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Abstract

Activation of inflammatory gene expression is regulated, among other factors, by post-
translational modifications of histone proteins. The most investigated type of histone modifications
are lysine acetylations. Histone deacetylases (HDACSs) remove acetylations from lysines, thereby
influencing (inflammatory) gene expression. Intriguingly, apart from histones, HDACs also target
non-histone proteins. The nuclear factor xB (NF-xB) pathway is an important regulator in the
expression of numerous inflammatory genes, and acetylation plays a crucial role in regulating its
responses. Several studies have shed more light on the role of HDAC 1-3 in inflammation with a
particular pro-inflammatory role for HDAC 3. Nevertheless, the HDAC-NF-xB interactions in
inflammatory signalling have not been fully understood. An important challenge in targeting the
regulatory role of HDACs in the NF-xB pathway is the development of highly potent small
molecules that selectively target HDAC iso-enzymes. This review focuses on the role of HDAC 3
in (NF-xB-mediated) inflammation and NF-xB lysine acetylation. In addition, we address the
application of frequently used small molecule HDAC inhibitors as an approach to attenuate
inflammatory responses, and their potential as novel therapeutics. Finally, recent progress and
future directions in medicinal chemistry efforts aimed at HDAC 3-selective inhibitors are
discussed.
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Introduction

Inflammatory responses involve differential expression of hundreds of genes and are
frequently driven by well-defined stimulus-regulated transcription factors such as nuclear
factor-xB (NF-xB) [1]. Activation of inflammatory gene expression encompasses a wide
variety of co-regulatory mechanisms acting at different levels of the transcription activation
process. Among these mechanisms the regulation of gene expression by post-translational
modifications of histone proteins has gained significant attention in recent years. Exploration
of histone-modifying enzymes is currently a major topic in drug discovery programs in
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academia and pharmaceutical companies. Nevertheless, it proves to be difficult to define
specific post-translational modifications and specific histone-modifying enzymes as
molecular targets for drug discovery in particular diseases. The diversity in types and
functions of histone post-translational modifications illustrates the complexity of signal
transduction cascades.

The increasing number of post-translational histone modifications that is being discovered
illustrates the potential complexity on this level [2]. The most investigated type of histone
modifications are lysine acetylations, which are regulated by histone acetyltransferases
(HATSs) and histone deacetylases (HDACS) [3]. These enzymes influence the way in which
DNA is wrapped around histones and packaged into chromatin, a highly organized and
dynamic protein-DNA complex [4]. HATs enable the transfer of acetyl groups from acetyl
coenzyme A (Ac-CoA) to lysine residues, whereas HDACS, on the other hand, deacetylate
lysine residues. In general, increased levels of histone acetylation are associated with
increased transcriptional activity, whereas decreased levels of acetylation are associated with
repression of gene expression.

Steady-state levels of acetylation of the histones (and other non-histone proteins) result from
the balance between the opposing activities of HATs and HDACs [5]. When the equilibrium
between HATs and HDAC: is altered, dysregulation of (disease-associated) genes could
result in diseases like cancer and chronic inflammation. For example, neutrophilic airway
inflammation is associated with increased HAT and reduced HDAC activity in peripheral
blood monocytes, which is not associated with alterations in gene expression of the
individual enzymes [6]. Similarly, a decreased activity and mRNA expression was observed
of HDAC 1 and HDAC 2 in patients suffering from asthma [7].

Many different types of cellular proteins are subject to lysine acetylations, which therefore
are expected to co-regulate multiple cellular functions. High-resolution mass spectrometry
for the proteome-wide identification and quantitation of acetylation sites provided an in-
depth view of the /n vivo acetylome identifying 3600 acetylations sites [8]. Using this
method, a global view of the lysine acetylome and its changes upon HDAC inhibition can be
acquired. Recently, a comprehensive study demonstrated the specificities of 19 HDAC
inhibitors towards modulation of the acetylation levels of multiple lysine acetylations in
human cells [9]. In addition, the specificities of HDAC inhibitors have been extensively
determined at the enzyme level using /n vitro HDAC inhibition assays with recombinant
(human) deacetylases [10] or proteomic-bases approaches [11,12]. Strategies taking into
account the cellular environment in the assessment of the iso-enzyme selectivity of HDAC
inhibitors reveal surprising selectivity levels for compounds previously denoted pan-HDAC
inhibitors based on selectivity studies using purified recombinant HDAC catalytic domains
This indicates that the cellular context is important for assessment of the selectivity of
HDAC inhibitors.

Apart from histones and macromolecular complexes also transcription factors like NF-xB,
activator protein 1 (AP-1), signal transducers and activators of transcription (STATs) and
nuclear receptors [13] are modified by histone-modifying enzymes. The NF-xB transcription
factor is an important regulator in the expression of numerous (inflammatory) genes, which
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is for that reason, an interesting target for anti-inflammatory drug development. The NF-xB
pathway is relatively well investigated and several regulatory mechanisms have been
described to control the NF-xB response to specific stimuli. It has been reported that post-
translational modifications, i.e., acetylation of (regulatory) proteins like NF-xB play a
crucial role in regulating the intensity, length and specificity of inflammatory responses
[14,15]. NF-xB can be (de)acetylated at various lysine residues resulting in NF-xB
activation or deactivation [16].

Considering the importance of lysine acetylations in the NF-xB pathway, development of
small molecules interfering with the activity of specific HDAC iso-enzymes has great
potential to suppress inflammation. To support further development of small molecule
inhibitors for HDAC:s for applications in inflammatory diseases, here, we provide an
overview of the role of HDAC 3 and lysine deacetylation in NF-xB-mediated inflammation.
In addition, we discuss applications of frequently used small molecule HDAC inhibitors as
an approach to attenuate inflammatory responses and address recent progress in medicinal
chemistry efforts aimed at the development of HDAC 3-selective inhibitors.

Classes of HDACs

Mammalian HDAC enzymes can be classified into four main groups, based on their
homology with orthologues identified in yeast [17]. Class | HDACs, including HDAC 1, 2
and 8 are predominantly found within the nucleus, due to the presence of a nuclear
localization sequence and the absence of a nuclear export signal sequence within HDAC 1,
2, and 8. However, HDAC 3 has both a nuclear import and export signal, which enables its
localization in both the cytoplasm and nucleus [17,18]. Class | HDACs have a ubiquitous
tissue distribution [17]. Class Il HDACs are subdivided into two groups, 1A (HDAC 4, 5, 7,
9) and 11B (HDAC 6 and 10), and are predominantly found in the cytoplasm [19]. Class |1
HDACSs are able to shuttle between the cytoplasm and the nucleus, and have a more tissue-
specific distribution than class | HDAC [17]. Then, sharing similarities with both Class | and
I1 HDAGCsS, there is HDAC 11, which is the only member of class IV. Class 111 HDACs are
also called sirtuins (SIRT1-SIRT7) and localize in the cytoplasm, nucleus and mitochondria.
These HDACS act via different mechanisms than class | and Il and require a co-factor NAD*
for activation [20].

HDAC 3 in Inflammation

Several roles for HDAC 1-2 have been described in inflammatory diseases [21-25]
(summarized in table 1) with a particular pro-inflammatory role for HDAC 3. HDAC 3 has
been reported to be an important player in monocyte recruitment to sites of inflammation,
and in macrophage cytokine production. Similarly, siRNA knockdown of HDAC 3 in
Human Umbilical Vein Endothelial Cells (HUVEC) was shown to reduce vascular cell
adhesion molecule 1 (VCAM-1) expression and hence suppress monocyte adhesion [26].
Furthermore, in an allergic skin inflammation mouse model, a pro-inflammatory role for
HDAC 3 was found [27]. When mice were injected with HDAC 3 siRNA at the same day as
the induction of skin inflammation, disease progression was less severe. Acute smoke
exposure has been shown to reduce HDAC 3 activity in human alveolar macrophages
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resulting in increased inflammatory responses [28]. Lower nuclear content of HDAC 3, in
the context of equivalent total HDAC protein levels following smoke exposure, may reflect
increased nuclear export of HDAC 3, allowing increased NF-xB driven cytokine expression,
which can contribute to inflammation. In addition, siRNA-mediated knockdown of HDAC 3
in human macrophages was shown to increase the production of Interleukin 8 (IL-8) and
Interleukin 1B (IL-1pB) in response to lipopolysaccharide (LPS) stimulation [28]. Similar to
these results, it was demonstrated that macrophages lacking HDAC 3 were hyperresponsive
to Interleukin 4 (IL-4) stimulation [29]. Taken together these studies indicate an important
role for HDAC 3 in inflammatory responses.

Role of NF-xB Acetylation in Inflammation

The NF-xB transcription factors are a family of inducible transcription factors that play a
central role in the expression of various cytokines, chemokines and adhesion molecules,
which are involved in inflammatory and immune responses and in cell survival [30]. NF-xB
transcription factors exist in homo- or hetero-dimeric complexes consisting of different
members of the Rel family of proteins. The most prevalent and best studied of these
complexes is the p50-p65 heterodimer. In quiescent cells, the p50-p65 complex is present in
the cytoplasm in an inactive form, bound to inhibitory proteins known as 1xBs. The NF-xB
pathway plays an important role in chronic inflammatory diseases like inflammatory bowel
disease, rheumatoid arthritis, chronic obstructive pulmonary disease (COPD) and asthma
[31,32].

Acetylations of specific lysine residues in the NF-xB p65 transcription factor play a key role
in the regulation of its transcriptional capacity, its DNA binding ability and duration of its
action [33]. Seven lysine residues of p65 have been described to be subjected to acetylation,
respectively, 122, 123, 218, 221, 310, 314 and 315. Acetylation of lysines 122 and 123
decreases DNA binding, whereas acetylation at lysines 218 and 221 increases binding to xB
enhancers. Acetylation at lysine 310 is required for full transcriptional activity of p65,
however, does not affect the DNA binding or its assembly with 1xBa [34]. Acetylation at
lysine 314 and 315 does not affect the general transcriptional activity of the NF-xB
complex, but rather increase promoter selectivity [35].

This demonstrates that direct acetylation or deacetylation of specific lysine residues of NF-
xB plays a crucial role in the regulation of NF-xB-mediated gene expression, which raises
the idea to attenuate inflammatory responses by modulating NF-xB acetylation levels using
HDAC inhibitors. Consequently, a challenge lies ahead in targeting specific HDACs that are
involved in lysine deacetylation of NF-xB p65.

HDAC 3-NF-xB Interactions in Inflammation

A number of studies have shown that HDAC 3 deacetylates the NF-xB p65 subunit, leading
to repression of its transcriptional activity [34]. An early study on the HDAC-NF-xB
interaction demonstrated that HDAC 3 plays an essential role in the deacetylation of p65
(promoting effective binding to 1xBa), thereby negatively regulating Tumour Necrosis
Factor a (TNFa)-induced luciferase activity [15], which was abolished in the presence of
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Trichostatin A (TSA). Similarly, it has been demonstrated that HDAC 3-dependent NF-xB
deacetylation promotes interaction with the inhibitor protein IxBa resulting in nuclear
export of NF-xB and hence repression of inflammatory gene expression [36]. In contrast,
Ziesche et al reported that HDAC 3 is required for Interleukin 1 (IL-1)-induced (human IL-8
or murine Cxcl2) gene expression [37]. The positive regulatory role of HDAC 3 involves
binding to the NF-xB p65 subunit and concomitantly deacetylation at various lysines.
Interestingly, by using mutagenesis it was demonstrated that acetylation at lysine 314 and
315, in addition to acetylation of lysine 122 and 123, negatively regulate NF-xB activity.
Moreover, it has been shown that HDAC 3 is involved in the removal of the inhibitory NF-
xB p65 acetylations at lysine 122, 123, 314 and 315 [37]. Therefore, HDAC 3 is an
important positive regulator in IL-1-induced inflammatory signalling by deacetylating four
specific lysines in the NF-xB p65 subunit. Another paper describing a co-activatory role of
HDAC 3 for NF-xB-dependent gene expression came from the Natoli lab [38]. This study
demonstrated that HDAC 3-deficient macrophages are unable to activate almost half of the
LPS-induced inflammatory genes expression. HDAC 3 ensures that NF-xB is kept in a
primarily deacetylated and thus active state. Similar to these results, it was demonstrated that
HDAC 3 promotes TNFa expression in LSP-stimulated cardiomyocytes [39]. In addition, a
recent study demonstrated that a decrease in nuclear accumulation of NF-xB in MDA-
MB-231 cells was accompanied by a decrease in HDAC 3 [40], though the role of HDAC 3
in the reduction of NF-xB accumulation was not studied in detail. A schematic
representation of the regulation of NF-xB activity by acetylation and the role of HDAC 3 is
shown in figure 1. Taken together, HDAC 3 can be considered as an important activator of
NF-xB-mediated inflammatory gene expression by keeping NF-xB in a primarily
deacetylated (active) state.

HDAC Inhibitors as Anti-Inflammatory Drugs for the Treatment of (NF-xB-

Mediated) Inflammation

After their introduction in cancer therapy, HDAC inhibitors (HDACI) are gaining attention
for application in other diseases as well. Their potential applications range from
neurodegenerative (Alzheimer’s and Huntington’s disease) to inflammatory diseases such as
asthma, rheumatoid arthritis, and also viral infections [41-44]. Of particular interest are their
anti-inflammatory properties, which are observed at 10-100 fold lower doses than those used
for treatment of cancer [45]. Sever al HDACI including TSA, phenylbutyrate,
suberoylanilide hydroxamic acid (SAHA) and ITF2357 have demonstrated anti-
inflammatory effects both /in vitroand /n vivo [46-50]. For example, it has been
demonstrated that pan-HDAC inhibitors such as TSA and SAHA delay NF-xB nuclear
translocation, thereby reducing gene expression upon TNFa stimulation [51]. Also, TSA
repressed inducible Nitric Oxide Synthase (iNOS) expression in IL-1p/LPS/Interferon -y
(IFNy)-stimulated murine macrophages [52]. Furthermore, inhibition of class I/ll HDACs
by TSA and nicotinamide effectively blocked the TNFa and Interleukin 6 (IL-6) production
by macrophages in patients with rheumatoid arthritis [53]. Furthermore, cytokine array
analysis revealed that HDAC 3 inhibition by TSA resulted in decreased monocyte
chemoattractant protein-1 (MCP-1) secretion [27]. Recently it has also been demonstrated
that TSA suppresses induction of inflammatory cytokines in an acute-on-chronic liver failure
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model in rats through regulating the acetylation of NF-xB [54]. In contrast, however, in OP9
preadipocytes it was shown that HDAC inhibition by TSA enhanced the expression of
inflammatory proteins and NF-xB-dependent transcriptional activity, which might be caused
by the increase in the acetylation of NF-xB p65 at lysine 310 and duration of the nuclear
translocation of NF-xB [55]. The latter effect was presumably due to acetylation of p65 at
lysine 218 or 221 thereby attenuating NF-xB interaction with IxBa. These studies indicate
that both anti-inflammatory and pro-inflammatory effects have been observed upon
treatment with pan-HDACI.

Several studies show that inhibition of deacetylases extends NF-xB transcriptional activity
[56,57], whereas other studies demonstrate that inhibition of deacetylation decreases NF-xB
transcriptional activity [58,59]. This indicates that the resulting effect of HDAC inhibition
depends on the selectivity for specific NF-xB acetylation sites, which suggests that selective
inhibition of HDACs might result in specific effects on inflammatory gene expression. The
utility of small molecule inhibitors of HDACs that affected inflammation (/n vitro and/or /n
vivo) by regulating NF-xB p65 lysine acetylation have been reported [60-65], and are
summarized in table 2. These studies demonstrate that selective HDAC inhibitors provide
chances for further elucidation of the role of HDACs in inflammatory diseases, which
provides a perspective towards anti-inflammatory drug discovery.

HDAC inhibitors with improved selectivity have demonstrated anti-inflammatory effects
both in vitroand in vivo. For example, the benzamide type HDACi MS-275, with selectivity
for HDAC 1-3, demonstrated anti-inflammatory effects in several inflammation models, e.g.
a rat experimental autoimmune prostatitis [66] and mouse models of arthritis [67]. MS-275
also demonstrated anti-inflammatory effects in human rheumatoid arthritis synovial
fibroblastic E11 cells [68]. Moreover, it was shown that MS-275 inhibited LPS-induced NF-
xB nuclear accumulation (up to ~75%), and increased the association between NF-xB and
the HAT p300. Less acetylated NF-xB was observed in the nucleus when cells were treated
with MS-275, which confirms the inhibitory effect of MS-275 on NF-xB nuclear
accumulation. In addition, IL-6 and Interleukin 18 (IL-18) were reduced in a concentration-
dependent manner in E11 cells [68]. Moreover, in THP-1 cells, MS-275 suppressed LPS-
induced IL-1pB, IL-6, IL-18 and TNFa expression [68]. A recent study demonstrated that
HDAC 2-3-selective inhibitor M1192 reduced the TNFa production and dose dependently
suppressed 1L-6 production in primary Peripheral blood mononuclear cells (PBMCs)
isolated from rheumatoid arthritis patients [69]. Moreover, HDAC 1-2 inhibitor KBH-A42
reduced the TNFa. production /n vitro and in vivo [70]. RGFP966, a selective and potent
inhibitor of HDAC 3 with nanomolar activity and no effective inhibition of any other class |
HDAC at low micromolar concentrations, reduced the TNFa-induced expression of
chemokine (C-C motif) ligand 2 (CCL2) /n vitro[71]. Selective pharmacological inhibition
of HDAC 3 using RGFP966 demonstrated anti-inflammatory effects in response to LPS/
IFNy in RAW 264.7 macrophages and ex vivo in mouse precision-cut lung slices (PCLS)
[72]. Remarkably, upon RGFP966 treatment, the expression of the anti-inflammatory gene
IL-10 was upregulated in PCLS. In addition, the transcriptional activity of NF-xB p65 was
significantly reduced. The finding presented in these studies justify further optimization and
investigation of pharmacological HDAC 3-selective inhibitors, such as RGFP966, and
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provide an interesting starting point for further development of anti-inflammatory drugs for
application in inflammatory diseases.

Currently, besides RGFP966 and some other 2-amino benzamide-type inhibitors [73], most
newly developed compounds only exhibit class | or 11 HDAC selectivity and are not truly
selective for HDAC iso-enzyme not to mention HDAC 3 [74]. Of note here is that the
current literature often expresses selectivity as a significant difference in the half maximal
inhibitory concentration (1Csp), while measuring and comparing equilibrium inhibitory
constants (Ki) or Kinetic inhibitory constants (k;j) might be more appropriate [75].
Consequently, the selectivity profile of many new inhibitors remains to be accurately
mapped. Lack of selectivity partially stems from the high homology between class | HDAC
iso-enzymes, but has most likely persisted due to the ubiquitous use of hydroxamic acid as
metal-binding group in inhibitor designs. Following the “cap-linker-chelator” model many
efforts were focused on making novel linker and capping groups, keeping hydroxamic acid
as the preferred chelator. Examples include pyrazoles [76] and spirochromanes [77], and yet
none were shown to be isoform selective. Additionally, hydroxamate-based compounds have
poor pharmacokinetic properties [78], which severely limit their use.

An interesting strategy to obtain HDAC 3-selective inhibitors would be exploration of the
HDAC 3 14 A-internal cavity. This cavity is expected to function as an acetate releasing
channel and may harbour strong ionic interaction sites for novel inhibitors [79]. Although all
class | HDACs have a similar internal cavity there is enough sequence variation that can be
exploited to achieve selectivity, as has been shown with biarylbenzamides [80]. Benzamides
are in that sense especially good starting points because of the possibility to easily append
many different groups that may target this internal cavity.

Lastly, the ongoing search for new metal-binding groups [81], and therefore new ways to
target the internal binding domains, has resulted in the discovery of potent compounds with
non-chelating zinc-binding groups, such as trifluoromethyloxadiazoles [82] and peptide-
based thiols [83] and ketones [84], thereby challenging the traditional cap-linker-chelator
model. Continuous medicinal chemistry efforts may further defy this model and will most
likely yield ever more selective HDAC inhibitors, which are highly desired in the treatment
of and in research on inflammation.

Concluding Remarks

Post-translational modifications like lysine acetylations play a crucial role in regulation of
NF-xB mediated signalling. The importance of lysine acetylations in the regulation of the
NF-xB pathway raises the idea to attenuate inflammatory responses by modulating NF-xB
acetylation levels. Small molecules interfering with the activity of histone-modifying
enzymes like HDACs have great potential to regulate the NF-xB signalling pathway. Pan-
HDACI TSA and SAHA have already demonstrated to suppress the secretion of cytokines /n
vitro, and attenuate disease severity in animal models of inflammatory diseases, which
directed interest towards small molecule compounds that selectively target specific HDACs.
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Since many HDACI applied in literature lack selectivity for particular HDAC iso-enzymes,
the assignment of specific effects/functions to specific HDACs is hampered. Therefore, new
inhibitors targeting HDAC iso-enzymes more selectively need to be developed as tools for
these kinds of studies. It is encouraging that recent literature demonstrates the development
of HDACI with improved selectivity profiles, which generates chances for further
elucidation of the role of HDACs in inflammatory diseases, providing a better perspective
towards anti-inflammatory drug discovery and reducing the risk of unwanted side effects.

HDAC 3 has been reported as an important player in monocyte recruitment to sites of
inflammation, and in expression of inflammatory genes. In addition, HDAC 3 deficient
macrophages stimulated with LPS demonstrated reduced production of inflammatory
cytokines. This implies that HDAC 3 is an important player in stimulating inflammation.
Therefore, based on current literature on the activating role of HDAC 3 in pro-inflammatory
gene expression via the NF-xB pathway, we argue that selective inhibition of HDAC 3
inhibits pro-inflammatory gene expression in model systems for inflammatory diseases by
inhibition of the activation of the NF-xB pathway. This justifies further development and
investigation of pharmacological HDAC 3-selective inhibitors with the perspective toward
development of anti-inflammatory drugs for application in inflammatory diseases.
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Highlights
HDAC 3 plays a key role in NF-xB-mediated signaling
HDAC inhibitors demonstrate promising anti-inflammatory effects.

Selective HDAC 3 inhibitors have potential for treatment of inflammatory diseases.
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Table 1

HDAC 1-3 in (NF-xB-mediated) inflammation

HDAC Activity/Level Observed Effects Refs
HDAC1 1 RA synovial fluid T TNFa levels [21]
| Degradation * TNFa and IL-1p levels [22]
L T cell-specific loss 1 inflammatory response /in vivo allergic airway inflammation model [23]
HDAC 2 | Reduced levels Observed in COPD patients [24]
| Reduced levels Observed in smoking asthmatics compared to non-smoking asthmatics  [25]
HDAC3 | | expression 50% of studied inflammatory genes in macrophages [38]
| siRNA knockdown | vascular cell adhesion molecule-1; suppresses monocyte adhesion [26]
| siRNA knockdown | disease progression in allergic skin inflammation mouse model [27]
| Activity after smoke 1 inflammatory responses in alveolar macrophages [28]
| siRNA knockdown T 1L-8 and IL-1p production after LPS stimulation [28]
1 Macrophages hyperresponsive to IL-4 stimulation [29]
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Small molecule inhibitors of HDACs and their effects on (NF-xB-mediated) inflammation

HDAC inhibitor Selectivity Effects in disease models Refs

Trichostatin A (TSA) pan-HDAC Suppression of TNFa /n vitro [60]

SAHA (Vorinostat) pan-HDAC Reduces LPS-induced cytokine release /n7 vitroand in vivo [50,68]
Suppresses LPS-stimulated NF-xB nuclear accumulation

LBH589 (Panabinostat) pan-HDAC Promotes NF-xB activation [57]

ITF2357 (Givinostat) pan-HDAC Inhibition TNFa expression in peripheral blood mononuclear cells [58,62]
Therapeutic benefit in patients suffering from juvenile idiopathic arthritis

LAQ824 (Dacinostat) pan-HDAC Inhibition of IL-10 expression [63]

MS-275 (Entinostat) HDAC 1-3 Promotes NF-xB activation [64,68]
Suppresses LPS-stimulated NF-xB nuclear accumulation

MGCDO0103 (Mocetinostat) HDAC 1-3,11 - [61,65]

MI192 HDAC 2-3 Suppresses IL-6 production in primary PBMCs [69]

KBH-A42 HDAC 1-2 Suppression of TNFp production /n vitroand in vivo [70]

RGFP966 HDAC 3 Supresses TNFa-induced CCL2 expression [71]
Inhibition of pro-inflammatory genes /n vitroand ex vivo; T 1L-10 [72]
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