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ABSTRACT

HUSSEIN, OLA, J., Masters : June : 2021, Pharmaceutical Sciences
Title: Design, Synthesis and Biological Evaluation of Novel Chalcone Analogs as
Potential Therapeutic Agents for Castration-Resistant Prostate Cancer

Supervisor of Thesis: Ashraf, A. Khalil.

Prostate cancer (PCa) is the second most frequently diagnosed malignancy, as
well as a leading cause of cancer-related mortality in men globally. Despite the initial
response to hormonal targeted therapy, the majority of patients ultimately progress to a
lethal form of the disease, castration-resistant prostate cancer (CRPC), which currently
lacks curative therapeutic options and is associated with poor prognosis. Therefore, the
objective of this study was to discover and develop novel treatment modalities for
CRPC. Chalcones, also known as 1,3-diphenyl-2-propen-1-ones, are among the highly
attractive scaffolds being investigated for their antitumor activities. A library of 26
cyclic (tetralone-based) and acyclic chalcone analogs, in which ring B was either
substituted with nitrogen mustard or replaced by pyrrole or pyridine heterocyclic rings,
were designed, synthesized and evaluated as potential therapies for CRPC. The design
was guided by in-silico ADMET prediction in which analogs with favorable drug-
likeness properties were prioritized. The new compounds were synthesized by Claisen-
Schmidt condensation reaction, purified and characterized by extensive structural
elucidation studies. The compounds in vitro cytotoxicity was evaluated against two
androgen receptor (AR)-negative prostate cancer cell lines (PC3 and DU145). Among
the tested compounds, thienyl pyridine containing analogs (13, 15 and 16) showed
potent antiproliferative activities at low micromolar levels with 1Cso values ranging

between 4.32-6.47 uM against PC3 and DU145 cell lines. Detailed biological studies



of the lead molecule 16 revealed that it can significantly induce apoptosis through
upregulation of Bax and downregulation of Bcl-2. In addition, compound 16 potently
inhibited colony formation and reduced cell migration of AR-negative PCa cell lines
(PC3 and DU145). The molecular pathway analysis showed that the anticancer activity
of compound 16 is associated with blocking of ERK1/2 and Akt activities. Furthermore,
compound 16 inhibited angiogenesis in the chick chorioallantoic membrane (CAM)
model as compared to control. Structure-activity relationship study on thienyl pyridine-
based chalcones revealed that the cytotoxicity could dramatically improve via changing
the methoxylation pattern by more than 2-folds (ICso << 2.5 uM). These results indicate
that thienyl pyridine-based chalcones could serve as promising lead molecules for the

treatment of CRPC; thus, further in vitro and in vivo studies are warranted.
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CHAPTER 1: INTRODUCTION

1.1 Prostate Cancer

1.1.1 Epidemiology and Etiology

Prostate cancer (PCa) is the second most frequently diagnosed malignancy, as
well as a leading cause of cancer-related mortality in men globally (1, 2). PCa is
especially prevalent in the western world, with more than 25-fold higher incidence in
some developed countries as compared to their developing counterparts (3). In the
United States, PCa is the most commonly diagnosed non-cutaneous cancer accounting
for 24.4% of all new cancer cases and the second-highest cause of cancer-related deaths
in men (1). American Cancer Society estimated that around 191,930 men would be
diagnosed with PCa and about 33,330 will die from it in 2020 in the United States alone
(4). Similarly, the incidence of PCa is relatively elevated in Qatar, where it stands as
the second most prevalent type of cancer among men (1, 5).

Over the past few decades, advances in early detection and diagnosis, in
addition to the development of new therapeutic options, have led to significant
improvement in the overall survival of PCa patients. The 5-year survival rate for PCa
increased from 66.5% in 1975 to 98.2% in 2012 in the USA (6). Despite the initial good
prognosis, PCa remains a major health burden and the second leading cause of cancer-
related deaths in men (7). Unlike localized PCa, patients presenting with metastatic
disease have a poor prognosis with a dramatically reduced survival rate (30.2% 5-year
survival) (6). Besides, around 20-30% of patients with localized prostate cancer will
develop recurrence and ultimately progress to metastatic PCa, which currently lacks
curative therapeutic options (8).

Several genetic and environmental factors were studied as contributors to the



development of PCa, among which age, race and family history were identified as the
most established risk factors (9). The risk of PCa increases dramatically with aging,
where around 60% of the cases are diagnosed in men older than 65 (6). On the other
hand, the incidence of PCa in men younger than 45 is extremely rare, accounting for
less than 0.5% of the cases (6). In addition, African Americans are disproportionately
affected by PCa, with around 60% higher incidence and at least two times the mortality
rate as compared to men from other ethnic groups, whereas native Asians have the
lowest risk of developing PCa (6, 10). Family history is another major risk factor;
having a family member with a PCa doubles the risk of developing this disease. The
risk is magnified if more than one relative were affected with PCa or if they were
diagnosed at an age younger than 65 (11, 12). Two categories of hereditary mutations
were associated with increased risk of PCa; common high-risk mutations and rare low-
risk variants (13). Breast cancer susceptibility gene 2 (BRCAZ2) is an example of the
rare but deleterious mutations that are prevalent in only 1.2% of early-onset PCa
patients (14). However, carriers of this mutation are predisposed to a 5-7 times higher
risk of PCa as compared to non-carriers (13, 15). Genome-wide association studies
resulted in the identification of 77 single-nucleotide polymorphisms (SNPs) that are
associated with a modest risk of PCa (13, 16).

Moreover, studies pointed towards other potential less established risk factors,
including high consumption of red meat or dairy products and exposure to
environmental toxins such as Agent Orange or cadmium (17-19). On the contrary, high
vegetable and fruit intake and increased physical activity are potentially associated with

a lower incidence of PCa (20).

1.1.2 Cellular and Molecular Origin

The prostate is a walnut-sized gland that is located below the urinary bladder,



surrounding the upper portion of the urethra. The primary function of the prostate is to
produce an alkaline fluid that aids in nurturing and transporting sperms (21). The
prostate consists of four zones: peripheral zone (PZ), central zone (CZ), transition zone
(TZ) and anterior fibromuscular stroma (22, 23). Most prostate carcinomas (~75%)
develop in the PZ, whereas benign prostatic hyperplasia (BPH) originates mainly in the
TZ, which grows larger over time (24, 25). The rest of prostate cancers arise from TZ
(~20%), while only 2.5% develop from CZ; however, its thought that cancers
developing in this zone are more aggressive than cancers in other zones (26, 27).

Histologically, the human prostate is comprised of pseudostratified epithelium
and stroma separated by a basement membrane. The mature prostate epithelium is
composed of two major cell types, luminal and basal cells, in addition to a minor
scattered population known as neuroendocrine cells (23, 28). Luminal cells are
terminally differentiated columnar epithelium secretory cells that express cytokeratin
(CK, 8, and 18) and secrete proteins such as prostate-specific antigen (PSA) (29, 30).
Whereas basal cells are proliferating non-secretory cells located beneath the luminal
layer, separating it from the basement membrane and express cytokeratin (5 and 14)
and p63 (29, 30). Neuroendocrine cells are intraepithelial regulatory cells that display
hybrid epithelial/neural/endocrine characteristics and secrets neuropeptides and various
hormones (28, 31). Unlike luminal cells that express high levels of androgen receptor
(AR), basal and neuroendocrine cells either lack AR expression or have low levels of
AR (23, 32).

More than 95% of prostate cancers are classified as adenocarcinoma, a type of
cancer that arises from epithelial cells of the secretory glands (21). Cellular origins of
prostate cancer have been debated for a long time and remain not entirely understood.

Pathological examination of biopsy specimens shows that tumor tissues consist of



luminal, not basal, cells. Besides, prostate adenocarcinoma diagnosis is confirmed by
the absence of basal cell markers (p63, CK5, CK14) and overexpression of laminal
markers (33, 34). Thus, pathologists argued that PCa originates from luminal cells. On
the other hand, biologists reported that PCa arises from basal cells due to their higher
regenerative potential (35). Recent data suggest that prostate cancer could originate
from both luminal or basal cells; however, it is not clear which of them is more
aggressive than the other (36-38). Unlike breast cancer, gene-expression profiling data
of PCa do not suggest molecular sub-classification based on luminal versus basal
differentiation (13, 39).

Malignant progression of prostate cancer is a long, multi-step process that
extends over decades (40). Studying the transformation of precancerous lesions is
crucial for the understanding of carcinogenesis and the development of chemo-
preventive measures for PCa. It is widely accepted that most prostate adenocarcinomas
develop from a precursor lesion known as prostatic intraepithelial neoplasia (PIN) (41).
This lesion subsequently transforms into localized invasive adenocarcinoma and
ultimately progresses to advanced metastatic PCa (38).

PIN is a neoplastic proliferation of prostatic epithelial cells within acini (glands)
or ducts that results in a layer of crowded, pseudostratified, and irregularly spaced
epithelial cells (42). PIN is classified into low-grade (LG) and high grade (HG) lesions.
HG-PIN differs from LG-PIN by the presence of more prominent cytologic atypia
(abnormality), especially the appearance of nucleoli (41). In contrast to
adenocarcinoma, HG-PIN is a non-invasive pre-malignant lesion, similar to in situ
carcinoma, which does not result in a growth of tumor mass or clinical symptoms (41,
43). Histologically, HG-PIN is distinguished from adenocarcinoma by the presence of

basal cells, which are absent in PCa (44).



More than 50 genetic and molecular alterations have been identified in HG-PIN,
which are either shared with PCa or intermediate between normal prostate and PCa
(45). One of the most frequently reported mutations in HG-PIN is the loss of regions
from chromosome 8p and gains at chromosome 8q (46, 47). Besides, HG-PIN is usually
associated with dysregulation of cellular proliferation and survival balance, which
could be partially explained by the overexpression of several oncogenic proteins and
downregulation of tumor suppressor genes. For instance, elevated expression of the
anti-apoptotic protein Bcl-2 is reported in a subset of HG-PIN lesions, which confers
resistance to apoptosis during malignant transformation (48, 49). In addition, increased
expression of Ki-67, a proliferation marker, and reduced expression of p27 (Kipl), a
cyclin-dependent kinase inhibitor, were also detected in HG-PIN (43, 50). Other
reported abnormalities include a reduction in expression of NKX3, a gene that is
required for the development and differentiation of normal prostate, glutathione S-
transferase P1 (GSTP1) hypermethylation, and overexpression of alpha-methyl acyl-
CoA racemase (AMACR) (51-54).

Upon accumulation of mutations and molecular alterations, HG-PIN starts to
progress to adenocarcinoma (47, 55). Many of the molecular and genetic abnormalities
of HG-PIN are detected in carcinomas at a higher grade and frequency (38, 56). For
example, ERG rearrangement, one of the PCa markers, is detected in 7-20% of HG-
PIN while it is positive in 40-50% of PCa cases (57, 58). Besides, several alterations
appear during progression, such as a reduction in PTEN, loss of Rb1 and increased

telomerase activity (54, 59, 60).

1.1.3 Role of Androgens and Androgen Receptor (AR)
Androgens and androgen receptor (AR) signaling are pivotal for the

development, differentiation and function of the normal prostate during fetal and adult



life (61). Similarly, AR signaling plays a central role in the initiation and progression
of PCa (8). The role of androgen in PCa was demonstrated by Charles Huggins earlier
in the 1940s. Huggins showed that surgical removal of testes (the source of >90% of
circulating androgens) induces PCa regression and impressive improvement in
symptoms (62). Since that time, androgen deprivation therapy (ADT) has become the
cornerstone for the management of advanced PCa (63). Therefore, it is necessary to
recognize the role of the AR signaling to have a good understanding of PCa biology.

Androgen receptor (AR) belongs to the steroid hormone group of the nuclear
receptor family, which includes progesterone receptor (PR), estrogen receptor (ER),
glucocorticoid receptor (GR) and mineralocorticoid receptor (MR). As a member of the
steroid nuclear receptors family, AR is composed of three major functional domains:
1) ligand-binding domain (LBD), 2) DNA-binding domain (DBD]) and 3)
transactivation domain (TAD) (64, 65). AR works as a ligand-activated transcription
factor that facilitates the expression of genes involved in growth, differentiation and
survival (63, 65). The androgen hormones, testosterone and dihydrotestosterone
(DHT), are the main endogenous ligands for AR. Around 95% of the testosterone is
produced in the testis, while the remaining 3-5% are derived from adrenal glands (66).
Testosterone could be converted to a more potent analog, DHT, by the 5-alpha-
reductase enzyme in prostate tissues (67). Both testosterone and DHT can activate AR
through binding to LBD (63).

In the absence of androgens, AR remains located in the cytoplasm in an inactive
conformation where it is bound to molecular chaperones, particularly heat shock protein
90 (HSP-90) (8). Upon binding of hormones, AR dissociates from HSP-90, forms
heterodimers, and translocates to the nucleus. AR-dimers then bind the promoter

regions of target genes and facilitates their expression (8, 63). Prostate-specific antigen



(PSA) is among the primary transcribed genes and its serum level is used in the
diagnosis and monitoring of PCa progression (67). In addition to the conventional
(genomic) action, studies suggest that AR can also enhance cellular proliferation and
survival directly by interacting with substrates in the cytoplasm and subsequently
activating intracellular kinases (61, 68). This action is known as non-genomic signaling
and unlike the genomic pathway, it induces immediate effect without transcription of
AR target genes or synthesizing new proteins (61, 68). This crosstalk between AR and
other signaling pathways could partially explain the development of resistance to

hormone ablation and progression to metastatic PCa.

1.1.4 Castration-Sensitive Prostate Cancer

At the time of diagnosis, most PCa patients present with clinically localized
disease that generally has a good prognosis (6). Therefore, treatment at this stage is
generally confined to patients with a high risk of progression to advanced or metastatic
PCa. Patients are stratified into different risk groups according to their clinical stage,
pretreatment PSA level and Gleason score (69). Management options for localized PCa
range from watchful waiting and active surveillance to radical prostatectomy, radiation
and, less commonly, androgen deprivation therapy (ADT) (70, 71). Regardless of the
selected management plan, around 30% of patients will still develop recurrence and
progress to advanced and metastatic disease (72). In addition, 20% of the newly
diagnosed PCa cases present with regional lymph node involvement or metastasis to
distant organs (6).

Most of the previously untreated PCa cases are androgen-sensitive and rely on
androgen signaling for their continued growth and progression (67). Therefore,
androgen deprivation therapy (ADT) is considered the standard initial treatment for

metastatic PCa (73, 74). The objective of ADT is to reduce serum testosterone levels



and thus the androgen available for binding with AR, which results in suppression of
the transcriptional activity of AR. Androgen deprivation could be achieved either by
surgical castration through orchiectomy (removal of testes) or reversible medical
castration (73, 74).

Medical castration works on suppressing testosterone production in the testes
by targeting the hypothalamic-pituitary axis. This approach involves the use of
pharmacological treatments such as luteinizing hormone-releasing hormone (LHRH)
agonists (e.g., leuprolide or goserelin) or LHRH antagonist (e.g., degarelix) (8, 74). In
addition to ADT, anti-androgens (e.g., bicalutamide), which can directly bind to AR
and block its signals, are sometimes added to neutralize the action of remaining
androgens produced by adrenal glands (67, 75). Collectively, these therapies can induce
PCa regression, normalize PSA level, and improve quality of life. However, the effect
of ADT is transient, with a median response duration of 18-24 months (76, 77). Despite
the initial effectiveness of ADT, eventually, all patients will develop resistance and
progress to a lethal advanced form of the disease, termed as castration-resistant prostate

cancer (CRPC) (78).

1.1.5 Castration-Resistant Prostate Cancer

PCa is classified as castrate-resistant if the patient presents with disease
progression despite being managed with ADT and achieving chemical castration
(testosterone serum level <50 ng/dL) (79). Evidence of disease progression could
appear as either an asymptomatic increase in PSA serum levels (biochemical
progression), growth of new metastatic lesion (radiographic progression), or
development of cancer-related symptoms (clinical progression) (75, 80). Previously,
CRPC was termed as androgen-independent or hormone-resistant PCa (81); however,

recent data showed that in many cases, CRPC continues to rely on AR signaling despite



the depletion of systemic androgens (75, 82). Based on these findings, several
therapeutic options were developed, but primary and secondary resistance have already
been reported for most of these drugs.

1.1.5.1 Current CRPC Therapeutic Options

Today, metastatic CRPC (mCRPC) remains a major clinical challenge despite
the emergence of several new therapeutic options in the past few years. The role of
chemotherapy in mMCRPC was not established until 2004, when the US Food and Drug
Administration (FDA) approved docetaxel, a cytotoxic anti-microtubule agent, for the
treatment of mCRPC (78, 83). Although several other cytotoxic chemotherapies (i.e.,
Cisplatin, 5-fluorouracil, Doxorubicin and Capecitabine) were studied in earlier trials,
none was able to produce survival benefits and the objective response was observed in
only 10-20% of the patients (84). Docetaxel approval was based on the results of phase
I11 clinical trials, which showed a modest survival benefit of 2-3 months in mCRPC
patients (85, 86). Since that time, docetaxel became the first-line treatment for nCRPC
and remained the only available drug with a life-prolonging effect until 2010 (83).
However, the survival benefit of docetaxel is limited, and the treatment resistance is
inevitable. Moreover, docetaxel is highly toxic chemotherapy with a narrow therapeutic
window that is associated with severe adverse drug reactions, including neutropenia,
anemia, and hypersensitivity reactions (87, 88).

Over the past decade, five new drugs were approved by the FDA for the
treatment of MCRPC. However, the approved drugs could not prolong the overall
survival for more than five months (63, 89). Besides, many patients had intrinsic
resistance and did not respond to the tested therapies. The approved drugs include three
non-endocrine-based agents (cabazitaxel, sipuleucel-T and Alpharadin) and two AR

axis targeted agents (abiraterone and enzalutamide).



First, cabazitaxel, a new semisynthetic taxane, was approved in 2010 for the
treatment of patients who develop resistance to docetaxel (90, 91). Later in 2017, the
FIRSTANA trial showed that cabazitaxel was non-inferior to docetaxel; thus, it is now
considered as an option for some chemotherapy naive mCRPC (69, 92).

In the same year, the first immunotherapy for mCRPC, sipuleucel-T, was
approved for the treatment of mMCRPC patients who are asymptomatic or have minor
symptoms (69). Sipuleucel-T, also known as cancer vaccine, is autologous
immunotherapy that works by programming patients’ dendritic cells to target prostatic
acid phosphatase (PAP), an antigen that is expressed in 95% of PCa tissues (93, 94).
Although it resulted in overall survival improvement, sipuleucel-T was not associated
with an increase in progression-free survival and did not induce short-term changes
(95). Therefore, its use is confined to patients with slowly progressing disease, where
rapid response is not needed (89).

Xofigo (radium-223) is another newly approved drug that could benefit a subset
of mCRPC. Radium-223 is a calcium mimetic radioisotope that preferentially targets
bone metastasis, the primary site of metastasis in PCa (96). Therefore, Radium-223 use
is limited to patients with symptomatic bone metastasis with no evidence of visceral
metastasis (69). While each of the previous therapies can prolong the overall survival
by 2-4 months, none is curative and ultimately, most patients will develop resistance
(63, 92, 95, 97).

In recent years, it becomes increasingly accepted that AR signaling continues
to play a central role in the progression of a significant proportion of mMCRPC cases.
Although ADT could effectively deplete systemic androgen by 90-95%, it was shown
that intratumor androgen levels decrease by only 50% (98, 99). Based on these findings

and the improved understanding of AR signaling, second-generation AR axis targeted
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(ARAT) agents that allow more potent inhibition of the AR axis were developed (100).
Among this class, two drugs, abiraterone and enzalutamide, showed improvement in
overall survival and were approved by the FDA for use in mCRPC.

Abiraterone works on depleting intratumor androgens by blocking cytochrome
P450 17A1 (CYP17A1), an enzyme involved in adrenal and intra-tumoral de-novo
biosynthesis of testosterone (8, 101). On the other hand, Enzalutamide is a nonsteroidal
antiandrogen that target AR signaling through multiple sites. Similar to 1st generation
antiandrogens, enzalutamide act as a competitive AR antagonist through directly
interacting with LBD and blocking androgen binding, but it has a 5-8-fold higher
binding affinity (67, 102). Besides, enzalutamide further blocks the AR axis by
inhibiting AR translocation to the nucleus and binding to DNA, thus inhibiting tumor
genes transcription (102, 103). Although enzalutamide and abiraterone resulted in a
significant increase in overall survival (up to 4.8 months), around 20-40% had primary
resistance and did not respond to them (82, 104, 105). In addition, the efficacy in
responsive patients lasts for only a few months, upon which all would eventually
develop secondary resistance. Refractory patients will not only have limited therapeutic
options with unproven survival benefits; ARAT agents can induce significant changes
in the biological characteristics of cancer cells, making future management of PCa
challenging (106).

Recently, targeted treatments for minor mCRPC populations carrying certain
mutations were approved by the FDA. In May 2020, rucaparib, a poly(ADP-ribose)
polymerase (PARP) inhibitor, gained accelerated approval for use in patients with
BRCA mutation-associated mMCRPC who have been previously managed with ADT or
chemotherapy (107). BRCA mutation carriers account for 5.3% of mCRPC patients and

are known to have a poor prognosis and shorter overall survival than non-carriers (108).
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Similarly, olaparib, another PARP inhibitor, was also approved in May 2020 for
mCRPC with homologous recombination repair (HRR) alterations, including BRCA
mutation (109). Besides, Pembrolizumab, a programmed cell death receptor 1 (PD-1)
inhibitor, was approved in 2017 for advanced solid tumors, including PCa, with
mismatch repair deficiency or microsatellite instability (89, 110). Mismatch repair
mutations could be detected in 2-5% of mCRPC patients (69).

Despite the widening in the therapeutic landscape of mCRPC over the last
decade, the disease remains largely incurable with limited survival benefit. Besides, a
significant proportion of MCRPC patients fails to respond to current treatments and the
remaining will ultimately develop resistance, mostly within a few months. Patients with
mCRPC still have a poor prognosis with a median overall survival of 1-2 years (89).

Therefore, there is an urgent unmet need for new effective therapeutic strategies.

1.1.6 Mechanisms Driving Castration Resistance

Whereas most of the initially diagnosed, hormone-sensitive PCa cases, have a
good prognosis, MCRPC remains incurable and is associated with a poor prognosis.
Therefore, understanding the molecular mechanisms behind progression to CRPC and
resistance to treatment is crucial for developing new therapeutic strategies to overcome
resistance and improve patients' survival. Extensive efforts were made attempting to
understand the mechanisms behind castration resistance, yet it remains not entirely
understood and a matter of ongoing research (8, 75, 78). These attempts resulted in
identifying several genetic mutations and signaling alterations that could partially
contribute to the development of resistance.

The identified mechanisms could be categorized according to their dependence
on AR to three categories: 1) Persistent AR transactivation, 2) AR bypassing, and 3)

AR indifference (106). While cancer cells continue to be dependent on the AR axis in
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the first two mechanisms, either by direct activation of AR or indirect activation of
downstream signaling through alternative pathways, AR signaling is completely lost in
the third category.

1.1.7.1 Persistent AR Transactivation

Although ADT and second-generation ARAT agents have advanced the
management of PCa, most patients eventually develop resistance. Several studies have
shown that a considerable proportion of mCRPC cells remains dependent on AR-
signaling despite the depletion of systemic androgens. These studies have pointed
towards several possible escape mechanisms that can drive persistent AR activation in
CRPC. AR-mediated resistance mechanisms include AR overexpression, increased
sensitivity of AR, intertumoral synthesis of DHT, and AR somatic mutations (8, 106).
In these mechanisms, cancer cells continue to rely on ligand-dependent activation of
AR. Therefore, strategies involving more potent inhibition of AR, such as dose-
escalation, combined AR targeted therapies and the development of new AR
antagonists, are currently being investigated in clinical trials for the treatment of
resistant cases (106).

On the other hand, ligand-independent activation of AR has also been reported
as a potential resistant mechanism. One of the most investigated ligand-independent
mechanisms is the presence of AR splice variants (e.g., AR-v7), which results in
encoding truncated androgen receptor proteins that lack ligand-binding domain (LBD)
but retain the N-terminal domain (NTD) and DNA-binding domain (DBD) (111). As a
result, these proteins are constitutively active and are able to induce the transcription of
AR target genes in an androgen-independent manner (111, 112). AR splice variants'
role was clinically validated through the detection of AR-V7 in circulating tumor cells

from mCRPC patients treated with abiraterone or enzalutamide (82, 111). Patients with
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detectable AR-v7 had lower PSA response rates and poorer clinical outcomes. Since all
the currently FDA approved ARAT agents inhibit AR through directly or indirectly
targeting LBD, constitutively active AR splice variants confer resistance to all available
ARAT medications. Novel drugs that could target AR through other domains, facilitate
AR degradation, or inhibit AR dimer formation are being investigated as a means to
overcome this debilitating resistance (106). However, they did not succeed in passing
clinical trials until now. For instance, niclosamide, an FDA approved anti-helminthic
drug, has shown potent anticancer activity in preclinical models of CRPC and
effectively inhibited AR-v7, mainly through enhancing its degradation (113). A
combination of niclosamide and enzalutamide was tested in phase I clinical trial, but
the results were disappointing since the minimum plasma concentration required for
achieving the antitumor activity could not be reached and the dose could not be further
escalated due to toxicity limits (114). Similarly, EP1-506, an NTD inhibitor, was also
tested in phase I/11 study for the treatment of mMCRPC, but the trial was discontinued
due to adverse events. Other AR targeting agents (e.g., galeterone, seviteronel) were
also tested but failed to show a significant improvement (115, 116).

1.1.7.2 AR Bypassing

As mentioned earlier, in section (1.1.4), AR belongs to the nuclear receptor
family. Members of this family share similar basic structural components and
mechanism of action. For instance, GR shares a highly similar DBD with AR and, as a
result, can induce transcription of several AR target genes (117). Preclinical studies
suggested that overexpression of GR induced by AR antagonism can mediate resistance
against ARAT agents and docetaxel through bypassing AR (118). Besides, the
upregulation of PR, another nuclear receptor family member, was correlated with PCa

progression and recurrence, suggesting a possible role in resistance (119, 120).
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1.1.7.3 AR indifference

1.1.7.3.1 Neuroendocrine Prostate Cancer

Whereas the majority of CRPC continues to rely on the androgen axis, a subset
of recurrent cases loses AR expression and become completely androgen-independent
(67). Accumulating evidence suggests that prolonged exposure to androgen ablation
therapy promotes trans differentiation of prostate adenocarcinoma to neuroendocrine
prostate cancer (NEPC), an extremely aggressive and lethal malignancy (121-123).
Since epithelial cells in the prostate require AR signaling for their differentiation,
blocking the AR pathway can trigger developmental reprogramming of prostate
adenocarcinoma to NEPC (124, 125). Genomic profiling studies revealed significant
overlaps between CRPC and NEPC in mutational and gene copy numbers, suggesting
that NEPC is derived from adenocarcinoma precursors and were previously AR-
dependent (106, 126, 127). In addition to androgen depletion, several cell growth and
microenvironmental conditions such as long-term use of chemotherapy, ionizing
radiation and adrenergic agents are thought to play a role in driving prostate cancer cells
trans-differentiation (128, 129).

NE cells are characterized by the expression of neuroendocrine markers
(synaptophysin, chromogranin, or CD56) and, in most cases, the absence of AR or PSA
expression (55, 130). Besides, NE cells have the ability to secrete neuropeptides, such
as serotonin and bombesin, which can act as an autocrine or paracrine growth factor
and thus stimulate cancer cell proliferation (75, 131). However, NE cells typically
remain quiescent and are rarely identified in primary prostate cancer cases (131). While
neuroendocrine phenotypes are only detected in around 1% of primary PCa cases, they
are detected in up to 25-30% of recurrent mCRPC who have been previously treated

with ADT (128, 132). This dramatic increase in the prevalence of NE in CRPC suggests
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possible transdifferentiation of adenocarcinoma cells to NE cells upon exposure to
treatment (122). Therefore, these cancers are called treatment-related neuroendocrine
prostate cancer (t-NEPC) and their incidence is expected to rise more sharply with the
increased use of more potent AR targeted treatments (133). NEPC encompasses a
heterogeneous group of tumors, including adenocarcinoma with NE differentiation,
well-differentiated NE tumors, small-cell NE carcinoma and large cell NE carcinoma
(134, 135).

Unlike prostate adenocarcinoma, NE tumors are highly aggressive, lack
responsiveness to hormonal therapies and are associated with poor prognosis (136).
While the incidence of t-NEPC is rising, survival rates of these patients have
unfortunately remained constant over the last decade due to the lack of optimal
therapies (137, 138). Similar to small cell lung carcinoma, first-line treatment for t-
NEPC usually consist of platinum-based chemotherapy (133, 136). However, these
agents do not induce long-term remission and cause significant toxicities(139). Several
drugs are currently being developed to treat t-NEPC, but only a few reached clinical
trials, including Alisertib, which did not succeed in meeting the primary endpoint. Thus,
there is an urgent need to develop effective treatments for this subtype of PCa.

1.1.7.3.1 Prostate Cancer Stem-Like Cells

Cancer stem cells (CSCs) are a rare subpopulation of tumor cells featured by
their stem cell-like characteristics, mainly self-renewal capacity, multilineage
differentiation and ability to initiate tumor formation (75, 141). Thus, it is thought that
CSC might be responsible for tumor recurrence, metastasis and therapeutic relapse
(142, 143). The standard gold method for identifying the CSC population is by their
capability to generate serially transplantable xenograft tumors that histopathologically

resemble the parental tumor (144, 145). However, CSCs are more commonly identified
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using surrogate markers of cancer stem-like properties, including unique cell surface
biomarkers (e.g., CD44, CD133, integrin a231) and tumor sphere-forming ability (146-
148). Multiple studies demonstrated that prostate CSCs are AR-negative or express
very low levels of AR, suggesting a possible role in progression to CRPC and lack of
responsiveness to AR targeting agents (75, 147). Besides, several studies showed that
CSCs possess resistance to most chemotherapies and radiation and, as a result, may
survive and evolve following initial treatment (149-151). Therefore, targeting CSCs

might help to overcome resistance, eradicate PCa and prevent tumor relapse.

1.1.7 Targeting Prostate Cancer Beyond AR

Several potent AR targeting agents were developed over the past decade, yet
treatment resistance in PCa remains inevitable. Although the AR axis is an essential
mediator in CRPC, it is not the only player (152). Alterations in alternative pathways
as well were correlated with progression, metastasis and development of resistance in
prostate cancer (75). Therefore, it becomes increasingly accepted that relying on AR as
a single target for the treatment of PCa might not be sufficient for achieving the targeted
outcomes (152-154). Moreover, the use of AR targeted treatments induces significant
changes in cancer cell biology and leads to the accumulation of AR negative
populations (106, 155). These cells are not only refractory to AR targeted treatments;
they are also associated with more aggressive behavior and worse clinical outcomes
(106). Upon continued blockage of AR, cancer cells try to adapt by upregulating
alternative pathways that are known to play a role in carcinogenesis (75, 106).

Targeting other pathways early in the course of PCa treatment in combination
with AR inhibitors is suggested as a potential strategy to prevent the accumulation of
aggressive subpopulations (153, 156, 157). Besides, accumulating evidence showed

that the current therapeutic strategy of using sequential AR targeting agents might
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promote cross-resistance not only to AR targeting agents but possibly to all approved
treatments, including taxane chemotherapy (157-159). Therefore, there is an urgent
need for new therapies that could target alternative pathways to be used as a potential
treatment for refractory PCa cases or as an adjuvant therapy to improve the efficacy of

AR targeting agents.

1.1.8 Need for New Effective Therapeutic Options

Despite the impressive progress in the therapeutic landscape of mCRPC, the
disease remains largely incurable and the survival benefits are unsatisfactory. Patients
with mCRPC still have a poor prognosis, with most patients succumbing to cancer
within 1-2 years (89). Being the second most frequently diagnosed malignancy among
men, in addition to the poor survival in mMCRPC, makes the lack of curative therapies a
grand challenge. Therefore, there is an urgent need for new effective and safe
therapeutic agents that could improve PCa patients' survival and quality of life.

One of the highly attractive scaffolds that are currently being investigated as
potential multitargeted anticancer agents is chalcone. Due to their fascinating biological
properties, chalcones rich plants were historically used in traditional medicine. Besides,
population-based studies in countries with a high dietary intake of chalcones were
correlated with a lower incidence of cancer (160). Therefore, chalcones could serve as
excellent potential candidates for the development of new lead molecules or anticancer

drugs.

1.2 Chalcones
Chalcones, also known as benzylideneacetophenone or 1,3-diphenyl-2-propen-
1-ones, are open-chain flavonoids that are widely distributed in various plant species

(Figure 1). The term “Chalcone” is derived from the Greek word “chalcos,” meaning
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“bronze,” which represents the colors of the majority of natural chalcones (161).
Chemically, the chalcone scaffold consists of two phenyl rings linked through a three-
carbon a,B-unsaturated carbonyl bridge (C6-C3-C6) (162). Chalcones may exist as cis
or trans isomers, of which trans isomer form is more thermodynamically stable, making

it the predominant configuration of the chalcones (163, 164).

2 =
A A
A. Trans (E) chalcone B. Cis (Z) chalcone

Figure 2. Chemical Structure of chalcone Scaffold.

Chalcone is an exceptional chemical scaffold with multifarious biological
activities, including antidiabetic (165), anti-inflammatory (166), antimicrobial (167),
antioxidant (168), antihypertensive (169) and anticancer (170). The variety in
biological activity stems from the unique features of the chalcone skeleton. Chalcones
are composed of numerous replaceable hydrogens that allow a large number of
derivatives to be generated that differ in their specificity and reactivity with biological
targets (162). Besides, the a,B-unsaturated ketone functional group in chalcone scaffold
can act as a potential Michael acceptor, which may form covalent bonds with the
sulfhydryl of cysteine or other thiols in different proteins modulating their functions
(161). The extent to which different chalcones can act as Michael acceptors is affected
by the presence/ absence of electron-withdrawing or donating functional groups. These

groups affect the electron density on the two aromatic rings and, as a result, the enone’s

19



electrophilicity for the reaction (161, 171). In addition to their interesting biological
activities, chalcones have long fascinated medicinal chemists due to their ease of
synthesis, numerous modification possibilities, poor interaction with DNA and low risk
of mutagenicity (172, 173). Therefore, natural chalcones and their synthetic derivatives

are widely exploited as targets in drug design and discovery projects.

1.2.1 Plant Derived Chalcones

Chalcones belong to the flavonoids family and are widely distributed in the
plant kingdom. Natural chalcones act mainly as a floral pigment but were also found in
the heartwood, bark, leaves, fruits and roots of various plant species (174). Chalcones
are biosynthesized through shikimate and acetate pathways, where they serve as crucial
intermediates in the biosynthesis of flavonoids and isoflavonoids (175). Besides, as end
products, chalcones are considered major secondary metabolites that serve essential
roles in protecting and regulating plants physiology, including pollination, pathogen
protection, UV protection and insect repellent (176, 177). In addition, chalcones offer
valuable health benefits to humans as nutraceuticals and display various attractive
biological activities (175). Therefore, chalcone abundant plants, such as Camellia
sinensis (Green tea), Angelica, Glycyrrhiza, Piper and Ruscus species, have long been
used in traditional folk medicine across the world (172, 178).

Several pure chalcones were isolated from plants and were approved for use in
humans (Figure 2). For instance, Metochalcone, a natural chalcone isolated from the
heartwood of Pterocarpus marsupium, was approved for use as a choleretic and diuretic
agent (179). Similarly, sofalcone, a natural chalcone found in Sophora tonkinensis, was
marketed as an anti-ulcer agent that increases secretion of mucosal prostaglandin,
conferring a neuroprotective effect against Helicobacter pylori (180, 181). In addition,

hesperidin methyl chalcone was tested in clinical trials as a treatment for venous
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lymphatic insufficiency and is marketed in combination with two other active

substances under the brand name “Cyclo 3 Fort” (182, 183).
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Figure 3. Stuctures of clinically approved chalcone based drugs.

1.2.2. Synthetic Chalcones

Although plants are considered a rich source of chalcones, isolation and
purification of chemicals from nature are very complicated, requiring lengthy
procedures and results in low yields. Therefore, chalcones' chemical synthesis is
considered a valuable alternative to the tedious extraction procedures of natural
products. In addition to simplifying the procedure, reducing time and cost, and
improving the yield, chemical synthesis allows for generating a wider variety of
chalcone derivatives that are not limited to naturally occurring chalcones.

Chalcones are typically synthesized by Claisene Schmidt condensation
reactions in which an equimolar quantity substituted benzaldehyde react with
substituted acetophenone under basic or acidic conditions (175, 184). In base-catalyzed

reactions, acetophenones react with a base to give a highly reactive enolate anion. The
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enolate will then attack the benzaldehyde forming an intermediate (aldol addition),
followed by loss of water molecule (dehydration) to give a chalcone. In efforts to
improve the yields and to achieve greener chemistry in chalcone synthesis, numerous
researchers reported alternative reactions and methods to the traditional Claisen
Schmidt condensation. These methods include Ultrasound and microwave-assisted
synthesis, Suzuki-Miyaura reaction, Friedel-Crafts reaction, Julia-Kocienski reaction
in addition to the green synthetic procedures like solvent-free synthesis, one-pot
synthesis solid acid catalyst mediated synthesis (175, 184).

The successful application of natural chalcones as a potential treatment for
various diseases has inspired synthetic chemists to develop novel synthetic chalcones
with improved biological activities. Structural manipulation of chalcones traditionally
focused on phenyl ring substitutions. A variety of chalcones were derived by
substituting one or more aromatic protons with other functional groups such as aryls,
alkyl, halogens amino-, nitro-, and carboxylic groups. Similar to naturally occurring
chalcones, position and type of functional groups significantly altered the biological
activities against different targets (185).

Recently, new strategies were applied for the design and development of
chalcones in which the phenyl rings are completely replaced with heterocyclic rings or
other scaffolds, resulting in chalcone hybrids (Figure 3) (186). Molecular hybridization
is a relatively new concept in drug design (187). It involves combining pharmacophoric
moieties of various bioactive molecules to produce new hybrid compounds with
improved biological activity, selectivity, pharmacokinetic properties, safety profile
and/or reduced drug resistance (188, 189). Several hybrid chalcones formulated by
linking chalcones to other scaffolds with prominent anticancer activities such as

pyrrole, coumarin, pyrimidine, and tetralone have demonstrated synergistic or additive
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pharmacological activities (186). The successful application of molecular hybridization
in discovering novel derivatives with improved anticancer activity makes hybrid

molecule a rationally attractive target for current drug discovery projects.
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Figure 4. Molecular hybridization of chalcones.

1.2.3 Chalcone Derivatives as Potential Candidates for PCa Treatment

Various natural and synthetic-derived chalcones have shown promising
anticancer activities against cell processes and signaling pathways involved in different
stages of prostate carcinogenesis and other types of cancer. Cellular processes affected
by chalcones include proliferation, apoptosis, cell cycle, angiogenesis, and metastasis.
In addition, chalcones’ antiproliferative activity was frequently associated with the
modulation of cancer-related signaling pathways, including PI3k/Akt/mTOR, nuclear
factor-kappa B (NF-kB), and B-catenin/Wnt. Moreover, chalcones possessed cytotoxic
activity against aggressive populations that are resistant to conventional cancer
therapies, such as cancer stem cells. The wide distribution of chalcones in edible plants
and their multitargeted nature suggests that chalcones might have a relatively wide
therapeutic window and non-overlapping toxicities (185). Therefore, chalcone analogs

could potentially serve as promising future anticancer drugs with improved efficacy
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and safety profile for the treatment of PCa. This hypothesis is further supported by
population-based studies, which showed a close inverse correlation between cancer
incidence and the consumption of kava extract, a chalcone rich plant (190). Table 1. In
appendix A. comprehensively lists all studies on chalcone derivatives that were tested
against different prostate cancer in vitro and in vivo models. Below is a review of the
main cellular processes and signaling pathways identified as potential targets for

chalcones in PCa.

1.2.4 Promising Chalcone Targets in PCa

1.2.4.1 Apoptosis Signaling Pathways

Apoptosis, or programmed cell death, is a tightly regulated cellular process that
plays a fundamental role in maintaining tissue homeostasis by eliminating aged or
defective cells (191). Defects in this natural defense mechanism induce a loss of balance
between cell survival and cell death, promoting malignant transformation and tumor
growth (192, 193). Hence, evasion of apoptosis is a well-recognized hallmark of cancer
and a vital component in treatment resistance. Apoptosis execution often results from
the activation of a group of cysteine proteases called caspases, which can be triggered
either by the intrinsic mitochondrial pathway or the extrinsic death receptor pathway
(194). The extrinsic pathway is initiated by the attachment of cell-surface death
receptors to apoptosis-inducing ligands, such as tumor necrosis factor (TNF), TNF-
related apoptosis-inducing ligand (TRAIL), and Fas (CD95) (195). On the other hand,
the intrinsic pathway is triggered by the mitochondrial release of cytochrome-c, which
is regulated by members of the Bcl-2 protein family (196). Members of this family are
classified based on their role to pro-apoptotic proteins (Bax, Bad, Bcl-Xs Bid, and Bim)

and anti-apoptotic proteins (Bcl-2, Bcl-XL, and Mcl-1) (194). Although each pathway
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utilizes a distinct signaling cascade for apoptosis initiation, both eventually converge at
the point of caspase-3 activation, resulting in cleavage of essential cell survival
substrates such as DNA and cytoskeletal proteins, and subsequently, cell death (197).

Alterations in apoptosis executors or regulating proteins are commonly
reported in cancer, leading to apoptosis evasion. In PCa, dysregulation of apoptosis
machinery was correlated with resistance to androgen-ablation and disease progression
to a more aggressive cancer phenotype (198, 199). For instance, Bcl-2, an anti-apoptotic
protein, was found to be overexpressed in androgen-independent PCa cases, allowing
cells to survive in an androgen deficient environment (200). On the contrary, the
expression of caspase-1 and -3 was significantly downregulated in PCa specimens as
compared to normal prostate tissue (201). Moreover, PCa often confers intrinsic
resistance to TRAIL-induced apoptosis due to alteration in chromosomal region 8p21-
22 that code TRAIL receptor (DR5) or increase in anti-apoptotic proteins (202, 203).
Since the majority of anticancer therapies involve the induction of apoptosis to
eliminate malignant cells, dysregulation of apoptosis signaling pathways allows cancer
cells to escape programmed cell death leading to uncontrolled proliferation and
therapeutic resistance (195). Nevertheless, being a doubled-edge sword, defects in
apoptosis pathways may also be potential targets for developing new cancer therapies
(204). Treatments that can restore apoptotic signaling are expected to eradicate cancer
cells directly by promoting apoptosis and indirectly by sensitizing cancer cells to other
therapeutic agents.

A large spectrum of chalcone derivatives has demonstrated the ability to
selectively induce apoptosis in PCa through modulating various apoptotic pathways.
For example, several chalcones were found to reduce mitochondrial membrane

potential in different PCa cell lines, leading to apoptosis induction (205-207). Effect on
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the mitochondrial membrane was frequently accompanied by activation of caspase-3
and -9 (208), upregulation of pro-apoptotic proteins Bax and Bid (209, 210), and down-
regulation of anti-apoptotic protein Bcl-2 and Bcl-X (206, 209). Besides, studies have
shown that some chalcones can also promote cancer cell apoptosis by targeting the
extrinsic apoptosis pathway, particularly TRAIL-induced apoptosis (211-214). TRAIL
is a natural endogenous anticancer agent that selectively induces apoptosis in cancer
cells without affecting normal cells (215). However, some PCa cell lines are resistant
to TRAIL-induced apoptosis (211). Ismail et al. demonstrated that 2'-Hydroxy-4-
methylsulfonyl chalcone could restore sensitivity to TRAIL-induced apoptosis in
TRAIL-resistant PCa cells (PC3 and LNCaP) (213). The effect of this compound was
mediated through upregulation of TRAIL death receptor (DR5) and downregulation of
Bcl-2. Similarly, Ktosek et al. showed a synergistic effect between xanthohumol, a
prenylated chalcone, and TRAIL on the apoptosis of LNCaP cells (209). While treating
the cells with 50 uM xanthohumol or 50 ng/ml TRAIL resulted in only 11.1% and
12.57%, respectively, their combination significantly increased the percentage of
apoptosis to 76.58%. These studies collectively show that chalcones could serve as
promising primary or adjuvant potential therapeutic agents for PCa through induction

of apoptosis or sensitizing resistant cells to other treatments.

1.2.4.2 Cell Cycle Signaling

The cell cycle is a highly organized and precisely controlled process that
governs cell growth and division. The proliferation of cells involves four sequential
phases of the cell cycle Gap 1 (G0/G1), DNA synthesis (S), Gap2 (G2) and mitosis
(M), and multiple checkpoints that prevent uncontrolled proliferation and ensure the
integrity of genetic material during cell division (216). The cell cycle is mainly

regulated by a group of cyclin-dependent kinases (CDKSs) and their heterodimeric
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cyclin partners. CDKs are small serine/threonine kinases that, upon binding to cyclins,
can phosphorylate and activate other proteins that trigger cells to advance to the next
cell cycle phase (217). The Cyclin-CDKs complexes are negatively regulated by
interaction with cyclin-dependent kinase inhibitors (CDKIs) such as P21 CIP1,
P27KIP1, and P57Kip2 (218). The activity of CDKSs is induced by mitogenic signals
and inhibited by the activation of cell cycle checkpoints (216). When cell cycle
checkpoints detect DNA damage or replication error, inhibitory signals are initiated,
leading to cell cycle arrest until the problem is solved. If the damage was unrepairable,
the cells would be driven to senescence or apoptosis (219). Therefore, defects in cell
cycle regulatory machinery lead to uncontrolled cell proliferation and promote
neoplastic transformation.

Most if not all cancers show direct or indirect alterations in the cell cycle,
making it one of the cancer hallmarks (220). Links between defects in the cell cycle
and tumorigenesis have been reported for almost all regulatory proteins involved cell
cycle (219). In prostate cancer, cyclin D1 was found to be highly expressed in
androgen-independent PCa and was associated with tumor metastasis (221-223).
Besides, loss of the CDK inhibitor p27 was detected in 16-68% of PCa cases and was
significantly associated with aggressive tumor behavior (224). Given the high
prevalence of cell cycle defects in PCa and their significant impact on tumorigenesis,
designing new cancer therapies that target the cell cycle and its regulatory protein is
proposed as a potential strategy for the treatment of PCa.

The antiproliferative activity of chalcones against PCa has been repeatedly
linked with their effects on cell cycle progression in several studies. For instance,
licochalcone-A was shown to reduce cyclin B1 and its catalytic partner cdc2 in PC3

prostate cancer cell line leading to cell cycle arrest at the G2/M phase (225). Similarly,
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a dithiocarbamates-based chalcone led to G2/M arrest through upregulation of CDK
inhibitor (p21) and downregulation of cyclin B1 and CDK1 (226). While the majority
of chalcone derivatives result in G2/M cell cycle arrest, some studies reported G1 arrest
as well. Sun et al. evaluated the antiproliferative activity of a methoxy-chalcone
derivative against PC3 cell line (227). This compound induced time and concentration-
dependent cell cycle arrest at the G1 phase, which was accompanied by a reduction in
G1 regulators including cyclin D1, cyclin E, CDK-4, CDK-2, phosphor-retinoblastoma
(Rb) tumor suppressor protein, E2F-1, and Cdc25A. Moreover, studies have shown that
even the same chalcone derivative may have differential effects on the cell cycle when
tested against various cell lines or time points. Isoliquiritigenin was shown to induce
G1 or G2/M phase arrest in DU145 prostate cancer cell line when treated for 2 or 4
hours, respectively (228). Another study reported cell cycle arrest at G2/M phase in P53
mutant cells (22Rv1) and at GO/G1 in wild-type P53 cells (LNCaP and C4-2) upon
treatment with a methoxy chalcone derivative (229). Regardless of the cell cycle
targeting mechanism, chalcone induced cell cycle arrest eventually triggers apoptosis.

The ability of chalcones to bind with tubulin and subsequently disturb the
microtubule network is another plausible mechanism that leads to the blocking of cell
cycle progression. The anticancer activity of chalcones has been correlated with their
affinity towards binding with tubulin, thereby disturbing mitotic spindles and halt
mitosis (162). Similar to other antimitotic drugs, chalcones can target microtubule by
blocking tubulin polymerization (like combretastatin and colchicine) or stabilizing
microtubule and enhancing their polymerization (like taxanes). The use of chalcones
as an inhibitor of microtubule assembly represents one of the earliest studied
applications of chalcones (230). Several studies reported tubulin polymerization

inhibition through binding to colchicine binding site, as evident through docking studies
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(231-233). Hussain et al. synthesized a series of 1,2,3-triazole based chalcone analogs
and evaluated their cytotoxicity against DU-145 prostate cancer cell line (233). These
compounds showed potent inhibition of tubulin polymerization and induced cell cycle
arrest at the G2/M phase. On the contrary, some studies reported an increase in tubulin
polymerization (234). For instance, Shaffer et al. isolated a new iso-prenylated
chalcone, named sanjuanolide, from Dalea frutescens with anticancer activity against
AR-Prostate cancer cells with ICso 7-11 puM. Mechanistic studies on this compound
revealed an increase in tubulin polymerization rate, which was accompanied by G2/M
arrest (234). Regardless of the microtubule targeting mechanism, chalcones' interaction
with tubulin was associated with G2/M arrest and antiproliferative activity. Thus, they
can act as potential antimitotic agents.

1.2.4.3 Cell Migration, Invasion and Metastasis

While localized prostate cancer has a good prognosis, progression to metastatic
PCa dramatically reduces the 5-year survival rate to 30.2% (6). Metastatic spread of
cancer involves loss of cell-cell tight junctions, detachment of cells from the primary
site, cell migration to nearby tissues, invasion into blood/lymphatic vessels,
extravasation, and colonization at secondary tumor sites (235). At the molecular level,
epithelial to mesenchymal transition (EMT) is thought to be an important mechanism
responsible for metastasis (236). In this process, epithelial cells undergo morphological
changes towards mesenchymal phenotype, where they transfer from cuboidal to
spindle-shaped (237). Besides, they undergo gene’s expression changes in which the
mesenchymal markers (N-cadherin, fibronectin, and vimentin) get upregulated, and the
epithelial markers (E-cadherin and occludins) get down-regulated (238). These changes
lead to loss of cell-cell adhesion and gain of stemness and invasive properties, which

are needed for metastasis (239). The EMT can be regulated directly or indirectly by
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various signaling cascades and molecules, including transforming growth factor-beta
(TGF-B), epidermal growth factor (EGF), Wnt/B-catenin, NF-kB, MAPK, and PI3K
(237, 239).

Several chalcone derivatives were found to inhibit EMT and, subsequently,
invasion of different types of cancer (170, 240, 241). In Prostate cancer, the role of
chalcones in modulating EMT is less explored. Only one study reported EMT inhibition
mediated anticancer activity in PCa. In this study, a novel series of dithiocarbamate
based chalcones was found to reduce cell migration and inhibit EMT by upregulation
of E-cadherin and downregulation of N-cadherin, activated-MMP9, activated-MMP2,
and Vimentin in PC3 prostate cancer cell line (226). Although not directly studied,
EMT inhibition could be an important mechanism in chalcones antiproliferative activity
against prostate cancer. Different chalcone derivatives inhibited PCa cells' invasion and
migration through targeting EMT regulating pathways or effectors such as VEGF,
TGF-B, NF-kB and MMP (242-245). Taken together, these findings indicate that
chalcones can inhibit PCa cells migration, invasion and metastasis, potentially through

inhibition of EMT.

1.2.4.4 Inhibition of Angiogenesis

Angiogenesis is the physiological process by which new blood vessels develop
from pre-existing vessels. Uncontrolled angiogenesis is a key factor in cancer
progression, invasion and metastasis (246). Although angiogenesis is not essential for
cancer initiation, once the tumor grows beyond a few millimeters, blood vessel
formation becomes crucial to supply cancer cells with the required nutrients and oxygen
to support their viability and proliferation (247, 248). Tumors can initiate angiogenesis
by altering the balance between pro-and anti-angiogenic signals (249). Vascular

endothelial growth factor (VEGF) is among the main angiogenesis activator which
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promotes endothelial cells proliferation and vascular permeability (250). In prostate
cancer, overexpression of VEGF was associated with increased metastasis and
resistance to radiotherapy (251-253). Therefore, angiogenesis is recognized as one of
the cancer hallmarks and its inhibition is perceived as an attractive target strategy for
cancer therapy.

Several antiangiogenic therapies were evaluated in clinical trials for the
treatment of PCa; however, the results were inconsistent and mostly disappointing
(248). Supplementation of hormone therapy with bevacizumab in hormone-sensitive
PCa was associated with improvement in relapse-free survival, supporting the
hypothesis that angiogenesis plays a role in PCa (254). However, when bevacizumab
was used in combination with docetaxel and prednisone in CRPC, it did not improve
overall survival and increased treatment-related deaths (255). Similar to bevacizumab,
the use of other antiangiogenic (aflibercept, sunitinib, lenalidomide) in CRPC did not
improve overall survival (256-258). Moreover, antiangiogenic therapies are typically
used in combination with other therapies since they work by restricting tumor growth
through inhibition of blood vessels and are not frequently associated with tumor
eradication. (248) Therefore, efforts must be directed towards the development of safer
and more effective antiangiogenic therapies that might target cancer through multiple
modalities.

As a multitargeted agent with excellent antiangiogenic effect, chalcones might
serve as a potential alternative for the current antiangiogenic therapies. For instance,
Moon et al. have shown that 3.,4,2’,4’-Tetrahydroxychalcone (butein) dramatically
inhibited tumor cell-induced angiogenesis through attenuation of VEGF and MMP-9
expressions (243). In this study, PC3 prostate cancer cells were mixed with Matrigel

and implanted in mice. As compared to controls, butein -treated PC3 significantly
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lowered blood vessel formation in the Matrigel Plugs (243). Although not directly
linked to activity against prostate cancer, other studies reported chalcones with strong
angiogenic inhibition on the chicken embryos' chorioallantoic membrane, which was
associated with in vitro antiproliferative activity against other types of tumors (170,
259). Besides, Ma et al. developed a novel 3°,5’-diprenylated chalcone that significantly
downregulates VEGF, an important activator of angiogenesis, in PC3 prostate cancer
cells (244). The same compound was found to reduce in vivo tumor growth of PC3
xenograft, suggesting that the antiangiogenic effect might be one of the mechanisms
mediating the anticancer activity (260). Taken together, these findings suggest that
chalcones might be potential antiangiogenic therapy for prostate cancer.

1.2.4.5 Androgen Receptor Signaling

Chalcones were investigated for their role in targeting AR in some studies (261-
263). For instance, Jackson K. et al. tested the anticancer effects of Dibenzoylmethane,
a chalcone, in PCa and reported a significant downregulation of AR protein and gene
expression in a dose-dependent manner (261). Additionally, this chalcone derivative
was also able to inhibit the secretion of prostate-specific antigen (PSA), which is an
AR-regulated tumor marker (261). Another study reported the same effects on AR
protein expression and downregulation of PSA expression with a different chalcone
derivative, Isoliquiritigenin, which confirms that chalcones can target AR (262).
Furthermore, an ionone-based synthetic chalcone was reported to exert a potent
inhibitory effect in LNCaP PCa cell line (263). The molecule had also potently
antagonized Dihydrotestosterone (DHT)-induced transactivation of the AR wild type
(263). The same effect was also noted on clinically relevant W741C, H874Y and
T877A mutated ARs (263). Taken together, these reported activities prove chalcone

derivatives as potential candidates for treating AR naive PCa, as well as mutant and
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advanced forms of the disease.

1.2.4.6 P13k/Akt/mTOR Pathway

The PI3K/AKT/mTOR signaling pathway has an important role in several
physiological and pathological conditions since it is responsible for the regulation of
cell metabolism, survival and proliferation (264). The crucial components of this
cascade are Phosphatidylinositide 3 kinases (P13Ks) and their downstream mediators
AKT and mammalian target of rapamycin (mTOR), which are closely interconnected
and thus were regarded as a single pathway (264). Oncogenic activation of this cascade
was reported to occur in PCa, which correlates with tumor growth, disease progression
and resistance to therapy (264, 265). Several studies reported an elevated activity of
PISBK-AKT-mTOR signaling in prostate cancer, which was reported to be more
significant in CRPC (155, 266). Besides, genomic profiling has disclosed that genetic
alterations of PI3K pathway components are very common in PCa patients, with a
report of around 42% occurrence in primary and 100% occurrence in metastatic prostate
cancer samples (155, 265, 267, 268). Chalones were reported in the literature as
potential therapeutic options against PCa targeting the PISBK/AKT/mTOR signaling
pathway (207, 213, 227, 269-271). For instance, a chalcone derivative with
methylsulfonyl and hydroxy substitutions was shown effective at overcoming tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) resistance in PC-3 and
LNCaP PCa cell lines (213). This molecule enhanced TRAIL-induced apoptosis
through downregulating of PI3K/Akt, Bcl-2, NF-kB, and cyclooxygenase-2 (COX-2)
pathways (213). Isoliquiritigenin, which has been shown by numerous studies to act
through different mechanisms of actions on PCa, was also reported to act on the
PI3K/AKT/mTOR signaling pathway (269). Jung J. et al. reported that this molecule

inhibited ErbB3 signaling and the PI3K/Akt pathway by reducing ErbB3 gene
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expression and its phosphorylation inhibited the recruitment of the p85 regulatory
subunit of PI3K to ErbB3 and reduced Akt phosphorylation (269). Since limited reports
of these significant in vitro activities were performed in vivo (269), further
investigations should be carried in vivo on these lead molecules to confirms their
mechanisms of action on this signaling pathway and their role in PCa treatment.

In conclusion, discoveries on the anticancer properties of natural and synthetic
molecules are continuously expanding. Chalcones are a class of organic molecules that
can be extracted from natural or synthetic sources. Their underlying molecular
anticancer bioactivities have been investigated in different types of PCa, including
CRPC. A large body of evidence indicates that chalcone derivatives and analogs can
simultaneously modulate multiple signaling pathways and cancer processes in different
types of PCa and exert chemo-preventive potential. When combined with conventional
chemotherapy, they were also shown to eliminate drug resistance and increase the
efficacy of these medications. Taken together, the reported pharmacological actions of
chalcones in PCa are impressive and hold promise to overcome the various drawbacks

in current treatment options.

1.3 Study Objectives and Rationale

Today, mCRPC remains a major clinical challenge despite the emergence of
several new therapeutic options in the past few years. Patients with mCRPC still have
a poor prognosis with a median overall survival of 1-2 years. Therefore, there is an
urgent unmet need for new effective therapeutic strategies.

Chalcones are among the highly attractive scaffolds being investigated for their
antitumor activities in mCRPC. Particularly, molecular hybridization of chalcones with
active pharmacophoric moieties attracted a great deal of interest due to their potential

synergistic activities. Despite their ability to modulate multiple signaling pathways and
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cancer processes, no chalcone had been moved into subsequent developmental steps for
the treatment of PCa. This could be partially attributed to their poor pharmacokinetic
profile, lack of selectivity and/ or modest potency.

Optimization of chalcones’ activity through hybridization with heteroaromatic
rings that are known to possess anticancer activity such as pyridine, pyrrole and
thiophene may improve chalcones' efficacy and selectivity. Moreover, incorporating in-
silico ADMET prediction early in the design process could increase the probability of
identifying molecules with favorable physiochemical properties that are more likely to
move along the drug development process. Combining both strategies simultaneously
may lead to overcoming current chalcones' limitations. Therefore, we speculate that In
silico guided development of new heteroaromatic-based chalcones could result in
promising lead molecules with improved efficacy, safety and pharmacokinetic profiles

for the treatment of mCRPC.

Objective 1: To design novel chalcone hybrids with potentially promising anticancer
activities.

Objective 2: To conduct in-silico ADMET screening to eliminate analogs with low
drug-likeness properties

Objective 3: To synthesize and elucidate the structures of the proposed chalcone
analogs

Objective 4: To evaluate the anticancer activity of the synthesized chalcones in AR-
negative prostate cancer cells

Objective 5: To investigate the antiangiogenetic activity of chalcone analogs in ovo
using the chorioallantoic membrane (CAM) of the chicken embryo model

CHAPTER 2: MATERIALS AND METHODS
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2.1 Chemistry

2.1.1 Materials

All chemicals and reagents were obtained from Sigma-Aldrich (USA) unless
stated otherwise and used without further purification. Solvents used in the synthesis
and purification were of analytical or HPLC grade with purity >98% and were
purchased from Sigma-Aldrich (USA) or Merck (Germany). The main used fine
chemicals and solvents are listed in Table 2.1. Doubled distilled H>O was prepared with
a Milli-Q (Bedford, MA, USA) H20 purification system. Thin-layer chromatography
(TLC) was done on pre-coated silica gel aluminum plates from Sigma-Aldrich (USA).
Prepacked Biotage® SNAP KP-SIL cartridges (Biotage AB, Sweden) were used for

column chromatography.

36



Table 1.1 List of fine chemicals and solvents used in this study

Chemicals/ Solvents

Chemical Name

Molecular Weight

(density g/ml)
Tetralones 5,8-Dimethoxy-1-tetralone 206.24
5-Methoxy-1-tetralone 176.21
6,7-Dimethoxy-1-tetralone 206.24
6-Methoxy-1-tetralone 176.21
7-Methoxy-1-tetralone 176.21
Acetophenones  2-Methoxyacetophenone 150.17
3-Methoxyacetophenone 150.17 (1.094)
4-Methoxyacetophenone 150.17
3,4-Dimethoxyacetophenone 180.20
2,3,4-Trimethoxyacetophenone 210.23 (1.155)
2,4,6-Trimethoxyacetophenone 210.23
3,4,5-Trimethoxyacetophenone 210.23
4'-(Methylsulfonyl)acetophenone 198.24
2-Hydroxyacetophenone 136.15 (1.131)
2-(Trifluoromethyl)acetophenone 188.15 (1.255)
4-Fluoroacetophenone 138.14 (1.138)
Carboxy- 4-[Bis-(2-chloroethyl)amino]benzaldehyde 246.13
aldehydes Pyrrole-2-carboxaldehyde 95.10
1-Cyclopropyl-1H-pyrrole-2-carbaldehyde 135.16
6-Methoxy-2-pyridinecarboxaldehyde 137.14
6-(Trifluoromethyl)pyridine-2-carboxaldehyde 175.11
6-(3-Thienyl)pyridine-2-carboxaldehyde 189.23
Thieno[3,2-b]thiophene-2-carboxaldehyde 168.24
Reagents Sodium hydroxide (NaOH) 40.00
Solvents Acetonitrile, chloroform, chloroform-d,

dichloromethane, ethanol, ethyl acetate,
hexane, isopropanol, methanol, toluene and
diethyl ether
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2.1.2 Design of Novel Chalcones

New series of hybridized chalcones were designed based on findings generated
from previous work conducted in our lab and data from published literature on
promising biologically active scaffolds. The novelty of the proposed compounds was
checked through structure based-search (i.e., SciFinder) and chemical name-based
search using relevant scholarly databases (e.g., ScienceDirect and PubMed). Inclusion
in the study was limited to new analogs that were not investigated in any sort of

application.

2.1.3 Chemical Synthesis

Chalcones were synthesized by Claisen—Schmidt condensation reaction (Figure
4). For each analog, appropriate aromatic carboxaldehyde (Immol, 1 eq.) was added to
a solution of methoxy substituted -tetralone or -acetophenone (1mmol, 1 eq.) and stirred
until completely dissolved. The mixture was then cooled on Ice to 0°C and 0.5 ml of
aqueous sodium hydroxide (3mmol, 3 eq.) was added drop wisely. Reaction mixtures
were stirred at room temperature, for 1-72 hours, until completion of the reaction or an
increase in the ratio of byproducts. Reactions progress was monitored by TLC using

appropriate solvent mixture and visualized under UV light (254nm and 365nm).
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A. Tetralone Based Chalcones
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Figure 5. Synthetic scheme of (A) tetralone-based chalcones and (B) non-cyclic
chalcone analogs; R1= OCH3, OH, CF3, SO2CH3; R2= OCH3, CF3, thienyl.

After completion, the formed precipitate was filtered, washed with cold water
and ethanol and dried under vacuum. For compounds that do not form a precipitate, the
solvent was evaporated under reduced pressure using the rotary evaporator, and the
residue was neutralized with dilute HCI. Then, the product was extracted from the
aqueous layer using ethyl acetate, followed by evaporation of the organic layer to
isolate the product. Crude products were purified by recrystallization, column
chromatography, Preparative-HPLC, flash chromatography, preparative-TLC or

Sephadex L-H20 using different solvent systems (Figure 5).
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A. Column Chromatography B. Recrystallization C. Prep-TLC

F. Post Purification TLC
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Figure 6. Hlustration of the used purification techniques

2.1.4 Characterization and Structure Elucidation

2.1.4.1 Fourier Transform-Infrared analysis (FT-IR)

Infrared (IR) spectra were recorded using Perkin Elmer Spotlight 400 FTIR. All
spectra were recorded at room temperature over the mid-infrared range (4000-400 cm
1. FT-IR spectra were used to confirm the presence of the main functional groups in

the synthesized analogs.

2.1.4.2 Mass Spectroscopy

Mass spectra were recorded on Agilent 6460 Triple Quadrupole Liquid
chromatography-mass spectrometry (LC/MS) system combined with electrospray
ionization (ESI) source. The analyses were performed using positive ionization mode
(ESI+) with the capillary voltage set at 80 v and mass/charge (m/z) ratio acquisition in
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the range 40-610 m/z. Samples were dissolved in acetonitrile and analyzed by direct
infusion using 50% ACN: 50% of 0.1% Formic acid mobile phase at a flow of
0.5ml/min. The molecular weight of the synthesized compounds was confirmed by the

presence of the molecular ion peaks at [M+1] +.

2.1.4.3 Nuclear Magnetic Resonance (NMR)

'H NMR and *C NMR spectra were recorded on JEOL 600 MHz spectrometer
at a frequency of 600 and 150 MHz, respectively, using chloroform-d or chloroform-d
with/without 0.05% v/v of tetramethylsilane (TMS) as a solvent. Chemical shifts (8)
are expressed as parts per million (ppm) relative to the solvent peak (7.24 ppm for 1H
NMR and 77 ppm for C NMR). *H-'H coupling constant (J) values are reported in
Hz. Additional 2-dimensional (2D) *H-!H correlation spectroscopy (COSY) and *H-13C
heteronuclear single quantum coherence (HSQC), *H-13C-Heteronuclear Multiple Bond
Correlation (HMBC), *H-®"N HMBC, H-'H -nuclear overhauser effect spectroscopy
(NOESY) NMR and 1D-NMR for N and **F nucleus were conducted for selected
samples to confirm the assignment of protons and carbons chemical shifts. NMR data
were processed using Delta NMR Software, Version 5.1.3. (JEOL, USA). Multiplicities
were described using the following abbreviations: s = singlet, d = doublet, t = triplet,
g= quartet, dd = doublet of doublets, dt= doublet of triplets, td= triplet of doublets, m =

multiplet, and b=broad. The full NMR spectra are available in Appendix B.

2.1.4.4 Elemental Analysis
Elemental analyses were carried out using Thermo Scientific FLASH 2000
CHN analyzer to aid in confirming molecular structures by calculating the percentage

of C, H and N in each of the synthesized compounds.
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2.2 Pharmacological Screening

2.2.1 Cell Culture

The synthesized compounds were screened against androgen-positive (LNCaP
and C4-2) and androgen-negative (PC3 and DU-145) human prostate cancer cell lines.
PC3 cell line was obtained from the American Type Tissue Culture (ATCC, Manassas,
VA, USA). DU-145, LNCaP and C4-2 cell lines were a kind gift from Dr. Lotfi
Chouchane (Weill Cornell Medical College in Qatar), which were originally purchased
from ATCC. All cell lines were cultured in Gibco® RPMI 1640 with L-glutamine
(Thermo Fisher Scientific, USA) supplemented with 10% Fetal bovine serum (FBS),
100 TU/mL Penicillin, and 100 pg/mL streptomycin (Thermo Fisher Scientific, USA),
and maintained at 37°C in a humidified incubator with 5% CO2. Cells were grown in
T-75 tissue culture flasks and were routinely passaged when reaching confluency of 80-
90% with a sub-culture ratio of 1:3 to 1:6. Cells were harvested using 0.25% trypsin
EDTA and cryopreserved in growth media containing 5% dimethyl sulfoxide (DMSQO)
and supplemented with 35% FBS. The selectivity of the most potent compounds was
tested against primary human dental bulb cells (ND), which is available in the lab, due
to difficulty in ordering more relevant cells (i.e., human primary prostate epithelial

cells) during the current pandemic.

2.2.2 Cell Viability

The in vitro cytotoxicity of the compounds was assessed by Alamar Blue assay
(Invitrogen™, ThermoFisher Scientific, USA). Alamar Blue (resazurin) is a cell-
permeable, weakly fluorescent blue dye that is reduced by mitochondrial enzymes in
viable cells to resorufin, a highly fluorescent red molecule (Figure 6). Thus, it was used

as a cell health indicator by measuring the reducing power of living cells, which
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quantitatively reflects cell viability.

Briefly, cells were seeded into 96-well plates at a density of 5000 and 7500 cells
per well for PC3 and DU145, respectively, in RPMI media supplemented with 10%
FBS and incubated overnight. Once cells are attached, the culture media was aspirated
and fresh media containing increasing concentrations of the synthesized compounds (1-
40 uM), docetaxel (0.001 uM-100 uM), or vehicle (DMSO) was added and incubated
for 48 hours. The final concentration of DMSO was < 0.1%. After 48 hours, treatment
was removed and 100 pL of 1:10 Alamar blue reagent in media was added to each well
and incubated for 2-4 hours (optimized according to the metabolic activity of each cell
line). Then, fluorescence intensity was measured using Infinite 200 PRO Microplate
Reader (Tecan, Switzerland) at 560 nm excitation wavelength and 590 emission

wavelength. Relative cell viability was calculated according to the following formula:

Fluorescence of treated wells—Blank

% Viability = X 100%

Fluorescence of control wells—Blank

For most potent compounds, a dose-response curve was created and ICso, the
concentration the induced 50% reduction in viability compared to control, was
computed by non-linear regression (curve fit) analysis using GraphPad Prism Software
and were expressed as mean +/- SEM. Treatments were tested in 6 technical replicates,

and each experiment was repeated independently three times.
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Figure 7. lllustration of Alamar Blue Assay. (A) Resazurin dye reduction by viable cells

to resorufin. (B) Typical plate layout for dose-response evaluation.

2.2.3 Morphological Examination
Cells were seeded in 6 wells plate at a density of 150,000-200,000 cells/ well

and were incubated overnight. Then, cells were treated with the synthesized compounds
at 5-10 uM concentration for 48 hours. Morphological changes were monitored using
a DMi8 inverted microscope (Leica, Germany) and images were captured with a Leica

MC170 HD camera.

2.2.4 Annexin V Apoptosis Assay

Cellular apoptosis was assessed by PE Annexin V apoptosis Detection Kit (BD
Pharmingen, USA) as per the manufacturer’s protocol. Briefly, cells were seeded in
100mm Petri dishes at a density of 1.5 million cells/ dish and incubated overnight. On
the next day, cells were treated with one of the three most potent compounds (13, 15,

and 16), docetaxel or vehicle alone (DMSO) for 48 hours. Adherent and floating cells
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were then harvested by trypsin, washed twice by PBS, resuspended in binding buffer
and stained with Phycoerythrin (PE) conjugated Annexin-V, 7-AAD or both stains for
15 minutes. After staining, samples were analyzed by BD FACSAria™ II Flow
Cytometer and FlowJo software. First, the cell population, excluding debris, was gated
with forward scatter (FSC-A) and side scatter (SSC-A). Then, doublets were excluded
using FSC-height and FSC-width plots. Singlet cells were then presented as dot plots
of FITC-A (annexinV) against PerCP-Cy5.5-A (7-AAD) channels. Quad Gates were
used to calculate the percentage of viable cells (annexin V low, 7-AAD low), early pro-
apoptotic cells (annexin V high, 7-AAD low) and late apoptosis/dead cells (annexin V

high, 7-AAD high).

2.2.5 Cell Cycle Analysis
The compounds' effect on cell cycle distribution of PC3 and DU145 was

assessed by flow cytometry using propidium iodide (PI). Cells were seeded in 100mm
Petri dishes at a density of 1.5 million cells/dish and incubated in RPMI supplemented
with 10% FBS overnight at 37°C. Complete culture media was then removed, and cells
were starved in serum serum-free for 16 hours to synchronize cells at the GO/G1 phase
of the cell cycle. Subsequently, cells were treated with the compounds 13, 15, and 16
or docetaxel for 48 hours. After treatment, floating and adherent cells were collected,
washed with ice-cold PBS and centrifuged at 500g for 10 minutes at 4°C. Next, cells
were fixed with ice-cold 70% ethanol added drop wisely while vertexing and stored at
-20°C for at least 24 hours. On the day of analysis, cells were pelleted (centrifuged at
800g for 10 minutes at 4°C), washed twice with ice-cold PBS and counted. Around one
million cells of each sample were resuspended in 500ul of FxCycle PI/RNase staining

solution® (Thermo Fisher Scientific, USA) supplemented with 200ug/ml RNase and
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incubated for 50 minutes at 37°C in a shaking water bath, protected from light.
Following incubation, cells were immediately analyzed by BD FACSAria™ II Flow
Cytometer, at least 50,000 events were acquired for each sample. The proportion of
cells in each cell cycle phase: G1, S and G2-M was determined using FlowJo software

based on cells' DNA content as represented by histograms of PI signal intensity.

2.2.6 Colony Formation Assay

Anchorage-independent growth, a characteristic of transformed cells that
correlate with in vivo tumorigenic potential, was assessed by soft agar assay. First, a
2% noble agar (Sigma-Aldrich) stock solution was prepared in deionized and
autoclaved water. Next, 10,000 cells of PC3 or DU145 were seeded in duplicate in 1ml
of 0.2% (w/v) agar in a complete RPMI medium containing 5-10uM of the compounds
on top of a pre-solidified 0.4% agar layer in 6-well plates. Colony formation was
monitored for 14-21 days, and images were captured from different fields every seven
days using a DMi8 inverted microscope equipped with a Leica MC170 HD camera.
After 14 days, the average number of colonies in each well was counted manually under
the microscope and confirmed by ImageJ; only colonies with an area larger than
100um? were counted to avoid the inclusion of non-proliferating dead cells. Besides,
the size of colonies in each treatment condition was measured by ImageJ from at least
six random fields per well. Colonies were then categorized according to their size into

small (100-500 pm?), medium (500-1000 um?) and large (>1000 pum?).

2.2.7 Wound Healing Assay
PC3 and DU145 cells were seeded in 6-well plates at a concentration of 400,000

cells/well and were grown to 80-90% confluence in a complete RPMI culture medium.
Following, Cells were washed with PBS and incubated in serum-free RPMI for 4 hours.

Then, the cell layer was scratched with a 20ul pipette tip and washed with PBS to
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remove floating cells. Next, cells were treated with an increasing concentration of the
compounds prepared in 0.5% FBS containing medium for 48 hours. Wound areas were
imaged in six different locations for each well at 0, 24, 48 hours by DMi8 inverted
microscope equipped with a Leica MC170 HD camera and quantified using ImageJ
software. The average extent of wound closure was calculated by the following
equation:

Wound area at 0h - Wound area at 48h
% Wound closure = Wound area at Oh X100%

2.2.8 Trans-well Migration Assay

Trans-well migration assay was carried out in a multi-well permeable support
system with 8.0um-pore Polyethylene terephthalate (PET) membrane (BD FalconTM,
USA). Briefly, 50,000 PC3 or DU-145 cells were suspended in 500 pL of serum-free
RPMI medium, containing 5-10 uM of the compounds or vehicle, and loaded in the
upper chamber. Lower chambers were filled with 600uL of complete growth medium
(RPMI with 10% FBS) as a chemoattractant. Cells were allowed to migrate for 48
hours, after which non-migrating cells on the upper side of the chamber were removed
with a cotton swab. Migrating cells were then fixed in 3.7% formaldehyde for 10
minutes, permeabilized with methanol for 5 minutes and stained with 0.5% crystal
violet prepared in 2% ethanol for 15 minutes. Images were taken with an inverted
microscope (10x objective) equipped with a digital camera. The average number of

migrated cells from at least four random fields/well was quantified by ImageJ software.

2.2.9 Western Blot Analysis

PC3 and DU145 cells were seeded in 100mm Petri dishes at a concentration of

2.5 million cells/dish and incubated overnight. On the next day, cells were treated with
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the synthesized compounds, vehicle (DMSO) or positive control (docetaxel), at
concentrations of 5-10 uM for 48 hours. Floating and adherent cells were then washed,
harvested, lysed with sodium dodecyl sulphate (SDS) lysis buffer (0.5M Tris pH 6.8,
0.2% SDS) supplemented with Halt™ Protease and Phosphatase Inhibitor Cocktail
(Thermo Fisher Scientific, USA), and stored at -20°C. Next, Cell lysates were sonicated
and centrifuged at 16,000 g x 15 minutes at 4°C. Protein concentration was determined
using the Pierce BCA Protein Assay Kit (Thermo Scientific, USA) according to the
manufacturer protocol.

Proteins were separated on SDS—polyacrylamide gel electrophoresis (SDS-
PAGE). First, cell lysates were mixed with Pierce™ Lane Marker Reducing Sample
Buffer (Thermo Fisher Scientific, USA), boiled at 95°C for 10 minutes and 30mg of
protein from each sample was loaded on 10% polyacrylamide gels. PageRuler™
Prestained Protein Ladder, 10-180kDa, (Thermo Scientific, USA) was used as a
standard to estimate the size of the resolved proteins. After that, electrophoretic
separation was performed using the Mini-PROTEAN Electrophoresis System (BioRad)
in two steps, starting with 60 volts for 15 minutes, followed by 120 volts for 90-120
minutes. Afterward, proteins were transferred into 0.45 pm PVDF membrane at 100
Voltage for 120 minutes and blocked with 5% BSA in TBS for one hour at room
temperature. Next, membranes were incubated with different primary antibodies
diluted 1:1000 in 1% BSA in TBS-T overnight at 4°C (Table), followed by three washes
with TBS-T. The blots were then incubated with relevant secondary antibody diluted
1:1000 in 1% BSA in TBS, for 2 hours at room temperature, followed by three
additional washes in TBS-T. Protein bands were developed by chemiluminescence
using Pierce™ ECL Western Blotting Substrate and blots were imaged using

ibrightCL1000 imaging system. Relative band intensities were quantified using ImageJ
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software.

Table 2 List of used primary and secondary antibodies

No. Antibody Type Source. MW of Manufacturer
target
protein
1 Anti-Mouse Polyclonal  Goat NA Cell Signaling
and Technology, Inc., USA
monoclonal
2 Anti-Rabbit Polyclonal  Goat NA Cell Signaling
and Technology, Inc., USA
monoclonal
3 GAPDH Rabbit 37 kDa Abcam, USA
4 E-cadherin Monoclonal Mouse  135kDa Abcam, USA
5 B-Catenin Polyclonal 92 kDa  Cell Signaling
Technology, Inc., USA
6 Phospho-- Monoclonal 92 kDa  Cell Signaling
Catenin Technology, Inc., USA
7 Fascin polyclonal 54 kDa Abcam, USA
8 Cleaved Polyclonal  Rabbit 17 kDa Abcam, USA
Caspase-3
9 Bcl-2 Monoclonal Mouse 26 Abcam, USA
10 Bax Monoclonal Mouse 23 Invitrogen, USA
11 ERK1/2 Polyclonal  Rabbit 44,42  Abcam, USA
12 P-ERK1/2 Polyclonal ~ Rabbit 44, 42 Invitrogen, USA
(Thr202,Tyr204)
13  Total Akt Polyclonal  Rabbit 60 Cell Signaling
Technology, Inc., USA
14 Phospho-Akt Polyclonal ~ Rabbit 60 Cell Signaling
Technology, Inc., USA
15 JNK1/2/3 Polyclonal  Rabbit 54 Abcam, USA

NA: Not Applicable

2.2.10 Chorioallantoic Membrane (CAM) Angiogenesis Assay

Fertilized white leghorn chicken eggs were obtained from Arab Qatari for

Poultry Production, Doha, Qatar. Eggs were incubated in a rotary humidified

MultiQuip Incubator at 37 °C with 60% humidity. Ethics approval was obtained from
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Institutional Animal Care & Use Committee and Institutional Bio-safety committee
at Qatar University. After 5 days of incubation, chicken embryos were treated with
compound 16 or vehicle (DMSO). Briefly, eggshells were disinfected with ethanol
and a small opening was made in the shell over the air sac. Next, 200ul of 1x PBS was
added and the shell membrane was carefully removed. Then, 2ul of 10mM (3.21
pg/ml) compound 16 stock solution or 2uL. of DMSO were loaded on a round
coverslip (0.5 cm2) and directly placed over the CAM. Subsequently, opened
windows were sealed and the eggs were returned to a stationary incubator (Figure 7).

The effect of compounds on angiogenesis was monitored for 48 hours post-
treatment and microscopic images of exposed (under coverslip) and unexposed area
in each embryo were captured at equivalent magnification. Images were then analyzed
using AngioTool software using the following parameters: vessel diameter thresholds
at [10,255], vessel thickness at 7 and 10, removed small particles at 60, and filled
holes at 183. The difference in blood vessel formation between treated and untreated
embryos was assessed based on average vessel length, vessel percentage area and the
total number of blood vessel junctions. To reduce the negative impact of variabilities
between embryos, the exposed area in each embryo was first corrected to the
unexposed area within the same embryo before being compared to untreated embryos.

Besides, at least 15 embryos were treated in each group.

50



Incubation Eggshell opening Adding Sealing
& membrane removal Treatment

Day 0 Day5 Day 6-9

Figure 8. Timeline of CAM Angiogenesis Assay

2.2.11 Statistical Analysis
All data were analyzed by GraphPad Prism9 software. Data are presented as the

mean + standard error of the mean (SEM) of three biologically independent
experiments unless otherwise stated in figure legends. Two-group datasets were
analyzed by Student’s unpaired t-test. One-way analysis of variance (ANOVA)
followed by Tukey’s or Dunnett’s posthoc tests were used to compare three or more
groups. Tukey’s posthoc test was used to compare treatment groups to each other, while
Dunnett's test was used to compare treatment groups with the control only. Differences
were considered statistically significant when P-values were <0.05. For all the
statistical analysis, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001 unless otherwise

stated in the figure caption.
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CHAPTER 3: RESULTS

3.1 Chemistry

3.1.1 Design of novel chalcone derivatives

In an attempt to identify potential effective anticancer compounds, a novel (Bis-
(2-chloroethyl) amine), nitrogen mustard, based chalcone (DK14) have been recently
developed by our research group. The compound showed promising anti-proliferative
activities in vitro against triple negative-breast cancer cell lines (ICso 6.3-9.22 pM) and
in vivo in a nude mice xenograft model (170). Based on these findings, a US patent was
recently filled (272).

In continuation of this effort, in this study, a new library of chalcone analogs
was designed, aiming to improve the potency and the pharmacokinetic profile of the
reported analogs. In the first series, we explored the effect of substituting the non-cyclic
ketone in (Bis-(2-chloroethyl) amine) based chalcone (DK14) with a closed ring
(tetralone), resulting in a-conformationally restricted (cyclic) chalcone analogs (Figure
8-A). Tetralone, also known as 3,4-dihydro-2H-napthalen-1-one, is a promising
scaffold that showed a wide range of biological activities such as antitumor,
antibacterial, and antimalarial activity (273-275). Next, a second series was designed
to investigate the effect of replacing the nitrogen mustard group in DK14 with
cyclopropyl pyrrole. This functional group might potentially act as a bio-isostere that
retains similar or enhanced potency while improving the pharmacokinetic profile

(Figure 8-B).
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Figure 9. Design of nitrogen mustard tetralone-based chalcones (A) and cyclopropyl

pyrrole-based chalcones (B).

Additionally, a new line of chalcone derivatives was designed through
molecular hybridization of chalcones with pharmacologically active heterocycle rings,
including pyrrole, pyridine, and thiophene (Figure 9). Similar to the first series, non-
cyclic chalcones were compared to their corresponding cyclic chalcones by
incorporating either aryl or tetralone rings, respectively.

The design process was guided by both in silico ADMET study findings and
biological screening data. Hits showing promising ADMET profiles or biological
activity were selected for expanded investigation in the subsequent phases of the
project. The novelty of the proposed analogs was checked by both structure based-
search as well as chemical name-based search. Analogs that were previously reported

or synthesized were excluded from the study.
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Figure 10. Examples of clinically approved drugs containing the heteroaromatic rings
(pyrrole, pyridine, and thiophene) investigated in this study (A). The rationale for the
design of pyridine-chalcone Hybrids (B).
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3.1.2 Chemical Synthesis

The designed chalcone analogs were synthesized through base-catalyzed
Claisen—Schmidt condensation reaction of substituted tetralone or acetophenone with
substituted carboxaldehyde (Figure 4). The products were primarily collected by
filtration and purified by appropriate chromatographic method (i.e., column
chromatography, flash-chromatography, Prep-TLC, Prep-HPLC).

Twenty-six (1-26) novel chalcone analogs containing nitrogen mustard,
pyridine, pyrrole, or thieno-thiophene in ring B and various electron-donating or
withdrawing groups on ring A were successfully synthesized (Table 3 and Figure 10).

The time required for reactions to complete and the yield varied significantly
between analogs. Tetralone-based chalcones took a significantly longer time to
complete (>72 hours) and resulted in relatively low yields, mostly between 31-43%. On
the other hand, the synthesis of non-cyclic chalcones took less time to complete and
resulted in higher yields. Specifically, the synthesis of thienyl pyridine bearing

chalcones completed in few hours and generated a yield of 65-87%.
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Table 3. General structures and numbering of the synthesized chalcones

8 ?\f Ra
. WNR = ;ﬂ : s_/ s
N Y B C D
) (II)
# Scheme  Ar R: R
1 I A 5-OCHg -
2 I A 6-OCHs -
3 I A 7-OCHs
4 | A 6,7-OCHjs
5 I A 5,8-OCHs
DK14 1 A 3-OCH; -
6 | B 6-OCHgs H
7 | B 6-OCHjs cyclopropyl
8 | B 6,7-OCHjs cyclopropyl
9 I B 3-OCHjs cyclopropyl
10 | D 6,7-OCHj;
11 I C 6,7-OCHs OCHs
12 I C 6,7-OCHs CFs
13 | C 6,7-OCHjs thiophen-3yl
14 | C 6-OCHjs thiophen-3yl
15 | C 7-OCHjs thiophen-3yl
16 I C 3-OCHjs thiophen-3yl
17 I C 2-OCHjs thiophen-3yl
18 I C 4-OCHjs thiophen-3yl
19 I C 3,4-OCHj3 thiophen-3yl
20 ] C 2,3,4-OCHjs thiophen-3yl
21 ] C 2,4,6-OCHjs thiophen-3yl
22 ] C 3,4,5-OCH3 thiophen-3yl
23 I C 2-CH3SO; thiophen-3yl
24 I C 2-OH thiophen-3yl
25 I C 2-CF; thiophen-3yl
26 I C 4-F thiophen-3yl

56



H,CO

HyCO

H3CO

Figure 11. Chemical structures of the synthesized chalcone analogs. Structures are
color-coded according to ring B substitution, nitrogen mustard (pink), pyrrole (yellow),

theino-thiophene (green), and pyridine (blue).
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3.1.3 Structure Elucidation
The structures of the synthesized compounds (1-26) were elucidated by FT-IR,

H-NMR, BC-NMR, ESI-MS and elemental analysis. The FT-IR spectra confirmed the
presence of the major functional groups in the synthesized analogs. All chalcones
exhibited a characteristic C=0 stretching band at 1644-1662 cm™. The appearance of
the C=0 band at a lower wavelength than what is typically observed with ketones
(>1700 cm™®), confirms the conjugation of the carbonyl with C=C in chalcone structure.
Another characteristic band shown by different chalcone analogs is the C=C stretching
vibration between 1514-1610 cm™. We also noted C-N stretching bands at 1176-1178
in nitrogen mustard-containing analogs (1-5). The mass spectra (+ESI) of all
compounds showed an [M+1]" peak equivalent to their calculated molecular weights,
suggesting a correct chemical composition. In addition, elemental analysis results (C,
H, N) were relatively similar to the calculated values.

The configuration of the synthesized analogs was confirmed through *H-NMR.
Typically coupling constant between a and B olefinic protons in a, p unsaturated
ketones are used to differentiate between E and Z configuration where E isomer present
with a larger coupling (J=15 Hz) than Z isomer (J=12 Hz). Proton NMR spectra of the
synthesized a-unsubstituted (non-cyclic) chalcones (9 and 17-26) exhibited two
doublets with a large coupling constant (J= 15.1-15.8 Hz), confirming (E)
configuration. However, our tetralone-based chalcones (1-8, 10 and 13-16) lack the a-
olefinic proton, thus assignment based on the coupling is not possible. Therefore,
alternative methods were needed to confirm the configuration. Inspection of the
compound’s (8) NOESY spectrum revealed correlations between p-olefinic proton and
H-3 of the tetralone, which suggests (E) configuration. Besides, x-ray crystallography
analysis of previously reported related tetralone-based chalcones confirmed E-

configuration (276, 277). Due to steric interactions between the carbonyl and ring B in
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chalcones, the formation of E-isomer was favored over Z-isomer in the majority of the
reported chalcones.

Due to the presence of 2-3 distinct aromatic rings in the synthesized analogs and
thus several overlapping aromatic proton peaks in the region of 7.0-8.0 ppm, 2D 'H-'H
COSY NMR in addition to 1D *H and *3C NMR were run for all analogs to aid in peak
assignment. Synthesis of multiple related analogs within each series enabled
assignment with high confidence by comparing spectra of different analogs. Aromatic
rings were distinguished by their characteristic J-coupling values and expected splitting

pattern (Figure 11).
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Jy  2.8-3.1Hz
Iy 48-5.2Hz

Figure 12. Characteristic coupling constants of (A) pyrrole ring (compounds 6-9) and

(B) thienyl pyridine rings (compounds 13-26).

Additionally, 2D NMR experiments (COSY, HSQC, *H-BC-HMBC, 'H-*N-
HMBC and NOESY) were conducted for two representative analogs (13 and 16) for
full assignment of carbons, protons and their connectivity (Figure 12). Notably, *H-1*N-
HMBC NMR of compound 13 showed a correlation between the nitrogen in the
pyridine ring and B-olefinic proton, confirming its location within 2-3 bonds. Another
NMR characteristic observation was noted in *C-NMR of compound (25). The

presence of the CF3 functional group was confirmed by the 3C-NMR splitting of CF3
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and adjacent aryl carbons to quartets with large J-couplings of 274.5, 32.3 and 4.8,
respectively. This observation was further confirmed by °F NMR, where a fluorine

peak appear at -57.7 ppm consistent with the expected region for CF3 (-50 to -70 ppm).

Y\ IH-THCOSY /7 7\ 'H-13CHMBC H-15N HMBC

Figure 13. Key 'H-'H COSY (red arrows), *H-1*C HMBC (blue arrows) and *H-°N

HMBC (green arrow) correlations of compounds 13 and 16.

All spectra (FT-IR, 'H-NMR, ¥C-NMR, *F-NMR, COSY, HMBC, HSQC,
HMQC, NOESY, and ESI-MS) are included in Appendix B. The results of the

characterization experiments for compounds 1-26 are summarized below.

1. (E)-2-(4-(bis(2-chloroethyl)amino)benzylidene)-5-methoxy-3,4-dihydronaphthalen-
1(2H)-one (1)

Orange-brown semi-solid oil; yield: 31.0%; *H-NMR (CDCls with 0.05% v/v
of TMS, 600 MHz) & 7.79 (s, 1H, B-olefinic), 7.74 (d, J = 6.9 Hz, 1H, H-8), 7.44 (d, J
=9.0 Hz, 2H, H-2’ and H-6"), 7.31 (t, J = 7.9 Hz, 1H, H-7), 7.03 (d, J = 7.6 Hz, 1H, H-
7), 6.72 (d, J = 9.0 Hz, 2H, H-3’ and H-5"), 3.87 (s, 3H, OCH3-5), 3.79 (t, J = 6.9 Hz,
4H, N-CHy), 3.67 (t, J = 7.2 Hz, 4H, CI-CH,), 3.12 (td, J = 6.5, 1.4 Hz, 2H, H-3), 2.92

(t, 3 = 6.5 Hz, 2H, H-4); *C-NMR (CDCls, 150 MHz) & 187.9, 156.1, 146.3, 136.6,
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134.7, 132.3, 132.2, 131.9, 127.0, 125.2, 119.8, 114.0, 111.5, 55.7, 53.3, 40.2, 26.6,
21.2; FT-IR (KBr, cm™1): 3072 (C=C-H), 2956, 2837 (C-C-H), 1659 (C=0), 1596, 575,
1514 (C=C), 1176 (C-N); Anal. calcd. for C22H23CI2NOz2: C, 65.35; H, 5.73; N, 3.46;
Found: C, 64.53; H, 5.85; N, 3.44; LC-MS (+)-ESI (m/z): calculated 403.11, observed

404.0 [M+1]".

2. (E)-2-(4-(bis(2-chloroethyl)amino)benzylidene)-6-methoxy-3,4-dihydronaphthalen-
1(2H)-one (2)

Dark yellow solid; yield: 40.1%; *H-NMR (CDClIs with 0.05% v/v of TMS, 600
MHz) § 8.09 (d, J = 9.0 Hz, 1H, H-8), 7.79 (s, 1H, p-olefinic), 7.42 (d, J = 9.0 Hz, 2H,
H-2’ and H-6"), 6.87 (dd, J = 9.0, 2.8 Hz, 1H, H-7), 6.71 (d, J = 9.0 Hz, 2H, H-3" and
H-5%), 6.70 (d, J = 2.1 Hz, 1H, H-5), 3.87 (s, 3H, OCH3-6), 3.79 (t, J = 7.2 Hz, 4H, N-
CHy), 3.66 (t, J = 7.2 Hz, 4H, CI-CHy), 3.14 (td, J = 6.5, 2.1 Hz, 2H, H-3), 2.91 (t, J =
6.5 Hz, 2H, H-4); 3C-NMR (CDCls, 150 MHz) & 186.7, 163.3, 146.2, 145.4, 136.2,
132.4,132.2, 130.6, 127.3, 125.3, 113.1, 112.2, 111.5, 55.4, 53.3, 40.3, 29.2, 27.3; FT-
IR (KBr, cm™1): 3013 (C=C-H), 2938, 2838 (C-C-H), 1658 (C=0), 1600, 1580, 1515
(C=C), 1185 (C-N); Anal. calcd. for C22H23CI2NO2: C, 65.35; H, 5.73; N, 3.46; Found:
C, 64.82; H, 6.07; N, 3.41; LC-MS (+)-ESI (m/z): calculated 403.11, observed 404.0

[M+1]".

3. (E)-2-(4-(bis(2-chloroethyl)amino)benzylidene)-7-methoxy-3,4-dihydronaphthalen-
1(2H)-one (3)

Yellow-orange solid; yield: 43.2%; *H-NMR (CDCls with 0.05% v/v of TMS,
600 MHz) & 7.81 (s, 1H, p-olefinic), 7.61 (d, J = 2.8 Hz, 1H, H-8), 7.44 (d, J = 9.0 Hz,

2H, H-2” and H-6"), 7.15 (d, J = 8.3 Hz, 1H, H-5), 7.05 (dd, J = 8.3, 2.8 Hz, 1H, H-6),
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6.72 (d, = 9.0 Hz, 2H, H-3’ and H-5"), 3.87 (s, 3H, OCHa-7), 3.79 (t, J = 6.9 Hz, 4H,
N-CHy), 3.67 (t, J = 7.2 Hz, 4H, CI-CH,), 3.13 (td, J = 6.5, 1.4 Hz, 2H, H-3), 2.88 (t, J
= 6.5 Hz, 2H, H-4); 3C-NMR (CDCls, 150 MHz) & 187.6, 158.6, 146.4 137.0, 135.6,
134.6, 132.3, 132.2, 129.2, 125.1, 121.0, 111.5, 110.3, 55.5, 53.3, 40.2, 27.9, 27.5; FT-
IR (KBr, cm™): 3071(C=C-H), 2959, 2835 (C-C-H), 1652 (C=0), 1603, 1571, 1516
(C=C), 1177 (C-N); Anal. calcd. for C22H23CI2NO2: C, 65.35; H, 5.73; N, 3.46; Found:
C, 64.96; H, 5.77; N, 3.59; LC-MS (+)-ESI (m/z): calculated 403.11, observed 404.1

[M+1]".

4. (E)-2-(4-(bis(2-chloroethyl)amino)benzylidene)-6,7-dimethoxy-3,4-
dihydronaphthalen-1(2H)-one (4)

Yellow crystalline solid; yield: 36.2%; *H-NMR (CDCl; with 0.05% v/v of
TMS, 600 MHz) § 7.77 (s, 1H, B-olefinic), 7.62 (s, 1H, H-8), 7.42 (d, J = 9.0 Hz, 2H
H-2’ and H-6"), 6.71 (d, J = 9.0 Hz, 2H, H-3’ and H-5"), 6.67 (s, 1H, H-5), 3.95 (2s,
6H, OCHs-6 and OCHz3-7), 3.79 (t, J = 6.9 Hz, 4H, N-CH>), 3.66 (t, J = 7.2 Hz, 4H, CI-
CHy), 3.15 (td, J = 6.5, 1.4 Hz, 2H, H-3), 2.89 (t, J = 6.5 Hz, 2H, H-4); *C-NMR
(CDClz, 150 MHz) 6 186.7, 153.2, 148.1, 146.2, 137.8, 136.2, 132.2, 126.9, 125.3,
111.5, 109.7, 109.6, 56.1, 56.0, 53.3, 40.3, 28.5, 27.6; FT-IR (KBr, cm™1): 3071 (C=C-
H), 2934, 2835 (C-C-H), 1647 (C=0), 1599, 1567, 1507 (C=C), 1179 (C-N); Anal.
calcd. for C23H2sCI2NO3: C, 63.60; H, 5.80; N, 3.22; Found: C, 63.50; H, 6.09; N, 3.20;

LC-MS (+)-ESI (m/z): calculated 433.12, observed 434.0 [M+1]".

5. (E)-2-(4-(bis(2-chloroethyl)amino)benzylidene)-5,8-dimethoxy-3,4-
dihydronaphthalen-1(2H)-one (5)

Orange-brown solid; yield: 80.8%; *H-NMR (CDCls with 0.05% v/v of TMS,
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600 MHz) & 7.78 (s, 1H, B-olefinic), 7.43 (d, J = 9.0 Hz, 2H, H-2’ and H-6"), 6.98 (d, J
= 9.0 Hz, 1H, H-7), 6.83 (d, J = 9.0 Hz, 1H, H-6), 6.70 (d, J = 9.0 Hz, 2H, H-3’ and H-
5, 3.88 (s, 3H, OCH3-5), 3.82 (s, 3H, OCH3-8), 3.78 (t, J = 6.9 Hz, 4H, N-CH>), 3.66
(t, J = 6.9 Hz, 4H, CI-CHy), 2.99 (td, J = 6.7, 2.3 Hz, 2H, H-3), 2.85 (t, J = 6.5 Hz, 2H,
H-4); 3C-NMR (CDCls, 150 MHz) § 187.0, 153.9, 149.4, 146.2, 135.8, 133.6, 133.4,
132.2,125.4,124.5,115.3,111.5, 110.4, 56.4, 56.2, 53.3, 40.2, 26.5, 21.3; FT-IR (KB,
cm1): 2994 (C=C-H), 2901, 2837 (C-C-H), 1661 (C=0), 1584, 1575, 1515 (C=C),
1178 (C-N); Anal. calcd. for C23H25CIoNOs: C, 63.60; H, 5.80; N, 3.22; Found: C,
62.91; H, 6.04; N, 3.31; LC-MS (+)-ESI (m/z): calculated 433.12, observed 434.1

[M+1]".

6. (E)-2-((1H-pyrrol-2-yl)methylene)-6-methoxy-3,4-dihydronaphthalen-1(2H)-one
(6)

Dark green crystalline solid; yield: 39.2%; *H-NMR (CDCls, 600 MHz) § 9.23
(s, 1H, NH), 8.08 (d, J = 9.0 Hz, 1H, H-8), 7.86 (s, 1H, B-olefinic), 7.01 (td, J = 2.8,
1.4 Hz, 1H, H-5), 6.88 (dd, J = 8.6, 2.4 Hz, 1H, H-7), 6.73 (d, J = 2.1 Hz, 1H, H-5),
6.67 (br, 1H H-3"), 6.38 (m, 1H, H-4"), 3.88 (s, 3H, OCHz-6), 3.14 (td, J = 6.7, 1.8 Hz,
2H, H-3), 2.97 (t, J = 6.5 Hz, 2H, H-4); 3C-NMR (CDCls, 150 MHz) & 186.3, 163.3,
145.5, 130.3, 129.3, 129.0, 127.4, 126.5, 121.5, 113.3, 113.1, 112.3, 111.2, 55.4, 28.5,
27.0; FT-IR (KBr, cm™): 3247 (N-H), 3100 (C=C-H), 2919, 2849 (C-C-H), 1644
(C=0), 1598, 1580, 1547 (C=C); Anal. calcd. for C1H1sNO2: C, 75.87; H, 5.97; N,
5.53; Found: C, 75.71; H, 6.17; N, 5.65; LC-MS (+)-ESI (m/z): calculated 253.11,

observed 254.2 [M+1]".

7. (E)-2-((1-cyclopropyl-1H-pyrrol-2-yl)methylene)-6-methoxy-3,4-
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dihydronaphthalen-1(2H)-one (7)

Pale yellow solid; yield: 70.3%; 'H-NMR (CDCls with 0.05% v/v of TMS, 600
MHz) 6 8.17 (s, 1H, B-olefinic), 8.09 (d, J = 9.0 Hz, 1H, H-8), 6.88-6.87 (overlapped,
1H, H-5%), 6.87 (dd, J = 9.0, 2.8 Hz, 2H, H-7), 6.72 (d, J = 2.8 Hz, 1H, H-5), 6.56 (d, J
= 2.8 Hz, 1H, H-3"), 6.21 (t, J = 3.4 Hz, 1H, H-4"), 3.87 (s, 3H, OCH3-6), 3.39-3.29 (m,
1H, H-1°"), 3.12 (td, J = 6.7, 1.8 Hz, 2H, H-3), 2.95 (t, J = 6.5 Hz, 2H, H-4), 1.12 (td,
J =71, 53 Hz, 2H, H-2a’> and H-3a’*), 1.04-0.95 (m, 2H, H-2b’" and H-3b>"); 13C-
NMR (CDCls, 150 MHz) 6 186.1, 163.2, 145.3, 131.1, 130.4, 129.8, 127.5, 125.1,
124.7, 113.9, 113.0, 112.2, 108.8, 55.4, 28.5, 28.3, 27.3, 7.1; FT-IR (KBr, cm™):
3133,3009 (C=C-H), 2939, 2835 (C-C-H), 1649 (C=0), 1599, 1582, 1570, 1494 (C=C);
Anal. calcd. for C19H1sNO>: C, 77.79; H, 6.53; N, 4.77; Found: C, 76.33; H, 6.63; N,

4.8; LC-MS (+)-ESI (m/z): calculated 293.14, observed 294.2 [M+1]".

8. (E)-2-((1-cyclopropyl-1H-pyrrol-2-yl)methylene)-6,7-dimethoxy-3,4-
dihydronaphthalen-1(2H)-on (8)

Green crystalline solid; yield: 76.13%; *H-NMR (CDCl; with 0.05% v/v of
TMS, 600 MHz) § 8.17 (s, 1H, B-olefinic ), 7.63 (s, 1H, H-8), 6.88 (dd, J = 2.8, 1.4 Hz,
1H, H-5°), 6.69 (s, 1H, H-5), 6.56 (d, J = 2.8 Hz, 1H, H-3"), 6.21 (t, J = 3.1 Hz, 1H, H-
4%), 3.95 (2s, 6H, 2 OCHs), 3.33 (m, 1H, H-1°"), 3.13 (td, J = 6.7, 1.8 Hz, 2H, H-3),
2.94 (t,J=6.5Hz, 2H, H-4), 1.12 (td, J= 7.2, 5.2 Hz, 2H,H-2a’* and H-3a’"), 1.05-0.96
(m, 2H, H-2b>> and H-3b""); 3C-NMR (CDCls, 150 MHz)  186.0, 153.1, 148.1, 137.7,
131.1, 129.5, 127.0, 125.0, 124.9, 113.8, 109.8, 109.5, 108.8, 56.00, 55.96, 28.3, 27.8,
27.4,7.1; FT-IR (KBr, cm™?): 3132, 3087, 3014 (C=C-H), 2936, 2836 (C-C-H), 1649
(C=0), 1602, 1572, 1506 (C=C); Anal. calcd. for CooH2:NO3z: C, 74.28; H, 6.55; N,

4.33; Found: C, 74.05; H, 6.64; N, 4.45; LC-MS (+)-ESI (m/z): calculated 323.15,
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observed 324.2 [M+1]".

9. (E)-3-(1-cyclopropyl-1H-pyrrol-2-yl)-1-(3-methoxyphenyl)prop-2-en-1-one (9)
Yellow-brown oil; yield: 37.4%; 'H-NMR (CDCls with 0.05% v/v of TMS, 600
MHz) § 8.07 (d, J = 15.1 Hz, 1H, B-olefinic), 7.57 (dt, J = 7.7, 1.3 Hz, 1H, H-6), 7.53
(t, J = 2.1 Hz, 1H, H-2), 7.38 (t, J = 7.9 Hz, 1H, H-5), 7.31 (d, J = 15.8 Hz, 1H, a-
olefinic), 7.09 (ddd, J = 8.3, 2.8, 1.4 Hz, 1H, H-4), 6.88 (dd, J = 2.8, 1.4 Hz, 1H, H-5"),
6.78 (dd, J = 3.4, 1.4 Hz, 1H. H-3"), 6.17 (t, J = 3.4 Hz, 1H, H-4"), 3.87 (s, 3H, OCHz-
3), 3.39-3.30 (M, 1H, H-1""), 1.10 (td, J=7.2, 5.3 Hz, 2H, H-2a’* and H-3a’"), 1.03-0.98
(m, 2H, H-2b>’ and H-3b"); 13C-NMR (CDCls, 150 MHz) § 189.9, 159.8, 140.3, 133.1,
131.6, 129.4, 126.9, 120.7, 118.7, 116.8, 112.8, 109.4, 55.4, 28.3, 7.2; FT-IR (KBr,
cm™): 3096, 3008 (C=C-H), 2934, 2835 (C-C-H), 1652 (C=0), 1567 (C=C); Anal.
calcd. for C17H17NO2: C, 76.38; H, 6.41; N, 5.24; Found: C, 75.45; H, 6.767; N, 5.34;

LC-MS (+)-ESI (m/z): calculated 267.13, observed 268.1 [M+1]".

10. (E)-6,7-dimethoxy-2-(thieno[3,2-b]thiophen-2-ylmethylene)-3,4-
dihydronaphthalen-1(2H)-one (10)

Yellow solid; yield: 71.7%; *H-NMR (CDCls, 600 MHz) § 8.01 (s, 1H, H-3"),
7.62 (s, 1H, H-8), 7.54 (s, 1H, p-olefinic), 7.48 (d, J = 4.8 Hz, 1H, H-5"), 7.28 (d, J =
4.8 Hz, 1H, H-6"), 6.71 (s, 1H, H-5), 3.97 (s, 3H, OCHa), 3.96 (s, 3H, OCHs3), 3.24 (td,
J=6.5, 1.3 Hz, 2H, H-3), 3.00 (t, J = 6.5 Hz, 2H, H-4); 3C-NMR (CDCls, 150 MHz)
0 185.8, 153.4, 148.3, 142.2, 141.4, 139.4, 137.9, 132.0, 129.6, 126.7, 124.7, 119.5,
109.8, 109.6, 56.3, 28.1, 27.4; FT-IR (KBr, cm™): 3113, 3081, 3008 (C=C-H), 2930,
2835 (C-C-H), 1646 (C=0), 1597, 1568, 1508 (C=C); Anal. calcd. for C1gH1603S2: C,

64.02; H, 4.52; Found: C, 64.16; H, 4.48; N, 0.02; LC-MS (+)-ESI (m/z): calculated
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356.05, observed 357.0 [M+1]".

11. (E)-6,7-dimethoxy-2-((6-methoxypyridin-2-yl)methylene)-3,4-dihydronaphthalen-
1(2H)-one (11)

Off-white solid; yield: 66.13%; 'H-NMR (CDCls, 600 MHz) & 7.63 (s, 1H, H-
8), 7.62-7.57 (m, 2H, B-olefinic and H-4"), 7.06 (d, J = 7.6 Hz, 1H, H-3’ or H-5"), 7.10
(s, 1H, overlapped, H-5), 6.69 (d, J = 7.6 Hz, 1H, H-3’ or H-5"), 3.98 (s, 3H, OCHa),
3.96 (2S, 6H, 2 OCHa), 3.77-3.67 (M, 2H, H-3), 2.97 (t, J = 6.2 Hz, 2H, H-4); 3C-NMR
(CDCls, 150 MHz) & 187.1, 163.2, 153.5, 152.9, 148.1, 139.1, 138.8, 138.5, 132.8,
126.5, 120.8, 110.6, 109.9, 109.6, 56.1, 53.5, 28.6, 27.1; FT-IR (KBr, cm™): 3084
(C=C-H), 2920, 2850 (C-C-H), 1636 (C=0), 1609, 1582, 1509 (C=C); LC-MS (+)-ESI

(m/z): calculated 325.13, observed 362.2 [M+1]".

12. (E)-6,7-dimethoxy-2-((6-(trifluoromethyl)pyridin-2-yl)methylene)-3,4-
dihydronaphthalen-1(2H)-one (12)

White solid ; yield: 67.0%; *H-NMR (CDCls, 600 MHz) § 7.90 (t, J = 7.9 Hz,
1H, H-4), 7.69 (t, J = 1.7 Hz, 1H, B-olefinic), 7.62 (s, 1H, H-8), 7.59 (dd, J =7.9, 4.5
Hz, 2H, H-3’ and H-5"), 6.71 (s, 1H, H-5), 3.97 (s, 3H, OCHs), 3.96 (s, 3H, OCHa),
3.63 (td, J = 6.5, 1.4 Hz, 2H, H-3), 2.97 (t, J = 6.5 Hz, 2H, H-4); 3C-NMR (CDCls,
150 MHz) 6 186.8, 155.9, 153.8, 148.3, 141.5, 139.4, 137.8, 130.7, 129.1, 126.2, 118.9,
109.9, 109.6, 56.13, 56.08, 28.4, 27.0; FT-IR (KBr, cm™1): 3070 (C=C-H), 2928, 2839
(C-C-H), 1657 (C=0), 1588, 1511 (C=C); Anal. calcd. for C1oH16FsNO3: C, 62.81; H,
4.44; N, 3.86; Found: C, 62.99; H, 4.60; N, 4.01; LC-MS (+)-ESI (m/z): calculated

363.11, observed 364.1 [M+1]".
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13. (E)-6,7-dimethoxy-2-((6-(thiophen-3-yl)pyridin-3-yl)methylene)-3,4-
dihydronaphthalen-1(2H)-one (13)

Pale yellow solid; yield: 80.3%; 'H-NMR (CDCls with 0.05% v/v of TMS, 600
MHz) § 7.94 (dd, J = 2.8, 1.4 Hz, 1H, H-2""), 7.81-7.70 (m, 3H, H-4", -olefinic and H-
4°%),7.65 (s, 1H, H-8), 7.55 (d, J = 8.3 Hz, 1H, H-5"), 7.42 (dd, J = 4.8, 2.8 Hz, 1H, H-
57, 7.32(d, J = 7.6 Hz, 1H, H-3"), 6.71 (s, 1H, H-5), 3.96 (s, 6H, OCH3-7 and OCHa-
8), 3.80-3.72 (M, 2H, H-3), 2.99 (t, J = 6.2 Hz, 2H, H-4); *C-NMR (CDCls, 150 MHz)
§ 187.1 (C=0), 155.2 (C-2°), 153.6 (C-7), 152.8 (C-6"), 148.2 (C-6), 142.3 (C-3*),
139.2, 139.1 (C-4a and C-2), 137.1 (C-4°), 132.9 (CB), 126.5 (C-5>), 126.29 (C-4""),
126.26 (C-8a), 125.2 (C-3°), 123.7 (C-2""), 119.0 (C-5"), 109.9 (C-5), 109.6 (C-8), 56.1
(O-CHs), 56.0 (O-CHs), 28.6 (C-4), 27.2 (C3); FT-IR (KBr, cm™): 3092 (C=C-H),
2918, 2851 (C-C-H), 1656 (C=0), 1586, 1508 (C=C), 1262 (C=S); Anal. calcd. for
C22H1sNOsS: C, 70.01; H, 5.07; N, 3.71; Found: C, 68.54; H, 5.06; N, 3.74; LC-MS
(+)-ESI (m/z): calculated 377.11, observed 378.9 [M+1]".
14, (E)-6-methoxy-2-((6-(thiophen-3-yl)pyridin-2-yl)methylene)-3,4-
dihydronaphthalen-1(2H)-one (14)

Beige solid; yield: 70.9%; 'H-NMR (CDCls with 0.05% v/v of TMS, 600 MHz)
§ 8.14 (d, J = 8.3 Hz, 1H, H-8), 7.94 (dd, J = 2.8, 1.4 Hz, 1H, H-2""), 7.74 (t, J=7.6,
1H, H-4"), 7.73 (overlapped, 1H, p-olefinic), 7.71 (dd, J=5.5, 1.4 Hz, 1H, H-4>), 7.55
(d, J=7.6 Hz, 1H, H-5"), 7.42 (dd, J = 5.2, 3.1 Hz, 1H, H-5""), 7.32 (d, J = 7.6 Hz, 1H,
H-3), 6.89 (dd, J = 8.6, 2.4 Hz, 1H, H-7), 6.74 (d, J = 2.1 Hz, 1H, H-5), 3.88 (s, 3H,
OCH3-6), 3.75 (td, J = 6.5, 1.8 Hz, 2H, H-3), 3.02 (t, J = 6.2 Hz, 2H, H-4); 3C-NMR
(CDClz, 150 MHz) 6 187.2, 163.6, 155.2, 152.9, 146.5, 142.3, 139.4, 137.1, 132.9,
130.8, 127.0, 126.3, 125.3, 123.7, 119.0, 113.3, 112.3, 55.4, 29.2, 27.0; Anal. calcd. for

C21H17NO2S: C, 72.60; H, 4.93; N, 4.03; Found: C, 71.33; H, 4.84; N, 4.13; LC-MS
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(+)-ESI (m/z): calculated 347.10, observed 348.0 [M+1]".

15. (E)-7-methoxy-2-((6-(thiophen-3-yl)pyridin-2-yl)methylene)-3,4-
dihydronaphthalen-1(2H)-one (15)

Fluffy off-white crystalline solid; yield: 73.9%; *H-NMR (CDCls with 0.05%
v/v of TMS, 600 MHz) 6 7.94 (dd, J = 3.4, 1.4 Hz, 1H, H-2""), 7.75 (t, J=7.6 Hz, 1H,
H-4%), 7.75 (overlapped, 1H, p-olefinic ), 7.72 (dd, J = 5.5, 1.4 Hz, 1H, H-4""), 7.64 (d,
J =28 Hz, 1H, H-8), 7.56 (d, J = 8.3 Hz, 1H, H-5"), 7.42 (dd, J = 5.2, 3.1 Hz, 1H, H-
57, 7.33 (d, J = 8.3 Hz, 1H, H-3"), 7.20 (d, J = 8.3 Hz, 1H, H-5), 7.10 (dd, J = 8.6, 3.1
Hz, 1H, H-6), 3.88 (s, 3H, OCHz3-7), 3.74 (td, J = 6.5, 1.8 Hz, 2H, H-3), 2.99 (t, J = 6.5
Hz, 2H, H-4); 3C-NMR (CDCls, 150 MHz) § 187.2, 163.6, 155.2, 152.9, 146.5, 142.3,
139.4,137.1, 132.9, 130.8, 127.0, 126.3, 125.3, 123.7, 119.0, 113.3, 112.3, 55.4, 29.2,
27.0; FT-IR (KBr, cm™%): 3107 (C=C-H), 2927, 2833 (C-C-H), 1662 (C=0), 1597,
1579, 1494 (C=C), 1240 (C=S); Anal. calcd. for Co1H17NO>S: C, 72.60; H, 4.93; N,
4.03; Found: C, 66.35; H, 4.58; N, 3.91; LC-MS (+)-ESI (m/z): calculated 347.10,

observed 348.0 [M+1]".

16. (E)-1-(3-methoxyphenyl)-3-(6-(thiophen-3-yl)pyridin-2-yl)prop-2-en-1-one (16)
White solid; yield: 72.7%; *H-NMR (CDCls with 0.05% v/v of TMS, 600 MHz)
§8.16 (d, J = 15.8 Hz, 1H, B-olefinic), 8.01 (dd, J = 2.4, 1.0 Hz, 1H, H-2""), 7.79 (d, J
= 15.1 Hz, 1H, a-olefinic), 7.77-7.73 (m, 2H, H-4>> and H-4"), 7.70 (d, J = 7.6 Hz, 1H,
H-6), 7.63 (d, J = 8.3 Hz, 1H, H-5"), 7.61 (dd, J = 2.8, 1.4 Hz, 1H, H-2), 7.49-7.41 (m,
2H, H-5 and H-5"), 7.36 (d, J = 7.6 Hz, 1H, H-3), 7.16 (dd, J = 8.3, 2.8 Hz, 1H, H-4),
3.90 (s, 3H, OCHjs-3); *C-NMR (CDCls, 150 MHz) § 190.6 (C=0), 159.9 (C-3), 153.6

(C-6), 152.8 (C-2°), 143.1 (C-B), 141.9 (C3*"), 139.4 (C-1), 137.5 (C-4), 129.6 (C-5),

68



126.4, 126.3 (C-4"" and C-5""), 125.8 (C-at), 124.2 (C-27), 123.4 (C-3°), 121.4 (C-6),
121.1 (C-5°), 119.6 (C-4), 112.8 (C-2), 55.5 (OCHs3); FT-IR (KBr, cm™): 3105 (C=C-
H), 2999, 2933, 2833 (C-C-H), 1663 (C=0), 1615, 1600, 1575, 1524 (C=C), 1261
(C=S); Anal. calcd. for C19H1sNO>S: C, 71.01; H, 4.70; N, 4.36; Found: C, 71.19; H,

4.65; N, 4.43; LC-MS (+)-ESI (m/z): calculated 321.08, observed 322.8 [M+1]".

17. (E)-1-(2-methoxyphenyl)-3-(6-(thiophen-3-yl)pyridin-2-yl)prop-2-en-1-one (17)
Pale yellow gummy mass; *H-NMR (CDCl; with 0.05% v/v of TMS, 600 MHz)
§ 8.00-7.92 (m, 2H, H2>> and - olefinic), 7.76-7.70 (m, 2H, H-4>> and H-4"), 7.65 (dd,
J=7.6,2.1Hz, 1H, H-6), 7.63-7.57 (m, 2H, a-olefinic and H-5"), 7.49 (td, J = 7.7, 1.8
Hz, 1H, H-4), 7.40 (dd, J = 5.2, 3.1 Hz, 1H, H-5""), 7.33 (d, J = 7.6 Hz, 1H, H-3"), 7.05
(t, J = 7.9 Hz, 1H, H-5), 7.01 (d, J = 8.3 Hz, 1H, H-3), 3.93 (s, 3H, OCH3-2); 3C-NMR
(CDClz, 150 MHz) 6 193.3, 158.3, 153.5, 153.2, 142.0, 141.9, 137.3, 133.0, 130.6,
130.3, 129.1, 126.3, 123.9, 122.7, 120.7, 120.6, 111.7, 55.7; LC-MS (+)-ESI (m/z):

calculated 321.08, observed 322.2 [M+1]".

18. (E)-1-(4-methoxyphenyl)-3-(6-(thiophen-3-yl)pyridin-2-yl)prop-2-en-1-one (18)
Fluffy white solid; yield: 78.7%; *H-NMR (CDCI; with 0.05% v/v of TMS, 600
MHz) 5 8.21 (d, J = 15.1 Hz, 1H, B- olefinic), 8.12 (dt, J = 9.4, 2.6 Hz, 2H, H-2 and H-
6), 8.01 (dd, J=2.9, 1.2 Hz, 1H, H-2""), 7.80-7.76 (m, 2H, a-olefinic and H-4°"), 7.74
(t, J=7.6 Hz, 1H, H-4"), 7.62 (d, J = 7.6 Hz, 1H, H-5"), 7.43 (dd, J = 4.8, 3.4 Hz, 1H,
H-5°%), 7.34 (d, J = 7.6 Hz, 1H, H-3"), 7.01 (dt, J = 9.4, 2.4 Hz, 2H, H-3 and H-5), 3.90
(s, 3H, OCHjs-4); BC-NMR (CDCls, 150 MHz) & 189.0, 163.56, 153.5, 153.0, 142.2,
142.0, 137.5,131.0, 126.4, 126.3, 125.6, 124.1, 123.4, 120.9, 113.9, 55.5; FT-IR (KBr,

cmY): 3109, 3091 (C=C-H), 2961 (C-C-H), 1660 (C=0), 1600, 1575, 1527, 1509
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(C=C), 1248 (C=S); Anal. calcd. for C19H1sNO2S: C, 71.01; H, 4.70; N, 4.36; Found:
C, 70.04; H, 4.77; N, 4.44; LC-MS (+)-ESI (m/z): calculated 321.08, observed 322.1

[M+1]".

19.  (E)-1-(3,4-dimethoxyphenyl)-3-(6-(thiophen-3-yl)pyridin-2-yl)prop-2-en-1-one
(19)

Fluffy white solid; yield: 87.3%; *H-NMR (CDCls with 0.05% v/v of TMS, 600
MHz) & 8.22 (d, J = 15.1 Hz, 1H, p-olefinic), 8.01 (dd, J = 3.4, 1.4 Hz, 1H, H-2"),
7.86-7.70 (m, 4H, H-6, a-olefinic, H-4>’, H-4"), 7.68 (d, J = 2.1 Hz, 1H, H-2), 7.62 (d,
J=6.9 Hz, 1H, H-5"), 7.43 (dd, J = 5.2, 3.1 Hz, 1H, H-5>"), 7.35 (d, J = 7.6 Hz, 1H, H-
3%), 6.97 (d, J = 8.3 Hz, 1H, H-5), 4.00, 3.97 (2s, 6H, OCH3-3 and OCH3-4); *C-NMR
(CDCls, 150 MHz) o 188.9, 153.5, 153.4, 153.0, 149.3, 142.2, 142.0, 137.5, 131.2,
126.4, 126.3, 125.4, 124.1, 123.5, 123.4, 120.9, 110.7, 110.0, 56.1, 56.0; FT-IR (KBr,
cm1): 3103 (C=C-H), 2961, 2839 (C-C-H), 1660 (C=0), 1610, 1578, 1512 (C=C),
1270 (C=S); Anal. calcd. for C,0H17NO3S: C, 68.36; H, 4.88; N, 3.99; Found: C, 67.04;

H, 4.84; N, 4.13; LC-MS (+)-ESI (m/z): calculated 351.09, observed 352.1 [M+1]".

20. (E)-3-(6-(thiophen-3-yl)pyridin-2-yl)-1-(2,4,6-trimethoxyphenyl)prop-2-en-1-one
(20)

Off-white solid; yield: 49.8%; *H-NMR (CDCls, 600 MHz) & 8.04 (d, J = 15.8 Hz, 1H,
B- olefinic), 7.97 (dd, J = 3.4, 1.4 Hz, 1H, H-2""), 7.80-7.69 (M, 2H, H-4>* and H-4""),
7.66 (d, J = 15.8 Hz, 1H, , o-olefinic), 7.60 (d, J = 7.6 Hz, 1H, H-5"), 7.53 (d, J = 9.0
Hz, 1H, H-6), 7.40 (dd, J = 4.8, 3.4 Hz, 1H, H-5"), 7.35 (d, J = 6.9 Hz, 1H, H-3"), 6.77
(d, J =8.3 Hz, 1H, H-5), 3.99 (s, 3H, OCH3-2), 3.93 (s, 3H, OCH3), 3.92 (s, 3H, OCHa);

13C-NMR (CDCls, 150 MHz) § 191.1, 157.2, 154.0, 153.5, 153.3, 142.1, 142.0, 141.6,
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137.3,130.3, 126.5, 126.28, 126.25, 125.9 123.9, 122.7, 120.6, 107.2, 62.0, 61.0, 56.1;
FT-IR (KBr, cm™): 3123 (C=C-H), 2964 (C-C-H), 1652 (C=0), 1601, 1582, 1526
(C=C); Anal. calcd. for C21H19NO4S: C, 66.12; H, 5.02; N, 3.67; Found: C, 65.61; H,

5.11; N, 3.66; LC-MS (+)-ESI (m/z): calculated 381.10, observed 382.0 [M+1]".

21. (E)-3-(6-(thiophen-3-yl)pyridin-2-yl)-1-(2,4,6-trimethoxyphenyl)prop-2-en-1-one
(21)

White solid; *H-NMR (CDCls, 600 MHz) § 7.94 (dd, J = 3.4, 1.4 Hz, 1H, H-
2°%), 7.73-7.67 (m, 2H, H-4’ and H-4""), 7.56 (d, J = 7.6 Hz, 1H, H-5), 7.47 (d, J =
15.8 Hz, 1H, B-olefinic), 7.42-7.34 (m, 2H, a-olefinic and H-5""), 7.31 (d, J = 7.6 Hz,
1H, H-3"), 6.17 (s, 2H, H-3 and H-5), 3.86 (s, 3H, OCH3-4), 3.77 (s, 6H, OCH3-2 and
OCHs-6); 3C-NMR (CDCls, 150 MHz) § 194.6, 162.5, 158.9, 153.5, 153.4, 142.9,
141.9, 137.2, 132.4, 126.3, 124.0, 122.3, 120.5, 111.7, 90.7, 55.9, 55.4; FT-IR (KBr,
cm1): 3104 ,3052 (C=C-H), 2939, 2839 (C-C-H), 1635 (C=0), 1607, 1584 (C=C);
Anal. calcd. for C2:H19NO4S: C, 66.12; H, 5.02; N, 3.67; Found: C, 65.64; H, 5.15; N,

3.68; LC-MS (+)-ESI (m/z): calculated 381.10, observed 382.0 [M+1]".

22. (E)-3-(6-(thiophen-3-yl)pyridin-2-yl)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one
(22)

Pale yellow solid; yield: 58.0%; *H-NMR (CDCls with 0.05% v/v of TMS, 600
MHz) & 8.13 (d, J = 15.1 Hz, 1H, p-olefinic), 7.99 (dd, J = 2.6, 1.2 Hz, 1H, H-2"),
7.85-7.72 (m, 3H, a-olefinic, H-4 and H-4""), 7.64 (d, J = 7.6 Hz, 1H, H-5"), 7.43 (dd,
J=4.8,3.4Hz 1H, H-5"), 7.37 (d, J = 7.6 Hz, 1H, H-3"), 7.34 (s, 2H, H-2 and H-6),
3.97 (s, 6H, OCH3-3 and OCH3-5), 3.95 (s, 3H, OCH3-4); 3C-NMR (CDCls, 150 MHz)

o 189.6, 153.6, 153.1, 152.8, 143.0, 142.7, 141.9, 137.6, 133.3, 126.4, 126.2, 125.5,
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124.1, 123.4, 121.1, 106.3, 61.0, 56.4; LC-MS (+)-ESI (m/z): calculated 381.10,

observed 382.1 [M+1]".

23.  (E)-1-(4-(methylsulfonyl)phenyl)-3-(6-(thiophen-3-yl)pyridin-2-yl)prop-2-en-1-
one (23)

Fluffy pale yellow solid; yield: 79.1%; *H-NMR (CDCIs with 0.05% v/v of
TMS, 600 MHz) & 8.24 (d, J = 8.3 Hz, 2H, H-2 and H-6), 8.15 (d, J = 15.1 Hz, 1H, B-
olefinic), 8.12 (d, J = 8.3 Hz, 2H, H-3 and H-5), 8.01 (dd, J = 3.4, 1.4 Hz, 1H, H-2"),
7.86-7.75 (m, 3H, o-olefinic, H-4’ and H-4""), 7.67 (d, J = 8.3 Hz, 1H, H-5"), 7.45 (dd,
J=5.2,3.1Hz, 1H, H-5"), 7.38 (d, J = 7.6 Hz, 1H, H-3"), 3.12 (s, 3H, CH3); 1*C-NMR
(CDCls, 150 MHz) & 189.8, 153.8, 152.2, 144.7, 143.8, 142.2, 141.7, 137.7, 129.4,
127.8, 126.6, 126.3, 125.0, 124.3, 123.9, 121.6, 44.4; FT-IR (KBr, cm™1): 3075, 3010
(C=C-H), 2925, 2852 (C-C-H), 1660 (C=0), 1603, 1563, , 1524 (C=C), 1304, 1287
(§=0), 1260 (C=S); Anal. calcd. for C19H1sNOsS2: C, 61.77; H, 4.09; N, 3.79; Found:
C, 62.42; H, 5.00; N, 3.25; LC-MS (+)-ESI (m/z): calculated 369.05, observed 370.0

[M+1]".

24. (E)-1-(2-hydroxyphenyl)-3-(6-(thiophen-3-yl)pyridin-2-yl)prop-2-en-1-one (24)
Fluffy yellow solid; yield: 80.7%; *H-NMR (CDClIs with 0.05% v/v of TMS,
600 MHz) & 12.80 (s, 1H, OH), 8.34 (d, J = 14.5 Hz, 1H, B-olefinic), 8.04 (dd, J = 8.3,
1.4 Hz, 1H, H-6), 8.02 (dd, J = 3.4, 1.4 Hz, 1H, H-2""), 7.88 (d, J = 15.1 Hz, 1H, o-
olefinic), 7.81-7.74 (m, 2H, H-4’ and H-4"), 7.65 (d, J = 6.9 Hz, 1H, H-5"), 7.59-7.50
(m, 1H, H-4), 7.45 (dd, J =5.2, 3.1 Hz, 1H, H-5"), 7.37 (d, J = 7.6 Hz, 1H, H-3"), 7.05
(dd, J = 8.3, 1.4 Hz, 1H, H-3), 6.97 (td, J = 7.6, 1.4 Hz, 1H, H-5); 3C-NMR (CDCls,

150 MHz) 6 194.2,163.6, 153.7, 152.4,143.5, 141.8, 137.6, 136.6, 130.2, 126.5, 126.3,
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124.3,124.1,123.9, 121.4, 120.1, 119.0, 118.5; FT-IR (KBr, cm™1): 3104 (O-H), 3061
(C=C-H), 1660 (C=0), 1603, 1563, 1524 (C=C), 1304, 1287 (S=0), 1260 (C=S); Anal.
calcd. for C1sH13NO2S: C, 70.34; H, 4.26; N, 4.56; Found: C, 69.12; H, 4.14; N, 4.81;

LC-MS (+)-ESI (m/z): calculated 307.07, observed 308.0 [M+1]".

25.  (E)-3-(6-(thiophen-3-yl)pyridin-2-yl)-1-(2-(trifluoromethyl)phenyl)prop-2-en-1-
one (25)

Pale yellow solid; yield: 61.2%; 1H-NMR (CDCls, 600 MHz) & 7.96 (dd, J =
2.8, 1.4 Hz, 1H, H-2*"), 7.79 (d, J = 8.3 Hz, 1H, H-3), 7.73 (t, J = 7.9 Hz, 1H, H-4"),
7.71 (dd, J=5.5, 1.4 Hz, 1H, H-4""), 7.68-7.60 (m, 4H, H-4, B-olefinic, H-5" and H-5),
7.52 (d, J = 7.6 Hz, 1H, H-6), 7.40 (dd, J = 4.8, 2.8 Hz, 1H, H-5""), 7.37-7.28 (m, 2H,
a-olefinic, H-3"); *C-NMR (CDCls, 150 MHz) & 195.3, 153.8, 152.2, 146.2, 141.6,
138.7, 137.5, 131.6, 130.1, 130.0, 128.1, 127.9 (q, J = 32.3 Hz, C-2), 126.8 (9, J = 4.8
Hz, C-3 or C-1), 126.5, 126.2, 124.3, 123.6 (q, J = 274.5, CF3) 123.0, 121.3; FT-IR
(KBr, cm™): 3040 (C=C-H), 2984 (C-C-H), 1677 (C=0), 1614, 1578, 1522 (C=C),
1308 (C-F), 1270 (C=S); Anal. calcd. for C19H12F3NOS: C, 63.50; H, 3.37; N, 3.90;
Found: C, 62.97; H, 3.53; N, 4.09; LC-MS (+)-ESI (m/z): calculated 359.06, observed

359.9 [M+1]".

26. (E)-1-(4-fluorophenyl)-3-(6-(thiophen-3-yl)pyridin-2-yl)prop-2-en-1-one (27)
Off-white Solid; yield: 64.7%; 'H-NMR (CDCls, 600 MHz)  8.17 (d, J = 15.1
Hz, 1H, - olefinic), 8.14 (m, 2H, H-2 and H-6), 8.01 (dd, J = 2.8, 1.4 Hz, 1H, H-2""),
7.86-7.73 (m, 3H, o-olefinic, H-4> and H-4>"), 7.64 (d, J = 7.6 Hz, 1H, H-5"), 7.44 (dd,
J=5.2,31Hz, 1H, H-5""),7.36 (d, J = 7.6 Hz, 1H, H-3"), 7.20 (tt, J = 9.0, 2.4 Hz, 2H,

H-3 and H-5).
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3.2 In Silico ADMET Screening

Drug discovery and development are very costly, with an estimated cost of two
billion dollars for each successful drug (278). Twenty years ago, the major reason for
drugs to fail in late drug development stages was attributed to poor pharmacokinetic
profiles. However, with the advancement of technology and the development of
software that can predict pharmacokinetic profiles at earlier stages, this percentage
dropped significantly by 10% (278). In our study, we incorporated absorption,
distribution, metabolism, excretion and toxicity (ADMET) in silico prediction in the
design process to screen all the proposed analogs and prioritize hits with favorable
profiles. Two ADMET predicting software were used, ADMET Predictor and
SwissADME. Figure 13 shows the predicted drug-likeness properties for compound 17
(generated by the SwissADME web tool). Our lead compound showed favorable
properties in all tested aspects except for insaturation. Nevertheless, this is not a major
limitation as this property is related to the feasibility of synthesis rather than the
pharmacokinetic profile. The expected ADMET risk scores for all analogs as predicted
by ADMET Predictor are summarized in Figure 14. Generally, all thienyl-based
chalcones (13-26), the most active series in our study, had favorable ADMET profiles

with overall risk below the ADMET threshold of 6.5, except for compound 15.
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INSOLU

Figure 14. Predicted drug-likeness properties of compound 17 by SwissADME web
tool (http://www.swissadme.ch/). (A) shows the chemical structure of compound 17.
(B) The predicted drug-likeness properties where the colored zone highlights the
suitable physiochemical space for oral bioavailability. Compound 17 fulfills the criteria
except for INSATU, which predicts synthetic feasibility. Lipo: lipophilicity; Polar:
polarity; INSOL.: insolubility; INSATU: insaturation; FLEX: flexibility.
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Figure 15. ADMET Risk scores of the synthesized chalcone analogs (1-26), presented

as heat map predicted by ADMET Predictor®.
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Abbreviations Absn: Absorption; Tox: Toxicity; MUT: Mutagenicity; Sw: Water
Solubility; CL: Clearance; Kow n-Octanol/Water Partition Coefficient.
Recommended Parameters Range by AMDET Predictor: overall ADMET risk
(<6.5), Absn_Risk (<3.5), Tox_Risk (<2), MUT (<1), CYP_Risk (<2.5)

3.3 Pharmacological Anticancer Screening

3.3.1 General Screening (Compounds 1-16)

Initially, sixteen novel chalcone analogs were synthesized and screened for their
antiproliferative activity and effect on cell morphology against two of the most
aggressive AR negative human prostate cancer cell lines (PC3 and DU145), which
represent castration-resistant prostate cancer (CRPC). Compounds were screened at 10
KM concentrations in comparison to the vehicle (0.1% DMSO) as the negative control,
docetaxel as positive control, and the parent compound (DK14) as reference.
Compounds showing >50% reduction in cell viability at 10 uM were selected for dose-

response evaluation and further anticancer mechanistic study.

3.2.1.1 Cell Viability

The in vitro cytotoxicity of synthesized chalcones against PCa cell lines was
evaluated using AlamarBlue viability assay. AlamarBlue is a reliable and highly
sensitive method that can quantitively reflect cell viability. AlamarBlue (resazurin) is a
cell-permeable, weakly fluorescent blue dye that is reduced by mitochondrial enzymes
in viable cells to resorufin, a highly fluorescent pink molecule. Unlike the widely used
MTT (3-(4, 5- dimethyl thiazolyl-2)-2, 5-diphenyltetrazolium bromide) colorimetric
assay, AlamarBlue has the advantage of being water-soluble; thus, it does not need
crystal solubilization and can be directly quantified after reduction by fluorescence or
UV reader.

The cytotoxic activities of compounds (1-16) were primarily screened at 10 uM

concentration against AR negative PCa cell lines (PC3 and DU145) using docetaxel as
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a positive control. After 48 hours of treatment, the cell viability of treated cells was
calculated relative to DMSO-treated controls (Figure 15). Overall, out of the sixteen
tested compounds, thienyl pyridine containing chalcones (13 and 16) induced the most
significant reduction in cell viability in both cell lines, which was more prominent than
the reduction with the reference drug (docetaxel). Interestingly, thienyl pyridine was
not previously linked to in any chalcone, and we are the first group to report this

molecular hybrid.
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Figure 16. Effect of compounds 1-16 on the cell viability of (A) PC3 and (B) DU145 cell lines.

The cells were treated with a 10 uM concentration of compounds 1-16, docetaxel (DTX) or
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DK14. Cell viability relative to control (0.1% DMSO) was measured by AlamarBlue after 48
hours of treatment. Data are presented as Mean + SEM of three independent experiments. One-
way ANOVA followed by Tukey’s posthoc test was used to compare the treatment groups.
Results were considered statistically significant when p<0.05. * p <0.05, **p < 0.01, and *** p
< 0.001.

3.2.1.1.1 Effect of Series A (compounds 1-5)

Based on the excellent activity of DK14 chalcone on TNBC (170), closed ring
(tetralone-based) chalcone analogs bearing the same substituents (OCHs and nitrogen
mustard) were synthesized and evaluated against prostate cancer cell lines. The cell
viability results indicated that both DK14 and its related tetralone based chalcone
analogs (compounds 1-5) displayed moderate to no cytotoxic effect at 10 uM (<50%
reduction in viability) against PCa cell lines (PC3 and DU145) as compared to TNBC
cell lines (1Cs0 6.3-9.22 uM). Compounds with a methoxy substituent at position-5
(compound 1 and 5) displayed preferential cytotoxicity to PC3 cell line, whereas
analogs bearing methoxy at position 7 (compound 3) or its equivalent in open-chain
chalcone (DK14) induced higher cytotoxicity in DU145. Although DK14 was slightly
more cytotoxic than its corresponding tetralone analog in both tested cell lines, the
difference between them was not statistically significant (P-value 0.44 and 0.99).

3.2.1.1.2 Effect of Series B (compounds 6-9)

Next, a second attempt was made to improve the activity and pharmacokinetic
profile of DK14. In this series, the nitrogen mustard group in DK14 was replaced with
cyclopropyl pyrrole, a potential bio-isostere with a highly improved pharmacokinetic
profile compared to the parent compound. Similar to series A, pyrrole-based chalcones
showed marginal cytotoxicity. Comparing the cytotoxicity of DK14 with its matched
cyclopropyl pyrrole-based non-cyclic chalcone (9) revealed a statistically significant

difference in DU145 cell line in-favor DK14 (P-value 0.02). On the other hand,
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cyclopropyl pyrrole cyclic (tetralone-based) chalcones (7 and 8) bearing a different
methoxy substituents pattern showed comparable cytotoxicity to DK14. Notably, H-
pyrrole tetralone-based chalcone (6) did not significantly reduce cell proliferation in
any of the cell lines, suggesting that cyclopropyl moiety is essential for anticancer
activity.

3.2.1.1.3 Effect of Series C (compounds 10-16)

Due to unsatisfactory results with DK14 related analogs, a new line of chalcone
derivatives was synthesized and evaluated. Among different heteroaromatic rings, a
focus was given to the pyridine ring due to its promising anticancer activity and
repeated success in the clinically approved drugs. Different 3’-pyridine substituted
chalcones were developed, among which thienyl pyridine-containing analogs (13, 15,
and 16) showed excellent cytotoxicity. Compound 16 induced the most significant
reduction in cell viability of PC3 and DU145 (89.94% and 81.05%, respectively).
Interestingly, compound 16 performed better than the first-line drug (docetaxel),
especially in PC3 cell line (89.94% vs. 55.89%, P-value <0.01). Although docetaxel
started killing cancer cells at a much lower concentration and displayed a lower 1Csp,
its cytotoxicity reached a plateau and was less effective than the synthesized analogs at
10 uM concentration, suggesting the presence of a docetaxel resistant subpopulation.
Based on the highly promising activity, compounds 13, 15 and 16, were selected for
further evaluation to assess their antitumor potential and explore their mechanism of
action against prostate cancer.

3.2.1.2 Morphological Examination

The induction of apoptosis in cancer cells has been widely considered an
important criterion in developing anticancer drugs. To confirm whether the synthesized

compounds could reduce cell viability and induce apoptosis in PC3 and DU145,
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prostate cancer cells were treated with compounds 1-16 at 10 uM concentrations for 48
hours. Cells were examined for the formation of apoptotic bodies or death by phase-
contrast microscopy (Figure 16 and 17). More importantly, cells were monitored for
characteristic changes in cell morphology as they can provide insight into cell
differentiation, invasiveness, survival, and genetic alterations.

Consistent with the cell viability results, compounds 13,15 and 16 induced the
most significant morphological changes. Treatment with these compounds for 48 hours
caused cell detachment, shrinkage, and wall deformation, indicating cell death in PC3
and DU145. Notably, nitrogen mustard-containing compounds (1 and 3) caused the
elongated spindle-like PC3 cells to become more round and larger in size. Since small
cell size and elongated shape are correlated with the metastatic potential in human
cancer cells, these compounds might have a role in blocking metastasis (279). These
findings are consistent with observation reported in Khalifa et al. study on related non-
cyclic nitrogen mustard containing chalcone (DK14), which shows a similar pattern of
morphological changes in addition to a reduction in cell migration and invasion (170).
Likewise, the cyclopropyl-containing compound (7) caused PC3 cells to be rounder,
but to a lower extent due to the formation of apoptotic bodies, suggesting that this
moiety can act as a potential bio isostere for nitrogen mustard. However, these
observations need to be confirmed with additional docking and in vitro experiments.
For the scope of this study, we focused on thienyl pyridine-based chalcones (13-16), as
they showed the most promising anticancer potential. The magnitude of morphological
changes with remaining compounds was not very promising, with a minor reduction in

cell density or absence of detectable difference.
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Figure 17. Effect of compounds 1-16 on the cell morphology of PC3 cell line.
Morphological changes were observed by phase-contrast microscopy following
treatment with 10 puM concentration for 48 hours. Images were taken using a 10x
objective (N=3). Scale bar represents 100 um.
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Figure 18. Effect of compounds 1-16 on the cell morphology of DU145 cell line.
Morphological changes were observed by phase-contrast microscopy following

treatment with 10 uM concentration for 48 hours. Images were taken using a 10x

objective (N=3). Scale bar represents 100 um.
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3.3.2 Molecular Pathway study of compounds 13, 15, and 16
Based on the cell viability and morphological examination screening of the first

sixteen synthesized analogs, thienyl pyridine-based chalcones (13, 15 and 16) showed
the most promising activity against both cell lines (PC3 and DU145). Therefore, these
compounds were selected for further mechanistic studies to evaluate their antitumor
potential on castration-resistant prostate cancer (CRPC).

Since the ultimate goal of designing a new drug is to improve the efficacy and
reduce non-specific toxicities, the 1Csg against PCa cell lines and LDso against normal
cells for the selected analogs were evaluated to assess the potency and selectivity. Next,
additional assays were conducted to explore the mechanism behind the observed
anticancer activity. The effect of the compounds on the main carcinogenesis-related
cellular processes, namely colony formation, cell cycle, apoptosis, migration, EMT, and
angiogenesis, was explored. Besides, their effect on major cancer-related molecular
pathways was studied by western blot. The compounds were studied in vitro against
AR-negative PCa cell lines (PC3 and DU145) and in ovo using the CAM of the chicken
embryos. Docetaxel, first-line chemotherapy for CRPC, was used as a reference drug

and positive control.

3.3.2.1 ICxp and Selectivity Evaluation

To assess whether the new analogs can serve as potential lead anticancer agents
with improved efficacy and safety profile, the 1Cso and LDso were calculated for
compounds showing >50% reduction in the initial cell viability screening. Prostate
cancer (PC3 and DU145) and normal primary dental bulb cells were treated with
increasing concentrations of compounds (13, 15 and 16) for 48 hours, and their viability

was assessed by AlamarBlue.
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As seen in Figure 18, the three compounds showed a dose-dependent reduction
in cell viability against both PC3 and DU145 cell lines. Compound 16 showed the most
potent cytotoxicity with an 1Csp 0f 4.3 and 5.2 UM against PC3 and DU145, respectively
(Table 4). All analogs were slightly more potent in PC3 than in DU145. Interestingly,
the compounds exhibited preferential cytotoxicity towards prostate cancer cell line as
compared to normal cells. Compounds were at least 4.7-8.8 times more toxic to cancer
cells than normal cells. However, the selectivity data need to be interpreted with caution
since normal dental cells were used for safety assessment due to the lack of more

relevant models (i.e., primary prostate epithelial cells).
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Figure 19. The effect of compounds 13, 15 and 16 on cell viability of AR-negative
prostate cancer cell lines PC3 (A) and DU145 (B), and normal dental cells (C) as
determined by AlamarBlue assay, 48 hours post-treatment. Results are presented as
representative dose-response curves of three independent experiments. Data are

expressed as mean values of four technical replicates + SEM.
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Table 4. 1Cso and LDsp of compounds 13, 15 and 16 on AR-negative PCa and normal

dental cells.
13 15 16
PC3 ICso (uM) 5.60 +0.38 6.60 + 0.49 4,32 +0.37
DU145 1Cso (uM) 5.63 + 1.07 6.47 + 0.57 5.20 + 0.46
ND LDso (uM) >50.0 >50.0 24.67 £1.03

ND= Normal primary dental cells; Values are expressed as Mean + SEM of three
independent experiments. 1Cso and LDsg for each experiment were computed by non-
linear regression using GraphPad Prism.

3.3.2.2 Effect on Cell Morphology

Based on the promising findings and the potent cytotoxic activity observed in
the general screening with compounds (14-16) against AR-negative prostate cancer cell
lines, we decided to investigate further their effect on the morphology of two AR-
positive cell lines (C4-2 and LNCaP) in addition to the AR-negative PCa (PC3 and
DU145) cell lines. As shown in Figure 19, compound 13 caused C4-2 and LNCaP to
lose their shape, shrink in size, and increased cell death. Notably, the compound was
profoundly more cytotoxic to the more aggressive and highly invasive prostate cancer
cell lines (PC3) as compared to the less aggressive AR-positive cells. Moreover, we
examined the effect of compound 16 at a lower concentration (5 uM) since the cells
were almost completely dead at 10 uM. Treatment of PC3 and DU145 cells with 5 uM
of compound 16 showed increased cell detachment, the formation of apoptotic bodies,

and cell shrinkage, without other characteristic changes on cell adhesion (Figure 20).
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Figure 20. Effect of compound 13 on the cell morphology of AR-positive (C4-2 and
LNCaP) and AR-negative (PC3 and DU145) prostate cancer cell lines. Morphological
changes were observed by phase-contrast microscopy following treatment with 10 uM
concentration for 48 hours. Images were taken using a 10x objective (N=3). Scale bar

represents 100pum.

88



PC3 DU145
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Figure 21. Effect of compound 16 on the cell morphology of AR-negative (PC3 and
DU145) prostate cancer cell lines. Morphological changes were observed by phase-
contrast microscopy following treatment with 5 and 10 uM concentrations for 48 hours.

Images were taken using a 10x objective (N=3). Scale bar represents 100um.
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3.3.2.3 Effect on Apoptosis Pathway

Based on our morphological observations, we hypothesized that the cytotoxic
activity of our molecules (13, 15 and 16) might be at least partially mediated by
apoptosis induction. To confirm these findings, we decided to directly measure the
percentage of apoptotic cells by Annexin V-FITC/ 7-AAD assay using flow cytometry.
As shown in Figures 21 and 22, compound 16 resulted in profound induction of
apoptosis in both PC3 and DU145 by 34.7% and 47.8%, respectively. Interestingly, the
apoptosis induced by compound 16 was higher than apoptosis with docetaxel, first-line
chemotherapy in mCRPC. Further, we examined the effect of our compounds on the
expression of three apoptosis-related biomarkers (pro-apoptotic proteins: Bax and
caspase-3, and anti-apoptotic protein: Bcl-2) in PC3 and DU145 cell lines (Figure 23
and 24). Our findings showed that following 48 hours of treatment, the three
compounds can enhance the expression of Bax and downregulate Bcl-2, which led to a
significant increase in Bax/Bcl-2 ratio in both investigated cell lines as compared to the

control. Of note, compound 16 was the most effective among the tested compounds.
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Figure 22. Induction of apoptosis by compounds 13, 15 and 16 in PC3 cells, as
determined by Annexin V-FITC/7-AAD apoptosis assay. (A) Annexin V-FITC and 7-
AAD staining of PC3 cells following 48 hours of treatment with molecules 13, 15 and
16 at 10 uM concentration. Media only (CTRL) and DMSO were used as a negative
and vehicle control; and docetaxel (DTX) at 10 uM was used as a positive control. The
top right quadrant denotes dead/late apoptotic cells, the bottom right quadrant
represents cells in early apoptosis, and the bottom left quadrant indicates viable cells
(N=2). (B) Quantification of apoptosis induction in cells treated with 10 uM of the

compounds.
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Figure 23. Induction of apoptosis by compounds 13, 15 and 16 in DU145 cells, as
determined by Annexin V-FITC and 7-AAD apoptosis assay. (A) Annexin V-FITC and
7-AAD staining of PC3 cells following 48 hours of treatment with molecules 13, 15,
and 16 at 10 uM concentration. Media only (CTRL) and DMSO were used as a negative
and vehicle control; and docetaxel (DTX) at 10 uM was used as a positive control. The
top right quadrant denotes dead/late apoptotic cells, the top left quadrant indicates
necrotic cells, the bottom right quadrant represents cells in early apoptosis, and the
bottom left quadrant indicates viable cells. (B) Quantification of apoptosis induction in
cells treated with 10 uM of the compounds. Data are presented as Mean + SEM (N=2).

Results were considered statistically significant when p<0.05.

92



Bcl-2

Bax

Cleaved Caspase-3

GAPDH

PC3 Cell Line

DMSO 13 13 16 16 15 15
Sy M 1I0pyM 5SpyM 10pyM 5pM 10 M
i B R §
.

FT R4 B b B

Bax/Bcl-2 ratio

o°°

* %

% d

AN
< S
\\Q

N

S
N (\Q\

Q)
N
\6

NG

Figure 24. Effect of compounds 13, 15 and 16 on the expression of apoptosis-related

proteins in PC3 cells. A) The expression levels of Bcl-2, Bax and cleaved caspase-3 as

assessed by western blot analysis. Cells were treated for 48 hours with compounds 13,

15 and 16 at a concentration of (5 and 10 uM). DMSO was used as a negative control.

(B) The Bax/Bcl-2 ratio was calculated based on densitometric quantification of Bcl-2

and Bax bands. Values were corrected for the expression of housekeeping protein

GAPDH to ensure equal loading and expressed as fold change of control. Data are

presented as Mean = SEM (N=2-3). Results were analyzed using One-way ANOVA

followed by Dunnett’s post-hoc test. *P-value<0.05 was considered for statistical

significance. *P-value<0.05; **P-value<0.01.
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Figure 25. Effect of compounds 13, 15 and 16 on the expression of apoptosis-related
proteins in DU145 cells. A) The expression levels of Bcl-2, Bax and cleaved caspase-
3 as assessed by western blot analysis. Cells were treated for 48 hours with compounds
13, 15 and 16 at a concentration of (5 and 10 uM). DMSO was used as a negative
control. (B) The Bax/Bcl-2 ratio was calculated based on densitometric quantification
of Bcl-2 and Bax bands. Values were corrected for the expression of housekeeping
protein GAPDH to ensure equal loading and expressed as fold change of control. Data
are presented as Mean £ SEM (N=2-3). Results were analyzed using One-way ANOVA
followed by Dunnett’s post-hoc test. *P-value<0.05 was considered for statistical

significance. *P-value<0.05; **P-value<0.01.
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3.3.2.4 Effect on Cell Cycle

To examine whether the antiproliferative effect induced by compounds (13, 15
and 16) on PC3 and DU45 cell lines is associated with cell cycle arrest, treated cells
were stained with propidium iodide (P1) and subjected to flow cytometric analysis. The
distribution of cells across different cell cycle phases was assigned based on the
intensity of PI stain, which correlates with the quantity of DNA content in each phase.
A representation of different cell cycle phases can be seen in Figures 25-A and 26-A,
which represent in order cells in GO/G1, S, and G2/M phases. Our results showed that
compounds 13, 15 and 16 induced a slight accumulation in G2/M and sub G1 phases,
which was accompanied by a reduction in G1/G0 and S phases in DU145 cell line;
however, the effect was not statistically significant (P>0.05). On the other hand, the
G2/M phase was markedly increased with docetaxel by 1.9-2.6 folds as compared to
control. These findings suggest that our compounds act through a distinct mechanism

of action.
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Figure 26. Effect of compounds 13, 15 and 16 on cell cycle progression of PC3 cells.
Cells were treated with DMSO, compounds 13, 15 and 16 (5-10 uM), or docetaxel (5
puM) for 48 hours. (A) Cell cycle analysis by propidium iodide (PI) staining followed
by flow cytometry of PC3 treated cells. (B) Quantitative measurement of cell
distribution across different cell cycle phases (Sub G1, GO0/G1, S, and G2/M,
respectively) (N=1).

96



DU145

A.
i DMSO DTX (5 uM) 13 (5 pM) 13 (10 uM)
- —_—
c
=
S
= 15 (5 uM) 15 (10 uM) 16 (5 uM) 16 (10 uM)
&

N
o
|

Pl
B. 120-
=
< 1004
S
3 801 =3 Sub G1
B 604 = GG
=]
S 404 . S
oy =3 G2/M
3
(&)

o
|

Figure 27. Effect of compounds 13, 15 and 16 on cell cycle progression of DU145 cells.
Cells were treated with DMSO, compounds 13, 15 and 16 (5-10 uM), or docetaxel (5
puM) for 48 hours. (A) Cell cycle analysis by propidium iodide (Pl) staining and
following flow cytometry of DU145 treated cells. (B) Quantitative measurement of cell
distribution across different cell cycle phases (Sub G1, GO0/G1, S, and G2/M,
respectively) expressed as Mean £ SEM (N= 2). One-way ANOVA followed by
Dunnett’s posthoc test were used to compare the treatment groups with control. Results

were considered statistically significant when p<0.05.
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3.3.2.5 Effect on Colony Formation

Anchorage-independent growth is a well-known characteristic of transformed
cells that correlate with in vivo tumorigenic potential. Soft agar colony formation assay
IS a robust in vitro method used to estimate the ability of cells to grow and form tumors
in-vivo. Therefore, we investigated colony formation of PC3 and DU145, in soft agar,
under the effect of compounds 13 and 16 at 5 and 10 uM, for 14 days. Figures 27 and
28 show that compounds 13 and 16 resulted in a significant reduction in both the total
number of colonies and average colony size in both cell lines. Specifically, compound
16 at 10 uM significantly reduced the number of colonies by 82.8% and 84.9% in PC3
and DU145 cell lines, in comparison to control, respectively. Similarly, the average size
of detected colonies dramatically reduced from 583.2 to 20.0 mm? and from 196.0 to
18.7 mm? in PC3 and DU14, respectively, when exposed to 10 uM of compound 16 as
compared to control. Interestingly, the reduction in average colony size induced by
compound 16 on PC3 cells was stronger than the positive control, docetaxel, when

compared at the same concentration (P<0.001).
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Figure 28. Effect of compounds 13 and 16 on colony formation of PC3 cell line. Cells
were allowed to grow in soft agar for 14 days in the presence of the tested compounds.
DMSO was used a negative control and docetaxel (DTX) at 5 uM as a positive control.
A) Representative images of the soft agar colony formation on day 14. (B)

Quantification of the number of colonies (>100 um?) expressed as a percentage of
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treatment relative to the control (Mean = SEM). (C) Average size (mm?) of the formed
colonies upon exposure to different treatments expressed as Mean = SEM. (D)
Distribution of colonies into different size categories: Small (100-500 pm?

), Medium (500-1000 um?), and Large (>1000 pm?). Colonies' size and number were
quantified by ImageJ software in at least six random fields per treatment. Results were
analyzed using One-way ANOVA followed by Dunnett's posthoc test. Results were
considered statistically significant when p<0.05. Scale bar represents 100um. * p <

0.05.
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Figure 29. Effect of compounds 13 and 16 on colony formation of DU145 cell line. Cells were
allowed to grow in soft agar for 14 days in the presence of the tested compounds. DMSO was
used a negative control and docetaxel (DTX) at 5 UM as a positive control. A) Representative

images of the soft agar colony formation on day 14. (B) Quantification of the number of
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colonies (>100 um?) expressed as a percentage of treatment relative to the control (Mean +
SEM). (C) Average size (mm?) of the formed colonies upon exposure to different treatments
expressed as Mean + SEM. (D) Distribution of colonies into different size categories: Small
(100-500 um?), Medium (500-1000 pm?), and Large (>1000 um?). Colonies' size and number
were quantified by ImageJ software in at least six random fields per treatment. Results were
analyzed using One-way ANOVA followed by Dunnett's posthoc test. Results were considered

statistically significant when p<0.05. Scale bar represents 100um. * p < 0.05.

3.3.2.6 Effect on Cells Migration

While localized prostate cancer has a good prognosis, progression to metastatic
PCa dramatically reduces the 5-year survival rate to 30.2%. Therefore, we investigated
the effect of compounds 13, 15 and 16 on inhibiting the migratory potential of the
invasive prostate cancer cell lines (PC3 and DU145). Two assays were used for this
purpose; the first evaluated the effect on trans-well migration across pores and the other
investigated migration over the plate surface. Our data revealed that compounds 13, 15
and 16 significantly reduced trans-well migration of PC3 cells by 72.4%, 78.8%, and
96.2% (P<0.0001), respectively, as compared to control when tested at 10 pM
concentration (Figure 29). Moreover, the same compounds showed a dose-dependent
reduction in wound closure against both cell lines, which was significant starting from

5 uM concentration in PC3 cells (Figures 31 and 32).
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Figure 30. Effect of compounds 13, 15 and 16 on Transwell migration of PC3 cells. (A)
Representative microscopic images of migrated cells following 48 hours incubation
with the indicated treatment. (B) The average number of migrated cells counted using
ImageJ from 4-6 random fields (N=2). Results were analyzed using one-way ANOVA
followed by Dunnett's posthoc test. Results were considered statistically significant
when p<0.05. *P-value<0.05; **P-value<0.01; ***P-value<0.001.
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Figure 31. Effect of compounds 13, 15 and 16 on Transwell migration of DU145 cells.
(A) Representative microscopic images of migrated cells following 48 hours incubation
with the indicated treatment. (B) The average number of migrated cells counted using
ImageJ from 4-6 random fields (N=2). Results were analyzed using one-way ANOVA
followed by Dunnett's posthoc test. Results were considered statistically significant
when p<0.05. *P-value<0.05; **P-value<0.01; ***P-value<0.001.
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Figure 32. Effect of compounds 13, 15 and 16 on the migration of PC3 cells in wound
healing assay. A) Shows representative images of the scratch at t= 0 and 48hours post-
treatment (N=2 x 2). B) Quantitative analysis of cell migration based on wound area at
24 hours over the initial area measured at three different points per scratch. Values are
expressed as a percentage of wound closure at the end of the experiment relative to t=
0 hours (Mean £ SEM). One-way ANOVA followed by Dunnett's posthoc test were
used to compare the treatment groups with Control. Results were considered

statistically significant when p<0.05.
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Figure 33. Effect of compounds 15 and 16 on the migration of DU145 cells in wound
healing assay. A) Shows representative images of the scratch at t= 0 and 48hours post-
treatment (N=2 x 2). B) Quantitative analysis of cell migration based on wound area at
48 hours over the initial area measured at three different points per scratch. Values are
expressed as a percentage of wound closure at the end of the experiment relative to t=
0 hours (Mean £ SEM). One-way ANOVA followed by Dunnett's posthoc test were

used to compare the treatment groups with Control. Results were considered
statistically significant when p<0.05.
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Based on findings from cell migration assays, we hypothesized that compounds
13, 15, and 16 might play a role in modulating the EMT process, which is linked to
cancer invasion and metastasis. Therefore, we explored the effect of our compounds on
key proteins involved in EMT using two cell lines (PC3 and DU145). The explored
proteins included E-cadherin, total and phosphorylated -catenin, and fascin. As shown
in Figures 33 and 34, there was a trend towards modest reduction in total and phospho-
B-catenin in both cell lines, significant only for total 3-catenin in DU145. Additionally,
compound 16 was able to significantly upregulate the expression of E-cadherin in
DU145 cells (P-value 0.05). However, no significant changes were noted for the
compounds on the expression of fascin in both cell lines. These findings indicate that
compounds 13, 15 and 16 might potentially target EMT in PCa; however, the observed

effect was not strong enough to explain the anticancer potential of the compounds.
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Figure 34. Protein expression of EMT-related biomarkers on PC3 cell line. A)
Representative outcomes of molecules 13, 15 and 16 (5 and 10 uM) on the expression
of E-cadherin, p-B-catenin, B-catenin, and fascin proteins at 48 hours posttreatment.
DMSO and 5 pM docetaxel (DTX) were used negative and positive controls,
respectively. B) Protein expression of compound 16 bands quantified as a percentage
relative to DMSO. GAPDH was used as a house-keeping protein for the normalization
of values. The values were expressed as Mean = SEM (N=2-3). Results were analyzed
using One-way ANOVA followed by Dunnett's posthoc test. *P-value<0.05 was

considered for statistical significance.
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Figure 35. Protein expression of EMT-related biomarkers on DU145cell line. A)
Representative outcomes of molecules 13, 15 and 16 (5 and 10 uM) on the expression
of E-cadherin, p-B-catenin, B-catenin, and fascin proteins at 48 hours posttreatment.
DMSO and 5 pM docetaxel (DTX) were used negative and positive controls,
respectively. B) Protein expression of compound 16 bands quantified as a percentage
relative to DMSO. GAPDH was used as a house-keeping protein for the normalization
of values. The values were expressed as Mean = SEM (N=2-3). Results were analyzed
using One-way ANOVA followed by Dunnett's posthoc test. *P-value<0.05 was

considered for statistical significance.
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3.3.2.7 Effect on other Molecular Pathways

JNK/JUN, PIBK/AKT and MEK/ERK signaling pathways were reported to be
activated in various cancers, including PCa. Therefore, we attempted to explore the
direct effect of the most active compounds on JINK1/2/3, total and phosphorylated ERK,
and total and phosphorylated AKT. Our results revealed that in PC3 cell line, molecule
16 had significantly reduced the expression of JINK1/2/3 and phosphorylated ERK1/2,
without significantly altering ERK1/2, p-Akt, and Akt (Figure 35). In effect comparable
to that of compound 16, compound 15 had reduced the expression of JNK1/2/3, p-
ERK1/2, Akt and p-Akt. Both compounds maintained the same effect on JINK1/2/3 in
DU145 cell line (Figure 36). All compounds were also able to maintain the

downregulation of AKT in DU145 cell line without altering the expression of p-Akt.
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Figure 36. Protein expression of INK, ERK, and AKT-related biomarkers on PC3 cell
line. A) Representative outcomes of molecules 13, 15 and 16 (5 and 10 puM) on the
expression of JNK1/2/3, p-ERK, ERK, P- AKT and AKT proteins at 48 hours
posttreatment. DMSO and 5 puM docetaxel (DTX) were used negative and positive
controls, respectively. B) Protein expression of the bands quantified as a percentage
relative to DMSO. GAPDH was used as a house-keeping protein for the normalization
of values. The values were expressed as Mean = SEM (N=2-3). Results were analyzed

using One-way ANOVA test. *P-value<0.05 was considered for statistical significance.
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Figure 37. Protein expression of JNK, ERK, and AKT-related biomarkers on DU145
cell line. A) Representative outcomes of molecules 13, 15 and 16 (5 and 10 puM) on the
expression of JNK1/2/3, p-ERK, ERK, P- AKT and AKT proteins at 48 hours
posttreatment. DMSO and 5 uM docetaxel (DTX) were used negative and positive
controls, respectively. B) Protein expression of the bands quantified as a percentage
relative to DMSO. GAPDH was used as a house-keeping protein for the normalization
of values. The values were expressed as Mean = SEM (N=2-3). Results were analyzed

using One-way ANOVA test. *P-value<0.05 was considered for statistical significance.
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3.3.2.8 Effect on Angiogenesis

Uncontrolled angiogenesis is a key factor in cancer progression, invasion, and
metastasis. Therefore, we sought to investigate the effect of our compounds on
angiogenesis using the CAM of chicken embryos. Treating embryos with compound 16
leads to a significant reduction in average vessel length, a total number of junctions,
and vessel area, suggesting that it might act as an angiogenesis inhibitor (Figure 37).
The impact of the antiangiogenic effect might be more evident when the antitumor
activity is evaluated in vivo. Inhibition of blood vessel formation blocks blood supply

for tumor and thus inhibit its growth.
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Figure 38. Effect of Compound 16 on Angiogenesis of the CAM of chicken embryos.
(A) Embryos were treated with DMSO (2 pL) or compound 16 (6.42 pg in 2 pL
DMSO0), and images were taken using stereomicroscope 48 hours post-treatment (N =
15). We note that compound 16 treatment inhibits the CAM's angiogenesis in
comparison with the internal control (untreated area of CAM) and external control
(untreated embryos). (B) Illustration of angiogenesis quantification by AngioTool
software. (C) Percentage of reduction in angiogenesis parameters (vessel percentage
area, total number of junctions, and average vessel length) relative to DMSO treated
embryos (Mean + SEM; N=15). Unpaired t-test was used to compare treatment groups
and results were stated as statistically significant when p < 0.05 compared to the control.
*p<0.05, **p<0.01.
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3.3.3 Expanded SAR Study (Compounds 13-26)
Out of the sixteen synthesized and evaluated compounds in the first phase of

the study, thienyl pyridine chalcone hybrids (13, 15 and 16) exhibited the most
promising anticancer potential against two of the most aggressive prostate cancer cell
lines (PC3 and DU145). This was clearly evident from their highly potent cytotoxicity
and attractive effect on modulating cancer-related pathways. Based on these findings
and since our study is the first to report the incorporation of thienyl pyridine within the
chalcone scaffold, we decided to expand further in this series. Therefore, ten additional
thienyl pyridine chalcone hybrids were synthesized to explore structural attributes that
may enhance or diminish the activity. The structural diversity in the new analogs was
introduced by varying substitutions at ring A of the chalcone while keeping the thienyl
pyridine and the enone moieties intact.

Three main aspects were explored in the SAR study: the impact of a-
conformational restriction (cyclic analogs), particularly with tetralone ring; the effect
of varying the methoxylation pattern; and the effect of replacing methoxy with other
electron-donating groups (EDG) or electron-withdrawing groups (EWG).

As shown in Figure 38, all the newly synthesized analogs (17-26) possessed
excellent cytotoxicity, especially against PC3 cell line (>90% reduction in cell viability
at 10 uM concentration) except for compound 23. To distinguish between the activity

of different analogs, compounds were tested at lower concentrations (2.5 and 5 uM).
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Figure 39. Effect of thienyl pyridine chalcone hybrids (13-26) on the cell viability of
(A) PC3 and (B) DU145 cell lines. The cells were treated with 2.5, 5 and 10 pM
concentrations of compounds 13-26. Cell viability relative to control (0.1% DMSO)

was measured by AlamarBlue after 48 hours of treatment. Data are presented as Mean

+ SEM of three independent experiments. One-way ANOVA followed by Tukey’s

posthoc test was used to compare the treatment groups. Results were considered

statistically significant when p<0.05. * p < 0.05, **p < 0.01, and *** p < 0.001.
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First, we evaluated the cytotoxicity of tetralone-based chalcones (13, 14 and 15)
in comparison with their matched non-cyclic chalcones (16, 18 and 19). The data clearly
shows that the non-cyclic chalcones displayed higher cytotoxicity, suggesting that the
tetralone ring lowered the antiproliferative activity of the thienyl pyridine chalcone
hybrids.

Next, we examined various mono, di, and tri-methoxy substituted analogs.
Interestingly, changing the position of the methoxy group from C3 to C2 resulted in a
profound improvement in the cytotoxicity where the reduction in cell viability of PC3
induced by 2.5 uM treatment increased from 47.5% to 84.7% for compound 16 and 17,
respectively. Investigation of various methoxy substituted analogs revealed that 2-
methoxy induced the most favorable antiproliferative activity, followed by 2,3,4- and
2,4,6-tri-methoxy substituents. On the other hand, analogs with 4-methoxy substituents,
including 3,4-dimethoxy and 3,4,5-trimethoxy, showed reduced activity, especially
against DU145 cell line.

Then, we evaluated the effect of incorporating other EDG or EWG at position-
2 and -4. Replacing 4-methoxy in (18) with 4-fluoro (26) improved the cytotoxic
activity. In contrast, substituting it with methyl sulfonyl (23) was detrimental for the
activity. For position 2, replacing the methoxy in (17) with trifluoromethyl group
maintained relatively similar cytotoxicity, whereas replacing it with less bulky EDG
(hydroxy) decreased the cytotoxicity.

Overall, it could be concluded that 2-methoxy and 2-trifluoromethyl
substitutions on ring A are optimum for the antiproliferative potential of thienyl-
pyridine chalcone hybrids (Figure 39). Taken together, these findings indicate that
compounds 17 and 23 holds a highly promising potential of being lead anticancer

molecule and thus further in vitro and in vivo studies on these analogs are warranted.
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CHAPTER 4: DISCUSSION

PCa is the second most frequently diagnosed malignancy and a leading cause
of cancer-related mortality in men globally (1, 2). Despite the initial response to
targeted hormonal therapy, the majority of patients ultimately progress to a lethal form
of the disease, termed castration-resistant prostate cancer (CRPC) (78). Several new
therapeutic options were approved for the treatment of CRPC over the past decade, yet
treatment resistance remains inevitable. Besides, these therapies suffered from several
limitations, including but not limited to unsatisfactory therapeutic benefits and serious
toxicities. Moreover, the use of some drugs, such as androgen receptor targeting agents,
was found to induce significant changes in cancer cell biology, leading accumulation
of aggressive subpopulations and upregulations of pathways linked to cancer,
complicating future treatment (106, 155). Therefore, there is an urgent need for new
effective and safe therapeutic agents that could improve PCa patients' survival and
quality of life.

One of the highly attractive scaffolds that are currently being investigated as
potential multitargeted anticancer agents is chalcone. Due to their fascinating biological
properties, chalcones-rich plants were historically used in traditional medicine. Besides,
population-based studies in countries with a high dietary intake of chalcones were
correlated with a lower incidence of cancer (160). Particularly in prostate cancer,
chalcones have shown an attractive ability to target cancer-related pathways and
processes. However, they have not been studied deeply enough to enter into subsequent
developmental steps for the treatment of PCa. This could be partially attributed to the
poor pharmacokinetic profile, lack of selectivity, and/ or modest potency. From our
comprehensive review on the reported chalcones with activity against PCa, we noticed

that the natural chalcones tend to have a better ADMET profile and selectivity but a
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lower potency. On the other hand, many of the optimized synthetic chalcones exhibited
high potency but a poor ADMET profile, hindering further development (Table S1 in
Appendix A and Figure 40). Moreover, the chalcone scaffold has been known for a
long time; therefore, many of the chalcones showing anticancer activity are not
completely novel and patentable. Evaluating drugs in clinical trials is the most costly
stage in the drug development process. Therefore, drug companies do not invest in
compounds without ensuring their protection regardless of their efficacy in vitro or in
vivo (179).

Therefore, we hypothesized that the design of novel chalcone analogs with
improved potency, selectivity and ADMET profile might lead to overcoming current
chalcones' limitations and increase the probability of moving along the drug
development process. To achieve this goal, we sought to develop novel chalcones
through hybridization with heteroaromatic rings that are known to possess anticancer
activity such as pyridine, pyrrole and thiophene, aiming to improve their efficacy.
Moreover, we incorporated in silico ADMET prediction to guide our design process
towards prioritizing hits with favorable drug-likeness properties to reduce the risk of
failing subsequent development steps. Additionally, we focused on aromatic rings that
were not investigated before as anticancer nor in any other application. More
specifically, for series B and C, we moved beyond ensuring the novelty of single
analogs towards designing an entirely new series of chalcones with moieties that were
hybridized with chalcone scaffold for the first time.

In this study, we designed three series of novel chalcone analogs comprising
nitrogen mustard (series A), cyclopropyl pyrrole (series B) or thienyl pyridine (series
C) inring B. Within each series, we compared cyclic (tetralone-based) chalcones with

the non-cyclic (basic) chalcone scaffold. Besides, the effect of incorporating different
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electron-donating or withdrawing groups were investigated with a particular focus on
methoxylation pattern. This is because methoxylation pattern was found to modulate
the anticancer activity in many studies (280). Specifically, the SAR was thoroughly
investigated in series C due to its promising anticancer potential. Next, ADMET in
silico screening was implemented, and analogs with favorable drug-likeness properties
were prioritized.

A total of 26 analogs were then synthesized, purified and their structures were
elucidated by various characterization studies (FT-IR, 1H-NMR, 13C-NMR, COSY
NMR, ESI-MS and elemental analysis). Additional analyses were conducted for
selected analogs (HMBC, HSQC, HMQC, NOESY, 19F-NMR) to fully assign protons
and carbons. Of note, the synthetic yield of the non-cyclic chalcones was generally
higher than their matched tetralone-based chalcone analogs. Besides, we were able to
assign the configuration of open chain chalcones with high confidence based on the
typical coupling constant of (E) configuration. On the other hand, we could not confirm
tetralone-based chalcones' configuration in the same way due to the lack of a-proton.
Nevertheless, the available NOESY NMR data suggest (E) configuration, consistent
with previous studies (276, 277). To certainly assign the configuration for these
analogs, we need to do additional analysis such as x-ray crystallography.

The Synthesis of the selected analogs was done side-by-side with the biological
anticancer screening, where series showing promising anticancer activities were
expanded and those showing weak cytotoxicity were terminated. For the biological
evaluation, we focused on two AR-negative cell lines (PC3 and DU145). These cells
were selected as they are among the most widely used in vitro models for CRPC, the
deadly stage of prostate cancer (281). Besides, these cell lines are reported to exhibit

neuroendocrine and cancer-stem cell markers, two of the most aggressive and lethal
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subtypes of CRPC (282, 283).

As a start point, we first evaluated a series of tetralone-based chalcone analogs
(series A) related to the nitrogen mustard-based chalcone (DK14) developed by our
research team, which was recently patented and published (170, 272). This analog was
able to significantly target TNBC cells in vitro (ICso 6.3-9.22) and reduce tumor growth
in vivo. In this series, we synthesized five analogs and tested them in comparison with
DKZ14. In contrast to the findings from the TNBC study, the effect of both DK14 and
our newly synthesized analogs (1-5) against PCa cell lines (PC3 and DU145) was
modest (ICso >10 uM). Next, we developed another DK 14 related series by replacing
the nitrogen mustard with a cyclopropyl pyrrole functional group as a potential bio-
isostere. In addition to its potential activity, this group leads to a dramatic improvement
in the predicted ADMET profile. The predicted ADMET risk (number of possible
ADMET problems the drug might face in development) for this series ranged from (1.6-
2.5) compared to 5.77 for DK14. More specifically, series B analogs are expected to
have better solubility and bioavailability profiles (Table 4). Similar to series A, these
analogs did not result in highly potent cytotoxicity against PCa cell lines and their effect
was comparable to DK14.

Due to unsatisfactory cytotoxic activity generated by the first two series, we
designed a new line of chalcone derivatives. In this series, we adopted a molecular
hybridization strategy as it was shown to be effective in improving the pharmacological
activity of many reported molecules (186). Among the different potential
heteroaromatic rings with reported anticancer activity, we focused on pyridine and
thiophene rings. An analysis of the most privileged structures among the approved
drugs showed that N-heterocyclic rings were the most commonly reported moieties

(incorporated in 59% of the approved drugs) (284). Among them, pyridine was the most
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commonly identified N-heteroaromatic ring. For instance, the second generation ARAT
agent, abiraterone acetate, used for the treatment of CRPC is a pyridine-based
androstane steroid. In this study, we developed different 3’-pyridine substituted
chalcones, among which thienyl pyridine-containing analogs (13, 15, and 16) showed
the most promising cytotoxicity against both DU145 and PC3 cell lines.

Therefore, these analogs were selected for further screening to evaluate their
antitumor potential and explore their mechanism of action against CRPC. In the
mechanistic study, we explored their selectivity and effect on the main carcinogenesis-
related cellular processes, namely colony formation, cell cycle, apoptosis, and
migration. Besides, their effect on major cancer-related molecular pathways was
studied by western blot. Additionally, their impact on angiogenesis was evaluated in
ovo using the CAM of the chicken embryo.

Compounds (13, 15 and 16) significantly induced cytotoxicity in both PC3 and
DU145 cell lines with relatively good potency. Notably, compound 16 showed the most
potent cytotoxicity with an ICso of 4.32 and 5.2 uM against PC3 and DU145,
respectively. Interestingly, the three compounds have shown high selectivity toward
PCa lines as compared to normal dental cells (selectivity index ranging from 5.7 to
more than 8.9). However, the selectivity data need to be interpreted with caution since
primary dental cells were used for safety assessment due to the lack of more relevant
models (i.e., primary prostate epithelial cells).

Apoptosis is a fundamental process to target as it regulates the balance between
cell survival and cell death, and prevent tumor growth. (285). Morphological
examination of cells treated with compounds 13, 15 and 16 showed cell detachment,
wall deformation, and formation of apoptotic bodies. To confirm the potential effects

of the tested compounds on apoptosis, we used flow cytometric analysis, which
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revealed a significant induction of apoptosis by compounds 15 and 16, mainly at 10 uM
and to increase the Bax/Bcl-2 ratio. These findings are impressive because apoptosis
was reported to be significantly deregulated in PCa and to directly contribute to
androgen-ablation and progression to CRPC (286). Interestingly, compound 16 induced
a higher percentage of apoptotic cells than the positive control docetaxel when
compared at the same concentration. Consistent with our findings, numerous chalcone
derivatives were shown to promote apoptosis in PCa by modulating different apoptosis-
related pathways. Similar to our findings, Deeb D. et al. reported significant
upregulation of the pro-apoptotic protein Bax with a simultaneous down-regulation of
the anti-apoptotic protein Bcl-2 in CPRC cell lines following treatment with a natural
chalcone analog, Xanthohumol (207).

Given the high prevalence of cell cycle defects in PCa and their significant
impact on tumorigenesis, we further explored whether these actions were linked to cell
cycle alterations. Compound 13 was found to induce some G2/M phase arrest which
was cell line-specific. These findings were consistent with reports from other chalcone
derivatives in CRPC cells. For instance, licochalcone-A was shown to reduce cyclin B1
and its catalytic partner cdc2 in PC3 prostate cancer cell line leading to cell cycle arrest
at the G2/M phase (225). Microtubule inhibition and subsequent G2/M arrest are among
the most repeatedly proposed mechanism for chalcone’s anticancer activity (232, 234,
287). However, no cell cycle arrest was recorded for compound 16 on both cell lines,
which may designate that induction of apoptosis by this compound is mediated by a
different mechanism of action that might not be linked to DNA damage.

While localized prostate cancer has a good prognosis, progression to metastatic
PCa dramatically reduces the 5-year survival rate to 30.2% (7). The metastatic spread

of cancer involves several steps, including cell invasion and migration. At the molecular
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level, EMT is thought to be an important mechanism responsible for metastasis (236).
Therefore, we examined the effect of our compounds on inhibiting cell migration and
targeting EMT-related proteins. Our results showed that compound 16, significantly
inhibited cell migration of PC3 and DU145 cell lines in both trans-well and wound
healing assay. Consistent with these findings, compound 16 was found to induce
modest upregulation in the expression of epithelial marker (E-cadherin) and
downregulation of (B-Catenin) in DU145 cell line, suggesting that it may act by
reverting EMT. On the other hand, no significant changes were observed in PC3 cell
line. Lack of effect in PC3 cells might be attributed to the high rate of apoptosis induced
by the compound which is known to induce cleavage of adhesion and surface proteins
(288, 289).

Uncontrolled angiogenesis is a key factor in cancer progression, invasion and
metastasis (246). Compound 16 showed a significant reduction in blood vessel
formation in the CAM of the chicken embryos. These findings indicate that the
compound might have favorable activity when tested in vivo since cancer cells rely on
blood vessel formation to maintain the supply of nutrients and oxygen (246, 248). The
anticancer activity of chalcones in prostate cancer was only linked with the effect on
angiogenesis in one study. Moon et al. showed that butein treated PC3 cells implanted
in mice had significantly lower blood vessel formation as compared to control (243).

The activation of PI3BK/AKT/mTOR signaling pathway was reported in PCa,
which correlates with tumor growth, disease progression and resistance to therapy (264,
265). Several studies reported an elevated activity of PI3BK-AKT-mTOR signaling in
prostate cancer, which was more significant in CRPC (155, 266). Our results reveal that
compounds 13, 15 and 16 could significantly downregulate Akt expression in DU145

cell line, while only compound 15 was found to significantly downregulate Akt in PC3
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cell line.

Another pathway that was significantly inhibited by our compounds is the
JNK1/2/3 pathway. JNK protein was found to exhibit contradictory roles where it is
involved in the regulation of cell proliferation, differentiation, cell survival as well as
apoptosis (290, 291). Numerous chemotherapeutic agents were found to target prostate
cancer cells via inhibiting or activating the JNK pathway (290).

Taken together, these findings indicate that thienyl pyridine-based chalcone
(16) is a highly promising lead compound for the treatment of CRPC. Based on these
findings and since our study is the first to report the incorporation of thienyl pyridine
within the chalcone scaffold, we decided to expand further in this series and conduct
structure-activity relationship (SAR) study to explore if we can further enhance the
efficacy of these analogs. Therefore, ten additional analogs (17-26) were synthesized
and evaluated against CRPC cell lines. The SAR study showed that non-cyclic
chalcones were significantly more potent than their matched cyclic (tetralone-based)
analogs. Interestingly, changing the methoxy group’s position in compound 16 from C3
to C2 dramatically improved the cytotoxicity. Treatment of PC3 cells with compound
17 at 2.5 uM concentration reduced cell viability by 84.7% as compared to 47.5%
reduction with compound 16. These findings suggest that the 1Cso for compound 17 is
way less than 2.5 puM). Moreover, replacing the methoxy with trifluoromethyl
functional group in compound 25 resulted in a similar improvement in cytotoxicity.
While compounds 17 and 25 showed relatively similar efficacy, compound 17 showed
a more favorable ADMET profile. Figure 40 summarizes the 1Cso and ADMET risk for
all heteroaromatic-based chalcones reported in literature with activity against prostate
cancer. Taken both the efficacy and the pharmacokinetic profile into consideration, our

lead molecule (17) can be considered among the most promising reported chalcone
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hybrids privileged with both high potency and relatively favorable ADMET profile.
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Figure 41. Summary of the known heteroaromatic-based chalcone derivatives with
reported activity against PCa in comparison to our novel lead molecule (compound
17). Analogs number and ICso values were extracted from Table S1 in Appendix A,
while the ADMET risks were computed using Simulations Plus> ADMET Predictor
Version 8.5.1.1. The ADMET risk score indicates the number of potential ADMET

issues that a compound may face.
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS

Castration-resistant prostate cancer (CRPC) is a debilitating and deadly disease
that lacks curative therapeutic options. Despite all the efforts to develop effective
therapies for CRPC, the available treatments could not improve patient's survival
beyond few months. In this study, we reported for the first time a series of thienyl
pyridine chalcones that are highly effective against CRPC when tested in vitro against
two of the most aggressive prostate cancer cell lines (PC3 and DU145) and in ovo for
the effect on angiogenesis. Interestingly, the lead compound (16) in our study behaved
better than the first-line chemotherapy used in the treatment of CRPC, docetaxel, in
terms of apoptosis induction and reduction of colony formation. As compared to
previously reported chalcones in literature, our compounds have the advantage of
simultaneously having high potency and a relatively favorable ADMET profile.
Therefore, these analogs have a high potential of succeeding in vivo as well as
preclinical studies and further stages of drug development processes.

Based on the highly promising data generated by this project on the anticancer
activity of the thienyl pyridine based chalcones, our research team started two new
studies focusing on the development of gold nanoparticle formulation, as a targeted
delivery system, for the most potent analogs and on exploring their effect on other
aggressive types of human cancer, including breast and colorectal cancer. Taken
together, we believe that thienyl pyridine chalcones could serve as potential promising

lead molecules for the treatment of CRPC.
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APPENDIX A. REPORTED CHALCONES’ ACTIVITY AGAINST PCA

Table S1. Natural and Synthetic Chalcone derivatives tested on different PCa cell lines

Structure Source Experimental ICso Effect Molecular Target Ref
Model
Butein Nat In vitro: NR Inhibited cancer cells proliferation JVEGF, MMP-9 (242,
OH O PC3, DU145 Induced apoptosis {4 NF-kB 243,
_ LNCaP  and Induced G2/M phase arrest J RANKL 292,
O O CWR22Rv1 Inhibited tumor growth in nude mice X IkBa kinase , \{, p-IkBat 293)
HO OH In vivo: growth J PSA levels
OH athymic nude Inhibited cell migration, invasion and
mice angiogenesis
Isoliquiritigenin Nat  Invitro: Inhibited cell growth/proliferation T GADD153 (205,
OH O DU145 23.3 uM Induced S and G2/M phase arrest X ErbB3 signaling: [ ErbB3, p-ErbB3 228,
= LNCaP 15.7 uM, Induced apoptosis X PI3K/Akt: \]/p85, \]/p-Akt 245,
O O PC-3 19.6 uM Disrupted mitochondrial membrane ~ PSA 262,
HO OH 22RV1 36.6 uM potential JCox-1, COX-2 269,
In vivo: Suppressed epidermal growth factor X JNK-Ap-1 294-
PC-3 (EGF)-induced cell invasion and X EGF: L MMP-9, uPA, VEGF, TIMP- 296)
xenograft migration 1, MTIMP-2
tumor Decreased ROS levels VROS
Repressed the growth of PC-3 TAMPK
xenograft tumor
Naringenin chalcone Nat In vitro: Inhibited cell growth - (297)
OH O PNT1A ~1 uM
PC3 ~1 uM
22RV1 >1 uM

LT C
HO OH OH
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
9 Syn  In vitro: e Inhibited cell proliferation (298)
PC3 6.19 pM
7T
HO
Flavokawain A (FKA) Nat  Invitro: e Selectivity inhibited growth of e Tubulin polymerization (231,
OCHL PC3 22.86 uM Prostate cancer cells especially pRb e M glutamine metabolism J intracellular 299,
m DU145 NR deficient cell lines with no effect on glutamine, glutamic acid and proline 300)
O O 22Rv1 NR the growth of normal prostate 4 GSS, MGSTP1 =2 [ GSH = 1ROS 2>
HaCO OH OCH; PrECs & PrSCs NS (80 uM) epithelial nor stromal cells (PrECs &  MApoptosis
PrSCs) e Proteasome-dependent and
In vivo: ¢ Induced apoptosis and cell cycle ubiquitination mediated Skp2
TRAMP mice arrest at G2/M phase degradation {,Skp2 = Pp27/Kip1,
model e Inhibited formation of HG-PIN, U Nedd8-Cullin1, {,Nedd8-UBC12
FVB/N  mice prostate adenocarcinomas and
fed with AIN- metastasis in TRAMP mice
76A diet e Dietary feeding of FKA showed no
supplemente adverse effects on major organ
d with FKA function and homeostasis in FVB/N
mice
Flavokavain B Nat Invitro: 3.9,6.2,32 & 48.3 e Inhibited cancer cells growth 1" DRS5, Bim, Puma (208,
OCHL DU145, PC-3, uM, respectively e Induced Apoptosis L XIAP, surviving 301)
LAPC4 & (48h) U Nedds-Cullinl
O = O LNCaP U Nedd8-UBC12
4 Skp2 (TSkp2 degradation in an
H3CO OH In vivo: e Inhibited tumor growth in mice ubiquitin and proteasome dependent
mice bearing manner)
DU145 Mp21, p27

xenograft
tumors
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
7 Rubone Nat In vitro: >50 uM in all cell Combined treatment Rubone+ Rubone single treatment: (302)
HO O OCHjs LNCaP lines Paclitaxel: Increased miRNA-34a expression in
= C4-2 (MTT, NR) e Reversed PTX chemoresistance in androgen refractory cells especially
O O PC3 DU145-TXR and PC3-TXR cell Taxol resistant cell lines and reversed its
HsCO OCHj3 OCHj DU145 resistant cell lines (reduced ICsofrom  downstream signals
OCHs RWPE-1 2.58 UM to 0.0932 nM against PC3-  TmiRNA-34a=> M E-Cadherin, |/ SIRT1,
PC3-PTX TXR) with no effect on the J CyclinD1, and MBax
DU145-PTX proliferation of normal prostate cells M Tap73, Elk-1
¢ Inhibited PC3-TXR cell growth,
sphere formation in 3D model,
In vivo: migration and invasion
Nude mice e Suppressed growth of cancer stem
cells
e Prevented tumor growth in prostate
cancer bearing nude mice
8  Cardamonin Nat  Invitro e Inhibited Cell proliferation J NF-kB (303-
OCHL 0 PC3 41.9uM e Induced apoptosis through DNA Ip-JAK2 > p-STAT3  (Tyr705), 305)
DU145 NR fragmentation translocation &DNA binding
O ~ O LNCaP NR e Repressed invasion and migration JVEGF, MMP-9, COX-2, XIAP
HO OH (SRB, 48h) e Enhanced cisplatin cytotoxicity
(reduced I1Csp from 2.7 to 0.62pug/ml)
when used as combination at
subtoxic concentration IC5 (25 uM)
e Reduced Cisplatin induced
nephrotoxicity
9 OH O Nat  Invitro: NR e Augmented TRAIL-induced (211)
LNCaP cytotoxicity and apoptosis suggesting
O O a role in PCa chemoprevention
H,CO OH OCH,4
10 (0] OH Syn In vitro: 23.14 pM (MTT, e Inhibited cell growth/proliferation (306)
PC3 24 h)
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
11 OH O Syn  Invitro: 8.2uM e Selectively Inhibited cancer cells M Bax and { Bcl-2 (206)
= PC3 (Cell titer, 48h) proliferation without affecting normal > Caspase-3/7 activation
O O fibroblast cells (BJ cells ICsp 207.87)
/\O ¢ Induced cell cycle arrest at G2/M
phase
¢ Induced mitochondrial dependent
apoptosis
12 OCHLQ NO, Syn In vitro: e Inhibited cell growth e Lock the HSP90-AR complex in an (307)
LNCaP 3.4 uM androgen non- responsive state, thus
= (72 h) inhibit AR translocation and
transcription of AR target genes
13 OCHP Syn In vitro: e Inhibited cancer cells proliferation e Inhibit Hsp40/Hsp70 chaperone axis >  (308)
= NO, 22Rv1 NR e Inhibited tumor growth in ADT- destabilize full length AR, ARv and GR
O O resistant CRPC model with no overt -> reduce the transcription of AR
H5CO OCHj3 In vivo: signs of toxicity target genes.
CRPC (22Rv1)
mice
xenograft
model
14 (o) Syn In vitro: ¢ Inhibited proliferation of AR- e Suppressed AR dependent (232)
Cl LNCaP 3.74uM dependent and AR-independent PCa transcription
= PC3 1.52uM cells e Blocked DHT-dependent growth
O O DU145 4.5uM e Induced SubG1 accumulation stimulation
OHHO In vivo: (SRB, 72h) e Inhibited tumor growth in in vivo e Disturbed microtubule network
PC-3 xenograft model
xenograft
model
15  Licochalcone-A Nat  Invitro: e Induced caspase dependent apoptosis | p-Rb (S780) (225,
PC3 NR e Arrested cell cycle at G2/M phase Jtranscription factor E2F 271)
LNCaP e Induced autophagy Mormation  of  acidic  vesicular

@)
SISO
HO H;CO OH

organelles (AVOs)
4 m-TOR
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
16 Xanthohumol Nat In vitro: o Preferentially inhibited PCa Induced mitochondrial depolarization (207,
QCHL DU145 12.3 UM &  proliferation cells as compared to M release of cyt-c 209,
O & O PC3 13.2 uM MCF-10 (Sl 6.5-8.5) but not U NF-kB, Akt, mTOR, Bcl-2, and survivin 309,
HO OH OH LNCaP NR endothelial cells HLMEC (Sl 1.1-1.5) 310)
| C4-2 NR e Induced apoptosis
(48 h) e Sensitized TRAIL-resistant cancer cells
to TRAIL induced apoptosis and
cytotoxicity
17 Isobavachalcone Nat In vitro: ¢ Inhibited cancer cells proliferation J TrxR1 activity > TROS 2> N ER stress (212,
OH O PC3 19.25uM e Induced ROS-mediated apoptosis markers (PNGRP-78, ATF-4, XBP-1, CHOP, 311)
LNCaP NR e Augmented TRAIL mediated P-EIF2a), T cleaved caspase3
o on (MTT, 48h) apoptosis and cytotoxicity
18  lIsocordoin Nat  In vitro: e Induced G2/M cell cycle arrest (312)
“ PC3 NR
OH ©
OH
19  Sanjuanolide Nat  Invitro: ¢ Inhibited cell proliferation and e Promote formation of abnormal (234)
OH O PC3 11uM induced cytotoxicity mitotic spindles and increase rate of
DU145 7uM e Reduced colony formation tubulin polymerization but not total
(SRB 48h) e Induced cell cycle arrest at G2/M tubulin
phase
20 Nat  Invitro e Inhibited cell proliferation (313)
DU145 >10uM
(MTT, 24h)
21 Syn In vitro e Non preferentially inhibited cell e Apoptosis markers | caspase-3, -8,-9; (244,
PC3 4.67uM proliferation (Sl 0.76-1.07) “Mactive- Caspase-3, -8.-9, T PARP- 260,
DU145 6.56uM ¢ Inhibited cancer cells proliferation cleavage, 1M Bax/Bcl-2 ratio, T cyt-c, 314)
RWPE-1 5.00uM e Induced apoptosis, GSDME- Jsurvivin, { p-P38/MAPK, { p-
(MTT, 48h) dependent pyroptosis ERK1/2,4 MDM?2, {,Bcl-2, { P-ERK)
In vivo: . e Proliferation markers (*SHIP-1,

Arrested cell cycle at sub-G1

4p110, | Gata-1)
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
PC3 xenograft e Reduced metastasis, migration and  eCell cycle regulators | Cyclins D1 and
mice mode invasion D2, { CDKs 2 and 6, and c-Myc, T
e Reduced colony formation p21°Pl & P27k, |, PCNA
e Inhibited in vivo tumor growth e Metastasis markers (| VEGF-1,
JICAM-1, { TGF-B2, \MMP-1)
e Fli-1 expression and Fli-1 target
genes
o PKCS, 1M p-SAPK/INK, PIL-6
e GSDME cleavage = TMGSDME-N
22 Villosin Nat  Invitro e Induced cytotoxicity (315)
PC3 1.9 uM
o o (MTT, 48h)
e
HsCO OH
23 Aminomethylated derivative of Syn  Invitro: e Inhibited cell proliferation (316)
Isoliquiritigenin PC3 35.14 uM (MTT,
T 72h)
=
N/\OH
OH
24 o] Syn  Invitro: e Induced cytotoxicity (317)
_ PC3 3.9 uM
O O (MTT, 72h)
HO (0] OH
N
25 !g o Syn In vitro: ¢ Inhibited cell growth/proliferation Inhibited lkappaB kinase-beta (IKKB) (318)
O O PC3 0.74 uM
MEMO o) CO,H (MTT, 48 h)
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Structure Source Experimental 1Cso Effect Molecular Target Ref

Model
0 Syn In vitro: e Reduced cell viability J IkBa kinase a (IKKa) and IkBa kinase B (319)
PC3 NR e Induced of apoptosis (IKKB)
Syn In vitro: e Inhibited cell growth/proliferation {4 p-RB, E2F-1, cyclin D1, cyclin E, CDKs 2 (227)
PC3 5.8 e Induced G1 arrest & 4, Cdc25A
DU-145 9.2 4 mTOR and survivin
LNCaP 2.2 uM
(SRB, 48h)
Syn  In vitro: e Reduced cell proliferation 4 Agm (213,
PC3 ~15uM e Induced of apoptosis J Bcl-2NF-kB and COX-2 320)
DU145 ~20pM e Sensitized PCa cells to TRAIL-induced ~ T'DNA fragmentation
LNCaP ~15uM apoptosis J p-Akt
(MTT, 48h) e Induced DNA fragmentation
O 2 O o Syn In vitro: 29.5&21.4ug/ml, e Inhibited cell cycle progression, cell I MMP-p activity (321)
2 N i m PC-3 respectively (72 h)  adhesion, invasion, migration and
HiCo H ’ )
OJKLCU Nﬂ “ LNCaP colony formation
In vivo: e Reduced neovascularization in chick
nude-mice embryos and MMP-9 activity
xenografts e Strongly inhibited tumor development
in nude mice
o ®  Syn Invitro: e Inhibited cancer cells proliferation (322)
Hyo™© O 7 O onAg PC3 31.8 uM
0 o DU145 28.5 UM
s O, (MTT, 48h)
N
R= WN/\/\H/\/\/H\/\NHZ
H N
Dithiocarbamate hybrid  Syn In vitro: ¢ Inhibited cancer cells proliferation Apoptosis M caspase activation, \ Aym, (226)
oy . i _ ocH, PC3 1.05pM e Reduced colony formation T ROS production, f:atalase activity'
K/NYS%N O O och, (MTT, 72) e Induced cell cycle arrest at G2/M X EMT (MTE-Cadherin, I N-Cadherin,
s H OCH, phase, DNA damage and J Vimentin, J activated-MMP2,
mitochondrial apoptosis Jactivated-MMP9)
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Structure Source Experimental 1Cso Effect Molecular Target Ref

Model
[j Syn  Invitro: e Inhibited cell growth/proliferation (323)
N o} PC3 3.7 uM
(Cell Titer,72 h)
HO cl
OH © Syn  Invitro: 0.78 e Inhibited cell growth/proliferation (324)
O e O PC3 ug/mL
HyCO (72h)
N
o_J
o Syn In vitro: ¢ Inhibited cancer cells proliferation X tubulin polymerization and formation (287)
-z OCHs PC3 1.95uM e Induced apoptosis of microtubule
O on O N DU145 2.73uM
(MTT, 48h)
OCHL syn  Invitro: 0.53 e Induced G1, S and G2/M phase arrests (325)
% (> PC3 uM e Increased apoptotic cell death
N
OCH,3 o)
o OMﬂH Syn  Invitro: e Inhibited cancer cells proliferation (326)
_ OH PC3 28.2uM
O O (MTT, 48h)
ALY
N
/
Q Cl Syn  Invitro: e Selectively Inhibited cancer cells MDR5 -> sensitized cells to TRAIL (214)
O = O PC3 4.61 proliferation (SI 2.9-4.1) induced apoptosis and growth inhibition
HT(\O DU145 3.24uM e Reduced colony formation and cell ‘MCaspase3/7 activity
g S Normal GES-1  13.37 migration
(MTT, 72h) e Induced apoptosis

e Sensitized the PCa cells to TRAIL
induced apoptosis and growth
inhibition (synergistic effect)
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
38 o Syn In vitro Inhibited cancer cells proliferation Forms adduct with DNA (327)
o 00”3 PC3 69.92uM and induced cytotoxicity (SI 1.23)
\)j)\N FL normal 86.45uM
° H cells (MTT, NR)
39 i oCH Syn  Invitro Induced cytotoxicity X VEGFR-2 and B-Raf Kinase activites (328)
O Z O ° PC3 3.15uM
o OCH, (MTT, 72h)
y OCH,
I H
\N N\
o
40  Quinazolinone chalcone Syn  Invitro: Inhibited cancer cells proliferation (329)
o o PC3 54 uM Induced apoptosis
o .
@N . In vivo: (MTT, 48h) Inhibited tumor growth in vivo with
N/)\ OCH Non PCa no observed toxicity
41 cl syn  Invitro: Inhibited cancer cells growth/ (330)
HN>§\ 0 PC3 1.95 uM proliferation
WN\‘)K/\‘:OCHa (NR)
o} O O
OH
42 . 0 o\/N\:’jN Syn In vitro: Inhibited cancer cells proliferation X Inhibit tubulin polymerization (233)
3 DU145 1.3 uM Induced apoptosis and cell cycle L Apm
H3CO OCH3 (SRB, 48h) arrest at G2/M phase “Mcaspase-3 &9 activation
OCHj .
43 2 Syn In vitro: Inhibited cell growth/proliferation (331)
= OCHj3
PC-3 67.1 UM
H4CO o) (SRB, 48 h)
N
Nﬂ)
N
O:2N>—\©
44 o) Syn  PC3 15.64uM e Reduced cancer cells viability (332)
(MTT, 24h)

=

/N\
N
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
45 [0) Syn In vitro: ¢ Inhibited cancer cells proliferation e Microtubule destabilization (333)
F _ PC3 0.147 uM e Induced apoptosis e U p-STMN1 > TSTMN1 knockdown of
O‘ O (Crystal e Increased cancer cells death STMNL1 restored cancer cell viability
72h) e Reduced cancer cells invasion
46 0] Syn  Invitro: e Inhibited cancer cells proliferation (334)
H5CO = PC3 ~3 uM e Selectively induced apoptosis in
O‘ O Normal lung >>10uM cancer cells
bronchial (Crystal
epithelial 72h)
47 ) OCHs Syn  Invitro: e Inhibited cancer cells proliferation (335)
HyCO O NS O ocH, DU145 7.2uM
HsCO N \K\ N/‘N (MTT, 48h)
48 (0] Syn In vitro: 7.99 uM e Inhibited cell growth/proliferation (336)
HN_«M 703 . (NR) . Mod.erate tumor.inhil?ition in vivo
N nvivo: e Precipitated partially in body and
Cl ICR mice caused obstruction in mouse intestine
bearing
Cl sarcoma 180
49 HaCQ . Syn In vitro: e Inhibited cancer cells proliferation X Tubulin  polymerization through (337)
O ’ DU145 1.05 uMm e Induced apoptosis and cell cycle competing on colchicine binding site
i (MTT, 48h) arrest at G2/M phase
50 o Syn In vitro: ¢ Inhibited cancer cells proliferation X Microtubule assembly (338)
HsCOO)WN DU145 2.7uM
N=( :@ (MTT, 48h)
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
51 Syn In vitro: 5.9 uMm ¢ Inhibited cell growth/proliferation (339)
PC3 (time not
specified)
52 Q Syn In vitro: ¢ Inhibited cancer cells growth and “MCaspase3/7 activation (340)
\>o o | = O OCHs PC3 NR reduced cell viability by ~85% at 20 JAPm
O HsCO OCHjs UM
¢ Induced apoptosis
53 Boesenbergin A Nat  Invitro: e Inhibited cell growth/proliferation (341)
™9 PC3 27.95 uM
(MTT, 24 h)
54 2 _ O Syn  Invitro: e Inhibited cancer cells growth (342)
DU145 29.9uM
o OH O/\C,:’NONOZ (MTT, NR)
55  Xanthohumol related derivatives Nat  Invitro: e Inhibited cancer cells proliferation (343)
PC3 10.7uM
(SRB, 24h)
56 o] o Syn  Invitro: e Inhibited cell growth/proliferation (344)
X = DU145 1.70 uM
SANORa s she. 72
HO OH
57 i 0 Syn  Invitro: e Induced cancer cells death and X proteasomal activity > (210
O A O Z O PC3 5.04uM apoptosis “Mubiquitinated proteins
HO OH LNCaP 4.15uM “MBax, aCaspase-3, cleaved PARP
OCH3; OCH3; (M'rr, 24h)
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
58 @) Syn  Invitro: e Suppressed cellular proliferation JNF- kB (345)
m PC3 22.9pg/ml e Induced apoptosis JKI67
O O 22RV1 17.1ug/ml e Non selectively induced cytotoxicity,  ‘TCaspase3/7 activation
HO N OH (=56.1 &41.1 pM) showed higher toxicity to normal
colorectal cell line (CCD180Co) than
(MTS, 48h) prostate cancer cells (Sl<1)
59 (+)-oxyfadichalcone C Nat Invitro: e Induced cytotoxicity - (346)
PC3 3.5uM
(MTT, 48h)
60 p Syn  In vitro: (347)
I L PC3 5.95 uM e Induced cytotoxicity
O g O oo O ~ I O (SRB, 48h) e Exerted Antioxidant effect
61 i _ 00%H syn In vitro: MTT (48h) e Selectivity Inhibited cancer cell (348)
o O O o PC3 10uM proliferation as compared to normal
g wob 1 VERO cell line (SI 210)
0 [¢]
b o
62 Syn  Invitro: e Inhibited cancer cell growth 1 P53, 1 p21°°! (229)
o DU-145, 14-40 nM e Induced Caspase dependent T cPARP
H3CO = LNCaP, (Crystal violet, apoptosis
O CHs O 22Rvl, PC3, 48h) e Induced cell cycle arrest at G2/M
H3CO OCHj c4-2 phase in 22Rv1 and at GO/G1 in
OCH, In vivo: LNCaP and C4-2 cells
22Rv1 e Suppressed growth of 22Rv1 Xenograft tumor IHC: | Ki67 PTUNEL,
xenograft xenograft tumor TP53, 121
Male Nu/Nu
nude mice
63 (@) Syn In vitro: ¢ Inhibited cancer cells proliferation (349)
H;CO = N PC3 >10 uM
I DU145 <10 uM
ININZ
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Structure Source Experimental 1Cso Effect Molecular Target Ref
Model
(48h)
64 Syn In vitro: e Selectivity Inhibited cancer cells (SI (350)
DU145 0.237uM against HUVEC >100)
HUVEC 24.7
(SRB, 48h)
65 Syn In vitro: ¢ Inhibited cancer cells proliferation X Hsp90 (351)
DU145 5.0 uM ¢ Induced apoptosis
(Cell  Titer-Blue,
72h)
66 Syn In vitro: ¢ Inhibited cancer cells proliferation (352)
DU145 4.95uM
(MTT, NR)
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APPENDIX B. SPECTROSCOPIC ANALYSIS
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Figure 43. (+)-ESI mass spectrum of compound 1.
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Figure 44. FT-IR spectrum of compound 1.
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Figure 45. *H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound 1.
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Figure 46. *C-NMR spectrum (CDCls, 150 MHz) of compound 1.
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Figure 47. *H-'H COSY NMR of compound 1.
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Figure 48. (+)-ESI Mass spectrum of compound 2.
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Figure 49. FT-IR spectrum of compound 2.
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Figure 50. *H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHZz) of compound 2.
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Figure 52. **C-NMR spectrum (CDCls, 150 MHz) of compound 2.
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Figure 53. (+)-ESI Mass spectrum of compound 3.
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Figure 54. FT-IR spectrum of compound 3.
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Figure 56. *H-'H COSY NMR of compound 3.
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Figure 58. (+)-ESI Mass spectrum of compound 4.
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Figure 59. FT-IR spectrum of compound 4.
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Figure 63. (+)-ESI Mass spectrum of compound 5.
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Figure 64. FT-IR spectrum of compound 5.
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Figure 69. FT-IR spectrum of compound 6.
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Figure 70. *H-NMR spectrum (CDCl; with 0.05% v/v of TMS, 600 MHz) of compound 6.
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Figure 72. C-NMR spectrum (CDCls, 150 MHz) of compound 6.
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Figure 73. (+)-ESI Mass spectrum of compound 7.
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Figure 74. FT-IR spectrum of compound 7.
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Figure 77. *C-NMR spectrum (CDCls, 150 MHz) of compound 7.
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Figure 78. (+)-ESI Mass spectrum of compound 8.
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Figure 79. FT-IR spectrum of compound 8.
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Figure 80. *H-NMR spectrum (CDCI3 with 0.05% v/v of TMS, 600 MHz) of compound 8.
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Figure 81. *H-'H COSY NMR of compound 8.
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Figure 85. (+)-ESI Mass spectrum of compound 9.
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Figure 86. FT-IR spectrum of compound 9.
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Figure 90. (+)-ESI Mass spectrum of compound 10.
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Figure 91. FT-IR spectrum of compound 10.
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Figure 94. (+)-ESI Mass spectrum of compound 11.
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Figure 95. FT-IR spectrum of compound 11.
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Figure 97. *H-'H COSY NMR of compound 11.
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Figure 100. FT-IR spectrum of compound 12.
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Figure 101. *H-NMR spectrum (CDCls, 600 MHz) of compound 12.
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Figure 102. **C-NMR spectrum (CDCls, 150 MHz) of compound 12.
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Figure 103. (+)-ESI Mass spectrum of compound 13.
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Figure 104. FT-IR spectrum of compound 13.
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Figure 105. 'H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound 13.
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Figure 106. 'H-'H COSY NMR of compound 13.
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Figure 107. *H-'H NOESY NMR of compound 13.
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Figure 108. *C-NMR spectrum (CDCls, 150 MHz) of compound 13.
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Figure 109. *H-*C HMQC NMR of compound 13.

239



=X ’ ""
E | Rt g
ey =
= ‘ l j , |
211 M JIE] _)L}l 'A}l | {lg ‘£ 5 o]
S —
S- 0
] X 0
! i IR a J
T g @ @ J
o
(?1_
] 1H -13C HMBC NMR
il A
. S
g L.
I ] a |
" : ¥ i
o
=
; (
'5 A
O o1
58]
s @ i
- &2 o
2 j [
8 oo
> b3 | T T A T v v | BAREAALAG | (A0 RATARIEAL B o' T 27 LR T T
79 78 77 76 175 114 73 72 7.1 70 69 68 67 0 100 20
X : parts per Million : Proton (thousandths)

Figure 110. *H-3C HMBC NMR of compound 13.
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Figure 111. *H->"N HMBC NMR of compound 13.
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Figure 112. (+)-ESI Mass spectrum of compound 14.
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Figure 113. FT-IR spectrum of compound 14.
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Figure 118. FT-IR spectrum of compound 15.
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Figure 123. FT-IR spectrum of compound 16.
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Figure 129. (+)-ESI Mass spectrum of compound 17.

350 360 370 330 390 400 410 420 430 440 450 460 470 480 4%0 500

256




abundance

- IH-NMR (CDCl, with 0.05% v/v of TMS, 600 MHz)
= = = 5 OCHLO
o | 2
-
<
< |
(o]
<
H,0
TMS
| . Al
T T T T T T T T T
9.0 8.0 6.0 5.0 4.0 3.0 2.0 1.0 0
0 OO N AN O- OO O oy
D O wy ey en o IPI\DVPIOG\WOG\VPIM ~ wy
R e e - R R R R R R @
[ i e e e e e e S L n L m S S S S S Sy o —

X : parts per Million : Proton

Figure 130. 'H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound 17.
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Figure 132. ®°C-NMR spectrum (CDCls, 150 MHz) of compound 17.
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Figure 133. (+)-ESI Mass spectrum of compound 18.
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Figure 134. FT-IR spectrum of compound 18.

260



abundance

=] T 1H-NMR (CDCl; with 0.05% v/v
. = of TMS, 600 MHz)
: s ‘ - i
1| = o]
7] 2
3 5] /
’ -2 = * ¥ N
3 g g ] ’ ‘
o] | = | = [
) { [ b h
] gz-j | JL“ ” ﬂd jo JVM
g 43— \ \
13- U L____,_J o ),
E AR T 709.037.027.01 70 6896986 98.9¢
] 5383 32 | lg
d xpmpuwxmm =3 X : parts per Millica : Proton
o
] .
1 S
- (o]
=] ™S
s
H,0
4
cocl ¥
5 | : A .
""""" T FA I R N U R S T I 6 I LT L T 5 L o % s & X Rr o P L T
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
88{}:‘2”§£§5$87'\2‘.%’32” S 2 @
NZS=o88RREEIREITANSE % s &
vwvwwVIVI-NNEEEEEENDNY o — S
X : parts per Million : Proton

Figure 135. 'H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound 18.
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Figure 136. 'H-'H COSY NMR of compound 18.
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Figure 137. ®*C-NMR spectrum (CDCls, 150 MHz) of compound 18.
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Figure 138. (+)-ESI Mass spectrum of compound 19.
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Figure 139. FT-IR spectrum of compound 19.
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Figure 140. 'H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound 19.
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Figure 141. 'H-'H COSY NMR of compound 19.
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Figure 142. ®°C-NMR spectrum (CDCls, 150 MHz) of compound 19.
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Figure 143. (+)-ESI Mass spectrum of compound 20.
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Figure 144. FT-IR spectrum of compound 20.
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Figure 145. 'H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound 20.
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Figure 147. ®°C-NMR spectrum (CDCls, 150 MHz) of compound 20.
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Figure 148. (+)-ESI Mass spectrum of compound 21.
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Figure 149. FT-IR spectrum of compound 21.
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Figure 150. *H-NMR spectrum (CDCls, 600 MHz) of compound 21.
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Figure 152. *C-NMR spectrum (CDCls, 150 MHz) of compound 21.

275



x107 [+ESI Scan:1(11.3 sec) Frag=80.0v OH26.d

04 .

x 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430 440 450 460 470 480 430 500 510 520 530 540 550 560 570 580 530 600 610
Counts (%) vs. Mass-to-Charge (m/z)

Figure 153. (+)-ESI Mass spectrum of compound 22.
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Figure 156. *C-NMR spectrum (CDCls, 150 MHz) of compound 22.
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Figure 157. (+)-ESI Mass spectrum of compound 23.
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Figure 158. FT-IR spectrum of compound 23.
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Figure 160. 'H-'H COSY NMR of compound 23.
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Figure 161. *C-NMR spectrum (CDCls, 150 MHz) of compound 23.
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Figure 162. (+)-ESI Mass spectrum of compound 24.
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Figure 163. FT-IR spectrum of compound 24.
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Figure 164.

'H-NMR spectrum (CDCl; with 0.05% v/v of TMS, 600 MHz) of compound 24.

285



_ 1 ? _ifzi..::..::f.x;))))::ix::x::::a...:.E...E:,,:,
Y 5 5
N fn > o
T 55 I | Y : = "
LN g
2
Lo )
* F o
" ~
E
ol
-
]
~
1 @ 3
| <
. =
o
: & :
F o
#! % "
~
-
3 -\.\ . ‘ ' -2
. r~
, & ®
] o
~
P F o
Sa s © T
3
8
{1 -2m
(=)
! b §
5 = 8
)
e
10 df oo rve T €L vL SL 9L LL $L 6L 08 IS T8 €8

2auepUNqH

uol04q : uolI Jad sued : &

Figure 165. 'H-'H COSY NMR of compound 24.
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Figure 166. *C-NMR spectrum (CDCls, 150 MHz) of compound 24.
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Figure 167. (+)-ESI Mass spectrum of compound 25.
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Figure 168. FT-IR spectrum of compound 25.
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Figure 169. 'H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound 25.
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Figure 171. ®F-NMR spectrum (CDCls, 600 MHz) of compound 25.
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Figure 172. ®°C-NMR spectrum (CDCls, 150 MHz) of compound 25.
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Figure 173. 'H-NMR spectrum (CDCls with 0.05% v/v of TMS, 600 MHz) of compound
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