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ABSTRACT

First, A series of novel linker-less benzamides with different aryl and hetero aryl cap groups have
been designed, synthesized, and screened as potent histone deacetylase (HDAC) inhibitors with
promising anti-cancer activity. Two lead compounds amino phenyl quinoline carboxamide (5e)
and amino phenyl indole carboxamide (5f), were found as potent and highly selective HDAC3
inhibitors over other class-1 HDACs and HDAC6. Compound 5e bearing a 6quinolinyl moiety as
the cap group was found to be a highly potent HDACS3 inhibitor (ICso = 560 nM) and displayed
46-fold selectivity for HDAC3 over HDAC?2, and 33-fold selectivity for HDAC3 over HDACL.
The synthesized compounds possess antiproliferative activities against different cancer cell lines
and are significantly less cytotoxic to normal cells. Molecular Docking studies of compounds
amino phenyl quinoline carboxamide (5e) and amino phenyl indole carboxamide (5f) reveal a
similar binding mode of interactions as C1994 at the HDAC3 active site. These observations agreed
with the in vitro HDAC3 inhibitory activities. Significant enhancement of the endogenous
acetylation level on H3K9 and H4K12 was found when B16F10 cells were treated with compounds
amino phenyl quinoline carboxamide (5e) and amino phenyl indole carboxamide (5f) in dose-
dependent manner. The compound induced apoptotic cell death in Annexin-V/FITC-PI assay and
caused cell cycle arrest at the G2/M phase of the cell cycle in B16F10 cells. These compounds

may serve as potential HDACS3 inhibitory anticancer therapeutics.



Second, A series of small molecules having o-hydroxy benzamide as the novel zinc binding group
(ZBG) has been introduced for the first time that can be able to produce good HDACS selectivity
over other HDACs. The lead HDAC3 inhibitors, hydroxy phenyl quinoline carboxamide (11a),
and flouro hydroxy phenyl indole carboxamide (12b) displayed promising in vitro anticancer
activities with less toxicity to normal kidney cells. These lead compounds significantly upregulate
histone acetylation and induce apoptosis with a G2/M phase arrest in B16F10 cells. Compound
hydroxy phenyl quinoline carboxamide (11a) exhibited potent anti-tumor efficacy in 4T1-Luc
breast cancer xenograft mouse model in female balb/c mice. It also showed significant tumor
growth suppression with no general toxicity and extended survival rates post tumour resection. It
significantly induced highest ROS generation leading to apoptosis. No considerable toxicity was
noticed in major organs isolated from the compound hydroxy phenyl quinoline carboxamide (11a)
treated mice. Compound hydroxy phenyl quinoline carboxamide (11a) also induced the
upregulation of ac-H3K9, acH4K12, caspase-3, and caspase-7 as analyzed by immunoblotting
with treated tumor tissue. Overall HDAC3 selective inhibitor hydroxy phenyl quinoline
carboxamide (11a) might be a potential lead for the clinical translation as an emerging drug

candidate.

The main objective behind designing these molecules is to develop novel molecules that exhibit
selective HDAC3 inhibitory activity. Further structural optimization of the lead molecules may
show better selectivity, potency, stability, and bioavailability. The lead molecules can also be
explored further in various other animal models of cancer and can be translated as potential drug

candidates for the treatment of cancer.
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Introduction

Epigenetic modifications:

Epigenetics had developed into a well-known biological subdiscipline for many decades, and the
term had practically come to mean “epigenetic inheritance." For instance, epigenetics was defined
as “the study of changes in gene function that are mitotically and meiotically inheritable and that
do not necessitate a change in the DNA sequence” in a 2001 issue of science that focused on the
subject (Wu & Morris, 2001). Epigenetic alterations frequently take place over the course of an
organism's existence, but if they happen in germ cells, they can be passed on to the following
generation (Chandler, 2007). Paramutation, bookmarking, imprinting, gene silencing, X
chromosome inactivation, position effect, changeable disorder, reprogramming, maternal
attributes, carcinogenic process, teratogenic effects, regulation of histone modification, hetero
chromatin states, and cloning are epigenetic processes known to be involved. The epigenetic
machinery consists basically of three interconnected components: DNA methylation, histone

posttranslational modification, and non-coding RNAS.

DNA methylation, which is greatly studied, is a commonly repressive epigenetic signal while
placed at promoters, happens predominantly at the carbon five positions of symmetrical CpG
(cytosine and guanine separated with the aid of phosphate) dinucleotides (Li & Zhang, 2014). The
state of DNA methylation is maintained after the cellular division via the reaction of DNA
methyltransferase 1 (DNMT 1), which methylates hemi methylated CpG dinucleotides in the
daughter cell. DNA methylation has a complex relationship; it can be quite helpful in regulating
the (Wu & Morris, 2001), epigenetic alterations frequently take place over the course of an organism's
existence, but if they happen in germ cells, they can be passed on to the following generation
(Chandler, 2007). Epigenetic processes involve Gene silencing, bookmarking, position expression
of genes, X chromosome inactivation, imprinting, Paramutation, changeable disorder or phenotypic

severity, material attributes, teratogenic effects, reprogramming, carcinogenic processes, regulation
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histone modification, heterochromatin states, and cloning, but its effect can be disease-causing such
regions. The previous study discovered 5-hydroxy methyl cytosines (5hmc) were oxidised to 5-
methyl cytosines by using a family of catalysing enzymes, has added a new dimension to the study

of DNA methylation (Kriaucionis & Tahiliani, 2014).

1.2 Chromatin structure and modifications:

Chromatin is the state in which DNA is packaged in the cell. The nucleosome is the basic unit of
chromatin and consists of an octamer of the four nuclear histones (Hs, Ha, H2A, H2B) around which
147 base pairs of DNA are wrapped. The core histone is spherical, except for its N- terminal tails,
which are unstructured. Chromatin modifications include covalent modification (PTM) of
protruding amino-terminal histone tails with acetyl, methyl, phosphate, ubiquitin, or other groups

(H. Huang et al., 2014).

chromosomes

N-terminal histone tail nucleosomes

ﬁ B p
ﬁ = “ /“ chromatin

Histone proteins

Double-stranded DNA

Wi

Figure 1.1. Structure of histone octamer coiled with DNA double helix

In the case of lysine, methyl modification can be mono, di, or trimethylation. These modifications
contribute to the regulation of gene expression by directly affecting or attracting or repelling
effector-binding proteins, referred to in this collection as PTM writers, readers, and erasers. Sin
chromatin consists of tightly packed DNA stand wrapped around histone octamers, the folding

pattern of DNA in chromatin is clearly the cause of changes in gene activity. Although chromatin
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structures and histone PTMs can be stably transferred from a mother cell to a daughter cell, the
mechanism underlying the replication of such structures is not fully understood (Almouzni &

Cedar, 2016)

1.3. Histone deacetylases (HDACS):

Histone deacetylases are expressed through diverse tumors and are involved in critical
chromosomal translocation-mediated oncogene protein fusion and carcinogenic activities
(Falkenberg & Johnstone, 2014a). These enzymes removes acetyl groups from the amino acid of

lysine on a histone(Inoue & Fujimoto, 1969).

Histone deacetylases
(HDACs)

Ac

Figure 1.2. The role of histone deacetylases (HDACS) in epigenetic regulation.

In humans, so far 18 HDACSs have been identified, and those are grouped into four classes (Seto
& Yoshida, n.d.). Class I, Class II, Class I1l and Class IV. Class | contains HDAC 1, HDAC 2,
HDAC 3, and HDAC 8; Class Il HDACs are subdivided into two groups: Class Ila and Class Ilb.
HDACSs 4,5,7 and 9 are included in class Ila, and HDACs 6 and 10 are included in Class I1b. Class
IV contains only one HDAC, “i.e., HDAC 11. These three classes HDACs (11 HDACsS) are
Zndependent HDACs. Class Il was known as the sirtuins. SIRTs are nicotinamide adenine

dinucleotide-dependent enzymes (Imai et al., 2000).
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’ ' HDACI,
\ Class I 2.3.8
HDACA4,
) Class Ila 5.7.9
T Class 11 ) :’ HDACS
{ Classes \ _\ SRR ’ 10
Class Il SIRT' 1, 2,

3,4,5,6,7

Class IV HDAC 11

Figure. 1.3. Classification of the histone deacetylases (HDACSs) family enzymes

1.4. Histone deacetylases in cancer:

Despite the widespread use of HDAC inhibitors in cell cultures, animal models, and early clinical
trials, surprisingly, little is known about the expression of their targets in cancer tissues. As a result,
there are a few systematic studies examining the function of all family members in the context of
tumors. According to a recent study, cells lacking HDAC?2 expression are resistant to HDAC
inhibitors of clinical significance (Ropero et al., 2006). The genetics, expression, and function of

the classical HDAC family members 1-11 in cancer are depicted in Figure 1.4.
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Figure. 1.4. HDAC family members control hallmarks of cancer cell biology. Selective targeting
of individual HDACs causes differentiation, apoptosis, cell cycle inhibition, inhibition of

migration, susceptibility to chemotherapy, and anti-angiogenesis. See the text for further

information and references (Witt et al., 2009a).

1.4.1. Class | HDACSs:

Class | HDAC participants are deregulated in many cancers. HDAC 1 expression was elevated in
17/25 instances (60%) of gastric cancer in the first research compared to normal tissue. The
prognostic value of HDAC 1, 2, and 3 expressions are investigated by 293 gastric cancer samples;
this observation was confirmed by a recent study, and also elevated class | HDAC expression was
found to be an independent predictor of survival in that study, gastric cancer patients. (Weichert,

Radske, Gekeler, Beckers, Ebert, et al., 2008a). In a group of 39 pancreatic carcinomas, increased
HDACL1 expression in conjunction with HIF1a used to be a poor prognosis (Miyake et al., 2008).

High HDAC 1, 2, and 3 expressions have been additionally linked to differentiation and increased
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pancreatic cancer cell proliferation in large investigations comprising 192 pancreatic carcinoma
samples (Weichert, Roske, Gekeler, Beckers, Stephan, et al., 2008). Compared to HDAC1,
upregulation of HDAC2 in colorectal cancer is more frequent and stronger, starting at the polyp
stage. Similarly, HDAC 2 expression confirmed a distinct demarcation of high-intensity in cervical
dysplasia and aggressive cancer compared to HDAC 1 (B. H. Huang et al., 2005). In gastric,
colorectal, and prostate cancer, HDAC 2 expression together with HDAC 1 and 3 was correlated
with advance stage disease and a poor prognosis (Weichert, Roske, Gekeler, Beckers, Ebert, et al.,
2008b) . A high level of HDACS expression in childhood neuroblastoma is significantly associated
with advanced-stage disease, poor prognostic markers, and poor survival in children. However,
none of the other 10 HDAC family members investigated the correlation with the disease stage

(Oehme et al., 2009).

1.4.2. Class Il HDAC:s:

Class Il HDAC:s are further subdivided into two types. 1. Class lla

2. Class Ilb

1.4.2.1. Class lla HDACs:

During the past few years, Class Il HDACSs have also been associated with cancer. The expression
of HDAC4 was higher in breast cancer samples than in renal, bladder, and colorectal cancer
samples. In the observation, HDAC5 and HDAC7 expression is increased in colorectal cancer,
whereas it is downregulated in renal, bladder, and breast cancer (H. Ozdag et al., 2006). The
overexpression of HDAC9 was reported in cervical cancer (Y. W. CHOI et al. 2007), and elevated
HDACDO levels are also correlated with decreased survival induction of medulloblastoma patients

(Milde et al. 2010), and in childhood, acute lymphoblastic leukemia patients (Moreno et al. 2010).
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1.4.2.2. Class I1b HDACs:

In oral squamous cell carcinoma, extensively higher HDAC 6 expression was observed in
carcinomas versus normal oral squamous tissue, and HDAC6 expression upregulated in
advancedstage cancers comparison with early stage in 90 samples (T. Sakuma et al. 2006). HDAC
6 expression was correlated with better survival, and it was a higher expression in breast cancers
of low histological grade, estrogen and progesterone receptor, and small tumors. The higher level
of HDAC6 mRNA was correlated with a good response to endocrine treatment. Therefore, HDAC6
can be used as a prognostic indicator of breast cancer progression and response to endocrine

treatment (Zhang et al., 2004).
1.4.3. Class 111 HDACs:

Cancer is also being linked to sirtuins in recent years. Sirtuins appear like other HDACs, and
function as both pro-oncogenic and tumor suppressors. In a similar manner to classical HDACs,
several sirtuins have abnormal expressions. Acute myeloid leukemia, prostate cancer, and
nonmelanoma skin cancer these three have increased levels of SIRT1(Bradbury et al. 2005; Hida
et al. 2007; Huffman et al. 2007). There are SIRT3 and SIRT7 increased expressions in breast
cancer (Ashraf et al. 2006). In gastric cancer and gliomas, downregulation of SIRT2 is observed

(Hiratsuka et al. 2003).

1.4.4. Class IV HDACs:

HDAC 11 is the lone class of IV HDAC and is crucial for the growth and survival of oncogenic

jak2-driven MPN cells (Yue et al., 2020).



Introduction

1.5. Histone deacetylase inhibitors (HDACI) as anticancer agents:

Cancer cells induce cell cycle arrest, cell differentiation, and cell death and reduce angiogenesis as
well as modulate immune response when exposed to HDAC inhibitors. It has been suggested by
Dawson and kouzarides, that the epigenetic vulnerability of cancer cells causes the relative
specificity of HDAC inhibitors. Epigenetic regulatory mechanisms are multiplied in normal cells
in contrast to those in some cancer cells. As a result, HDAC may maintain a set of key genes
required for the survival and growth of cancer cells, not those required for normal cells (Dawson
& Kouzarides, 2012). HDAC inhibitors work differently and may have different mechanisms of
anticancer action based on cancer type, individual HDAC inhibitor dose, and other factors
(Kretsovali et al., 2012). As an example, valproic acid inhibited bladder cancer invasiveness but
not prostate cancer (Chen et al., 2006), did not inhibit the cell cycle in some neuroblastoma cell

lines such as SH-SY-5Y and SK-N-BE (Stockhausen et al., 2005).

1.5.1. FDA-approved HDAC inhibitors:

To date, there are five HDAC inhibitors have been approved for cancer treatment by the US Food
and Drug Administration (FDA). The first commercial non-selective HDAC inhibitor was
vorinostat (SAHA), developed by Merck. It was approved in October 2006 for the treatment of
cutaneous T-cell lymphoma (CTCL). The second marketed drug is naturally occurring Romidepsin
(FK228). It was isolated from the cultures of chromo bacterium violaceum, a gram-negative
bacterium isolated from a japanese soil sample. In June 2011, it was approved for the treatment of
both cutaneous T-cell lymphoma and peripheral T-cell lymphoma (CTCL & PTCL) (Mann et al.,
2007, Vandermolen et al., 2011). The drugs panobinostat (LBH589) and belinostat (PXD101), both
pan HDAC inhibitors, were made available to patients with multiple myeloma (MM), cutaneous T-

cell lymphoma (CTCL), and peripheral T-cell lymphoma (PTCL)(Laubach et al., 2015, Poole,
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2014). Panobinostat was approved in 2015 by Novartis pharmaceutical company. Belinostat was
approved on July 3, 2014, and developed by Spectrum Pharmaceuticals. The Chinese FDA (CFDA)
has approved tucidinostat (Chidamide), a 2-aminoanilide, is used to treat resistant peripheral T-cell
lymphoma (PTCL) by inhibiting the activity of HDAC 1, 2, 3, and 10 (Lu et al., 2016a).

1.5.2. Classes of HDAC inhibitors:

According to the chemical structure, the five main kinds of HDAC inhibitors include short-chain
fatty acids, benzamides, hydroxamic acids, cyclic peptides (Falkenberg & Johnstone, 2014b), and

recently hydrazide-based HDAC inhibitors also described (McClure et al., 2016).

Hydroxamates : Vorinostat (SAHA), Belinostat, Panobinostat.
Cyclic peptides : Romidepsin.
Benzamides : Tacedinaline (C1-994), Entinostat, Mocetinostat, Chidamide.

Short-chain fatty acids : Valproic acid, Phenylbutyrate.
5. Hydrazides : UF010

o > w D oE
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Figure 1.5. HDAC inhibitors contain Hydroxamates, Benzamides, cyclic peptides, carboxylic
acids, and hydrazides.

1.5.3. Basic Structure of Zinc Binding HDAC Inhibitors:

HDAC inhibitors (hydroximic acid, benzamide, cyclic peptide, short-chain fatty acid) have been
tested in clinical trials in a variety of structurally different classes, as we discussed here. Generally,
the majority of zinc-dependent HDAC inhibitors consist of three different pharmacophores. (1) Cap
group or a surface recognition unit, usually a hydrophobic and aromatic group, which interacts with

the rim of the binding pocket; (2) Zinc binding domain (ZBD), such as the hydroximic acid,
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carboxylic acid or benzamide groups, which coordinates to the Zn?" ion in the enzyme active site,
and (3) a saturated or unsaturated linker domain with linear or cyclic structure, that connect the cap

group to the ZBG (Miller et al., 2003a).

CAP GROUP ¢l W R ARt

(CAP: Surface cap group; Linker: hydrophobic linker region; ZBG: Zinc Binding Group)

Figure 1.6. General pharmacophore model of HDAC inhibitors

The capping group interacts with the amino acids close to the active site’s entrance and is located
inside the protein, and become the part of the complex formed by ZBG and Zn-metal which is
reported in crystallographic analyses of HDAC in complex with hydroxamate compound (Finnin
et al., 1999; Somoza et al., 2004; Vannini et al., 2004; Lauffer et al., 2013). Using the linker, the
capping group and the high-affinity interaction with proteins are appropriately provided by the

metal binding domain. Figure 1.7. shows the structures of a few selected HDAC inhibitors.
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Entinostat Valproic acid Sodium phenylbutyrate
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Figure 1.7: Representative HDAC inhibitors and their pharmacophores. Cap, linker, and zinc

binding domain (ZBD) are coloured indigo, black and red respectively.

The potency and selectivity of many HDAC inhibitors have been affected by variations in any or
all three if these domain (Saito et al., 1999a) or a carboxylate (50M) (Phiel et al., 2001) in the
clinically significant three drugs vorinostat, entinostat, and valproic acid, which contain a
hydroxamate, benzamide, and carboxylate metal binding moiety, respectively. As a result, the
presence of a carboxylate acid or a benzamide led to decreased inhibitory efficacy, possibly as a
result of their poorer ability to bind metals compared to a hydroxamate group. According to several
investigations, hydroxamic acid is a more potent HDAC inhibitory than carboxylic acid (Luo et al.,
2011). Variations in the inhibitory activity have been replaced by a modification to the linker group,
with various chain lengths, hydrocarbons (saturated or unsaturated), and cyclic hydrocarbons.
Therefore, these three modifications have been involved in the design of HDAC inhibitors, as
shown by numerous articles and reviews (Rajak et al., 2014; Taddei et al., 2014; Tashima et al.,

2014).

1.5.4. Mechanism of action of HDAC inhibitors:

Histone acetylation is increased by HDAC inhibitors, and HDAC activity inhibition is the
mechanism for these drugs’ antiproliferative effects. However, despite having little clinical effect,
multiple trials have shown increased histone acetylation in tumor samples, indicating that this effect
is insufficient to induce efficacy (Siu et al., 2008; Schrump et al., 2008). HDACSs have a wide range
of biological substrates and targets, including proteins that are involved in tumor development, cell
cycle regulation, apoptosis, angiogenesis, and cell invasion. HDACSs can also act on other different
cellular proteins. As aresult, HDAC inhibitors have a variety of cellular effects, and the mechanism
of action involves cell cycle arrest, activation of the apoptotic pathway, induction of autophagy,

production of reactive oxygen species, and angiogenesis. The primary cause of HDACi-mediated
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tumor cell death is the induction of apoptosis, which can be isolated by intrinsic (mitochondrial) or
extrinsic (death receptor) pathways and result in caspase activation and cell death. The activation
of the extrinsic pathway occurs when ligands (Such as Fas ligand (FasL), tumor necrosis factor,
(TNF)-related apoptosis-inducing ligand) bind to their respective cell surface death receptor and
the activation of the intrinsic pathway occurs when cellular stresses like chemotherapy, ionizing
radiation, and the removal of growth factor and disruption of growth factors (Johnstone et al.,
2002). Suberic bishydroxamate down-regulates the expression of antiapoptotic X-linked inhibitor
of apoptosis, B-cell lymphoma-extra-large (Bcl-XL), and myeloid cell leukaemia while
upregulating BIM, BAX, and BAK in melanoma cells to cause apoptosis (Mcll1) (X. D. Zhang et
al., 2003). In transformed fibroblast, vorinostat treatment resulted in the widespread transcriptional
induction of gene encoding BH3-only pro-apoptotic proteins (BAD, BIM, BIX, Noxa), the multi-
domain pro apoptotic gene BAK1, and genes encoding death effector components downstream of
mitochondrial damage (Diablo, Apafl, Casp9, HtrA2, and CytC) (Bolden et al., 2013).
Additionally, these cells simultaneously suppressed the pro-survival genes Bcl2A1, Bcl2L1, and
Bcl2L2. HDAC inhibitors increased the expression of the Bel2 family’s antiapoptotic proteins, such
as Bcl2 and Bcl-x, and decreased the expression of the pro-apoptotic proteins Bmf, Bid, and Bim
(Bolden et al., 2006). HDACI can additionally induce cell cycle arrest at G1/S or G2/M transition,
leading to differentiation and apoptosis. HDACi- mediated increase in expression of the CDK
inhibitor p21wAF1/CIP1 leads to cell cycle arrest in G1/S (Z. Zhang et al., 2013). Silencing of
HDAC3 was found to induce p21WAF/CIP1 and cellular expression cell cycle arrest in the G2/M
phase of colon cancer cells (Wilson et al., 2006). Vorinostat has been found to promote cell cycle
arrest at G1/S and G2/M subsequent apoptosis in leukemia K562, HL60, and THP1 cells (Silva et
al., 2013). Another mechanism action of HDACI, can involve inhibiting molecules that cause

hypoxia-inducible factor (HIF), which can stop tumor angiogenesis. The transcription factor HIF
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la is stabilised during hypoxia and is degraded by the tumour suppressor gene VVon Hippel Lindau
(VHL), which increases the production of the VEGF gene. When a downregulating of VEGF and
HIF 1a to block angiogenesis, Trichostatin A (TSA) was shown to upregulate VHL and p53 under
hypoxic conditions (M. S. Kim et al., 2001). HDACi interferes with the function of Hsp90-
mediated chaperone and exposes HIF 1a to proteasomal degradation, which also contributes to the
anti-angiogenic pathway (Qian et al., 2006). HDAC inhibitors cause chromatin conformational
changes upon histone acetylation, which may expose the DNA to UV radiation, ionising radiation,
ROS, and chemotherapeutic genotoxic chemicals. The complex biochemical reaction can
eventually lead to double-strand breaks (DSBs) in DNA. Vorinostat, a pan HDAC inhibitor, has
been shown to cause DSBs in both cancers (LNCaP, A549) and normal (HFS) cells (Lee et al.,
2010a). While transformed cells increased the level of the phosphorylated histone variant YH2AX,
a biomarker of DNA damage, with continued culture with vorinostat, normal cells, unlike cancer
cells, repair the DSBs despite continued culture with vorinostat. Two distinct pathways,
homologous recombination, and non-homologous end joining, are used to repair DNA double-
strand breaks (Munshi et al., 2005; C. S. Chen et al., 2007). The gene expression of DNA repair
proteins such as RAD51, BRCAL, and BRCA2 was also decreased by HDACi (Adimoolam et al.,
2007). Another crucial process in HDACI-induced cell death that results in DNA damage is the
generation of reactive oxygen species (ROS). ROS generation is decreased by free radical
scavengers like N-acetylcysteine, which prevents HDACi-mediated cell death (Lee et al., 2010b,
Rosato et al., 2003). Thioredoxin, a thiol reductase that scavenges ROS, and thioredoxin binding
protein-2 (TBP-2), a protein that binds to Thioredoxin and inhibits its reducing activity, are both
downregulated by HDACI, which results in an increase in ROS generation (Marks, 2006). TBP-2

expression was induced by vorinostat treatment, and afterward, Thioredoxin expression was
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suppressed (Butler et al., 2002). Together, these varied methods by which HDACI effect cancer

cell survival and death are depicted in Figure 1.8.
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Figure. 1.8. Multiple anti-tumor pathways activated by HDACI. Extrinsic and intrinsic refer to
two apoptosis pathways, and HR and NHEJ refer to two DBS repair pathways (Mottamal et al.,
2015).

1.5.5. Toxicity in Clinical Trials of HDAC inhibitors:

Like any class of anticancer drugs, HDAC inhibitors have some side effects. The Side effects of
the inhibitors (grades Ill and 1V) include thrombocytopenia, neutropenia, anemia, fatigue, and
diarrhea (Madsen et al., 2014; Younes et al.,, 2011). HDAC can sometimes result in
thrombocytopenia, but it can be quickly treated by stopping the medication (Pili et al., 2012).
Nausea, vomiting, anorexia, constipation, and dehydration were some of the side effects that were
observed. Clinical trials using HDAC inhibitors have recorded the deaths of study participants.

Four people died during a mocetinostat study among those with serious Hodgkin’s lymphoma, and
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two of those deaths were treatment-related (Bishton et al., 2011). The clinical studies for vorinostat
and givinostat also included several other deaths (Younes et al., 2011; Galli et al., 2010). Therefore,
to reduce the toxicity of HDACi and decrease the cytotoxicity effect in patients, some modifications
are necessary before starting clinical trials.

1.5.6. Isoform selective HDAC inhibitors:

Most of the HDACI drugs in and out of clinical trials non-specifically inhibit all HDAC isoforms
(so-called pan-inhibitors). SAHA and TSA are canonical pan-inhibitors, which had roughly
equivalent potency in influencing HDAC1- 9 (Khan et al., 2008). The best pharmacological tools
to understand the unique roles of each HDAC isoform would be selective HDAC inhibitors, which
can either target a single HDAC isoform (isoform-selective HDACI) or a number of isoforms
within a single class (class-selective HDACI). The molecular mechanism linking HDAC activity
to the development of cancer will be better understood with the use of specific HDAC inhibitors.
Furthermore, compared to pan-inhibitors, a class- or isoform-selective HDAC inhibitor might
provide more potent chemotherapy. The design of selective HDAC inhibitors has been difficult
despite their usefulness and potential therapeutic advantage. Designing effective inhibitors is
challenging because of the isoforms' active sites' considerable sequence similarity. The minor
variation between the active sites of each human isoform is not well described, due to the restricted
crystallographic analysis; the only available crystal structures are of HDAC7 and HDACS8 (Somoza
et al., 2004;Vannini et al., 2004), although the structures of bacterial homologues related to class |
and class Il HDAC proteins have been useful (Finnin et al., 1999; Nielsen et al., 2005). Despite
these challenges, various class and isoform selective HDAC inhibitors have been identified in the

past decade.
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Inhibitors HDAC isoform HDAC isoforms
selectivity
Trapoxin A and HDAC 1 640 — 570000-fold vs. HDAC6
derivatives
Apicidin HDAC 2,3 5 -83-fold vs. HDAC1, 4-9
Romidepsin HDAC1,2 10-fold vs. HDAC4
Azumamide E HDAC1-3 37-500-fold vs. HDAC4-9
MS-275 HDAC1,3 135fold vs. HDAC 6,8
Cl1-994 HDAC 1,3 133fold vs. HDAC 6,8
MGCD0103 HDAC 1,3 40fold vs. HDAC 6,8
SK-7041 HDAC 1,2 HDAC 3-6
SK-7068 HDAC 1,2 HDAC 3-6
VPA HDAC1-5,7 >20-fold vs. HDAC 6,10
SB429201 HDACL1 20-fold vs. HDAC 3,8
PCI1-34051 HDACS >290-fold vs. HDAC 1-3,6,10
SB-379278A HDACS 60-fold vs. HDAC1,3
Tubacin HDAC6 4-fold vs. HDAC1

Table 1.1: Isoform selective HDAC inhibitors.

In the following two chapters, novel linker-less benzamide-based potent and selective HDAC3
inhibitors and novel linker-less o-hydroxy benzamides were designed and characterized.
Determination of potency and selectivity of the synthesized molecules against different isoforms
of HDACs by biochemical assay and the anti-proliferative effect of the compounds was assessed
in various cancer cell lines. One of the lead molecules was taken further for the assessment of in

vivo therapeutic efficacy of the compound against breast cancer animal models, showing significant
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tumor growth rate inhibition at 25mg/kg with the least toxicity, which can be explored further as

an effective treatment strategy for cancer treatment.
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Chapter 2

Synthesis, biological evaluation, and molecular docking
analysis of novel linker-less benzamide-based potent and

selective HDACS inhibitors
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ABSTRACT
A series of novel linker-less benzamides with different aryl and heteroaryl cap groups have been

designed, synthesized, and screened as potent histone deacetylase (HDAC) inhibitors with

promising anticancer activity. Two lead compounds 5e and 5f were found as potent and highly

selective HDACS3 inhibitors over other Class-1 HDACs and HDAC6. Compound 5e bearing a 6-

quinolinyl moiety as the cap group was found to be a highly potent HDAC3 inhibitor (ICso = 560

nM) and displayed 46-fold selectivity for HDAC3 over HDAC2, and 33-fold selectivity for

HDAC3 over HDACL. The synthesized compounds possess antiproliferative activities against

different cancer cell lines and significantly less cytotoxic to normal cells. Molecular Docking

studies of compounds 5e and 5f reveal a similar binding mode of interactions as CI1994 at the

HDACS3 active site. These observations agreed with the in vitro HDAC3 inhibitory activities.

Significant enhancement of the endogenous acetylation level on H3K9 and H4K12 was found

when B16F10 cells were treated with compounds 5e and 5f in a dose-dependent manner. The

compounds induced apoptotic cell death in Annexin-V/FITC-PI assay and caused cell cycle arrest

at G2/M phase of cell cycle in B16F10 cells. These compounds may serve as potential HDAC3

inhibitory anticancer therapeutics.

2.1. Introduction:

According to WHO, cancer is the second leading cause of death worldwide, claiming about 9.6
million deaths (approximately 1 in 6) in 2018 (World Health Organization (WHO)). “Cancer is
caused by the mutations in tumour suppressor genes and oncogenes due to epigenetic
manipulations that lead to cell proliferation and differentiation” and this is considered the most
acceptable hypothesis in cancer pathogenesis (Biswas & Rao, 2017). It is also well-established that

genetic and epigenetic modifications contribute to the development of cancer (Sadikovic et al.,
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2008a). Epigenetic modifications leading to structural changes in chromatin include DNA
methylation, and post-translational modifications of histone proteins. Among the post-translational
modifications, histone acetylation and deacetylation have been found to play a pivotal role in the
regulation of expression of genes involved in cancer pathogenesis (Sharma et al., 2010). Histone
acetyl transferases (HATS) and histone deacetylases (HDACSs) are the two key enzymes involved
in the regulation of gene expression through acetylation and deacetylation of histone proteins at
€amino group of lysine residues present in the N-terminal end of histone proteins. The imbalance
between the activities of HATs and HDACSs often results in aberrant gene expression leading to
several epigenetic disorders (Yang & Seto, 2007). Moreover, HDACSs play a prominent role also
in cancer cell proliferation, invasion, and metastasis (Pulya, Amin, et al., 2021a). It has also been
reported that HDAC inhibitors are well-implicated in apoptosis or programmed cell death as well
as cell cycle arrest (Singh et al., 2005; Frew et al., 2009; Sarkar et al., 2020). whereas abnormal
HDAC expression lead to various cancers such as cancers of the colon, breast, liver, lung, pancreas,
prostate, along with melanoma, lymphoma, multiple-myeloma and leukaemia (Y. Li & Seto,
2016a). There are 18 different HDACSs categorized into four classes according to their homology
with yeast proteins, subcellular localization, and mechanism of action. Basically, Class | (HDAC1,
2, 3 and 8), Class Il (lla: HDAC4, 5, 7 and 9; Ilb: HDACG6 and 10) and Class IV (HDAC 11)
HDACs are Zn*2-dependent whereas Class Il HDACs are NAD*-dependent also known as
Sirtuins (SIRT 1-7) (Pulya et al., 2021; Witt et al., 2009b). HDAC3 has garnered lot of attention
due to its implication in various life-threatening disease conditions namely cancers (Sarkar et al.,
2020a), cardiovascular diseases (Xu et al., 2017), memory and learning disorders (Amin et al.,
2019; McQuown et al., 2011), neurodegenerative diseases (Bardai & D’Mello, 2011), diabetes

(Sathishkumar et al., 2016) and rheumatoid arthritis (Angiolilli et al., 2017). Most importantly,
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HDACS3 has been validated and well-studied as a potential target for cancer therapy, due to its
crucial role in transcriptional repression through hypoacetylation of histones in different cancers
(Adhikari et al., 2018a). HDAC3 has been found to modulate various cancers such as colon cancer
(Spurling et al., 2008a), breast cancer (H. C. Kim et al., 2010), multiple myeloma (Minami et al.,
2014a), melanoma (Shan et al., 2014), prostate cancer (Jeong et al., 2016), gastric cancer (Ma et
al., 2015a) and leukemia (Mehdipour et al., 2017), and selective HDAC3 inhibitors have been
extensively studied in recent years for various applications (Sarkar et al., 2020; Johnstone, 2002).
However, still lot of work needs to be carried out to identify highly potent and selective HDAC3
inhibitors to combat such disease states with minimum off target side effects. HDAC3, a
wellexplored Class | HDAC, is structurally characterized by a unique C-terminal domain and it
forms a stable complex with NCoR and SMRT for carrying out the deacetylase activity (Guenther
et al., 2001). Several amino acid residues (such as Tyr198, Asp92, Phe199, Tyr107) at the active
site of HDAC3 contribute to the substrate specificity over other Class | HDAC isoforms.
Nevertheless, the interactions of Ins(1,4,5,6)P4 and DAD with HDAC3 contribute to the activation
of the enzyme(Watson et al., 2012; Karagianni & Wong, 2007) The general pharmacophore model
of HDAC active site includes a surface binding domain that interacts with the cap group, the
hydrophobic channel that recruits the linker region, and the catalytic zinc binding domain where
the Zn*2 ion interacts with the zinc binding group (ZBG) of the HDAC inhibitors (Figure 2.1).
There is also an internal cavity adjacent to the zinc binding domain in case of HDAC3 isoform that

might contribute its substrate specificity (Lombardi et al., 2011).
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(CAP: Surface cap group; Linker: hydrophobic linker region; ZBG: Zinc Binding Group)

Figure 2.1. General pharmacophoric structure of HDAC inhibitors.

Quite a few numbers of HDACis have been reported so far and they are widely studied in
preclinical and clinical phases as anticancer agents (Sarkar et al., 2020a). Based on various ZBGs,
different classes of HDACIs have been reported such as hydroxamates, benzamides, short chain
fatty acids, cyclic tetrapeptides, hydrazides and thiols (Sarkar et al., 2020a). Six HDACis have
been clinically approved so far namely vorinostat, belinostat, panobinostat, romidepsin, Chidamide
and pracinostat for the treatment of different cancers such as cutaneous T-cell lymphoma,
peripheral T-cell lymphoma, multiple myeloma and acute myeloid leukemia (Dokmanovic et al.,
2007a). With the multiple side-effects and dose-limiting toxicities associated with this pan HDAC
is, the need for developing novel isoform-specific inhibitors has been realised urgently to
overcome these limitations and to improve the potency and specificity towards individual HDAC

isoforms.

The above mentioned clinically approved HDAC inhibitors belong to the hydroxamate class except

Chidamide which is the only benzamide compound approved by Chinese FDA for the treatment of

relapsed peripheral T-cell lymphoma (Lu et al., 2016b). Interestingly, several studies have been carried

out and are still continuing on benzamide class of compounds to come up with selective HDAC

inhibitors with minimum or no off target side effects (Sarkar et al., 2020a).
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Notably, the benzamide based class-I HDAC selective inhibitors such as entinostat (MS-275, 1)
(Knipstein & Gore, 2011a) and tacedinaline (C1994, 4) (Loprevite et al., 2005; Prakash et al.,
2001) and HDACS selective inhibitors, RGFP109 (2) (Z. yang Li et al., 2016), and BG45 (3)
(Minami et al., 2014a) have been studied extensively as promising anticancer agents (Figure 2.2).
Recently, several other benzamides designed with varying cap groups have been reported with

enhanced HDAC3 selectivity and inhibition potential (Sarkar et al., 2020a).
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Figure 2.2. Structures of benzamide derivatives and design of our new benzamides derivative.

Benzamide has been established as a promising moiety responsible for chelating the Zn?* ion for
various HDACs and thereby responsible for potent inhibition along with selectivity towards
specific HDACs (Amin et al., 2019; Adhikari et al., 2018; Beckers et al., 2007) (Wagner et al.,
2016). Since last 10 years, a number of research works have been carried out on this scaffold to
design compounds reflecting potent HDAC3 inhibition along with selectivity over other HDACs
[(Y. Chen et al., 2009; He et al., 2010; Boissinot et al., 2012; Suzuki et al., 2013; Marson et al.,
2013; Marson et al., 2015; X. Li et al., 2017) Hsieh et al., 2017; Zang et al., 2018). Interestingly,

these compounds also comprise the typical features as HDAC inhibitors, i.e., the cap group, the
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linker moiety and the ZBG. However, only a few group of researchers tried to design linker-less
atypical selective HDAC3 inhibitors (H. C. Kim et al., 2010; Zang et al., 2018., Minami et al.,
2014a) first reported BG45, which is a linker-less benzamide based HDAC3 selective inhibitor,
showed promising efficacy against multiple myeloma. Another series of linker-less HDAC3
selective compounds have been reported by McClure et al. (McClure et al., 2017). They used
benzofuran scaffold instead of pyrazine scaffold of BG45 to obtain potent and selective HDAC3
inhibitors. Our group has been actively working on the development of HDAC3 selective inhibitors
with an emphasis on benzamides involving the structural modifications of the cap and linker region
(Adhikari et al., 2018; Trivedi et al., 2018; Trivedi et al., 2019; Aminetal.,2018; Hamoud et al.,
2020; Pulya, Mahale, et al., 2021). We, here by, report a series of linker-less benzamide
compounds with different cap groups derived from the basic pharmacophore scaffold of C1994
which has been studied most extensively in preclinical and clinical applications (Loprevite et al.,
2005; (Figure 2.2). In-order to enhance the HDAC3 selectivity, modification of the cap region
with different aromatic or heteroaromatic functions of the linker-less benzamides have been
reported. Herein, we report the synthesis schemes, HDAC3 isoform selectivity study and detailed

biological characterization of the synthesized small molecule HDAC3 inhibitors.

2.2. Results

2.2.1. Chemistry

2.2.1.1. Design and synthesis of novel benzamides

Keeping the benzamide scaffold intact as the ZBG, several aryl (such as phenyl, naphthyl) and
heteroaryl (such as quinolinyl, indolyl, thienyl and pyrazinyl-aminophenyl) cap groups have been
incorporated. Most of these benzamides (5a-5h) were synthesized as per Scheme 1 whereas

compound 5i was synthesized following the Scheme 2.
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Scheme 1. Reagents and conditions: (a) tert-butyl 2-amino phenyl carbamate, EDC, DMAP, DCM:
pyridine (1:1), RT (b) 4M HCI in dioxane, 0°C, 2h.
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Scheme 2. Reagents and conditions: (a) Aniline, N-methyl 2-pyrrolidone (NMP), DIPEA, 160°C,

20h, reflux (b) NaOH, MeOH, H-0, 1h (c) tert-butyl 2-amino phenyl carbamate, EDCI, DMAP,
DCM: pyridine (1:1), RT (d) 4M HCI in dioxane, 0°C, 2h.
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‘As per Scheme 1, the aromatic or heteroaromatic carboxylic acids (3a—3h) were purchased
commercially and were coupled with tert-butyl (2-aminophenyl) carbamate synthesized as per
protocol reported previously (Trivedi et al., 2018) Under the conditions, the acid-amine coupling
reactions were done using EDCI as coupling agent to obtain (4a-4h) as the intermediates, which
upon deprotection of carbamate group in acidic medium afforded the final compounds (5a5h).
Considering the contribution of pyrazine scaffold to the enhanced HDAC3 selectivity as in the
case of BG45, another molecule with amino phenyl as the cap group attached to the pyrazine
scaffold at its 2" position with the benzamide has been designed and synthesized. Scheme 2
describes the synthesis of compound 5i. There 6-chloro pyrazine 2-carboxylate (1i) was converted
to methyl 6-(phenylamino) pyrazine-2-carboxylate (2i) using aniline in the presence of NMP as a
solvent and DIPEA as a base. The 6-(phenylamino) pyrazine-2-carboxylic acid (3i) was obtained
through alkaline hydrolysis of the carboxylate (2i). The acid 3i was coupled with tert-butyl
(2aminophenyl) carbamate synthesized as per our previous report (Trivedi et al., 2018) Under the
conditions, acid — amine coupling was conducted using EDCI as coupling agent to obtain (4i) as
the intermediate, which upon deprotection of carbamate group in acidic medium resulted in the
final compound 5i. Table 2.1. Structures of the designed compounds along with their % yield and

physicochemical properties.

Compound R % vyield HBD HBA Log P

5a ©/ 87.00 2 2 2.04
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5b 70.00 2 2 3.03
5c 71.85 2 2 3.03
AN
5d ©\/j/ 55.00 2 3 1.87
N
X
5e | 80.00 2 3 1.87
N
74
5f N 70.00 3 3 1.58
H
59 Qj/ 57.30 3 3 1.58
N
H
5h (/ \§ 86.00 2 2 1.96
S
H
_ N__N
5i ©/ \E \j/ 88.80 3 5 1.97
N/

The structures of the designed and synthesized compounds along with their % yield and
physicochemical properties are listed in Table 2.1. Physicochemical characterisations of the
synthesized molecules were done using *H NMR, 3C NMR, HRMS analysis and the spectral data

is given in the supporting information section (Spectra S1 — S36).

2.2.2. Biological evaluation

2.2.2.1. Pan-HDAC and HDAC3 inhibition
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All the synthesized compounds (5a-5i) were screened for enzyme inhibitory activity towards pan
HDAC (HeLa Nuclear extract) and recombinant human HDAC3 enzymes initially (supporting
Figure S1 and S2). All the compounds exhibited effective % inhibition of pan HDAC activity at

10 uM compound concentration and effective % inhibition HDACS3 activity at 1 uM compound

concentration are depicted in Table 2.2.

Table 2.2. The % inhibition values of enzymatic activity by the synthesized compounds as well as
the reference molecule C1994 against Hela nuclear extract (Pan-HDAC activity) and recombinant

HDAC3 enzymes. Data represents mean + SD (n = 2).

Compound I.Da.n.-HDAC .H[.)AC?’
% Inhibition (at 10 uM) % Inhibition (at 1 uM)

5a 38.46+1.68 19.35+1.17
5b 15.11+2.27 22.74+0.24
5c 32.88+0.95 33.06+1.88
5d 22.40+3.12 21.83+0.83

5e 12.9+0.85 59+0.46
5f 31.67+1.07 21.13+2.67
59 22.42+4.15 21.38+2.75
5h 27.86+0.56 34.45+2.81
5i 17.78+0.61 7.93+1.25
Cl1994 53.8+0.91 53.65+1.21

It was interesting to note that all these compounds (5a-5i) exhibited comparatively less pan-HDAC
inhibitory activity compared to the reference molecule C1994 and compound 5e showed least pan
HDAC inhibition in the series. However, in case of HDACS inhibition, compound 5e (59%) was
found be most active and even better inhibitor than C1994 (53.65%). Further, it can be inferred
from the % inhibition values, that though 5a exhibited considerable HDAC inhibitory activity but

the selectivity factor towards HDACS3 is less when compared to that of compound 5e which is
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highly potent with 59% inhibition at 1 uM. It was noteworthy that the pyrazine scaffold containing
benzamide compound, 5i neither exhibited any significant pan-HDAC or HDACS3 inhibition when

compared to other compounds in the series.
2.2.2.2. HDAC isoform inhibition

From the result of initial screening based on their inhibition potency, we have further selected
compounds 5e and 5f for the determination of ICso values which will give more précised potency
and selectivity towards HDAC3. The selected compounds 5e and 5f along with the standard
reference C1994 were subjected to their 1Cso determination towards HDAC1, HDAC2, HDACS,

HDACG6 and HDACS isoforms (Figure 2.3, Table 2.3).
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Figure 2.3. The dose response curve for ICsg determination of compounds 5e and 5f using C1994
as positive control. (A) Using kit based human recombinant HDAC1 enzyme assay. (B) Using kit
based human recombinant HDAC2 enzyme assay. (C) Using kit based human recombinant
HDAC3/NCORL1 enzyme assay. (D) Using kit based human recombinant HDAC8 enzyme assay.
(E) Using kit based human recombinant HDACG6 enzyme assay [ICso determinations were carried
out in the concentration range of 0.061 — 80 uM of the compounds in duplicate as per the protocol
given in the HDAC enzyme assay Kits purchased from bio nova. The ICsg values of these

compounds were determined using nonlinear regression analysis method using Graph Pad Prism
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5. Data represent mean + SD (n = 2)].

ICs0 (nM) Selectivity for HDAC3 over other
Cpd HDACs
HDAC | HDAC | HDAC | HDAC | HDAC | HDAC | HDAC | HDAC | HDAC
1 2 3 8 6 1/3 2/3 8/3 6/3
CI | 0929+ | 093+ | 0902+ | 19.57+ | 40.58+ 1.03 1.03 21.7 44.99
994 0.06 0.09 0.14 2.1 3.2
Se 18.75+ | 26.03+ | 0.560+ | 1047+ | 4442+ | 3348 46.48 18.7 79.32
1.98 1.2 0.11 0.71 231
5f | 1136+ | 1143+ | 2077+ | 1034+ | 2937+ 5.47 5.5 4.98 14.14
0.87 0.89 0.69 1.01 1.32

Table 2.3. The ICsp values of compounds 5e and 5f using C1994 as positive control on human
recombinant HDACL, 2, 3, 8 and 6 isoforms and their HDAC3 selectivity profile. Data represent
mean + SD (n = 2).

Compounds 5e and 5f displayed ICso values of 0.560 uM and 2.077 pM against HDAC3
respectively and that are the highest potency towards HDAC3 compare to that of other HDAC
isoforms (Table 3). Interestingly, compound 5e was found be more effective towards HDAC3 than
even the reference molecule C1994 (1Cso = 0.902 uM). The 1Cso determining dose response curves
of the selected compounds 5e and 5f against different HDAC isoforms are shown in the Figure 3.
It was interesting to observe that the reference molecule C1994 was nonselective towards HDAC3
over HDAC1 and HDAC?2 (Table 3). However, Compound 5e bearing a 6-quinolinyl moiety as
the cap group was found to be highly potent HDAC3 inhibitor (ICso = 560 nM) and displayed 46-
fold selectivity for HDAC3 over HDAC2 and 33-fold selectivity for HDAC3 over HDACL.
Interestingly, there was about 4-fold reduction of HDAC3 inhibition (ICso = 2.077 uM) compared
to the former one when the quinolone cap group of 5e was replaced by 6-indolyl cap in compound
5f but still retained a minimum of 5-fold HDAC3 selectivity over other HDAC isoforms tested.

Conclusively, compound 5e is the most potent HDAC3 inhibitor and has been considered to be a
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lead molecule from this series with excellent selectivity towards HDAC3 while compared to other
compounds including reference compound C1994.

2.2.2.3. Anti-proliferative assay against cancer cell lines

All these final compounds (5a-5i), along with the reference molecule C1994 were evaluated for
their antiproliferative activity against human triple-negative breast cancer cell line (MDA-
MB231), mouse breast cancer cell line (4T1) and murine melanoma cancer cell line (B16F10) by

MTT assay (Figure 2.4A-2.4C).
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Figure 2.4. Dose response curve and ICsg values of all novel compounds (5a-5i) along with
reference molecule C1994 as positive control on (A) MDA-MB-231, (B) 4T1, (C) B16F10 cells
when treated with the compounds at concentration range of 0.7-200 uM (n=2) for 72h. Figure D
represents in vitro cytotoxicity data on HEK293 cells when treated with the compounds at
concentration range of 7-2000 uM (n=2) for 72h. Data represent mean +SD. ICso values were

calculated using nonlinear regression analysis method using Graph Pad Prism 5.
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Initially, all the synthesized compounds were tested at two different concentrations (100 uM and
10 uM) in duplicate taking C1994 as reference molecule (supporting Figure S3 — S6) to have an
idea about the cell growth inhibition potential of the compounds. Based on the results from initial
two dose screen the ICso values of all the compounds were determined with a wider range of
compound concentrations. The compounds displayed effective anticancer efficacies against the
tested cancer cell lines with good selectivity for cancer cell lines over normal cell lines (Table
2.4)).

Table 2.4. The tabular presentation of ICso (UM) values of these novel benzamides against cancer

cell lines 4T1, B16F10 and MDA-MB-231 and normal cell line HEK293 and their selectivity
profile for cancer cell lines over normal cell line. Data represent mean + SD (n = 2).

1Cso (M) Selectivir;[z)/rfrc:]:j1 Ic::;r;lci‘elirnceells over

Compound DA HEI/<293 HEI/<293 HEP7293

411 B16F10 MB-231 HEK293 4T1 B16F10 | MDAMB-
231
5a 18.92+1.2 | 11.5+0.98 | 16.58+1.54 | 279.748.76 | 14.78 24.32 16.87
5b 13.25+0.87 | 12.77+1.23 | 11.81+0.87 | 441+7.69 33.28 34.53 37.34
5¢ 36.73+1.54 | 9.26+0.69 | 7.92+0.89 | 187.1+4.54 5.09 20.20 23.62
5d 20.56+1.35 | 22.04+0.86 | 13.27+1.68 | 446.1+8.65 | 21.69 20.24 33.61
5e 24.15+0.89 | 17.89+1.31 | 24.14+3.54 | 1084%10.6 44.88 60.59 44.90
5f 14.3020.65 | 26.40+2.14 | 32.93+3.68 | 753.36.8 52.67 28.53 22.87
59 51.83+2.35 | 15.49+1.03 | 11.07+1.56 | 750.4+10.8 | 14.47 48.44 67.78
5h 50.62+3.45 | 11.58+0.78 | 19.03+2.34 | 408.9+2.4 8.07 35.31 21.48
5i 22.61+1.65 | 9.39+0.68 | 18.82+1.98 | 250.7+6.9 11.08 26.69 13.32
C1994 16.74+1.65 | 14.34+0.99 | 15.14+1.41 | 216.2+8.9 12.92 15.07 14.28
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reference C1994 in all the cancer cell lines tested. In fact, some of these compounds (Compounds
5a, 5b, 5d and 5i) resulted in more or less similar anticancer efficacy to CI1994 (Table 4).
Regarding the cytotoxicity against mouse breast cancer cell line 4T1, only compounds 5b and 5f
exhibited better cytotoxicity (ICso of 13.25 and 14.30 pM, respectively) than C1994 (ICso = 16.74
HUM). However, in case of cytotoxicity against murine melanoma cancer cell line B16F10, several
compounds (compounds 5a, 5b, 5¢, 5i and 5h) also yielded better cytotoxicity compared to C1994
(ICso = 14.34 uM) (Table 4). The B-naphthyl derivative (compound 5c) and pyrazine derivative
(compound 5i) resulted in potent cytotoxicity in B16F10 cell line with an ICso of 9.26 and 9.39
UM, respectively (Table 2.4). Again, in case of cytotoxicity in breast cancer cell line, MDA-
MB231, compounds 5b, 5c, 5d and 5g displayed better efficacy than C1994 (ICso = 15.14 pM)
(Table 2.4). Among these molecules, compound 5¢ was the most cytotoxic one (ICsp = 7.92 uM).
Interestingly, compound 5b (ICso values 11.81 uM in MDA-MB-231 and 12.77 uM in B16F10
cells) and compound 5¢ (ICso values 7.92 uM in MDA-MB-231 and 9.26 uM in B16F10 cells)
exhibited higher ICso values than C1994 (ICso values 15.14 uM in MDA-MB-231 and 14.34 uM
in B16F10 cells) but showed least enzyme inhibitory potency. Though compounds 5e and 5f
exhibited higher HDAC3 inhibitory potency and selectivity than remaining compounds, they were
found to be moderately active against MDA-MB-231, 4T1 and B16F10 cells. All the remaining
compounds exhibited comparable 1Cso values against MDA-MB-231 cells and B16F10 cells
(Figure 2.4A and 2.4C). However, in case of 4T1 cells, the ICso values for the remaining

compounds were found to be higher than that of the reference compound C1994 (Figure 2.4B).
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2.2.2.4. In vitro cytotoxicity against normal HEK293 cell lines

Furthermore, the cellular toxicity of all the compounds were tested against normal human
embryonic kidney (HEK293) cell line for their ICso determination (Figure 2.4D). The compounds
were found to be less cytotoxic towards HEK293. Interestingly, compounds 5e and 5f with the
ICso values of 1.08 mM and 753.3 uM were found to be significantly less toxic than all the other
compounds tested and consequently possessed higher selectivity towards all the cancer cell lines

over normal HEK293 cells (Table 2.4).

2.2.2.5. Induction of histone hyper acetylation in B16F10 cells: Western blot analysis

The cellular HDAC inhibitory activity of compounds 5e and 5f along with reference molecule
C1994 was carried out to find the compounds ability to induce histone acetylation in B16F10 cells
by western blot analysis. The histone acetylation level was measured in a dose-dependent manner
with compounds 5e and 5f on H3K9 and H4K12 as endogenous histone substrates. Treatment of
compounds 5e, 5f and C1994 was carried out for 12h at concentrations of 5 uM and 20 pM that
induced significant acetylation of H3K9 and H4K12 in a dose-dependent manner (Figure 2.5 and
Figure 2.6). The upregulation of histone acetylation was in consistent with the in vitro HDAC

inhibitory activity and also with the cellular antiproliferative activity.
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Figure 2.5. Western blot of Ac-H3K9 in whole cell lysates of B16F10 murine melanoma cells
after treatment with (A) compound 5e, (B) compound 5f and (C) C1994 at 5 uM and 20 uM for

12h. Results were normalized with respect to f-actin as a housekeeping control.
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Figure 2.6. Western blot of Ac-H4K12 in whole cell lysates of B16F10 murine melanoma cells after
treatment with (A) compound 5e, (B) compound 5f and (C) C1994 at 5 uM and 20 uM for

12h. Results were normalized with respect to B-Actin as housekeeping control.

2.2.2.6. Nuclear staining assay

Further to study the phenotype effect of compounds in cells, nuclear staining assay was performed
using DAPI and AQO as staining dyes. It was observed that the treatment of B16F10 cells with 5e, 5f
and C1994 for 48h has shown distinct difference in cell morphology when compared to the

untreated cells as evident from the Figure 2.7. These observations indicate nuclear disintegration

of treated cells and suggested apoptotic cell death mechanism.
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Figure 2.7. Nuclear staining of BI6F10 cells using DAPI (4,6-diamidino-2-phenylindole, a
fluorescent stain) and acridine orange (AO) following treatment by (A) Control (B) C1994 (C)
compound 5e and (D) compound 5f. The stained nuclei are visualised using fluorescence
microscope (Leica microsystems, Germany) on 20x magnification.

2.2.2.7. Apoptosis assay

Several reports have established that HDAC inhibitor-mediated cell death follows apoptotic
pathway (J. Zhang & Zhong, 2014a). In order to determine the extent of apoptosis induced by the
lead compounds 5e and 5f, Annexin-V/FITC-PI apoptotic assay was performed. B16F10 cells
were treated with compounds 5e, 5f and C1994 as reference compound for 72h with the
concentrations at their respective 1Cso values. The cells were then processed and the analysis was
carried out using flow cytometry analysis. Figure 2.8 displays the obtained results which suggest
a significant enhanced apoptotic activity in treated cells with compounds 5e and 5f when compared
to C1994. Compound 5e displayed the total apoptotic percentage as 20.65% = 0.49 (Q2 and Q4),
whereas increased apoptotic population was observed for compound 5f with 35.35% + 2.89 (Q2
and Q4) when compared to C1994 with 16.8% + 0.21 of apoptosis. These results suggest the
programmed cell death mechanism induced by compounds 5e and 5f leading to significant

apoptosis in cancer cells.
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Figure 2.8. Induction of apoptosis in B16F10 cells quantified by Annexin V/PI assay using flow
cytometry. (A) Vehicle control (B) CI1994 (C) 5e (D) 5f (Q1 — Necrotic cells, Q2 - late apoptosis,
Q3 — Live cells, Q4 — early apoptotic cells, X-axis: Annexin V intensity, Y-axis: Propidium iodide
intensity).

2.2.2.8. Cell cycle analysis

In continuation to the results obtained in the apoptosis assay, the cell cycle progression was studied

with the compounds 5e, 5f and C1994 treatment of B16F10 cells and the cell population at different

cell cycle stages was analysed using flow cytometry analysis (Figure 2.9).
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Figure 2.9. Cell cycle arrest induced in murine melanoma cell B16F10 treated with (A) Control
(B) C1994 as positive control (C) compound 5e and (D) compound 5f for 72h. After the indicated
treatment times, cell cycle analysis was performed and analysed by flow cytometry analysis (BD
Aria lll) ®.

In the cell cycle study, B16F10 cells were treated with compounds 5e and 5f and reference
compound CI1994 at 15 pM concentration for 72h. These results (Table 2.5) indicated the
increased cell population in G2/M phase of compound 5e (45.14%) and compound 5f (48.66%)

when compared to control and a similar tendency was observed with C1994 (31.74%)
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Cell cycle % Cell population
Phase Control CI994 Se sf
Gl 54.27 43 83 31.11 2628
S 28.20 24 43 23.75 25.06
G2/M 17.53 31.74 45.14 48.66

Chapter 2

Table 2.5. The percentage cell population in different phases of cell cycle. Data was calculated and

analysed by FCS express plus software from DNA content histograms.

The study also suggested that the cell cycle arrest at G2/M phase of the cell cycle with increased
cell population containing 4n of DNA content. It was observed that compounds 5e and 5f showed
a decrease in G1 population (31.11% and 26.28%) with no significant change in S phase (23.75%
and 25.06%) when compared to reference molecule C1994 (G1 = 43.83% and S = 24.43%). These
results further emphasize the promising anticancer activity of the lead compounds (5e and 5f)
which might be guided through cell cycle arrest at G2/M phase. It also supports the apoptotic assay

data of programmed cell death.

2.2.3. Molecular docking study

In order to understand the probable binding mode of interactions of the promising HDAC3
inhibitors (compounds 5e and 5f) with HDAC3 enzyme (PDB: 4A69), molecular docking studies
were performed by using Schrodinger software. The docked structures of these compounds
(compounds 5e and 5f) along with the reference molecule (C1994) are found to be almost

superimposed with the each other on the active site of the HDACS3 as depicted in Figure 2.10
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Figure 2.10. The docked conformations of compounds (5e, 5f and C1994) superimposed with each
other at the active site of HDAC3 (PDB: 4A69).

These inhibitors snugly bind to the binding groove and occupy the pocket as shown in Figure 2.10
Interestingly, the docking scores are correlated with our in vitro HDAC3 assay results of compound
5e (glide score: -6.109; HDAC3 ICso = 0.560 uM), 5f (glide score: -5.652; HDAC3 ICso = 2.077
M) and reference compound C1994 (glide score: -5.977; HDAC3 ICso = 0.902 uM). The carbonyl
group of both compounds form a hydrogen bonding interaction with Tyr298 of HDAC3 (Figure

2.11).
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Figure 2.11. Molecular docking interactions of (A) compound 5e and (B) compound 5f with
HDAC3 (PDB: 4A69)

Another hydrogen bonding interaction is noticed between the -NH function of benzamide and
Gly143 of HDACS. As seen in Figure 2.11, both these inhibitors form a n-w stacking interaction
with Phel44. Though there are similar binding modes of interactions of these compounds, the
better HDAC3 inhibitory property of compound 5e over compound 5f can be explained in terms
of binding mode of interactions of these compounds with HDAC3. The orientation of the 6-
quinolinyl moiety (compound 5e) at the HDACS3 active site makes it better suitable for stronger
binding interaction compared to the binding orientation of 6-indolyl moiety (compound 5f). It is
important to note that the position or orientation of the heterocyclic nitrogen atom of 6-quinolinyl
moiety is more or less, closer to the amide nitrogen of C1994. However, it is noticed that the
heterocyclic nitrogen atom of 6-indolyl moiety is oriented completely opposite direction of the
former ones. Therefore, 6-quinolinyl moiety is favourable than the 6-indolyl scaffold as far as the

HDACS3 inhibitory potency and selectivity is concerned.
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2.3. Conclusion

A series of linker-less benzamides with different aryl/heteroaryl cap moieties were designed and
synthesized as promising HDAC3 inhibitors. All the compounds were studied for their pan-HDAC
and HDACS3 inhibitory activity. Further, the selected lead compounds 5e and 5f were studied for
their HDAC 1, 2, 3, 8 and 6 enzyme inhibitory profiles to judge the selectivity towards HDAC3.
Two lead compounds 5e and 5f were found to be potent and highly selective HDAC3 inhibitors
over other Class- HDACs and HDAC6. Compound 5e bearing a 6-quinolinyl moiety as the cap
group was found to be a highly potent HDAC3 inhibitor (ICso = 560 nM) and displayed 46-fold
selectivity for HDAC3 over HDACZ2, and 33-fold selectivity for HDAC3 over HDAC1. Moreover,
the HDAC3 selectivity of the lead molecules found to be much better than the reference compound
C1994. All these compounds exhibited effective antiproliferative activity against various cancer
cell lines (4T1, B16F10 and MDA-MB-231) with less cytotoxicity against normal cells (HEK293)
when compared with reference compound C1994 and interestingly the most promising molecule
(5e) showed least toxicity towards normal cells. Further, the acetylation levels of cellular histone
(H3K9 and H4K12) were examined and both the lead compounds were able to enhance the
acetylation level significantly in a dose-dependent manner in B16F10 cells. Moreover, compounds
5e and 5f were found to cause apoptotic cell death and were causing G2/M cell cycle phase arrest
in B16F10 cells. The molecular docking study revealed similar binding interactions of the lead
molecules and reference compound at the active site of HDAC3. The higher HDAC3 inhibitory
potency along with selectivity for HDAC3 of compound 5e over compound 5f was also justified
by the molecular docking analysis. Based on the findings, it can be inferred that most potent and

HDACS3 selective lead molecule 5e might serve as a potential therapeutic as anticancer agent.
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2.4. Experimental

2.4.1. General information on materials and instrumentation

All starting materials, chemicals and reagents were commercially available and were purchased
from various chemical suppliers. These were used without further purification. All reactions were
monitored by thin layer chromatography (TLC) using precoated plates with Merck 60 F254 silica
gel plates purchased from Merck Millipore Co., USA and the reaction components were visualised
under ultraviolet light (254 nm). Column chromatography was performed on silica gel (100 — 200

or 230 — 400 mesh size). *H and **C NMR spectrum were recorded in deuterated NMR solvents

DMSO-ds and CDCls using Bruker, ASCEND™ 400 MHz spectrometer and the chemical shifts
(o) values are given in parts per million (ppm), and are internally referenced to tetramethylsilane
(TMS), residual solvents peak (DMSO-ds; 2.50 ppm tH, 39.51 ppm 13C, CDCls; 7.2 ppm 1H, 77.6
ppm 13C). Peak multiplicities are abbreviated as follows: s (singlet), d (doublet), t (triplet), q
(quartet) and m (multiplet) while coupling constants (J) are reported in Hz. NMR data were

processed using MestReNova Software version 6.0.2-5475.

Three different cell lines were used for the determination of anticancer activity of the novel
compounds synthesized. MDA-MB-231 (human breast cancer cell line), 4T1 (murine mammary
carcinoma cell line), B16F10 (Murine melanoma cell line) and HEK293 (Human embryonic
kidney cell line) were procured from National Centre for Cell Science (NCCS), Pune, India.
B16F10, MDA-MB-231 and HEK293 cell lines were cultured in DMEM (high glucose media:
ALO007S, Dulbecco’s modified eagle medium) and 4T1 cell line was cultured in MEM (AT154,
Minimum essential medium). All these cell lines were used for cell-culturing with 10% fetal
bovine serum (FBS) and 1% antibiotic (Pen strep: A001) and were incubated at 37 °C and 5% CO>

atmosphere. Dulbecco's phosphate buffered saline (PBS), foetal bovine serum (FBS), antibiotic
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solution 100 liquid with 10,000 U penicillin and 10 mg streptomycin/ml, trypsin, 3-
(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were supplied by Himedia
Laboratories Pvt. Ltd., (Mumbai, India). HDAC enzyme inhibition assays were performed as per
the experimental protocol given in the enzyme kits of pan-HDAC (cat# BML-AK501), HDAC1
(cat# BML-AK511), HDAC?2 (cat# BML-AK512), HDAC3/NCoR1 (cat# BML-AK531-0001),
HDACS (cat# BML-AK518) from Enzo life sciences Itd. and HDAC6 (cat# K465-100) from
Biovision Ltd. that were purchased from Bionova suppliers, Hyderabad. The absorbance for MTT
assay and HDAC enzyme inhibition was measured using a microplate reader (Spectramax™,

Molecular Devices).
2.4.2. Chemistry

All starting materials and reagents were commercially available and used without further
purification. All reactions were monitored by thin layer chromatography (TLC) using pre-coated
plates with silica gel F254 from Merck Millipore Co., USA. H and **C NMR spectrum were
recorded in DMSO-d6 and CDCls wusing Bruker-400 MHz and chemical
shifts were reported in ppm using tetramethylsilane (TMS) as internal standard. Mass spectroscopy was

performed in HRMS (6545 Q-TOF LC/MS, Agilent) at Bits-Pilani, Pilani campus.

2.4.2.1. Preparation of tert-butyl 2-(benzamido) phenyl carbamate (4a).

Compound (3a) (100 mg; 0.819 mmol) was dissolved in the solution of dichloromethane and
pyridine (1:1) stirred at room temperature in nitrogen environment. To this reaction mixture,
lethyl-3-dimethyl amino propyl carbodiimide (228 mg; 1.47 mmol) and catalytic amount of
4dimethyl amino pyridine were added. This mixture was stirred at room temperature for 20 min.

After 20 min, tert-butyl 2-amino phenyl carbamate (187 mg; 0.90 mmol) was added into the
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reaction mixture and reaction was continued to 12h. After completion of the reaction, pyridine was

then evaporated under vacuum. The mixture was then dissolved in ethyl acetate and washed with

sodium bicarbonate. The organic layer was then separated and dried with Na>SO4. The dried

solvent was evaporated under vacuum. The crude product was then purified using column

chromatography (solvent system — hexane and ethyl acetate (70:30)) in silica 230 — 400 mesh to

obtain the final compound 4a, in its pure form (Yield 58%).'H NMR (400 MHz, CDCls) § : 9.15

(s, 1H), 7.95 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 7.6 Hz, 1H), 7.59 (t, J = 7.2 Hz, 1H), 7.47 (t, = 7.6

Hz, 2H), 7.23 (m, 3H), 6.84 (s, 1H), 1.51 (s, 9H). C1sH20N203 [M]: 312.36; MS (ESI) m/z: [M+H]":

313.24
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2.4.2.2. Preparation of N-(2-amino phenyl) benzamide (5a).

The compound tert-butyl-2-(benzamido) phenyl carbamate (4a) (120 mg; 0.384 mmol) was
dissolved in dichloromethane (5mL) and the solution of 4M dioxane in HCI was added to it at 0°C.
This mixture was then allowed to react under constant stirring at room temperature for 2h. The
dioxane was then evaporated under vacuum. The resulting compound was then dissolved in ethyl
acetate and washed with water. The organic layer was then separated, dried with Na;SO4 and
solvent was evaporated under vacuum. The mixture was then washed with pentane to obtain
bocdeprotected final compound 5a. (yield: 87%).*H NMR (400 MHz, CDCls) 6 : 8.01 (s, 1H), 7.88
(d, J = 7.88 Hz, 2H), 7.54 (d, J = 7.6 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 7.28 (d, J = 7.6 Hz, 1H),
7.07 (t, J = 7.6 Hz, 1H), 6.83 (t, J = 5.2 Hz, 2H), 3.69 (s, 2H).2*CNMR (101 MHz, CDCls) & :
165.87, 140.83, 134.17, 131.93, 128.75, 128.73, 127.32, 127.29, 125.39, 124.72, 119.73, 118.34.

ESI-HRMS: calcd for C13H12N20 m/z: [M+H] *: 213.1015; found [M+H]": 213.1022.
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2.4.2.3. Preparation of tert-butyl 2-(1-naphthamido) phenyl carbamate (4b)

1-Naphthoic acid (3b) (150 mg; 0.872 mmol) was dissolved in the solution of dichloromethane
and pyridine (1:1) followed by the addition of 1-ethyl-3-dimethyl amino propyl carbodiimide
(243.28 mg; 1.569 mmol) and catalytic amount of 4-dimethylamino pyridine. The reaction mixture
was stirred at room temperature for 20min. After 20min, tert-butyl 2-amino phenyl carbamate (199
mg; 0.959 mmol) was added into the reaction mixture and reaction was continued to 12h. The
reaction mixture was monitored by TLC. After completion of the reaction, pyridine was then
evaporated under vacuum. The mixture was then dissolved in ethyl acetate and washed with
sodium bicarbonate. The organic layer was then separated and dried with Na>SO4. The dried
solvent was evaporated under vacuum that was purified on a silica gel column to give compound
as a solid. (yield: 74%).'H NMR (400 MHz, CDCl3) J : 8.58 (s, 1H), 8.47 (d, J = 8.0 Hz, 1H), 7.95
(d, J =7.94 Hz, 1H), 7.89 (d, J = 8.8 Hz, 1H), 7.77 (d, J = 6.8 Hz, 2H), 7.57 (m, 2H), 7.48 (t, J =
7.6 Hz, 1H), 7.39 (d, J = 9.2 Hz, 1H), 7.24 (m, 2H), 6.92 (5, 1H), 1.43 (s, 9H). C22H22N203 [M] :

361.43; MS (ESI) m/z: [M+H]*:362.24.
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2.4.2.4. Preparation of N-(2-amino phenyl)-1-naphthamide (5b)

The compound tert-butyl-2-(1-naphthamido) phenyl carbamate (4b) (70 mg; 0.269 mmol) was
dissolved in dichloromethane (5 mL). The mixture was stirred at 0°C. To the reaction mixture
solution of 4M dioxane in HCI was added to it at same temperature. This mixture was then allowed
to react under constant stirring at room temperature for 2h. After completion of the reaction,
dioxane was evaporated under vacuum. The resulting compound was quenched with water and
extracted with ethyl acetate. The organic layer was then separated, dried with Na,SO4 and solvent
was evaporated under vacuum. The mixture was then washed with pentane to obtain
bocdeprotected final compound 5b. (yield: 70%).'"H NMR (400 MHz, DMSO-ds) ¢ : 9.84 (s, 3H),
8.33 (d, J = 7.6 Hz,1H), 8.09 (dd, J = 8.4, 8.8 Hz, 2H), 7.86 (d, J = 6.8 Hz, 1H), 7.62 (m, 3H),

7.38(d, J = 7.6 Hz,1H), 7.01 (t, J = 7.2 Hz,1H), 6.84 (d, J = 7.6 Hz,1H), 6.68 (t, J = 7.6 Hz,1H),
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5.05 (s,2H).3C NMR (101 MHz, DMSO-d6) ¢ : 167.84, 142.82, 135.16, 133.64, 130.39, 128.75,

127.33, 127.10 — 126.39, 126.16, 126.16, 125.98, 125.50, 123.91, 116.84. ESI-HRMS: calcd for

C17H14N20 m/z: [M+H]": 263.1168; found [M+H]":263.1179.
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MS Zoomed Spectrum
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2.4.2.5. Preparation of tert-butyl 2-(2-naphthamido) phenyl carbamate (4c)

To a solution of dichloromethane and pyridine (1:1) was added to 2-naphthoic acid (3c) (100 mg;
0.581 mmol) to this reaction mixture 1-ethyl-3-dimethyl amino propyl carbodiimide (243mg; 1.56
mmol) and catalytic amount of 4-di methyl amino pyridine were added in nitrogen environment.
The mixture was stirred at room temperature for 15min. After 15min tert-butyl 2-amino phenyl
carbamate (216.80 mg; 0.955 mmol) was added into the reaction mixture and reaction was
continued to 12h. The reaction was monitored with TLC. After completion of the reaction, pyridine
was then evaporated under vacuum. The mixture was then dissolved in sodium bicarbonate and
extracted with ethylacetate. The organic layer was then separated and dried with Na2SOa. The dried
solvent was evaporated under vacuum. The crude product was then purified using column
chromatography (solvent system — hexane and ethylacetate (50:50)) in silica 230 — 400 mesh to
obtain the final compound 4c in its pure form. (yield: 91%).'H NMR (400 MHz, CDCls) ¢ : 9.36
(s, 2H), 8.49 (s, 1H), 8.01 (d, J = 10.0 Hz, 1H), 7.93 (dd, J = 8, 8.8 Hz, 3H), 7.83 (s, 1H), 7.56 (m,
2H), 7.25 (t, J = 4.5 Hz, 2H), 7.16 (m, 1H), 6.99 (t, J = 7.6 Hz, 1H), 6.77 (dd, J = 8.0, 8.4 Hz, 1H),

1.52 (s, 9H). C22H21FN2Os[M]: 362.42; MS (ESI) m/z: [M+H]*: 363.24.
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2.4.2.6. Preparation of N-(2-amino phenyl)-2-naphthamide (5c).

The compound tert-butyl-2-(2-naphthamido) phenyl carbamate (4c) (100 mg; 0.276 mmol) was
dissolved in dichloromethane (5mL) and treated with the solution of 4M Dioxane in HCI at 0°C.
This mixture was then allowed to react under constant stirring at room temperature for 2h. The
reaction completion was monitored by TLC. After completion of the reaction, solvent was then
evaporated under vacuum. The resulting compound was then dissolved in water and extracted with
ethyl acetate. The organic layer was then separated, dried with Na.SO4and solvent was evaporated
under vacuum. The mixture was then washed with pentane to obtain boc-deprotected final
compound 5c. (yield: 71.85%).!H NMR (400 MHz, DMSO-ds) J : 9.86 (s, 1H), 8.64 (s, 1H), 8.05

(m, 4H), 7.63 (m, 2H), 7.26 (d, J = 7.6 Hz, 1H), 7.01 (t, J = 8.0 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H),
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6.64 (t, J = 6.8 Hz, 1H), 5.04 (s, 2H). 3C NMR (101 MHz, DMSO-ds) ¢ : 165.90, 143.65, 134.70,
132.55, 129.40, 128.60, 128.33 — 127.83, 127.51 — 126.70, 125.11, 123.85, 116.69. ESI-HRMS:

calcd for C17H14N20 m/z: [M+H]*: 263.1171; found [M+H]": 263.1179.
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2.4.2.7. Preparation of tert-butyl 2-(quinolone-3-carboxamido) phenyl carbamate (4d) 3-
Quinoline carboxylic acid (3d) (50 mg; 0.289 mmol) was dissolved in dichloromethane and
pyridine (5 ml) at 0°C. To this mixture, 1-ethyl-3-dimethylaminopropylcarbodiimide (80 mg;
0.520 mmol) and 3mg of 4-dimethylaminopyridine were added. The mixture was allowed to react
under constant stirring for 15min before tert-butyl 2-amino phenyl carbamate (65.936 mg; 0.317
mmol) was added into the reaction mixture. This was allowed to react under constant stirring at
room temperature for 12h. The pyridine was then evaporated under vacuum. The mixture was then
dissolved in ethyl acetate and washed with water. The organic layer was then separated and
concentrated under vacuum. The crude product was then purified using column chromatography
(solvent system - hexane and ethyl acetate (70: 30)) in silica 60 - 120 mesh to obtain the final
compound 4d in its pure form. (yield 76%). *H NMR (400 MHz, CDCls) 6 : 9.73 (s, 1H), 9.48 (s,
1H), 8.75 (s, 1H), 8.17 (d, J = 8.4 Hz, 1H), 7.92 (m, J = 8.4 Hz, 3H), 7.62 (t, J = 7.2 Hz, 1H), 7.26
(m, J = 1.2 Hz, 3H), 6.95 (s, 1H), 1.26 (s, 9H). C21H21N303 [M]: 363.15; MS (ESI) m/z: [M+H]"*:

364.245.
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2.4.2.8. Preparation of N-(2-aminophenyl) quinolone-3-carboxamide (5d)

The compound tert-butyl 2-(quinolone-3-carboxamido) phenyl carbamate (4d) (100 mg; 0.275
mmol) was dissolved in 5ml DCM and 4M dioxane HCI was added to it at 0°C. The mixture was
then allowed to react under constant stirring at room temperature for 2h. The dioxane was then
evaporated under vacuum. The mixture was then dissolved in ethyl acetate and washed with water.
The organic layer was then separated and concentrated under vacuum. The mixture was then
washed with pentane to obtain final compound 5d. (yield 55%) *H NMR (400 MHz, DMSO-ds) ¢
:10.00 (s, 1H), 9.40 (s, 1H), 9.00 (s, 1H), 8.13 (t, J = 8.4 Hz 2H), 7.90 (d, J = 7.2 Hz, 1H), 7.74
(s, =7.2Hz, 1H), 7.24 (d, J = 7.2 Hz, 1H), 7.02 (s, J = 7.2 Hz, 1H), 6.83 (d, J = 7.6 Hz, 1H),6.64

(s, J = 7.6 Hz, 1H).2*C NMR (101 MHz, DMSO-ds) & : 164.5,149.79,149.02,148.93,143.20,
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136.60, 131.70, 129.64, 129.25, 127.89, 127.33 ,127.38,126.99,123.3,116.78, 116.56, 40.19.

ESIHRMS: calcd for C1sH13NsO m/z: [M+H] *: 264.1121; found [M+H]* * 264.1131.
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2.4.2.9. Preparation of tert-butyl 2-(quinolone-6-carboxamido) phenyl carbamate (4e)
6-Quinoline carboxylic acid (3e) (100 mg; 0.578 mmol) was dissolved in dichloromethane:
pyridine in the ratio of 1:1 (5 ml). To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide
(83.23 mg; 1.04 mmol) and 3 mg of 4-dimethylaminopyridine were added. This mixture was
allowed to react under constant stirring for 15min before tert-butyl 2-amino phenyl carbamate
(132.08 mg; 0.635 mmol) was added into the reaction mixture. This was allowed to react under
constant stirring at room temperature overnight. The pyridine was then evaporated under vacuum.
The mixture was then dissolved in ethyl acetate and washed with sodium bicarbonate. The organic
layer was then separated and the excess solvent was then evaporated under vacuum. The crude
product was then purified using column chromatography (solvent system- hexane and ethylacetate
(60:40)) in silica 230 - 400 mesh to obtain the final compound 4e in its pure form. (yield: 45%).'H
NMR (400 MHz, CDCls) & : 9.49 (s, 1H), 8.94 (d, J = 2.8 Hz 1H), 8.44 (s, 1H), 8.18 (d, J = 8 Hz
2H), 8.13 (d, J = 8.8 Hz 1H), 7.82 (d, J = 7.6 Hz 1H), 7.42 (dd, J= 4.4, 4.2 Hz 1H), 7.14 (dd, J=

4.8 4.4 Hz 2H), 6.76 (s, 1H), 1.46 (s, 9H). CaH21N3Os [M]: 363.15; MS (ESI) m/z: [M+H]*:
364.245.
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2.4.2.10. Preparation of N-(2-aminophenyl) quinolone-6-carboxamide (5e)

The compound tert-butyl 2-(quinolone-6-carboxamido) phenyl carbamate (4e) (32 mg; 0.088
mmol) was dissolved in 5ml DCM and 4M dioxane HCI was added to it at 0°C. This mixture was
then allowed to react under constant stirring at room temperature for 4h. The dioxane was then
evaporated under vacuum. The mixture was then dissolved in ethylacetate and washed with sodium
bicarbonate. The organic layer was then separated and the excess solvent was evaporated under
vacuum. The mixture was then washed with pentane to obtain boc-deprotected final compound 5e
(vield: 80%).'H NMR (400 MHz, DMSO-dg) ¢ : 11.01 (s, 1H), 9.28 (s, 1H), 9.08 (s, 1H), 9.00 (d,
J = 8Hz, 1H), 8.65 (d, J = 8.4 Hz, 1H), 8.42 (d, J = 8.8 Hz, 1H), 7.99 (dd, J = 4.4, 4.4 Hz, 1H),
7.66 (d, J = 7.6 Hz, 1H), 7.56 (d, J = 7.2 Hz, 1H), 7.46 (dd, J = 7.4 ,7.6 Hz, 2H).13C NMR

(101MHz, DMSO-ds) 0 : 165.03, 148.93, 144.78, 142.44, 133.89, 131.84, 130.19, 128.58, 128.12,
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127.80, 127.33, 124.66, 123.69, 123.33 — 122.99. ESI-HRMS: calcd for C16H13N3O m/z: [M+H]

*:264.1121; found [M+H]": 264.1131.
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2.4.2.11. Preparation of tert-butyl 2-(1H-indole-6-carboxamido) phenyl carbamate (4f)

Indole-6-carboxylic acid (3f) (100 mg; 0.621 mmol) was dissolved in dichloromethane and added
Pyridine (5ml) under 0°C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbodiimide (107
mg, 0.690 mmol) and 5mg of 4-dimethyl aminopyridine were added. This mixture was allowed to
react under constant stirring for 15min before tert-butyl 2-amino phenyl carbamate, (142.08 mg;
0.683 mmol) was added into the reaction mixture. This was allowed to react under constant stirring
at room temperature overnight. Pyridine was then evaporated under vacuum. The mixture was
then dissolved in ethylacetate and washed with sodium bicarbonate. The organic layer was then
separated and the excess solvent was then evaporated under vacuum. The crude product was then
purified using column chromatography (solvent system — hexane and ethylacetate (70:30)) in silica
60 — 120 mesh to obtain the final compound 4f in its pure form. (yield: 84%) 'H NMR (400 MHz,
CDCl3) 6:9.25 (s, 2H), 8.11 (s, 1H), 7.71 (d, 3H), 7.45 (dd, J = 3.6, 3.6 Hz, 1H), 7.33 (dd, J = 3.6,

3.6 Hz, 1H), 7.22 (d, J = 2.4 Hz, 2H), 6.61 (s, 1H), 1.57 (s, 9H).
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2.4.2.12. Preparation of N-(2-amino phenyl)-1H-indole-6-carboxamide (5f)

The compound tert-butyl -2-(1H-indole-6-carboxamido) phenyl carbamate (4f) (140 mg; 0.398
mmol) was dissolved in 5ml DCM and 4M dioxane HCI was added to it at 0°C. This mixture was
then allowed to react under constant stirring at room temperature for 4h. The dioxane was then
evaporated under vacuum. The mixture was then dissolved in ethyl acetate and washed with water.
The organic layer was then separated and the excess solvent was evaporated under vacuum. The
mixture was then washed with pentane to obtain boc-deprotected final compound. (yield: 70%) *H
NMR (400 MHz, DMSO-ds) 6 : 11.68 (s, 1H), 9.20 (s, 1H), 8.25 (s, 1H), 8.18 (d, 1H), 7.46 (dd, J
=3.6,3.6 Hz, 1H), 7.13 (dd, J = 2.4, 3.6 Hz, 3H), 6.95 (t, 1H), 6.81 (d, 1H), 6.62 (t, 1H), 4.89 (s,

2H). °C NMR (101 MHz, DMSO-dg) J : 163.74, 143.32, 136.61, 134.79, 129.11, 126.80, 126.23,
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124.48, 122.46, 121.53, 120.98, 116.82, 112.34, 110.81. ESI-HRMS: calcd for C15H13N3O m/z:

[M+H] *: 252.1115; found [M+H]* 252.1131.
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'2.4.2.13. Preparation of tert-butyl 2-(1H-indole-3-carboxamido) phenyl carbamate (4g)
Indole-3-carboxylic acid (3g) (100 mg; 0.621 mmol) was dissolved in dichloromethane and added
Pyridine (5ml) under 0°C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbodiimide, (173.25
mg; 1.11 mmol) and 5mg of 4-dimethyl aminopyridine were added. This mixture was allowed to
react under constant stirring for 15min before tert-butyl 2-amino phenyl carbamate (142.08 mg;
0.683 mmol) was added into the reaction mixture. This was allowed to react under constant stirring
at room temperature overnight. The pyridine was then evaporated under vacuum. The mixture
was then dissolved in ethylacetate and washed with sodium bicarbonate. The organic layer was
then separated and the excess solvent was then evaporated under vacuum. The crude product was
then purified using column chromatography (solvent system — hexane and ethylacetate (70:30)) in
silica 230 — 400 mesh to obtain the final compound 4g in its pure form. (yield: 17%)*H NMR (400
MHz, DMSO-ds) & : 11.81 (s, 1H), 9.47 (s, 1H), 8.59 (s, 1H), 8.19 (s, 1H), 8.13 (d, J = 7.6 Hz,
1H), 7.57 (dd, J = 7.2, 7.6 Hz, 3H), 7.15 (dd, J = 6.8, 6.8 Hz, 4H), 1.44 (s, 9H). C20H21N303[M]:

351.15; MS (ESI) m/z: [M-H]*: 350.250.
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2.4.2.14. Preparation of N-(2-amino phenyl)-1H-indole-3-carboxamide (5¢g)

The compound tert-butyl-2-(1H-indole-6-carboxamido) phenyl carbamate (4g) (32 mg; 0.09
mmol) was dissolved in 5ml DCM and 4M dioxane HCI was added to it at 0°C. This mixture was
then allowed to react under constant stirring at room temperature for 2h. Dioxane was then
evaporated under vacuum. The mixture was then dissolved in ethylacetate and washed with water.
The organic layer was then separated and excess solvent was evaporated under vacuum. The
mixture was then washed with pentane to obtain boc-deprotected final compound 5g. (yield:
57.3%).H NMR (400 MHz, DMSO-dg) J : 11.51 (s, 1H), 9.04 (s, 1H), 8.07 (d, J = 7.1 Hz, 2H),

7.29 (d, J =8.0 Hz,1H), 7.04 (d, J = 3.8 Hz, 3H), 6.78 (t, J = 6.4 Hz,1H), 6.64 (dd, J= 1.2, 1.2 Hz,
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1H), 6.47 (dd, J = 1.6, 1.2 Hz, 1H), 4.72 (s, 2H).2*C NMR (101 MHz, DMSO-ds) 6 : 164.09,
136.61, 128.93, 126.82, 126.37, 124.54, 122.48, 121.52, 121.00, 116.68, 112.35, 111.17 — 110.98.

ESI-HRMS: calcd for C1sH13N30 m/z: [M+H] *: 252.1121; found [M+H]": 252.1131.
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2.4.2.15. Preparation of tert-butyl 2-(thiophene-3-carboxamido) phenyl carbamate (4h)

Thiophene-3-carboxylic acid (3h) (100 mg; 0.900 mmol) was dissolved in dichloromethane and
added pyridine (5ml) at 0°C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide,
(251 mg; 1.62 mmol) and 5 mg of 4-dimethylamino pyridine were added. This mixture was
allowed to react under constant stirring for 15min before tert-butyl 2-amino phenyl carbamate (206
mg; 0.990 mmol) was added into the reaction mixture. This was allowed to react under constant
stirring at room temperature overnight. Pyridine was then evaporated under vacuum. The mixture
was then dissolved in ethylacetate and washed with sodium bicarbonate. The organic layer was
then separated and excess solvent was then evaporated under vacuum. The crude product was then
purified using column chromatography (solvent system — DCM and ethylacetate (5:95)) in silica

230 — 400 mesh to obtain the final compound 4h in its pure form. (yield: 43%)*H NMR (400 MHz,
CDCls) 6 : 9.12 (s, 1H), 8.05 (s, 1H), 7.72 (d, J = 8 Hz, 1H), 7.57 (d, J = 1.2 Hz, 1H), 7.38 (dd, J
=2.8,2.8 Hz, 1H), 7.21 (dd, J = 1.2, 1.6 Hz, 3H), 6.84 (s, 1H), 1.52 (s, 9H). C15H20N203S [M]:

318.10; MS (ESI) m/z : [M-H]* : 317.200.
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2.4.2.16. Preparation of N-(2-amino phenyl)-thiophene-3-carboxamide: (5h)

The compound tert-butyl-2-(thiophene-3-carboxamido) phenyl carbamate (4h) (100 mg; 0.314
mmol) was dissolved in 5ml DCM and 4M dioxane HCI was added to it at 0°C. This mixture was
then allowed to react under constant stirring at room temperature for 2h. Dioxane was then
evaporated under vacuum. The mixture was then dissolved in ethylacetate and washed with water.
The organic layer was then separated and excess solvent was evaporated under vacuum. The
mixture was then washed with pentane to obtain boc-deprotected final compound 5h. (yield:
86%).'H NMR (400 MHz, DMSO-dg) 6 : 9.58 (s, 1H), 8.37 (s, 1H), 7.68 (d, J = 2.0 Hz, 2H), 7.18
(d, J = 0.8 Hz, 1H), 7.03 (t, J = 1.6 Hz, 1H), 6.85 (d, J = 1.2 Hz, 1H), 6.67 (t, J = 0.8 Hz, 1H),

4.94 (s, 2H).'*C NMR (101 MHz, DMSO-ds) J : 161.46, 143.96, 138.18, 129.97, 127.77,
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127.260,127.14,127.01,126.72, 123.49, 116.64. ESI-HRMS: calcd for C16H18N203S m/z: [M+H]™:

219.0575; found [M+H]*: 219.0587.
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2.4.2.17. Preparation of N-phenyl-6-(phenyl amino) pyrazine-2-carboxamide (2i):

Aniline was added to a solution of methyl 6-chloro pyrazine-2-carboxylate (1i) in
Nmethylpyrrolidine at 0°C. To the reaction mixture diisopropyl amine was added at the same
temperature and the reaction was heated to 160°C for 20h. The completion of the reaction was
monitored by TLC. Water was added to the reaction mixture and the crude compound was
extracted with ethyl acetate, dried using anhydrous sodium sulphate, solvent was evaporated using
rota evaporator. The obtained crude product was purified by column chromatography. *H NMR
(400 MHz, DMSO -ds) 6 : 10.08 (s, 1H), 9.89 (s, 1H), 8.56 (s, 1H), 8.49 (s, 1H), 7.80 (d, J = 9.8

Hz, 4H), 7.47 (dd, J = 5.2, 5.2 Hz, 4H), 7.20 (t, J = 8.0 Hz, 1H),7.12 (t, J = 6.4 Hz, 1H).

C17H14FN4O [M]: 290.32; MS (ESI) m/z: [M+H]": 291.07.
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2.4.2.18. Preparation of 6-(phenyl amino) pyrazine-2-carboxylic acid (3i):

N-phenyl-6-(phenyl amino) pyrazine-2-carboxamide (2i) was dissolved in methanol and aqueous
sodium hydroxide was added to the reaction mixture and the reaction was stirred at 80°C for 1h.
The reaction was cooled at room temperature, added ice-cold water and neutralised with 1N HCI.
The compound was extracted with ethylacetate, dried using sodium sulphate and the excess
solvent was evaporated using rota evaporator. The obtained crude mixture was purified by column
chromatography (solvent system — dichloromethane and methanol (7:3)). *H NMR (400 MHz,
DMSO-dg) 6 : 9.79 (s, 1H), 8.47 (s, 2H), 7.71 (d, J = 6.0 Hz, 2H), 7.34 (t, 2H), 7.03 (t, 1H).
C11HoN3O,[M]: 215.21; MS (ESI) m/z: [M+H]*: 216.18.

2.4.2.19. Preparation of tert-butyl 2- (amino phenyl)-6-phenylamino pyrazine-2-carbamate (4i):
To a solution of dichloromethane and pyridine (1:1) was added to 6-(phenyl amino) pyrazine -
2carboxylic acid (3i) (50 mg; 0.232 mmol). To this reaction mixture, 1-ethyl-3-dimethyl amino
propyl carbo di imide (64.72 mg; 0.417 mmol) and catalytic amount of 4-dimethylamino pyridine
were added in nitrogen environment. The mixture was stirred at room temperature for 15min. After
15min, tert-butyl 2-amino phenyl carbamate (53.209 mg; 0.255 mmol) was added into the reaction
mixture and reaction was continued for 12h. The reaction was monitored with TLC. After
completion of the reaction, pyridine was then evaporated under vacuum. The mixture was then
dissolved in sodium bicarbonate and extracted with ethyl acetate. The organic layer was then
separated and dried with Na>SOas. The dried solvent was evaporated under vacuum. The crude
product was then purified using column chromatography (solvent system — hexane and ethylacetate
(50:50)) in silica 230 — 400 mesh to obtain the final compound 4i in its pure form. (Yield: 89%).
'H NMR (400 MHz, DMSO-ds) 6 : 9.86 (s, 2H), 9.04 (s, 1H), 8.56 (s, 1H), 8.45 (s, 1H), 7.96 (d, J

= 7.6 Hz, 1H), 7.77 (d, J = 8.0 Hz, 2H), 7.42 (t, J = 7.6 Hz, 2H), 7.29 (dd, J = 7.6,7.6 Hz, 2H),
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7.18 (t, J = 6.4 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H), 1.20 (s, 9H). C22H23N503 [M]: 405.45: MS (ESI)

m/z: [M+H]": 406.57

09-RG-177
RG

9.86

—7.42
—7.29
—~7.18
-—7.02
3
1

|||||||||||||||||||||||||||||||||||||||||||||||

2.4.2.20. Preparation of N-(2-aminophenyl)-6-phenylamino pyrazine-2-carboxamide (5i)

The compound tert-butyl 2-(amino phenyl)-6-phenylamino pyrazine-2-carbamate (4i) (100 mg;
0.276 mmol) was dissolved in dichloromethane (5mL) and treated with the solution of 4M dioxane
in HCI at 0°C. This mixture was then allowed to react under constant stirring at room temperature
for 2h. The reaction was monitored by TLC. After completion of the reaction, solvent was then
evaporated under vacuum. The resulting compound was then dissolved in water and extracted with
ethyl acetate. The organic layer was then separated, dried with Na>SO4 and excess solvent was

evaporated under vacuum. The mixture was then washed with pentane to obtain boc-deprotected
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final compound (Yield: 88.88%). *H NMR (400 MHz, CDCls) 6 : 9.42 (s, 1H), 8.87 (s, 1H), 8.40
(s, 1H), 7.54 (d, J = 7.6 Hz 1H), 7.43 (m, 4H), 7.18 (t, J = 6.8 Hz, 1H), 7.09 (t, J = 7.2 Hz, 1H),
6.87 (dd, J = 11.5, 7.8 Hz, 2H), 6.77 (s, 1H), 3.95 (s, 2H). *C NMR (101 MHz, CDCls) 6 : 161.12,
150.14, 141.22, 139.82, 138.40, 136.30, 134.25, 129.56, 126.88, 124.54, 124.13, 121.03, 119.95,

118.29. ESI-HRMS: calcd for C17H1sNsO m/z: [M+H]": 306.1335; found [M+H]": 306.1349.

25-BG-RG-180 59 Fems & .
GANESH - © @ NRRNR © a
| 1eSNy

r.

.

|

\

|

\

‘ -

/
| /

' |y
s ~ (ff
i | {

U J ol @ I /
h\ENj)LN
N H nNg,

| | h ” i J\ ;U AL
N JUVU A S /
&

R T Ll

o —

T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 ] (5.5 ) 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm

90



Chapter 2

25*BG*RG’;180—13C
GANESH

,
5
=1
in

- 141.22
— 139.82
™~ 138.40
T~ 136.30
~~134.25

170 160 150 140

HPLC:

130 120

20 80 70 60 50 40 30 20
f1 (ppm)

= PDA Multi 7 254nm 4nm
20 <
154
o SATE R
N NH,
5—
M.wt: 305.34
o
0.0 2'5 5.0 7.5 10.0 12.5

91



Chapter 2

LCMS:
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2.4.3. Biology

2.4.3.1. Cell culture

Three different cell lines were used for the determination of anticancer activity of the novel
compounds synthesized. For the purpose, MTT assay was carried out on Mouse breast cancer cell
line (4T1), Murine melanoma cancer cell line (B16F10) and human breast cancer (MDA-MB-231)
cell line that were procured from National Centre for Cell Science (NCCS, Pune, India). B16F10
and MDA-MB-231 cell lines were cultured in DMEM (high glucose media: AL0O07S, Dulbecco’s
modified eagle medium) and 4T1 cell line was cultured in MEM (AT154, Minimum essential
medium) with 10% fetal bovine serum (FBS) and 1% antibiotic (Pen strep: A001) and were
incubated at 37 °C and 5% COz atmosphere. MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5diphenyltetrazolium bromide], a yellow dye was used for the assay. All reagents were
purchased from Hi media Laboratories Pvt. Ltd., Mumbai, India.

2.4.3.2. Chemicals and anti-bodies

All the compounds were synthesized as described above. The compounds were dissolved in DMSO
stock solution and were stored in -20°C. Primary antibodies - Rabbit mAb H3K9 acetylated histone
H3 (catalogue #9649), Rabbit mAb H4K12 acetylated histone H4 (catalogue #13944), mouse mAb
beta-Actin primary antibodies (catalogue #58169) and secondary antibodies — antirabbit HRP
linked antibody and anti - mouse 1gG HRP-Linked antibody were purchased from cell signalling
technology. DAPI (4',6-diamidino-2- phenylindole) and acridine orange, propidium iodide and
RNase were purchased from Sigma. TACs Annexin-V/FITC — Pl assay kit was purchased from

Bio legend and was used as per the protocol given.
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2.4.3.3. MTT Assays

As per the protocol, 96 well plate was seeded with 100 pL/well of cell suspension with the cell
density of 1x 10* per well and were incubated for overnight. Subsequently, the medium was
aspirated, and the cells were treated with the synthesized novel compounds along with C1994 as
positive control at a concentration of 100 uM and 10 puM in 150 pL of their respective media in
duplicate and further incubated for 72h. Following incubation, the culture medium was aspirated
and subsequently, 50 pl of 5 mg/ml concentrated solution of MTT (3-(4,5-dimethylthiazol-2-
yl)2,5-diphenyltetrazolium bromide) in phenol red free DMEM media was prepared and added in
each well and further incubated for 3h for the formation of formazan crystals that are formed as a
result of cellular enzymatic activity. Subsequently, 150 pl of DMSO was added to the culture after
aspirating media in the wells to dissolve the formazan crystals and the absorbance was measured
using multi-well plate reader Spectramax (Molecular Devices, USA) at two different wavelengths
of 570 nm and 650 nm. The % cell viability was calculated as a fraction of absorbance obtained
from the treated cells from the absorbance of untreated control cells. The same procedure was
followed for all the three cell lines. For the 1Cso measurement of all the compounds in the series
along with C1994, the same procedure was followed as described above. The DMSO solutions of
the selected compounds were prepared and they were further diluted to 200 uM, 100 uM, 50 puM,
25 uM, 12.5 uM, 6.25 uM, 3.125 uM, 1.562 uM and 0.781 uM with the DMEM complete media
and MEM media respectively for the determination of ICso values along with a blank control
containing DMSO in medium and C1994 as positive control and were incubated for 72h. The
experiment was repeated following the same protocol on all the 3 cell lines and the cell viability

was measured by MTT assay as discussed. ICso determination was also performed for the selected
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subcultured in DMEM (high glucose media: AL007S, Dulbecco’s modified eagle medium) with
10% fetal bovine serum (FBS) and 1% antibiotic (Pen strep: A001) and were incubated at 37°C
and 5% CO. atmosphere. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide], a
yellow dye was used for the assay. All reagents were purchased from Himedia Laboratories Pvt.
Ltd., Mumbai, India. Cytotoxicity assay was performed to study their selectivity over cancer cell
lines. The DMSO solutions of the selected compounds were prepared and they were further diluted
to 2 mM, 1 mM, 500 uM, 250 uM, 125 uM, 62.5 uM, 31.25 uM, 15.62 uM and 7.81 uM with the
DMEM complete media for the determination of 1Csg values along with a blank control containing
DMSO in medium and were incubated for 72h.

2.4.3.4. HDAC Inhibition Assays

2.4.3.4.1. HDAC inhibition assay

The enzyme inhibition assay was performed using HDAC colorimetric assay kit (BML-AK501,
ENZO life sciences). Briefly, 5 uLL of HeLa nuclear extract (BML-KI1137-0500), 10 uL of assay
buffer (BMLKI1143-0020), 10 puL of sample solution was added per well in amicrotiter plate. The
reaction was started with addition of 25 pLL Colorde Lys® substrate solution (BML-KI1138-0050).
The reaction was then incubated for 30min at 37°C, which was terminated by addition of a 50 pl
mixture of developer (BML-KI1139-0300) plus stop solution. The plate was incubated for 15min
at 37°C and absorbance was measured at 405 nm. All synthesized compounds were screened at 10
uM concentration in duplicate.

2.4.3.4.2. HDAC1 inhibition assay

The HDAC 1 enzyme inhibition assay was performed using HDAC 1 fluorimetric drug discovery

assay kit (BML-AK511, ENZO life sciences). To the 96 well microtiter plate provided in the Kit,
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10 pL of test sample solution and 15 pL diluted HDAC1 complex solution (BML-SE456-0050)
were added per well and 25 uL Fluor de Lys® substrate solution (BML-KI177-0005) was added.
The plate was incubated for 15min at 37°C for the reaction to occur. To terminate the reaction, 50
uL of mixture of Fluor de Lys® developer II (BML-KI176-1250) and Trichostatin A
((BMLGR309-9090) was added per well and incubated for 45 min at 37 °C as per the protocol
given in the kit. The fluorescence intensity was measured at Excitation wavelength 360 nm,
Emission wavelength 460 nm using Spectra max M4 (Molecular Devices, USA). Initially, all the
selected promising compounds 5e and 5f along with C1994 were screened at 10 uM concentration
in duplicate. Further, all the compound sat the concentration range of 1.25 uM — 80 uM were tested
in duplicate to find out the 1Cso values following the same procedure as described above. The 1Cso
values of these compounds were calculated using nonlinear regression analysis method using
Graph Pad Prism 5.

2.4.3.4.3. HDAC2 inhibition assay

The HDAC 2 enzyme inhibition assay was performed using HDAC 2 fluorimetric drug discovery
assay kit (BML-AK512, ENZO life sciences). To the 96 well microtiter plate provided in the Kit,
10 pL of test sample solution and 15 uL diluted HDAC2 complex solution (BML-KI575-0030)
were added per well and 25 pL Fluor de Lys substrate solution (BML-KI1572-0050) was added.
The plate was incubated for 30min at 37°C for the reaction to occur. To terminate the reaction, 50
uL of mixture of Fluor de Lys developer 11 (BML-KI1105-0300) and Trichostatin A ((BMLGR309-
9090) was added per well and incubated for 15min at 37°C as per the protocol given in the kit. The
fluorescence intensity was measured at Excitation wavelength 485 nm, Emission wavelength 530
nm using Spectra max M4 (Molecular Devices, USA). Initially, all the selected promising

compounds 5e and 5f along with C1994 were screened at 10 uM concentration in duplicate.
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Further, all the compounds at the concentration range of 0.625 uM — 80 uM were tested in duplicate
to find out the 1Cso values following the same procedure as described above. The ICso values of
these compounds were calculated using nonlinear regression analysis method using Graph Pad
Prism 5.

2.4.3.4.4. HDAC3/NCOR1 inhibition assay

The HDAC 3 enzyme inhibition assay was performed using HDAC3/NCOR1 fluorimetric drug
discovery assay kit (BML-AK531-0001, ENZO life sciences). To the 96 well microtiter plate
provided in the kit, 10 puL of test sample solution and 15 pL diluted HDAC3/NCOR1 complex
solution (BMLKI574-0030) were added per well and 25 pL Fluor de Lys® substrate solution
(BML-KI1177-0005) was added. The plate was incubated for 15min at 37°C for the reaction to
occur. To terminate the reaction, 50 puL of mixture of Fluor de Lys® developer Il (BML-
K11761250) and Trichostatin A ((BML-GR309-9090) was added per well and incubated for 45min
at 37°C as per the protocol given in the kit. The fluorescence intensity was measured at Excitation
wavelength 360 nm, Emission wavelength 460 nm using Spectra max M4 (Molecular Devices,
USA). Initially, all the synthesized compounds along with CI994 were screened at 1 pM
concentration in duplicate. The promising test compounds 5e and 5f along with C1994 as positive
control at the concentration range of 0.25 uM — 8 uM were tested in duplicate to find out the ICso
values following the same procedure as described above. The ICso values of these compounds were
calculated using nonlinear regression analysis method using Graph Pad Prism 5.

2.4.3.4.5. HDACEG inhibition assay

The HDAC 6 enzyme inhibition assay was performed using HDAC 6 fluorimetric inhibitor
screening kit (K465-100, Biovision). To the 96 well microtiter plate provided in the kit, 2 uLL of

test sample solution and 50 pL diluted HDAC2 complex solution (K465-100-2) were added per
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well and incubated for 15min at 37°C. To this 48 pL Fluor de Lys® substrate solution (K465-
1003) was added. The plate was incubated for 30min at 37°C for the reaction to occur. To terminate
the reaction, 10 pL of developer II (K465-100-4) was added per well and incubated for 10min at
37°C as per the protocol given in the kit. The fluorescence intensity was measured at Excitation
wavelength 380 nm, Emission wavelength 490 nm using Spectra max M4 (Molecular Devices,
USA). Initially, all the selected promising compounds 5e, 5f and C1994 were screened at 20 uM
concentration in duplicate. Further, all the compounds at the concentration range of 10 uM — 320
uM were tested in duplicate to find out the ICso values following the same procedure as described
above. The ICso values of these compounds were calculated using nonlinear regression analysis
method using Graph Pad Prism 5.

2.4.3.4.6. HDACS inhibition assay

The HDAC 8 enzyme inhibition assay was performed using HDAC 8 fluorimetric drug discovery
assay kit (BML-AK518, ENZO life sciences). To the 96 well microtiter plate provided in the Kit,
10 uL of test sample solution and 15 pL diluted HDAC8 complex solution (BML-SE145-0100)
were added per well and 25 puL Fluor de Lys® substrate solution (BML-KI1178-0005) was added.
The plate was incubated for 10min at 37°C for the reaction to occur. To terminate the reaction, 50
uL of mixture of Fluor de Lys® developer II (BML-KI176-1250) and Trichostatin A
((BMLGR309-9090) was added per well and incubated for 45min at 37°C as per the protocol given
in the kit. The fluorescence intensity was measured at Excitation wavelength 360 nm, Emission
wavelength 460 nm using Spectramax M4 (Molecular Devices, USA). Initially, all the selected
promising compounds 5e and 5f along with C1994 were screened at 5 uM concentration in
duplicate. Further, all the compounds at the concentration range of 0.625 uM — 40 uM were tested

in duplicate to find out the ICso values following the same procedure as described above. The ICs
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Graph Pad Prism 5.

2.4.3.5. Western blot analysis

For western blotting of acetylated Histone H3(H3K9) and acetylated Histone H4 (H4K12) B16F10
murine melanoma cells were plated in flat bottom 96 well plate and allow to grow overnight, and
then they treated with the 5e, 5f and C1994 at 5 uM, 20 uM final concentrations for 12h. After the
treatment, the cells were harvested by Trypsinization and centrifuge at 1250 rpm for 5min. The
cells pallet was washed by ice cold PBS, and the total protein was extracted using 100 pL, 1X
RIPA lysis buffer (Millipore, Billerica, MA, USA), supplemented with 0.5 mM phenyl methyl
sulfonyl fluoride (PMSF) and protease inhibitor. After lysing, the suspension was vertex and
centrifuged at 14000 rpm for 15min at 4°C. The whole-cell lysates 20 pL and 5 pL of loading
buffer (4X) was heated at 95°C for 5min and subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis on 15% Bis-Tris 10-well gels at 60V for approximately 180min in SDS
Running Buffer. Gels were transferred to the polyvinylidene fluoride membranes (Bio-Rad,
Laboratones, Inc.) and run at 60V for 80min. Membranes were blocked in 5% non-fat skimmed
milk (Bio-Rad, Laboratones, Inc.) in tris-buffered saline with 1% Tween 20 (TBST), and incubated
with Rabbit mAb H3K9 acetylated histone H3, Rabbit mAb H4K12 acetylated histone H4 and
Mouse mAb beta-Actin primary antibodies overnight at 4°C, which were diluted up-to 1:7000 in
5% (w/v) milk. The membranes were then incubated with Horseradish peroxidase
(HRP)conjugated anti-rabbit secondary antibody and anti-mouse secondary antibody and then
visualized with a chemiluminescence kit (Bio-Rad, Laboratories, Inc.) and exposed using a Fusion

plus 6 Imaging System (Vilber Lour mat, France). Beta-Actin was used as an internal control.
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2.4.3.6. Nuclear staining assay

The Nuclear staining were performed to investigate the status of nuclear disintegration of
cancerous cells after treatment of 5e, 5f and CI1994 as standard by staining with DAPI
(4',6diamidino-2- phenylindole) and acridine orange. For nuclear staining, B16F10 murine
melanoma cells were plated in flat bottom 12 well plate and allow to grow overnight, and then
they treated with the 5e (17.89 uM), 5f (26.40 uM) and C1994 (14.59 uM) concentrations and
incubate for 48h. After 48h of the treatment, control and compounds 5e, 5f and C1994 treated
group were fixed with 4% paraformaldehyde solution, thereafter both control and compounds
treated cells were stained with DAPI and acridine orange. The nuclear staining of both control and
treated cells was visualized under fluorescence microscope (Leica microsystems, Germany) on

20x Magnification.

2.4.3.7. Apoptosis assay

B16F10 cells were seeded with the cell density of 0.5x10%well in 12 well tissue culture plates and
left overnight. Next day cells were treated with 5e (17.89 uM), 5f (26.40 uM) and C1994 (14.59
M) for 72h and the cells were incubated at 37°C in CO; incubator to assess the apoptosis. The
study was carried out as per the manufacturer’s protocol (Bio Legend, US). The cells were washed
with ice cold PBS, trypsinized and centrifuged to get cell pellet. The pellet was resuspended in 100
ML reagent containing AnnexinV buffer, FITC (1 puL) and P1 (10 pL) and kept for incubation for
30min at room temperature. AnnexinV binding buffer, 1X (400 pl) was added to each sample and
characterized by flow cytometer (BDAria™ I11). The cells with no treatment were considered as
controls. FITC versus P1 with quadrant gating was done as dot plot which represents (Q1 — Necrotic
cells, Q2 - late apoptosis, Q3 — Live cells, Q4 — early apoptotic cells). To determine the extent of

apoptosis, early and late apoptotic events were taken.

100



Chapter 2

2.4.3.8. Cell cycle analysis

The cell cycle analysis was performed by using flow cytometry. The cells B16F10 cells were
seeded with density of 0.5x10° cells per well. After overnight incubation, 15 uM dose of 5e, 5f
and C1994 were added to cells and incubated for another 48h. Then the cells were harvested with
trypsin and the cell pellet was washed with ice cold PBS. The cells were fixed with 70% ethanol
by dropwise addition into the cell suspension under gentle vortex. The clumping of cell was
avoided and single cell fixation was visualized under microscope for cross-verification. The
samples were kept in -20°C for overnight. The next day fixed samples were centrifuged at 1000
rpm, 4°C for 7min to obtain cell pellet. Finally, the cells were re-suspended in 500 pL of Pl and
RNAse staining solution. The staining solution was prepared by addition of 20 % w/v RNAse and
2% wi/v Pl in 0.1% v/v of Triton X-100 solution in PBS. The samples were incubated in dark for
30min at room temperature and analyzed by flow cytometry (BDAria™ I11). The dot plot of Pl
width against Pl area was recorded and histogram of Pl area on X axis and counts on Y axis was
plotted. The percentage of cells in each phase of the cell cycle was evaluated using the FCS express
software.

2.4.4. Molecular docking

Molecular docking study was performed to predict binding interactions of promising HDAC3
inhibitors with the HDAC3 enzyme using the Glide module of Schrodinger Maestro software (Life
at Schrodinger | Schrodinger) The protein structure (PDB: 4A69) was selected (Watson et al.,
2012) and prepared by using the Glide module of Maestro software (Life at Schrodinger |

Schrodinger, n.d.). On the other hand, ligands were prepared as per our earlier mentioned protocol
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(Watson et al., 2012). A grid box was created on the centroid of the HDAC3 binding site. Finally, the
prepared ligands and the protein were used to execute the extra precision (XP) docking (Watson et al.,

2012; Baidyaetal., 2019).
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Chapter - 3

Design, synthesis, and binding mode of interaction of novel
small molecule o-hydroxy benzamides as HDAC3selective
Inhibitors with promising antitumor effects in

4T1-Luc breast cancer Xenograft model
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ABSTRACT

Histone deacetylase 3 (HDAC3) is one of the most promising targets to develop anticancer
therapeutics. In continuation of our quest for selective HDAC3 inhibitors, a series of small molecules
having o-hydroxy benzamide as the novel zinc binding group (ZBG) has been introduced for the
first time that can be able to produce good HDAC3-selectivity over other HDACs. The most
promising HDACS3 inhibitors, 11a and 12b, displayed promising in vitro anticancer activities with
less toxicity to normal kidney cells. These compounds significantly upregulate histone acetylation
and induce apoptosis with a G2/M phase arrest in B16F10 cells. Compound 11a exhibited potent
antitumor efficacy in 4T1-Luc breast cancer xenograft mouse model in female Balb/c mice. It also
showed significant tumor growth suppression with no general toxicity and extended survival rates
post tumor resection. It significantly induced higher ROS generation, leading to apoptosis. No
considerable toxicity was noticed in major organs isolated from the compound 1la-treated mice.
Compound 11a also induced the upregulation of acH3K9, acH4K12, caspase-3 and caspase-7 as
analyzed by immunoblotting with treated tumor tissue. Overall, HDAC3 selective inhibitor 11a
might be a potential lead for the clinical translation as an emerging drug candidate.

3.1 Introduction

Cancer has been emerging as the second most death-causing disease, next to cardiovascular diseases
worldwide. About 13.1 million deaths due to cancer are predicted by 2030 (Yun et al., 2019). It is
well established that epigenetic alterations of the activity of tumor suppressor genes and oncogenes
lead to the development of cancer (Sadikovic et al., 2008b). The acetylation of histone proteins is
the most widely studied epigenetic phenomena (Timmermann et al., 2001), and two types of
enzymes namely histone acetyltransferases (HATS) and histone deacetylases (HDAC) are mainly
responsible for causing the hyperacetylation and hypoacetylation, respectively on lysine residues of

histones. The disparity between the activity of HATs and HDACs leads to abnormal gene expression
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(Legube & Trouche, 2003) and is supposed to be the key reason for cancer progression. The classical
HDACSs are zinc-dependent metalloenzymes, which are known to take part crucially in cell
migration, invasion etc. The HDAC inhibitors have also been studied widely in various biological
activities such as autophagy, DNA repair, accelerating apoptosis and programmed cell death, cell
cycle arrest; thus, they are considered anticancer agents (Marks et al., 2000; Y. Li & Seto, 2016b;
Gong et al., 2019; J. Zhang & Zhong, 2014b). Different types of cancers are developed due to the
overexpression of abnormally expressed HDAC genes (Adhikari et al., 2018b). There are 18
different HDAC isoforms reported so far and are grouped into four different classes considering their
sequence homology as well as the organization of domains with the yeast original enzymes. HDAC1,
HDAC2, HDAC3 and HDACS belong to class | HDACSs, whereas class Il HDACs are grouped into
class lla (containing HDAC4, HDACS5, HDAC7 and HDAC9) and class Ilb (consisting of HDAC6
and HDAC10). However, the sirtuins (SIRT 1-7) are categorized into class 111, and class IV HDAC
consists of one isoform, i.e., HDAC11. These class I, Il and IV HDACs contain zinc metal ion at
their active catalytic site, whereas class |1l HDAC has NAD" in the active site for the catalytic
activity of these enzymes (de Ruijter et al., 2003). Among these class | HDACs, HDAC3 is proven
to be as a promising therapeutic target of cancer due to its overexpression in various cancers
(Adhikari et al., 2018b; Spurling et al., 2008b; Ma et al., 2015b; Minami et al., 2014b; Hsieh et al.,
2017b) . HDAC3 deacetylates histone proteins and plays a vital role in cell cycle progression, and
known to take part crucial roles in DNA damage and repair, apoptosis and in the modulation of
transcriptional activity (Bhaskara et al., 2010). Recently, we have reviewed the extensive and diverse
roles of HDAC3 in multiple disease conditions including various cancers, neurodegeneration,
diabetes, obesity, cardiovascular diseases, inflammatory diseases and viral diseases (Adhikari et al.,

2021). Consequently, a number of studies performed earlier clearly pointed out the diverse
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mechanisms of HDAC3 in the progression of various cancers such as breast carcinoma (Cui et al.,
2018), colon cancer Spurling et al., 2008b;, pancreatic cancer (Hu et al., 2019), prostate cancer

(McLeod et al., 2018) , colorectal cancer (P. He et al., 2018), lymphoma (Wells et al., 2013; Gupta
et al., 2012), myeloma Minami et al., 2014b; Harada et al., 2017), leukemia (Long et al., 2017),

melanoma and glioma (Liu et al., 2015), human maxillary cancer (Narita et al., 2005), Ewing’s
sarcoma (Ma et al., 2019), cholangiocarcinoma (Yin et al., 2017), etc. Therefore, in this context, it
should be well established that HDAC3 might be targeted to design and discover novel and selective
small molecule inhibitors for newer anticancer therapeutics.
Exploiting the structural differences between HDAC3 with other class | HDAC isoforms, several
inhibitors have been designed and studied towards isoform specificity of HDAC3 so far (Sarkar
et al., 2020b). Most HDAC inhibitors possess a general pharmacophore feature containing a
catalytic Zn*? binding group (ZBG), a cap function interacting with the surface binding region,
and a linker region that interacts with the hydrophobic grove and also with the adjacent internal
cavity (Miller et al., 2003b). Based on the presence of zinc-binding groups, the HDAC inhibitors
have been grouped into different chemical classes namely hydroxamates, short-chain fatty acids,
benzamides, thiols, hydrazides and cyclic tetrapeptides (Sarkar et al., 2020b). Though a plethora
of HDAC inhibitors reported in the literature, only a few are clinically approved. To date, the
clinically approved HDAC inhibitor molecules, such as vorinostat/SAHA, belinostat,
panobinostat, and pracinostat are from hydroxamate class, romidepsin from cyclic tetrapeptide
class, and Chidamide from benzamide class. Moreover, all of them are approved for the treatment
of different cancers (Dokmanovic et al., 2007b; Pulya, Amin, et al., 2021b). Benzamides possess
a moderate affinity towards Zn?*, and in particular, they are promising class | HDAC selective

inhibitors (Zhou et al., 2008; Hirata et al., 2018; Nepali et al., 2020; Y. Li et al., 2015; Marson et
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al., 2015a; Abdizadeh et al., 2017). To name a few, MS-275 (Entinostat, 1) (Knipstein & Gore,

2011b) and CI-994 (Tacedinaline, 2) (Riva et al., 2000) are o-aminobenzamides with class |

HDAC selectivity (Figure 1).
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Figure 3.1. Structures of reported reference class | HDAC selective benzamides (Cap group:

Indigo; Linker function: Black; ZBG: Red).
Similarly, BG45 (3, Figure 3.1), a small molecule linker less benzamide with pyrazine as cap a
group, has shown to be more specific towards HDAC3 over HDAC1 and HDAC2 Minami et al.,
2014b;. Apart from cap group modifications, several other changes on the benzamide moiety also
showed an increase in the selectivity and potency towards HDAC3 as in the case of chidamide (4,
Figure 3.1 (Knipstein & Gore, 2011b), BRD3308 (5, Figure 3.1) (Lundh et al., 2015; Dirice et al.,
2017) and RGFP966 (6, Figure 3.1) (Yu et al., 2020; Malvaez et al., 2013). It was reported that the
appearance of a fluorine atom at the para position of benzamide scaffold took part in the HDAC3
selectivity compared to other class | HDACs Hsieh et al., 2017b). A number of research has been
performed in the recent decade taking into account the benzamide class of compounds as potent

and HDACS3-selective inhibitors along with significant antitumor activity in vivo (Ning et al.,
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2012;Y. Chen et al., 2020; Hubeek et al., 2008; LoRusso et al., 1996; Fournel et al., 2008).
Chidamide (4) is an approved benzamide derivative by Chinese Food and Drug Administration
(CFDA) as a potent and HDAC3-selective molecule for treating recurrent or refractory peripheral T-
cell lymphoma (PTCL) (Lu et al., 2016c).
Our group has been working extensively for designing and synthesizing small-molecule HDAC3
specific inhibitors by incorporating several modifications on the cap group and benzamide ZBG
with/without a linker (Adhikari et al., 2018b; Sarkar et al., 2020b; Trivedi et al., 2018b; Hamoud et
al., 2020b; Amin, Adhikari, Kotagiri, et al., 2019b; Amin, Adhikari, Jha, et al., 2019; Pulya, Mahale,
et al., 2021b). Recently, we have reported a series of small molecules with different aromatic or
heteroaromatic cap groups with o-aminobenzamide as ZBG. The molecules exhibited excellent
selectivity towards HDAC3 compared to CI-994. (Routholla et al., 2021). In continuation of our
earlier observation, herein we report a series of HDAC inhibitors with further delineated benzamide
scaffold and modified cap region with various aromatic or heteroaromatic substituents.
We have further demonstrated their detailed synthetic schemes and chemical characterization,
HDAC inhibitory activity studies along with detailed in vitro biological characterization. We have
also reported in vivo therapeutic potential of the lead compound of the series in 4T1-Luc breast
cancer xenograft model.
3.2 Results and discussion
3.2.1 Chemistry
3.2.1.1 Design and synthesis of HDAC3 inhibitors
In this communication, some novel substituted benzamides have been designed with modifications
on the ZBG with different cap groups based on our recent report (Routholla et al., 2021). Here in,

we introduced the hydroxy group in the ortho-position to the anilide moiety in place of the amine
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group on a series of molecules containing various aryl (namely phenyl and naphthyl) as well as
heteroaryl (namely quinolinyl, indolyl, thienyl and pyrazinyl-aminophenyl) cap functions. To
study the influence of the fluorine atom at para position to the anilide group, here we incorporated

fluorine on amine/hydroxy containing benzamides (Figure 3.2).

Substitution with
hydroxy group

NH, SAR X

H
YN
0 \©\ﬂ/§ Modification Ar\ﬂ/ﬁ
—————)
H ¢} (] o) ij\y
1\ X=NH, OH;

Substitution with Y=H.F
different aromatic/ ’
heteroaromatic groups

Substitution with
fluoro group

Figure 3.2. Design of aryl or heteroaryl cap containing benzamide and modified benzamide derivatives.

As far as the synthesis is concerned, Scheme 1 represents the detailed synthetic routes of making novel
benzamides (10a — 14a and 10b — 14b). All the aromatic or heteroaromatic carboxylic acids (5 - 9) were
procured from commercial vendors, and were coupled with 2aminophenol or 2-amino-5-fluorophenol
with the help of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as a coupling agent under
general acid—amine coupling reaction condition using 4-Dimethylaminopyridine (DMAP) as a catalyst
and dichloromethane [DCM: pyridine (1:1)] as solvent to obtain the final compounds 10a — 14a and 10b

—14b. Scheme 1. Synthesis of target compounds and analogues 10 — 14.2

109



Chapter 3

(i-v) (10-14)
COO O a0
N/ N/ E
\ (/S\S

10a,11a,12a,13a,14a : X=0H; Y
Y

N
H

9

H
10b,11b,12b,13b,14b: X = OH; Y=F

2Chemical reagents and reaction conditions: (a) Substituted 2-aminophenol, EDC, DMAP, DCM:
pyridine (1:1), RT, 6 h.
Scheme 2 displays the synthetic procedure of the target compounds 17a — 17c. All the aryl or heteroaryl

carboxylic acids (15a — 15c) were coupled with tert-butyl 2-amino 5-fluoro phenyl carbamate according
to the previously reported protocol (Routholla et al., 2021), following the general acid-amine coupling
conditions with the help of EDC as a coupling reagent to produce respective intermediate amino ester
compounds (16a — 16c). These amino esters upon deprotection of the carbamate moiety in an acidic

condition yielded the final compounds (17a — 17c).
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Scheme 2. Synthesis of target compounds 17a —17c.2

LT et
@ ry (b) R)LNQ
R” “OH HN__O - = H
il \¢/ NH,
O
(15a-15c¢) (16a-16¢) (17a-17¢)
[0
(172)  (17b) (17¢)

aChemical reagents and reaction conditions: (a) tert-butyl 2-amino 5-fluoro phenyl carbamate, EDC,
DMAP, DCM: pyridine (1:1), RT, 12 h. (b) 4M dioxane in HCI, 0 °C, 2h.

The target molecule 22 was synthesized by the route described in Scheme 3. Commercially available
methyl 6-chloropyrazine-2-carboxylate (18) was transformed to methyl 6-(phenylamino) pyrazine-2-
carboxylate (19) by reacting with aniline in the presence of N-methyl 2-pyrrolidone (NMP) as a solvent
and N, N-Diisopropylethylamine (DIPEA) as a Hunig’s base. Therefore, the 6-(phenylamino) pyrazine-
2-carboxylic acid (20) was produced by base hydrolysis of the ester compound (19). The acid compound
(20) was then coupled with tert-butyl 2-amino 5-fluoro phenyl carbamate (4), and was prepared as per
our earlier report (Routholla et al., 2021), under acid-amine coupling condition with the help of EDC as
a coupling agent to produce an intermediate compound 21. The carbamate group of compound 21 was

deprotected under the acidic conditions, afforded the final compound 22.

Scheme 3. Synthesis of target compound 22.2
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aChemical reagents and reaction conditions: (a) Aniline, NMP, DIPEA, 160 °C, 20 h, reflux (b)
NaOH, MeOH, H;0, 1 h (c) tert-butyl 2-amino phenyl carbamate, EDC, DMAP, DCM: pyridine
(1:1), RT (d) 4 M HCl in dioxane, 0 °C, 2 h.

The chemical structures of the final synthesized compounds (compounds 10a-b, 11a-b, 12a-b, 13a-
b, 14a-b, 17a-c, 22) including their % yields as well as physicochemical properties are represented
in Table 3.1. The purity of the final compounds was estimated with the help of *H NMR, *C NMR
and HRMS analysis. The spectral data of these final molecules are presented in the supporting
information section (Supporting spectra S1 — S46).

Table 3.1. Structures of the designed and synthesized compounds including their % yield and

(0) /©/Y
Ar/[LN
H

X

calculated physicochemical properties

X=NH, OH; Y=H, F
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Cpda Ar X Y | %oyield HBD HBA Log P
m OH 56 2 3 2.534
10a =
N
N OH | F 50 2 4 2.692
10b
P/
N
N OH | H 46 2 3 2.534
1la |
Z
N
OH | F 55 2 4 2.692
A
~
N
OH | H 46 3 3 1.991
N
H
OH F 42 3 4 2.149
N
H
OH | H 30 3 3 1.991
13a
A\
N
H
OH | F 48 3 4 2.149
13b
A\
N
H
OH | H 52 2 2 2.376
14
a B
S
OH | F 45 2 3 2.534
14b
14 \§
S
NH, | F 82 2 3 1.894
17a
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NHz | F 66.66 2 3 3.192
NG ®
17c NHz | F 61.78 2 3 3.192
H
22 NNy NH: | F 62.28 3 6 2.125
Shel
N

aCompound number; HBD = Hydrogen bond donor; HBA = Hydrogen bond acceptor; LogP = Hydrophobicity

3.2.2 Biological evaluation

3.2.2.1 Pan-HDAC and HDACS3 inhibition
Initially, all these synthesised final molecules (compounds 10a-b, 11a-b, 12a-b, 13a-b, 14a-b,17a-
¢, 22) were subjected to evaluation for their enzyme inhibitory activities against pan-HDAC (HeLa
Nuclear extract) as well as HDAC3 enzymes (Supplementary Figure S1 and S2) following the
protocol as described in 4.2.4.1 and 4.2.4.4 sections. Interestingly, all of them exhibited moderate

pan-HDAC and HDAC3 enzyme inhibition at 10 uM and 1 uM in duplicate, respectively (Table

3.2).
Cpda Pan-HDAC % Inhibition® HDACS3 % Inhibition®
10a 22.17 +1.98 13.15+3.35
10b 27.87 £5.12 21.54 + 4.56
1lla 23.80 £ 0.46 27.07£0.79
11b 2355+ 3.75 26.01 £ 0.49
12a 15.59 + 5.82 10.39+4.78
12b 23.21+£0.85 23.79+4.22
13a 18.17 £0.26 14.44 +£ 3.77
13b 16.56 £ 1.24 11.74+1.41
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 14a |  2838+164 |  1447x457 |
14b 26.01 + 6.47 15.88 + 3.86
17a 2457 + 1.05 19.06 * 1.36
17b 18.00 £ 0.14 7.38 £ 1.99
17c 2573 + 3.45 19.62 + 1.49
22 18.19 * 1.62 3.88 £ 4.96
C1-994 53.80 + 1.60 53.65 + 1.82

aCompound number; PInhibition at 10 uM; SInhibition at 1 uM; Data represents mean + SD (n = 2).

Table 3.2. Percentage (%) inhibition of the synthesized compounds using C1994 as a reference
standard against pan-HDAC and HDAC3 enzymes.

All these compounds exhibited lower HDAC3 inhibitory potency compared to the reference
molecule C1-994 (53.8% pan-HDAC inhibition at 10 uM and 53.65% HDAC3 inhibition at 1 uM).
Apart from the variation of the aryl/heteroaryl group at R position, most of the studied compounds
in this communication (compounds 10a-10b, 11a-11b, 12a-12b, 13a-13b and 14a-14b) possess a
hydroxyl group at X position in place of amino group of CI-994. As all these compounds are less
potent compared to CI-994, it may be assumed that the amino group is more preferable at the X
position compared to hydroxyl group regarding HDAC3 inhibitory activity. Thus, it may be
conferred that o-amino aniline group is a better Zn?* chelator than the corresponding o-hydroxy
aniline moiety. Moreover, it was also noticed that compounds possessing the o0-amino
aniline/benzamide moiety (compounds 17a-17c, 22) were less effective compared to CI-994 as not
only the benzamide ZBG is crucial but also the terminal aryl cap group is also important as far as
higher HDAC inhibition is concerned. However, it was also noticed that many of these compounds
exhibited a pattern of HDAC3 selectivity (compounds 10b, 11a-11b, 12a-12b, 13a-13b, 17a, 17c)
over pan-HDAC (HDAC3 % inhibition at 1 pM is more or less similar to the pan-HDAC %

inhibition at 10 uM). Compounds 11a, 11b and 12b have displayed similar inhibitory potency of
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27.07%, 26.01% and 23.79% towards HDAC3. Interestingly, compounds containing quinoline
(compound 11a and 11b), indole moiety (compound 12b) as cap groups exhibited better HDAC3
inhibitory potency compared to the corresponding derivatives reported earlier (Routholla et al.,
2021). Compounds either 3-quinolinyl (compound 10b) or 6quinolinyl (compound 1la-11b)
substitutions resulted in good efficacy against both pan-HDAC and HDAC3. However, the
compound with 6-indolyl group (compound 12b) was better than the corresponding compounds
with 3-indolyl function (compounds 13a and 13b). It is interesting to observe that the benzamide
derivative with pyrazine moiety (compound 22) neither exhibited pan-HDAC inhibition nor
HDACS3 inhibition effectively compared to other compounds. Among these benzamides, we have
further explored compounds 11a, 12b with different aromatic moieties as cap groups to find better
potency and selectivity towards HDACS.

3.2.2.2 Determination of I1Cso of potent and selective derivatives in different HDACs

Among these compounds tested for % inhibition against pan-HDAC and HDACS, three effective
compounds (compounds 11a, 11b and 12b) were selected further for the evaluation of 1Csg against
HDACS3 depending on the results obtained in the initial screening of HDAC inhibition taking into
account, using CI-994 as a positive control. The ICso values against HDAC3 were found to be 1.586,
3.386 and 2.685 pM for compounds 11a, 11b and 12b, respectively (supplementary Figure S3). It
is noteworthy that these molecules contain 6-quinolinyl (compound 1la and 11b) and 6-indolyl
(compound 12b) group in the cap region. Of these three compounds, those containing o-hydroxyl
benzamide (compound 11a) or fluoro substituted o-hydroxy benzamide (compound 12b) ZBG groups
with more potency against HDAC3 were further explored for their 1Cso determination against other
human recombinant HDAC isoforms such as HDAC1, HDAC2, HDAC6 and HDACS to get their

more precise selectivity profile towards HDAC3. The results are tabulated in Table 3.3 and the
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sigmoidal dose response graphs generated for the determination of ICso are depicted in the

supplementary Figure S4.

1Cso (UM) Selectivity factor for HDAC3
Cpda | HDAC1 | HDAC2 | HDAC3 | HDACS | HDAC6 | HDAC | HDAC | HDAC | HDAC
1/3 2/3 8/3 6/3

1la | 26.63% 32.35+ 1586+ | 46.11+ | 49.89% 16.79 20.39 29.07 31.46

2.20 2.97 0120 | 341 2.76
12b | 3067+ | 3282+ | 2.685% | 4577% | 629+

1.97 3.54 0471 | 412 3.9 taz | ez ) 1105 | 24z
Cl- | 0929+ | 093+ [ 0902+ | 1957+ | 4058
994 | 0.060 009 | 0140 | 210 3.21 103 103 2L7 ) 4499

aCompound number; Data represents mean + SD (n = 2); CI-994 is a positive control
Table 3.3. ICso values of 11a and 12b evaluated on human recombinant HDAC1, 2, 3, 8 and 6
including their HDAC3-selectivity profile over these HDACs.

For the determination of ICsg, these compounds were evaluated in the 0.061 — 80 UM concentration
range in duplicate according to the protocol of HDAC enzyme assay provided in the enzyme assay
kits. The ICso values of these molecules were estimated by means of the nonlinear regression analysis
method of the Graph Pad Prism 5 software.

The ICsg profiles in the form of the dose-response curve of these selected compounds (compounds 11a
and 12b) have been shown in supplementary Figure S4. Compound 11a was found to be the most
selective for HDAC3 with 16.79, 20.39, 29.07, and 31.46-fold HDACS3 selectivity over HDACL,
HDAC2, HDACS8 and HDACSG, respectively. However, for compound 12b, it was also found to be a
good HDAC3-selective compound over other HDACs but HDAC3 selectivity was less compared to
compound 1la. Compound 12b exhibited 11.42, 12.22, 17.05 and 23.42-fold selectivity towards
HDAC3 compared to other HDACSs tested, i.e., HDAC1, HDAC2, HDACS8 and HDACS, respectively.
It is noteworthy that compared to CI1-994 both these compounds (compound 11a and 12b) displayed

better HDAC3 selectivity over all other HDACs tested (Table 3).
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3.2.2.3 Antiproliferative assay against different cancer cell lines
All the synthesized molecules including the reference standard C1-994 were subjected to evaluation
for their anticancer activity by using MTT assay against human triple-negative breast cancer (TNBC)
cell line (MDA-MB-231), mouse breast cancer cell line (4T1) as well as murine melanoma cancer
cells (B16F10). Initially, all these final molecules were evaluated in duplicate at two different
concentrations (100 and 10 uM) (supplementary Figure S5 — S8). Further, all these compounds
were evaluated for their 1Cso determination with a wide range of concentrations following the
protocol detailed in 4.2.3. This result implies that the antiproliferative activity conferred by these
molecules against all the cell lines was comparable to the standard molecule C1-994 (Table 4). The
highest antiproliferative activity was observed for compound 17a (ICsp=7.19 uM), compound 17b
(ICso = 11.14 uM) and compound 22 (ICso = 7.53 uM) in B16F10 cells and for the rest of the
compounds, the values were in the range of 14 uM — 50 uM that are comparable to CI-994 (ICso
=14.34 uM) (Table 4). The dose response curves of the compounds in the series including lead
compounds, 11a and 12b against MDA-MB-231, 4T1 and B16F10 are represented in the form of

sigmoidal curves for reference in the supplementary figure S9A — S9C.

Cpda ICs0 in pM Selectivity for cancer cells
4T1 B16F10 MDA- HEK-293 | 4T1 B16F10 MDA.-
MB-231 MB-231
10a 16.25 + 48.73 22.70 £ 313.6 £ 19.30 6.44 13.81
1.29 1.69 1.22 8.98
10b 22.76 £ 19.67 + 31.87 586.9 + 25.79 29.84 18.42
2.87 2.98 2.68 7.89
1la 10.29 + 18.55 + 13.87 + 449.7+ | 43.70 24.24 32.42
3.58 1.54 1.29 6.98
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1184+ | 3744+ | 1783+ | 992+

b | o 260 o8 105 | 8378 | 2650 | 5564

12a | 1310+ | 2404+ | 1157+ | 8766+ | 6692 | 3646 | 7576
1.16 2.76 1.28 9.58

12b | 1280+ | 4071+ | 1960+ | 5003+ | 39.09 | 1229 | 2553
0.98 5.06 2.95 6.87

13a | 738+ | 4042+ | 1304+ | 7162+ | 97.05 | 17.72 | 5492
0.78 4.98 0.88 5.76

130 | 923+ | 301+ | 1485+ | 6189+ | 67.05 | 2056 | 41.68
1.24 3.67 0.69 6.79

l4a | 27190+ | 222+ | 2063+ | 169.7+ | 6.24 7.64 8.23
2.98 2.98 2.98 2.99

14b | 974+ | 1403+ | 1176+ | 5073+ | 5208 | 36.16 | 43.14
1.09 0.68 1.17 8.64

17a | 2693+ | 7.19+ | 218+ | 254+ | 943 | 3533 | 1164
2.65 0.48 2.48 5.44

17b | 17.07+ | 1114+ | 2139+ | 327+ | 1916 | 2935 | 1529
0.87 0.29 3.67 6.78

17c | 1999+ | 29+108 | 821+ | 2374+ | 1188 | 819 | 2892
1.19 0.99 9.33

22 | 3876+ | 753+ | 653+ | 6305+ | 1627 | 8373 | 9655
1.20 1.19 0.26 8.77

Cl- | 1674+ | 1434+ | 1514+ | 2162+ | 1292 | 1508 | 1428

904 | 087 1.68 0.36 4.69

Table 3.4. ICso (M) of the novel compounds against 4T1, B16F10 and MDA-MB-231 cancer cell
lines and the in vitro cytotoxicity (ICsp) of the compounds against normal HEK 293 cell line along

with their selectivity profile towards these cancer cell lines compared to normal cell line HEK-293.
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Compounds 1la and 12b exhibited highest enzymatic potency and selectivity than remaining
compounds, but their antiproliferative activities were found to be moderate and they did not show

the highest potency in the antiproliferative assay. The 1Cso values of compounds 11a and 12b are

13.87 and 19.60 uM against MDA-MB-231; 10.29 and 12.80 uM against 4T1; and 18.55 and 40.71
uM against B16F10 cell line, respectively (Table 3.4).

3.2.2.4. Evaluation of in vitro cytotoxicity against HEK-293 cell lines

The cytotoxicity of these molecules was judged against the normal human embryonic kidney cell
line (HEK - 293) and the precise effect was determined in the form of ICso values (supplementary
Figure S9D). As expected, the most selective compounds are found to be the least cytotoxic towards
normal cells (HEK-293). The compounds 11a and 12b with higher potency and selectivity among
all the compounds tested exhibited the 1Cso values of 449.7 uM, and 500.3 uM revealed to be the
least cytotoxic towards normal cells (Table 3.4).

3.2.2.5. HDAC inhibitory activity in B16F10 murine melanoma cell line (Western blot analysis)
HDAC:S act by deacetylating both histone and non-histone proteins in vitro. In this regard, class-I
HDACSs were known to deacetylate the lysine residues of histones such as H3 (ac-H3K9) and H4
(ac-H4 K5/K8/K12/K16) (Seto & Yoshida, 2014). The cellular histone deacetylase inhibitory
activity of the selected compounds 11a and 12b including the reference compound CI-994 were
measured by determining the histone acetylation level in B16F10 cells with the help of western blot
analysis technique. The histone acetylation level was determined in a dose-dependent fashion for
these compounds using anti-ac-H3K9 and anti-ac-H4K12 antibody. Treatment with compounds 11a,
12b and CI-994 was conducted for 12 h at a concentration of 5 and 20 pM. The increase of

acetylation on H3K9 and H4K12 was found significantly in a dose-dependent manner (Figure 3.3
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and Figure 3.4). This upregulation of acetylation on both the histone substrates was in accordance

with the in vitro HDAC inhibitory activity of these compounds.
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Figure 3.3. Western blot analysis of Ac-H3K9 in whole-cell lysates of B16F10 cells after
treatment with (A) 11a (B) 12b and (C) CI-994 at 5 and 20 uM after 12 h treatment of the cells

with the compounds. Results normalized with B-actin as housekeeping control.
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Figure 3.4. Western blot analysis of Ac-H4K12 in whole cell lysates of B16F10 cells after
treatment with (A) 11a (B) 12b and (C) CI1-994 at 5 and 20 uM for 12 h. Results were normalized

with B-actin as housekeeping control.

3.2.2.6 Nuclear staining assay

Nuclear staining assay was conducted in B16F10 cells using compounds 11a and 12b to evaluate

the impact of these compounds in the form of change in cell morphology and based on the extent
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of staining using DAPI (4',6-diamidino-2-phenylindole) and AO (acridine orange) as staining dyes.
It was noticed that after the treatment of B16F10 cells with compounds 11a, 12b and CI1-994 for
48 h, there was a clear difference in cellular morphology with the untreated cells (Figure 3.5).
These results indicate the nuclear disintegration of treated cells and suggest a clear mechanism of

programmed cell death.

[

Control (A) cr994  (B) 11a ©) 12b (D)

Scale bar = 100 um

Figure 3.5. Nuclear staining of B16F10 cells using DAPI and AO following treatment: (A)
Control (B) CI-994 (C) 11a and (D) 12b. The stained nuclei were visualised with the help of a
fluorescence microscope (Leica microsystems, Germany) on 20x Magnification.

3.2.2.7 Annexin-V/FITC apoptosis assay in B16F10 cells

HDAC inhibitor-mediated cell death through apoptosis leading to anticancer activity has already
been well established (Gong et al., 2019; J. Zhang & Zhong, 2014a). The Annexin-V/FITC — PI
apoptotic assay was carried out to estimate the extent of apoptosis caused by 11a and 12b. B16F10
cells were treated with compounds 11a, 12b and CI-994 for 72 h with the compound ICso
concentrations. The cells were then processed as per the protocol described in the 4.2.7. The

analysis was then conducted by using the flow cytometry analysis. The results suggested an
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increased apoptotic activity in treated cells with compounds 11a and 12b when compared to C1994
(Figure 3.6). Compound 11a showed the total apoptotic percentage of 26.45% + 1.62 (Q2 and

Q4), whereas the increased apoptotic population of compound 12b was 39.15% + 0.71 (Q2 and
Q4) while compared to C1-994 with 16.5% + 0.25 apoptotic cells. The results suggested that the
mechanism of programmed cell death was triggered by compounds 1la and 12b leading to

apoptosis significantly in B16F10 cells.

o 1.45 % = 0.35

FITC-A

39.15 % £ 0.71

0 10° 10° 10 10°
FITC-A

Figure 3.6. Apoptosis induction in B16F10 cells quantified by Annexin V/PI assay with the help
of flow cytometry. (A) Control (B) CI1-994 (C) 11a (D) 12b (Q1 — Necrotic cells, Q2 - late
apoptosis, Q3 — Live cells, Q4 — early apoptotic cells, X-axis: Annexin V intensity, Y-axis:
Propidium iodide intensity).

3.2.2.8. Cell cycle in G2/M phase arrest in treated cells

The results different experiments so far indicated, compounds 11a and 12b possess significant

potency and HDACS3 selectivity over other HDAC isoforms and also were found to be enhancing
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the cellular histone acetylation levels, causing nuclear disintegration resulting in apoptosisinduced
cell death in B16F10 cells in vitro. In this regard, we further studied the cell cycle analysis to find
out the %cell population at various stages of cell cycle upon treatment of compounds 11a and 12b

using flow cytometry (Figure 3.7).
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Figure 3.7. Cell cycle arrest induced in B16F10 melanoma cells treated with (A) Control, (B)
C1994 as a positive control, (C) 11a and (D) 12b after treatment for 72 h. Cell cycle analysis was
conducted and analysed by Flow cytometry (BD Aria Ill) ®.

In this study, B16F10 cells were subjected to the treatment at 15 uM of compounds 11a and 12b

and the reference compound CI1-994, for 48 h as per the protocol described in 4.2.8. Results were
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tabulated in Table 3.5 that depicted the enhanced cell population in G2/M phase for compound
11a (42.10 %) and compound 12b (42.48 %) while compared to that of the standard C1-994 (32.75
%), suggesting the cell cycle arrest at the G2/M cell cycle stage with an increased cell population

with 4n of DNA content.

% Cell population
Cell cycle Phase
Control | CI1-994 1lla 12b
Gl 56.51 48.28 32.32 37.87
S 27.50 18.97 25.59 19.65
G2/M 15.99 32.75 42.10 42.48

Table 3.5. The % cell population in different phases of cell cycle. Data was calculated and
analysed by FCS express plus software from DNA content histograms.

It was noticed that compounds 11a and 12b resulted in a decrease in the G1 population (32.32%
and 37.87%) and no significant change was noticed in the S phase (25.59 % and 19.65 %) when
compared to C1-994 (G1= 48.28% and S=18.97%). These results further point out strongly that
the anticancer activity conferred by the lead compounds 11a and 12b might be following the cell
cycle arrest at G2/M phase with increased population and also supports the apoptotic assay results
leading to the programmed cell death.

3.2.2.9 Antitumor efficacy of compound 11a in 4T1-Luc breast cancer xenograft model

With the promising findings of highly selective HDAC3 inhibitor, 11a in hand, and obtained
antiproliferative activities against different cancer cell line including 4T1 cell line in vitro, we
evaluated compound 11a for in vivo efficacy against “4T1-Luc breast cancer cells tumor xenograft

model” in female Balb/c mice. Literature findings from different groups, including our group,
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maximum tolerated dose for previously reported compounds of benzamide chemotype such as
C1994, MS-275, BG45 were kept between 40 mg/kg/injection to 60 mg/kg/injection and were
reported as well tolerated with no gross toxicity (Minami et al., 2014; LoRusso et al., 1996; Saito
et al., 1999b; Santo et al., 2012; Hess-Stumpp et al., 2007). In our adopted protocol, 4T1-Luc
tumor implanted mice were categorized into three groups having 4 mice belonging to each group.
Mice were treated with vehicle alone, 25 mg/kg and 50 mg/kg dose of compound 11a as described
in section 4.3.1. The tumor volumes were measured once in three days, and the graph was plotted
as tumor volume vs days of treatment. The tumor volume growth curve is represented in Figure

3.8A.
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Figure 3.8. Evaluation of in vivo therapeutic efficacy in 4T1 Luc tumor bearing Balb/C female
mice treated with vehicle Control, 25 mg/kg, and 50 mg/kg of 11a (n=4). (A) Graph representing
the tumor volume reduction over days of treatment. (B) Measurement of body weight over days
of treatment. (C) In vivo real-time bioluminescence imaging on day 10 and 21, treated with 11a
(Dose:25 mg/kg and 50 mg/kg) in 4T1 Luc tumor-bearing mice. Whole-body NIRF images of
mice after Intraperitoneal injection of D-luciferin (IVIS-LUMINA-III). (D) Representative tumors
isolated from mice post-treatment (n=2). (E) Kaplan-Meier survival graph of the treated mice post

tumor resection for 21 days. Data represent mean £ SEM, n =4. *p < 0.05, #p = 0.11.

127



Chapter 3

For a period of over 21 days, the average tumor volume of the control group (no treatment)
increased rapidly from 56.75 mm?® to 975.25 mm?, whereas the average tumor volume for the group
treated with a 25 mg/kg dose of compound 11a was enhanced from 53.50 mm? to 526.50 mm?® and
interestingly, for the group treated with a higher dose of 50 mg/kg of compound 11a, the average
volume raised from 50.25 mm? to 350 mm? only. The inhibition of tumor growth indicated the
significant antitumor activity of the lead compound 11a in 4T1-Luc breast cancer xenograft model.
The animal body weight change for each treatment group is shown in Figure 3.8B, which showed
that the body weights of mice were found to be consistent during the study suggesting no general
toxicity in all the treatment groups. Further, we have performed bioluminescence imaging (BLI)
by injecting Luciferin D (100 pl) intraperitoneally into one mouse randomly selected from each
group on day 10 and day 21 and live imaging experiments were done using IVIS-LUMINA-III
(Figure 3.8C). Tumors from the control group showed the highest BLI intensity when compared
to the treated groups. The results showed a gradual increase in tumor volume in all the groups,
whereas the increase in the control group was at a much higher rate compared to the treated groups
correlating with the tumor volume inhibition experiment (Figure 3.8D). The survival study was
also performed post-resection of the tumor for 21 days (section 4.3.1). The mice treated with the
higher dose of 50 mg/kg lived significantly longer than the lower dose (25 mg/kg) treated animals,
while the lowest survival data was obtained for untreated/control animals. The percentage survival
of the treated and control group mice was represented with Kaplan-Meier curve in Figure 3.8E.
These results indicated that the treatment with compound 11a not only significantly reduced tumor
growth but also improved the survival duration of the treated mice at three weeks post tumor
resection. Overall, the new potent and selective HDACS3 inhibitor, compound 11a, exhibited

significant in vivo anticancer therapeutic activity.
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3.2.2.10. Study of compound 11a induced ROS-dependant apoptosis in 4T1-Luc implanted mice
With the in vitro apoptosis data in promise, we further investigated the generation of reactive
oxygen species (ROS) in 4T1-Luc tumor implanted mice. At the end of 21 days treatment regime,
two mice from each group were randomly selected and were injected with DCFH-DA fluorescence
probe as per the protocol described in section 4.3.4.2. The mice were then imaged with 1VIS
Lumina-111 10 mins after the injection of the probe. Figure 3.9A represents the florescence signals
indicating the ROS generation induced by compound 11a treatment of mice and compared to

control group mice.
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Figure 3.9. (A) In vivo real-time bioluminescence imaging for ROS generation on day 21, treated
with Control and 11a (Dose:25 mg/kg and 50 mg/kg) in 4T1 Luc tumor-bearing mice (n=2).
Whole-body NIRF images of mice after intra tumoral administration of DCFDA. (B) Graphical

representation of florescence intensity of the tumors on 21% day.

The extent of ROS generation was quantified in terms of fluorescence intensity
[(p/sec/icm?/sr)/uW/cm?] and is represented as graph in Figure 3.9B. The results represented in
the graph shows a significant increase in the ROS generation in mice treated with 50 mg/kg than
25 mg/kg with no signals in the control group. Further, the mice were sacrificed after 30 mins of
DCFH-DA treatment, and the tumors were collected. The tumors were cryo-sliced into 5 um thick

slices and were stained with DAPI and observed under a florescence microscope (green filter).
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Figure 3.10A indicates the images obtained correlated with the in vivo imaging confirming further
the extent of ROS generation in the order 50 mg/kg > 25 mg/kg. These results suggest that

compound 11a is capable of inducing ROS dependant apoptosis in 4T1-Luc implanted mice.

(A) DAPI DCFDA (B) DAPI Tunnel Merged (C)

Control

25mg/kg

25mg/kg

50mg/kg

Figure 3.10. Representative images of tumor sections treated with vehicle (Control) and
compound 1la (25 mg/kg, 50 mg/kg) (A) photographs of tumor sections representing intra-
tumoral ROS levels (B) TUNEL staining (C) fluorescent images of immune-histochemical
analysis of Ki67 (D) Representative images of H & E staining for histopathological analysis of

various organs and tumor isolated from treated mice. (Scale bar is 20 um).
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TUNEL assay was performed on tumor cryosections sliced into 5 um thickness as per the protocol
described in section 4.3.4.1. TUNEL assay is based on the principle of nuclear DNA fragmentation
by nucleases, thus inducing cell death. Figure 3.10B represents the images obtained under a
florescence microscope indicating the presence of apoptotic cells as indicated by green dots
(TUNEL +ve cells) in case of 25 mg/kg and 50 mg/kg treated tumor tissue sections and compared
with no indication in control group tumor sections. These results further indicate that 11a induces
apoptosis leading to cell death in vivo.

3.2.2.12. Immunohistochemistry of tumor sections and H&E staining

To characterise the effect of compound 11a on cell proliferation, tumor cryosections were sliced
into 5 um thickness as per the protocol described in section 4.3.4.3. The tumor microarray slides
were immune-stained with the Ki-67 antibody overnight, as Ki67 protein is a proliferation marker
and the slides were further incubated with secondary antibody and were observed under the
fluorescence microscope (Figure 3.10C). In untreated tissue sections, the percentage of positively
stained cells for Ki-67 was higher when compared to the treated cells. Among the treated cells,
those treated with 50 mg/kg had shown far less positive staining when compared to 25 mg/kg
treated cells. These results indicate the decrease in the extent of cell proliferation in tumors treated
with compound 1l1a. The histopathological analysis of various organ and tumor sections was
performed as per the protocol described in section 4.3.4.4. The bright-field images were captured
under the fluorescence microscope (Figure 3.10D). The images indicate no induced toxicity or
damage to major organs in the treated mice, and they were similar to control mice. Whereas the

images of the tumor section indicated, the tissue damage occurred in treated tissue sections
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compound.

3.2.2.13. Analysis of histone acetylation level in the tumor tissue of control and compound 11a
treated mice by immunoblotting technique

We further investigated the ability of compound 11a to modulate the histone acetylation level
following a dose-dependent fashion with the biomarkers associated with HDAC inhibition and
apoptotic pathway (Shao et al., 2004) such as ac-H3K9, ac-H4K12, caspase-3 and caspase-7

through immunoblotting analysis (Figure 3.11).
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Figure 3.11. (A) Western blot of Caspase-3, Caspase-7, Ac-H3K9, Ac-H4K12 in tumor tissue
after treatment with control, 25 mg/kg, 50 mg/kg of compound 11a. (B) Results were normalized
with respect to B-actin as housekeeping protein in respective controls. Quantification was done
using ImageJ software. Each column represents the mean £ SEM of protein expression as

indicated.
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The tumour tissues were collected from the control group and treated mice and then were

homogenized and lysed as per the protocol described in section 4.3.3. The obtained cell lysates

were exposed to western blot analysis. It was noticed that HDACS3 inhibition by compound 11a

leads to the increased level of H3K9 and H4K12 acetylation levels in vivo along with the

upregulation of Caspase-3 and Caspase-7, indicating the apoptotic pathway in 4T1-Luc tumors in

vivo (Figure 3.11).

3.2.3 Molecular docking-based binding mode of compounds 11a and 12b with HDAC3 active
site

The synthesized compounds were docked to the binding pocket of HDAC3 (PDB: 4A69), and most

of these showed the same orientation in the binding pocket (Figure 3.12).

Figure 3.12. The docked conformations of designed compounds at HDAC3 active site (PDB:

4A69).

Most of these compounds formed hydrogen bonding with Gly143 and n-n stacking with Phe144

at HDACS3 active site. These amino acids were found to be crucial in interacting with the reported
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inhibitors. The hydroxyl group at phenyl ring interacts with the Zn?* ion at the HDAC3 active site.
Hence, the molecular docking of these molecules in the active site of HDAC3 provided good fit
and docking scores. Not surprisingly, the docking scores correlate well with the HDAC3 inhibitory
outcomes of compound 11a (glide score: -9.630; HDAC3 ICs0 = 1.586 uM), compound 12b (glide
score: -7.941; HDAC3 ICso = 2.685 uM) and reference standard CI-994 (glide score: -5.977,;
HDAC3 ICs0 = 0.902 uM). This observation is in agreement with the results of our earlier
observation (Routholla et al., 2021). The binding pattern of interactions of these two effective

molecules 11a and 12b are displayed in Figure 3.13.

(A)

o » F o
Ve
@@j@ @ %)

: Charged (negative) O Polar - Distance —e Pication
Charged (positive) ‘ Unspecified residue -»  H-bond — Sak bridge
Glycine . Water -» Halogen bond Solvent exposure
8 Hydrophobic Hydration site —  Metal coordination
Metal X Hydration site (displaced) ®-® Pi-Pi stacking

Figure 3.13. Binding mode of interactions of (A) Compound 11a and (B) Compound 12b with active
site of HDAC3 (PDB: 4A69)
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It was observed that the hydroxyl function of the ZBG of both these molecules formed Zn2* ion
coordination (Figure 3.13). It was interesting to note that for compound 11a, the carbonyl oxygen
adjacent to the amide group also involved Zn?* ion coordination. However, in case of compound
12b, the same carbonyl group moved completely opposite direction without forming any metal
coordination. Again, the carbonyl moiety of compound 1la also formed hydrogen bonding
interaction with Tyr298 which was not observed for compound 12b. Again, the spatial
arrangement of the 6-quinolinyl function (compound 1la) at the HDAC3 active site was
completely opposite to the respective orientation of 6-indolyl function (compound 12b) that made
compound 11a better than compound 12b as far as the stronger binding interaction was concerned.
This may be the probable reason behind the better docking score as well as better HDAC3
inhibition conferred by compound 11a compared to compound 12b. This observation was again
in agreement with our earlier observation (Routholla et al., 2021). The amide group of both these
molecules formed a hydrogen bonding interaction with Gly143. In addition, a potential n-n
stacking interaction also appeared between His135 of the active site and that of the phenyl ring of
both of these molecules. Apart from that, His134 was noticed to form a hydrogen bonding
interaction with hydroxyl group of compound 12b. Noticeably, the molecular docking study of
these compounds against HDAC6, HDAC8 and HDAC10 were not so encouraging, and therefore,
further validated the biological outcomes. Since the selectivity issue is one of the bottlenecks in
contemporary HDAC drug discovery, the insight obtained from this study could aid in further
designing novel small molecules with enhanced receptor discrimination. This current analysis for
the individual models may be able to generate a preliminary idea about the structural requirement

of such type of HDAC3 inhibitors.
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3.3 Conclusion

In this study, a series of novel substituted benzamides consisting of various aryl and heteroaryl cap
groups with o-hydroxy and p-fluoro substituted benzamides as effective ZBG were designed and
synthesized. These compounds were studied as potential and selective HDAC3 inhibitors
possessing effective anticancer activities. These novel compounds were screened against cancer
cell lines 4T1, B16F10 and MCF-7 and are found to possess significant antiproliferative activity
when compared to class-1 selective HDAC inhibitor CI1-994 as a reference molecule. These
molecules were also relatively nontoxic to the normal cell line HEK-293. Among the series,
compounds 11a and 12b were the most potent and HDAC3-selective over other Class-1 HDACs
and HDACG6. Compound 11a possessing a 6-quinolyl scaffold in the cap region and hydroxyl
function substituted at the ortho position of the benzamide scaffold was found to be the most
promising with over 20 and 16-fold HDAC3 selectivity over HDAC?2 and HDACL, respectively.
Compounds 11a and 12b were found to induce significant upregulation of acetylated H3K9 and
H4K12 in B16F10 cells in a dose-dependent fashion in vitro. Molecular docking analysis with
compounds 11a and 12b at the HDAC3 active site were found to be a good fit with the docking
scores correlating the in vitro HDAC3 inhibitory assay results. They were found to induce
apoptosis and cause the cell cycle arrest in G2/M phase as evidenced in B16F10 cells. The in vivo
antitumor efficacy studies in 4T1-Luc breast cancer xenograft model in female Balb/c mice
indicated that the compound 11a (25 mg/kg and 50 mg/kg) exhibited a significant reduction in
tumor volume compared to control group mice which are treated with vehicle alone. No change in
body weights during the treatment period suggested no general toxicity of the compound 11a even
at 50 mg/kg dose. TUNEL assay results indicated the extent of apoptosis increased with 50 mg/kg

when compared to 25 mg/kg dose treatment with a greater number of TUNEL (+ve) staining in
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the tissue of 50 mg/kg. Compound 11a also significantly induced ROS generation leading to
apoptosis. Moreover, a decrease in cell proliferation has been indicated by the significant reduction
in Ki-67 positive stained tumor tissue as in the case of treated tumor tissue sections when compared
to control group tumor tissues. No significant toxicity was found in major organs, as evidenced by
H&E staining of various organs of compound 11a treated mice. Western blot analysis of tumor
tissues of compound 11a treated mice also showed the upregulation of acetylated H3K9 and
H4K12 levels along with the upregulation of apoptotic markers such as caspase-3 and caspase-7
levels further indicating the significant apoptotic activity through enhanced histone acetylation
due to the inhibition of HDAC3 enzyme in vivo. Altogether, the results obtained from the in vitro
and in vivo antitumor experiments pointed out that compound 11a from the series of HDAC3
specific inhibitors might be promising anticancer therapeutics and can be taken further for the
clinical translation as an emerging anticancer drug candidate.

3.4 Experimental section

3.4.1 Chemicals and analysis techniques

All the chemicals and reagents required for the study were bought from several chemical suppliers.
Thin layer chromatography (TLC) was used to monitor all the reactions with the help of precoated
plates of Merck 60 F254 silica gel plates were bought from Merck Millipore Co., USA and the
plates were visualised under ultraviolet light (254 nm). Column chromatography was done on
silica gel (100 — 200 or 230 — 400 mesh size). *H and 3C NMR spectrum were obtained in
deuterated NMR solvents DMSO-ds and CDClIz with the help of Bruker, ASCEND™ 400 MHz
spectrometer. The chemical shifts (o) are provided in parts per million (ppm), and are internally
referenced to tetramethylsilane (TMS), residual solvents peak (DMSO-ds; 2.50 ppm *H, 39.51

ppm 1C, CDCls; 7.2 ppm *H, 77.6 ppm C). Peak multiplicities are abbreviated as s (singlet), d

138



Chapter 3

NMR data were recorded with the help of MestReNova Software version 6.0.2-5475. Mass
spectroscopy was conducted with the help of HRMS (6545 Q-TOF LC/MS, Agilent) at 11T-
Jammu, Central facility.

3.4.1.1. Preparation of N-(2-hydroxyphenyl) quinolone-3-carboxamide (10a)

3-Quinoline carboxylic acid (5) (50 mg; 0.289 mmol) was dissolved in dichloromethane and added
pyridine (5 ml) under 0 °C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide, (80
mg, 0.520 mmol) and 3 mg of 4-dimethylaminopyridine were added. This mixture was subjected
to allow for the reaction under continuous stirring for 15 mins before 2-Hydroxy aniline (34.5 mg;
0.317 mmol) was added into the reaction mixture. This was also subjected to react under
continuous stirring at room temperature for 6 h. After that, pyridine was evaporated under vacuum
and the mixture was dissolved in ethyl acetate and thoroughly washed with water. The organic
portion was then isolated and excess solvent was dried up under vacuum. The crude compound
was then purified with the help of column chromatography (Solvent system- hexane and ethyl
acetate (80: 20)) in silica 60 - 120 mesh to finally obtain the final compound in its pure form.
(Yield 56%). 'H NMR (400 MHz, DMSO-d6) 6 : 9.94 (s, 1H), 9.74 (s, 1H), 9.38 (s, 1H), 8.99 (s,
1H), 8.11 (dd, J = 8.0, 8.8 Hz, 2H), 7.91 (t, J = 7.6 Hz, 1H), 7.73 (td, J = 7.6, 7.6 Hz, 2H), 7.09 (t,
J=8.0 Hz, 1H), 6.97 (d, J = 7.6 Hz, 1H), 6.87 (t, J = 7.2 Hz, 1H).3C NMR (101 MHz, DMSOd6)
0 : 164.53, 150.43, 149.56, 149.00, 136.49, 131.82, 129.73, 129.25, 127.94, 127.73, 126.96,
126.66, 125.88, 125.48, 119.46, 116.52. HRMS (AP-ESI) m/z calcd for CigH12N202 [M+H]*

265.0932, found 265.0988 [M+H]".
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3.4.1.2. Preparation of N-(2-hydroxy-5-floro-phenyl) quinolone-3-carboxamide (10b)
3-Quinoline carboxylic acid (5) (50 mg; 0.289 mmol) was dissolved in dichloromethane and added
Pyridine (5ml) under 0 °C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide (40.37
mg, 0.317 mmol) and 3mg of 4-dimethylaminopyridine were added. This mixture was reacted for
15 mins with continuous stirring before 2-amino-5-fluoro phenol (40.2 mg; 0.317 mmol) was
included to the reaction mixture. This was allowed to react under constant stirring at room
temperature for 7h. Under vacuum condition, pyridine was evaporated. After that, the mixture was
dissolved in ethyl acetate and thoroughly washed with water. The organic portion was then
collected and excess solvent was evaporated under vacuum. The crude compound was then
purified using column chromatography (Solvent system - hexane and ethyl acetate (50:50)) in
silica 60 - 120 mesh to finally obtain the final compound in its pure form. (Yield 50%). *H NMR
(400 MHz, DMS0-d6) & : 10.27 (s, 1H), 10.01 (s, 1H), 9.43 (s, 1H), 9.04 (s, 1H), 8.16 (dd, J =8.0,
8.4 Hz, 2H), 7.95 (dd, J = 1.6, 1.6 Hz, 1H), 7.78 (t, J = 1.2 Hz, 1H), 7.67 (t, J = 6.4 Hz, 1H), 6.78
(dd, J = 2.8, 2.8 Hz, 1H).2*C NMR (101 MHz, DMSO-d6) & : 64.64, 161.83, 159.43, 152.46,
149.58, 149.00, 136.53, 131.81, 129.70, 129.25, 127.93, 126.84, 122.25, 105.87, 103.67. HRMS

(AP-ESI) m/z calcd for C1sH11FN20, [M+H]* : 283.0838 [M+H]* found 283.0895.
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3.4.1.3. Preparation of N-(2-hydroxyphenyl) quinoline-6-carboxamide (11a)

6-Quinoline carboxylic acid (6) (100 mg; 0.578 mmol) was dissolved into dichloromethane:
pyridine (5 ml: 5 ml). To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide (161 mg;
1.04 mmol) and 3mg of 4-dimethylaminopyridine were added. This mixture was subjected to react
along with constant stirring for 15 mins before 2-amino phenol (31.5 mg; 0.289 mmol) was added.
The reaction was then continued for 9 h at room temperature with continuous stirring. After
removal of pyridine under vacuum condition, the mixture was dissolved in ethyl acetate and
washed with sodium bicarbonate. The organic part was isolated and excess solvent was evaporated
under vacuum. The crude compound was purified using column chromatography (Solvent system
— hexane and ethyl acetate (60:40)) in silica 60 - 120 mesh to obtain the final compound in its pure
form. (Yield: 46 %). 1H NMR (400 MHz, DMSO-d6) & : 9.79 (s, 2H), 9.02 (d, J = 2.4 Hz, 1H),
8.68 (s, 1H), 8.56 (d, J = 8.0 Hz, 1H), 8.28 (d, J = 8.4 Hz, 1H), 8.15 (d, J = 8.8 Hz, 1H), 7.74 (m,
2H), 7.08 (t, J = 7.2 Hz, 1H), 6.97 (d, J = 8 Hz, 1H) 6.89 (t, J = 7.6 Hz, 1H). 13C NMR (101 MHz,
DMSO-d6) ¢ : 165.33, 152.74, 150.08, 149.25, 137.71, 132.73, 129.65, 128.91, 128.37,

127.61,126.21, 124.84, 122.74, 119.51, 116.47. HRMS (AP-ESI) m/z calcd for CisH12N202

[M-+H]* 265.0932 [M+H]* found 265.0983.
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3.4.1.4. Preparation of N-(2-hydroxy-5-floro-phenyl) quinolone-6-carboxamide (11b)

6 - Quinoline carboxylic acid (6) (100 mg; 0.578mmol) was dissolved into dichloromethane:
pyridine (5 ml: 5 ml). To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide (161 mg;
1.04 mmol) and 5mg of 4-dimethylaminopyridine were added. This mixture was settled to react
for 15 mins with continuous stirring before 2-amino, 5-fluorophenol (80.75 mg; 0.635 mmol) was
added. This reaction was continued with constant stirring at room temperature for 6 h. Finally,
pyridine was evaporated under vacuum and the reaction mixture was dissolved in ethyl acetate and
washed thoroughly with sodium bicarbonate. The organic portion was collected and excess solvent
was removed under vacuum. The crude compound was then purified using column
chromatography (Solvent system — hexane and ethyl acetate (70:30)) in silica 60 - 120 mesh to
obtain the final compound in its pure form. (Yield: 55%). 1H NMR (400 MHz, DMSO-dg) ¢ :
10.25 (s, 1H), 9.80 (s, 1H), 9.01 (dd, J = 1.6, 1.6 Hz, 1H), 8.68 (s, 1H), 8.52 (s, 1H), 8.27 (dd, J =
1.6, 1.6 Hz, 1H), 8.15 (d, J = 8.8 Hz, 1H), 7.62 (dd, J = 4.4 Hz, 4.0 Hz, 2H), 6.73 (dd, J = 2.8, 2.8
Hz, 2H).3C NMR (101 MHz, DMSO-ds) J : 165.45, 161.68, 159.28, 152.72, 149.35, 137.69,
132.62, 129.58, 128.97, 128.42, 127.58, 127.06, 122.83, 105.84, 103.40. HRMS (AP-ESI) m/z

calcd for C16H11FN2O2 [M+H]™ : 283.0838 [M+H]" found 283.0891.
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3.4.1.5. Preparation of N-(2-hydroxy phenyl)-1H-indole-6-carboxamide (12a)

Indole-6-carboxylic acid (7) (150 mg; 0.931 mmoles) was dissolved in dichloromethane and added
Pyridine (5 ml) under 0 °C. To this mixture, 1l-ethyl-3-dimethyl amino propyl carbo di
imide,(259.74 mg; 1.675 mmol) and 5 mg of 4-dimethylaminopyridine, were added. This mixture
was subjected to react with constant stirring for 15 mins before the addition of 2-amino phenol
(111.6 mg; 1.0241 mmol) into the reaction mixture. This reaction was continued with constant
stirring at room temperature for 6 h. Finally, pyridine was evaporated and the mixture was
dissolved in ethyl acetate and washed with water. The organic part was then separated and
subsequently, excess solvent was evaporated under vacuum. The crude compound was then
purified by using column chromatography (Solvent system — hexane and ethyl acetate (60: 40)) in
silica 60 — 120 mesh to obtain the final compound in its pure form. (Yield: 46%). *H NMR (400
MHz, DMSO-d6) J : 11.48 (s, 1H), 9.86 (s, 1H), 9.49 (s, 1H), 8.09 (s, 1H), 7.80 (dd, J= 1.2, 1.6
Hz, 1H), 7.68 (dd, J =1.6,1.2 Hz, 2H), 7.57 (t, J = 2.8 Hz, 1H), 7.03 (m, 1H), 6.96 (dd, J= 1.6, 1.6
Hz, 1H), 6.86 (dd, J= 1.6, 1.2 Hz, 1H), 6.55 (t, J = 2.0 Hz, 1H). 3C NMR (101 MHz, DMSO-d6)

0 :166.74, 149.15,135.75, 130.77, 129.03, 127.28, 127.05, 125.73, 123.58, 120.27, 119.63,
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11851, 116.57, 112.04, 101.87. HRMS (AP-ESI) m/z calcd for CisH12N20, [M+H]* 253.0932
[M+H]* found 253.0984.
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3.4.1.6. Preparation of N-(4-fluoro-2-hydroxyl phenyl)-1-H-Indole-6-Carboxamide (12b)
Indole-6-carboxylic acid (7) (100 mg; 0.621 mmol) was dissolved in dichloromethane and added
Pyridine (5 ml) under 0 °C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide
(173.25 mg; 1.117 mmol) and 5 mg of 4-dimethylaminopyridine were added with continuous
stirring for 15 mins before 2-amino-5-fluoro phenol (86.77 mg; 0.683 mmol) was added into the
reaction mixture. This reaction was carried out under continuous stirring at room temperature for
6 h. After that, pyridine was evaporated and the mixture was dissolved in ethyl acetate and washed
thoroughly with water. The organic portion was then isolated and excess solvent was evaporated
under vacuum. Finally, the crude compound obtained was purified by using column
chromatography (Solvent system — hexane and ethyl acetate (65:35)) in silica 60 — 120 mesh to
obtain N-(4-fluoro-2-hydroxyl phenyl)-1-H-Indole-6-Carboxamide in its pure form. (Yield: 42%).
1H NMR (400 MHz, DMSO-d6) & : 11.46 (s, 1H), 10.29 (s, 1H), 9.47 (s, 1H), 8.08 (s, 1H), 7.65
(dd, J = 2.4, 0.8 Hz, 3H), 7.56 (t, J = 2.8 Hz,1H), 6.73 (dd, J = 2.8, 2.8 Hz, 2H), 6.53 (t, J = 1.6
Hz, 1H). C NMR (101 MHz, DMSO-ds) J : 166.85, 151.28, 135.71, 130.73, 128.96, 127.19,
125.62, 123.43, 120.16, 118.60, 112.11, 105.85, 105.63, 103.62, 101.84. HRMS (AP-ESI) m/z

calcd for C1sH11FN20; [M+H]* 271.0838 [M+H]* found 271.0878 [M+H]".

159



Chapter 3

16-BG-RG-1-156 }#f D N w wa oo @ o
GANESH " ] - RN 6 e - P
| | \/ |
(
r
| |
| |
~ r | ¢ -
| \I\ Jl ‘
| | | [
OH J 2 J

-
L=

JAL ‘L y J b‘

T T 7 A T Y

13.0 125 120 115 110 105 100 95 90 85 80 75 7.0

65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

160



16-BG-RG-1-1%5-13C g Ropgoggsg oounIg3
GANESH
| [N P I~ e

F

Chapter 3

TN T TPy N TV TTINY m "
) A Wit ot
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

161



Chapter 3

HPLC:

500
400
300
200

1004

5218

PDA Muiti 1 254nm,4nm|

M.wt: 270

0.0

LCMS:

L
25 5.0

T
75
min

16000000~
15000000
14000000
13000000~
12000000~
11000000
10000000~
9000000
8000000
7000000~
6000000
5000000
4000000
3000000
2000000
1000000

M + Na

328

50

HRMS:

550 600

m/z

x10 5
11

2
1.5-

Ly \

0.51

_— e

Cpd 1: 0.250 331.2850: +ESI EIC(271.0877, 293.0697) Scan Frag=100.0V RG-156.d

OH

20N
Zz

F

e _—-

0.2 0.4

0.6

0.8 1

1.2

1.4 16 1.8 2

Counts vs. Acquisition Time (min)

162



Chapter 3

MS Zoomed Spectrum

x10 3 |Cpd 1: 0.250 331.2850: +ESI Scan (rt: 0.184-0.599 min, 26 scans) Frag=100.0V RG-156.d Subtr..
+ -
84 + T
% o) o g T
6 oo |4 SN =~
| o= oZ N
— k= ~ =90
] P Y @ “Z“
44 ; o - : (T
i) - R oo
21 ’: 2 5
o \J " ) '. = ) i
267 268 269 270 271 272 273 274 275

Counts vs. Mass-to-Charge (m/z)

3.4.1.7. Preparation of N-(2-hydroxy phenyl)-1H-indole-3-carboxamide (13a)

Indole-3-carboxylic acid (8) (100 mg; 0.621 mmol) was dissolved in dichloromethane and added
Pyridine (5 ml) under 0 °C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide, (173
mg; 1.11 mmol) and 5mg of 4-dimethylaminopyridine were added. This mixture was allowed to
react under constant stirring for 15 mins before 2-aminophenol (74.47 mg; 0.683 mmol) was added
into the reaction mixture. This reaction was continued for 6 h at room temperature with constant
stirring. After the reaction was over, pyridine was evaporated under vacuum and the mixture was
dissolved in ethyl acetate and washed with water. The organic portion was then collected and
excess solvent was evaporated. The crude compound was then purified using column
chromatography (Solvent system — hexane and ethyl acetate (60: 40)) in silica 230 - 400 mesh to
finally obtain the final compound in its pure form. (Yield: 30%). *H NMR (400 MHz, DMSO -ds)
§:11.83 (s, 1H), 9.96 (s, 1H), 9.24 (s, 1H), 8.31 (d, J = 3.2 Hz, 1H), 8.17 (d, J = 1.6 Hz, 1H), 7.75
(dd, J=1.2, 1.2 Hz, 1H), 7.49 (dd, J = 1.2, 1.6 Hz, 1H), 7.20 (dd, J = 1.6, 2.0 Hz, 2H), 6.95 (dd, J
= 1.2, 1.2 Hz, 3H).13C NMR (101 MHz, DMSO-ds) J : 164.15, 148.74, 136.81, 129.97, 127.29,
126.24, 125.14, 123.19, 122.70, 121.12,120.84 — 120.68, 119.69, 116.83, 112.69, 110.50. HRMS

(AP-ESI) m/z calcd for CisH1aN202 [M+H]* 253.0932 [M+H]* found 253.0984 [M+H]".
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3.4.1.8. Preparation of N-(2-amino-5-floro- phenyl)-1H-indole-3-carboxamide (13b)

Indole-3-carboxylic acid (8) (100 mg; 0.621 mmol) was dissolved in dichloromethane and added
Pyridine (5 ml) under 0 °C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide
(173.25 mg; 1.11 mmol) and 5 mg of 4-dimethylaminopyridine were added. This mixture was
subjected to react for 15 mins under continuous stirring before adding 2-amino-5-fluoro phenol
(173.135 mg; 1.117 mmol) into the reaction mixture. The reaction was then continued at room
temperature for overnight under continuous stirring. After removal of pyridine, the mixture was
then dissolved in ethyl acetate and washed with water. The organic part was then collected and
excess solvent was then evaporated under vacuum. The crude compound was then purified using
column chromatography (Solvent system - hexane and ethyl acetate (75:25)) in silica 230 - 400
mesh to obtain the final compound in its pure form. (Yield: 48%). 1H NMR (400 MHz, DMSQOds)
§:11.81 (s, 1H), 10.42 (s, 1H), 9.21 (s, 1H), 8.30 (d, J = 2.8 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H),
7.66 (d, J = 2.4 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H), 7.17 (t, J = 8.4 Hz, 2H), 6.68 (dd, J = 2.8, 2.4
Hz, 2H).13C NMR (101 MHz, DMSO0-d6): ¢ 164.40, 160.94, 158.55, 150.73, 136.76, 129.85,
126.37,124.95, 123.67, 122.84,121.34,121.08, 112.62, 110.47, 105.91, 103.96. HRMS (AP-ESI)

m/z calcd for C1sH11FN202 [M+H]* 271.0838 [M+H]* found 271.0887 [M+H]".
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3.4.1.9. Preparation of N-(2-hydroxyphenyl) thiophene-3-carboxamide (14a8)
Thiophene-3-carboxylic acid (9) (200 mg; 1.80 mmol) was dissolved in dichloromethane and
added pyridine (5 ml) under 0 °C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide
(502 mg; 3.24 mmoles) and 5 mg of 4-dimethylaminopyridine were added. This mixture was
subject to react with continuous stirring for 15 mins before 2-aminophenol (216 mg; 1.98 mmol)
was added to the reaction mixture. This reaction was continued at room temperature for 6 h with
continuous stirring. After removal of pyridine, the mixture was dissolved in ethyl acetate and
washed with water. The organic part was isolated and excess solvent was evaporated under
vacuum. The crude compound was purified using column chromatography (Solvent system —
methanol and chloroform (5: 95)) in silica 230 - 400 mesh to finally obtain the final compound in
its pure form. (Yield: 52%). *H NMR (400 MHz, DMSO-dg) 6 : 9.71 (s, 1H), 9.41 (s, 1H), 8.37 (s,
1H), 7.63 (dd, J = 1.2, 1.6 Hz, 3H), 7.04 (t, J = 7.6 Hz, 1H), 6.94 (dd, J = 1.2, 1.2 Hz, 1H), 6.83
(t, J=7.2 Hz, 1H).2*C NMR (101 MHz, DMSO-d6) ¢ : 161.42, 149.93, 137.88, 130.24, 127.96,
127.53, 126.15, 126.22, 124.94, 119.49, 116.57. HRMS (AP-ESI) m/z calcd for C11H9NO,S

[M+H]*: 220.0388 [M+H]* found 220.0435.
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3.4.1.10. Preparation of N-(4-fluoro-2-hydroxyphenyl) thiophene-3-carboxamide (14b)
Thiophene-3-carboxylic acid (9) (200 mg; 1.80 mmol) was dissolved in dichloromethane and
added Pyridine (5 ml) under 0 °C. To this mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide
(502 mg; 3.24 mmoles) and 5 mg of 4-dimethylaminopyridine were added. This mixture was
settled to react under continuous stirring for 15 mins before 2-amino-5 fluoro phenol (251.7 mg;
1.98 mmol) was added to it. This reaction was carried out under constant stirring at room
temperature for 6h. After removal of pyridine, the mixture was dissolved in ethyl acetate and
washed with water. The organic portion was then collected and excess solvent was removed under
vacuum. The crude compound was then purified using column chromatography (Solvent system
methanol: chloroform (5: 95)) in silica 230 - 400 mesh to finally obtain the final compound in its
pure form. (Yield: 45%). *H NMR (400 MHz, DMSO-ds) J : 10.18 (s, 1H), 9.41 (s, 1H), 8.34 (s,
1H), 7.62 (dt, J = 2.0, 5.2 Hz, 2H), 7.51 (dd, J = 6.4, 6.8 Hz, 1H), 6.71 (dd, J = 2.8, 2.8 Hz, 1H),
6.66 (td, J = 8.6, 2.9 Hz, 1H). **C NMR (101 MHz, DMSO-dg) J : 161.52, 152.17, 137.83, 130.21,
127.55, 126.95, 122.32, 105.70, 105.49, 103.67, 103.43. HRMS (AP-ESI) m/z calcd for

C11HsFNO2S [M+H]": 238.0293 [M+H]", found 238.0335 [M+H]".
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3.4.1.11. Preparation of tert-butyl 2-(benzamido)-5-fluoro phenyl carbamate (16a)
The solution of dichloromethane and pyridine (1:1) was added to benzoic acid (15a) (100 mg; 1.63
mmol). To this reaction mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide (454.77 mg; 2.93
mmol) (EDC) and catalytic amount of DMAP were added. This mixture was stirred at room
temperature for 15 mins. with stirring, tert-butyl 2-amino 5-fluoro phenyl carbamate (405.21 mg;
1.79 mmol) was added into the reaction mixture and reaction was continued for 12h and the
reaction progress was tracked using TLC. After the reaction completion, pyridine was evaporated
under rota evaporated. The mixture was diluted with ethyl acetate and washed with sodium
bicarbonate solution. The organic layer was then separated and dried over Na2SO4. The dried
solvent was evaporated under vacuum. The crude product was then purified using column
chromatography (Solvent system — hexane and ethyl acetate (60:40)) in silica 230 — 400 mesh to
obtain the final compound in its pure form. (Yield: 45%). *H NMR (400 MHz, CDCI3) § : 8.74 (s,
1H), 7.95 (d, J = 7.1 Hz, 2H), 7.48 (d, J = 5.1 Hz, 4H), 7.20 (d, J = 9.6 Hz, 1H), 6.89 (s, 2H), 1.51

(s, 9H).
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3.4.1.12. Preparation of N-(2-amino 5-fluoro phenyl) benzamide (17a)

The solution of compound tert-butyl-2-(benzamide) phenyl carbamate (16a) (70 mg; 0.212 mmol)
in dichloromethane (5 ml) was stirred at 0 °C in 10min. After 10 mins to this reaction mixture the
solution of 4M dioxane in HCI was added at 0°C. This mixture was then allowed to react under
constant stirring at room temperature for 2h. The reaction was monitored with TLC. After
completion, the dioxane was then evaporated under vacuum. To the resulting mixture, water was
added and extracted with ethyl acetate. The organic layer was then separated, dried over Na2S04
and solvent was evaporated under vacuum. The mixture was then washed with pentane to obtain
Boc de-protected final compound. (Yield: 82%). 1H NMR (400 MHz, DMSO-d6) ¢ : 9.61 (s, 1H),

7.98 (d, J = 7.2 Hz, 2H), 7.51 (m, 3H), 7.13 (t, J = 6.4 Hz, 1H), 6.58 (dd, J = 2.8, 2.8 Hz, 1H),
6.37

180



Chapter 3

(m, 1H), 5.24 (s, 2H). 13C NMR (101 MHz, DMSO-d6) ¢ : 166.07, 162.71, 160.33, 145.92, 134.98,

131.86, 129.10, 129.00, 128.71, 128.25, 119.73, 102.60, 101.79. HRMS (AP-ESI) m/z calcd for

C13H1:FN20O [M+H]*231.0889 [M+H]* found 231.0940 [M+H]".
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MS Zoomed Spectrum
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3.4.1.13. Preparation of tert-butyl 2-(1-naphthamido)-5-fluoro phenyl carbamate (16b)

The solution of dichloromethane and pyridine (1:1) was added to 1-naphthoic acid (15b) (100 mg;
0.581mmol). To this reaction mixture, 1-ethyl-3-dimethyl amino propyl carbo di imide (162.43
mg; 1.04 mmol) and catalytic amount of 4-di methyl amino pyridine were added. This mixture
was stirred at room temperature for 15 mins. This reaction mixture was treated with tert-butyl 2-
amino 5-fluoro phenyl carbamate (144.53 mg; 0.639 mmol) and reaction was continued to 12 h.
After completion of the reaction, excess pyridine was evaporated under vacuum. To this reaction
mixture, sodium bicarbonate solution was added and extracted with ethyl acetate. The organic
layer was then separated and dried with Na2SO4. The dried solvent was removed under to get the
crude, which was purified using column chromatography (Solvent system — hexane and ethyl
acetate (60:40)) in silica 230 — 400 mesh to obtain the final compound in its pure form.
(Yield:54%). 1H NMR (400 MHz, CDCls) § : 8.42 (m, 2H), 7.88 (d, J = 8 Hz, 2H), 7.74 (s, 1H),

7.56 (M, 4H), 7.32 (d, J = 10 Hz, 1H), 7.11 (s, 1H), 6.88 (s, 1H), 1.45 (s, 9H).
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3.4.1.14. Preparation of N-(2-amino 5-fluoro phenyl) 1-naphthmide (17b)

To a solution containing a tert-butyl-2-(1-naphthamido)-5-fluoro phenyl carbamate (16b) (82 mg;
0.215 mmol) in dichloromethane (5mL) and 4M Dioxane in HCI was added to it at 0 °C. To the
solution was stirred at room temperature for 2h. After dioxane was removed under reduced
pressure, the residue was treated with sodium bicarbonate solution. The aqueous phase was
extracted with ethyl acetate. The organic layer was then separated, dried with Na2SO4 and solvent
was evaporated under vacuum. The mixture was then washed with pentane to obtain Boc
deprotected final compound. (Yield: 66.66%). *H NMR (400 MHz, DMSO-d6) ¢ : 9.76 (s, 1H),
8.28 (d, J = 9.6 Hz, 1H), 8.06 (dd, J = 8.4 Hz, 9.6 Hz, 2H), 7.87 (d, J = 6.8 Hz, 1H), 7.62 (m, 3H),

7.37 (t, J = 8.4 Hz, 1H), 6.62 (dd, J = 2.8 Hz, 2.8 Hz, 1H), 6.43 (m, 1H), 5.30 (s, 2H). 13C NMR
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(101 MHz, DMSO-d6): 6 168.11, 162.53, 160.16, 145.19, 134.98, 133.64, 130.52, 128.74, 128.36,
127.33, 126.75,126.24, 125.84, 125.47, 119.84, 102.76, 102.18. HRMS (AP-ESI) m/z calcd for

C17H13FN20 [M+H]" 281.1045 found 281.1090.
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3.4.1.15. Preparation of tert-butyl 2-(2-naphthamido)-5-fluoro phenyl carbamate (16c¢)

The solution of dichloromethane and pyridine (1:1) was added to 2-naphthoic acid (15c¢) (100 mg;
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1.62 mmol) and catalytic amount of 4-di methyl amino pyridine were added. This mixture was
stirred at room temperature for 15 mins. After 15 mins, tert-butyl 2-amino 5-fluoro phenyl
carbamate (206 mg; 0.990 mmol) was added into the reaction mixture and reaction was continued
for 12h. After completion of the reaction, pyridine was evaporated under vacuum. The mixture
was then dissolved in ethyl acetate and washed with sodium bicarbonate. The organic layer was
then separated and dried with Na2SO4. The dried solvent was evaporated under vacuum. The
crude product was then purified using column chromatography (Solvent system — hexane and ethyl
acetate (50:50)) in silica 230 — 400 mesh to obtain the final compound in its pure form.
(Yield:51%). *H NMR (400 MHz, CDCls) § : 9.11 (s, 1H), 8.47 (s, 1H), 7.99 (d, J = 7.2 Hz, 1H),
7.92 (dd, J = 2.8, 9.2 Hz, 3H), 7.56 (m, 3H), 7.15 (d, J = 9.6 Hz, 1H), 7.11 (s, 1H), 6.825 (m, 1H),

1.51 (s, 9H).
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3.4.1.16. Preparation of N-(2-amino 5-fluoro phenyl)-2-naphthamide (17c)

The compound tert-butyl-2-(2-naphthamido)-5-fluoro phenyl carbamate (16¢) (100 mg; 0.314
mmol) was dissolved in dichloromethane (5mL) and solution of 4M Dioxane in HCI was added to
it at 0 °C. This mixture was then allowed to react under constant stirring at room temperature for
2h. The excess dioxane was evaporated under vacuum. The resulting compound was then
dissolved in ethyl acetate and washed with water. The organic layer was separated, dried with
Na2S04 and solvent was evaporated under vacuum. The mixture was then washed with pentane
to obtain Boc de-protected final compound. (Yield: 61.78%). *H NMR (400 MHz, DMSO-ds) ¢ :
9.79 (s, 1H), 8.63 (s, 1H), 8.08 (m, 3H), 7.63 (s, 2H), 7.19 (dt, J = 10 Hz, 6.8 Hz, 1H), 6.84 (m,

1H), 6.58 (d, J = 10 Hz, 1H), 6.40 (t, J = 6.8 Hz, 1H), 5.30 (s, 2H). 3C NMR (101 MHz, DMSO-
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de) 0 : 166.36 162.73, 160.36, 145.93, 139.43, 134.70, 132.59, 129.39, 128.86, 128.63, 128.12,
127.22, 119.80, 117.30, 113.15, 102.41, 101.83. HRMS (AP-ESI) m/z calcd for Ci7H13FN2O

[M+H]+ 281.1045 found 281.1094.
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3.4.1.17. Preparation of tert-butyl 2-(amino-4-fluoro phenyl)-6- (phenyl amino) pyrazine-

2carbamate (21).

The solution of dichloromethane and pyridine (1:1) was added to 6-(phenyl amino) pyrazine -

2carboxylic acid (20) (80 mg; 0.232 mmol). To this reaction mixture, 1-ethyl-3-dimethyl amino
propyl carbo di imide (64.728 mg; 0.417 mmol) and catalytic amount of 4-di methyl amino
pyridine were added. This mixture was stirred at room temperature for 15 mins. After 15 mins,
tert-butyl 2-amino 5-fluoro phenyl carbamate (57.81 mg; 0.255 mmol) was added into the reaction
mixture and reaction was continued for 12h. After completion of the reaction pyridine was
evaporated under vacuum. The mixture was then dissolved in ethyl acetate and washed with
sodium bicarbonate. The organic layer was then separated and dried with Na2SO4. The dried
solvent was evaporated under vacuum. The crude product was then purified using column
chromatography (Solvent system — hexane and ethyl acetate (70:30)) in silica 230 — 400 mesh to
obtain the final compound in its pure form. (Yield: 48.78). *H NMR (400 MHz, CDCI3) ¢ : 9.46
(s, 1H), 8.86 (s, 1H), 8.43 (s, 1H), 7.41 (m, 8H), 6.84 (s, 2H), 1.48 (s, 9H). C22H2FNsO3 [M]:

423.4484; MS (ESI) m/z; [M + H]* : 424.6684 [M + H]".
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3.4.1.18. Preparation of N-(2-aminophenyl)-6-phenylamino pyrazine-2-carboxamide (22)

The compound tert-butyl 2-(amino-4-fluoro phenyl)-6- (phenyl amino) pyrazine-2-carbamate (21)
(38 mg; 0.966 mmol) was dissolved in dichloromethane (5 ml) and the solution of 4M dioxane in

HCl was added to it at 0 °C. This mixture was then allowed to react under constant stirring at room

temperature for 2h. The excess dioxane was then evaporated under vacuum. The resulting

compound was then dissolved in ethyl acetate and washed with water. The organic layer was then

separated, dried over Na2SO4 and solvent was evaporated under vacuum. The mixture was then

washed with pentane to obtain boc de-protected final compound. (Yield: 62.28%). 1H NMR (400

MHz, CDCls) 6 : 9.20 (s, 1H), 8.81 (s, 1H), 8.37 (s, 1H), 7.39 (t, J = 9.6 Hz, 5H), 7.15 (d, J = 5.2

Hz, 1H), 6.86 (s, 1H), 6.52 (d, J = 6.0 Hz, 2H), 3.97 (s, 2H).13C NMR (101 MHz, CDCl3) § :

162.15, 150.54, 140.93, 138.13, 136.67, 134.36, 130.03, 126.29, 126.07, 124.59, 121.05, 106.54,

195



Chapter 3

105.95, 104.52, 104.25. HRMS (AP-ESI) m/z calcd for C17H14FNsO [M+H]* 324.1216 [M + H]*

found 324.1254 [M + H]*.
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3.4.2.1. Cell culture

Three distinct cell lines, i.e., mouse breast cancer cell line (4T1), murine melanoma cancer cell
line (B16F10) and human breast cancer cell line (MDA-MB-231) were taken into consideration
for anticancer evaluation of these synthesized novel compounds by MTT [3-(4,5-
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide] assay. These cell lines were collected
from National Centre for Cell Science (NCCS, Pune, India). B16F10 and MDA-MB-231 cell lines
were cultured in Dulbecco’s modified eagle medium (high glucose media: AL007S) and 4T1 cell
line was cultured in Minimum essential medium (AT154,) along with 10% foetal bovine serum
(FBS) and 1% antibiotic (Pen strep: A001) under incubation at 37°C and 5% CO2 atmosphere. All
the chemicals and reagents were bought from Hi media Laboratories Pvt. Ltd., Mumbai, India.
3.4.2.2. Chemicals and antibodies

The synthesized compounds were dissolved in DMSO stock solution and were stored in -20°C.
Primary antibodies - rabbit mAb H3K9 acetylated histone H3 (catalogue #9649), rabbit mAb
H4K12 acetylated histone H4 (catalogue #13944), mouse mAb beta-Actin primary antibodies
(catalogue #58169), rabbit mAb Caspase-3 (catalogue #9662), rabbit mAb Caspase-7 (catalogue
#12827) and secondary antibodies — anti-rabbit HRP linked antibody and anti-mouse 1gG HRP-
Linked antibody were bought from cell signalling technology. DAPI (4, 6-diamidino-2-
phenylindole) and AO (acridine orange), PI (propidium iodide) and RNase were bought from
Sigma. TACs Annexin-V/FITC — Pl assay kit was bought from Bio legend and was used according

to the protocol provided by the vendor.

3.4.2.3. MTT Assay
MTT assay was carried out as per the standardized protocol described in our earlier reports (Trivedi

et al., 2018b; Hamoud et al., 2020b). Accordingly, a 96 well plate was seeded with 100 pL of cell
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suspension at each well (cell density of 1x 10%well) and was incubated for 24 hr. The medium
was then aspirated, and the cells were treated with the molecules synthesized taking C1-994 as a
positive control at a concentration of 100 uM and 10 uM in 150 pl into the respective media in
duplicate and incubated further for 72 h. The culture medium was then aspirated and subsequently,
50 ul of 5 mg/ml concentrated solution of MTT in phenol red was added in each well and incubated
further for 3 h for the production of formazan crystals. After that, 150 ul of DMSO was added to
dissolve the formazan crystals and subsequently, the absorbance was recorded using multi-well
plate reader Spectramax (Molecular Devices, USA) at two different wavelengths (570 nm and 650
nm). The % cell viability was determined as a fraction of absorbance generated from the treated
cells from the absorbance of untreated control cells. The same methodology was followed for all
these three cell lines used for the study.

For the ICso measurement of all these compounds in the series along with CI-994, the same
procedure was followed as mentioned above. The selected compounds were dissolved in DMSO
and these were further diluted to 200 uM, 100 puM, 50 uM, 25 uM, 12.5 uM, 6.25 uM, 3.125 uM,
1.562 uM and 0.781 uM with the DMEM complete media and MEM media, respectively including
a blank control containing DMSO in medium and CI-994 as positive control and were incubated
for 72 h. Depending on the described protocol, the experiment was repeated in all these three cell
lines and the cell viability was determined. Determination of ICso by MTT assay was also carried
out for these compounds to judge their cytotoxicity using Human embryonic kidney (HEK293)
cell line sub-cultured in DMEM with 10% FBS and 1% antibiotic and were incubated at 37 °C in
5% CO, atmosphere. The DMSO solutions of the selected compounds were prepared and they

were further diluted to 2mM, ImM, 500 uM, 250 uM, 125 uM, 62.5 uM, 31.25 uM, 15.62 uM and
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7.81 uM with the DMEM complete media for the estimation of ICso values along with a blank
control containing DMSO in medium and were incubated for 72 h (Hamoud et al., 2020b).
3.4.2.4. HDAC Inhibition Assays

HDAC enzyme inhibition assays were carried out as per the experimental protocol given in the
enzyme kits of pan-HDAC (BML-AK501), HDAC1 (BML-AK511), HDAC2 (BML-AK512),
HDAC3/NCoR1 (BML-AK531-0001), HDAC8 (BML-AK518) from Enzo life sciences Itd.
andHDACG6 (K465-100) from Biovision Itd. that were purchased from Bionova suppliers,
Hyderabad. The absorbance values for HDAC enzyme inhibition were estimated with the help of
a microplate reader (Spectramax™, Molecular Devices) (Pulya, Mahale, et al., 2021b).

3.4.2.5. HDAC inhibition Assay

The enzyme inhibition assay was performed using HDAC colorimetric assay kit (BML-AK501,
ENZO life sciences) Routholla et al., 2021). Initially, 5 pL of HeLa nuclear extract (BML-KI137—
0500), 10 uL of assay buffer (BMLKI143-0020), 10 uL of sample solution was added per well of
a microtiter plate. The reaction was initiated with addition of 25 pL Color de Lys® substrate
solution (BML-K1138-0050). After that, the reaction was incubated for 30 min at 37 °C, which
was terminated by the addition of 50 ul mixture of developer (BML-KI1139-0300) plus stop
solution. The plate was incubated further at 37 °C for 15 min and the absorbance was measured at
405 nm. All these synthesized compounds were evaluated at 10uM concentration in duplicate.
3.4.2.5.1. HDAC1 inhibition assay

The HDACL1 enzyme inhibition assay was conducted as per our earlier reported methods (Trivedi
et al., 2018b; Routholla et al., 2021) with the help of HDACL1 fluorimetric drug discovery assay
kit (BML-AKS11, ENZO life sciences). In the 96 well microtiter plate, 10u L of the test sample

solution and 15 pL diluted HDAC1 complex solution (BML-SE456-0050) were added/ well and
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25 uL Fluor de Lys® substrate solution (BML-KI1177-0005) was added. The plate was incubated
at 37°C for 15 min for reaction. For terminating the reaction, 50uL of mixture of Fluor de Lys®
developer Il (BML-KI176-1250) and Trichostatin A ((BML-GR309-9090) was added/well and
incubated at 37°C for 45 min as per the protocol. The fluorescence intensity was recorded at
Excitation and Emission wavelengths of 360 nm and 460 nm, respectively using Spectra max M4
(Molecular Devices, USA). All the selected promising compounds 11a, 12b along with reference
molecule CI-994 were evaluated at 10uM concentration in duplicate. Again, all these selected
compounds were tested in duplicate at the concentration range of 1.25uM — 80uM to determine the
ICso values following the same protocol (Trivedi et al., 2018b; Routholla et al., 2021). The ICso
values of these compounds were estimated using nonlinear regression analysis method by means
of the Graph Pad Prism 5.

3.4.2.5.2. HDAC?2 inhibition assay

The HDAC2 enzyme inhibition assay was conducted using HDAC2 fluorimetric drug discovery
assay kit (BML-AKS512, ENZO life sciences). In the 96 well microtiter plate, 10uL of test sample
solution and 15uL diluted HDAC2 complex solution (BML-KI575-0030) were added to each well
and 25uL Fluor de Lys® substrate solution (BML-KI572-0050) was added. The plate was
incubated at 37°C for 30 min for the reaction. For terminating the reaction, 50uL of mixture of
Fluor de Lys® developer Il (BML-KI105-0300) and Trichostatin A ((BML-GR309-9090) was
added to each well and further incubated at 37 °C for 15 min as per the protocol (Trivedi et al.,
2018Db; Routholla et al., 2021). The fluorescence intensity was recorded at Excitation and Emission
wavelengths of 485 nm and 530 nm respectively with the help of Spectra max M4 (Molecular
Devices, USA). All the selected compounds 11a, 12b as well as CI-994 were tested at 10uM

concentration in duplicate. Further, all these compounds were tested in duplicate at the
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concentration range of 0.625uM — 80uM to determine the ICso values following the same
procedure (Trivedi et al., 2018b; Routholla et al., 2021). The ICso values of these compounds were
estimated by means of the nonlinear regression analysis method using Graph Pad Prism 5.
3.4.2.5.3. HDAC3/NCORL1 inhibition assay

The HDAC3 enzyme inhibition assay was performed using HDAC3/NCOR1 fluorimetric drug
discovery assay kit (BML-AK531-0001, ENZO life sciences) following the earlier reported
method (Trivedi et al., 2018b; Routholla et al., 2021). In the 96 well microtiter plate, 10uL of test
sample solution and 15uLl diluted HDAC3/NCORI1 complex solution (BMLKI574-0030) were
added/well and 25uL Fluor de Lys® substrate solution (BML-KI177-0005) was added to each
well. The plate was incubated at 37 °C for 15 min for the reaction. For terminating the reaction,
50uL of mixture of Fluor de Lys® developer I (BML-KI176-1250) along with Trichostatin A
((BML-GR309-9090) was added/well and incubated further at 37°C for 45 min according to the
protocol (Trivedi et al., 2018b; Routholla et al., 2021). The fluorescence intensity was recorded at
Excitation and Emission wavelengths of 360 nm and 460 nm, respectively with the help of
Spectramax M4 (Molecular Devices, USA). All the compounds including CI1-994 were screened
at 1uM concentration in duplicate. The promising test compounds 11a, 11b and 12b as well as
Cl1-994 were tested in duplicate at the concentration range of 0.25uM — 8uM to determine the 1Cso
values following the same procedure (Trivedi et al., 2018b; Routholla et al., 2021). The 1Cso values
of these compounds were determined by means of nonlinear regression analysis method in Graph
Pad Prism 5.

3.4.2.5.4. HDACES inhibition assay

The HDACG6 enzyme inhibition assay was carried out using HDAC6 fluorimetric inhibitor

screening kit (K465-100, Biovision). To the 96 well microtiter plate provided in the kit, 2 L of
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test sample solution and 50 pL diluted HDAC2 complex solution (K465-100-2) were added to
each well and incubated at 37°C for 15 mins. Again, 48uL Fluor de Lys® substrate solution
(K465100-3) was added to this. The plate was incubated at 37°C for 30 min the reaction. For
terminating the reaction, 10uL of developer II (K465-100-4) was added/well and incubated further
at 37°C for 10 min according to the protocol (Trivedi et al., 2018b; Routholla et al., 2021). The
fluorescence intensity was recorded at Excitation and Emission wavelengths of 380 nm and 490
nm, respectively with the help of Spectra max M4 (Molecular Devices, USA). All the selected
compounds 11a, 12b as well as CI1-994 were evaluated in duplicate at 20 uM concentration.
Moreover, all these compounds were evaluated in duplicate at the concentration range of 10uM —
320uM to determine the ICso values following the same procedure (Trivedi et al., 2018b; Routholla
et al., 2021). The ICso values of these compounds were estimated by means of the nonlinear
egression analysis method in Graph Pad Prism 5.

3.4.2.5.5. HDACS inhibition assay

The HDACS8 enzyme inhibition assay was conducted using HDACS8 fluorimetric drug discovery
assay kit (BML-AK518, ENZO life sciences). 10uL of test sample solution and 15uL diluted
HDACS8 complex solution (BML-SE145-0100) were added/ well and 25uL Fluor de Lys®
substrate solution (BML-KI1178-0005) was added to each well of the 96 well microtiter plate. The
plate was incubated at 37°C for 10 min for the reaction. For terminating the reaction, 50uL of
mixture of Fluor de Lys® developer Il (BML-KI176-1250) and Trichostatin A ((BML-
GR3099090) was added/well and incubated further at 37°C for 45 min according to the protocol
(Trivedi et al., 2018b; Routholla et al., 2021). The fluorescence intensity was recorded at
Excitation and Emission wavelengths of 360 nm and 460 nm, respectively with the help of Spectra

max M4 (Molecular Devices, USA). Initially, all the selected compounds 11a, 12b as well as CI-
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994 were tested in duplicate at SuM concentration. Again, all the compounds were evaluated in
duplicate at the concentration range of 0.625uM — 40uM to determine the ICso values following
the same procedure (Trivedi et al., 2018b; Routholla et al., 2021). The ICso values of these
compounds were estimated by means of the nonlinear regression analysis method in Graph Pad
Prism 5.

3.4.2.6.Western blot analysis of histone acetylation in B16F10 cells

The western blot analysis of histone acetylation in B16F10 cells was conducted as per the earlier
reported method (Routholla et al., 2021). For western blot analysis of the acetylated Histone H3
(H3K9) and acetylated Histone H4 (H4K12), B16F10 murine melanoma cells were plated in flat
bottom 96 well plate and subjected to grow overnight. These cells were treated with compounds
11a, 12b and CI-994 at 5uM, 20uM final concentrations for 12h. After that, the cells were
harvested by trypsinization and centrifuged for 5 min at 1250 rpm. The cells pallet was then
washed by ice cold PBS, and the total protein was extracted by means of 100uL, 1X RIPA lysis
buffer (Millipore, Billerica, MA, USA), supplemented with 0.5 mM phenyl methyl sulfonyl
fluoride (PMSF) and protease inhibitor. Then the suspension was vertexed and centrifuged at 4°C
for 15 min at 14000 rpm. The whole-cell lysates 20uL and 5uL of loading buffer (4X) was heated
for 5 min at 95°C followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 15%
Bis-Tris 10-well gels at 60V for approximately 180min in SDS Running Buffer. Gels were
transferred to the polyvinylidene fluoride membranes (Bio-Rad, Laboratones, Inc.) and run at 60V
for 80 min. Membranes were blocked in 5% non-fat skimmed milk (Bio-Rad, Laboratones, Inc.)
in tris-buffered saline with 1% Tween 20 (TBST), and incubated with rabbit mAb H3K9 acetylated
histone H3, rabbit mAb H4K12 acetylated histone H4 and mouse mAb beta-Actin primary

antibodies overnight at 4°C, which were diluted up-to 1:7000 in 5% (w/v) milk. The membranes
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were then incubated with Horseradish peroxidase (HRP)-conjugated anti-rabbit secondary
antibody and anti-mouse secondary antibody and then visualized with a chemiluminescence kit
(Bio-Rad, Laboratories, Inc.) and exposed using a Fusion plus 6 Imaging System (Vilber Lourmat,
France). Beta-Actin was used as an internal control (Pulya, Mahale, et al., 2021b).

3.4.2.7. Nuclear staining assay

The Nuclear staining was conducted as per the earlier reported protocol (Routholla et al., 2021) to
know the status of nuclear disintegration of cancer cells after treating with compounds 11a, 12b
and standard molecule CI-994 by means of staining with DAPI and AO. For this purpose, B16F10
murine melanoma cells were plated in a flat bottom 12 well plate and subjected to grow overnight.
After that, the cells were treated with compounds 11a (18.55 uM), 12b (40.71 uM) and reference
standard C1-994 (14.59 uM) and incubated for 48h. After that, control and compounds 11a, 12b
and CI1-994 treated group were fixed with 4% paraformaldehyde solution. Then both the control
and compounds treated cells were stained with DAPI and AO. The nuclear staining of both control
and treated cells was visualized under fluorescence microscope (Leica microsystems, Germany)
on 20x Magnification.

3.4.2.8. Apoptosis assay

The apoptotic assay was performed as per the standardized protocol of the manufacturer (Bio
Legend, US) reported earlier (Routholla et al., 2021). B16F10 cells, having cell density of
0.5x10%/well were seeded for overnight in 12 well tissue culture plates. After that, the cells were
treated with compounds 11a (18.55 uM), 12b (40.71 uM) and CI1-994 (14.59 uM) for 72h and
were incubated at 37°C in CO> incubator. The cells were washed with ice cold PBS, subsequently
trypsinized and subjected to centrifuge to obtain cell pellet. The pellet was resuspended in 100uL

reagent comprising AnnexinV buffer, FITC (1 pL) and PI (10 pL) and incubated for 30 min at
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room temperature. AnnexinV binding buffer, 1X (400pl) was added to each sample and
characterized by flow cytometer (BDAria™ I11). The cells with no treatment were considered as
controls. FITC versus Pl with quadrant gating was conducted as dot plot (Q1 — Necrotic cells, Q2
- late apoptosis, Q3 — Live cells, Q4 — early apoptotic cells). To estimate the apoptosis, early and

late apoptotic events were considered.

3.4.2.9. Cell cycle analysis

The cell cycle analysis was conducted with the help of flow cytometry analysis as per the
standardized protocol reported earlier (Routholla et al., 2021). Prior to incubation for overnight,
the B16F10 cells were taken into consideration for seeding having density of 0.5x10° cells/well.
After that, 15uM of compounds 11a, 12b and CI-994 were added to cells and subsequently,
incubated further for 48 h. After that, the cells were harvested with trypsin and subsequently, the
cell pellet was washed with ice cold PBS. The cells were fixed by dropwise incorporation of 70%
ethanol in the cell suspension with gentle vortexing. The clumping of cell was avoided and single
cell fixation was visualized for cross-verification under microscope and kept overnight in -20°C.
After that, the fixed samples were subjected to centrifuge at 1000 rpm for 7 min at 4°C to produce
cell pellet. Finally, the cells were re-suspended in 500 pL of Pl and RNAse staining solution. The
staining solution was made by adding 20% w/v RNAse and 2% w/v PI in 0.1% v/v of Triton X100
in PBS. The samples were incubated for 30 min in dark condition at room temperature and
subsequently, analyzed by flow cytometry (BDAria™ I11). The dot plot of PI width against Pl area
was recorded and histogram of PI area on X axis and counts on Y axis was plotted. The % of cells

in each phase of the cell cycle was evaluated with the help of the FCS express software.
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3.4.210. Animals
For in vivo studies, female BALB/c mice of 6-8 weeks age and having 18-22 g of weight were
purchased from the National Centre for Laboratory Animal Sciences, National Institute of
Nutrition (Hyderabad, India). The protocols were followed as per the CPCSEA guidelines under
the strict compliance of Institutional Animal Ethics Committee, of Department of pharmacy, BITS
Pilani, Hyderabad campus, Hyderabad (Pulya, Mahale, et al., 2021b). The room with conditions
of 23+£2°C and 60+10% humidity and 12h light/dark cycle was prepared for animals. Food and
water were provided ad libitum. Maximum six mice were placed in one cage at any time during
the experiment. The total number of tumor-bearing mice used for the in vivo study was 12.
3.4.2.10. Xenograft mouse model
The subcutaneous tumor was developed by subcutaneously injecting 4T1 cells (1.5 x 10° cells
suspended in 100pL of PBS) into the dorsal flank region of female BALB/c mice. The mice were
supervised and the appearance of tumor was observed for 7-10 days. With the help of vernier caliper,
the tumor volume [(length xwidth2)/2] was measured. After tumor volume reached about 50 mm3,
mice were divided into 3 groups (n=4). Mice were treated intraperitoneally with vehicle itself (5%
DMSO, 30% Cremophor, 65% saline), 25 mg/kg and 50 mg/kg of compound 11a (dissolved in
vehicle). The mice were treated for 21 days, five days per week. During the experiment, body weight
and tumor volume were measured once in every 3 days. The mice were sacrificed at the end of the
study and tumor masses were isolated and weighed. All data represented the mean + S.E.M. from at
least four individual experiments. Animal experiments were performed in accordance with relevant

guidelines and regulations and followed ethical standards (Baklaushev et al., 2017; Chiu et al.,
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the tumor area, anesthetized in an induction chamber with 2% isoflurane/O2 flow and the
primary tumors were then surgically removed following the standard protocol (Pulaski &
Ostrand-Rosenberg, 2000; Paschall & Liu, 2016; B. H. Kim et al., 2019). under sterilised
conditions. The surgical site was closed using auto-clip applier and the mice were left in separate
cages and were taken care following institutional guidelines. The survival study was conducted
post-tumor resection for 21 days and the data was presented using Kaplan-Meier plots and were
analyzed using GraphPad Prism 5.0.
3.4.2.10. In vivo Bioluminescence imaging analysis
Further, in vivo tumor growth was monitored by in vivo imaging system IVIS® Lumina IlI,
PerkinElmer, USA. The treated mice were taken to the imaging facility and were anesthetized in
an induction chamber with 2% isoflurane/O2 flow. About 100ul of Luciferin D (100 mg/kg in
PBS) was injected intraperitoneally to the mice before imaging. The tumor growth was monitored
in treated mice one from each group selected randomly on day 10 and day 21 post injection by
acquiring images with IVIS®. After day 21, the mice were sacrificed and tumors along with
various organs like heart, lungs, liver, spleen and kidney were isolated and were embedded in
tissue freezing medium for immunohistochemistry analysis. To the endpoint, tumors were
harvested and lysed in cold 1X RIPA lysis buffer (Millipore, Billerica, MA, USA), supplemented
with 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor and used for western
blotting analysis. Bioluminescence signals were measured (photons/sec/cm? /sr) by selecting the

region of interest in the tumor area (Lim et al., 2009).
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The western blot analysis was performed based on the standardized protocol reported in our earlier
report (Routholla et al., 2021). For this purpose, tumors were collected from treated mice and
washed briefly with chilled 1X PBS. Homogenize the tumor tissue and the total cell lysate was
extracted with the help of 100 pL, 1X RIPA lysis buffer (Millipore, Billerica, MA, USA),
supplemented with 0.5 mM PMSF and protease inhibitor. After lysing was done, the suspension
was subjected to vertex and subsequently centrifuged for 15 min at 14000 rpm at 4°C. After that,
15uL of the whole-cell lysates and SuL of loading buffer (4X) was heated for 5 min at 95°C and
was subjected further to sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis on
15% Bis-Tris 10-well gels at 60V for about 3h in SDS Running Buffer. Gels were transferred to
the polyvinylidene fluoride membranes (Bio-Rad, Laboratones, Inc.) and was run at 60V for 80
min. After that, the membranes were blocked in 5% non-fat skimmed milk (Bio-Rad, Laboratones,
Inc.) in tris-buffered saline with 1% Tween 20 (TBST), and incubated with rabbit mAb H3K9
acetylated histone H3, rabbit mAb H4K12 acetylated histone H4, rabbit mAb Caspase 3, rabbit
mAb Caspase 7 and mouse mAb B-Actin primary antibodies overnight at 4°C, which were diluted
up-to 1:7000 in 5% (w/v) milk. Then the membranes were incubated with Horseradish peroxidase
(HRP)-conjugated anti-rabbit and anti-mouse secondary antibodies and then visualized by means
of a chemiluminescence kit (Bio-Rad, Laboratories, Inc.) and exposed with the help of a Fusion
plus 6 Imaging System (Vilber Lourmat, France). The blots were quantified using Image J

software by normalising against beta-Actin as an internal control (Pulya, Mahale, et al., 2021b).
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3.4.2.11. Immunohistochemistry

3.4.2.10.1. TUNEL assay in tumor cryosections

TUNEL assay (Terminal deoxynucleotidyl transferase mediated nickend labeling) was performed
to determine extent of apoptosis in the tumor tissue. The tumors were harvested from mice and
sectioned with the thickness of Sum using a cryostat (Leica biosystems, Germany). Then tumor
sections were fixed with 4% paraformaldehyde and treated with TUNEL reagent kit (Fragel DNA
Fragmentation Detection Kit, Merck, Darmstadt, Germany). The level of apoptosis in tumor
sections was determined as per the methodology provided by the manufacturer. The stained tumor
sections were viewed under fluorescent microscope using blue and green filters. The images were
processed and analyzed in Image J software.

3.4.2.10.2. ROS production in tumor tissues

The production of ROS was evaluated in tumors using a DCFH-DA fluorescence probe. The
treated mice were taken to the imaging facility and were anesthetized in an induction chamber
with 2% isoflurane/O2 flow. The treated mice (n=2) were then injected intra-tumorally on day 21
with the DCFH-DA probe (100uL, 25uM). The extent of ROS production was monitored post
injection by acquiring images with IVIS®. ROS generation was quantified in terms of
fluorescence intensity [(p/sec/cm?/sr)/uW/cm?] by selecting the region of interest. After 30 min,
the mice were sacrificed and the tumors were isolated and sectioned into 5 um thickness and
observed under fluorescence microscope.

3.4.2.10.3. Immuno-histochemical analysis of Ki-67

Ki-67 immuno-histochemical analysis on tumor sections was performed to study cell proliferation.
After the treatment protocol, the tumor bearing mice were sacrificed, and fixed with 4%

paraformaldehyde for 24 h. With the help of cryotome, Spm slices were cut from the embedded
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overnight with Ki-67 (catalogue#9129S) with dilution of 1:500, at 4°C. Then the sections were
washed using 1X PBS and incubated further with Alexa Fluor® 488 conjugate secondary antibody
for 2h. Then, tissue sections were washed with 1X PBS and covered with coverslip and observed
under fluorescence microscope. Microscopic images of the tissues were captured with the

utilization of microscope (Lieca).

3.4.2.10.4. H & E staining analysis of tumor and organ sections

H&E staining was performed on various organs isolated from tumor bearing mice. After the
completion of treatment, the major organs like liver, heart, spleen, kidney and lung were removed,
fixed in tissue freezing media and sectioned into Spum thickness using a cryotome (Leica
biosystems, Germany). The manufacturer’s protocol was followed to stain the sections with
Harris’s hematoxylin-eosin (H and E) reagent. The sections were observed under light microscope
for histological studies.

3.4.3. Molecular docking

Molecular docking studies on compounds 11a and 12b compounds were performed by the Glide
module of Schrodinger Maestro v12.1 to the binding site of HDAC3 enzyme. The protein structure
was obtained from the Protein Data Bank and processed by using *‘protein preparation wizard’’
protocol in the Maestro wizard v12.1. The generating states and refinement steps automatically
added hydrogen atoms and some essential bonds in the missing sites of proteins. The refinement
steps include the optimization of groups having hydrogen bonding, restrained minimization with
the help of the default OPLS_3e force field. After the optimization was over, receptor grid
generation was processed to locate the binding pocket. The docking results were found with

different docked ligand conformations including their binding energy scores. These conformations
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ranked depending on the scores and selected as per their interactions with the enzymes as well as

docking scores (Docking and Scoring | Schrodinger).
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SUMMARY AND CONCLUSION:
By reversibly modifying the acetylation status of histone and nonhistone proteins, studies over the
past few decades have shown that HDACs play a crucial role in the development of cancer. HDACs
have been found dysregulate and function incorrectly in cancer, providing a crucial attractive target
against cancer. HDACs are a key modulator of proliferation and tumorigenic potential, but their
precise role in these processes is still remains. HDACSs are genetically down regulated or knocked
out, which causes cell cycle arrest and apoptosis in a variety of cancer cells.

However, in some situations, HDACs are also seen to have a potential tumour suppressor function.
The role of individual HDAC:s in different cancer types at various stages of tumorigenesis is not
clearly understood yet. Currently, broad-spectrum nonselective HDACI are the most common
HDAC inhibitors being tested in both preclinical and clinical settings. The current focus is on
developing HDAC inhibitor that are more effective and less toxic. In addition, research is
increasingly indicating that combination therapy may be another important way to develop the
therapeutic efficacy of HDAC inhibitor.

In first objective we have synthesis, biological evaluation, and molecular docking analysis of novel
linker-less benzamide based potent and selective HDAC3 inhibitors. All the compounds were
studied for their pan-HDAC and HDAC3 inhibitory activity. Further, the selected lead compounds
5e and 5f were studied for their HDAC 1, 2, 3, 8 and 6 enzyme inhibitory profiles to judge the
selectivity towards HDAC3. Two lead compounds 5e and 5f were found to be potent and highly
selective HDAC3 inhibitors over other Class-1 HDACs and HDAC6. Compound 5e bearing a
6quinolinyl moiety as the cap group was found to be a highly potent HDAC3 inhibitor (ICso = 560
nM) and displayed 46-fold selectivity for HDAC3 over HDAC?2, and 33-fold selectivity for

HDAC3 over HDAC1. Moreover, the HDACS3 selectivity of the lead molecules found to be much
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better than the reference compound CI994. All these compounds exhibited effective
antiproliferative activity against various cancer cell lines (4T1, B16F10 and MDA-MB-231) with
less cytotoxicity against normal cells (HEK293) when compared with reference compound C1994
and interestingly the most promising molecule (5e) showed least toxicity towards normal cells.
Further, the acetylation levels of cellular histone (H3K9 and H4K12) were examined and both the
lead compounds were able to enhance the acetylation level significantly in a dose-dependent
manner in B16F10 cells. Moreover, compounds 5e and 5f were found to cause apoptotic cell death
and were causing G2/M cell cycle phase arrest in B16F10 cells. The molecular docking study
revealed similar binding interactions of the lead molecules and reference compound at the active
site of HDAC3. The higher HDACS3 inhibitory potency along with selectivity for HDAC3 of
compound 5e over compound 5f was also justified by the molecular docking analysis. Based on
the findings, it can be inferred that most potent and HDACS3 selective lead molecule 5e might serve

as a potential therapeutic as anticancer agent.

0
N H nNpg,

Compound 5e (ch.2)

Figure 4.1. Lead compound from the first series of 2-aminobenzamide derivatives additionally,
all the biological studies indicated compound 5e (ch.2) can be further explored as a promising

compound for anticancer therapy.

In the second objective, in this study, a series of novel substituted benzamides consisting of various
aryl and heteroaryl cap groups with o-hydroxy and p-fluoro substituted benzamides as effective

ZBG were designed and synthesized. These compounds were studied as potential and selective
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HDAC3 inhibitors possessing effective anticancer activities. These novel compounds were
screened against cancer cell lines 4T1, B16F10 and MCF-7 and are found to possess significant
antiproliferative activity when compared to class-1 selective HDAC inhibitor C1-994 as a reference
molecule. These molecules were also relatively nontoxic to the normal cell line HEK-293. Among
compounds in the series, compounds 11a and 12b were the most potent and HDAC3-selective over
other Class-1 HDACs and HDAC6. Compound 11a possessing a 6-quinolyl scaffold in the cap
region and hydroxyl function substituted at the ortho position of the benzamide scaffold was found
to be the most promising with over 20 and 16-fold HDACS3 selectivity over HDAC?2 and HDACL1,
respectively. Compounds 11a and 12b were found to induce significant upregulation of acetylated
H3K9 and H4K12 in B16F10 cells in a dose-dependent fashion in vitro. Molecular docking
analysis with compounds 11a and 12b at the HDAC3 active site were found to be a good fit with
the docking scores correlating the in vitro HDACS inhibitory assay results. They were found to
induce apoptosis and cause the cell cycle arrest in G2/M phase as evidenced in B16F10 cells. The
in vivo antitumor efficacy studies in 4T1-Luc breast cancer xenograft model in female Balb/c mice
indicated that the compound 11a (25 mg/kg and 50 mg/kg) exhibited a significant reduction in
tumor volume compared to control group mice which are treated with vehicle alone. No change in
body weights during the treatment period suggested no general toxicity of the compound 11a even
at 50 mg/kg dose. TUNEL assay results indicated the extent of apoptosis increased with 50 mg/kg
when compared to 25 mg/kg dose treatment with a greater number of TUNEL (+ve) staining in
the tissue of 50 mg/kg. Compound 11a also significantly induced ROS generation leading to
apoptosis. Moreover, a decrease in cell proliferation has been indicated by the significant reduction
in Ki-67 positive stained tumor tissue as in the case of treated tumor tissue sections when compared

to control group tumor tissues. No significant toxicity was found in major organs, as evidenced by
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H&E staining of various organs of compound 11a treated mice. Western blot analysis of tumor
tissues of compound 1la treated mice also showed the upregulation of acetylated H3K9 and
H4K12 levels along with the upregulation of apoptotic markers such as caspase-3 and caspase-7
levels further indicating the significant apoptotic activity through enhanced histone acetylation due
to the inhibition of HDAC3 enzyme in vivo. Altogether, the results obtained from the in vitro and
in vivo antitumor experiments pointed out that compound 11a from the series of HDACS3 specific
inhibitors might be promising anticancer therapeutics and can be taken further for the clinical

translation as an emerging anticancer drug candidate.

()
H
”
N OH

Compound 11a (ch.3)

Figure 4.2. Lead compound from the second series of 2-hydroxy benzamide derivative
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Compound name Cl1-994
5e (chapter 2) 11a (chapter 3) (Standard
Parameters reference
cpd.)
HDAC3 ICso 0.56310.11 1.586 + 0.120 0.902
(M)

HDAC3 33-fold over 16 -fold over Equally potent
selectivity over HDAC1 HDAC1 across all three
HDAC1 and 2 46-fold over 20-fold over (Hllf)c,):\g?s d

an
HDAC2
HDAC2 HDAC?2 and
HDAC3
I1Cs0 (UM) 17.89+1.31 10.29 + 3.58 (4T1) 14.34 + 1.68
(B16F10) (B16F10)
Normal cell line 1084+10.6 449.7 + 6.98 (HEK) 216.2 + 4.69
I1Cs0 (UM) (HEK) (HEK)
Cancer cell 60.59 43.70 15.08
selectivity over
normal cells
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FUTURE PERSPECTIVES

Histone deacetylase inhibitors are a large group of diverse molecules intrinsically able to inhibit
cell proliferation in various cancer cell lines. Their apoptotic effects have been linked to the
modulation in the expression of several regulatory tumor suppressor genes caused by the modified
status of histone acetylation, a key event in chromatin remodelling. As the initial histone
deacetylase activity of HDAC has been extended to other proteins, the possible other biological
mechanisms modified by HDAC inhibitor treatments are still to be clarified. The need for HDAC
isoform selective inhibitors is an important issue to serve this goal.

In this study, we have developed molecules with preferential selectivity towards specific HDAC3
isoform. The lead compounds were found as potent and highly selective HDAC3 inhibitors over
other class-1 HDACs. It can be helpful for further development of these molecules. These
compounds possess efficient anti-cancer potential. They can be further studied for their pathway
specific activity and can be modified to enhance their efficacy.

Currently many HDAC inhibitors are focusing on strategies for achieving higher efficacy by
combination therapies, including phoshoinositide-3-kinase (PI3K) and EGFR inhibitors, and
hormone- or immunotherapy. This also includes new bifunctional inhibitors as well as novel
approaches for HDAC degradation via PROteolysis-Targeting Chimeras (PROTACS).

The lead compounds from the two series can be evaluated side by side in in vivo animal model to
assess their difference of efficacy even when administered equal dose and same route of

administration.
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