing
buffer, RNase and proteinase K. Magnetic beads are collected by magnetic tweezers
and then extracted, washed in buffer droplets, transferred to the RNase droplet for
RNA digestion and extracted after 5 min incubation. Subsequently, magnetic beads
are dispersed in the proteinase K droplet for protein digestion and heated for 5 min at
70�C to release DNA from digested proteins. Magnetic beads are then discarded, and
a new train of droplets is generated with charge switch magnetic beads, washing
buffer and elution buffer droplets. These last beads are then transferred to the droplet
containing DNA and digested proteins to capture the DNA, before it is extracted,
washed and eluted and finally discarded before qPCR. The sensitivity of the droplet
methodology is, however, highly dependent on an adequate quantity of magnetic
beads as well as chromatin and specific antibodies. The choice of a well-defined
range of starting material is therefore crucial to improve assay performance.
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Recently, the droplet-based microfluidic system was also used by combining DNA
barcoding and NGS in order to collect and compare orthogonal individual cell gene
expression data [40]. This approach is crucial since epigenetic heterogeneity is often
difficult to detect due to the complexity of chromatin organization and different
patterns of variability. Assaf Rotem and colleagues identified the profiling of histone
methylation marks (H3 lysine 4 trimethylation and demethylation) in a mixture of
mouse populations of embryonic stem cells (ESCs), fibroblasts and haematopoietic
progenitor cells by applying this method to discriminate and identify high-quality
chromatin profiles for each cell present in the blend. Droplet-based ChIP assay thus
provides a highly advantageous, rapid and cell-specific approach to epigenetic
analyses.

2.1.2 G4 ChIP-Seq

G4 ChIP-seq is a novel method which can be used to determine G-quadruplex
(G4) structure formation genome-wide in chromatin [41]. DNA sequences are able
to form four-stranded G4 secondary structures that are involved in epigenetic
regulation. This modified protocol applies standard ChIP-seq for the detection of
secondary DNA structures using a specific antibody. As with any ChIP assay, the
quality of the antibody used is critical. This technique uses the G4 structure-specific
single-chain fragment variable antibody BG4, which is prepared using the expres-
sion vector pSANG10-3F-BG4.

Although G4 ChIP-seq is a highly innovative method that recognizes chromatin
regions forming G4 DNA structures in a cell population, it presents technical
limitations due to the detection of G4 structures at a given locus present in a
heterogeneous cell population. In addition, this experimental approach is not able
to detect the temporal organization of G4 structure and on which strand it is formed.
The entire protocol requires less than 1 week to be completed and might be also
combined with a microfluidic method (described in the subsection above) for single
cells in order to avoid some of the issues linked to heterogeneous cell populations.
Despite technical limits, the use of this method led to the identification of restricted
regulatory regions of chromatin, focusing specifically on regions regulating cell fate
and function [41] which are not often detectable by standard procedures. The next
step will be to apply this technology in human tissues and other model organisms.

2.1.3 Standard Epigenome-Wide Association Studies (EWAS)

New high-throughput genome-wide epigenetic technologies such as ChIP-seq [42]
and ChIP-on-chip [43] have recently been developed. ChIP-on-chip arrays are
available from Affimetrix, Agilent and NimbleGen, in both whole-genome tiling
array format for model organisms including human and mouse, as well as focused
arrays for promoter regions and custom array designs. The main advantage of ChIP-
on-chip is the huge amount of data generated which can be statically analysed
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minimizing the artefacts and improving the significance and resolution of results.
EWAS are designed to identify a specific epigenetic mark [44] associated with a
particular phenotype through the use of array and sequencing-based technologies.

One of themost studied epigenetic marks is DNAmethylation of 5-methylcytosine
(5mC) on CpGislands [45] since methylated DNA is the key component of epigenetic
information in mammals [46]. A first step in studying DNAmethylation is to quantify
all global levels of DNA methylation. Massive parallel sequencing (MPS) [47]
quantifies results after DNA pretreatment. Pretreatment may be affinity-based,
which enrichesmethylated or unmethylated sites of DNA.Alternatively, pretreatment
may be performed using methylation-sensitive restriction enzymes or bisulfite con-
version of DNA. In the latter case, the gold standard approach is whole-genome
bisulfite sequencing [48], which provides quantitative information about cytosines
throughout the genome. However, this is a very expensive assay.

MPS approaches can be divided into two different groups: (1) reduced represen-
tation bisulfite sequencing (RRBS), which uses a measuring range of generated
fragments from digestion with restriction enzymes for targeting deep sequencing at
specific loci, and (2) HELP-tagging assays using digestion with methylation-
sensitive restriction enzymes in order to generate tags at these sites, which represent
the DNA methylation level. MPS provides data that cannot be obtained by micro-
array such as single-nucleotide polymorphisms. As microarrays are designed to
recognize 5mC, in the context of CG, in some cases, levels of CHG and CHH
(where H equals A, T or C) may not be detected or might interfere with restriction
enzyme digestion. In bisulfite sequencing (BS-seq), cytosine that is not converted by
bisulfite can be both 5mC and 5-hydroxymethylcytosine (5hmC). In order to over-
come this issue, two different arrays are therefore necessary. Four different modifi-
cations including 5hmC, 5mC, 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC) are read by bisulfite as unmethylated cytosine, which could require more
specific assays [49], described in the following subsections. Although these assays
have been improved to be specific for each type of modification, considering the
huge amount of (epi)-genetic modifications underpinning different areas of the
genome, they inevitably present both advantages and disadvantages (Table 4).

2.1.4 Tet-Assisted Bisulfite Sequencing (TAB-Seq)

TAB-Seq is a novel method using bisulfite conversion and Tet proteins to study
5hmC [50]. Specifically, genomic DNA is first treated consecutively with T4 phage
β-glucosyltransferase (β-GT) and recombinant mouse Tet1 to convert 5hmC to
5gmC and 5mC to 5caC. β-GT catalyses the attachment of β-D-glucosyl residues
from uridine diphosphoglucose to the hydroxyl group of 5hmC. DNA bisulfite
treatment leaves 5hmC unchanged, while 5mC and unmethylated cytosines are
converted to uracil. This assay provides an accurate representation of 5hmC local-
ization in the genome and clearly differentiates between 5hmC and 5mC, specifically

540 C. Dell’Aversana et al.



identifying 5hmC. Further, CpG and non-CpG hydroxymethylation throughout the
genome is covered at single-base resolution. This is a very accurate method, but
large amounts of DNA starting material are required and the detection limit is
insufficient for the quantification of 5hmC with extremely low 5hmC levels. To
date, many other methods have been developed and improved such as those for the
direct identification of mC, hmC and unmodified cytosine (C) at single-base
resolution.

2.1.5 Enzyme-Assisted Identification of Genome Modification Assay
(EnIGMA)

EnIGMA is a highly efficient and reliable analytical method based on the specificity
of the enzyme DNMT1 [51]. Specifically, the enzyme methylates the cytosine of
hemi-methylated CpGs but does not methylate hemi-hydroxymethylated CpGs and
non-methylated CpGs. The technique includes genomic DNA digestion with the
appropriate restriction enzyme, followed by digested DNA end-repairing and
A-tailing. Ligation of hairpin-shaped adaptor DNA with deoxyuridine is then
followed by “USER” enzyme digestion. Alternatively, digested DNA is
dephosphorylated and directly ligated with hairpin-shaped adaptor DNA using the
cohesive end of the restriction enzyme cutting site. DNA is then treated with DNA
polymerase and DNMT1 enzyme. Finally, the method includes bisulfite treatment
and PCR. Sequencing and CpG comparison are necessary to determine whether the
cytosines in the original DNA were mC, hmC or unmodified C. The procedure can
be applied to many types of epigenetic studies including comprehensive genome-
wide analysis of hmC using massive parallel sequencers. This method is also very
useful to decipher the original sequence converted by bisulfite, eliminating the need

Table 4 Advantages and disadvantages of different ChIP-seq applications

Method Advantages Disadvantages

TAB-seq Accurate representation of 5hmC
localization

Detection limit for the quantification of
5hmC

EnIGMA To decipher the sequence converted by
bisulphite back to the original sequence

DNMT1 enzyme does not methylate
hemi-hydroxymethylated CpGs and
non-methylated CpGs

CAB-seq Detection of 5caC with single-base reso-
lution in DNA

Low protection rate of 5caC deamination

fCAB-
seq

Identification of 5fC using BS-seq Useful for base-resolution mapping

scBS-seq To avoid the loss of genomic DNA in
individual cells during DNA purification

DNA degradation after bisulfite step

scRRBS To provide genome-wide coverage of
CpGs in islands at single-base resolution
and of dense areas in CpG methylation

Biased sequence selection

snmC-
seq

Gain insights into epigenetic alterations
and regulation

Broader applications
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for re-sequencing. The technique has recently been used in studying genes involved
in mouse brain development such as Arhgap27 and Nhlrc1, which have a significant
number of hmC associated with single-nucleotide polymorphisms. EnIGMA is also
important in the study of ESC memory, since cytosine modifications control epige-
netic status across the epi-(genome) [51].

2.1.6 Chemical Modification-Assisted Bisulfite Sequencing (CAB-Seq)

CAB-Seq can detect 5caC with single-base resolution in DNA. In this technique,
5caC is selectively labelled by 1-ethyl-3(3-dimethylaminoproyl)-carbodiimide
hydrochloride (EDC) by using a xylene-based primary amine [52]. This specifically
labels 5caC but no other modified cytosine. This modified 5caC does not undergo
deamination by bisulfite as does unmodified 5caC and is therefore sequenced as a
cytosine instead of a thymine. However, this technique has a low protection rate of
5caC deamination (about 50–60%) and requires the sequencing of a non-treated
DNA control. The use of this technique involves mouse ESCs, which are character-
ized by a strongly decreased quantity of 5caC.

2.1.7 5-Formylcytosine Chemical Modification-Assisted Bisulfite
Sequencing (fCAB-Seq)

fCAB-seq [53] is a chemical method to identify 5fC using BS-seq. The technique
exploits the reaction of hydroxylamine with 5fC but is limited by the fact that it is
only useful for base-resolution mapping. In fCAB-seq, 5fC is protected by bisulfite-
mediated deamination by treatment with O-ethylhydroxylamine. Hydroxylamine-
protected 5fC is therefore read as a cytosine instead of a thymine, as in BS-seq. By
comparing data from BS-seq and fCAB-seq, the locations of 5fC from unmodified
cytosine and 5CaC can be differentiated. RRBS for 5fC is based on the chemical
selective reduction of 5fC and subsequent bisulfite conversion. After bisulfite treat-
ment, 5fC is deformylated and subsequently deaminated in uracil, so that it is read as
a thymine and identified as an unmodified cytosine in BS-seq. This method has also
been used in a mouse ESC model in which genomic distribution and the DNA
glycosylase TDG strongly depend on 5fC regulation. 5fC profiling is further asso-
ciated with 5mC/5hmC oxidation at different gene regulatory elements. In addition,
5fC accumulation correlates with p300 binding at poised enhancers, thus regulating
important epigenetic mechanisms [53].

2.1.8 Single-Cell Bisulfite Sequencing (scBS-Seq)

This genome-wide DNA methylation sequencing method can also be reproduced in
single cells by integrating some of the steps in the standard RRBS protocol in order
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to avoid the loss of genomic DNA in individual cells during DNA purification
[54]. This method is useful for the epigenetic study of heterogeneous and/or rare
cell populations. The approach has been applied in mouse ESCs used as a model of
study due to their versatility, allowing identification of epigenetic and cellular
biological heterogeneity [55]. The disadvantage of this procedure is that DNA
may undergo degradation after the bisulfite step. This method has been improved
in combination with single-cell genome and transcriptome sequencing in order to
explore novel correlations between epigenetic modifications and gene expression in
embryonic stem cells. The protocol has been modified with particular regard to
amplification steps. Further, this method was used to study methylated DNA het-
erogeneity in a cell population in order to understand the role of this epi-mark in a
well-defined developmental process of disease compared to normal conditions [56].

2.1.9 Single-Cell Reduced Representation Bisulfite Sequencing
(scRRBS)

In the scRRBS method, genomic DNA is previously digested with one or multiple
restriction enzymes (e.g. MspI) that identify common sites on CpG islands (CCGG
sites) to produce sequence-specific fragmentation [54]. The fragmented genomic
DNA is then treated with bisulfite and sequenced. This approach has the advantage
of providing genome-wide coverage of CpGs in islands at single-base resolution as
well as coverage of dense areas in CpG methylation. The disadvantage of conven-
tional RRBS is biased sequence selection due to the fact that restriction enzymes cut
at specific sites. In addition, the assay measures 10–15% of all CpGs in the genome
and is not able to discriminate between 5mC and 5hmC. Differences from the
standard method include the biotinylated 50 end of universal adapters and 30 end of
index adapters and the introduction of rescue steps. In this way, it is possible to
increase DNA sequences by PCR.

2.1.10 Single-Nucleus Methylcytosine Sequencing (snmC-Seq)

snmC-seq is a high-throughput method based on a whole-genome bisulfite sequenc-
ing approach to identify differentially methylated regions across thousands of cells
in order to elucidate cellular diversity of complex tissues [57]. This high-throughput
single-cell sequencing technique can be useful to gain insights into epigenetic
alterations and regulation. The method has been applied in human and mouse frontal
cortex neurons to identify specific neuronal clusters through the use of specific
neuronal markers followed by correlation analyses [57]. Each cluster revealed
differentially methylated regions characterized by low mCG in defined neuronal
populations. Technical application on single neuron epigenomic profile therefore
identified distinct mC regions containing crucial information for specific marker
regions and regulatory elements both in human and mouse.
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2.1.11 Single-Cell Genome-Wide Methylome and Transcriptome
Sequencing (scM&T-Seq)

scM&T-seq is a recently developed method for the study of parallel single-cell
genome-wide methylome and transcriptome sequencing, which provides informa-
tion on transcriptional and epigenetic heterogeneity [58]. scM&T-seq uses Smart-
seq2 and scBS-Seq to determine DNA methylation patterns. This approach is useful
because there is no need to mask coding sequences during analysis since DNA and
RNA are independently amplified. However, the technique has two main drawbacks:
(1) it is impossible to distinguish between 5mC and 5hmC and (2) Smart-seq2 is not
strand-specific and is applicable to only poly(A)-RNA. This technique provides a
very important approach to the analysis of cellular plasticity and heterogeneity.
Applications involve the use of mouse ESCs characterized by a strong heterogeneity
state and variability. Using scM&T-seq it was possible to study these conditions at
single-cell level by NANOG-low and REX1-low cells in sorted populations.
NANOG and REX1 are in fact transcriptional factors involved in ESC differentia-
tion, pluripotency and renewal [58], and this type of approach is of crucial impor-
tance to detect methylated distal regulatory elements associated with transcription of
these key pluripotency genes.

2.1.12 Three-Dimensional (3D) Chromatin Methods

The architecture of chromatin is characterized by various levels of complexity that
define the fate of specific genes in terms of regulation and expression, as well as
regulatory regions. Thus, understanding the association of chromatin with specific
proteins such as histones through 3D interactions is highly desirable. Many cutting-
edge techniques have been developed to decipher specific genome areas as a “photo
shot”. These technologies involve chromosome conformation capture (3C) and
3C-based methods which decode the 3D organization of the genome and its struc-
tural conformation at specific loci. The 3C and 3C-derivative methods [59] offer the
advantage of studying the genome from specific areas up to its entirety both in terms
of complexity and function. The steps of these methods include those already used in
standard ChIP assays, but unlike ChIP, they are able to identify ligation junctions
between genomic loci. The protocol involves chemical cross-linking with formal-
dehyde and subsequent chromatin purification. Subsequently, specific restriction
enzymes are used that are able to recognize interactions in DNA. Once chromatin
fragments are released, they are further ligated and cross-linking is reversed. The
final step is real-time PCR analysis, which recognizes the ligase product from the
previously isolated DNA, providing a quantitative response of the interaction fre-
quency between two ligated DNA regions. One of the techniques deriving from 3C
is 4C, which allows the detection of an unknown region of DNA that interacts with a
specific locus of interest. Unlike the 3C method, 4C uses a second restriction
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enzyme, which recognizes a different sequence from the first in order to recirculate
the DNA of interest linked to its interacting DNA. 4C technology is an advanced
3C-based approach, as it combines 3C with NGS technology. A further variant of 3C
is 5C technology, which has the added benefit of studying millions of interactions in
genomic areas by using universal primers in one single assay. 3C-based technologies
include Chromatin Interaction Analysis by Paired-End Tag Sequencing (ChIA-
PET), which combines the 3C method with ChIP and examines genomic sites
associated with specific transcription factors, which can be proximal and distal
[60]. In ChIA-PET, a specific antibody is used together with sonicated chromatin
and the protein of interest, and only this immunoprecipitated material linked to the
protein of interest is used to construct the ChIA-PET. Then, biotinylated oligonu-
cleotides are used to ligate DNA proximal fragments, which are subsequently ligated
on beads. Finally, DNA is digested by a specific restriction enzyme which cuts to
release a tag-linker-tag region. After pull-down of biotinylated linkers by specific
beads, DNA tags are amplified. Hi-ChIP is an advanced Chia-PET method [61]
which provides a more accurate interpretation of information on genome conforma-
tion. In Hi-ChIP, DNA interactions are firstly established in situ in the nucleus before
lysis procedure. In this way it is possible to avoid false-positive interactions.

3 Epigenetic Regulatory Role of miRNA: New Analytical
Tools and Technologies

miRNAs are small non-coding RNAs whose role as actors and targets in epige-
netic machinery is well established. They are efficient regulators of heterogeneous
physiological and pathological functions, as is well described in almost every
cancer model. The clinical potential of miRNA lies in their fundamental tumour-
suppressive and oncogenic functions and in their ability to modulate the efficacy of
cancer treatments, such as chemotherapy and radiotherapy. miRNAs have proven
to be efficient clinical diagnostic and prognostic markers in several human diseases
including cancer, as well as therapeutic targets of biological and chemical mole-
cules. Studies on selective miRNA modulation through antisense inhibition,
mature miRNA replacement, chemical modification for better delivery or chemical
compounds could have a significant impact on the successful translation of
miRNA-based or miRNA-targeted therapeutics from bench to bedside. In recent
years, different experimental and computational approaches using methodologies
associated with miRNA detection and bioanalysis have therefore experienced rapid
growth. This section provides an overview of miRNA research methods and
technologies, mainly focusing on the latest and most advanced miRNA analysis
strategies.
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3.1 miRNA Quantification Techniques

qPCR, microarray and NGS are the most commonly used methods for miRNA
quantification and profiling. They provide sensitivity and reproducibility and have
become more cost-effective and easier to perform as a result of improved strategies
and an increase in their global application.

3.1.1 qPCR

qPCR is currently the gold standard for miRNA quantification. Basically, miRNAs
are amplified with reverse transcription (RT)-PCR to generate cDNA, and the
miRNA of interest is then amplified and quantitatively measured in real time using
fluorescent probes. SYBR Green and TaqMan (ThermoFisher Scientific) are two
widely used systems. Although TaqMan technology offers greater miRNA detection
sensitivity and specificity, qPCR procedures should avoid primer dimers and increase
the sensitivity of detection threshold. Stem-loop RT [62, 63] and locked nucleic acid
(LNA) primers [64] were developed to overcome these limits. Stem-loop RT-PCR is
a new real-time RT-PCR for miRNA quantification. It includes two steps: RT and
real-time PCR. First, stem-loop RT primers bind to the 30 portion of miRNAs and are
reverse transcribed by reverse transcriptase. cDNA is then quantified using conven-
tional TaqMan PCR, which includes miRNA-specific forward primer, reverse primer
and dye-labelled TaqMan probes (Fig. 6a). In this way, miRNA quantification shows

Fig. 6 Schematic representation of real-time RT-PCR for miRNA quantification by stem-loop RT
(a) and LNA primers (b)
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very high specificity, without false positives, and is sensitive for low amounts of these
short RNA targets (such as 10 pg of total RNA). In the LNA assay, the RT-PCR
reaction is performed with LNA primers. LNA is a modified RNA nucleotide in
which the ribose ring is “locked” in the ideal conformation forWatson-Crick binding.
LNA-enhanced oligonucleotides improve sensitivity and specificity of RT-PC,
increasing the affinity for its DNA or RNA complementary oligos, mainly for small
or highly similar targets. Thermal stability considerably enhances the Tm of the
duplex, which increases by 2–8�C. In addition, LNA primers are efficient at discrim-
inating single-nucleotide mismatches. In LNA RT-PCR, miRNAs are reverse tran-
scribed from total RNA using miRNA-specific RT primers; reverse-transcribed
miRNAs are then amplified using an LNA-enhanced PCR primer together with a
universal PCR primer (Fig. 6b).

LNA oligos are also used in hybridization-based technologies including qRT-PCR
platforms (e.g. Qiagen), microarray and in situ hybridization (ISH). For quantifica-
tion of circulating miRNAs, new technologies such as droplet digital PCR (ddPCR),
Ligo-miR and Two-tailed RT-qPCR have recently been introduced to overcome
miRNA normalization in biofluids and to detect even single copies with high repeat-
ability. The ddPCR method determines absolute miRNA expression and is based on
partitioning of the sample into thousands of discrete, volumetrically defined, water-
oil emulsion droplets. PCR amplification of the template molecules occurs in each
individual droplet using reagents and workflows similar to those used for most
standard TaqMan probe-based assays. Following PCR, each droplet is analysed by
estimation of the number of molecules in the reaction under the assumption of a
Poisson distribution. Results are expressed as target copies per microlitre of reaction
[65, 66]. The high cost and complexity of ddPCR make it difficult to screen large
numbers of samples across large panels of miRNA. Ligo-miR is a multiple assay
technology to rapidly measure absolute miRNA copy numbers from a wide range of
biological sources. Ligo-miR assay comprises two sequential ligation steps: capture
and coding (Fig. 7). Firstly, a DNA universal adapter is ligated to the 30 end of all
miRNA molecules. Then in the coding ligation up to 26 miRNA-specific discrimi-
nation probes and an Alexa647-labelled common probe are hybridized to the miRNA
templates to form a single-stranded DNA product. Thermal cycling is used to perform
a 50X linear amplification by repeatedly generating Ligo-miR products from each
miRNA template. The products can be identified and quantified using common DNA
sizing methods such as electrophoresis (denaturing PAGE). Each band is a specific
miRNA product where band intensity is proportional to quantity. Absolute copy
numbers can be determined using the included spike-in controls and running refer-
ence samples. The sensitivity of Ligo-miR is as low as 20 copies per cell at 75 ng input
levels [67]. Two-tailed RT-qPCR is a very recent system for the quantification of
miRNAs (Fig. 8). In the RT step, two specific primers about 50 nucleotides long and
complementary to the miRNA target are used, while the cDNA is amplified by qPCR
using two target-specific primers and SYBR Green chemistry [68].
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3.1.2 Microarray

Genome-wide analysis of miRNA expression can be performed by microarray.
Microarray technology is a robust high-throughput method used to analyse simulta-
neously the expression of thousands of small non-coding RNAs, including miRNAs.
Currently, a wide range of commercial platforms based on different technologies are
available for global miRNA expression profiling, such as oligonucleotide microar-
ray, LNA arrays (Exiqon), bead-based technology (Illumina) and microfluidic sys-
tems (Agilent, LC Biosciences). All these platforms have designed probes specific
for mature miRNA sequences. The main differences are in the hybridization phase,

Fig. 7 Schematic representation of miRNA quantification by Ligo-miR

548 C. Dell’Aversana et al.



washing procedures and fluorescent dyes. The usefulness of these techniques in the
clinic is limited owing to their high cost and poor reproducibility [69].

3.1.3 Next-Generation Sequencing

NGS, or second-generation sequencing, is characterized by high throughput and low
cost. Currently, the most widely used sequencing systems for NGS are 454 (Roche),
Ion Torrent sequencing platform (Life Technologies, Invitrogen), Illumina Genome
Analyzer (Illumina) and SOLiD (Life Technologies Corporation). The basics of
miRNA NGS are the same as in DNA or RNA sequencing. The NGS procedure for
miRNA sequencing is divided into four phases: library preparation, sequencing, data
analysis and biological interpretation. However, the various systems differ in some
aspects of library preparation, such as enrichment by gel electrophoresis and choice
of adapters/primers, and in data analysis. Sets of tools are available for the analysis
of miRNA expression profiles, including CAP-miRSeq [70], mirTools 2.0 [71],
sRNAtoolbox [72] and miARma-Seq [73]. In miRNA profiling, NGS technologies
present additional advantages compared to microarray technologies, such as:

• High resolution: identification of single-base variants in the miRNA sequence.
• High throughout: de novo miRNA can be discovered.

Fig. 8 Schematic representation of miRNA quantification by Two-tailed RT-qPCR
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• High accuracy: high-depth sequencing guarantees that every base is sequenced
many times.

The development of high-throughput NGS methods to study miRNA expression
profiles has exponentially increased the amount of data generated in the field of
miRNA, bringing interesting applications in diagnostic and therapeutic approaches.
Characterization of the entire miRNA spectrum by NGS provides an effective
method to analyse limited sources, such as tumour biopsies from sites of difficult
access, poor quality samples or circulating/exosomal miRNA from biological fluids
[74–77].

3.1.4 Isothermal Exponential Amplification Reaction (EXPAR)
and Advancements

EXPAR is an interesting miRNA analysis method based on isothermal amplification
with high efficiency (106–109-fold). Galas and co-workers developed the EXPAR
method using a combination of polymerase strand extension and single-strand
nicking [78].

The basic reaction involves two steps: miRNAs hybridize with target primes and
extend along the template in the presence of polymerase, and the nicking enzyme
distinguishes the recognition site of double strands to cut off and generate a short
DNA trigger. In the amplification phase, DNA polymerase extends the sequence to
include a nicking enzyme recognition site. A nicking enzyme can then cut one of the
double strands of DNA previously synthetized by DNA polymerase, which produces
additional trigger sequences. This step is repeated several times usually using SYBR
Green as the label. To date, different strategies have been proposed to improve
EXPAR performance. Recently, an advanced miRNA assay based on the two-stage
EXPAR and a single-quantum-dot (QD)-based nanosensor was developed. Impor-
tantly, EXPAR products were specifically hybridized with capture and reporter
probes to form sandwich hybrids. These sandwich hybrids are collected on the
surface of 605 nm emission QDs (605QDs), binding to reporter oligonucleotide/
Cy5. Expression of the miRNA of interest can be analysed by Cy5 signals at
excitation wavelength of 488 nm [79]. Another study proposed hairpin probes
which are unfolded through catalysed hairpin assembly with the universal triggers
as the primers [80]. Following a different approach, EXPAR was combined with
high-resolution capillary electrophoresis single-strand conformation polymorphism
(CE-SSCP) analysis. This modified EXPAR method involves the generation of
signal barcodes labelled with a fluorescent dye to simultaneously analyse the
amplified products via CE-SSCP. GeneMapper v4.1 (Applied Biosystems) is the
leading software used to analyse the peak of interest obtained by electrophoretic
mobility [81].
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3.1.5 In Situ Hybridization (ISH)

ISH is the only method able to provide insight into both miRNA level and localiza-
tion in single cells. ISH can be divided into chromogenic enzyme-based in situ
hybridization and fluorescent in situ hybridization (FISH). miRNA ISH is techni-
cally difficult due to miRNA features such as small size, sequence similarity and low
expression levels. The standard ISH protocol has been variously modified to
improve miRNA detection in several cell lines and tissues (Table 5). The first step
is cell fixation and permeabilization. The former preserves the number and locali-
zation of small RNA molecules, while the latter improves cell and tissue diffusion of
the probes. Permeabilization should not be strong as it can cause RNA loss. The
second step is hybridization, with optimal hybridization temperatures depending on
the probe. Probe design is a key step in ISH. There are linear probes directly labelled
with fluorophore or ligand and probes that enable sequence amplification. Several
modifications have been proposed to enhance their binding affinity to target
sequences. The third step in the ISH protocol is the washing step, used to preserve
the probe-target complex and eliminate off-target binding. Finally, signal detection
is a critical step to detect miRNA subcellular distribution. Non-radioactive haptens,
combined with probes, are commonly used and are detected by histochemical
enzymatic reactions with enzyme-conjugated anti-hapten antibodies. Different con-
trols (such as scrambled probes, and positive and negative controls) need to be
used to guarantee specificity, adequate experimental conditions and good RNA
quality [82].

3.2 Experimental miRNA Target Identification

To date, the majority of miRNA target identification approaches have been based on
several experimental technologies, normally combined with overexpression/inhibition
of the miRNA and followed by downstream gene expression or proteomic analysis
[83]. Generally, miRNA overexpression can involve the transient transfection of a

Table 5 Steps and materials required for miRNA detection by ISH

Phase Standard Alternative options

Fixation and
permeabilization

Ethanol; methanol;
paraformaldehyde

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC); no proteinase K

Hybridization DNA; RNA-probes;
formaldehyde buffer

Urea-based buffer. Probes: LNA/DNA; 20OmeRNA;
LNA/20OmeRNA; morpholino; 20F-RNA/DNA;
padlock; circular; seal; Ultramar

Washing Formamide; saline-
sodium citrate (SSC)

Tetramethylammonium chloride
(TMAC) + RNase A

Sequence
amplification

Rolling circle amplification (RCA); oligo-
fluorescence in situ hybridization (O-FISH); RT in
situ PCR
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specificmiRNAmimic or the stable introduction of amiRNA expression construct by a
lentiviral vector. Conversely, miRNA inhibition can be achieved by chemically mod-
ified RNA analogues, such as anti-miRs [84], antagomiRs [85] and miRNA sponges
[86], able to bind and block mature miRNAs. Reporter assay is used to validate
individual miRNA:mRNA interactions, measuring the activity or expression of
reporter protein [87]. Various computational and pull-down methods have been devel-
oped to improve the identification of the direct association of miRNA-target hybrids,
including RNA immunoprecipitation of ectopically expressed components of the
RNA-induced silencing complex or the affinity purification of synthetic miRNAs of
interest, although the physiological significance of most identified miRNA-target
associations is not still well understood [88]. Interestingly, newly developed techniques
such as CLIP [89] and photoactivatable ribonucleoside-enhanced cross-linking and
immunoprecipitation (PAR-CLIP) [90, 91] investigate the indirect relationships
between miRNAs and their targets, combining the stabilization of protein-RNA com-
plexes by ultraviolet (UV)-induced cross-linking with HTS (Fig. 9). Specifically, the
CLIP method is able to define interaction sites by isolating and sequencing of small
RNA segments cross-linked to RNA binding proteins (RBPs) [92]. However, this
approach has some limitations, such as low RNA-protein cross-linking efficiency by
exposure to 254 nm UV light and high background noise, requiring several control
cross-linking experiments to correctly detect the isolated RNA fragment. Some of these
problems were addressed by PAR-CLIP [90]. The protocol includes the incubation of
cells with medium enriched with a photoactivatable nucleoside, such as 4-thiouridine
and 6-thioguanosine, improving UV cross-linking [93, 94]. Irradiation of the cells by
UV light of 365 nm,which is less harmful than 254 nm for in vivo experiments, triggers
the cross-linking of photoreactive nucleoside-labelled cellular RNAs to interacting
RBPs. Thus, PAR-CLIP is able to enhance RNA recovery and specificity of cross-
linking, achieving single-nucleotide resolution of the binding site [95]. These
approaches provide a large amount of molecular information on miRNA targets
identified in RBP complexes, but the detailed protocol is time-consuming and costly
and requires very specialized data analysis tools. In addition, the identification of
miRNAs regulating specific mRNAs remains limited due to the imperfect complemen-
tarity of miRNA:mRNA transcripts. Interestingly, miRNA Trapping by RNA in vitro
affinity purification (miR-TRAP) attempts to overcome this limitation, providing an
evolved in vitro RNA affinity purification protocol for the rapid capture of the complex
containing the trapped miRNA/target mRNA pair in the specific cellular context of
choice [96]. The advanced miR-TRAP protocol includes photoactivatable ribonucleo-
sides on transfected miRNA to allow only for complexes containing specific miRNAs
and higher wavelength cross-linking, which is preferable for in vivo studies [96]. Spe-
cifically, themiRNA is conjugated to psoralen to produce a highly photoreactive probe.
When the cells are exposed to UVA light, the Pso moiety of the miRNA reacts with
uridine on target mRNAs. Pso-modified miRNA mimics act similarly to endogenous
miRNAs, eliminating the use of antibodies, which can create non-specific background
signals and complicate data interpretation. The cross-linking between the tagged
miRNAs and target mRNAs is then stringently purified by streptavidin-coated beads,
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minimizing the recovery of non-specific targets [96]. The pull-down method signifi-
cantly enhances the enrichment of a specific target sequence for analysis via qRT-PCR.
Most notably, miR-TRAP could be combined with HTS, providing the rapid identifi-
cation of canonical but more importantly also of non-canonical and thus unpredictable
regulatorymiRNAs:mRNAnetworks in a cellular context [97]. This enhanced capacity
has exceptional potential to discover novel mRNA targets for a miRNA of interest,
including those that are transient or in low abundance. Accordingly, miR-TRAP is
advantageous for the rapid identification of miRNAs at low false-positive and presum-
ably low false-negative rates. Moreover, this approach is feasible and independent of
genetic manipulations, allowing the analysis of several primary samples. Finally,
miR-TRAP is a powerful, rapid, cost-effective and easy-to-handle tool that promotes
the study of miRNA-dependent regulation in different diseases.

Fig. 9 Schematic representation of CLIP and PAR-CLIP procedures
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4 Conclusions

The potential reversibility of epigenetic modifications is a stimulating prospect for
the development and improvement of technologies and methods to enable their
characterization and, above all, to test the ability of new drugs to revert their
pathological alterations, primarily in cancer. This chapter provides an overview of
the current status of epigenetic assays based on epigenetic enzymatic activity and
binding, genome-wide modifications and miRNAs and discusses the advantages,
disadvantages and practical applications of each technique.

The growing amount of achievable information provided by innovative epige-
netic approaches has prompted the parallel growth of so-called “computational
epigenetics”. A considerable number of computational approaches and tools are
used in epigenetic studies for (1) epigenetic data repositories (e.g. International
Human Epigenome Consortium Data Portal, Epigenome Atlas, Chromatin:
4DGenome, NIH Roadmap Epigenomics, miRbase, UCSC MethBase) and (2) sta-
tistical data analysis, prediction and visualization (e.g. Bioconductor (R) packages,
epiGbs, MethPipe, MOABS, DaVIE, miRSystem) and data annotation, visualization
and integration (e.g. DAVID, STRING, oPOSSUM, GeneMANIA, IPA).

Despite the plethora of accurate experimental and computational approaches,
more efficient assays, bioinformatics methods and tools are still required to evaluate
the complexity of epigenetic mechanisms and the sophisticated interaction networks
governing gene expression in physiological and pathological conditions. Translating
epigenetics into the clinic is undoubtedly a fundamental research perspective and the
future direction of personalized medicine.
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