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ABSTRACT

Novel in silico-designed SMYD3 inhibitors eliminate unrestrained

proliferation of breast carcinoma cells

SMYD3 is a lysine methyltransferase that regulates the expression of over 80 genes
and is required for the uncontrolled proliferation of most breast, colorectal, and
hepatocellular carcinomas. Elimination of SMYD3 restores normal expression patterns
of these genes and halts aberrant cell proliferation. In this study, we used in silico
screening to identify potential small molecule inhibitors of SMYD3 and tested the ability
of these inhibitors to reduce its methyltransferase activity in vitro. Using breast cancer
cell lines that overexpress SMYD3 and normal breast epithelial cell lines, we have
confirmed the ability of one of these inhibitors, Inhibitor-4, to reduce cell proliferation,
arrest the cell cycle, and induce apoptosis in breast cancer cells without affecting
normal cell behavior. Our results provide a proof of concept for the in silico design of
small molecule enzyme inhibitors and for the use of such an inhibitor to target SMYD3

for the treatment of cancer.
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PREFACE

SMYD (SET and MYND domain-containing) protein family members constitute a class
of methyltransferases that regulate a wide range of normal cellular processes [1-3] and
are also involved in several tumorigenic pathways [3-5]. SMYD3, the third member of
the SMYD family, transfers methyl groups to lysine 4 on histone H3 (H3K4) and lysine 5
on histone 4 (H4K5), a residue that was previously thought to only undergo acetylation
[1-3]. Overexpression of SMYD3 results in increased cell proliferation and activates
many genes associated with cancer cell transformation [6] and metastasis [7]. Several
studies have revealed that lung, breast, pancreatic, colorectal, and hepatocellular
carcinoma are highly associated with SMYD3 overexpression [3, 8, 9]. In vitro studies
using NIH3T3 cells (transfected with SMYD3) have demonstrated that SMYD3
involvement in uncontrolled proliferation is one of the crucial stages in tumorigenesis
[10]. Furthermore, the growth of breast, hepatocellular, and colorectal carcinoma cell
lines have been impaired significantly through SMYD3 knockdown [3, 8]. These studies
demonstrate that the oncogenic impact of SMYD3 is mediated, in part, by its histone
methylation activity and the resulting impact on the expression of oncogenes. These
downstream genes include NKX2.8 [3], WNT10B [8], TERT [11], cMET [12], and CDK2
[13]. SMYD3 is also known to regulate cancer cell proliferation and viability through its
interaction with vascular endothelial growth factor receptor 1 (VEGFR1) [14] and
estrogen receptor (ER) [15], both of which are non-histone proteins. The role of SMYD3
in ER-mediated transcription through its histone methyltransferase activity is not fully

known. SMYD3 acts as a cofactor of ERa and promotes its efficacy in response to



bound ligands. In addition, SMYD3 interacts with ER in the ligand binding domain and
activates the transcriptional machinery of downstream genes [15]. Collectively, these
studies indicate SMYD3 as a potential therapeutic target for cancer treatment.

The small molecule drug development process is notoriously expensive, time
consuming, and inefficient. After target identification, identifying hit compounds with
significant activity requires enormous small-molecule libraries and hours of
experimentation. Optimizing hit compounds to identify leads that have activity in cells
and that meet initial in vitro toxicity criteria often requires several rounds of iteration and
molecular synthesis. Because of the difficulty and cost of this process, scientific
literature is saturated with studies that identify proteins that are “promising therapeutic
targets” but that proceed no further towards actual therapeutic development. In this
study, we sought to establish a simple and affordable hit-to-lead methodology that could
be implemented by average research laboratories that have elucidated druggable
proteins. Using in silico screening to identify initial hits and restricting the initial library to
purchasable compounds, we have demonstrated the ability to identify lead small
molecule inhibitors without the need for physical compound libraries or in-house
chemical synthesis.

Using SMYD3 as a target protein, we implemented our screening methodology and
report a novel small molecule SMYD3 inhibitor (Inhibitor-4) that impairs breast cancer
cell proliferation without affecting normal cells, thereby illustrating the potential of
SMYD3 inhibitors in the clinical management of breast cancer as well as a proof of
concept for this drug development platform. We used two breast cancer cell lines

(MCF7 and MDA-MB-231) that were previously shown to overexpress SMYD3 [8, 15-



18] compared with the wild type breast epithelial cell line MCF10A [16, 17]. After initial
hit identification in vitro, we purchased five small molecules, tested their efficacy as
novel SMYD3 inhibitors, and discovered that Inhibitor-4 significantly reduces breast
cancer proliferation, arrests the cell cycle, and induces apoptosis without impacting
normal cells. In all experiments, we used a previously-identified SMYD3 small molecule

inhibitor, BCI-121, as a positive control [19].
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CHAPTER 1- INTRODUCTION

1.1 Breast cancer:

1.1.1. Breast structure:

The breast comprises two major types of tissues, including glandular and stromal
(supporting) tissues. Glandular tissues contain the ducts and the milk-producing glands
(lobules), while the stromal tissues contain fibrous and connective tissues of the breast.
The breast also includes lymphatic tissues that remove cellular waste and fluids (Figure

1.1) [20].

Figure 1.1: Human breast anatomy showing the breast ducts and lobules (milk-
producing glands) [20].

Breast cells that line the ducts are the most common location for breast-related
tumorigenesis (ductal cancers). Minor numbers of breast cancers also begin in the other

breast tissues (Figure 1.2) [20].



Normal Duct
Carcinoma (IDC)

Figure 1.2: Human breast cancer showing cells that line the normal breast duct versus
malignant invasive cells in ductal carcinoma [20].

1.1.2 Epidemiology of Breast cancer in humans:

Second to nonmelanoma skin cancer, breast cancer is the most common type of
cancer in the world [21]. In 2017, more than 250,000 women were newly diagnosed
with breast cancer and 12% of all women in the United States will be diagnosed with

breast cancer during their lifetimes [22].

1.1.3. Breast cancer risk factors:

Many risk factors are associated with breast cancer, including age, genetics or family
history, geographical variation, body weight, radiation exposure and hormone
treatments (Table 1.1) [23].

Table 1.1: Breast cancer risk factors [23].

Elderly
Developed country
Menarche before age 11

Menopause after age 54




First child in early 40s

Breast cancer in the first degree relative when
young

Atypical hyperplasia

Groups | and Il

High intake of saturated fat

Body mass index >35
Body mass index >35

Excessive intake

Abnormal exposure in young females after age 10

Current use
Use for >10 years

Use during pregnancy

1.1.4. Breast cancer and family history:

In western countries, up to 10% of women’s breast cancer cases are due to genetic
susceptibility [24]. Breast cancer predisposition is usually inherited as an autosomal
dominant inheritance pattern [25]. BRCA1 and BRCAZ2 are two well-documented genes
highly associated with developing breast cancer in families with autosomal dominant
inheritance [26]. BRCA1 is located on the long arm of chromosome 17, while BRCAZ2 is

located on chromosome 13. Some mutations of these genes are represented with high



frequency in specific populations [23]. For instance, one in forty Ashkenazi Jewish
women has a BRCA mutation. While BRCA1 is the dominant gene leading to breast
cancer development in this population, BRCAZ2 is the dominant gene leading to breast
cancer in Italian women [27]. Ashkenazi Jewish women carry either BRCA1 185 del AG
(deletion of two base pairs occurs at position 185), BRCA1 5382 ins C (insertion of an
extra-base pair at position 5382), or BRCA1 6174 del T (deletion of one base pair
occurs at position 6174). However, about 50% of all familial breast cancer in Iceland
involves BRCA2 999 DEL 5 (deletion of five base pairs in position 999). Also, breast
cancer’s high susceptibility occurs through rare inherited mutations in p53 and PTEN
associated with familial syndromes (Li-Fraumeni and Cowden’s, respectively). In
addition, there are poorly understood gene associations that increase the likelihood of
breast cancer by approximately three or four-fold above the overall population level.
These less documented genes account for a significant portion of genetic disorders’
overall contribution to breast cancer, though they are less likely to cause multi-case

familial incidence [23].

1.1.5. Breast cancer types according to invasiveness:

Non-invasive breast cancer: Breast cancer cells in this type do not invade the fatty
and connective tissues that are surrounding the primary tumor. The most common form
of non-invasive breast cancer is ductal carcinoma in situ (DCIS) (90%). However,
lobular carcinoma in situ is also considered a marker for increasing the risk of breast

cancer, but it is less common [20].

Invasive Breast Cancer: Cancer cells in invasive breast cancer invade the surrounding

connective and fatty tissues after breaking through the breast duct and lobular wall [20].



1.1.6. Frequency of Breast cancer:

e Lobular carcinoma in situ (Lobular neoplasia or LCIS) is a non-invasive
accumulation of neoplastic cells in the breast lobules [20].
e Ductal carcinoma in situ (DCIS) is limited to the breast ducts and represents the

most common type of non-invasive breast cancer [20].

1.1.7 Breast cancer and molecular subtypes according to (Mehrgou and Akouchekian,

2016) [28]:

Determining breast cancer’s molecular subtypes is an effective tool to highlight and
choose a suitable treatment plan and new therapies. Most research divides breast

cancer into six main molecular subgroups (Figure 1.3) including:

Luminal A: In luminal A, luminal tumor cells initiate in the breast ducts’ internal
cellular lining. The tumor cells in this type tend to be positive for PR and ER
(Progesterone and Estrogen receptors are activated by their hormones, and, thus, the
tumor cells rapidly proliferate). On the other hand, this molecular subtype is negative
for HER-2 (human epidermal growth factor receptor 2). HER-2 receptors manage
normal breast cells’ growth. However, aberrant expression of HER-2 leads to breast
cancer. The tumor cells in this type are present in grades 1 and 2, resulting in a better

best prognosis, including low frequency and high survival rate [28].

Luminal B: Tumor cells in this type are positive for PR and ER and positive for HER-
2. The patients in this type have a poorer prognosis due to the larger tumor size,
lower grade tumor, and lymph node involvement. This type can also be more readily

detected at a young age relative to luminal A [28].



HER-2 type: This subgroup of tumors tends to be lower grade, negative for PR and
ER, and includes progression into lymph nodes. ERH-2 type appears in 10% to 15%
of breast cancer-positive women and includes poor prognosis, high-frequency rate,
and common metastasis. HER-2 tumors appear in younger age groups than luminal A

or B tumors [28].

Triple negative/basal-like: This type is referred to as triple-negative because the
tumor cells are negative for the ER, PR, and HER-2 receptors. Basal-like is one of
these categories, and the tumor cell tends to be like the outer cells (basal) that are
lining the breast ducts. About 15% to 20% of breast cancer patients are ftriple-
negative or basal-like. Young and African-American women are the most affected by
this type of tumor. Triple-negative or Basal-like tumors have a poorer prognosis and
more aggressive. As mentioned before, BRCA1 mutation causes a high susceptibility
to breast cancer. Therefore, breast cancer women due to BRCA1 mutations are triple-

negative and basal-like as well [28].

Claudin-low: This group of tumors is triple-negative. However, it differs from triple-
negative by expressing cell-cell adhesion proteins (like E-cadherin that is reduced).
Also, lymphocyte infiltration happens considerably. This type tends to have stem cells

and mesenchymal cell features [28].

Normal-like: These tumors are usually small and have a high prognosis. Normal-like

tumors appear in about 6% to 10% of all breast cancer cases [28].
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Figure 1.3: Schematic representation showing 6 molecular subtypes of breast cancer [28].

1.1.8 Stages of breast cancer [20].

Table 1.2: Staging of breast cancer.

In situ carcinoma (non-invasive): The tumor is limited and located in the
milk-producing gland or ducts.

The tumor has spread further to one to three lymph nodes near the
breastbone or in the armpit, and the size is % inches or less.

The tumor has spread further to one to three lymph nodes near the
breastbone or in the armpit, and the size is % inches or less.

The tumor has spread further to one to three lymph nodes near the
breastbone or the armpit, and the size is larger than % inches; however, in
diameter, it is smaller than 2 inches.

The tumor has spread further to up to nine lymph nodes in the armpit, and
the size is 2 inches in diameter.

The tumor has caused breast inflammation because it has spread to the
chest wall or dermis.



The tumor has grown to the lymph node’s size and spread further to the
lymph nodes in the armpit.

Metastatic cancer: The tumor has spread to distant organs, tissues, or
lymph nodes.

1.1.9. Management of breast cancer:

The following approaches are commonly considered in the clinical managed of breast

cancer.
(1 Surgery: There are two main options available for breast cancer surgery [20].

1. In breast-conserving surgery, the tumor is excised with a portion of the normal,

surrounding tissue [20].

e Lumpectomy: The breast tumor with a small portion of the surrounding tissue

is excised [20].

e Wide excision or partial mastectomy: A more significant amount of the

normal surrounding tissue with the tumor is excised [20].

e Quadrantectomy: In this type of surgery, approximately one-fourth of the

breast is excised [20].
2. Mastectomy: All the breast tissue is excised [20].

(1 Radiation therapy: Gamma rays or high-energy X-rays target a tumor or the tumor
site post-surgery. Breast cancer treatment through electron beam radiotherapy to

the breast scar can also be employed. In general, radiation therapy, either through



radiation rays or electron beam radiotherapy to the breast scar, is highly efficient in
removing remaining cancer cells wither post-surgery or as a breast-conserving

therapy [20].

Chemotherapy: Cytotoxic drugs are used to control proliferation and spreading. It is
one of the most effective therapeutic applications for breast cancer treatment and
can be used in multiple rounds after surgery, before surgery, or as a breast-

conserving therapy [20].

Nanotechnology: Nanotechnology improves chemotherapeutic efficacy through
applications for maintenance of anti-cancer drug activity and liposomal drug delivery.
Liposomal doxorubicin, liposomal daunorubicin, and pegylated liposomal doxorubicin
are efficient agents to treat breast cancer with less cardio toxicity and better safety

profiles [20].

Gene therapy: Accumulation of multiple molecular genetic defects result in cancer
arises due to uncontrolled cell proliferation. Therefore, a diversity of gene therapy
strategies has been used as a prospect for new cancer therapies. Tumor suppressor
genes and proto-oncogene are responsible for the genesis of malignancy.
Therefore, these genes have been used to guide gene therapy development toward

restoring and ablating such genes [29].

Immunotherapy: Immunotherapy is one of the more effective and less toxic
therapies used for breast cancer and involves methods for inducing antibody binding

to tumor-specific surface proteins on target cells [30]. Immune therapy is highly



effective in hematologic malignancy that requires bone marrow transplantations [30,

31].

[0 Hormone therapy: Tumors often express either estrogen receptors (ER) or
progesterone receptors (PR), which can serve as targets for hormone therapy in
cases where chemotherapy is not enough [32]. For breast cancer, there are two
significant applications of hormone therapy that are typically employed for luminal A

and/or B sub-types:

e Selective estrogen receptor modulators: This treatment’s strategy is to use drugs
that bind to estrogen receptors to block estrogen-induced cell proliferation. One
such drug is Tamoxifen, which can also be used as preventive therapy for

women at high risk for developing breast cancer [33].

e Aromatase inhibitors: In this type of hormone therapy, drugs are designed and
used to inhibit the aromatase enzymes (the enzyme responsible for producing
estrogen). Therefore, this enzyme is suppressed and blocks estrogen production,

thus leading to reduced cell proliferation [33].

1.2. In silico screening:
In silico pharmacology is a rapidly expanding field of computational therapeutics or
computational pharmacology. It also covers the worldwide development of various
sources and techniques that use software to analyze and merge medical and biological
data. In silico pharmacology uses input in simulation or in the building of computational
models that can be applied to create prognosis, propose hypotheses, and eventually

produce discoveries or developments in therapeutics and medicine [34].

10



1.2.1. Ligand-based virtual screening:

Ligand-based virtual screening is one of the various methods of in silico screening. The
type of structural input used is essential to determine the compounds’ complexity,
degree, and final cost [35]. The central similarity-property is the main principle for these
methods based on the similarity of molecules that should lead to the similarity of
properties [36]. Therefore, chemical similarity calculations are the essence of ligand-
based virtual screening [37]. Consistently, in a database all the compounds can be
scored based on the similarity to one or more bioactive ligands. Accordingly, these
methods offer significant productivity through the random selection of compounds in the
database. The top-scoring compounds can be selected for experimental testing and rely

on a cost-effective drug discovery method (Figure 1.4) [34].

1.2.2. Target-based virtual screening methods:

Target-based virtual screening is a technique used to identify and generate novel
bioactive compounds. The availability of structural information of the target that can be
determined either experimentally or obtained computationally through homology
modeling techniques is the main principle for target-based methods [38, 39]. Therefore,
this approach is based upon searching for compounds that work on a known target
biomolecule [40]. These methods provide a good prediction of the ligand-binding affinity
to the protein (scoring) and the ligand’s orientation and conformation in the binding
pocket (docking). Consequently, novel inhibitors have been discovered for multiple
enzyme targets - such as epidermal growth factor receptor kinase, vascular epidermal
growth factor receptor two kinases, and cyclin-dependent kinase, using target-based

virtual screening methods (Figure 1.4) [41].

11
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Figure 1.4: Schematic representation showing drug designing strategies. Determination
of drug discovery strategies depend on either availability or unavailability of protein
and/or ligand structure.

1.3. Enzyme inhibition:

In one form of enzyme inhibition, enzyme-substrate complex reactions are prevented
through chemical compound binding covalently or noncovalently to the enzyme active
site. Consequently, these chemical compounds inhibit or reduce the enzyme catalytic

activity [42].

1.3.1. Types of enzymatic inhibition:

There are two types of enzyme inhibitors, reversible inhibitors and irreversible inhibitors.
Reversible inhibitors are inhibitors that act reversibly with the enzyme. However,
irreversible inhibitors are inhibitors that inactivate the enzyme irreversibly through

covalent modification of the enzyme’s essential residue [42].

12



In drug design, there are two subtypes of reversible inhibitors, competitive and non-
competitive. The competitive inhibitors are designed to be the same as the substrate
structure and bind reversibly to the enzyme’s active site. Therefore, the competitive
inhibitor competes with the substrate to bind to the active site of the enzyme. On the
other hand, a non-competitive inhibitor is not related to the structural similarity of the
substrate. The non-competitive inhibitor binds to the free enzyme or enzyme-substrate
complex. It causes conformation change in the active site, resulting in the enzyme

catalysis’s inactivation (Figure 1.5) [42, 43].

Substrate
Q Competitive Q Q

Active site inhibitor S ki . o
¥
"

Noncompetitive inhibitor

a) Substrate binds to b) Competitive ¢) Noncompetitive inhibitor
active site of enzyme inhibitor competes changes enzyme conformation
normally. substrate for active and disrupt active site.

Figure 1.5: Mechanisms of reversable enzymatic inhibition. a) Normal binding. b)
Competitive inhibition. ¢) Noncompetitive inhibition [43].

1.4. Chromatin structure and gene regulation:

In organisms, chromatin works as a flexible mechanism for regulating an organism’s
genome storage, starting from regulated gene expression processes to mitotic
processes [44]. A whole chromosome is compacted sequentially through a sequence of

highly ordered coiling in this mechanism, while regions of DNA are selectively made

13



more accessible to transcriptional machinery [45, 46]. A dynamic architecture in
chromatin is exceptionally efficient by which approximately 2 meters of DNA in the
nucleus are compressed while conserving functionality [47, 48]. In this regard, a
repeated sequence of nucleosomes is the basic structural architecture of chromatin
(Figure 1.6) [49]. The nucleosome core particle (NCP) comprises a DNA segment
containing 146 base pairs and wrapped 1.7 left-handed super helical turns around an
octamer of histones. The histone octamer consists of paired copies of each histone
H2A, H2B, H3, and H4 (Figure 1.7). Histone core particles are connected through a
linker DNA region. In addition to nucleosome structure, DNA and histone proteins
undergo covalent modifications, one type of epigenetic inheritance system that does not
rely upon DNA sequence changes [50]. In this regard, each histone core of the
nucleosome has a histone N-terminal tail consisting of a sequence of amino acids and
is considered a critical element in the regulatory processes that control both
nucleosome structure and function [51]. Histone tails interact with the DNA core’s poly-
anionic backbone and contribute to nucleosome stability [52]. Most chromatin
regulation, structure, and transcription are mediated by modifying histone tails (Figure
1.8). Histone modification refers to residue-specific covalent post-translational
modifications (PTM) along with histone N-terminal tails or globular domains [53]. These
modifications are considered a critical factor in regulating the accessibility of factors to
DNA or stimulation of the recruitment of elements to transcriptional and chromatin

assembly processes [54, 55].

14



-o~. Linker Histones

Long Range
Fiber-Fiber
Interactions

Short Range
Internucleosomal
Interactions

Maximally Folded

Chromatin Fiber
Maximally Folded

Nucleosomal Array

Moderately Folded
Nucleosomal Array

G1
|| Chromatid

Nucleosome

,N‘ﬁgm\_b‘m) &_ Core Histone
DNA

11 s /Tail Domain

Figure 1.6: Chromatin organization. Schematic representation of chromatin fiber
structure and condensation. Double helix DNA wrapped around chromatin core proteins
to form nucleosome. The folding steps of extended nucleosome array into maximally
folded chromatin fiber are shown in this schematic [56].

Figure 1.7: Human nucleosome structure. Human nucleosome consists of 164 base
pairs DNA phosphodiester backbones wrapped 1.7 times around histone octamer
protein containing two each of H2A, H2B, H3 and H4 (PDB 5AV5).
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Figure 1.8: Post-translation modification sites on the histone tails that protrude from the
histone core. The post-translational modifications shown are methylation (red),
acetylation (green), ubiquitination (yellow) and phosphorylation (blue) [57].

1.5. SET domain and histone methylation:

Methylation, phosphorylation, acetylation, and ubiquitination are among the expected
modifications to histones [58]. Methylation occurs on histone tails by adding one, two, or
three methyl groups by histone methyltransferases that transport methyl groups of S-
Adenosyl methionine to arginine or lysine side amino acids of H3 and H4 [59].
Methylation may cause gene activation or repression in a residue-specific manner [60].
Remarkably, the biology of lesions that lead to cancers and their clinical outcome is
often connected with modifications to global levels of histone acetylation or methylation
at specific sites [61]. Therefore, most histone lysine methyltransferases (HKMTs)’
aberrant activity can induce many cancer types [3, 62]. Some lysine-specific
methyltransferases have a SET domain, whereas other methyltransferases have a non-
SET domain. SET-containing methyltransferase has SET domain, pre-SET and post-
SET domains. These three domains are involved in the activity of methyltransferase.

Pre-SET (or N-SET) and post-SET (or C-SET) domains flank the SET domain, and they
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are cysteine-rich domains. Pre-SET domain has three zinc ions that form triangular zinc
clusters, and this structure is critical for the stability of the protein, while the post-SET
domain structure is required to complete the active site’s activity. SET domains have a
catalytic core rich in B-strands, a small number of a-helices and extended loops to form
the folded structure [63]. SET domain stimulates the transport activity of the methyl
group of S-Adenosyl methionine (SAM) toward protein targets, forming a methylated
lysine residue and changing S-Adenosyl methionine (SAM) cofactor to S-adenosyl-L-
homocysteine (AdoHcy) or (SAH) [64]. In this regard, the SET domain is highly
evolutionarily conserved and found in many ‘chromatin regulators.” Consequently, the
SET domain was named for its appearance in three genes [The Suppressor of
Variegation Su (var), Enhancer of Zeste E(z), and Trithorax], encode regulators in
Drosophila [65]. This domain consists of approximately 130-amino acids, and its
function was detected through the homology of the SET domain sequence to a set of
plant methyltransferases (Rubisco LSMT). Jenuwein et al. (1998) [65] discovered the
first SET- containing methyltransferase and also reported that mammalian SUV39H1 is
SET domain-dependent and acts as a histone three specific methyltransferase (HMT),
transferring a methyl group of S-Adenosyl methionine (SAM) to lysine 9 of the histone
H3 N terminus [65].

Much evidence indicates that most SET domain proteins have possessed histone
methyltransferase (HMT) activity which targets specific lysine residues within histone
tails, resulting in gene expression regulation [66-71]. To date, the DOT1 family is the
only non-SET lysine residue methyltransferase that has been reported. DOT1

methylates a lysine residue in the histone’s globular core, unlike SET domain
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methyltransferase that targets histone tail residues [72]. On the other hand, all known
SET domain-containing histone methyltransferase stimulate methyl transfer to histone
and non-histone proteins by the SET domain [1, 2, 9, 51, 73]. Therefore, these proteins
regulate various pathways, including those critical for developing and appropriate cell
cycle progression [74-76]. Subsequently, distinct gene expression states are regulated
by transferring a methyl group to specific residues on histone tails. Generally,
methylation of H3K4, H3K36, or H3K79 is associated with the activation of gene
transcription, while lysine methylation on H3K9, H3K27, and H3K20 correspond to gene
silencing [60].

1.5.1. SMYD family:

SMYD proteins are a subfamily named due to possessing both SET and MYND domain-
containing proteins. SMYD family is unique because it is distinguished through a SET
domain divided through a Myeloid-Nervy-DEAF1 (MYND) domain into two parts [1-3].
The MYND domain consists of a zinc finger motif involved in protein-protein interactions
and is the main feature that distinguishes SMYDs from all other SET domain-containing
proteins [1]. Even though SMYD family members regulate normal cellular processes,
they are also involved in a broad range of tumorigenic pathways [3-5]. Aberrant
upregulation of SMYD proteins correlates with altered expression of over eighty genes,
including highly regulated homeobox genes, cell cycle regulators, and oncogenes

(Figure 1.9) [3-5].

1.5.1.1. The role of SMYD1 in regulation of muscle and heart development:

18



In 2002, Gottlieb et al. identified SMYD1 and detected that SMYD1 plays a vital role
during embryonic development and acts as a cardiac and skeletal muscle-specific
regulator of proper cell differentiation and cardiac morphogenesis [2]. SMYD1 was
shown to function as a histone deacetylase—dependent transcriptional repressor.
Malformation of the right ventricle was observed by targeted deletion of SMYD1 in mice
due to disruption of cardiomyocytes and morphogenesis [2]. It was later revealed that
SMYD1 interacts with skNAC, acting as a specific transcription activator for heart and

skeletal muscle [77].

1.5.1.2. The role of SMYD?2 as a lysine methyltransferase and tumorigenesis:

SMYD2 is the second methyltransferase member of the SMYD family characterized [1]
and reported to play an essential role in cell differentiation and embryogenesis [78].
SMYD2 transfers a methyl group to lysine residues located on histone or non-histone
proteins. SMYD2 is associated with many cancers, including esophageal squamous,
bladder carcinoma, gastric cancer, and acute lymphoblastic leukemia when it is
aberrantly overexpressed, resulting in poor survival rates [5, 79-82]. Knockdown of
SMYD2 in esophageal squamous carcinoma, bladder, and gastric cancer in cell line
models eliminated cell proliferation [5, 80]. SMYD2, as a methyltransferase, was
identified to methylate H3 lysine 36 and lysine 4 when it interacts with Hsp90 [83].
Therefore, methylation of H3 via SMYD2 has been linked to triggering the transcriptional
machinery of many genes related to transcription, cell cycle regulation, and chromatin

remolding [83].
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Additionally, SMYD2 methylates many non-histone proteins. Until now, the best-
described example of SMYD2 methylation of non-histone protein is p53, which acts as a
tumor suppressor transcription factor [73, 84-86]. It has been reported that methylation
of p53 at lysine 370 by SMYD2 reduces DNA and p53 binding, inhibiting p53 from
binding to its specific gene promoters [73]. Knockdown SMYD2 in the same study with
doxorubicin treatment as a chemotherapy drug led to arrest of the cell cycle and
apoptosis that were mediated by p53. Therefore, inhibition of SMYD2 has the potential
to elicit a better response to chemotherapy [87]. In addition to p53, SMYD2 methylates
other non-histone proteins, such as the estrogen receptor (ER) [88, 89], PARP [90],
retinoblastoma protein (RB) [79], and the chaperone protein Hsp90 [91, 92]. Studies
have detected that SMYD2 methylates Hsp90, and this methylation pathway has been
linked to the normal function of SMYD2 in normal muscle biology [93, 94] and cancer

development [92].

20



)

.J
> I
47

SMYDs1-3 Overlay

b) SMYD1
SMYD2

1 NESER]| MynD | 1-sET | c-sET 433
SMYD3

1 [NSSET| MYND | 1-sET | c-sET 428
SMYD4

227 [JNESER] MYND | I-SET | cser [ECH 804
SMYD5

1 INSSER] myno | 1-seT | c-set [IE0) 412

Figure 1.9: The homology of SMYD Family. a) Ribbon structure overlay. b) Domain
alignment of five members of SMYD family showing the sequence length and structural
identity of SMYDs proteins (SMYD1; PDB codes 3n71, SMYD2; 3tg4, and SMYD3;
3pdn).

1.5.1.3. SMYDa3 as a transcription factor and tumorigenesis:

SMYD3 is the third member of the SMYD family of proteins and it has a role in normal

cell development, proliferation, and viability. Therefore, SMYD3 overexpression is

enough to increase cell growth and activate many genes associated with cancer cells’
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transformation [6] and metastasis [7]. Multiple studies have shown that lung, breast,
pancreatic, colorectal, and hepatocellular carcinoma are highly associated with SMYD3

overexpression [3, 8, 9].

Aberrant expression of SMYD3 is involved in uncontrolled cell proliferation. Therefore,
breast cancer, hepatocellular, and colorectal carcinoma have been impaired
significantly through SMYD3 knockdown [3, 8]. In the beginning, SMYD3 methylation of
lysine four residue on histone H3 results in uncontrolled proliferation of hepatocellular,
colorectal carcinoma, and breast cancer [3, 8]. In addition, Van Aller et al., 2012 [18]
reported the role of SMYD3 to methylate lysine five residue on histone 4. SMYD3
activity is associated with the activation and transcription of many downstream genes

including NKX2.8 [3], WNT10B [8], TERT [11], cMET [12], and CDK2 [13].

SMYD3 in cellular cytoplasm regulates cancer cell proliferation and viability through its
interaction with VEGFR1 and estrogen receptor ER. In cancer cells, SMYD3 transfers
methyl groups to VEGFR1, resulting in activation of the kinase signaling pathway [14].

In breast cancer cells, SMYD3 also methylates ER and works as a coactivator [15].

Moreover, Mazur et al., 2014 [9] and Gaedcke et al., 2010 [95] have reported that in
colorectal cancer SMYD3 overexpression is associated with the KRAS mutation.
Therefore, when SMYD3 methylates MAP3K2, the primary cytoplasmic substrate for
SMYD3, it stimulates the MAP kinase signaling pathway and blocks dephosphorylation-
mediated by PP2A, resulting in acceleration of the progression of pancreatic and lung

cancer [9, 95]. SMYD3 also has been shown to interact with proteins such as RNA
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polymerase I, Hsp90, which is a chaperone protein, and RNA helicase HELZ. These

interactions are associated with uncontrolled proliferation [3].

1.5.1.5. Upregulation of SMYD3 and ovarian cancer:

SMYD3-silencing using siRNA-SMYD3 or SMYD3-small molecule inhibitor BCI-121
significantly inhibits ovarian cancer cell proliferation, arrests cell cycle at S phase, and
promotes apoptosis [96]. PCR results detected that SMYD3 knockdown leads to
overexpression of the cyclin-dependent kinase inhibitors (CDKN), that caused S phase
arrest, as CDKN2B (p15INK4B), CDKN2A (p16INK4), CDC25A, CDKN3, and CDC25A.
After silencing SMYD3, the cell apoptosis rate increased in concert with the
downregulation of BIRC3 and upregulation of CD40LG. SMYD3 was also shown to
induce triple-methylation to H4K20 after binding to the promoter region of CDKN2A,
resulting in down-regulation of its expression. Conversely, SMYD3 leads to upregulation
of BIRC3 after binding to its promoter and triple-methylating H3K4. Knocking down

SMYD3 in nude mice was also shown to inhibit ovarian cancer growth [96].

Jiang et al., 2019 [96] also has investigated the link between SMYD3 local expression
and the methylation-downstream impacts mediated by SMYD3. SMYD3 overexpression
is highly associated with ovarian cancer growth. SMYD3 leads to oncogenic pathway
progression by methylating lysine residues and causing integration in kinase-signaling
cascade in the cellular cytoplasm. However, SMYD3 in the nucleus can methylate
histone lysine residues and promote gene transcription through oncogenic pathway
stimulation. SMYD3 is overexpressed in the cytoplasm and nucleus of the human
ovarian epithelial cancer cell line (HEY). Briefly, SMYD3 silencing did not cause any

protein expression changes of H3K4me3 or H4K20me3 in A2780 (human ovarian

23



cancer cell line). There were no relationships between SMYD3, H3K4me3, or
H4K20me3 increases on CDKN2A and BIRC3 promoters in A2780 cells using CHIP
assay. Therefore, overexpression of SMYD3 promotes cancer progression through only
regulating lysine methylation of critical single molecules in A2780 cell cytoplasm without
altering histone methylation. Conversely, SMYD3 silencing in HEY cells detected

alteration in SMYD3-mediated histone and non-histone proteins [96].

SMYD3 overexpression is highly associated with ovarian cancer growth. Therefore,
SMYD3-silencing using siRNA-SMYD3 or SMYD3-small molecule inhibitor BCI-121
significantly inhibits ovarian cancer cell proliferation, arrests cell cycle, and induces

apoptosis [96].

1.5.1.6. SMYD3 small-molecule inhibitor decreases colorectal cancer growth:

Preserico et al.,, 2015 [19] has proved that SMYD3 is required for colorectal cancer
growth through RNAi-mediated SMYD3 silencing. Therefore, these primary data drove
this study to design and test SMYD3 inhibitors. One of these designed compounds,
BCI-121, reduced SMYD3 activity in vitro and colorectal cancer cell lines (CRC) as
proved by analyzing global H3K4me2/3 levels. The cellular growth inhibition by BCI-121
was comparable to the result that was observed upon SMYD3 genetic ablation. This
study also confirmed that SMYD3 inhibitors are effective in CRC and other tumor cell
lines from different origins, such as lung, pancreatic, ovarian, and prostate. Therefore,
Preserico et al., 2015 study has confirmed the same results that we obtained from our

study about the proof of principle that SMYD3 is an excellent target to inhibit using small
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compounds to reduce SMYD3 activity valuable a novel therapeutic agent in cancer

treatment [19].

1.7. Hypothesis:

Based on the critical role of SMYD3 during oncogenesis and its essential role in cancer
proliferation, we hypothesize that SMYD3 catalytic inhibition will halt proliferation, arrest

the cell cycle, and induce apoptosis of breast carcinoma cell lines.

Goal: Design a small molecule that can inhibit SMYD3 function through competitive
binding with the enzyme ligand. We want to minimize the affinity of SMYD3 and its
substrate binding. We will test these compounds’ ability to halt cell proliferation, arrest
the cell cycle, and induce apoptosis in breast cancer cell lines without harming normal

cells.

1.8. Investigational aims:

Aim1: Design small molecules that can inhibit SMYD3 activity and test these inhibitors’

ability to reduce SMYD3 activity using methyltransferase assays.

Aim2: Assess the efficiency of SMYD3 inhibitors to halt cell cycle progression and

induce apoptosis in breast carcinoma cell lines.
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CHAPTER 2- MATERIALS AND METHODS

2.1. In Silico Screening process
We implemented the Small Molecule Drug Discovery Suite (Schrodinger, Inc., NY, USA)

to predict the binding affinity of a library of 137,990 molecules [97-99]. This library of
molecules was downloaded from the ZINC15 database, and included all “purchasable’
molecules with reported or predicted activity in vitro [100]. The 3D structure of SMYD3
used for in silico docking was uploaded from the Protein Data Bank (PDB) under PDB
identification code 5EX3 [101]. After an initial simulation which docked each molecule
into SMYD3's protein-target binding pocket (not its s-adenosylmethionine binding
pocket), the top ten hits (most-negative binding energy) were entered into the ZINC15
molecular similarity search engine, and the 50 most-similar compounds to each of the
ten leading candidates were again scored using the Schrodinger software (500 total
compounds). From this iteration, the top five compounds were purchased and assessed
in vitro using SMYD3 methyltransferase assays. After initial experiments, Inhibitor-4 was
found to be the most promising and, consequently, it advanced to the cell line

experiments described below.
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Figure 2.1: In silico screening process.

1. Identify and observe the enzyme pocket(s) and natural ligand(s).

2. Using the natural ligand, known inhibitors, key amino acids, and common drug
structures, design 3-4 “first-iteration” small molecule inhibitors.

3. Create large library of similar compounds.

4. Dock and score the compounds in the library.

5. Select top candidates (highest binding affinities), redesign, and repeat steps 3-5.

2.2. Chemical Compounds

All screened compounds were dissolved in dimethyl sulfoxide (DMSO) as 5, 10 or 100
mM stock solutions. The positive control, BCI-121, is a previously-reported SMYD3

inhibitor shown to reduce the cellular proliferation of colorectal and ovarian cancer [19,
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96]. It was purchased from Millipore Sigma (1817, Burlington, MA, USA) and dissolved
in DMSO at 10 and 100 mM. BCI-121 was used in all experiments to investigate its
impacts against breast cancer cell lines and as a positive control inhibitor. All
compounds were stored at —20 °C until used for the experiments. Some ds-dimethyl
sulfoxide (D, 99.9%) containing 0.05% v/v TMS were used for the "H NMR stability
study and the de-dimethyl sulfoxide was purchased from Cambridge Isotope
Laboratories, Inc. and used as is. The stock solutions of 10.0 mM of BCI-121 and

Inhibitor-4 were prepared immediately before use in de-DMSO.

2.3. In Vitro Methylation Assay

In vitro methylation was investigated using a colorimetric assay (BioVision, K986-100,
Milpitas, CA, USA). SMYD3 inhibitors (160 nM) were incubated with H3 recombinant
protein (1.6 pM; Sigma-Aldrich, SRP0177, St. Louis, MO, USA) for 10 min at room
temperature. Next, SMYD3 recombinant protein (100 nM; Sigma-Aldrich, SRP0153, St.
Louis, MO, USA) and s-adenosylmethionine (SAM) cofactor (5600 uM, methyl donor
ligand) were added to the SMYD3 inhibitor and H3 solution in the methylation buffer that
was provided with the kit. The absorbance was read using a microplate reader (BioTek,
Cytation 5, Winooski, VT, USA) at 570 nm in kinetic mode every 30 s at 37 °C for 45
min. The optical density (OD) of the inhibitors was normalized to the optical density

(OD) of the control [3].

2.4. NMR Spectroscopy Analysis

The 10.0 mM stock solutions of Inhibitor-4 and BCI-121 were prepared freshly in ds-

DMSO containing 0.05% v/v tetramethylsilane (TMS) and diluted to the final
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concentration of 5.0 mM in de-DMSO. The stabilities of Inhibitor-4 and BCI-121 were
determined by 1D 'H Nuclear Magnetic Resonance (NMR) spectroscopy on a Bruker
400 MHz NMR spectrometer at 25 °C using routine parameters [102]. 2D-NMR
experiment will run to confirm the assignments (data not included) [102]. Chemical shifts
were measured against TMS (0 ppm) as an internal reference. The spectra of Inhibitor-4
and BCI-121 were recorded at 0 and 24 h. The spectra were worked up and integrated
using Mnova V.14 (MestreLab Research SL). The signals in the aromatic region were

used to measure the ratio of starting material and hydrolysis product.

2.5. Cell Culture

All cells were purchased from ATCC and cultured according to manufacturer
recommendations. The human breast epithelial cell line MCF10A (ATCC CRL-10317,
Manassas, VA, USA) was used as a normal cell line and grown in DMEM/F12
(Invitrogen, 11330-032, Carlsbad, CA, USA) supplemented with 5% horse serum
(Invitrogen, 16050-122, Carlsbad, CA, USA), 1% antibiotic/antimycotic mixture (Millipore
Sigma, A5955, Burlington, MA, USA), insulin (10 pg/mL), EGF (20 ng/mL), cholera toxin
(100 ng/mL), and hydrocortisone (500 ng/mL) [103]. The mammary gland breast cancer
lines MCF7 and MDA-MB-231 (ATCC HTB-22 and 26, Manassas, VA, USA) were
grown in DMEM media (Corning, 29818003, Corning, NY, USA) with 10% FBS (Atlas
Biologicals, F-0500-A, Fort Collins, CO, USA) and 1% antibiotic/antimycotic mixture
(Millipore Sigma, A5955, Burlington, MA, USA) [104]. All cell lines were grown in a

humidified incubator at 5% CO2and 37 °C with regular passaging to avoid confluence.

2.6. Protein Extraction and Immunoblotting
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Total protein was extracted from frozen cells using RIPA buffer (150 mM NaCl, 5 mM
EDTA, 50 Tris-HCI pH 8.0, 1% NP-40, 0.5% Na-catecholate and 0.1% SDS)
supplemented with protease inhibitor (Pl 87785, Life tech, Carlsbad, CA, USA). Protein
concentration was determined according to Bradford (7976) using bovine serum
albumin as a standard [105]. Fifty micrograms of total protein were separated by SDS-
PAGE, transferred to nitrocellulose membrane by electroblotting as described by
Chiacchiera (2009) and probed with the antibodies specific for the indicated proteins
[106]. Actin was used as an internal control for normalization. Antibodies for immunoblot
detection of SMYD3 (Rabbit monoclonal antibody to SMYD3, ab183498, Abcam,
Cambridge, MA, USA) and B-Actin (A5316-100 UL, Sigma-Aldrich, St. Louis, MO, USA)
have been used as the primary antibodies. Bound antibodies on blots were detected by
HRP--conjugated secondary antibodies (ab205718, Abcam, Cambridge, MA, USA).
Detection was done using Clarity Western ECL Substrate (Bio-Rad, Hercules, MA,
USA) and visualized using Image Lab Software (Bio-Rad). Densitometric evaluation

was performed by Imaged software (Version 2.0.0).

2.7. Immunocytochemistry

Exponentially growing cells were fixed with 4% paraformaldehyde for 15 min at room
temperature. After PBS wash, cells were permeabilized with 0.1% SDS, 0.5% Triton X-
100 in PBS for 10 min at room temperature. 10% goat serum in PBS was used for
blocking for 30 min at room temperature. Primary antibody was diluted in 1:300 and
treated for 1 h at 37 °C. Secondary antibody (Alexa488 conjugated anti-rabbit IgG) was

diluted for 1:500 and treated for 30 min at 37 °C. DAPI in Vectashield antifade solution
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was used for mounting. The images were capture by Zeiss Axiophot microscope with
Qimaging Exi Aqua camera with Qcapture pro software. Blue signal was obtained with
50 millisecond exposure. Green signal was obtained with 200 millisecond exposure.

Signals were quantified by densitometry using ImageJ2 software (Version 2.0.0).

2.8. In Vitro Cell Growth Inhibition Assay

Normal and breast cell lines were plated at a density of 20,000 cells/well onto a 6-well
plate with different concentrations of Inhibitor-4 and BCI-121. After trypsinization, cell
numbers were counted and scored as the number of proliferating cells after treatments
at different time points (24, 48, 72 and 96 h) using a Coulter Counter Z2 (Beckman-
Coulter Z2 Coulter Particle Count Counter and Size Analyzer, Brea, CA, USA). Data
were analyzed and cell doubling time was calculated using GraphPad Prism 6 software
(Graph Pad Software, La Jolla, CA, USA) through the exponential growing equation

using the exponential growing stage [107].

2.9. Clonogenic Cell Survival

A colony formation assay was used to determine cell sensitivity to SMYD3 inhibitors.
The self-renewal and proliferative capacities of cells were measured. To form colonies,
cells were seeded onto 6 well plates and were treated with varying concentrations of
BCI-121 and Inhibitor-4. The plated cells were incubated in a humidified incubator at 5%
CO2zand 37 °C for two weeks. Then, colonies were fixed with 100% ethanol and allowed
to dry for 20 min at room temperature before staining. Colonies were stained using
0.1% crystal violet and allowed to dry before counting. Reproductively viable surviving

cells were counted based on the microscopic colonies containing more than 50 cells.
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From the cell survival fraction, survival curves were drawn using Graph Pad Prism 6
software (Graph Pad Software, La Jolla, CA, USA). At least three independent

experiments for each cell line were conducted [108].

2.10. MTT Assay

Cells were plated at a density of 5000 cells/well in 96 well plates. After seeding, cells
were treated with the vehicle (DMSO 0.1%, 0.15% and 0.2% v/v) or various
concentrations of the screening inhibitors. The plated cells were incubated in CO2 and
treated for 24, 48, 72 and 96 h. Then, 10 yL MTT solutions (5 mg/mL) were added to
each well followed by a 4 h incubation in CO: in the dark. Formazan crystals formed
were dissolved in 100 uL of SDS followed by a second 4 h incubation in CO2. The
absorbance was read using a microplate reader (BioTek Instrument, Cytation 5,
Winooski, VT, USA). The optical density (OD) of each sample was subtracted from the
optical density (OD) of the background and the Formazan standard curve was
determined. Cellular viability of all samples was calculated using the ratio of the inhibitor
treated-groups versus vehicle-treated group. Graph bars were obtained using

GraphPad Prism 6 software (Graph Pad Software, La Jolla, CA, USA) [109].

2.11. Cell Cycle Assay

Cell cycle distributions were analyzed using Pl flow cytometry. Cells were plated at
density of 5 x 10° cells per well onto 6-well plate. Cells were treated with 200 uM of
Inhibitor-4 or BCI-121 and incubated in a humidified incubator at 5% CO2 and 37 °C for
24 h. Following incubation, detached cells were collected, washed two times with

phosphate buffered saline (PBS). Then, cells were fixed with 70% ethanol in PBS
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overnight at 4 °C. The fixed cells were washed with PBS twice to remove ethanol
thoroughly. The cells were resuspended in propidium iodide staining solution consisting
of 20 ug/mL propidium iodide and 200 pg/mL RNase in 0.1% Triton X-100. The stained
cells were incubated for 15 min in an incubator at 37 °C. DNA contents were measured
subsequently using CyAn ADP analyzer flow cytometry (Beckman Coulter, Fort Collins,
CO, USA). Each cell line was gated at 10,000 events and the cell cycle distributions

were determined using FLOWJO 10.6 software (FlowJo LLC, Ashland, OR, USA) [110].

2.12. Apoptosis Assays

Cell apoptosis was detected using Annexin V, which binds to translocated
phosphatidylserine (PS) in the plasma membrane as previously described [111].
Necrosis and late apoptosis were detected using Pl to test loss of cell membrane
integrity. Briefly, cells were plated and treated with 200 yM of either BCI-121 or
Inhibitor-4 for 48 h. Then, the cells were washed with PBS, trypsinized, pelleted, and
resuspended in Annexin binding buffer. The cells were stained first with APC Annexin V
for 15 min and then with 2.5 uL of PIl. The cell mixture was analyzed using a Cytek 4-
laser Aurora instrument (Cytek, Fremont, CA, USA). from each sample, a minimum of 3
x 10* events was collected. SpectroFlo software (Cytek, Fremont, CA, USA) was used
to analyze the multivariate data. APC Annexin V+/Pl+, APC Annexin V-/Pl-, APC
Annexin V+/Pl- or APC Annexin V-/Pl+ represented late apoptotic cells, viable cells
(intact), early apoptotic cells or necrosis, respectively [112].

In addition to, apoptosis induction by SMYD3 treatments was also assessed using
Caspase 3/7 activation. Exponentially growing cells were treated with 200 yL of BC1-

121 and Inhibitor-4. After 48 h of incubation, the early apoptosis was measured with the
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activation of Caspase 3/7 by Caspase-Glo 3/7 kit (Promega, Madison, WI, USA). Glow
luminesce of 15,000 cells was measured by Lumat LB9507 (Berthold technologies, Oak
Ridge, TN, USA).

2.13. Statistical analysis:

The statistical significance of the results in this study was analyzed using GraphPad
Prism 6 software (Graph Pad Software, La Jolla, CA, USA) for two-way ANOVA
analysis. p value of less than 0.05 were considered statistically significant for all

analyses.
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CHAPTER 3- RESULTS

Using SMYD3 as a target protein, we implemented our screening methodology and
reported a novel small molecule SMYD3 inhibitor (Inhibitor-4) that impairs breast cancer
cell proliferation without affecting normal cells, illustrating the potential of SMYD3
inhibitors in the clinical management of breast cancer as well as a proof of concept for
this drug development platform. We used two breast cancer cell lines (MCF7 and MDA-
MB-231) that were previously shown to overexpress SMYD3 compared with the normal
breast epithelial cell line MCF10A (Table 1). After initial hit identification in vitro, we
purchased and tested five novel small molecule SMYD3 inhibitors and discovered that
Inhibitor-4 significantly reduces breast cancer proliferation, arrests the cell cycle, and
induces apoptosis without impacting normal cells. In all experiments, we used a
previously-identified SMYD3 small molecule inhibitor, BCI-121, as a positive control.

Table 3.1: Summary of SMYD3 availability and activity in the cell lines used in this
study.

Cancer Cell . SMYD3 Methylation
) Origin . Assay . References
lines expression activity

Human

i epithelial Western

MCF7/MDA breast High blot, RT- H4K5, H3K4 [8, 15-18]
MB-231

cancer gPCR

cells

Sui?r:ﬂal Western
MCF10A P Very low blot, RT- H4K5, H3K4 [16, 17]

breast

cells 9PCR
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3.1. Inhibitor-4 Decreases SMYD3-Mediated H3 Methylation

After our iterative in silico screening using Schrodinger software (Glide®, Maestro®,
LigPrep®, and Epik®), we purchased the top five hit compounds for testing. Hits were
defined as the drug-like small molecules with the lowest free binding energy when
docked in the protein-target binding pocket of SMYD3. The predicted free binding
energies of the five lead compounds ranged from -7.2 kd/mol to —=9.1 kd/mol, compared
to the natural protein ligand’s predicted free binding energy of only around -1 kd/mol
(fragment of VEGFR1). We used an in vitro methylation assay using purified Histone 3
(H3) to assess the ability of the five lead in silico-designed SMYD3 inhibitor candidates
to decrease SMYD3 enzymatic activity. We demonstrated that Compound 4 (Inhibitor-4)
significantly reduces SMYD3-mediated Histone 3 methylation (70% reduction), while the
other novel compounds did not show significant differences. H3 was chosen because of

previous studies that demonstrated SMYD3 methylates H3 preferentially (Figure 3. 1)

3].
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Figure 3.1: (a) Relative SMYD3 activity (top) with the top 5 candidates from in silico
testing (bottom) using an in vitro methyltransferase assay (Colorimetric assay). (b)
Compounds 1-5 are illustrated using ChemDraw and predicted binding orientation of
competitive SMYD3 inhibitor. Compound 4 is here after referred to as Inhibitor-4. Error
bars display standard error of means. Statistically significant differences from control
are indicated by ** p < 0.01, *** p < 0.001 or ns p > 0.05.

3.2. Inhibitor-4 and BCI-121 are Stable in de-DMSO Solution.

Because of the limited solubility of selected molecules in aqueous solution and in
media, we dissolved BCI-121 and Inhibitor-4 in ds-DMSO solution to record and analyze
the 1D "H NMR spectra of both compounds. The major species attributed to Inhibitor-4
and BCI-121 were observed at time 0 and 24 h, as shown in Figure 3. 2a (BCI-121)

and Figure 3. 2b (Inhibitor-4). The '"H NMR peaks of the fresh and aged samples for
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Inhibitor-4 showed no observable difference in the presence of the major component
(67%) and minor component (33%) peaks as a function of time, suggesting that no
hydrolysis is taking place during the experiment for Inhibitor-4. For BCI-121, 70% of the
major species was present at time 0, however after 24 h this decreased slightly to 68%,

suggesting that the positive control may be slightly less stable than Inhibitor-4.
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Figure 3.2: '"H NMR spectra of fresh (Oh) and aged (24h) of (a) BCI-121 and (b)

inhibitor-4 in de-DMSO.
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3.3. SMYD3 Is Overexpressed in Breast Cancer Cells

Western blot and immunocytochemistry were carried out to test the expression
levels of SMYD3 using anti-SMYD3 antibody in normal and breast cancer cell lines.
Western blot data have indicated that SMYD3 was highly expressed in breast cancer
cell lines (1.8-fold in MCF7 and 2.6-fold in MDA-MB-231) compared to normal cell line
(Figure 3.3 a, b, c).

Additionally, immunocytochemistry data have shown elevated levels of SMYD3
expression in breast cancer cell lines comparing to normal cell line (Figure 3.3 d, e).
Therefore, increased SMYD3 expression could be correlated with breast

carcinogenesis.
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Figure 3.3: SMYDS3 expression using western blot and immunocytochemistry: (a) Expression of
SMYD3 protein in human cell lines using Western blot. (b) Expression of actin served as a
quantitative control. (c¢) Western blot analysis shows fold change in SMYD3 expression in the
cell lines. (d) Expression of SMYD3 protein using immunocytochemistry. (e)
immunocytochemistry analysis shows SMYD3 intensity in the cell lines. Values are mean %
standard error of the means. Statistically significant differences from control are indicated by
*p <0.05, ** p<0.01.

SMYD3 expression per cell

3.4. Inhibitor-4 Inhibits Growth of Breast Cancer Cells
The impact of SMYD3 inhibitors on growth of breast cancer cells was tested by
adding 50, 100 and 200 uM of Inhibitor-4 or BCI-121 to breast cancer cell lines (MCF7

and MDA-MB-231) and normal breast epithelial cell line (MCF10A). The number of cells
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was determined daily and the population doubling times were quantified (Figure 3.4).
For MCF7 (breast cancer) cells, the basal doubling time for MCF7 was 38 h, while 40 h
for MDA-MB-231. Using the positive control inhibitor, a concentration of 200 uM caused
approximately 2-fold suppression of MCF7 cellular growth (Figure 3.4a). Using Inhibitor-
4, however, a clear dose-dependent suppression in growth was observed with the first
significant reduction observed at a concentration of 50 yM (Figure 3.4b). In the MDA-
MB-231 cell line, a significant delay in the cellular growth was observed with 200 uM
BCI-121 and only 50 uM Inhibitor-4 (Figure 3.4c, d).

For MCF10A (normal) cells, the effect of the SMYD3 inhibitors was limited. The
basal doubling time for MCF10A was 28 h. Interestingly, no delay was noticed with 50,
or 100 uM concentrations of either inhibitor. Treatment of the normal cells with 200 uM
of Inhibitor-4 resulted in a minor, not significant, growth delay (approximately 5%), while
treatment with 200 uM BCI-121 resulted in a major growth delay (Figure 3.4e, f). These
results suggest that Inhibitor-4 shows more growth inhibition than BCI-121 and causes

significant inhibition in cancer cell growth while only modestly impacting healthy cells.
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Figure 3.4: Cell population doubling time with SMYD3 inhibitor treatment. (a,c,e) Cells
with BCI-121 as a positive control inhibitor. (b,d,f) Cells with SMYD3 Inhibitor-4. Values
are mean = standard error of the means. Statistically significant differences from control
are indicated by * p < 0.05, ** p < 0.01, *** p <0.001 or ns p > 0.05.

3.5. Inhibitor-4 Suppresses Breast Cancer Cell Colony Formation
To determine the effects of Inhibitor-4 on the colony formation of breast cancer
cells and normal cell lines, the cells were treated with various concentrations of

Inhibitor-4 and BCI-121 (10, 50, 100, 150 and 200 uM) and incubated for 2 weeks.
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Treatment with Inhibitor-4 significantly suppressed clonogenic activity in MCF7 and
MDAMB-231 cells at concentrations of 50, 100, 150 and 200 uyM (Figure 3.5b, d, h, j)
compared to normal MCF10A cell line (Figure 3.5f,l). Similarly, BCI-121 suppressed
colony formation on MCF7 at nearly all concentrations (Figure 3.5a,g) and MDA-MB-
231 cells at 150 and 200 pM concentrations (Figure 3.5c,i). Surprisingly, a significant
decrease in colony formation of MCF10A (normal) cells was also observed at 200 yM
concentration of BCI-121 (Figure 3.5e,k) compared to Inhibitor 4, which did not affect
MCF10A survival (Figure 3.5f,l). This result again suggests the improved inhibition

effect of Inhibitor-4 compared to BCI-121.
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MDA-MB-231 (Breast cancer cell line)

c) BCI-121

Control
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MCF10A (Normal breast cell line)

e) BCI-121

Control
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Figure 3.5: Clonogenic cell survival curve against BCI-121 (positive control inhibitor)
and Inhibitor-4. (a, c, e, g, i, k) BCI-121 impact on breast cancer cell lines (a, ¢, g and i)
and normal breast epithelial cell line (e and k). (b, d, f, h, j, 1) Inhibitor-4 impact on
breast cancer cell lines (b, d, h and j) and normal breast epithelial cell line (f and I). Error
bars display standard error of means. Statistically significant differences from control
are indicated by ** P < 0.01, *** P < 0.001 or ns P > 0.05. At least three independent

experiments were carried out.
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3.6. Inhibitor-4 Reduces Cell Viability in MCF7 Cells

The effect of Inhibitor-4 on the viability of wild type and cancer cell lines was
evaluated using an MTT assay at different time points (24, 48, 72, and 96 h). Cells were
treated with the vehicle (DMSO 0.1%, 0.15% and 0.2%), BCI-121, or Inhibitor-4 (Figure
3.6). Treatment with BCI-121 caused significant decreases in cell viability in both breast
cancer (MCF7 and MDA-MB-231) and wild type (MCF10A) cell lines at multiple time
points, particularly at concentrations of 150 and 200 uM (Figure 3.6a, c, e). However,
Inhibitor-4 caused significant decreases in cell viability only in the cancer cell lines
(MCF7 at 150 and 200 uM, MDA-MB-231 at 200 uM; Figure 3.6b, d). No concentration
of Inhibitor-4 impacted MCF10A cellular viability (Figure 3.6f). Collectively, these data
suggest that Inhibitor-4 is a promising, cancer-specific inhibitor that reduces cancer cell

line viability and growth without affecting normal cells.
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Figure 3.6: Cell viability using MTT assay. (a, c and e) BCI-121 effect on MCF7, MDA-MB-231
(breast cancer cell lines) and MCF10A (normal breast epithelial cell line). (b, d and f) Inhibitor-4
impact on MCF7, MDA-MB-231 (breast cancer cell lines) and MCF10A (normal breast epithelial
cell line). Values are mean + standard error of the means. Statistically significant differences
from control are indicated by *P < 0.05, **P < 0.01, *** P <0.001 orns P > 0.05.
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3.7. Inhibitor-4 Induces Cell Cycle Arrest in Breast Cancer Cells

To investigate whether the growth inhibitory effect of Inhibitor-4 on breast cancer
cells was due to cell cycle arrest, we conducted cell cycle analysis using Propidium
lodide (PI) staining. Cells were treated with 200 uM of BCI-121 or Inhibitor-4 for 24 h. As
shown in Figure 3.7 treatments with both the positive control inhibitor and Inhibitor-4
induced G1 arrest and reduced S phase in MCF7 cells ( Figure 3.7b, c, j, k) compared
to MCF7 control (Figure 3.7a). Also, both treatments led to G1 arrest in MDA-MB-231
(Figure 3.7e, f, I, m) compared to MDA-MB-231 control (Figure 3.7d). Therefore, BCI-
121 and Inhibitor-4 prompted an increase in G1 fractions. However, treatments with
BCI-121 and Inhibitor-4 did not induce cell cycle arrest (Figure 3.7h, i) compared to
control (Figure 3.7g) or show statistical differences in normal MCF10A cells (Figure

3.7n, 0).

51

a Control BCI-121 Inhibitor-4
—
=]
] . 0.66 1 1.63
120 = :0.51 - . Vo .
v %Gl - o %G1 : 730 el %Gl : 762
— %G1 : 57.2 =
%s : %S : 15.2
%S - %S : 195 oS :
Q %S : 294 Bt %G2 : 857
9 5l %G2 : 13.8 %G1 604 = !
=1 ) ” G1 Mean : 18987 G1 Mean : 19278
G1 Mean : 20474 | 2X :
© = G2 Mean : 38441 = G2 Mean : 36997 E 00 o G2 Mean : 37001
Y 3 GICV : 757 g GICV : 661 3 GICV : 724
k7 9y G2CV : 766 G2CV :350 G2CV :671
(4] % less G1 : 0.55 % less G1 :1.30 % less G1 :1.13
[} 9% greater G2 : 0.72 100 4 % greater G2 : 1.14 200 % greater G2 : 0.057
L) 30 = N
/m
N
NS o o
= ' ' ' : Y T ¢ p p
U o 20K 40K BOK 0 20K 40K BGOK
E FL 3 Area ~* PE-Texas Red FL 3 Area : PE-Texas Red FL 3 Area :: PE-Texas Red
(@) (b) (c)
—~~
=
v
Q oL
= Control BCI-121 Inhibitor-4
8 800 10K = .
1238 329 : 269
= %G1 : 539 %Gl : 771 ool %Gl : 718
8 %S : 308 800 %S :17.4 %S :20.2
600 = %G2 : 127 %G2 :5.79 %G2 :6.15
0 G1 Mean : 18594 G1 Mean : 18261 oo G1 Mean : 18419
< G2 Mean : 36248 a6 G2 Mean : 35171 G2 Mean : 35584
L = G1CV : 460 E G1CV :581 E GICV : 594
5O 40 o G2CV :3.45 8 G2CV : 386 3 G2CV : 481
/M % less G1 : 294 w00 %less G1 : 2.00 400 o o L 240
— % greater G2 ; 0.17 % greater G2 : 0.51 % greater G2 : -0.017
200 o
g 200 = 200 =
1
/M
E o T T T 9 T T T 0 T Y T
1 0 20K 40K BOK o 20K 40K 60K o 20K 40K 60K
< FL 3 Area : PE-Texas Red FL 3 Area - PE-Texas Red FL 3 Area .. PE-Texas Red
= (d) © ®



https://www.mdpi.com/1422-0067/21/24/9549/htm#fig_body_display_ijms-21-09549-f004
https://www.mdpi.com/1422-0067/21/24/9549/htm#fig_body_display_ijms-21-09549-f004
https://www.mdpi.com/1422-0067/21/24/9549/htm#app1-ijms-21-09549
https://www.mdpi.com/1422-0067/21/24/9549/htm#fig_body_display_ijms-21-09549-f004
https://www.mdpi.com/1422-0067/21/24/9549/htm#app1-ijms-21-09549
https://www.mdpi.com/1422-0067/21/24/9549/htm#app1-ijms-21-09549
https://www.mdpi.com/1422-0067/21/24/9549/htm#app1-ijms-21-09549
https://www.mdpi.com/1422-0067/21/24/9549/htm#fig_body_display_ijms-21-09549-f004
https://www.mdpi.com/1422-0067/21/24/9549/htm#fig_body_display_ijms-21-09549-f004

500 =

400 —

300 =

200 =

100 =

Control

Count

MCF10A (Normal breast cells)

B @ -]
o =1 =]
1 1 J

H

Cell-cycle distribution (%)
5

2
@

[ 2] ]
(=] o (=]
1 1 J

Cell-cycle distribution (%)
(]
(=]

ns

[=2]
[=]
L

Cell-cycle distribution (%)
&) E
e 9

Cell cycle phases

PE-Texas Red

(8)

MCF7

R Conirol
=3 BCI-121 (200pM)

Cell cycle phases

()

MDA-MB-231

W Control
=3 BCI-121 (200uM)

ns

= S

(<)
O
MCF10A

Em Control
EX® BCI-121 (200uM)

Cell cycle phases

(n)

ao0 =

600 —f

400 —f

200 =

BCI-121 Inhibitor-4

%S :237

G2 Mean

G1CV :563
G2CV : 48686

al

%G2 : 9.61
G1 Mcan : 17151

1142

31 Mean : 17642
G2 Mean : 34465
G1CV :6.95

: 33801

300 =

Count

;50-25 % less G1 : -0.80

Hpomm Oz 122 208 = % greater G2 : 3.78
e h o T
o 20k 405 a0k o 20K 4ok 60K
FL 3 Area = PE-Texas Red PN Alea Pt.|exas Ree
(h) (@)
MCF7
§ Bn_ =
=
= _ - Control
= 60
__g =@ Inhibitor- 4 (200uM)
=
B 40
S
-
S 201
G i
O gl |
N & &
(<)
v
Cell cycle phases
MDA-MB-231
.s? 80+ -
E e Control
E 604 &1 Inhibitor- 4 (200uM)
=
o 404
h-]
@
S 20-
=
(&) o
o 2 ol
Cell cycle phases <4
(m)
MCF10A
e 804
=
o ns SR Control
= 60+
3 E=3 Inhibitor- 4 (200pM)
=
0 404
=
L
o
204
z
o
o gd

~ o &
(<]
Cell cycle phases &

(0)

Figure 3.7: The cell cycle distribution was assessed using Pl in MCF7, MDA-MB-231
(breast cancer cell lines) and MCF10A cells (normal breast epithelial cell line) with
SMYD3 inhibitor treatments for 24 h and was investigated by flow cytometry. (a, d and
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g) Untreated control distributions for MCF7, MDA-MB-231 and MCF10A. (b, e and h)
Impact of BCI-121 on MCF7, MDA-MB-231 and MCF10A. (c, f and i) Effect of Inhibitor-4
on MCF7, MDA-MB-231 and MCF10A. (j, I, n) indicate statistical significant differences
on cell cycle phases of the three cell lines treated with BCI-121. (k, m, o) show
statistically significant differences on cell cycle phases of the three cell lines treated with
Inhibitor-4. Values are mean * standard error of the means. Statistically significant
differences from control are indicated by * p <0.05, ** p < 0.01 or ns p > 0.05.

3.8. Inhibitor-4 Promotes Apoptosis in Breast Cancer Cells

To reveal whether Inhibitor-4 induces apoptosis on breast cancer cell line or not,
we performed apoptosis assay using APC Annexin V/PI followed by flow cytometry
analysis. After 48 h of Inhibitor-4 treatment, the percentage of live cells decreased to
71% in both breast cancer cell lines (from 91% in MCF7 and 95% in MDA-MB-231) as
demonstrated by flow cytometry (Figure 3.8 a, b, e, g). Also, treatment with Inhibitor-4
showed increase in late apoptosis and necrosis percentages in MCF7 (3.6a, e), while
MDA-MB-231 showed early apoptosis with treatment of Inhibitor-4 (Figure 3.8b, Q).
BCI-121 caused late apoptosis in MCF7 and both early and late apoptosis in MDA-MB-
231 cells, in addition to necrosis in MCF7 cells (Figure 3.8a, b, d, f). Neither treatment
caused significant differences in apoptosis nor necrosis in MCF10A cells (Figure 3.8c,
h,i).

Apoptosis induction through SMYD3 inhibitors was also tested using Caspase-3/7
activity assay. The data have shown increases in Caspase-3/7 activity in MDA-MB-231,
however, no significant differences in MCF7, which is Caspase-3/7 independent

apoptosis pathway, and MCF10-A (Figure 3.8j, k, ).
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Figure 3.8: Cell apoptosis was assessed using APC Annexin V/PI and flow cytometry. (a, d, e)
MCF7 (breast cancer), (b, f, g) MDA-MB-231 (breast cancer) and (c, h, i) MCF10A (normal
breast) cell lines were treated with SMYD3 inhibitors for 48 h. (d, f, h) Apoptosis after 48 h of
BCI-121 treatment on each cell line. (e, g, i) Apoptosis after 48 h of Inhibitor-4 treatment on
each cell line. (j—I) Cell apoptosis was investigated with SMYD3 inhibitors using Caspase-3/7
activity assay. Values are mean = standard error of the means. statistically significant
differences from control are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001 or ns p > 0.05.
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CHAPTER 4- DISCUSSION AND CONCLUSION

4.1. Discussion:

Aberrant expression of SMYD3 has been shown to be oncogenic and is essential for the
proliferation of most colorectal, hepatocellular, and breast carcinomas, as well as
prostate cancer [3, 8]. Over 80 genes (including highly regulated homeobox genes, cell
cycle regulators, and oncogenes) display altered expression because of aberrant
upregulation of SMYD proteins [1-3]. Specifically, SMYD3 over-expression is highly
associated with cancer development by regulating tumor proliferation, metastasis,
invasion, and apoptosis [113]. Several studies have shown that SMYD3 regulates the
oncogenic RAS signaling pathway by integrating a cytoplasmic-kinase signaling
cascade, resulting in accelerated cell proliferation and differentiation [9]. Another study
demonstrated that SMYD3 is essential for estrogen receptor-mediated transcription in
breast cancer cells by down-regulating SMYD3 via RNA interference [15]. SMYD3
mediated-H2A.Z methylation has also been shown to trigger cyclin A1 gene expression,
leading to cell cycle activation in breast cancer cells [114]. Knock down of SMYD3 in
ovarian cancer tissues leads to upregulation of CDKN2B (p15INK4B), CDKN2A
(p16INK4), CDC25A and CDKN3 as members of cyclin-dependent kinase inhibitors
(CDK) [96]. Inducing apoptosis via silencing of SMYD3 has also been observed in
ovarian cancer in vivo and has been accredited to the upregulation of CD40LG and
downregulation of BIRC3 [96]. BIRC3 is a member of the inhibitors of apoptosis proteins
(IAP) family and relates to many cancers in cases of aberrant overexpression because it
can prevent apoptotic signals [115, 116]. Therefore, it is likely that SMYD3 inhibitors can

trigger apoptosis by down-regulating BIRC3. In addition, another study demonstrated
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that the MCF7 cell line lacks Caspase 3, which is essential for apoptosis, however in the
absence of Caspase 3, Caspase 6 can be activated as an alternative mechanism to
trigger apoptosis. As a result, under cellular stress, MCF7 cells undergo apoptosis in
response to Caspase 6 and necrosis in response to TNF-a stimulation [117-119].
Despite the connection between SMYD3-overexprssion and several types of
carcinogenesis, few studies have targeted SMYD3 inhibition in the context of breast
cancer through the design of the inhibitors.

In this study, we sought to design small molecule inhibitors for the inhibition of SMYD3-
mediated methylation (Figure 3.1), proliferation (Figure 3.4), colony formation (Figure
3.5), and viability (Figure 3.6) in breast cancer cells. Specifically, we demonstrated that
in silico enzyme models can predict effective competitive enzyme inhibitors by
screening vast molecular libraries and predicting binding energies. This approach to
small molecule design significantly reduces the time, expense, and equipment that have
been required for traditional benchtop small molecule screening until now.

Using Schrodinger® software and several in vitro assays, we demonstrated that one of
the hit compounds identified in silico (Inhibitor-4) was able to reduce breast cancer
cellular growth and viability without affecting normal breast epithelial cells. In vitro,
Inhibitor-4 was shown to inhibit SMYD3-mediated histone methylation. In breast cancer
cells, Inhibitor-4 extended cell doubling time (Figure 3.4). We also demonstrated that
Inhibitor-4 arrests the cell cycle in breast cancer cells without affecting normal cells
(Figure 3.7), which demonstrates an improvement over BCI-121, a previously-
developed SMYD3 inhibitor. Finally, the novel SMYD3 inhibitor presented here caused

apoptosis in breast cancer cell lines without affecting the normal breast cell line (Figure
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3.8). However, testing the in vivo SMYD3 specificity of Inhibitor-4 needs to investigate
the impacts of Inhibitor-4 on SMYD3-knockdown cells. This could be performed for

future characterization and validation.

4.2. Conclusions:

Epigenetic control is tightly regulated in humans, and aberrant epigenetic marks are
associated with several disease pathologies. Histone lysine methylation is a critical
epigenetic regulator and is modulated chiefly by SET-domain-containing enzymes.
Specifically, SMYD3 is a SET and MYND domain-containing enzyme that methylates
both histone and non-histone targets. The overexpression of SMYD3 has been
discovered in several cancer types, including breast, colorectal, and hepatocellular
carcinomas. Therefore, the inhibition of SMYD3 is promising for the therapeutic
treatment of these cancer types.

In conclusion, our study established SMYD3 as a potential target for the clinical
management of breast cancer. As a result, we have successfully developed and used in
silico compound screening inhibitors that target the catalytic domain of SMYD3.
Consequently, Inhibitor-4 has shown a very critical role in silencing SMYD3
methyltransferase activity in vitro. In phenotypic assays, it has been shown to halt
SMYD3-mediated cell proliferation, arrest the cell cycle and induce apoptosis in breast

cancer cell lines compared with the standard breast cell line.

4.3 Future directions:
Here we have covered previous studies that proved SMYD3 expression increases

during carcinogenesis. SMYD3 is overexpressed in several cancers, including breast,
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colorectal and hepatocellular carcinomas. Consequently, we developed and confirmed a
SMYDS3 catalytic inhibitor’s ability to halt cell cycle progression and induce apoptosis in
breast carcinoma cells. Our future directions include evaluating the ability of the SMYD3
inhibitor to halt cell proliferation, arrest the cell cycle and induce apoptosis in colorectal
and hepatocellular carcinomas.

In addition, we aim to target another member of the SMYD family (SMYD2), which is
involved in the induction of leukemias. SMYD?2 is typically involved in the regulation of
transcription, cell proliferation, apoptosis. Its methylation targets include histones, p53,
and RB. SMYD2-mediated methylation of p53K370 inhibits p53-mediated apoptosis.
SMYD2 is involved in the regulation of lineage progression during hematopoiesis; its
overexpression is essential for the transformation and survival of cells involved in
chronic myeloid leukemia (CML) and Mixed-lineage leukemia (MLL). Consequently, we
aim to design SMYD2 catalytic inhibitors and confirm these inhibitors’ ability to halt cell
cycle progression and induce apoptosis.

Regarding in silico screening, our research continues to optimize SMYD3 inhibitors in
vitro and test them using various cancer cell lines. To do this, we will perform structure-
activity relationship (SAR) studies to optimize Inhibitor-4. The core structures of
Inhibitor-4 and Bcl-121 are identical and vary only in the small R-group attached to the
benzyl ring. Bcl-121 has only a Bromine atom in this location, while Inhibitor-4 has
nitrogen covalently linked to two ethyl groups. These two R-groups differ significantly in
hydrophilicity. Therefore, modification of this region of the inhibitors is a promising

location for altering specificity and efficacy.

60



We also aim to assess the cellular mechanisms of SMYD3 inhibitors to halt cell cycle
progression and induce apoptosis in breast, colorectal and hepatocellular carcinoma
cell lines. RNA sequencing will be applied to understand better the gene expression
profiles responsible for cell proliferation and apoptosis in breast, colorectal and
hepatocellular carcinomas. SMYD3 methylates histone and non-histone proteins.
Therefore, we aim to study the effects of SMYD3 inhibitors in pathways associated with
DNA damage repair (HR repair proteins), angiogenesis (VEGFR1), proliferation
(MAP3K2), and metastasis (MMP9).

Ultimately, we will conduct our study in an animal model to establish proof-of-concept
for the use of SMYD3 inhibitors in the clinical management of breast, colorectal, and

hepatocellular carcinomas.
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