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Abstract: An histone deacetylase (HDAC) inhibitor database (HDACiDB) was constructed
to enable rapid access to data relevant to the development of epigenetic modulators (HDAC
inhibitors [HDACI]), helping bring precision cancer medicine a step closer. Thousands of
HDAC: targeting HDAC:s are in various stages of development and are being tested in clinical
trials as monotherapy and in combination with other cancer agents. Despite the abundance of
HDAC,, information resources are limited. Tools for in silico experiments on specific HDACi
prediction, for designing and analyzing the generated data, as well as custom-made specific tools
and interactive databases, are needed. We have developed an HDACIDB that is a composite
collection of HDACi and currently comprises 1,445 chemical compounds, including 419 natural
and 1,026 synthetic ones having the potential to inhibit histone deacetylation. Most importantly,
it will allow application of Lipinski’s rule of five drug-likeness and other physicochemical
property-based screening of the inhibitors. It also provides easy access to information on their
source of origin, molecular properties, drug likeness, as well as bioavailability with relevant
references cited. Being the first comprehensive database on HDACi that contains all known
natural and synthetic HDACi, the HDACiDB may help to improve our knowledge concerning
the mechanisms of actions of available HDACi and enable us to selectively target individual
HDAC isoforms and establish a new paradigm for intelligent epigenetic cancer drug design.

The database is freely available on the http://hdacidb.bioinfo.au-kbc.org.in/hdacidb/ website.
Keywords: cancer, drug likeness, histone deacetylase inhibitors, epigenetics, Lipinski’s rule,
molecular properties

Introduction

Cancer is the second leading cause of death in humans. Today, wide-ranging
cancer-oriented sequencing efforts are yielding new insights not only into the disease
biology of cancer but also into the development of pathway-driven targeted therapy.
The value of such approaches seems undeniable.! The World Health Organization’s
International Agency for Research on Cancer online database, GLOBOCAN 2012,
estimated that there were over 14.1 million new cancer cases and 8.2 million cancer-
related deaths in 2012, compared with about 12.7 million and 7.6 million, respectively,
in 2008. It also projects a substantial increase to 19.3 million new cancer cases by 2025,
as a result of growth and aging of the global population.> According to the National
Cancer Institute estimation, by 2020 cancer-related medical costs will reach not less
than US$158 billion.*?

Cancer involves the uncontrolled growth and abnormal spread of cells and is now
known as a genetic and epigenetic abnormality-associated disease. Global changes in
the chromatin structure of cancer cells lead to alterations in nuclear functions, includ-
ing gene expression. Among the regulatory epigenetic mechanisms, histone protein
modification has been well studied.* The potentially reversible nature of epigenetic
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modifications, such as histone deacetylase (HDAC)-mediated
acetyl group removal from the backbone of histones, leads
to chromatin compaction and, ultimately, transcriptional
repression.’ The epigenetic modifications ability to induce
heritable silencing of genes without a change in their coding
sequence® makes them attractive targets for cancer treatment
and anticancer drug development.

An 18-gene family encodes these HDAC proteins, and
based on their sequence homology and domain organization,
the family has been grouped into four classes. The typical class
HDAC:Ss that are localized in the nucleus include HDACI,
HDAC2, HDAC3, and HDACS. Class I HDACs are made
up of proteins that reside in both the nucleus and cytoplasm
(class ITa, HDAC4, HDACS5, HDAC7, and HDACOY; class IIb,
HDAC6 and HDAC10). HDACI 1, localized in the nucleus,
is the only HDAC member of class IV. All of these enzymes
function by using a metal ion-dependent mechanism. Class II1
HDAC: consist of yeast homolog NAD"-dependent sirtuins
(SIRTs 1-7), showing function-dependent localization in
various organelles.” Overexpression, increased activity, and
appearance of different isoforms of HDACs play a significant
role in carcinogenesis and tumor progression. Thus, HDAC
inhibitors (HDACi) have garnered worldwide attention as
promising agents for epigenetic cancer therapy.’

Recent advances in HDAC protein recombinant expres-
sion and purification have permitted characterization of their
inhibitory profile. Compounds targeting “classical” class
I, II, and IV HDACSs and those in clinical trial evaluation
are commonly called HDACi.!° The varied large collection
of HDACi molecules, initially developed as single anti-
cancer agents, is now cataloged as epigenetic modulators,
because they have the ability to modulate gene expres-
sion through numerous direct and indirect ways.!! Their
activity results in cell-cycle arrest, mitotic catastrophe,
and programmed cell death, and causes angiogenesis-like
antitumor effects.® Their gene-modulating chemosensitivity,
immunogenicity-enhancing activity, or cancer cell innate
antiviral response-reducing activity in combination with
chemotherapy, immunotherapy, or oncolytic virotherapy
have shown better efficacy.?

Currently, in preclinical studies, potent and specific anti-
cancer activity has been recognized among a number of classes
of HDAC:i.? First-generation drugs such as suberoylanilide
hydroxamic acid (vorinostat; Zolinza™, Merck, Whitehouse
Station, TX, USA) and romidepsin (FK228; Istodax™, Celgene,
Summit, NJ, USA) have already been approved by the US Food
and Drug Administration in 2006 and 2009, respectively, for
the treatment of cutaneous T-cell lymphomas. Notwithstand-
ing their approval for clinical use, their mechanism of action

as anticancer agents has not been completely elucidated.
Hence, the actual clinical responses to these HDACi have been
less consistent and weaker than expected. A number of side
effects have also been observed in several cases.

All these issues have been attributed to their lack of
HDAC type-specific inhibition.> Because HDACi modify
expression of many genes, inhibition of one isoform may
result in therapeutically beneficial epigenetic changes,
while inhibition of another isoform could cause harmful
or unwanted changes. Selective HDACi circumvent these
types of situations and show less toxicity than pan-HDACi."3
Designing potential type-specific HDACi compounds remains
an enduring research interest in cancer drug development.
Hence, “the knowledge and understanding of the various
structural variants of the HDACis and their pharmacophore
properties can be useful in the rational design and develop-
ment of more potent isoform selective HDACis”.!* Addition
of certain structural moieties could result in isoform-selective
HDACI." Available X-ray crystal and three-dimensional
structures of the HDAC enzyme active site and information
on their proposed catalytic function will allow an in silico
approach for the initial screening and designing of HDAC
isoform-selective HDAC:I at a reduced cost.

Hence, we believe a database housing a rapidly increasing
list of HDACi as well as elucidation of their exact mechanism
of action, along with a knowledge of structural elements
responsible for activity, would ease the identification or
designing of new selective HDACi with HDAC class-specific
inhibition. The relational HDACi database (HDACiIDB) has
been developed with the aim of providing relevant information
about all natural and synthetic HDAC:i currently in clinical
trials. It also provides the necessary drug development screen-
ing information, including physicochemical properties, two-
dimensional and three-dimensional structures with retrieval
links, and biological potency, safety, and pharmacokinetics
for enabling easy elucidation of their pharmacokinetic and
toxicological properties with relevant literature sources. This
database not only helps to expand our knowledge on HDACi
but also enables rapid access to allow in silico screening of
novel HDACi and developmental studies.

Description of the HDACiIDB

database
The HDACIDB (http://hdacidb.bioinfo.au-kbc.org.in/
hdacidb/) is organized and constructed around publicly

available literature and is based on HDACi main compounds
collected from open literature, patent databases, and clini-
cal trial compound databases approved by the US Food and
Drug Administration. The main purpose of this HDACiDB
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platform is to provide a comprehensive resource to organize
and present all HDAC-targeted drug development screen-
ing information in a convenient and straightforward way.
It mainly allows screening of HDACI based on Lipinski’s
rule of five as well as other physicochemical parameters.
The Lipinski’s rule of five describes the ADME (absorption,
distribution, metabolism, and excretion) properties of a drug
that help in evaluating drug likeness and bioavailability.
The database is built using the Apache HyperText Transfer
Protocol web server along with the MySQL database server
and is available as an HTML document. A schematic repre-
sentation of the HDACiDB, showing the homepage, search
options (name, property, Lipinski’s rule, and other drug
likeness parameters) available separately for natural and
synthetic compounds, the developer team, contact informa-
tion, and more is shown in Figure 1.

Data collection

The relevant literature data were collected using search engines
such as PubMed, Web of Science, and Google and were used
for input loading of information into the database. Search terms
such as HDAC, HDACI, Lipinski’s rule, drug likeness, and
bioavailability were each used one at a time. Terms such as
epigenetic drugs, phytochemicals, and chemoprevention were
used in conjunction with the Boolean operation. The collected
literature was dealt with manually, and all resultant information
inputs were loaded into the database. Structural and experi-
mental data for main compounds were collected manually from
the NCBI-PubChem" and DrugBank databases.!® Similarly,
analog compounds having the same structural backbone but
with different side chains were collected from the ChemBank
database using a similarity search.!” Structures of collected
compounds were drawn using conventional ChemSketch
version 12.0 software'® and saved as a file. Before importing
these structures into the database, they were manually checked
for atom valence and correctness of representation. To aug-
ment the expansion of the available data, a data submission
page has been put up on the website, allowing moderators to
see new inputs from researchers working on HDACi.

Chemical and molecular properties

For compounds in the database, the International Union of
Pure and Applied Chemistry (IUPAC) name, PubChem/
ChemBank identifier, molecular formula, canonical SMILES
(Simplified Molecular-Input Line-Entry System) information,
international chemical identifier (InCHI), tautomer count, exact
mass, as well as monoisotropic mass were collected from the
PubChem, DrugBank, and ChemBank databases.'>"!” Their
molecular properties, including membrane permeability and

oral bioavailability, were calculated using the basic molecular
descriptors, such as partition coefficient (LogP), total polar
surface area, molecular weight, number of atoms (natoms),
number of violations (nviolations), number of rotatable bonds
(nrotb), number of hydrogen bond donors, and number of
hydrogen bond acceptors. The protease inhibitor, G protein-
coupled receptor ligand, ion channel modulator, kinase inhibi-
tor, nuclear receptor ligand, enzyme inhibitor, and volume
scores indicating the drug likeness were also calculated. These
drug likeness scores allow efficient separation of active and
inactive molecules based on their similarity to drug’s already in
use or under clinical trials molecular properties and structural
features. The online Molinspiration cheminformatics software
was used for these calculations."

Data management

The HDACIDB has a flexible and open design that can
accommodate a variety of inputs on HDACi from both cura-
tors and other submitters. The HDACiDB was developed
using common all-purpose scripting language hypertext pre-
processor functions.?’ Tasks were written to analyze, extract,
reformat, and construct data elements, and built storage
was constructed using the MySQL?! database management
system for storage and for querying all of the data. External
file data were stored in the SQL database in a single major
table format. Each compound was stored in an SQL table
with a unique HDAC: identifier. The HDACi identifier of a
compound was assigned in such a way as to indicate its origin,
parent, or similar compound. For example, for CHAn00O,
the first three capital letters represent the compound name

[73 1)

chlamydocin. The small letter “n” represents its origin as

(3% 1)
S

a natural compound (“s” if it is of synthetic origin), and
assigned numbers represent whether it belongs to the parent
compound or similar compound. Here, the number “000”
represents a parent compound, whereas “001” would repre-
sent a similar compound-1. These data were processed using
jQuery Slider, and the JMOL applet (http://www.jmol.org)

was employed for the visualization of two-dimensional and

three-dimensional compound structures.

At present, the HDACiDB contains a total of 1,445 HDAC
inhibitors, with 419 natural compounds and 1,026 synthetic
compounds. It includes 33 natural parent compounds and
386 analog compounds (Table S1), and 25 synthetic parent
compounds and 1,001 analog compounds (Table S2).

Database features

The HDACIDB holds the potential for users to conduct
structure-activity relationship-based facile searches for
novel lead compounds as potential specific HDACi using
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Lipinski’s rule of five, a set of simple molecular descriptors
describing overall drug likeness and other physicochemical
properties. Lipinski’s rule of five states that most “drug-
like” molecules must match the following criteria: LogP
=5, molecular weight =500, number of hydrogen bond
acceptors =10 (n OH), and number of hydrogen bond donors
=5 (n NH or OH). It also allows virtual screening of suitable
HDAC: using other properties, including total polar surface
area, G protein-coupled receptor ligand, ion channel modula-
tor, kinase inhibitor, nuclear receptor ligand, enzyme inhibitor,
natoms, nviolations, nrotb, and protease inhibitor. The search
requires users to initialize the value for each property within
which compounds fall. Using the interactive scrollers, the
initializing value can be done. Running the search will return
a set of compounds that obey the given parameters.

Querying and HDACIDB results
display
HDACIi compounds can be viewed and retrieved from the
HDACIDB. The HDACIDB offers a search engine to query
through two distinct (natural and synthetic) entry points for
HDACi compound searching. Both natural and synthetic com-
pound data can be accessed separately by either their “name”
or their “property” track. Figure 2 provides the information
flow during a compound search. Search by name allows the
user to select a main compound and view the group of similar
compounds available in the list. Segregation of properties into
mainly two types, namely drug properties and physicochemical
properties, allows the user to perform compound searches by
applying the desired Lipinski’s rule or using other properties.
Drug property information comprises the [UPAC name
of the compound, the PubChem/ChemBank identifier,
HDACIDB identifier, molecular formula, canonical SMILES,
InCHI, tautomer count, exact mass, and monoisotopic mass.
The compound LogP, total polar surface area, molecular
weight, natoms, nviolations, nrotb, hydrogen acceptor,
number of hydrogen bond donors, protease inhibitor, G
protein-coupled receptor ligand, ion channel modulator,
kinase inhibitor, nuclear receptor ligand, enzyme inhibitor,
and volume are the incorporated physicochemical properties.
Hence, the provided Lipinski’s rule parameters (molecular
weight, LogP, number of hydrogen bond donors, and number
of hydrogen bond acceptors) sliders allow for the selection
of values and search initialization. The same provision is
also available for selecting compounds based on other drug
likeness parameters. After submission of the compound’s
first alphabet, all the compounds beginning with that letter
appear, and selection of the particular compound will lead

to the display of a page having compound and related infor-
mation. The compound IUPAC name, its main compound,
physicochemical and drug properties, compound group, two-
dimensional as well as three-dimensional structure, and its
description are all displayed.

To get more details about each feature, the user can click
on the particular link and a new page will appear to display the
queried information. “Physicochemical” will give LogP, total
polar surface area, molecular weight, its number of atoms
the search molecule contains, OHNH, ON, Lipinski’s rule
violation, rotatable bond, and volume. It also gives its G pro-
tein-coupled receptor ligand, ion channel modulator, kinase
inhibitor, nuclear receptor ligand, and protease inhibitor, as
well as enzyme inhibitor interactive docking scores. “Drug
properties” include PubChem identifier, molecular formula,
canonical SMILES, InCHI, tautomer count, exact mass, and
monoisotopic mass. “Compound group” yields the group to
which it belongs and the other compounds of this group. “All
properties” delivers a compilation of all these properties in a
single page. “Compound description” provides a description
of'the compound, including its current pharmaceutical status
and other applications. “Literature link” provides updates of
the current status of the particular inhibitor and all publically
available literature. “Export molecular file” allows the export
and downloading of a compound’s molecular file. Views of
the two-dimensional structure and Jmol three-dimensional
structure of the compounds are also available. Hence, search-
ing the HDACiDB would allow a structure-activity relation-
ship-based facile selection of lead HDACi compounds that
are specific for one of the non-redundant HDAC:s.

Future development

In light of the fact that information on these epigenetic
modulators continues to grow with inputs from preci-
sion cancer medicine development programs, preclinical
studies, and other research, this new information would
be incorporated into the HDACiDB on a regular basis. A
major focus will be to extend the database through acqui-
sition of more experimental data and to add a number
of Java plug-ins to facilitate virtual screening as well as
to enrich the HDACiDB with more features to make it
more interactive and user-friendly. This database serves
as a foundation and launching point for further studies on
HDAC:I and their analog compounds, and as an enhancer
of the success rate of computer-aided cancer drug design.
In future, all entries would be hyperlinked to other major
cancer-related databases to provide information beyond the
scope of the HDACiDB.
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Supplementary materials

Table S| Details of the content of the histone deacetylase inhibitor =~ Table S2 Details of the content of the histone deacetylase

database on parent natural the original main compounds inhibitor database for the main original synthetic compounds

Name of natural compound Number of analogs present Names of synthetic compounds Number of analogs present

4-methoxy benzamide 14 An-9 N/A
Apicidin 4 APHA I
Azumamide A N/A BML-210 31
Azumamide D N/A CBHA N/A
Azumamide E N/A Cl-994 165
Benzyl isothiocyanate N/A CRA 024781 |
Berberine 13 CRA-026440 N/A
Chlamydocin 8 CuDC 0l 2
CHEMBL4067343 2 Dacinostat 8
Curcumin 14 IN-2001 N/A
Cyclostellettamine A N/A LBH-589 6
Dactinomycin 18 Methotrexate 29
Depudecin 2 MGCDO0103 3
Flavone 107 MS 275 2
HC-toxin 2 OSU-HDACH42 [
Indolocarbazole 3 Oxamflatin |
Largazole N/A Phenylbutyrate 2
Linoleic acid 23 Pxd101 5
Parthenolide 45 Pyroxamide 12
Phorbol I SAHA 20
Pomiferin I Scriptaid 14
Psammaplin A | Subericbishydroxamate 5
Romidepsin 4 Trithiocarbonates N/A
Selenomethionine N/A Troglitazone 2
Se-methyl-L-selenocysteine | Tubacin 680

Sodium butyrate 2 Abbreviation: N/A, not applicable.
Sphingosine- | -phosphate-4 2

Stigmasterol 62

Sulforaphane 2

Thymoquinone 4

Trapoxin A 2

Trapoxin B 27

Trichostatin A 3

Abbreviation: N/A, not applicable.
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