University of Groningen

Deacetylase inhibitors & Histone inheritance
Zwinderman, Martijn R. H.
DOI:
10.33612/diss.167867692
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zwinderman, M. R. H. (2021). Deacetylase inhibitors & Histone inheritance. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.167867692

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 09-01-2023

Chapter 3
Based on:
Martijn R. H. Zwinderman, Sander de Weerd, Frank J. Dekker.
Targeting HDAC complexes in asthma and COPD.
Epigenomes (2019).

58

Targeting HDAC complexes in asthma and COPD

T

he clear beneficial effects of selective HDACi in the described
models of asthma and COPD advocate the further development of
selective inhibitors. Therefore, an overview of ongoing medicinal

chemistry efforts in this area is provided in this chapter. HDAC inhibitors
generally utilize a pharmacophore that consists of three main elements: 1) a
‘zinc binding group’ (ZBG) that engages the metal ion in the active site of
HDACs, 2) a hydrophobic ‘linker’ moiety that mimics the lysine side chain of
natural substrates and 3) a ‘capping group’ that interacts with the rim of the
entrance to the active site [1]. The largest group of HDACi, including three of
the four FDA-aproved drugs, contain a hydroxamic acid as a bidentate zinc
chelator. The hydroxamic acid moiety can target HDACs from various classes,
but has also been used to engineer the HDAC6 selective inhibitor Tubastatin
A and the HDAC8 selective inhibitor PCI-34051. The selectivity difference
between these hydroxamic acid HDACi is poorly understood but is under
active investigation [2]. Additionally, compounds with an o-aminoanilide
ZBG have been developed and these mainly target HDAC1, 2 and 3. The
reason for this specificity between the ZBGs is that HDAC1, 2 and 3 have an
additional 14 Å-wide cavity in the active site, called the foot pocket [3].
HDAC8 and the other HDACs lack a foot pocket, thus conferring insensitivity
towards these bigger ZBGs. The foot pocket is thought to accommodate the
acetate byproduct that is generated during the hydrolysis of the acetyl group.
Furthermore, the foot pocket is hypothesized to connect to an acetate release
tunnel, who’s exit is controlled by gate-keeping aromatic amino acids that
only transiently open to allow acetate to escape [4]. It is therefore attractive to
consider HDACs as dynamic scissors, efficiently cutting acetyl groups off
lysine residues. More importantly, the acetate cavity has enabled the design of
selective inhibitors targeting either HDAC1 and HDAC2 or HDAC3 through
the modification of the o-aminoanilide ZBG.
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Structure-activity relationship of reported o-aminoanilides
Crystal structures of an o-aminoanilide in complex with an HDAC show that
the amino and anilide groups together chelate the zinc ion through an unusual
seven-membered ring (Figure 1, middle). Introducing a group on the amine,
or modifying the anilide accordingly leads to a loss of potency [5, 6]. However,
exchanging the amino group for a hydroxyl does not make a difference [5, 7],
indicating that both are able to interact with the zinc ion. Figure 1 shows the
effects of substitutions on the anilide ring on the HDAC isoenzyme inhibitory
selectivity. Substitutions at position 2, ortho to the amine, or position 3, meta
to the amine, give rise to interesting selectivity profiles. Compounds bearing a
fluorine atom in position 3 show an outstanding selectivity for HDAC3
inhibition, like compound 1 and 2 [8]. Replacing fluorine with a chlorine leads
to a decrease in potency similar to replacement with the electron-donating
methyl and methoxy groups [5, 9]. Collectively, strong but small electronwithdrawing groups in position 3 will lead to potent and selective inhibition of
HDAC3, while either larger or electron-donating groups will decrease it.
Contrarily, compounds with a fluorine atom or methyl group in position 2
completely lose their ability to inhibit HDACs [5, 10]. The same is true for
modifications in position 5, meta to the amine, but on the side of the anilide; a
fluorine in that position leads to a significant loss in potency [10]. Substituents
in position 2 or 5 probably sterically hinder the amino and anilide groups,
thereby preventing proper coordination towards the zinc ion.
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Figure 1. Structure-activity relationship of reported o-aminoanilides. In brief,
fluor atoms in position 3 or 4 give rise to HDAC3 selective inhibitors (compound 14, orange circles) and aromatic groups in position 4 (compounds 6-12, purple
circles) push selectivity towards HDAC1 and 2. The unsubstituted o-aminoanilide
(compound 5, white circle) inhibits HDAC1,2 and 3 with equal potency.
Compounds with substitutions at either 2 or 5 (not shown) are unable to inhibit
HDACs at relevant concentrations.

Concerning position 4, para to the amine, compound 3 with a fluorine atom
in that position is also reported to selectively inhibit HDAC3, with a
respective 15 and 19-fold higher concentration needed for the inhibition of
HDAC1 and 2 [10]. An even better selectivity profile is obtained by
combining a fluorine in position 2 with one in position 4, as illustrated in
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compound 4 [10]. In comparison, the unsubstituted analogue (compound 5)
has IC50 values of 2.4 μM, 3.3 μM, and 2.8 μM for HDAC1, 2 and 3,
respectively [7]. Interestingly, aromatic substituents in position 4 lead to
selective inhibition of HDAC1 and HDAC2 over HDAC3 [7, 11, 12]. For
example, compound 6, in which a phenyl ring is introduced in position 4, has
corresponding IC50 values of 0.06 μM, 0.78 μM and 11 μM. Other
investigations confirmed that aromatic groups in the 4 position, such as 2thienyl (compound 7) [7], 2-furyl (compound 8) [11], 3-furyl (compound 9)
[11] and 4-pyrimidinyl (compound 10) [6], result in preferential binding to
HDAC1 and 2. Insertion of an oxygen-, carbonyl-, or ethyl-linker between the
aromatic substituents and the o-aminoanilide ring leads to a decrease in
potency (not shown in Figure 1) [7]. Some experiments were conducted with
o-aminoanilide derivatives with a carboxylic acid or a carboxamido group in
the 4 position, but this reduced their ability to inhibit HDAC1 [7]. Potential
inhibition of other HDACs was in this case unfortunately not investigated.
Other changes in position 4 are based on the further modification of the
aromatic rings in position 4. Most of these substituents (e.g. 4-chlorophenyl,
4-trifluoromethylphenyl) did not improve selectivity. Compound 11, however,
having a 4-fluorophenyl in position 4, is promisingly potent with an IC50 of
0.029 μM for HDAC1. A 2-fold higher concentration is needed for inhibition
of HDAC2 and a 38-fold higher concentration for HDAC3 inhibition [6].
Interestingly, 3-fluorophenyl substituents (compound 12) decrease potency,
with a 333-fold increase in the IC50 for HDAC1, 198-fold for HDAC2, and
even no inhibition of HDAC3 at the measured concentrations [6]. From the
findings above it becomes clear that small differences in the substitution
pattern of o-aminoanilides result in substantial differences in potency and
selectivity. In conclusion, a fluorine in position 3 confers selectivity towards
HDAC3, while aromatic substitutions in position 4 only fit in the foot pocket
of HDAC1 and HDAC2 and thereby confer selectivity towards HDAC1 and
HDAC2. Selectivity between HDAC1 and HDAC2 has so far not been
described for o-aminoanilide HDACi.
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Targeting HDAC Complexes in Asthma and COPD
The next step in the design of selective HDACi would be to go from structureactivity relationships on single enzymes to structure-activity relationships on
HDACs as part of a broad set of multi-protein complexes with diverse
functions. HDAC1 and 2 form the catalytic core of the complexes Sin3
(switch-independent 3), NuRD (nucleosome remodeling and deacetylase),
CoREST (co-repressor of REST), MIER (mesoderm induction early response),
RERE (arginine-glutamic acid dipeptide repeats), and MiDAC (mitotic
deacetylase). The structures of HDAC1 and HDAC2 are very similar and as
such, are recruited interchangeably towards the same complexes [13].
Additionally, HDAC1 and HDAC2 can form hetero- and homodimers and
dimerization enhances their activity [14]. HDAC3 gets recruited exclusively
towards the SMRT/NCoR (nuclear receptor co-repressor) complex.
Furthermore, HDAC8 does not form a complex with other proteins [15].
Complex formation of HDAC1, 2 and 3 is needed for maximum deacetylase
activity and provides directionality towards specific places of the genome.
Additionally, HDAC complex formation influences the binding preference of
HDACi. In the case of o-aminoanilide HDACi, one study showed that these
inhibitors preferentially bind to the HDAC3/NCoR complex rather than the
NuRD, CoREST or MiDAC HDAC complexes [16]. The Sin3/HDAC1 and/or
HDAC2 complex was shown not be targeted by these HDACi at all, which is
largely due to thermodynamic rather than kinetic reasons [17]. This
interesting finding prompts us to review HDAC protein complexes important
in inflammation, because this is relevant for the development of inhibitors.
Also, novel examples will be given regarding drugs developed to specifically
target these complexes [18].
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The Sin3 complex
Structure of Sin3
Sin3 acts as a scaffold protein for HDAC1 and HDAC2 and other proteins
that guide HDACs to their target [19]. Humans harbor two isoforms of Sin3:
Sin3A and Sin3B that are expressed ubiquitously throughout the body. The
scaffolds are considered to be master gene regulators that are highly conserved
throughout the phylogenetic tree of life. They show about 57% structural
homology and are found to bind both the same and divergent transcription
altering proteins [19, 20]. Elucidating the complete structural properties and
targets of the Sin3 protein complex is currently a topic of active research [21].
Roles of Sin3
Classically, Sin3 is the prototypical DNA repressor complex since it directs
HDACs towards the chromatin, specifically towards histones H3 and H4.
Their subsequent deacetylation increases the interaction of the chromatin
with the histones and yields Sin3 mediated gene repression. However, in Sin3
knockout studies in fruit flies, yeasts and mice, both transcriptional up- and
down regulation have been observed [22–25]. As a consequence, the Sin3
complex has been defined as a co-repressor, co-activator and general
transcription factor in recent literature [26]. How Sin3 increases gene
transcription is currently unknown. It is anticipated to be important in
regulation of crucial cellular functions. As an example, a study performed in
fruit flies showed that Sin3 deficient cells have a delayed G2 phase. These cells
also exhibit increased expression of genes related to energy metabolism and
displayed increased mitochondrial mass [24]. Additionally, Sin3 is important
in repressing cell division [27]. This is exemplified by studies linking Sin3
deficiency to an increase in cell invasion and tumorigenesis [28]. More
examples of the effects on cellular proliferation, apoptosis, differentiation and
cell cycle regulation are reviewed elsewhere [21, 25]. Taken together, these
studies suggest that the Sin3 complex is important in the regulation of genes
important in cell maturation.
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Examples of Sin3 targeting
Targeting the Sin3 complex or subsets of the Sin3 complex in cancer might be
beneficial because of its importance in cellular development [29]. Indeed,
inhibition of Sin3 complex formation in breast cancer models shows potential
[30]. The researchers used the antiparasitic drug ivermectin (Figure 2A),
which blocks the formation of Sin3 by occupying a protein-protein binding
site [30]. Mutations were made in proteins of the Sin3 complex to identify
important residues for protein-protein interaction. They showed that
preventing protein-protein binding with ivermectin is indeed a way to impair
complex formation. Additionally, the efficacy of ivermectin for the treatment
of asthma has been tested in a mouse model. Ivermectin significantly
diminished the production of the cytokines IL-4, IL-5 and IL-13 and reduced
the recruitment of neutrophils and eosinophils [31]. However, ivermectin has
many different modes of action, including through interaction with ligandgated channels [32], and it is therefore unclear to what extent disruption of
the Sin3 complex contributes to the observed anti-inflammatory effects.
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Figure 2. Structures of histone deacetylase complex inhibitors. (A) Structure of
ivermectin, a macrocyclic lactone derived from Streptomyces avermitillis used to
treat parasitic infection in human and veterinary medicine. Ivermectin is also
shown to selectively inhibit Sin3 complex formation. (B) Structure of reversetrol, a
dietary supplement shown to decrease MTA1 expression. (C) Structure of Rodin-A,
an example of an HDACi with relative selectivity for inhibition of CoREST. (D)
Structure of corin, a bivalent HDAC1, 2 and 3 and LSD1 inhibitor directed against
the CoREST complex.
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The NuRD complex
Structure of the NuRD complex
The core of the NuRD complex consists of a dimer of the histone binding
proteins MTA1/2/3, four copies of RBBP4/7 and two copies of either HDAC1
or HDAC2 or a mix of HDAC1 and HDAC2. Additionally, two copies of the
methyl binding domain proteins MBD2/3 can join in to mediate the
association with MTA1/2/3 and modify deacetylase activity [33]. The nuclear
zinc-finger transcriptional repressor p66-α (GATAD2A) and p66-ß
(GATAD2B) also directly interact with MBD proteins [34]. Finally, Mi-2α/ß,
also known as CHD3/4, which is a chromodomain-helicase-DNA-binding
protein that uses ATP to modify the chromatin structure is also able to bind to
the complex [35]. Recruitment of the two copies of HDAC1 and/or 2 towards
the complex is mediated by the dimeric ELM2-SANT domain of MTA1/2/3,
accompanied by the four equivalents of RBBP4/7 towards the C terminus of
MTA1/2/3 [18, 36–38].
Roles of NuRD
Overall, NuRD is regarded as an important mediator during the
developmental stages of life, playing important roles in cell cycle progression,
DNA repair and chromatin remodeling [39]. Hence, targeting this complex
could be beneficial in regenerative medicine or cancer. For example, it has
been shown that Mi2-ß has intrinsic activities on its own, as it associates with
a CD4 gene transcription enhancer and the HAT p300 to increase CD4 gene
expression needed in T-cell development [40]. Additionally, different
MTA1/2/3 subtypes are found in distinct complexes where they have different
functions [41]. For example MTA1, which is upregulated in a variety of
tumors [42], is also shown to be a regulator of inflammatory homeostasis [43].
Researchers found that MTA1 transcription was upregulated in LPS induced
cells through an NF-κB controlled mechanism. They also found fewer
MTA1:HDAC2 repressor complexes near LPS inducible genes such as IL-1β,
TNF-α and MIP2. Furthermore, expression levels of IL-1β and TNF-α in
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macrophages from LPS induced MTA1 knockout mice were 6.7 and 3.72 fold
higher than in wild-type. This is indicative of the double role of MTA1,
repression of inflammatory genes under basal conditions but an inflammatory
mediator upon NF-κB activation [43]. Taken together, these studies suggest
an enhancing role for MTA1 in inflammation and a repressing role for
MTA1:HDAC2 of inflammatory genes via deacetylation or occupation of the
promoters. So, MTA1 is a potential drug target to suppress inflammation in
inflammatory disease [44]. More research regarding this interaction is needed
for a precise determination of the mechanisms.
Targeting NuRD
Resveratrol (Figure 2B), a dietary supplement found in grapes, decreases
expression of MTA1 in prostate cancer cells [45]. This in turn decreased the
amount of MTA1:HDAC1 complexes. How resveratrol decreases expression is
unknown. Additionally, MTA1 inhibition by pterostilbene, a compound that
has a similar structure and function to resveratrol, in combination with a
HDACi has shown to be effective in a prostate cancer mouse model [46].
Effectivity in models of inflammation remains to be investigated. Selective
targeting of the many different NuRD complexes is difficult since there are
several possible combinations between the subunits and structural
information of each subunit is incomplete.
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The CoREST complex
Structure and roles of the CoREST complex
The CoREST complex consists of one HDAC1 and HDAC2, one
CoREST1/2/3 scaffold protein and one lysine-specific histone demethylase
1(LSD1) [47, 48]. The CoREST scaffold subtypes each have different effects on
the other proteins in the complex [49]. It is anticipated that the CoREST
protein binds to HDACs using a ELM2-SANT domain and does not form
dimers [50]. The general consensus is that the CoREST complexes are
important in regulation of neuronal genes [51]. Furthermore, CoREST is
shown to be important in inducing and maintaining specific neuronal
subtypes [52].
Targeting CoREST
Knowing that HDACi have varying inhibition kinetics towards HDACs
depending on which complex they are incorporated in, researchers set out to
identify HDACi with specificity towards CoREST for use in neurological
diseases. They identified compound Rodin-A (Figure 2C), which showed a
decrease in hematological toxicity compared with a non-selective HDACi.
Rodin-A has a 139 fold selectivity towards CoREST compared with a 123 fold
selectivity over Sin3 and NuRD and a 88 fold selectivity over NCoR [53]. An
excellent example where fundamental knowledge on protein interactions and
structures aids rational drug design is given by the development of corin
(Figure 2D); a synthetic dual inhibitor directed towards the two catalytically
active sites of enzymes in the CoREST complex. The researchers combined the
HDACi entinostat and an LSD1 inhibitor, a tranylcypromine analog, in a bivalent molecule with a short linker that showed increased selectivity towards
CoREST and prolonged inhibition kinetics due to irreversible binding of the
LSD1 inhibitor [54]. This confirms the notion that molecules targeted towards
multiple proteins in one complex increase selectivity towards that specific
complex.
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The SMRT/NCoR complex
Structure of SMRT/NCoR
SMRT and NCoR are co-repressor proteins with great homology that interact
with nuclear hormone receptors, such as retinoid and thyroid hormone
receptors, and with several other proteins to repress transcription [55, 56].
SMRT forms complexes with HDAC3 and HDAC4, but only HDAC3 gets
activated through a deacetylase activating domain (DAD) that includes one of
two SANT motifs located on the SMRT protein [57]. NCoR possesses a similar
DAD domain determined by homology. In addition to HDAC3, SMRT and
NCoR also form complexes with GPS2 and TBL1 that both interact with a
conserved core region located on the SMRT/NCoR proteins named repression
domain-1 (RD1) [55, 58–60]. Furthermore, SMRT and NCoR recruit other
HDACs such as HDAC5, HDAC7 and HDAC9 [61]. The exact role of these
class IIa HDACs in this complex has not been determined yet, although
HDAC3 is likely to be the sole enzymatic subunit responsible for deacetylase
activity since the other HDACs do not possess catalytic activity of their own
[62, 63]. Importantly, inhibition of HDAC3 should therefore fully abolish the
deacetylase function of the SMRT/NCoR complex. Also, interaction with the
Sin3 complex, and thus HDAC1 and HDAC2, has been described. However, it
is anticipated that this interaction is not a core characteristic of SMRT/NCoR
[64].
Roles of SMRT/NCoR
The role of SMRT/NCoR is well defined. Characterization of NCoR deficient
mice showed its role in central nervous system development and in the
development of T-lymphocytes and erythrocytes [65]. SMRT on the other
hand fulfills a critical role in forebrain development and in the determination
of neuronal stem cell fate [66]. Additionally, a fundamental role in the
development of the heart is described [67]. Besides its roles in development,
SMRT/NCoR is involved in the regulation of the alternative activation
pathway of macrophages. While classically LPS-activated macrophages are
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polarized to contribute to the progression of inflammation, alternatively IL-4activated macrophages are polarized to secrete anti-inflammatory mediators.
The HDAC3/SMRT/NCoR complex has been shown to suppress the IL-4activated alternative pathway and is thereby believed to act as a brake for
alternative activation [68]. Loss of HDAC3 removes this brake and thereby
promotes

the

IL-4-induced

alternatively

activated

phenotype

[69].

Alternatively, the HDAC3/NCoR complex is proposed to suppress the
transcription of the pro-inflammatory iNOS gene in classically activated
macrophages [70]. In LPS-induced macrophages, this complex is degraded
through the ubiquitin conjugating/19S proteasome system recruited by TBL1
[71], leading to upregulation of the iNOS expression. Conversely, HDAC3 is
also reported to be required for the activation of inflammatory genes in
classically activated macrophages, as evidenced from a HDAC3 knockout
study [72]. This study did however not knock-out NCoR or SMRT and the
effect of the entire complex on inflammatory gene expression thereby remains
to be investigated. Altogether, HDAC3/NCoR represses the expression of both
pro- and anti-inflammatory genes in macrophages. In classically activated
macrophages the repression of pro-inflammatory genes is abolished by
destruction of the complex. In alternatively activated macrophages the
complex represses anti-inflammatory genes. We therefore predict that
inhibition of HDAC3 is most beneficial in boosting the polarization of
macrophages to become alternatively activated upon IL-4 stimulation.
Targeting SMRT/NCoR
The
described
repression
HDAC3/SMRT/NCoR

in

of

pro-inflammatory

LPS-stimulated

macrophages

genes

by

suggests

that

inhibition of HDAC3 might aid in lifting the repression and cause an increase
in the expression of pro-inflammatory genes. However, several studies report
that treatment of LPS-activated macrophages with the HDAC3 selective
inhibitor RGFP966 does not have a significant impact on pro-inflammatory
gene expression, except at relatively high concentrations, at which RGFP966
also inhibits HDAC1 and HDAC2 [73]. This could be a consequence of the
described removal of the HDAC3/SMRT/NCoR complex from the chromatin
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upon LPS stimulation, thereby rendering inhibition useless. Yet, in the same
study, siRNA mediated knock-down of HDAC3 yields a robust attenuation of
LPS-induced inflammatory gene expression. It is, however, possible that
without HDAC3 the rest of the SMRT/NCoR complex is not removed,
perhaps by a failure to recruit TBL1 and the proteasomal degradation system.
The remaining SMRT/NCoR complex could retain its repressing properties by
mere occupation of inflammatory promotor sequences [74], while absence of
unbound HDAC3 attenuates the inflammatory response. Alternatively, in IL4-stimulated macrophages RGFP966 clearly enhances the expression of antiinflammatory genes and promotes the alternative activation of macrophages.
Future investigations should investigate whether the effects of either HDAC3
inhibition or knock-out in macrophages translates to a beneficial effect on
inflammation in asthma or COPD.
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The role of inositol phosphates in HDAC
complex formation
HDAC1, 2 and 3 have an inositol phosphate (InsP) binding site and binding
of InsP enhances the deacetylase activity of HDAC complexes. In a study done
in embryonic stem cells, mutation of the inositol tetraphosphate binding site
of HDAC1 and HDAC2 resulted in reduced HDAC activity in vivo [75]. A
different study done in yeast also suggested a critical role for this allosteric site
in regulation of HDAC activity [76]. The InsP binding site is a positively
charged binding pocket that facilitates the binding of the multiple negatively
charged phosphate groups of InsP. It is located close to the active site and
allows for binding with co-repressor proteins. Co-repressor proteins and
HDAC enzymes are simultaneously in contact with InsP and InsP can thus be
viewed as a form of molecular glue, bonding the complex together [36, 77, 78].
A modeling study done on the crystal structure of HDAC3 in complex with
SMRT/NCoR and InsP suggests that binding of InsP and DAD stabilize the
backbone of HDAC3 [79]. Also, the HDAC activity can increase or decrease
depending on the type of InsP that binds. Allosteric inhibition of HDAC1, 2
or 3 by InsP mimics may be possible, but the generic role of InsP in many
different signaling pathways will greatly complicate such an approach.
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Conclusion
HDACs are part of a broad set of multi-protein complexes with diverse
functions. Allosteric inhibition through the InsP binding site or dual
inhibition of a HDAC and another protein within a HDAC complex may lead
to selective inhibition of HDAC complexes that play a leading role in
inflammatory processes. Furthermore, the well-defined structure-activity
relationship of o-aminoanilides with regard to HDAC inhibition has led to the
development of selective HDACi. Of special interest is the finding that a footpocket targeting group can steer inhibition selectivity towards HDAC1 and
HDAC2. This prompted the idea to explore the HDAC foot-pocket and
selectivity of HDAC inhibition in new ways, which is the topic of chapter four.
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