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Abstract

Design and synthesis of novel anticancer and antifibrosis compounds

Ahmed Khairy Hamdy Edris
Department of Medicinal and Biological Chemistry, Graduate School of Pharmaceutical
Sciences, Kumamoto University

Millions of individuals die each year from the two great global burdens of cancer and
fibrosis. Our goal, as outlined in chapterl &2, is to design and synthesize novel promising
lead compounds that can be turned into potential treatments for cancer and fibrosis.

Chapter 1. Isatin-based anticancer derivatives

Isatin is a privileged scaffold in the field of medicinal chemistry and drug discovery
due to its broad range of biological actions like anti-cancer, anti-bacterial, antifungal, anti-
diabetic, anti-convulsant, anti-tubercular, anti-HIV, neuroprotective, antioxidant, anti-
glycation, anti-malarial, anti-inflammatory, analgesic, and anti-anxiety. The great scientific
research in development of isatin-based anticancer drugs accomplished with discovery of
sunitinib which was approved for treatment of gastrointestinal stromal tumor and renal cell
carcinoma. a,B-Unsaturated ketone scaffold is a common structural feature in many natural
and synthetic compounds including the chemo-preventive agent; curcumin which displayed
anticancer activity. Inspired by the structure features of approved isatin-based anticancer
drugs and o,B-unsaturated ketone, herein novel compounds combining both structural
features of isatin-based anticancer drugs with a,3-unsaturated ketone were synthesized. The
synthesized compounds were screened against sixty cancer cell lines in single dose assay (10
pUM) according to NCI protocol. All compounds revealed promising cytotoxic activity
against numerous cancer cell lines. Acute myeloid leukemia (HL-60) cell line was among
the most sensitive cell lines in NCI one dose assay. Therefore, in vitro five doses
antiproliferative assay of the synthesized compounds 5a-h against HL-60 cells was
conducted and explored that the compounds 5b and 5g are the most potent with
submicromolar 1Cso values. Moreover, 5b and 5g induced apoptosis and revealed the ability
to arrest cell cycle progression at G1 phase. Additionally, 5b and 5g demonstrated inhibitory
activity on ERK1/2 phosphorylation in HL-60 cells, and this effect may be responsible for
its subsequent actions on apoptosis and cell cycle distribution. In silico studies demonstrated
binding of 5b and 5g to ERK active site in the same manner as the potent ERK1/2 inhibitor
co-crystallized ligand SCH772984, in addition to the favorable pharmacokinetics for the
synthesized compounds 5a-h.
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Chemical structures of the synthesized isatin-based anticancer derivatives 5a-h
Chapter 2. 5-chlorosalicylamide and 2-amino-5-phenylthiophen-3-carboxamide

derivatives

Fibrosis is defined by the excessive accumulation of the extracellular matrix (ECM),
such as collagen and fibronectin, in and around inflamed or damaged tissue, which can result
in permanent scarring, organ malfunction and, subsequently death. 5-Chlorosalicylamide
derivative like niclosamide was reported to be effective in treatment of idiopathic pulmonary
fibrosis through blocking PISBK-mTORCL1 signaling pathway. Additionally, the 2-amino-5-
phenylthiophen-3-carboxamide derivatives were found to be effective in inhibition of NF-
kB which is involved in pathogenesis of pulmonary fibrosis. Motivated by the previous
finding and our group's interest in development of antifibrotic drugs, | designed and
synthesized novel 5-chlorosalicylamide and 2-amino-5-phenylthiophen-3-carboxamide
derivatives and tested their antifibrosis activity through measurement of their effect on
collagen production in a line of healthy human dermal fibroblasts. The antifibrosis assay was
conducted using a positive control HPH-15, which was developed by our group as promising
preclinical antifibrotic drug for skin fibrosis. In one hand, 5-chlorosalicylamide derivatives
indicated a substantial suppression of collagen formation even more than HPH-15, but
unfortunately, it showed cytotoxicity. On the other hand, 2-amino-5-phenylthiophen-3-
carboxamide derivative 17b elucidated promising collagen production inhibitory results that

is comparable to HPH-15.
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Chemical structures of the synthesized 5-chlorosalicylammide and 2-amino-5-phenyl-3-
carboxamide derivatives 8a-d, 13 and 17a,b
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General Introduction

General Introduction

I. Cancer
a. Cancer definition

Cancer remains a global health concern, as it is the second leading cause
of death in the world after cardiovascular diseases. Therefore, it is a critical
global burden that threatens millions of people worldwide. Cancer is a genetic
disease and developed as a result of alterations in oncogenes, tumor-suppressor
genes, and microRNA genes [1]. It starts when body normal cells start growing
uncontrollably producing invasive and nonfunctioning cells. Cancer cells can
invade nearby tissues or even migrate to distant organs through blood
circulation or lymph vessels; this spreading is called metastasis which

sophisticates cancer treatment [2].

b. Cancer causes

Generally, cancer cells develop from normal cells due to damage of DNA
which cannot be repaired. This DNA damage may be inherited genetic defects
from patient’s parents, or it may result from exposure to physical, chemical or

biological carcinogens [3]:

1) Physical Carcinogens:

lonizing radiation such as radon, ultraviolet rays from sunlight, uranium,

radiation from alpha, gamma, beta, and X-ray-emitting sources [3].

2) Chemical Carcinogens:

Compounds like cadmium, silica, nitrosamines, asbestos, benzene, vinyl

chloride, nickel, and benzidine. Moreover, tobacco consumption is a major
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cause of cancer as it contains about 60 known potent cancer-causing toxins or

chemicals [4].

3) Biological Carcinogens:

Biological carcinogens like infections from certain bacteria, viruses, or
parasites and pathogens like hepatitis B and C, human papillomavirus (HPV),
EBV or Epstein-Barr virus, Kaposi’s sarcoma-associated herpesvirus (KSHV),

Markel cell polyomavirus, Schistosoma, and helicobacter pylori [3].
c. Cancer types [3]

Cancers are divided into various types that are:

I. Carcinomas:

It begins in the tissue or the skin, which covers the glands and internal
organ surface. It forms a solid tumor such as lung cancer, breast cancer, prostate

cancer and colorectal cancer.

ii. Sarcomas:

It starts in the tissues which connect and support the body such as nerves,

tendons, joints, bone, muscles, blood vessels, and lymph vessels.

ii. Leukemias:

Leukemia is a cancer of the blood which begins when healthy blood cells
grow uncontrollably and change. It is divided into 4 subtypes, that are acute
myeloid leukemia (AML), acute lymphocytic leukemia (ALL), chronic
myeloid leukemia (CML), and chronic lymphocytic leukemia (CLL).

iv. Lymphomas:

Lymphoma is cancer that begins in the lymphatic system such as
Hodgkin lymphoma and non-Hodgkin lymphoma.
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v. Central Nervous System Cancers:

Cancer that starts in brain tissues and spinal cord such as CNS
lymphomas, vestibular schwannomas, gliomas, pituitary adenomas, primitive

neuro-ectodermal tumors, meningiomas, and vestibular schwannomas.

vi. Multiple Myeloma:

Multiple myeloma is cancer that begins in plasma cells, another type of
immune cell. The myeloma cells which are plasma cells, are build up in bone
marrow and make tumors in bones. It is called plasma cell myeloma and Kahler

disease.

vil. Melanoma:

It starts in melanocytes, cells that make melanin, i.e., the pigment that
gives the color to the skin. Mainly melanomas develop on the skin, but it can

also develop in other pigmented tissue like an eye.

d. Cancer treatment

There are various types of cancer treatments, which depend upon the
cancer type and how to advance it is. Some patients have only one cancer
treatment but mainly have a combination of treatments like surgery with

radiation therapy.

1. Surgery:

Surgery prevents or reduces cancer spread and removes it from the body.
Surgeries are used for the solid tumor, which is located in one area and cannot

be used for metastatic cancer or leukemia i.e., blood cancer [3].

2. Radiotherapy:

In radiotherapy high doses of radiation are used to treat cancer by
shrinking tumors, Killing cancer cells, and slow the growth of cancer cells by

damaging their DNA. The damaged DNA does not repair, and the dead cells
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are removed by the body. Radiation therapy is given with other cancer
treatments for better results such as chemotherapy, surgery, and

immunotherapy [3].

3. Chemotherapy:

Chemotherapy was first developed at the beginning of the 20™ century
with discovery of efficacy of nitrogen mustard in treatment of non-Hodgkin's
lymphoma. Nitrogen mustard is an alkylating agent which acts through
alkylation of DNA, RNA and proteins inside cancer cells. In 1948, the folate
antagonist methotrexate was first used for treatment of leukemia in children.
Methotrexate is an antimetabolite folic acid antagonist which act through
inhibition of DNA synthesis. Other antimetabolite anticancer drugs were then
developed such as 6-mercaptopurine and 5-fluorouracil. In the 1950s, Eli Lilly
natural products group announced that plant alkaloids extracted from Vinca
rosea such as vincristine were beneficial to leukemia patients. Vinca alkaloids
(vincristine and vinblastine) act in the same way as paclitaxel through inhibition
of microtubules and cell mitosis. The great efforts in the field of chemotherapy
drug discovery were accomplished with discovery of several anticancer drugs
such as anticancer antibiotics, hormones, receptor tyrosine kinase inhibitors
(RTKIs) and cyclin dependent kinase (CDK) inhibitors [5], (Figure 1).

RTKIs inhibit receptor tyrosine kinases (RTKs) which are key regulatory
signaling proteins governing cancer cell growth and metastasis. During the last
two decades, several RTKIs were developed and used as the first- or second-
line therapy in different types of cancer. Activation of RTKSs activate in turn
three main intracellular kinases: phosphoinositide 3-kinase (PI3K), rat sarcoma
(RAS), and phospholipase C (PLC). Subsequently, activation of RAS results in
activation of RAS-RAF-MEK-ERK signaling cascade (Mitogen activated
protein kinase; MAPK pathway) [6].
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Figure 1: Different approved anticancer drugs

RAS-RAF-MEK-ERK signaling cascade (MAPK pathway) mediates
cell proliferation through signal transduction from cell surface (RTKS) to
transcription factors inside nucleus. Stimulation of RTK by mitogens, growth
factors and cytokines recruits and activates RAS which in turn activates Raf
family (A-Raf, B-Raf and C-Raf). Active Raf phosphorylates and activates the
dual-specificity kinases MEK1 and its homologue MEK2 (MEK1/2) which
sequentially phosphorylate the serine/threonine kinases, extracellular signal-
related kinases 1 and 2, ERK1/2 [7]

Phosphorylated ERK1/2 (p-ERK1/2) catalyze and phosphorylate 250
cytosolic and nuclear downstream substrates including transcription factors
(e.g., Ets-1, Elk-1, c-Fos, c-Jun), the RSK family of kinases, phosphatases,
apoptotic proteins, and cytoskeletal proteins, among many others. This wide
array of substrates regulates many cellular functions, such as gene transcription,
cell cycle progression, proliferation, migration, adhesion, survival, and

metabolism [8], (Figure 2). Furthermore, it was reported the importance of
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ERKZ1/2 for transition of cells from G1 to S phase in cell cycle and its ability to
inhibit cell apoptosis through inhibition and phosphorylation of caspase 9 [9].
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Figure 2: Activation of RTK and MAPK pathway

More than 30% of malignancies, including melanoma, lung,
pancreatic, colorectal (CRC), and acute myeloid leukemia (AML), have RAS
or RAF mutations, which activate the RAS-RAF-MEK-ERK signaling cascade
(MAPK pathway) [10,11]. Trametinib and cobimetinib are two approved drugs
on the market that inhibit MEK1/2 kinases, (Figure 3). However, their
therapeutic benefits are constrained by resistance brought on by MEK
mutations that restore ERK activity. Location of ERK1/2 in the distal end of
RAS-RAF-MEK-ERK pathway and because it is rarely undergone mutations
makes ERK1/2 attractive target for development of anticancer drugs. Currently,

design and synthesis of compounds with antitumor activity through targeting
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ERKZ1/2 has increased and some of them entered clinical trials (Figure 4), but

no drug was approved till date [7,12].

Trametinib Cobimetinib

Figure 3: Chemical structures of MEK1/2 inhibitors as approved drugs
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Figure 4: Chemical structures of ERK1/2 inhibitors used in clinical trials
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I1. Fibrosis

a. Definition of fibrosis

Fibrosis is defined by the excessive accumulation of the extracellular
matrix (ECM), such as collagen and fibronectin, in and around inflamed or
damaged tissue, which can result in permanent scarring, organ malfunction and,
subsequently death as seen in end-stage idiopathic pulmonary fibrosis (IPF),
liver disease, kidney disease, and heart failure. Fibrosis is also a major
pathological feature of many chronic autoimmune diseases, including systemic
sclerosis (scleroderma), rheumatoid arthritis, Crohn’s disease, ulcerative

colitis, myelofibrosis and systemic lupus erythematosus [13-15].

Numerous clinical outcomes, including tumor invasion and metastasis,
chronic graft rejection, and the etiology of many progressive myopathies, are
also influenced by fibrosis. Despite the fact that fibrosis is now understood to
be a significant contributor to morbidity and death in the majority of chronic
inflammatory diseases, there are few, if any, therapy options that particularly

target the pathophysiology of fibrosis [14].
b. Causes of fibrosis

Progressive fibrotic disease can be brought on by many distinct triggers
such as inherited genetic disorders, chronic infections (like the chronic hepatitis
C virus [HCV] infection), excessive alcohol consumption, recurrent exposure
to toxins, irritants or smoke, chronic autoimmune inflammation, minor human
leukocyte antigen mismatches in transplants, myocardial infarction, high serum

cholesterol, obesity, and poorly controlled diabetes and hypertension [14].
b. Types of fibrosis

As shown in Figure 5, fibrosis affects a variety of tissues and organs,

occurring more commonly in the heart, lung, kidney, liver, and skin [16], and
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less frequently in the pancreas, colon, eye [17], nervous system [18], joint and

tendon among other tissues and organs (arthrofibrosis) [19].
1- Idiopathic pulmonary fibrosis (IPF)

IPF is a chronic and progressive interstitial lung disease of unknown
etiology and with a poor prognosis. Adults in their middle and later years are
more at risk for IPF [20]. The global incidence and prevalence of IPF are in the
range of 0.09 and 1.30 per 10,000 people and increasing dramatically year by
year. The United States, South Korea and Canada have the highest incidence of
IPF within studied countries [21,22]. Histopathological characteristics of IPF
revealed excessive deposition of ECM, resulting in deformation of normal

pulmonary architecture and irreversible loss of lung function [23].
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Figure 5: Fibrosis and related diseases in various tissues and organs.

Clinical signs of IPF include a worsening cough, progressive dyspnea, a
considerable decline in lung compliance, and a reduced quality of life [22,24].

Two drugs, nintedanib and pirfenidone (Figure 6) have been approved for
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treatment of IPF patients. While pirfenidone is an oral pyridin-2-one derivative
with anti-inflammatory, antioxidant, and antifibrotic properties, nintedanib is
an isatin-based tyrosine kinase inhibitor. These two medications have
demonstrated a slowdown of disease development and a reduction in lung

function deterioration [25].
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Figure 6: Chemical structures of drugs used in treatment of IPF

2- Liver fibrosis

Liver fibrosis results from exposure of the liver to chronic damage in
conjunction with the accumulation of ECM proteins, which is a characteristic
of the majority of chronic liver diseases [26]. In industrialized nations,
persistent HCV infection, alcoholism, and nonalcoholic steatohepatitis (NASH)
are the leading causes of liver fibrosis. The accumulation of ECM proteins
causes cirrhosis by creating a fibrous scar on the liver, which deforms the
hepatic architecture. Cirrhosis generates liver dysfunction and increases
intrahepatic resistance to blood flow, which result in hepatic insufficiency and

portal hypertension, respectively [27].

Pharmaceutical and biotechnology companies are very interested in
development of antifibrotic drugs, and clinical trials are actively being
conducted. However, hepatic fibrosis is currently not treatable with an effective
therapeutic; instead, the causal factor must still be removed [28]. In

experimental models of chronic liver injury, a number of drugs were found to

10
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be able to decrease the formation of scar tissue. The most promising
medications, despite their effectiveness has not been examined in humans, are

those that block the renin-angiotensin system and antioxidants [13].
3. Heart fibrosis

Since cardiovascular disease (CVD) causes 31% of deaths worldwide, it
continues to be the leading cause of mortality [29]. Endomyocardial fibrosis
and ischemic heart disease are the primary causes of end-stage heart failure
[30]. There is an urgent need to develop cutting-edge diagnostic techniques and
improved therapies for cardiac fibrosis. Fibrosis is a well-recognized cause of
morbidity and mortality [29]. The most frequent cause of fibrotic scarring in
cardiac muscle is myocardial infarction, although there are numerous additional
disorders that may encourage cardiac fibrosis, including hypertension, diabetic

hypertrophic cardiomyopathy, and idiopathic dilated cardiomyopathy [31,32].

Cardiac fibrosis is a pathological ECM remodeling process that causes
anomalies in matrix quality and composition as well as a reduction in the
function of the heart muscle [31]. ECM deposition is initially a defensive
process that can aid in tissue regeneration and wound healing. However,
persistent and excessive ECM deposition, in particular the production of

collagen type I, results in impaired tissue function [33].

Angiotensin converting enzyme inhibitors (ACEIs) and ATI receptor
antagonist, B-blockers, endothelin antagonists, and statins are currently used
treatments to affect the fibrotic response in injuries [34]. Additionally,
eplerenone, which has been FDA-approved since 2002, has been developed as
a medication that prevents the development of fibrosis by obstructing the
aldosterone pathway [35]. There are also approaches to influence fibroblast
activation by blocking TGF- or Smad3 signaling; however, there is a need for

implementing more targeted interventions [33,36].

11



General Introduction

4. Systemic sclerosis (scleroderma)

Scleroderma, also known as systemic sclerosis (SSc), is a systemic
autoimmune disease of unknown etiology. It is characterized by early vascular
injury and inflammation, followed by fibrosis of the skin and visceral organs
[37]. The usual initial symptom of SSc is swelling then thickening and
tightening of the skin at the ends of the fingers. Raynaud syndrome, in which
the fingers suddenly and temporarily become very pale and tingle or become
numb, painful, or both in response to cold or emotional upset, is also common.
Fingers may become bluish or white. Heartburn, difficulty in swallowing, and
shortness of breath are occasionally the first symptoms of systemic sclerosis.
Aches and pains in several joints often accompany early symptoms. Sometimes
inflammation of the muscles (myositis), with its accompanying muscle pain and

weakness, develops .

The pathophysiological hallmark of SSc is the excessive deposition of
collagen and other ECM components in the affected organs. Activated
fibroblasts and a-smooth muscle actin (a-SMA)-positive myofibroblasts are
largely responsible for excessive matrix synthesis and tissue deposition.
Numerous profibrotic molecules, such as transforming growth factor (TGF),
connective tissue growth factor (CTGF), platelet-derived growth factor,
interleukin (IL)-4, IL-6, and IL-13, and endothelin-1, play a role in the complex
chain of events that lead to fibroblast activation and myofibroblast
transformation. It is widely recognized that TGFB-/Smad signaling is important

for the pathophysiology of SSc [37].

Till date there is no drug which can stop the progression of SSc.
However, drugs can relieve some symptoms and reduce organ damage. In a
mouse model of SSc, the histidine-pyridine-histidine ligand HPH-15 (Figure
7) developed by our group, reduces skin inflammation and consequent fibrosis
by inhibiting TGF-B/Smad signaling and the fibrogenic activity of human skin

12
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General Introduction

cells in vitro. In preclinical study, HPH-15 was shown to have a number of
benefits, such as the fact that it is an orally active drug with a great safety

profile and has the potential to be a candidate for SSc clinical trials [37,38].

N

~
N

J 7 Lk

HPH-15

Figure 7: Chemical structure of HPH-15
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Chapter (1)
Isatin-based anticancer derivatives

1.1 Introduction

1.1.1 About isatin

Erdmann and Laurent were the first to isolate isatin (1H-indole-2,3-
dione) as an indigo oxidation byproduct using nitric acid and chromic acid.
Additionally, it was discovered in human being as a metabolic byproduct of the
hormone adrenaline. Additionally, many isatin derivatives are found naturally
in plants [38]. Isatin and its derivatives demonstrate various biological activities
like anti-cancer, anti-bacterial, antifungal, anti-diabetic, anti-convulsant, anti-
tubercular, anti-HIV, neuroprotective [39], antioxidant [40], anti-glycation
[41], anti-malarial [42], anti-inflammatory [43], analgesic [44], and anti-
anxiety [45].

0

Cri-
N
H

Isatin
Figure 8: Chemical structure of isatin

1.1.2. Isatin derivatives as anticancer agents

Researchers from academia and pharmaceutical companies have
thoroughly investigated the anti-cancer properties of isatin and its derivatives
in an effort to create isatin-based anticancer drugs [38,46,47]. These fantastic
efforts resulted in the development of novel anticancer drugs including
sunitinib, toceranib, and nintedanib that have received clinical approval.
Semaxanib (SU5416) and orantinib (SU6668) are two other drugs with isatin
scaffolds that demonstrated remarkable anti-cancer activity in clinical trials

[48,49] (Figure 9). Analogs of isatin were discovered to be efficient against
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several malignancies, including AML [50-52]. Moreover, the isatin-based drug
sunitinib was approved for treatment gastrointestinal stromal tumor (GIST) and
renal cell carcinoma (RCC) [53,54].

(CH3
CH; (>
/\/

HsC \ H,C H/\/
H
7\ 7/ \
F / NT CHs F |  N” CHs
lo} (o]
N N
H H
Sunitinib Toceranib
H,C
7\
/i N CH;
H
(o]

N
H

Semaxanib (SU5416)

orantinib (SU6668)

Figure 9: Chemical structures of isatin-based anticancer drugs

Isatin derivatives influence the expression of genes associated with
apoptosis as well as a variety of biological targets, including histone
deacetylases, carbonic anhydrases, tyrosine kinases, tubulin polymerization,
and ERK1/2 phosphorylation [38,55-58].

1.1.3. a,B-Unsaturated carbonyl compounds as antineoplastic agents

The literature is well recognized for the anticancer properties of
compounds containing the a,B-unsaturated ketone moiety, and these
compounds are regarded as one of the most significant chemical structures in
drug discovery [59,60]. They are extensively distributed in biologically active
substances that have been effective in cancer therapy such as xanthohumol and
the chemopreventive agent curcumin [61], (Figure 10). Because of the

conjugated double bond, the a,B-unsaturated carbonyl moiety undergoes a
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Michael addition type reaction with cellular thiols, thus these compounds are
known as thiol alkylators [62]. However, this type of compounds shows very
limited or no reactivity towards amino and hydroxyl groups which are found in
nucleic acids [63] and thus are likely to be free from the carcinogenic and
mutagenic properties of certain anticancer drugs. In comparison to normal
tissues, it is discovered that the expression of cellular thiols is increased in a
several malignancies [64,65]. As a result, it is sought that the anticancer
activities of a,B-unsaturated carbonyl compounds are believed to be due to the
ability to react with cellular thiols that play important roles in tumor progression
and drug resistance [62]. A number of reviews have been written on a,f-
unsaturated carbonyl compounds that provide further evidence of the potential
usefulness of this type of compounds in cancer chemotherapy [59,60,66].
Besides the ability to interact with cellular thiols, o,B-unsaturated carbonyl
compounds can induce apoptosis which is considered to be a major channel of
physiological cell death and a promising therapeutic target for cancer treatment
[61].

Curcumin Xanthohumol

Figurel0: Structures of natural products containing a,p-unsaturated ketone
1.2. Rational and design

According to a report, the oxindole scaffold, which can occupy the hinge
area of the ATP binding domain in numerous kinases, is essential for the
anticancer action of isatin derivatives [67]. Additionally, the hydrophobic tail
of sunitinib, such as N,N-diethyl, is what binds to the allosteric site of different
kinases [68]. As a result, in this study, the hydrophobic tail and the oxindole
scaffold were kept together and connected by o,B-unsaturated ketone spacer.
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We experimented with a variety of bio-isosteric changes in the hydrophobic
tail, including piperidine 5¢ or morpholine 5d to rigidify the structure and
extend the flexible N,N-diethyl moiety of sunitinib to N,N-dipropyl 5b. Further
Investigation was done into extension to N-alkyl piperazine 5e, N-acyl

piperazine 5f and 5g, or N-heteroaryl piperazine 5h.

ﬁ Target

compounds

e
HO o OH

7\ Xanthohumol

N
@ SuU5416

Figure 11: Rational design of the target compounds based on oxindole hybridization

1.3. Results and discussion

We proposed that combining these bioactive structural features in a
single molecule may lead to the development of promising new lead
compounds with potential anticancer activity. Our inspiration for this idea came
from the structural characteristics of isatin-derived approved anticancer drugs

and, a,B-unsaturated ketone.

1.3.1. Synthesis of isatin derivatives

As, outlined in scheme 1, the target compounds were through aldol
condensation of ketonic carbonyl group in isatin 1 with the reactive a-methyl
group in p-aminoacetophenone 2 in dehydrated ethanol in presence of
diethylamine. The obtained white precipitate 3a was collected by vacuum

filtration washed with water and ethanol. Compound 3a was dehydrated
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through refluxing with hydrochloric acid in super dehydrated ethanol to afford

the a,B-unsaturated ketone intermediate 3b. Subsequently, the free amino group

in compound 3b was treated with chloroacetyl chloride in super dehydrated

THF in presence of diisopropylethylamine (DIPEA) at 0 °C to provide 2-

chloroacetmaide intermediate 4. The final target compounds 5a-h were

obtained by nucleophilic substitution of 2-chloro in compound 4 with different

aliphatic acyclic or cyclic secondary amines. All target compounds were

obtained in good yields after purification using column chromatography and

their structures were assured via NMR and mass spectroscopy.

5d $-N ©
—/

-

M\ N=
o g-N\._/N'_<}1:/>

Scheme 1. Synthesis of the target compounds 5a-h. Reagent and conditions: (a) EtOH,
diethylamine, r.t., overnight; (b) EtOH, hydrochloric acid, reflux, 3 h; (c) Chloroacetyl
chloride, DIPEA, THF, 0 °C, 20 min. then r.t., 3 h; (d) Secondary amine, potassium iodide,

DMF, r.t.,, 3 h.

1.3.2. Biological evaluation

1.3.2.1. Evaluation of the in vitro cytotoxic activity

To evaluate the impact of synthesis of novel isatin hybrids including a.,

B-unsaturated ketone 5a-h on their cytotoxic activity against several cancer cell

lines derived from different body organs and tissues, all compounds were
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submitted to National Cancer Institute (NCI), Bethesda, within the
Developmental Therapeutics Program (DTP). All compounds were selected by
NCI for in vitro screening of anticancer activity according to the protocol of the

Drug Evaluation Branch of the National Cancer Institute [69].

By using a main in vitro one-dose experiment at a single concentration
(10 uM), the cytotoxic activity was assessed against 60 cell lines originating
from nine tumor subpanels, including cell lines from leukemia, melanoma, the
lung, colon, CNS, ovarian, renal, prostate, and breast cancers. Figures 12-19
show the percentage of cells in each cell line that grew in vitro. By deducting
the growth percentage from 100, the in vitro growth inhibition percentage
(G1%) was obtained (G1% = 100 - growth percentage). Lethality is shown by
growth percentages with negative values; for example, growth percentage of -
40 would represent 40% lethality. GI%, mean GI% and lethality% were

calculated and outlined in table 1 and Figure 20.

The synthesized compounds have substantial cytotoxic activity against
several cancer cell lines, according to results of NCI-60 screening. All
compounds showed outstanding activity against leukemia cell lines especially
acute myeloid leukemia (AML) cells HL-60 and acute lymphoblastic leukemia
(ALL) cells MOLT-4. Compounds 5b and 5g, for instance, demonstrated
43.91% and 46.44% lethality against HL-60 and 31.26% and 44.85% lethality
against Molt-4 cells, respectively. The human colorectal cancer cell lines
HCT116 and SW-620, in particular, showed the greatest sensitivity to all

synthesized compounds, demonstrating their potent anti-colorectal effects.

For instance, treatment of HCT116 and SW-620 cells with compound 5b
resulted in lethality percentages of 88.15% and 76.08%, respectively, and in the
same way, compound 5g exerted strong lethality on HCT116 and SW-620 cells
(96.98% and 88.72%, respectively). When it came to cells originated from non-
small cell lung cancer, HOP-92, NCI-H226 and NCI-H22 were the most
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affected cell lines while the tested compounds showed weak growth inhibition
against A549/ATCC with GI% values ranging from 5.75% to 25.07%.
Glioblastoma cell line SF-539 was the most affected among CNS cancer cell
lines, and 5a showed a 58.59% growth inhibition. Moreover, 5b and 5g induced
lethality of 35.29% and 72.33% in SF-539, respectively.

Additionally, the synthesized compounds manifested amazing activity
against various melanoma cancer cell lines, especially LOX IMV1 cells. Where,
compound 5h inhibit cells growth by 59.67%, while compounds 5a, 5b and 5¢g
induced lethality of LOX IMVI cells by 61.45%, 98.98 and 100%, respectively.

The synthesized compounds exhibited good to excellent activities
against all renal cancer cell lines except A498. Likewise, the compounds
affected growth of prostate cancer cell line P53 with GI1% between 4.42% and
74.73%. Finally, amazing cytotoxic activity against breast cancer cell lines,
particularly MCF-7, was demonstrated by all synthesized compounds.
Additionally, the compounds had exceptional cytotoxicity against the MDA-
MB-486 triple negative breast cancer cell line, with G1% ranging from 49.41%
to 76.47%, while 5g caused 67.01% lethality.
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Test Date: Jun 13, 2022

Experiment ID: 22060537

Report Date: Aug 09, 2022
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Figure 12: One-dose mean graph of compound 5a against different cancer cell lines based

on SRB assay at NCI at 10 M concentration after 48 h.
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Figure 13: One-dose mean graph of compound 5b against different cancer cell lines based
on SRB assay at NCI at 10 M concentration after 48 h.
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Figure 14: One-dose mean graph of compound 5c¢ against different cancer cell lines based
on SRB assay at NCI at 10 uM concentration after 48 h.
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Figure 15: One-dose mean graph of compound 5d against different cancer cell lines based
on SRB assay at NCI at 10 uM concentration after 48 h.
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Figure 16: One-dose mean graph of compound 5e against different cancer cell lines based
on SRB assay at NCI at 10 uM concentration after 48 h.
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Figure 17: One-dose mean graph of compound 5f against different cancer cell lines based
on SRB assay at NCI at 10 uM concentration after 48 h.
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Figure 18: One-dose mean graph of compound 5g against different cancer cell lines based
on SRB assay at NCI at 10 uM concentration after 48 h.
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Figure 19: One-dose mean graph of compound 5h against different cancer cell lines based
on SRB assay at NCI at 10 M concentration after 48 h.
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Table 1. In vitro growth inhibition and lethality obtained from the single dose (10uM) test
of compounds 5a-h

Growth inhibition (Gl) percent at 10 uM
5a 5b 5¢ 5d S5e 5f 5g 5h

Panel Cell line

CCRF-CEM -0.58 -2.47 -25.57 -11.86 95.63 -4.06 -22.12 -22.54
HL-60(TB) -45.21 -4391 -46.85 -32.82 -42.41 9245 -46.44 87.43
Leukemia K-562 -25.82 -35.03 99.15 97.72 -1455 7531 -22.75 73.96
MOLT-4 -22.48 -31.26 -20.73 -16.45 97.87 96.34 -44.85 96.53

RPMI-8226 -13.65 -26.17 99.56 87.8 89.17 51.88 -28.80 57.83

A549/ATCC  7.65 15.65 5.75 8.73 5.40 391 25.07 -

EKVX 64.47 97.33 5857 5243 55,57 34.27 -20.50 29.54
HOP-62 2.47 5.92 1048 4.68 1.90 132 13,62 2.03
HOP-92 72.22 -3046 5194 34.82 6149 1695 -40.81 6.74

Non-Small Cell

NCI-H226 90.40 -3295 6841 628 89.46 2085 -75.77 30.22
Lung Cancer

NCI-H23 31.40 49.02 3591 2551 28.69 14.27 87.95 13.07
NCI-H322M  7.28 2.41 9.22 8.40 1.08 244  13.76 -
NCI-H460 22.85 32,52 2757 1356 17.94 - 3157 5.68

NCI-H522 -51.49 -75.35 6598 7297 89.06 6481 -81.87 50.89

COLO 205 -44.48 -68.73 76.69 7246 96.60 25.69 -94.90 25.62

HCC-2998 - - - - - - 14.35 -
HCT-116 -88.52 -88.15 -75.60 -23.15 -66.61 55.51 -96.98 58.67
Colon Cancer HCT-15 -10.90 -51.56 -17.35 91.63 90.36 31.60 -61.56 28.88
HT29 -32.52 -47.12 79.2 5152 80.76 19.20 -50.13 13.02
KM12 434 17.72 5.98 43 7.44 - 26.35 -
SW-620 -62.38 -76.08 -11.10 97.61 -17.31 52.79 -88.72 58.93
SF-268 27.17 25.01 6.29 2148 24.54 - 3498 7.61
SF-295 - 3.44 4.19 1.03 - - 13.25 -
SF-539 58.59 -35.29 5198 3345 47.06 19.08 -72.33 18.57
CNS Cancer
SNB-19 18.59 29.18 16.02 13.30 14.21 503 2992 1.38
SNB-75 2489 32.00 881 23.84 24.28 - - 38.98
U251 20.79 36.19 16.26 13.18 13.21 1.68 3248 4.09
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LOX IMVI ~ -61.45 -98.96 -59.39 -32.88 -33.15 ©55.70 -100 59.67
QAI\Z\LME' -51.93 -89.79 -11.41 -30.57 -30.35 98.15 -81.40 80.97
M14 55.53 -57.59 43.48 36.56 41.68 21.33 -48.57 23.73
MDAMB- 1823 3215 1621 1482 1654 065 2810 504
Melanoma 435
SK-MEL-2 135 2627 1126 3.60 - 3.62 29.01 584
SK-MEL-28  26.14 7626 23.69 10.76 936 4.05 -7.77  5.89
SK-MEL-5 ~ 22.84 29.75 1639 16.76 12.88 023 9207 2.4
UACC-257  35.99 40.23 26.66 18.85 2392 1354 7424 14.06
UACC-62 44.45 6456 40.53 40.72 2894 2721 78.70 22.70
IGROV1 20.65 40.83 16.87 14.78 11.68 - 74.06 -
OVCAR-3  -45.16 -72.98 -32.20 -35.23 -31.09 56.64 -83.94 51.82
OVCAR-4 4575 4846 30.51 2541 37.02 1047 -7.98 13.22
Ovarian cancer  QVCAR-5 30.72 3839 2857 23.16 27.63 6.67 -33.88 -
OVCAR-8 4234 -4841 4134 2649 27.92 119 -39.58 9.37
E'ECS'/ADR’ 13.50 74.59 4033 1056 11.44 023 92.02 2.54
SK-OV-3 101 623 1106 800 187 - 6.75  4.52
786-0 97.75 -87.01 42.78 30.65 61.43 17.68 -90.34 17.63
A498 - - - - - - - -
ACHN -27.51 -97.53 9859 97.21 -23.79 24.89 -97.14 21.01
Renal Cancer  cpyjq 66.71 87.63 39.91 4213 594 2832 -20.53 21.56
RXF 393 -50.71 -93.84 99.46 81.83 -10.63 4527 -96.23 42.73
SN12C 47.76 7139 429 30.75 ©51.07 2272 -37.69 11.87
TK-10 4112 -27.68 504 576 29.77 - 2596 -
Prostate Cancer  PC3 20.15 68.93 4874 924 1648 442 7473 14.82
DU-145 68.03 93.75 32.78 48.07 43.57 - 92.09 3.35
MCF7 97.26 -26.39 8856 77.09 86.96 7461 -86.32 66.02
HS 578T 2886 39.6 30.69 22.04 24.84 1217 6159 14.34
Breast Cancer ~ BT-549 17.90 40.49 22.76 - 10.65 - 2127 481
T-47D 59.34 -12.28 53.94 46.40 60.89 43.43 -66.39 47.61
L'\‘/'BgA'MB' 68.69 76.47 57.59 ©51.50 53.78 49.41 -67.01 50.04
Mean 63.66 90.35 52.52 44.76 51.47 2322 -8.44 2436
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We can draw the conclusion that the current hybrid strategy is a
successful method for obtaining novel compounds with remarkable
antiproliferative activity against various cancer types based on the NCI
screening data. The antiproliferative activity was greatly improved when the
N,N-diethyl 5a (mean GI=63.66) acyclic hydrophobic tail was extended to the
longer N,N-dipropyl 5b, where the mean GI1% increased to 90.45. On the
contrary, substituent rigidification by using piperidine 5¢ or morpholine 5d,
instead of N,N-diethyl 5a, led to a trivial drop of the activity with mean G1%
values of 52.52 and 44.76, respectively.

In a similar vein, substitution with N-ethyl piperazine 5e afforded
slightly less potent compounds like 5¢ and 5d. While substitution of ethyl group
in N-ethylpiperazine 5e with acetyl group 5f resulted in a dramatic activity
decline with mean GI% of 23.22, but extension of the group attached to
piperazine nitrogen to t-butyloxycarbonyl 5¢g instead of acetyl group 5f highly
escalated the activity with a mean value of 8.44% lethality. When the t-
butyloxycarbonyl group 5g was replaced with the planar pyrimidine ring 5h,
the activity decreased again to a similar value of 5f. In a word, compounds 5b
and 5g are the most active compounds within the series.

Mean inhibition over NCI 60 cell lines
150 -

100

%Gl

50

5a 5b 5¢ 5d 5e 5f 5g 5h

Figure 20: Graphical representation of the mean inhibition percentages calculated according

to G1% values over NCI-60 cell lines.
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Motivated by these intriguing NCI cytotoxicity results, we attempted to
determine the ICs values of synthesized compounds against proliferation of
acute myeloid leukemia HL-60 cells, as it was one of the most sensitive cell
lines in the one dose screening. In this experiment, the highly potent kinase
inhibitor staurosporine was used as reference. Upon treatment of cells with
different doses from the synthesized compounds, it revealed impressive
cytotoxicity with sub-micromolar 1Cs, values for compounds 5a, 5b, 5g and 5h,
as shown in Table 2. Compounds 5b and 5g were the most potent with 1Csg
values 0.38 = 0.08 uM and 0.57 + 0.05 uM which are comparable with the
positive control staurosporine. In order to assess the safety of the synthesized
compounds, we screened the cytotoxicity of the most potent compound 5b on
the normal peripheral blood mononuclear cells PBMC. The compound showed
weak cytotoxicity on normal cells with ICsy value 14.17 UM, and selectivity
index (SI) 37.2. these results explore that the synthesized compounds have
selective cytotoxic activity against cancer cells without affecting body normal
cells. Therefore, the target compounds are promising anticancer lead

compounds.

Table 2: In vitro cytotoxicity ICso (UM) results against acute myeloid leukemia cells HL-60
and normal peripheral blood mononuclear cells PBMC and selectivity index (SI) which was
calculated as the ratio of cytotoxicity (1Cso) of normal cells (PBMC) to cancer cells (HL-60).

Cells 5a 5b 5¢c 5d 5e 5f 59 5h Staurosporine

HL-60 072+0.09 038+008 106+010 143+0.16 1.07+0.13 257+029 057+0.05 0.79+0.08 0.013 +0.002

PBMC - 1417+ 1.13

Sl - 37.2

All ICs values are the mean + standard error of three different experiments.

- . not tested.

1.3.2.2. Analysis and discrimination of apoptosis and necrosis

Apoptosis is a natural mechanism for programed cell death [70]. It plays
a critical role in development as well as homeostasis [71]. It is tightly controlled

process that is necessary for elimination of any extra or undesirable cells The
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activation of the apoptotic pathway can be caused by a wide range of
circumstances, such as DNA damage or uncontrolled proliferation [72]. As
soon as apoptosis is signaled, changes start to occur within the cell. These
changes include activation of caspases which cleave cellular components
required for normal cellular function such cytoskeletal and nuclear proteins.
Apoptotic cells start to contract and experience alterations to their plasma
membranes as a result of caspase activation, which triggers the macrophage

response [73].

To elucidate the effect of the synthesized compounds on apoptosis
induction, Annexin V-FTIC/7-AAD dual staining assay was conducted for the
most active compounds 5b and 5g on HL-60 cells. As outlined in Figure 21,
upon treating HL-60 cells with compounds 5b and 5g for 12 h and 24 h, both
compounds induced apoptosis by about two folds increase in early apoptosis in
12 h incubation time. Moreover, both compounds demonstrated two folds
increase in the percentage of late apoptosis/necrosis at 24 h incubation time
compared with the control. These findings supported the hypothesis that the

target chemicals primarily influence cancer cells by inducing apoptosis.

12 h

& 3

Porcontage of cells
- B o
3 8 8

o

24 h 5

Figure 21: Apoptosis analysis of 5b and 5g using Annexin V-FITC/7-AAD dual staining
in HL-60 cells.
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1.3.2.3. Cell cycle analysis

Because of mutations that permit cell cycle progression and impede exit,
cancer cells keep dividing. A significant consequence is that all cancers depend
on continuous cell division, and many become increasingly dependent on
remaining cell cycle control mechanisms to prevent the excessive accumulation

and propagation of genome instability [74].

Using flow cytometric analysis on HL-60 cells, the impact of the two
most active drugs, 5b and 5g, on cell cycle distribution was evaluated. Upon
treatment of cells with compounds 5b and 5g for 24 hours, both compounds
showed increase in percentage of cells in G1 phase compared with the control
as depicted in Table 3 and Figure 22. This data revealed that the target

compounds can arrest cell cycle in the G1 phase.

Table 3. Effect of compound 5b and 5g on cell cycle distribution in HL-60 cells.
Cell Cycle Distribution (%)

Sample
2%G0-G1 %S %G2/M
DMSO / HL-60 61 16.7 215
5b/HL-60 68.8 10.3 20.1
5g/HL-60 67.5 15.6 16.7
DMSO 5 56

e DMSO
e 5b

Percentage of cells
»n »
S 8

o

G0/G1 s G2/M

Figure 22: Cell cycle analysis of the HL-60 cells treated with compound 5b and 5g for 24 h

using flow cytometry.
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1.3.2.4. Western blot analysis

| used Swiss target prediction tool [75,76] in order to investigate the
mechanism of action of the synthesized compounds and the most probable
target inside the cells. Swiss target prediction tool showed that ERK1/2 are
among the most probable targets of the synthesized compounds. | measured the
effect of the most active compounds, 5b and 5g, on the phosphorylation of
ERK1/2 in HL-60 cells based on the outcomes of molecular target prediction
using the Swiss target prediction program. Where, HL-60 cells were incubated
with compounds 5b and 5g for 24h, then level of phosphorylated ERK1/2 (p-

ERK1/2) were evaluated using western blot analysis.

According to the findings, which are shown in Figure 23, the target
compounds strongly inhibited ERK1/2 phosphorylation by around 60% and
80% for compounds 5b and 5g, respectively. The cytotoxic activity of
compounds 5b and 5g, induction of apoptosis, and G1 phase cell cycle arrest
appear to be attributed to their effect on ERK1/2 phosphorylation [11,77].

DMSO 5g 5b

P-ERK1/2 | #

B-actin L

Figure 23: Effect of compound 5b and 5g on the immunoblotting of p-ERK1/2 proteins

(normalized to B-actin).
1.3.3. In silico screening studies
1.3.3.1. Molecular docking

Most ERK inhibitors in clinical trials are ATP competitive, inhibiting

ERK1/2 catalytic activity without impairing their phosphorylation by MEK or
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nuclear translocation of p-ERK. The phosphorylation of ERK1/2 by MEK as
well as its catalytic activity can both be inhibited by the specific, potent ERK1/2
inhibitor SCH772984 [11]. As a result, SCH772984 can entirely block MAPK
pathway signaling and overcome emergence of resistance in MAPK pathway.
Crystal structure of ERK2 co-crystallized with SCH772984 revealed that it
binds to altered conformation of ERK2 in which Tyr36 in the glycine-rich loop
(P-loop) becomes tucked under the loop as depicted in Figure 24. Binding of
SCH772984 is hypothesized to be responsible for its ability to block ERK1/2
phosphorylation.

The synthesized compounds were virtually screened within the binding
site of SCH772984 with ERK2 in order to validate the observed action of 5b
and 5g on levels of ERK phosphorylation. From the protein data bank, the
crystal structure of ERK2 co-crystallized with SCH772984 (PDB ID: 6GDM)
was downloaded[11,78]. Using the commercial program Molecular Operating
Environment (MOE 2019), the most active compounds (5b & 5g) were docked
into the reported binding site of SCH772984 with redocking the native ligand
(SCH772984) for validation of the obtained results.

Docking results analysis of the 2D and 3D poses, Figure 24, illustrated
that they were well-fitted on the ERK2 binding site and exhibited optimistic
interactions with the key amino acid residues. The most active compounds 5b
and 5g showed binding to the key amino acids inside the ATP hinge and the
glycine rich loop (P-loop). Compound 5b interacted at the hinge region through
hydrogen binding with Lys114, also it showed hydrogen binding with Lys54
and pi-pi interaction with Tyr36 at the p-loop. In contrast, compound 5g
revealed hydrogen binding with Met108 at the hinge and Lys54 at the p-loop.
Therefore, compounds 5b and 5g illustrated the same binding theme as
SCH772984 and their binding energies scores (-8.8002 Kcal/mol and -8.6110
Kcal/mol respectively) are comparable with that of SCH772984 (-9.8950
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Kcal/mol). The docking study results, and the western blot results support the
hypothesis that the synthesized compounds bind to ERK and block its
phosphorylation.

Figure 24: (a) 3D representation of the docking of 5b in the active site of ERK2 (PDB ID:
6GDM); (b) 3D representation of the docking of 5g in the active site of ERK2 (PDB ID:
6GDM); and (c) 3D representation of the docking of SCH772984 in the active site of ERK2
(PDB ID: 6GDM).
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1.3.3.2. In silico prediction of physicochemical and pharmacokinetic

properties

In the field of medicinal chemistry and drug discovery, appropriate
pharmacokinetics properties are very significant as efficacy and safety. Due to
their improper pharmacokinetics, many potent compounds fail to be drugs. In
the current study, SwissADME website (http://www.swissadme.ch/index.php)
was utilized for prediction of the physicochemical and pharmacokinetic
properties of the synthesized compounds (5a-h) in comparison to sunitinib. For
a drug to be given orally, gastrointestinal absorption is critical pharmacokinetic
behavior. As most patients prefer the oral route, therefore, estimation of
gastrointestinal absorption is crucial in drug discovery processes.

The Brain Or IntestinaL EstimateD permeation method (BOILED-EgQ)
for estimating brain or intestinal permeation is a reliable predictor of both
gastrointestinal absorption and brain permeation. BOILED Egg is a plot of
polarity expressed in TPSA versus lipophilicity expressed in WLOGP. The
yellow region (yolk) of the BOILED Egg plot represents the physicochemical
space of compounds with highest opportunity for BBB permeability, while the
white region (egg) represents the physicochemical space of compounds with
highest probability of being passively absorbed by the gastrointestinal tract.
The bioavailability radar is another model for rapid estimation of drug-likeness
Is which is a plot of six different physicochemical properties namely, size
(SIZE), polarity (POLAR), lipophilicity (LIPO), solubility (INSOLU),
flexibility (FLEX), and saturation (INSATU). The optimal range of each
property is shown by the central pink hexagon (SIZE: MW between 150 and
500 g/mol, lipophilicity: XLOGP3 between —0.7 and +5.0, polarity: TPSA
between 20 and 130A2, solubility: log S not higher than 6, saturation: fraction
of carbons in the sp® hybridization not less than 0.25, and flexibility: no more
than 9 rotatable bonds [79,80].
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These calculations demonstrated that the target compounds 5a-h have
favorable parameters as compared to sunitinib which are presented in Table 6.
As depicted in table 6, BOILED egg model Figure 25 and bioavailability radar
Figure 26, all target compounds were predicted to have high GI absorption as
sunitinib. All target compounds obeyed Lipinski rule without deviation and had
reasonable polarity (TPSA 78.51-108.05 A?) and credible molecular masses
(below 500 g/mol). Only compound 5b is predicted to pass through BBB but it
Is predicted be effluated outside of CNS by P-glycoprotein. Therefore, the

synthesized compounds are promising anticancer lead compounds with
favorable pharmacokinetic properties.

Table 4. Physicochemical properties of the synthesized compounds 5a-h compared to
sunitinib.

5a 5b 5c 5d S5e 5f 5g 5h sunitinib
Mwt 377.44 405.49 389.45 391.42 418.49 432.47 490.55 468.51 398.47
Fraction Csp3 0.23 0.29 0.26 0.23 0.29 0.25 0.33 0.19 0.36
E;‘:;‘smtatab'e 8 10 6 6 7 7 9 7 8
ot T B R R
Z‘::;'r:"bmd 2 2 2 2 2 2 2 2 3
Molar Refractivity 113.01 122.63 119.62 115.90 131.24 131.44 147.37 142.26 116.31
TPSA 78.51 78.51 78.51 87.74 81.75 98.82 108.05 107.53 77.23
Log P 2.25 2.61 3.05 2.75 3.24 2.82 3.57 2.83 3.55
Gl absorption High High High High High High High High High
BBB penetration No Yes No No No No No No Yes
Lipinski violation 0 0 0 0 0 0 0 0 0
Bioavailability score 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
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WLOGP
[ Actions ]
i Show Molecules Name
f
5 BEB
HIA
4 o PGP+
@ 0 PGP—
3 s € [ _____Remarks ]
Osa a
) 8 o Man
1 o0 0 sh
e gy
o
-1
-2
-3
- 0 20 40 B0 a0 100 120 140 160 180 TPSA
Figure 25: BOILED-Egg depiction of the synthesized compounds and sunitinib
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Figure 26: Bioavailability radar of compounds 5b,5g versus sunitinib.
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Chapter (2)

5-chlorosalicylamide & 2-amino-5-phenyl-
thiophen-3-carboxamide derivatives

2.1. Introduction

The fascinating bioactivity of 5-chlorosalicylamide derivatives was
investigated, including antiviral, antibacterial, and anticancer activity. In order
to treat human and animal tapeworm infections, niclosamide, a 5-
chlorosalicylamide derivative, was first approved as an anthelmintic drug. It
does this by interfering with mitochondrial metabolism [81] and oxidative
phosphorylation uncoupling [82]. Studies in recent years have shown that
niclosamide has anticancer properties against leukemia [83], breast cancer [84],
and colorectal cancer [85]. Along with preventing mitochondrial uncoupling,
niclosamide also interferes with numerous signaling pathways, including the
Whnt/-catenin, mMTORC1, STAT3, and NF-kB pathways [86]. In addition,
niclosamide was reported to be effective in treatment of idiopathic pulmonary
fibrosis (IPF) where, it ameliorated lung function and histopathological
changes in bleomycin-challenged mice. Niclosamide blocked PISK-mTORC1
signaling and halted the cell cycle to stop in vitro uncontrolled fibroblast
growth. Furthermore, TGF-B-induced epithelial-mesenchymal transition
(EMT) and ECM accumulation were reduced by niclosamide viathe mTORC1-
4EBP1 axis [87].

2-amino-5-phenylthiophen-3-carboxamide derivatives were reported to
be effective against mycobacterium tuberculosis [88]. Moreover, 2-amino-5-
phenylthiophen-3-carboxamide derivatives were found to be effective as IKK[3
inhibitors. The inhibitor kappa B kinase B (IKKp) is a serine-threonine protein

kinase that is critically involved in the activation of the transcription factor
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nuclear factor kappa B (NF-kB) in response to various inflammatory stimuli
[89]. Nuclear Factor kappa B (NF-xB) is a pleiotropic transcription factor
which regulates a set of genes responsible for both innate and adaptive immune
responses [90,91]. Apart from its’ vital role in immune modulation, NF-kB
contributes a critical role in pathogenesis of many lung diseases including

pulmonary fibrosis [92-94].

Motivated by the promising effects of 5-salicylamide derivatives and 2-
amino-5-phenylthiophen-3-carboxamide on profibrogenic mediators, we
attempted to design and synthesize new derivatives and determine their activity

against collagen production and fibrosis.

2.2. Results and Discussion
2.2.1. Chemistry

Four 5-chlorosalicylamide derivatives were synthesized according as
depicted in scheme 2 through reaction of 5-chlorosalicylic acid 6 with
substituted aniline 7 in super dehydrated toluene in presence of phosphorus
trichloride to give compounds 8a-d. All compounds were purified using
column chromatography then their structures were confirmed using NMR and

mass spectroscopy.

OH O OH O =z |
o [ P A
+ Z Tol ; H
H,N oluene, reflux, overnight
6 7 8a-d
8a: R=3,5-Cl
8b: R=4-CF;

8c: R= 2,6-C1-4-CF,
8d: R= 3,5-C1-4-CH,

Scheme 2. Synthesis of the target compounds 8a-d
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Synthesis of 2-amino-5-phenylthiophen-3-carboxamide derivatives
started with formation of thiophene ring through Gewald reaction by
condensation of phenylacetaldehyde with a-cyanoacetamide in presence of
elemental sulfur and morpholine. The formed 2-aminothiopene intermediate 11
was reacted with benzoyl chloride to give the amide derivative 13 in good yield.
Moreover, urea derivatives 17a,b were obtained via treatment of benzylamine
or 2-aminomethylpyridine with the reactive phenyl carbamate 15 in super
dehydrated DMSO. The phenyl carbamate intermediate 15 was synthesized
through reaction of phenyl chloroformate with compound 11 in super
dehydrated THF in presence of pyridine. Structure of the synthesized

compounds were confirmed via NMR and mass spectroscopy.

o)
NH,

/\)I\ Sulfur, morpholine I \ NH,

Ethanol, 8 hrs, r.t.

()

%9

NH, NH,
Pyridine ’ \ NH
Dichloromethane >_®
4h, r.t. (o}
1 13
o
o NH;
NH,
N\
\ Pyrldme THF I NH
/ NH, )
12 hrs, r.t. fo) @
15
1 14

NH, o

\ NH X DMSO

5 hrs, r.t.

%Yo
(@)
o
+
I
N
z
/N
Z
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I

N

NH
}—NH N—
o
)
16
15 17a: X=CH

X=CH,N 17b: X=N

Scheme 3. Synthesis of the target compounds 13 and 17a,b
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2.2.2. Biology

All synthesized compounds (8a-d, 13 and 17a,b) were subjected for
screening of antifibrosis activity through determination of effect on collagen
production in human dermal fibroblasts stimulated with transforming growth
factor-beta (TGF-pB). The assay was held in comparison to DMSO as a negative
control and HPH-15 as a positive control. HPH-15 is a promising compound
developed by our group and reported to be effective in inhibition of skin fibrosis
[37].

As depicted in Figure 24, the salicylamide derivatives 8a-d revealed
strong inhibitory effect on collagen production even more effective than HPH-
15. But unfortunately, compounds 8a-d demonstrated cytotoxic activity on the
tested dermal fibroblasts. While 2-amino-5-phenylthiophen-3-carboxamide
derivatives showed comparable activity to HPH-15 especially compound 17b

with 2-pyridylmethylurea moiety.
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O+ HPH1S  Sa 3 17= 17b

Figure 24: Effect of compounds 8a-d, 13 and 17a,b on production of collagen in
human dermal fibroblasts.

Relative collagen production
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Chapter (3)
Summary and Perspective

3.1 Summary

In the present thesis, a series of novel compounds based on iastin, 5-
chlorosalicylic acid and 2-amino-5-phenylthiophen-3-carboxamide scaffolds

were synthesized and evaluated for their anticancer and antifibrosis activity.

In chapter 1, depending on the anticancer activity of isatin-based
derivatives and a,B-unsaturated ketone moiety containing compounds, novel
isatin derivatives containing o,B-unsaturated ketone moiety (5a-h) were
synthesized. The compounds were submitted for screening of their cytotoxic
activities against wide array of cancer cell lines in NCI. In the primary in vitro
one dose antiproliferative assay compounds 5a-h revealed potent cytotoxic
activity against several cancer cell lines especially leukemia. Subsequently, the
compounds were screened in 5 doses against HL-60 cell line and compounds
5a-h depicted promising cytotoxic activity with I1Csy values (0.38-2.57 uM).
Intriguingly, an impressive safety profile for 5b was reflected by a 37.2 times
selectivity against HL-60 over PBMC. The effect of the most potent compounds
5b and 5g on apoptosis induction and cell cycle progression in HL-60 cells was
evaluated. Both compounds induced apoptosis and demonstrated the ability to
arrest cell cycle progression in G1 phase. Furtherly, the mechanism of action
of compounds 5b and 5g was investigated in HL-60 cells. Compounds 5b and
5g was found to inhibit ERK1/2 phosphorylation and thus may be responsible
for its effect on apoptosis and cell cycle progression. Concomitantly, in silico
screening of 5b and 5g inside the active site of ERK2 (PDB ID: 6GDM)
illustrated optimistic interactions with the key amino acid residues and
comparable binding energy scores to the potent ERK1/2 inhibitor SCH772984
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(native ligand). In addition, In silico calculation of pharmacokinetics and
physicochemical properties revealed that the synthesized compounds possess
good oral absorption and bioavailability. In conclusion, the synthesized
compounds are stand out as strong chemotherapeutic agents that hold a clinical

promise against several cancers especially acute myeloid leukemia

In chapter 2, 5-chlorosalicylamide and 2-amino-5-phenylthiophen-3-
carboxamide derivatives were reported to have effect on the fibrogenic
mediators such as NF-kB. Therefore, some 5-chlorosalicylamide and 2-amino-
5-phenylthiophen-3-carboxamide derivatives were synthesized and their
structures were confirmed by NMR and HRMS. The synthesized compounds
were subjected for screening of antifibrosis through detection of their effect on
collagen production in normal human dermal fibroblasts cells line. The
antifibrosis assay was carried out in comparison to HPH-15 which is reported
to has good antifibrosis activity on skin fibrosis. Collagen production was
induced by addition of TGF-f to cells. 5-chlorosalicylamide derivatives
showed strong collagen production inhibition but demonstrated cytotoxicity to
the used fibroblasts. While 2-amino-5-phenylthiophen-3-carboxamide
derivatives, particularly 17-b showed optimistic collagen production inhibitory

activity which was comparable to HPH-15.

3.2 Perspective

Based on the obtained optimistic anticancer results of the synthesized
isatin derivatives, we will continue synthesis of new isatin derivatives with
different substitutions in order to reach to more potent compounds. The
synthesized compounds will be screened against different cancer cell lines and

the mechanism of action will be extensively investigated.

46



Summary and Perspective

In addition, we will continue synthesis of new 2-amino-5-
phenylthiophen-3-carboxamide derivatives. The synthesized compounds will

be subjected for extensive antifibrosis studies and mechanistic elucidation.
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Materials and Methods

General methods for synthesis

Chemistry

All glassware was oven-dried prior to use. Commercially available
reagent-grade chemicals were used without further purification. The chemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA), Kanto Chemical
(Tokyo, Japan), Nacalai Tesque (Kyoto, Japan), Tokyo Chemical Industry
(Tokyo, Japan), and FUJIFILM Wako (Osaka, Japan). The commercially
available reagent-grade chemicals were used without further purification. The
reaction progress was monitored by thin-layer chromatography (TLC) on TLC
silica gel 60 F254 aluminum sheets (Merck, Darmstadt, Germany). The flash
column chromatography was performed on Silica Gel 60N (40-100 mesh,
Kanto Chemical). *H-NMR and 3C-NMR spectra were recorded on a Bruker
Avance 600 spectrometer (600 MHz) (Billerica, MA, USA). Mass
spectrometry (MS) and high-resolution mass spectrometry (HRMS) data were
recorded on a JEOL (Tokyo, Japan) JEOL JMS-700MStation using positive
fast atom bombardment (FAB) technique with 3-nitrobenzyl alcohol as the

matrix. Compound 11 was synthesized according to [88]
Synthesis of (E)-3-(2-(4-aminophenyl)-2-oxoethylidene)indolin-2-one (3b):

To asolution of 1 (3 g, 10 mmol, 1 equiv) in ethanol (20 mL), equivalent
amount of p-aminoacetophenone 2 (2.75 g ,10 mmol, 1 equiv) and diethylamine
(2 mL) were added. The mixture was stirred at room temperature overnight.
The white precipitate formed was filtered and washed with ethanol and water.
The obtained crude product was dissolved in ethanol (30 mL), conc. HCI (1
mL) was added, then the mixture was refluxed for 2 h. The mixture was cooled

and poured to ice water. The reddish precipitate formed was collected by
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filtration, washed with water. The crude product was purified was purified
using column chromatography using hexane/ethyl acetate (1:1) as mobile

phase.

Yield: 83%; reddish powder; *H-NMR (600 MHz, DMSO-dg) & 10.71 (s,
1H), 7.88 (d, J = 7.6 Hz, 1H), 7.81 — 7.77 (m, 2H), 7.61 (s, 1H), 7.29 (td, J =
7.7,1.2 Hz, 1H),6.91 (td, J=7.6, 1.0 Hz, 1H), 6.88 — 6.84 (m, 1H), 6.65 — 6.61
(m, 2H), 6.39 (s, 2H). ¥*C-NMR (150 MHz, DMSO-ds) & 187.97, 168.37,
154.79, 144.17, 134.08, 131.87, 131.36, 128.17, 126.35, 124.70, 121.53,
120.26, 112.95, 110.10.

Synthesis of (E)-2-chloro-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)phenyl)

acetamide (4):

Chloroacetyl chloride (0.85 g, 7.5 mmol, 1 equiv) was added dropwise
to a solution of 3b (2g, 7.5 mmol, 1 equiv) and DIPEA (2 ml, 11.25 mmol, 1.5
equiv) in tetrahydrofurane (30 mL) at 0 °C. The mixture was stirred for 20
minutes at 0 °C and at room temperature for further 3 h. The reaction mixture
was poured to ice water and the reddish precipitated formed was collected by
filtration. The crude product was washed with hydrochloric acid (1M), then
water. The crude product was purified by column chromatography using n-

hexane/ethyl acetate (1:1) as mobile phase.

Yield: 72%; reddish powder; *H-NMR (600 MHz, DMSO-dg) & 10.79
(s, 1H), 10.74 (s, 1H), 8.14-8.05 (m, 2H), 8.11-8.08 (m, 2H), 7.99 (d, J = 7.7
Hz, 1H), 7.99 (d, J = 7.7 Hz, 1H), 7.88 — 7.77 (m, 2H), 7.83 — 7.80 (m, 2H),
7.71 (s, 1H), 7.71 (s, 1H), 7.34 (td, J = 7.7, 1.2 Hz, 1H), 7.34 (td, J = 7.7, 1.2
Hz, 1H), 6.95 (td, J = 7.7, 1.0 Hz, 1H), 6.95 (td, J = 7.7, 1.0 Hz, 1H), 6.91 —
6.87 (m, 1H), 6.90 — 6.88 (m, 1H), 4.33 (s, 2H). *C-NMR (150 MHz, DMSO-
ds) 0 189.77, 168.19, 165.32, 144.77, 143.59, 135.98, 132.70, 132.29, 130.13,
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126.63, 126.22, 121.69, 119.99, 119.02, 110.31, 43.58. MS (FAB) m/z 378.3
(M+H)" ; HRMS (FAB) Calcd. for C1sH14N205Cl: 341.0693, Found: 341.0707.

General procedure for synthesis of 5a-h:

Compound 4 (100 mg, 0.29 mmol, 1 equiv) with few crystals of
potassium idide was dissolved in DMF (2 mL). The corresponding secondary
amine (3.0 equiv) was added dropwise. The reaction mixture was stirred at
room temperature for about 3 h. After the reaction monitored by TLC was over,
brine was added to the reaction mixture under stirring, and the suspended
mixture was filtered, washed with water. The crude residue was purified by

column chromatography on silica gel to obtain the final products.

(E)-2-(diethylamino)-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)phenyl)

acetamide (5a)

Mobile phase dichloromethane/methanol (99:1). Yield: 61%; reddish
powder; *H-NMR (600 MHz, DMSO-ds) & 10.78 (s, 1H), 10.06 (s, 1H), 8.08—
8.04 (m, 2H), 7.97 (d, J = 7.8 Hz, 1H), 7.91-7.86 (m, 2H), 7.70 (s, 1H), 7.33
(td,J=7.7,1.2Hz, 1H), 6.94 (td, J = 7.7, 1.0 Hz, 1H), 6.88 (d, J = 7.7 Hz, 1H),
3.22 (s, 2H), 2.61 (g, J = 7.1 Hz, 4H), 1.02 (t, J = 7.1 Hz, 6H).2*C-NMR
(150MHz, DMSO-de) & 189.79, 170.75, 168.22, 144.71, 143.62, 135.85,
132.66, 131.91, 130.00, 126.58, 126.41, 121.70, 119.99, 118.98, 110.32, 57.38,
47.75, 11.88. MS (FAB) m/z 378.3 (M + H)* ; HRMS (FAB) Calcd. for
C22H24N303: 378.1818. Found: 378.18009.

(E)-2-(dipropylamino)-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)phenyl)
acetamide (5b)

Mobile phase dichloromethane/methanol (99:1). Yield: 63 %; reddish
powder; *H-NMR (600 MHz, DMSO-dg) 6 10.79 (s, 1H), 10.00 (s, 1H), 8.09—
8.04 (m, 2H), 7.99 (dd, J = 7.8, 0.5 Hz, 1H), 7.87-7.84 (m, 2H), 7.71 (s, 1H),
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7.34 (td,J=7.7,1.2 Hz, 1H), 6.95 (td, J = 7.7, 1.1 Hz, 1H), 6.90-6.87 (m, 1H),
3.25 (s, 2H), 1.48-1.43 (m, 4H), 0.87 (t, J = 7.4 Hz, 6H). 1*C-NMR (150 MHz,
DMSO-dg) 6 189.72, 170.60, 168.19, 144.75, 143.54, 135.89, 132.66, 131.93,
130.09, 126.61, 126.34, 121.67, 120.01, 118.76, 110.29, 58.38, 56.39, 19.85,
11.71. MS (FAB) m/z 406.4 (M+H)"; HRMS (FAB) Calcd. for C,4H2sN30s:
406.2131. Found: 406.2132.

(E)-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)phenyl)-2-(piperidin-1-yl)

acetamide (5¢)

Mobile phase dichloromethane/methanol (98:2). Yield: 57 %; reddish
powder; H-NMR (600 MHz, DMSO) § 10.79 (s, 1H), 10.12 (s, 1H), 8.07 (d, J
= 8.7 Hz, 2H), 7.99 (d, J = 7.7 Hz, 1H), 7.88 (d, J = 8.7 Hz, 2H), 7.71 (s, 1H),
7.34 (t,J = 7.6 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 6.89 (d, J = 7.8 Hz, 1H), 3.13
(s, 2H), 2.47 (s, 4H), 1.56 (dd, J = 10.7, 5.3 Hz, 4H), 1.40 (s, 2H).3C-NMR
(150 MHz, DMSO) 6 189.74, 169.41, 168.20, 144.75, 143.81, 135.88, 132.64,
131.88, 129.99, 126.62, 126.36, 121.67, 120.01, 118.98, 110.30, 62.65, 54.00,
25.40, 23.50. MS (FAB) m/z 390.3 (M+H)* ; HRMS (FAB) Calcd. for
Ca3H23N303: 390.1818. Found: 390.1825.

(E)-2-morpholino-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)phenyl)
acetamide (5d)

Mobile phase dichloromethane/methanol (98:2). Yield: 64%; reddish
powder; *H-NMR (600 MHz, DMSO-ds) 6 10.77 (s, 1H), 10.18 (s, 1H), 8.08—
8.03 (m, 2H), 7.97 (d, J = 7.7 Hz, 1H), 7.88-7.84 (m, 2H), 7.70 (s, 1H), 7.33
(td, J =7.7,1.2 Hz, 1H), 6.94 (td, J = 7.7, 1.1 Hz, 1H), 6.90 — 6.87 (m, 1H),
3.65-3.62 (m, 4H), 3.19 (s, 2H), 2.53-2.51 (m, 4H). ¥C-NMR (150 MHz,
DMSO-ds) 6 189.78, 168.92, 168.21, 144.72, 143.81, 135.86, 132.66, 131.91,
129.98, 126.59, 126.38, 121.69, 120.00, 119.06, 110.31, 66.05, 62.02, 53.09.
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MS (FAB) m/z 392.1 (M+ H)* ; HRMS (FAB) Calcd. for CaHzN3Ou:
392.1610. Found: 392.1589.

(E)-2-(4-ethylpiperazin-1-yl)-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)
phenyl)acetamide (5e)

Mobile phase dichloromethane/methanol (95:5). Yield: 62%; reddish
powder; *H-NMR (600 MHz, DMSO-ds) 6 10.81 (s, 1H), 10.16 (s, 1H), 8.10—
8.05 (m, 2H), 8.04-8.00 (m, 1H), 7.89-7.86 (m, 2H), 7.72 (s, 1H), 7.34 (td, J =
7.7, 1.2 Hz, 1H), 6.96 (td, J = 7.7, 1.1 Hz, 1H), 6.92 — 6.89 (m, 1H), 3.58 (s,
4H), 3.20 (s, 2H), 2.57 (s, 4H), 2.40 (d, J = 7.2 Hz, 2H), 1.01 (t, J = 7.2 Hz,
3H). BC-NMR (150 MHz, DMSO-ds) & 189.68, 169.03, 168.22, 144.74,
143.78, 135.93, 132.65, 131.92, 129.98, 126.65, 126.26, 121.67, 120.01,
118.98, 110.29, 61.66, 52.41, 51.99, 51.47, 11.67. MS (FAB) m/z 419.2
(M+H)*; HRMS (FAB) Calcd. for Cy4H27N4O3: 419.2083. Found: 419.2076.

(E)-2-(4-acetylpiperazin-1-yl)-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)
phenyl)acetamide (5f)

Mobile phase dichloromethane/methanol (97:3). Yield: 60%; white
solid; *H-NMR (600 MHz, DMSO-ds) & 10.79 (s, 1H), 10.23 (s, 1H), 8.07 (d,
J=8.8Hz, 2H), 7.99 (d, J = 7.7 Hz, 1H), 7.88 (d, J = 8.8 Hz, 2H), 7.71 (s, 1H),
7.34 (td, J=7.7, 1.0 Hz, 1H), 6.95 (td, J = 7.7, 0.7 Hz, 1H), 6.89 (d, J = 7.8 Hz,
1H), 3.50 (d, J = 4.3 Hz, 4H), 3.26 (s, 2H), 2.56 (s, 2H), 2.50 (s, 2H), 2.00 (s,
3H). ¥C-NMR (150 MHz, DMSO-ds) & 189.75, 168.20, 168.12, 144.75,
143.81, 135.89, 132.66, 131.93, 129.99, 126.62, 126.34, 121.68, 120.01,
119.06, 110.30, 61.36, 52.74, 52.31, 45.50, 40.67, 21.13. MS (FAB) m/z 433.1
(M+ H)"; HRMS (FAB) Calcd. for Cy4H2sN4O4: 433.1876. Found: 433.1890.
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Tert-butyl  (E)-4-(2-ox0-2-((4-(2-(2-oxoindolin-3-ylidene)acetyl)phenyl)
amino)ethyl) piperazine-1-carboxylate (59)

Mobile phase dichloromethane/methanol (99:1). Yield: 67%; reddish
powder; tH-NMR (600 MHz, CDCl3) § 9.33 (s, 1H), 8.29 (d, J = 7.6 Hz, 1H),
8.23 (s, 1H), 8.14-8.10 (m, 2H), 7.84 (s, 1H), 7.75-7.72 (m, 2H), 7.31 (td, J =
7.7, 1.2 Hz, 1H), 7.01 (td, J = 7.7, 0.9 Hz, 1H), 6.86 (d, J = 7.7 Hz, 1H), 3.54
(s, 4H), 3.20 (s, 2H), 2.60 (s, 4H), 1.48 (s, 9H).13C-NMR (150 MHz, CDCls) &
189.58, 169.30, 168.42, 154.63, 143.25, 142.40, 136.49, 133.43, 132.64,
130.46, 128.06, 126.47, 122.87, 120.76, 118.98, 110.08, 80.21, 62.14, 53.34,
28.41. MS (FAB) m/z 491.2 (M+H)*; HRMS (FAB) Calcd. for C;7H31N4Os:
491.2294. Found: 491.2266.

(E)-N-(4-(2-(2-oxoindolin-3-ylidene)acetyl)phenyl)-2-(4-(pyrimidin-2-yl)
piperazin-1-yl)acetamide (5h)

Mobile phase dichloromethane/methanol (99:1). Yield: 61%; reddish
powder;*H-NMR (600 MHz, DMSO-ds) 6 10.78 (s, 1H), 10.23 (s, 1H), 8.36 (d,
J = 4.7 Hz, 2H), 8.10-8.03 (m, 2H), 7.98 (dd, J = 7.7, 0.6 Hz, 1H), 7.91-7.85
(m, 2H), 7.70 (s, 1H), 7.33 (td, J = 7.7, 1.2 Hz, 1H), 6.95 (td, J = 7.6, 1.0 Hz,
1H), 6.90 — 6.86 (m, 1H), 6.63 (t, J = 4.7 Hz, 1H), 3.84 — 3.78 (m, 4H), 3.25 (s,
2H), 2.62 — 2.57 (m, 4H).2*C-NMR 3C NMR (150 MHz, DMSO-d¢) & 189.78,
169.04, 168.20, 161.21, 157.89, 144.74, 143.85, 135.87, 132.65, 131.92,
130.00, 126.60, 126.39, 121.68, 120.01, 119.07, 110.30, 110.09, 61.70, 52.41,
43.21. MS (FAB) m/z 469.2 (M+H)* ; HRMS (FAB) Calcd. for CzsH25NgOs:
469.2006. Found: 469.2639.

General method for synthesis of compound 8a-d

A mixture of 5-chlorosalicylic acid 6 (173mg, | mmol, 1 equiv),
substituted aniline 7 (I mmol, 1 equiv), and phosphorus trichloride (44 uL,

0.5mmol) in toluene (5mL) was refluxed overnight under argon atmosphere.
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The reaction mixture was cooled then evaporated under vacuum. The residue
was dissolved in ethyl acetate (50 ml) then washed with sodium bicarbonate
10% (30 ml), then 1N HCI (30 ml) and finally brine (30 ml). The organic layer
was dried over anhydrous sodium sulfate, then evaporated under vacuum. The
obtained residue was purified using column chromatography on silica gel (n-

hexane/ethyl acetate: 2/) to give the title compound.
5-chloro-N-(3,5-dichlorophenyl)-2-hydroxybenzamide (8a)

Yield: 56%, white powder, *H-NMR (600 MHz, DMSO-ds) & 11.48 (s,
1H), 10.58 (s, 1H), 7.84 (dd, J = 2.2, 1.3 Hz, 3H), 7.48 (dd, J = 8.8, 2.7 Hz,
1H), 7.37 (t, J = 1.8 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H). *C NMR (150 MHz,
DMSO-ds) & 165.07, 156.17, 140.60, 134.03, 133.09, 128.55, 123.28, 122.78,
120.26, 118.99, 118.63. MS (FAB) m/z 316 (M+H)".

5-chloro-2-hydroxy-N-(4-(trifluoromethyl)phenyl)benzamide (8b)

Yield: 58%, white powder, tH-NMR (600 MHz, DMSO-dg) & 11.60 (s,
1H), 10.66 (s, 1H), 7.95 (d, J = 8.5 Hz, 2H), 7.90 (d, J = 2.7 Hz, 1H), 7.75 (d,
J =8.5Hz, 2H), 7.49 (dd, J = 8.8, 2.7 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H). 3C-
NMR (151 MHz, DMSO- dg) 6 165.07, 156.28, 141.82, 133.05, 128.60, 126.02
(9, J=3.7Hz), 125.19, 123.40, 122.80, 120.46, 120.27, 119.00. MS (FAB) m/z
316 (M+H)*.
5-chloro-N-(2,6-dichloro-4-(trifluoromethyl)phenyl)-2-hydroxybenzamide
(8c)

Yield: 43%, white powder, *H-NMR (600 MHz, CDCl3) 6 11.30 (s, 1H),
7.75 (s, 1H), 7.71 (s, 2H), 7.63 (d, J = 2.5 Hz, 1H), 7.46 (dd, J = 8.9, 2.5 Hz,
1H), 7.02 (d, J=8.9 Hz, 1H). ¥C-NMR (150 MHz, CDCl;) & 167.34,
160.47,135.47, 134.35, 131.43, 125.85, 125.78 (g, J = 3.7 Hz), 124.10, 123.25,
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121.44, 120.56, 114.35. MS (FAB) m/z 384.2 (M+H)* ; HRMS (FAB) Calcd.
for C1aHsNO,Cl3F5: 383.9573. Found: 383.9595.

5-chloro-N-(3,5-dichloro-4-methylphenyl)-2-hydroxybenzamide (8d)

Yield: 52%, white powder, *H-NMR (600 MHz, DMSO- dg) 5 11.56 (s,
1H), 10.51 (s, 1H), 7.90 — 7.82 (m, 3H), 7.48 (dd, J = 8.8, 2.7 Hz, 1H), 7.03 (d,
J = 8.8 Hz, 1H), 2.39 (s, 3H). 3C NMR (150 MHz, DMSO- dg) & 165.07,
156.40, 137.50, 134.23, 133.11, 128.74, 128.45, 122.73, 119.97, 119.58,
119.04, 16.60. *C NMR (150 MHz, DMSO) § 165.07, 156.40, 137.50, 134.23,
133.11, 128.74, 128.45, 122.73, 119.97, 119.58, 119.04, 16.60. MS (FAB) m/z
329 (M+H)*; HRMS (FAB) Calcd. for CiH1oNO,Cls: 328.9777. Found:
328.9710.

Synthesis of 2-benzamido-5-phenylthiophene-3-carboxamide (13)

Benzoyl chloride 12 (1.5 equiv) was added to a solution of 11 (200 mg,
1 equiv) and pyridine (3 equiv) in THF (5 ml) at 0 °C. The reaction mixture was
stirred at room temperature for 6 hrs. Ethyl acetate (30 ml) was added to the
reaction mixture then extracted with sodium bicarbonate (30 ml), then brine (30
ml). The organic layer was dried using anhydrous sodium sulfate then
evaporated under vacuum. The residue was dissolved in 5 ml ethyl acetate then
diethyl ether (10 ml) was added, and the resulting powder was filtered and
washed with diethyl ether (20 ml).

Yield: 74%, white powder, H-NMR (600 MHz, DMSO-dg) § 13.46 (s,
1H), 8.11 (s, 1H), 7.97 (s, 2H), 7.95 (d, J = 1.4 Hz, 1H), 7.77 (s, 1H), 7.73 —
7.70 (m, 1H), 7.67 — 7.62 (M, 4H), 7.48 — 7.45 (m, 2H), 7.35 — 7.32 (m, 1H).
B3C-NMR (150 MHz, DMSO-dg) § 167.23, 162.52, 145.50, 133.53, 132.83,
132.28, 131.92, 129.26, 127.42, 127.05, 124.79, 121.22, 119.53, 116.63. MS
(FAB) m/z 323 (M+H)".
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Synthesis of phenyl (3-carbamoyl-5-phenylthiophen-2-yl)carbamate (15)

Phenyl chloroformate (0.5 ml, 3.95 mmol, 1.1 equiv) was added
dropwise to a solution of 11 (0.784 g, 3.59 mmol, 1 equiv) and pyridine (0.36
ml, 3.95 mmol, 4.48 equiv) in THF (15 ml) at 0°C under argon atmosphere. The
reaction mixture was stirred for 15 minutes at 0°C and for further 1.5 h at room
temperature. Water (50 ml) was added to the reaction mixture and the resulting
turbid solution was extracted 3 times with ethyl acetate (30 ml). The combined
organic layers were washed with brine then dried over anhydrous sodium
sulfate and evaporated under vacuum. The residue was purified using column

chromatography and dichloromethane/methanol (19:1) as mobile phase.

Yield: 91%; Pale yellow powder; *H-NMR (600 MHz, DMSO-dg) &
11.99 (s, 1H), 8.03 (s, 1H), 7.91 (s, 1H), 7.76 (s, 1H), 7.59 — 7.55 (m, 2H), 7.48
—7.42 (m, 4H), 7.34—7.29 (m, 4H). 3C-NMR (150 MHz, DMSO-ds) & 166.84,
150.18, 146.28, 133.30, 131.82, 129.54, 129.33, 129.22, 127.42, 126.09,
124.64, 121.66, 115.93, 115.22. MS (FAB) m/z 338.1 (M+H)*; HRMS (FAB)
Calcd. for C15H14N205S: 338.0725. Found: 338.0725.

General procedure for synthesis of compounds 17a,b

The respective amine 16 (1.48 mmol, 2.5 equiv) was added to a solution
of 15 (0.2 g, 0.59 mmol, 1 equiv) in DMSO (2 ml) at room temperature for 6h.
Water (30 ml) was added to the reaction and the resulting turbid solution was
extracted three times with ethyl acetate (20 ml). The combined organic layers
were washed with brine then dried over anhydrous sodium sulfate and
evaporated under vacuum. The residue was purified using column

chromatography and dichloromethane/methanol (18:2) as mobile phase.
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2-(3-benzylureido)-5-phenylthiophene-3-carboxamide (17a)

Yield: 61%; Pale yellow powder; *H-NMR (600 MHz, DMSO- ds) 6
11.20 (s, 1H), 8.43 (s, 1H), 7.78 (s, 1H), 7.76 (s, 1H), 7.53 (d, J = 7.0 Hz, 2H),
7.41 —7.25 (m, 10H), 4.32 (d, J = 4.5 Hz, 2H). *C NMR (150 MHz, DMSO-
ds) 0 166.86, 153.66, 148.64, 139.62, 134.06, 129.52, 129.06, 128.31, 127.25,
126.84, 126.68, 124.29, 119.48, 113.12, 43.13, 43.07. MS (FAB) m/z 352
(M+H)*.

5-phenyl-2-(3-(pyridin-2-ylmethyl)ureido)thiophene-3-carboxamide (17b)

Yield: 65%; Pale yellow powder; *H-NMR (600 MHz, DMSO-dg) &
11.26 (s, 1H), 8.61 — 8.44 (m, 2H), 7.82 — 7.70 (m, 3H), 7.55 — 7.49 (m, 2H),
7.42 —7.33 (m, 4H), 7.30 — 7.22 (m, 2H), 4.42 (d, J = 5.9 Hz, 2H, *C-NMR
(150 MHz, DMSO) 6 166.83, 158.81, 153.80, 148.87, 148.59, 136.74, 134.06,
129.57, 129.07, 126.69, 124.29, 122.12, 120.99, 119.43, 113.21, 45.05. MS
(FAB) m/z 375.1 (M+Na)*"; HRMS (FAB) Calcd. for CisHi1sN4O.SNa:
375.0892. Found: 375.0880.

Biology

a) Evaluation of in vitro antiproliferative activity for compounds by NCI

The methodology of the NCI anticancer screening has been described in
detail elsewhere (http://www.dtp.nci.nih.gov). Primary anticancer assay was
performed at approximately 60 human tumor cell lines panel derived from nine
neoplastic diseases, in accordance with the protocol of the Drug Evaluation
Branch, National Cancer Institute, Bethesda, USA [69].

b) Evaluation of antiproliferative activity for compounds against HL-60

The synthesized compounds and staurosporine (AdipoGen Life
Sciences, San Diego, CA, USA) were dissolved in dimethyl sulfoxide (DMSO)
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(FUJIFILM-Wako, Osaka, Japan), and the solution was added to the cell-
culture medium at a 1:100 volume. The human promyelocytic leukemia cells
line HL-60 (provided by the RIKEN BRC through the National Bio-Resource
Project of the MEXT/AMED, Japan (RCB0041 and RCB1904)) was
maintained in RPMI-1640 supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Capricorn Scientific, Ebsdorfergrund, Germany), 89
ug/mL of streptomycin (Meiji Seika Pharma, Tokyo, Japan), and 2.0 pg/mL of
amphotericin B (Clinigen, Burton-on-Trent, UK). To suspended HL-60 cells,
chemicals were immediately added. At 2 d post-addition, MTT assay was
performed to evaluate cell viability as previously described [95]. 1Cso was

calculated using GraphPad Prism 9.4.1.
¢) Cell cycle analysis and apoptosis analysis

HL-60 cells were plated at 8x10* cells on a 35 mm dish (Sumitomo
Bakelite, Tokyo, Japan), and chemicals were added. To observe cell cycle, the
cells were incubated for 1 d, and washed with PBS (500 uL) followed by
incubation with Cell Cycle Assay Solution Deep Red (Dojindo, Kumamoto,
Japan) at 37 °C for 15 min. Fluorescence signal was detected in FL4 using flow
cytometer BD FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA). For
apoptosis/necrosis assay, the cells were incubated for 0.5-1 d, and washed with
PBS followed by incubation with annexin binding buffer containing Annexin-
V-FITC (MBL Life Science, Tokyo, Japan) and 7-Aminoactinomycin D (7-
AAD) (BD Biosciences) at room temperature for 15 min. Fluorescence signal
of FITC and 7-AAD were detected in FL1 and FL3, respectively using flow
cytometer BD FACSCalibur.

d) Western blot

For the analysis of signaling pathways, FBS-free medium was used to
culture cells. Cells were lysed using a RIPA buffer (50 mM Tris-HCI (pH 7.8),
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150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1% protease
inhibitor cocktail (Nacalai Tesque, Kyoto, Japan), 1% phosphatase inhibitor
cocktail (Nacalai Tesque)), and the protein concentration of the lysate was
determined using a BCA Protein Assay Kit (Thermo Fisher Scientific). Gel
electrophoresis and immunoblotting were performed using 10 pg total protein
per well. As an antibody, Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
(D13.14.4E) XP® Rabbit mAb (Cell Signaling Technology) or anti-B-actin
(AC-15) (Sigma—Aldrich), was used. Immunoreactivity was detected by

chemiluminescence using an ImmunoStar LD (FUJIFILM Wako).

e) Antifibrosis assay

1. Chemicals in biological experiments

The synthesized compounds were dissolved in dimethyl sulfoxide
(DMSO) (FUJIFILM-Wako, Osaka, Japan), and the solution was added to the
cell-culture medium at a 1:200 volume. TGF-B1 was purchased from R&D
Systems (Minneapolis, MN, USA), and used as TGF-p.

2. Cells

The normal human dermal fibroblasts cells line (purchased from Lonza)
was maintained in Fibroblast Growth Medium 2 (Takara), 89 ug/mL of
streptomycin (Meiji Seika Pharma, Tokyo, Japan), and 2.0 pg/mL of
amphotericin B (Clinigen, Burton-on-Trent, UK).

3. Collagen detection assay

The cells were plated at 1x10° cells on a 6-well cell culture plate (AS
ONE, Osaka, Japan) and cultured overnight. Chemicals were added to the cells
for 1 h, followed by the addition of TGF-B. After incubating the cells for 3 d,
cells were fixed with MeOH for 15 min and washed with PBS three times. The
cells were then incubated with PBS containing 1% BSA (Nacalai) for 30 min
at 4°C, and reacted with the anti-Collagen | (Southern Biotechnology
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Associates Inc.) in PBS for 5 h. After washing with PBS three times, the cells
were reacted with rabbit anti-goat 1gG (H+L) (Proteintech Group) in PBS for
30 min. The cells were washed with PBS three times and reacted with OPD
(Wako) for 30 min and measured the absorbance at 450 nm using microplate
reader CYTATION 5 (BioTec).

In silico screening

a) Molecular docking

The 3D X-ray crystal structure of ERK2 co-crystalized with SCH772984
was downloaded from the protein data bank, PDB, (PDB ID: 6GDM). Docking
of the target ligands as a conformations database was performed inside
SCH772984 binding site using MOE 2019 as described before. A scoring
function, London dG, was employed for comparison of different conformers,
poses with lower values are more beneficial. Re-docking of the native ligand
SCH772984 on the active site of ERK (PDB ID: 6GDM) was performed for

docking protocol validation.
b) Prediction of physicochemical properties and pharmacokinetics

The physicochemical and pharmacokinetic properties of compounds (5a-
h) and sunitinib were estimated by SwissADME web tool [79,80].
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