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Abstract

Histone deacetylase (HDACS) is an enzyme family that deacetylates histones and non-histones protein. Availability of
crystal structure of HDACS has been a boosting factor to generate target based inhibitors. Hydroxamic class is the most
studied one to generate potent inhibitors. HDAC class I and class Il enzymes are emerging as a therapeutic target for
cancer, diabetes, inflammation and other diseases. DNA methylation and histone modification are epigenetic mechanism,
is important for the regulation of cellular functions. HDACs enzymes play essential role in gene transcription to regulate
cell proliferation, migration and death. The aim of this article is to provide a comprehensive overview about structure
and function of HDACs enzymes, histone deacetylase inhibitors (HDACi) and HDACs enzymes as a therapeutic target

for cancer, inflammation and diabetes.
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1. Introduction

Histone deacetylase (HDACs) enzymes are present in
bacteria, fungi, plants and animals. HDAC is a zinc
dependent enzyme. HDAC and HAT (histone acetyl
transferase) regulates acetylation, which leads into the
post translational modification. Unlike HDAC, HAT
enzymes are only present in eukaryotes!!l. These two
enzymes HDAC and HAT are functionally opposite.
Regulation of histone acetylation and deacetylation is an
essential part of gene regulation. Acetylation and
deacetylation both happens on lysine residues of the N-
terminal tail which is present on the surface of nucleo-
some!”. Histones are the building blocks of chromatin
and it’s translational modification is responsible for the
transcriptional regulation in eukaryotes!'. Positive
charge on histone is removed by acetylation. This
decreases interaction between N-termini of histones and
phosphate groups of DNA which is negatively charged.
As a result condensed chromatin is transformed into a
relaxed structure, which helps in gene transcription’),
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while deacetylation increases positive charge on the N-
termini of histones by mediating the removal of epsilon-
acetyl which is a group of lysine residues. It includes
core nucleosomal histones also like H2A, H2B, H3 and
H4. In other words, it reverses the outcome of acetyla-
tion'?), As a result of deacetylation condensed structure
of chromatin is found, which prevents accessing of tran-
scriptional factors. Histone deacetylation can also term
as hypoacetylation and is associated with repression of
gene transcription. There should be a balance between
catalytic function of these two enzymes, for normal reg-
ulation of gene transcription®!,

HDAC enzymes modulate function of histones and
many other proteins; those are involved in regulation of
cell survival and proliferation, inflammation, angiogen-
esis and immunity™. Histone deacetyltransferases and
histone deacetylases are epigenetic regulators. Epige-
netic is a field which is concerned with the ability of
accessing genes and how it affects biological proc-
esses’. DNA methylation and post translational modi-
fication of amino acids in histone proteins considered as
a two major biochemical pathways for regulation of epi-
genetic™’. Gene transcription, mitosis and other cellular
process are affected by post translational modification
of histone protein'. Though histone proteins are
involved in many post translational modifications such
as phosphorylation, acetylation, ubiquitinylation and

— 57—



58 Parul Singh and Thirumurthy Madhavan

C-termini histones (+ve)

. histones (+ve)

N-termini

C-termini ‘ histones (+ve)

N-termini

Removal of +ve

Nucleosome core

charge on N-termini

Nucleosome core

Gene Transcription _
NA binding
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Fig. 2. Flowchart of histone deacetylation

Table 1. Classes of HDAC enzyme

Class Enzymes
I HDACI1-3, HDAC8
I(a) HDAC4, HDAC5, HDAC7, HDAC9
11(b) HDAC6, HDAC10
111 Sirtuin proteins (1-7)
v HDACI1

methylation but currently focus is given only on lysine
acetylation/deacetylation and methylation/demethyla-
tion™”. HDAC enzymes are classified into four classes
based on the structure of their accessory domain. There
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Condensed structure of
chromatin

are 18 known human histone deacetylases present.
HDAC class I, IT and IV are zinc dependent while class
111 is depend on NAD+ for it’s activity!™.

Class I enzymes are distributed in normal tissues.
They are highly expressed in lymphoid cell lines and
primary tumors®’. Class II enzymes are differentially
expressed. HDACS, HDACS and HDACI10 are highly
expressed compare to HDACG6 that is why HDAC6 is
not considered as an important therapeutic target.
Class I enzymes have homology to yeast RPD3. Class
II (a) enzymes has homology to yeast HDAC1, HDAC6
and HDACI10. Class II enzymes have two catalytic site.
Class IV i.e. HDACI11 has conserved residues in its cat-
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alytic center which is shared by both class I and class
I enzymes!..

2. HDAC Inhibitor

Finding HDAC inhibitors for HDAC8 is somehow
simple in comparison to other HDAC enzymes because
active site of HDACS is not highly conserved®. It has
been seen that class hydroxamic acid inhibitors, are
most studied to find potent HDAC inhibitor®!. A tube
like pocket 12 A long, is present in the catalytic domain
of HDACs whose length is equivalent to four to six car-
bon straight chains®. An ion Zn2p is located near the
bottom of this enzyme pocket. Most of HDACs
enzymes are zinc dependent. This ion is penta-coordi-
nated by two aspartic acids and one histidine!”!. The rest
of the substrate channel, highly conserved is made up
of lipophilic amino acids. Lead compound TSA struc-
ture is represented as hydroxamic acid class of HDACs
inhibitors which can be divided into three molecular
fragments®®!. Each fragment interacts with a discrete
region of the enzyme pocket. These fragments have zinc
binding group (ZBG), cap group and a linker who is
connecting to the both ZBG as well as cap at a proper
distance!!. This three fragment concept has been very
popular in developing structural analogues of TSA as
potent HDACs inhibitors. There are three common
structural characteristics are present in all HDAC

Table 2. Common properties of HDAC inhibitors
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inhibitors!®.,

Auvailability of crystal structure of HDACS has been
very useful to develop target based inhibitors. Develop-
ing HDAC isoforms to treat certain diseases can pro-
vide potent inhibitor with fewer side -effects!”.
Modification of the capping group, linker and zinc bind-
ing group (ZBG) should be individually selective to
develop a better HDAC isoforms®. A better under-
standing of the binding mode of HDAC inhibitors can
be developed by determination of X-ray crystal struc-
ture of human HDACS with different inhibitors (PDB
ID: 1T64, 1T67, 1T69, 1VKG, 1W22, 2VKG 3F0R, and
3F07)?°. Focus on HDAC inhibitors has been
increased; so many classes of HDAC inhibitors are
present now.

In vitro study shows that inhibitors bind directly to
the HDAC active site followed by blocking substrate
access which causes the accumulation of acetylated his-
tones while In vivo xenograft studies have demonstrated
that many of these agents can be effective in the inhi-
bition of tumor growth®!). Crystal structure of HDACS
(1T64) is present in protein data bank (PDB) but it does
not share good sequence or structural similarity with
other available HDAC isoforms®!. Earlier molecular
dynamics and free energy studies have been given better
result for a few selective HDAC inhibitors because
active residues are highly conserved in class | HDAC
proteins®!, Many HDAC inhibitors with highly varied

S.No. Property Function
1 Zinc binding group To coordinate with catalytic metal ion
2 Hydrophobic spacer Bind with residues at the tunnel
3 Hydrophobic cap group Bind with residues at the active site entrance

Table 3. Classes of HDAC inhibitors

Class

Inhibitors name

Stage

Hydroxamic acid

ITF-2357, PXD101
Benzamide
Cyclic peptide
Short chain fatty acid
Bicyclic depsipeptide

Depsipeptide

Romidepsin

- Entinostat (SNDX-275)

- B lactams

Vorinostat, Belinostat
Panobinostat (LBH589),

MS-275, Mocetinostat (MGCD0103)

Valproic acid, Butyrate

approved
Phase 11 development

Active development
Active development
Active development
Clinical development
Clinical development

Clinical development
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activities and chemotypes can be easily identified by In-
house build Medichem database which is a very pow-
erful resource. HDAC Class I and II enzymes are
emerging as a therapeutic target for cancer, diabetes,
inflammation and other diseasesl.

3. Cancer/anti-tumor Activity

Cancer is characterized by out of control cell growth.
Damaged cells divide uncontrollably to form masses of
tissue called tumors (except in the case of leukemia
where normal blood function is prohibited by abnormal
cell division in the blood stream)®!. There are more
than 100 different types of cancer present and each one
is classified by the type of cell that is initially
affected®. Histone deactylase inhibitors (HDACIs) are
showing good activity in inducing cell-cycle arrest,
apoptosis, differentiation, inhibiting invasion, migration,
and angiogenesis in many cancer cell lines®*. Theses
inhibitors have shown antitumor activity in animal
model by inhibiting growth of tumor'>,

4. Vorinostat

The FDA has approved vorinostat in 2006*!, Vori-
nostat has potent anti proliferative activity in Hodgkin
lymphoma derived cell®!. It inhibits enzymes of both
classes HDAC I and HDAC 1II. Vorinostat has good syn-
ergy with chemotherapy®®. Combined result of phase I
and phase II has proved that Vorinostat induced cell
cycle arrest and apoptosis™l.

5. Belinostat

This inhibitor is in clinical development. Belinostat
can be taken via many routes like intravenous admin-
istration, oral administration and continuous intrave-
nous™”.. Tt belongs to hydroxamic acid derived class of
HDAC inhibitor, which is considered to be most studied
class for HDAC inhibitors. Belinostat has demonstrated
good results in some solid tumors®.,

6. Romidepsin
Romidepsin inhibits enzymes of both classes HDAC

I and HDACIL. 1t is isolated from the bacterium Chro-
mobacterium violaceum. The FDA has approved
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Romidepsin for the treatment of cutaneous T-cell lym-
phomal*!l. Romidepsin inhibits hypoxia induced angio-
genesis along with cell differentiation, cell cycle arrest
and apoptosis®®?. The clinical trial of Romidepsin was
done on 167 patients™. Duringg clinical trial some
adverse effects also appeared like infection, vomiting,
nausea, fatigue and anorexia, decreased appetite,
decreased red blood cell count and decreased white
blood cell components®*.

7. Panobinostat

Panobinostat has shown anti tumor activity with
Hodgkin lymphoma, acute myeloid leukemia and mul-
tiple myelomal®™. Panobinostat has shown good activity
with HDAC classes I, II and IV. Panobinostat acetyla-
tion has induced H and H4 histones™!. As a result p21
level increases which disrupts chaperon function, fol-
lowed by apoptosis acute leukemia cells™”). Panobino-
stat has shown good results in phase I and phase II for
the median age of participants and many of them were
from stage TTI/IV1S,

8. Diabetes Mellitus

Diabetes mellitus can also be termed as diabetes, this
is a shortened version. In the 17" century it was known
as the “pissing evil” because of the presence of excess
sugar in blood as well as in the urine!'"). Diabetes is one
of the fastest growing long term diseases. If this trend
will continue then one in three Americans would be dia-
betic by 2050. There are mainly two type of diabetes
are present, type 1 and type 2!'%. Type 1 diabetes can
also be termed as insulin dependent diabetes while type
2 diabetes can be termed as non-insulin dependent dia-
betes. Around 75% of people with diabetes have type
2 diabetes!'!). HDAC inhibition is having a specific
impact on overall immune system in relation to T1D
and T2D. HDAC:i regulates both innate as well as adap-
tive immune responses!'”. Enzyme cyclooxygenase
(COX)-2 in monocytes isolated from patients with T1D
or T2D. Histone H3 is hyperacetylated in the promoters
of tumor necrosis factor-o. (TNFa)!'*!. Both are having
importance of the activity of HATs and HDACs in the
expression of proinflammatory genes
cytes!'>3), Tt has been found that hyperacetylation is a
resultenet of hyperglycemia but this is not a reason of

in mono-
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diabetes®®!. Histone acetylation is triggered by high

concentration of glucose and HDAC inhibitor trichos-
tatin A from diabetics'!). Production of inflammatory
cytokines IL-13 and TNFa was triggered by high glu-
cose concentrations through activation of NFé&B['®.
Activity of NFéB can be enhanced by HAT and TSA
over expression and can be reversed by over expression
of HDAC1-6"*. Side effects of HDACi is based on it’s
concentration. High concentration will lead to more side
effects while low concentration will have minimum side
effects but low concentration is related to anti inflam-
matory responses'’®. On conclusion, the effects of
HDAC inhibition with respect to diabetes are not clar-
ified and further investigation is needed to reveal the
dose-response relationships on cytokine production
from monocytes.

9. Inflammation

A response of body tissues to injury or irritation;
characterized by pain and swelling and redness and heat
is inflammation!!”!. Tt is not similar to infection even if
it is caused by infection. Histone deacetylase inhibitors
(HDAC:) have anti-inflammatory properties according
to the Molecular medicine!'®. HDACi have shown good
results in plenty of animal and cellular models of
inflammatory diseases like arthritis, septic shock, graft
versus host disease and inflammatory bowel disease!'”).
According to the recent advances in phylogenetic anal-
ysis, HDAC:s regulate the activity of wide range of non
histone proteins®”. Currently 3,600 acetylation sites on
1,750 proteins have been found and among them only
61 were on histones. Inflammation nuclear factor (NF)-
«B is a main transcription factor which is regulated by
acetylation®™!. Finding selective mode of action for
HDAC: in reducing inflammation-related pathologies is
a tough job. Inhibitors pan-HDAC inhibits Thl and
Th17 development to suppress the destructive capacity
of the innate immune system but non-immune cells also
contribute™*”. So, more potent HDAC inhibitors are
required. Understanding for HDAC functions inmmune-
related pathways should be widely emerges. Class I
HDAC s are involved in negatively regulating inflam-
matory cytokine production and in promoting antiviral
responses. Class Il(a) HDACs control lymphocyte
development and function. In present scenario, there
can be chances for the development of specific inhibi-

tors of class I HDACs, HDAC6, HDAC7, HDAC9 and
HDACI1 for immune-related applications.

10. Conclusion

HDACs appear to have great impact on epigenetic
mechanism and further play key role in the regulation
of gene expression. Although few studies indicated that
HDAC: has reported minor side effects. This review
provides evidence that supports the role of HDACs in
diabetes, cancer and inflammation. It also describes
strong rational to continue preclinical studies and initi-
ate clinical trials of HDAC inhibitors. Currently many
efforts are being made to develop potent and stable
HDAC:. In the future, target based HDACi might rise
who’s therapeutic range will be wide.
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