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Abstract

Metastasis and disease relapse are the primary determinant of cancer prognosis. The
process of epithelial to mesenchymal transition (EMT) plays a crucial role in the
induction of metastasis. Novel therapeutics are urgently needed to decrease breast cancer
mortality by preventing epithelial-to-mesenchymal transition (EMT)-associated
metastasis. Transcription factors such as B-catenin, ZEBI, and Slug, along with
epigenetic machinery including histone deacetylases (HDAC) and DNA
methyltransferases (DNMT) are well-studied regulators of EMT. Piperine (PIP) and
piperlongumine (PL), major alkaloids in pepper spices, inhibit breast cancer cell growth
in vivo and in vitro; however, their lipophilicity has restricted possible clinical
application. The purpose of this study was to increase the water solubility of PIP and PL
using nanoparticles (NPs) as drug carrier and investigate the anti-metastatic potential of
PIP- and PL-NPs in the context of EMT regulation in triple-negative breast cancer cells.
The thin-film hydration method was used to encapsulate PIP and PL into biodegradable
methoxy poly(ethylene glycol)-poly(lactic-co-glycolic) acid (mPEG-PLGA) copolymer.
Colorimetric MTT and Annexin-V-FLUOS/propidium iodide staining assays were
performed on MDA-MB-231 and MDA-MB-468 triple-negative breast cancer cells to
determine the effect of PIP- and PL-NPs on cell growth and viability. The invasiveness of
MDA-MB-231 cells was also tested in the presence of PL and PL-NPs, using gap closure
and trans-well invasion assays. Western blotting and quantitative reverse transcription
PCR (qRT-PCR) were used to evaluate the relative expression of EMT markers and
associated transcription factors following treatment with PL and PL-NPs. At cytotoxic
doses, PIP- and PL-NPs decreased the viability of MDA-MB-231, MDA-MB-468, and
BT-549 breast cancer cells to a similar extent as free PIP and PL. Noncytotoxic doses of
PL and PL-NPs inhibited breast cancer cell migration and invasion in vitro. Both free PL
and PL-NPs inhibited the expression of EMT markers, ZEB1, B-catenin, and Slug, while
increasing the expression of E-cadherin and NDRG1, inhibitors of EMT and metastasis,
in MDA-MB-231 cells. Furthermore, PL and PL-NPs decreased the expression of
HDACI and DNMTT1, both of which are known transcriptional suppressors of E-cadherin
and NDRGI1. However, overexpression of HDAC-1 and DNMT-1 did not affect PL-
induced E-cadherin expression in these cells. These results demonstrate that PL and PL-
NPs inhibit metastatic properties of MDA-MB-231 breast cancer cells through inhibition
of EMT-associated transcription factors. Ultimately, these findings indicate the potential
use of NPs as phytochemical carriers for future in vivo studies to improve the
bioavailability and serum solubility of PIP and PL.
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CHAPTER 1

INTRODUCTION

1.1 Cancer

Cancer is a collection of diseases arising from dynamic genomic changes that grant
normal cells the ability to divide uncontrollably, and the potential to invade and spread to
other parts of the body. Due to its complexity, cancer is a very difficult disease to treat
and cure. It is estimated that about half of all Canadians will be diagnosed with cancer in
their life-time and about one-quarter will succumb to the disease (1). Major types of
cancers include lung, female breast, colorectal, and prostate (1, 2). Decades of research
have improved our understanding of tumor biology, diagnostic strategies, and treatment
capabilities, but to this day, cancer remains one of the leading causes of death in Canada
(1). Cancer also poses a major burden to the Canadian economy with about $4.4 million
cost to the healthcare system, which includes both the direct costs of hospitals, drugs, and
physicians, as well as indirect cost due to loss of productivity (1). Cancer research in
Canada and around the world has thus far created a complex body of scientific literature
surrounding the disease. The process of translating this knowledge into patient care has
been slow, but significant progress has been made in improving survival rates since the
1940s. Research shows that the complex heterogeneous nature of cancer requires the
manifestation of several key essential alterations in cell physiology for malignant growth.
In an effort to shed light on these essential alterations, Hanahan and Weinberg proposed
the hallmarks of cancer as: sustaining proliferative signaling, replicating with limitless
potential, evading growth suppressors, resisting cell death, inducing angiogenesis,
deregulating cellular energetics, avoiding immune destruction, and activating invasion
and metastasis (3, 4). Continued basic and clinical research will eventually resolve the
complex biology of cancer, and further improve the survival and quality of life of cancer

patients.



1.2 Breast Cancer

Breast cancer is the most common type of cancer diagnosed among women (2). Every
year in Canada, about 2,500 new cases of breast cancer are diagnosed and about 5000
women will die from this disease (1). Breast cancers can arise from milk-producing
lobules (lobular carcinoma) or from milk ducts (ductal carcinoma). Invasive ductal
carcinoma, the most common type of breast cancer, as well as invasive lobular
carcinoma, have the potential to invade the surrounding tissue and lymph nodes, and
metastasize to distant organs (5). There are also other histological types of breast cancer
described by the World Health Organization, but their prevalence is very low (5, 6).

Breast cancer is also a complex heterogeneous disease exhibiting different rates of
incidence, survival and response to treatment. Treatment options include surgery,
radiation therapy, chemotherapy, and some targeted therapies. Type of treatment depends
on different clinical parameters such as tumor size, histological grade, lymph node
involvement, and expression of estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor-2 (EGFR; HER2) biomarkers (7, 8).

The turning point in breast cancer research and treatment started with the
identification of major molecular subtypes of breast cancer cells based on their distinct
genomic signature (Table 1.1). Using cDNA microarray analysis, the laboratory of Perou
and Serlie classified gene expression characteristics of breast cancers from 38 patients
into five distinct molecular subgroups: luminal A, luminal B, HER2-enriched, normal-
like, and basal-like (9—11). This classification was later found to be a major predictor of
response to treatment in breast cancer patients (10, 11). Luminal subtypes are cancers that
express high levels of ER and PR, HER2 enriched overexpress HER2 while lacking
ER/PR expression, and basal-like breast cancer lacks the expression of ER, PR and
HER2, and are considered triple-negative breast cancer (TNBC) (7, 11). More recently, a
new distinct molecular subtype of breast cancer cells was identified with characteristic
low expression of tight junction and intercellular adhesion molecules like claudin-3, -4, -
7, occludin and E-cadherin (12). This group of breast tumors are called claudin-low,
despite their lack of ER/PR/HER2 expression and striking resemblance to basal-like

breast cancer (12, 13).



1.2.1 Triple-Negative Breast Cancer (TNBC)

TNBC tumors cells make up about 20% of all breast cancer cases and are usually
invasive ductal carcinoma in nature, with appearance at early age, especially in women of
African origin and/or with BRCA1 mutations (11, 14, 15). Patients with these types of
cancers do not benefit from targeted hormonal and antibody-mediated therapies like
tamoxifen and trastuzumab, since these tumors lack the expression of ER, PR and HER2
(9, 16). Therefore, lack of targeted therapy along with the aggressive nature of TNBC
tumors due to high chance of lymph node involvement, high rates of metastasis, high
tumor grade and size at the time of diagnosis, and high rates of relapse, renders TNBC
with the worst prognosis (17). These cancers, however, have a better response rate to
chemotherapy if detected early, compared to ER-positive tumors (18).

Standard chemotherapy administered to TNBC patients includes doxorubicin,
docetaxel and paclitaxel (19), sometimes combined with platinum DNA-damaging
agents, like cisplatin and carboplatin, for added benefits (20). However, conventional
chemotherapy is associated with severe side effects due to lack of selectivity toward
malignant cells. Better treatment options are urgently needed to improve the survival and
quality of life of TNBC patients.

Several attempts in generating targeted therapies against TNBC have shown
minimal success at a clinical level. Given that most of TNBCs are BRCA 1-deficient, it
has been suggested that inhibition of poly (ADP-ribose) polymerase (PARP), which is a
base excision DNA repair enzyme, would impair single-strand DNA repair in these
tumors and renders them more susceptible to chemotherapy (21). Iniparib, a potent PARP
inhibitor, has been tested in phase II and phase III clinical studies for patients with
metastatic TNBC, in combination with gemcitabine and carboplatin (22, 23). However,
the overall survival of patients was not improved compared to gemcitabine and
carboplatin treatment (23). Other targeted therapeutics like the use of fibroblast growth
factor receptor (FGFR) inhibitor in FGFR-amplified TNBC cells have shown some
success in pre-clinical studies (24). In addition, monoclonal antibodies that target
vascular endothelial growth factor (VEGF), and tyrosine kinase inhibitors against VEGF
receptors are at early stages of clinical trial for inhibiting angiogenesis and metastasis of

TNBC tumors (25). Ultimately, a combinational therapeutic approach that includes both



chemotherapy and targeted therapy will probably improve the outcome for TNBC
patients.

Another factor that contributes to the aggressive phenotype and poor prognosis
associated with TNBC is the high rate of p53 mutation seen in these tumors. In their
earlier work, Serlie and colleagues (2001) found that 82% of basal-like tumors had
mutations in the p53 gene, compared to 71% of HER2-positive and 13% of luminal A
tumors (10). p53 is a tumor suppressor that prevents cell cycle progression and promotes
apoptotic cell death in response to stress signals like genotoxic damage, reactivation of
oncogenes, loss of intercellular contact, and hypoxia, therefore preventing the malignant
progression of cells (26). Recently, several studies have tried to use the p53 status of
TNBC as a targetable approach for this form of breast cancer. Using small molecules
library screening, PRIMA-1 was identified as an activator of mutant p53 function (27).
PIRMA-1 restored mutant p53 DNA binding ability, expression of p53 target genes like
MDM-2 and p21, as well as p53-dependent apoptosis in a variety of human tumors,
including TNBC (27, 28). A methylated derivative of PRIMA-1 with stronger apoptosis-
inducing effect has been tested in a phase I clinical trial for patients with hematological
malignancies or prostate tumors with minimal side effects (29). p53 upregulates the
expression of pro-apoptotic proteins like Bax and PUMA (30, 31), and inhibits anti-
apoptotic B-cell lymphoma-2 (Bcl-2) protein (32), which stimulate the release of

mitochondrial cytochrome c that initiates apoptosis.

1.2.2 Cancer Cell Death (Apoptosis and Necrosis)

Intrinsic to all cells is the process of programmed cell death that is activated to eradicate
damaged or unhealthy cells. On the other hand, acquiring abilities to avoid cell death is
an essential hallmark for all types of cancers (3, 4). Therefore, the ultimate goal of cancer
therapy is to induce cancer cell death while sparing the normal cells.

First described by Kerr and colleagues in 1972, apoptosis is a form of programmed
cell death that is distinct from necrotic cell death and acts as a barrier to cancer
development (33). The process of apoptosis is characterized by cellular shrinkage, DNA
fragmentation and condensation, membrane blebbing, and separation of cellular

components into apoptotic bodies (33). Transfer of phosphatidylserine from the inner



leaflet to the other leaflet of plasma membrane was later identified as a way of removing
apoptotic bodies by the phagocytes (34, 35). Intracellular signals that result from DNA
damage, oncogene activation, hypoxia, or lack of survival signal, and extracellular signals
including the binding of tumor necrosis factor (TNF) superfamily ligands to death
receptors result in activation of death-inducing caspases through intrinsic and extrinsic
pathways, respectively (36, 37).

The external death signals are mediated through binding of the TNF superfamily
ligands to their respective receptors leading to the assembly of death-inducing signaling
complex (DISC), which then activates caspase-8 (37, 38). Activated caspase-8 relays the
death signal to caspases-3, -6, and -7, either directly, or indirectly through activation of
Bid, Bak, and Bax, which facilitate the release of mitochondrial cytochrome ¢ by
permeabilizing the mitochondrial outer membrane (37-39). Similarly, the intrinsic stimuli
described above also leads to mitochondrial outer membrane permeabilization and the
release of cytochrome c (40), which forms the apoptosome via Apaf-1 and caspase-9 that
will eventually activate caspases-3, -6, and -7 (37, 41). Caspases-3, -6, and -7 are
apoptosis executioners that dismantle the cell through degradation of cellular components
(37, 38).

Contrary to the regulated nature of apoptosis, necrosis is believed to be poorly
regulated. Necrosis results from physical and/or chemical insults to the cells that lead to
immediate permeabilization of the plasma membrane, swelling and rupture of the cell,
and degradation of cellular components using lysosomal acid hydrolases (37, 42).
Recently, a programmed version of necrosis, necroptosis, was discovered that involves
activation of receptor-interacting protein kinase-1 and -3, and inhibition of apoptosis
using cellular inhibitors of apoptosis (cIAP1 and cIAP2) (42). Necroptosis, serve as
suitable target to destroy apoptosis-deficient cancers.

Several mechanisms that would allow cancer cells to mitigate apoptosis include
upregulation of anti-apoptotic protein Bcl-2 (43—45), mutations in the apoptotic regulator
p53 (26, 46), downregulation or mutation of pro-apoptotic proteins like Bak, Bax, and
caspases (47, 48), as well as interruption of death signaling circuitry (49). Therapeutic
targeting of the cell death pathway is currently being evaluated in clinical trials for

effective killing of cancer cells. The use of Bcl-2 mimetics, which antagonize Bcl-2,



shows promising results in hematological malignancies, as well as lung and breast tumors
(50, 51).

Today, several different therapeutics are available for breast cancer patients, and
together, with early detection capabilities, like mammography; and gene signature
diagnostic platforms, like OncotypeDX® and intrinsic subtyping to determine the best
course of treatment; the mortality of breast cancer patients has reduced by 44%, and the
five-year survival rate has increased to 87% (1). Yet, despite these latest developments,
breast cancer remains as the second leading cause of cancer-related deaths among
Canadian women (1). About 30% of women who are diagnosed with early stage breast
cancer will go on to develop metastatic disease (52). As mentioned earlier, TNBC is
associates with higher rates of metastasis within 5 years of diagnosis and lower survival,
compared to other forms of breast cancer (17, 52). Conventional therapy fails to prevent
metastasis and metastatic cancer remains incurable. Treatments are only used to control
the disease, extend the period of good quality life, and alleviate the pain as the patients’

remaining days are numbered.

1.3 Molecular Mechanism of Breast Cancer Metastasis

One of the hallmarks of cancer, proposed by Hanahan and Weinberg in 2000, is the
ability of cancer cells to invade adjacent tissue and metastasize into distant organs (3).
Despite advances in treatment strategies and early detection capabilities, metastases
remain as the primary cause of cancer-related deaths in the world (53). Metastasis is a
complex multi-step process involving genetic and/or epigenetic alterations that allow
individual cancer cells to leave the primary tumor site, degrade and migrate through the
extracellular matrix (ECM), intravasate into nearby blood and lymphatic vessels, then
leave the circulation into the parenchyma of distant tissue to form a metastatic lesion, and
finally colonize at the new metastatic site (54). Breast cancer primarily metastasizes to
bone, brain, lung, and liver (52). While the anatomical architecture of blood flow between
primary and secondary tumor sites may play a role in metastasis, in breast cancer
expression of certain genes as well as the organ-specific microenvironment dictate the

site of metastatic colonization (55).



The role of the microenvironment and stromal cells in modulating the ECM and
assisting cancer cells with metastasis from primary site to distant secondary sites is well
established (56). Tumor stroma may include fibroblasts, myofibroblasts, endothelial cells,
adipocytes, mesenchymal stem cells, and immune cells like macrophages, neutrophils,
and mast cells (57). The first step to metastasis is the formation of new blood vessels
(angiogenesis). Due to dysregulated nature of tumor growth, solid tumors experience
significant oxygen deprivation or hypoxia (58). As a result, tumor cells and the
surrounding stromal cells secrete inflammatory and pro-angiogenic cytokines, such as
TNF-a, VEGF, basic fibroblast growth factor (bFGF), and interleukin-8 (IL-8) (58, 59).
The in-depth contribution of each type of stromal cell to angiogenesis is beyond the scope
of this review; however, factors produced by these cells will induce proliferation,
migration, and assembly of endothelial cells through autocrine and paracrine routes.
Matrix metalloproteinases (MMPs), serine proteases like urokinase plasminogen activator
(uPA)/plasmin, and cysteine proteases like cathepsins produced by the endothelial cells
and cancer cells will begin degrading and remodeling the ECM to allow for the migration
of endothelial cells and the formation of new blood vessels (58, 60, 61). Breast cancer is
associated with high levels of VEGF expression, which acts in an autocrine fashion and
increases the invasiveness and migration of tumor cells through activation of receptor
tyrosine kinase (RTK) phosphatidylinositol 3 kinase (PI3K)/Akt signaling (62, 63). In
contrast to blood vessel formation in normal tissue, tumor vasculature is often deformed
and leaky due to the unregulated process of tumor angiogenesis (55, 58). However, tumor
vasculature provides cancer cells with nutrients and facilitates their intravasation during
metastasis.

The dissemination of cancer cells from primary tumor requires the loss of contact
with basement membrane, as well as loss of cell-to-cell adhesion. Epithelial cell
connections to the components of the basement membrane and ECM are largely mediated
through a- and B- chains of integrins (64), while intercellular adhesion interactions
include cadherins associated with cytosolic a-, B-, y-catenins, and actin cytoskeleton (65).
Altered expression of integrins and integrin-mediated intracellular signaling for
proliferation, separation from the basement membrane, and migration within the ECM are

common features of most cancers (58).



Altered expression of cadherins and catenins is also essential to cancer progression.
Normally, inappropriate or loss of cell-to-cell adhesion activate anoikis, which is a
specialized type of apoptosis (66). Consequently, suppression of anoikis is a prerequisite
to successful metastatic dissemination of cancer cells. Loss of E-cadherin is associated
with the metastatic phenotype in a variety of cancers including breast, lung, gastric,
pancreatic, kidney and prostate (58). In fact, Onder and colleagues (2008) showed that
loss of E-cadherin results in the induction of anoikis resistance, invasiveness, and a
metastatic phenotype in breast cancer (67). Meanwhile, upregulation of N-cadherin is
associated with increased invasiveness and migration of breast cancer cells (68, 69).
Reduction or loss of E-cadherin expression is mediated through somatic mutation (70),
proteolytic cleavage (71), and/or silencing of the E-cadherin (CDH1) promoter via
epigenetic modification (70, 72—75). Loss of E-cadherin and gain of N-cadherin, a
process known as cadherin switch, can be mediated by transcription factors such as Slug,
Snail, Twist, and ZEB1 (76, 77). These transcription factors are part of a broader process
known as epithelial-to-mesenchymal transition (EMT), which is described in more detail
in section 1.4.

The local invasion of metastatic tumor cells also requires the loss of basement
membrane and ECM. Several classes of proteases involved in degrading basement
membrane and ECM include MMPs, uPA/plasmin, and cathepsins (58, 61, 78). MMPs
constitute the principle proteases involved in remodeling basement membrane and ECM
during invasion and metastasis. MMPs such as MMP-1, MMP-2, MMP-3, MMP-9, and

MMP-13 are involved in metastatic progression of breast cancer (79, 80).

1.3.1 MMPs in Breast Cancer Progression and Metastasis

MMPs are a family of 23 zinc-dependent endopeptidases, whose primary function is to
degrade various components of the ECM (81). Based on their specificity, MMPs can
target collagen (collagenases), gelatin (gelatinases), or a broad spectrum of ECM proteins
(stromelysins) (81). In addition, membrane-type MMPs possess a transmembrane
domain, and function as an activator of gelatinases and fibrinolytic enzymes (82). The
substrate-binding domain and the catalytic domain of MMPs can be inhibited by tissue

inhibitors of metalloproteinases (TIMPs) (83), as well as by small molecules and



synthetic pharmacological inhibitors (84). Apart from their ECM-degrading properties,
MMPs can also affect cell migration, proliferation, differentiation, apoptosis, and
angiogenesis (83). As mentioned earlier, cancer cells rely on the matrix-degrading
properties of MMPs to successfully execute invasion and metastasis.

Like many other MMPs, MMP-1 expression is induced in response to inflammatory
cytokines, such as TNF and IL-2, through the mitogen-activated protein kinase (MAPK)
or nuclear factor-kappa B (NF-kB) signaling pathways (85). MMP-1 is activated by
MMP-3 (stromelysin-1) prior to cleaving a broad range of matrix proteins that includes,
but is not limited to, collagen type I and fibronectin (83, 85). MMP-1 derived from
fibroblasts increases the migration and invasiveness of breast carcinoma cells, in vitro
and in vivo (86). Higher levels of MMP-1 and MMP-3 have been observed in metastatic
MDA-MB-231 cells compared to less invasive, ER-positive MCF-7 cells (80).
Interestingly, knockdown of MMP-1 in MDA-MB-231 TNBC cells impairs their
metastatic potential in nude mice (87).

MMP-2 and MMP-9, also known and gelatinase A and gelatinase B, respectively,
are able to degrade collagen type IV, a major component of ECM, as well as gelatin
(denatured collagen) fibronectin (MMP-2 only), and plasminogen (MMP-9 only) (83).
These proteases are largely regulated by the PI3K/Akt signaling pathway (88, 89). High
expression of MMP-2 and MMP-9 in murine mammary carcinoma cells is associated
with higher rates of invasion in vitro (79). Similarly, MMP-2, MMP-3, and MMP-9 are
highly expressed in brain metastases of breast cancer (90). MMP-13 (Collagenase III),
also expressed in the presence of inflammatory cytokines and NF-xB signaling (85), is
associated with poor prognosis and an invasive phenotype in breast cancer. High
expression of MMP-13 is observed in cancer cells and stromal fibroblasts, and is
correlated with high levels of lymph node metastasis, as determined by
immunohistochemistry (91). Balduyck and colleagues (2000) showed higher expression
of MMP-13 in MDA-MB-231 TNBC cells, compared to MCF-7 breast cancer cells (80).

Unlike the other MMPs involved in cancer progression, MMP-3 (stromelysin-1) is
the least studied. MMP-3 activates other MMPs such as MMP-1, and MMP-9 (85, 92).
Expression of MMP-3 is increased in the presence of matrigel, and this protease is

required for matrigel invasion by mammary tumor cells (93). Overexpression of MMP-3



in mouse mammary epithelial cells increases cellular reactive oxygen species (ROS),
which in turn results in the expression of Snail, loss of epithelial marker E-cadherin, gain
of mesenchymal marker vimentin, and the execution of EMT (94). More importantly,
MMP-3 is considered a stromal enzyme in many breast cancers (94), which further
highlights the role of the tumor microenvironment in cancer cell plasticity and malignant
transformation.

These results confirm the roles of MMP-1, -2, -3, -9, and -13 in breast cancer
metastasis and highlight their potential use as prognostic biomarkers. Production of
MMPs by both tumor and stromal cells allows for angiogenesis and cancer cell migration.
The acquisition of a mesenchymal phenotype by epithelial carcinoma cells characterized
by migration and invasiveness is dependent on the process of oncogenic EMT, which is

now widely accepted as the mechanism underlying metastasis (95).

1.4 EMT in Cancer Progression and Metastasis

EMT is a natural developmental process that is characterized by the genomic changes that
lead to the loss of epithelial phenotype, such as disruption of cell junctions and cell
polarity, and the gain of mesenchymal phenotype, such as fibroblast morphology,
resistance to apoptosis, and invasive/migratory properties (76, 95, 96). EMT is important
during embryonic development and tissue repair, at which time epithelial cells must
change their plasticity to a mesenchymal state, migrate, and settle in a new location (95).
These mesenchymal cells then serve as progenitors to generate epithelial tissue and new
structures via the process of mesenchymal-to-epithelial transition (MET) (95). In cancer,
EMT enables carcinoma cells to acquire cellular motility, invade through the underlying
ECM, and metastasize to distant organs, where mesenchymal tumor cells would undergo
MET to form a carcinoma metastasis that displays the same degree of growth and
differentiation as the primary tumor.

Signaling pathways such as transforming growth factor-beta (TGF-)/Smad and
Wnt/B-catenin, as well as a variety of EMT-associated transcription factors (EMT-TFs)
such as Snail (Snaill), Slug (Snail2), Twistl/2, and ZEB1/2 are involved in
transcriptional reprogramming during EMT (76, 95). These transcription factors result in

the loss of the epithelial marker E-cadherin, which is the hallmark of EMT, and gain of

10



mesenchymal markers such as N-cadherin, fibronectin, and vimentin, in various human
carcinoma cell lines, including immortalized human mammary epithelial cells (HMECs)
(76,97-100). Indeed, expression of these EMT-TFs and mesenchymal markers have been
observed in circulating tumor cells of metastatic breast cancer patients (101, 102). Apart
from their invasive phenotype, mesenchymal tumor cells expressing EMT-TFs are
associated with cancer stem cell (CSCs)-like characteristics such as limitless proliferative
potential, self-renewal, differentiation capability, and resistance to chemotherapy and
radiation therapy (99, 100, 103).

CSCs, or tumor initiating cells, were initially described in hematological
malignancies in 1972, but have recently been identified in solid tumors, including cancers
of the breast, colon, skin, lung, head and neck, pancreas, ovarian, and prostate (104).
Breast CSCs have a characteristic CD44"€"/CD24"" surface marker expression (105),
high aldehyde dehydrogenase (ALDH) activity (106, 107), and mammosphere-forming
ability in vitro that is indicative of self-renewal potential (108). Mani and colleagues
(2008) found that mesenchymal cells generated from ectopic expression of EMT-TFs,
Twist or Snail, in immortalized HMECs, have a CD44"€"/CD24°" surface marker
expression and significantly higher mammosphere-forming ability compared to control
HMECs (99). Interestingly, expression of ZEBI is not only essential for the CD44""-
toCD44"" conversion, but is also required for the maintenance of CD44 expression and
mammosphere formation by CD44™" breast cancer cells (109). Other studies also
confirm that the overexpression of EMT-TFs and the induction of EMT are associated
with increased stemness, self-renewal, and tumorigenecity in breast (100), ovarian (103),
and colorectal cancers (110). Interference with the conversion of non-CSCs to CSCs or
elimination of CSCs, which exhibit chemotherapy and radiotherapy resistance, would
prevent the relapse of the disease and improve the therapeutic outcome for cancer
patients. Therefore, a thorough understanding of the interconnected regulatory networks
that are the driving force of EMT during tumor progression and metastasis (Figure 1.1)

may allow for the development of effective anti-metastatic therapies.
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1.4.1 TGF-f/Smad Pathway Induces EMT in Cancer

TGF- is a secreted or membrane-bound protein cytokine that plays an essential role
during embryogenesis and maintains adult tissue homeostasis (111). TGF-f exerts its
cellular effect by binding to the serine/threonine kinase receptor types I and II (TGF-BRI
and TGF-BRII), leading to heterotetramerization of the receptor (111-113). Following
receptor activation, TGF-BRI is phosphorylated by TGF-BRII, which creates the binding
site for the Smad2/3 protein complex (112, 113). Following interaction with Smad4, the
Smad2/3/4 complex translocates into nucleus and regulates the transcription of a variety
of genes involved in cell proliferation, motility and invasion, and apoptosis through
interaction with co-factors and DNA-binding proteins (Figure 1.1) (111). TGF- also
plays a dynamic role during development and progression of cancer.

TGF-B is a multi-functional cytokine that has both positive and negative effects on
tumor progression. During early stages of tumor growth, TGF-f acts as a tumor
suppressor by inducing growth arrest and apoptosis (113). TGF-BRII inactivation or
mutations in Smad3 or Smad4 are known to cause malignant transformation of intestinal
neoplasm in adenomatous polyposis coli (APC)-deficient mice (114—116). Similarly,
TGF-BRII mRNA is downregulated in E7-induced murine cervical cancer (117),
suggesting that TGF-P is important in preventing malignant transformation. Also, TGF-f3
signaling is found to arrest cell cycle progression through expression of cyclin-dependent
kinase (cdk) inhibitors such as p5S1 and p21, as well as repressing the expression of c-Myc
oncogene (113, 117). However, tumors may acquire resistance to the tumor suppressive
arm of TGF-P as a result of mutations within the TGF- signaling pathway or
downstream cell cycle regulators (111, 118). For instance, stable expression of oncogenic
Ki-ras®'*" is essential to allow the growth-promoting effect of TGF-p on TGF-p-
insensitive HD6-4 colon cancer cells (119). Increasing evidence suggests that TGF- also
acts as a positive regulator of tumor progression. During later stages of tumor growth,
TGF-B signaling induces cancer growth and metastasis (76). Up-regulation of TGF-f is
associated with poor outcomes in breast, lung, gastric, pancreatic, and hepatocellular
cancers (120). TGF-p treatment of invasive MDA-MB-231 human breast carcinoma cells,

results in cell proliferation and EMT-like morphological changes (121).
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TGF-p is the primary mediator of EMT. Following TGF-B signaling, Smad2/3/4
forms a complex with Snail, which now targets the E-cadherin (CDH1) promoter during
TGF-B-induced EMT in breast epithelial cells (122). Elevated levels of mesenchymal
markers such as N-cadherin and fibronectin, as well as MMP-2 and MMP-9, have been
observed in MDA-MB-231 cells following 48 hours of treatment with TGF- (121).
Moreover, transcription of EMT-TFs such as Snail and Slug are upregulated by TGF-B in
MDA-MB-231 breast (121) and DLDI1 colon (97) adenocarcinoma cells. ZEB1
expression is also increased in the presence of TGF-f3 in NMuMG mouse mammary
epithelial cells and is required for the silencing of E-cadherin expression (123). Increased
expression of these transcription factors induces various hallmarks of metastatic cancer,
including increased migratory and invasive potential, angiogenesis, chemo/radiotherapy
resistance, and anoikis resistance in variety of human tumors (76).

In addition to the canonical TGF-f signaling, which is dependent on Smad proteins,
the non-canonical pathway (Smad-independent) induces EMT through activation of the
RTK-PI3K /Akt pathway (124), which in turn activates the NF-xB pathway (125). Both
PI3K/Akt and NF-«kB signaling pathways have major roles in inflammation, proliferation,
survival, and invasion of cells. PI3K/Akt-mediated expression of Snail and ZEB, and
suppression of E-cadherin, is dependent on the p65 subunit of active NF-«xB signaling
(125). Similarly, constitutive activation of NF-kB in MCF-10A human breast epithelial
cells, using stable expression of p63, increases the expression of ZEB, as well as
fibronectin and vimentin, while suppressing E-cadherin expression by these cells (126).
In contrast, inhibition of NF-«xB signaling completely represses TGF-f- and TNF-a-
induced EMT in non-small cell lung cancer (127). These findings confirm the dual effect
of TGF-f on cancer cells, and demonstrate the complexity of TGF-f signaling and its
collaboration with other signaling pathways. Ultimately, the complex nature of TGF-f3
signaling in promoting EMT and cancer progression requires a cautious approach when

TGF-B is used as a therapeutic target.

1.4.2 Regulation of Wnt/f-catenin Signaling in EMT
Like the TGF-f signaling pathway, the Wnt signaling pathway is also essential for

embryonic development and tissue homeostasis, and can be activated through both
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canonical and non-canonical means. Wnt signaling, first identified in fruit flies, is
initiated with the binding of Wnt ligand (there are 19 isoforms in humans) to the frizzled
transmembrane receptors and low-density lipoprotein-related 5/6 (LRP5/6) (Figure 1.1)
(128).

Activation of the canonical pathway leads to the cytoplasmic stability of a proto-
oncogene, B-catenin (128), which is normally associated with E-cadherin at the cell
membrane but tightly regulated in the cytoplasm through phosphorylation and
ubiquitination by a complex containing APC, axin, glycogen synthase kinase-3 beta
(GSK-3p), and casein kinase-1a (CK1a), and subsequent degradation by proteasomes
(128). Upon Wnt signaling, GSK-3p is inhibited by disheveled, which prevents the
phosphorylation and degradation of B-catenin (128). Stabilized B-catenin translocates into
the nucleus and interacts with T-cell factor/lymphocyte enhancer factor and other co-
factors to induce the expression of genes associated with cellular proliferation such as
cyclin D1 and c-Myc, as well as VEGF for controlling blood vessel formation during
cancer progression and metastasis (128). Dysregulation of Wnt signaling and the
overexpression of Wnt factors is reported in several human malignancies including
breast, ovarian, head and neck, and colorectal cancers.

The evidence for the link between the Wnt/B-catenin signaling pathway and the
induction of EMT for cancer progression is compelling. A study conducted by Onder and
colleagues (2008) revealed that shRNA-mediated loss of E-cadherin expression in ras-
transformed human mammary epithelial cells (HMLERSs) not only induces EMT by up-
regulation of mesenchymal markers such as N-cadherin and vimentin, but also increases
the nuclear localization of B-catenin (67). Moreover, GSK-3f is mainly unphosphorylated
in HMLERs lacking E-cadherin, thereby allowing B-catenin to escape cytoplasmic
degradation (67). Alternatively, downregulation of B-catenin decreases the expression of
N-cadherin, vimentin, and fibronectin, while promoting a more epithelial phenotype
through reduction of motility and invasiveness, as well as increasing the susceptibility to
anoikis, in HMLERs (67).

The effect of Wnt/B-catenin pathway on regulation of EMT-TFs has been studied
extensively. Current data suggest that Snail is also targeted for proteasomal degradation

by GSK-3f through phosphorylation (129). Co-immunoprecipitation data of colorectal
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cancer cells indicate that Snail interacts with B-catenin, which further enhances B-catenin-
dependent transcription (130). Similarly, loss of E-cadherin and the increased B-catenin
stability in HMLERS is associated with up-regulation of Twist (67). In addition, the RTK-
PI3K/Akt pathway can also stimulate B-catenin signaling through inhibition of GSK-3,
in response to EGFR signaling, resulting in a synergistic effect on the induction of
tumorigenesis (131, 132). It is likely that these pathways activate different target genes
that interact cooperatively to promote tumor formation and progression.

Although B-catenin-mediated oncogenesis is primarily caused by activation of
canonical Wnt pathway, there is a strong evidence that the non-canonical Wnt pathway is
also involved in EMT and cancer progression. Wnt5a, a non-canonical Wnt ligand,
signals through activation of protein kinase C (PKC), nuclear factor associated with T-
cells (NFAT), and calmodulin-dependent protein kinase II (CamKII) (133, 134).
Interestingly, human oral squamous cell carcinomas show increased expression of Wnt5a
ligand, which is associated with increased expression of Snail and suppression of E-
cadherin in these cell lines (133). In contrast to mammary epithelial and uroepithelial
carcinomas, where Wnt5a functions as a tumor suppressor, Wnt5a is a well-established
marker of metastatic melanoma (133, 134). However, future studies are needed to further
determine the specifics of Wnt5a signaling before using targeted therapy against this

ligand.

1.4.3 Role of Notch and Hedgehog Pathways in EMT

Similar to the other EMT-inducing pathways mentioned above, the Notch pathway is also
important in regulating normal cellular processes involved in cell proliferation, survival,
and differentiation (135). Recent studies have provided solid evidence for the potential
effect of the Notch pathway in the induction of EMT, causing tumor invasiveness and
metastasis. In mammals, four receptors (Notch1-4) and five ligands (Jaggedl1,2 and
Delta-like1,3,4) have been identified for the Notch signaling pathway (135). Notch
ligands are transmembrane proteins that bind to Notch receptors on adjacent cells.
Following this initiation of signaling, the intracellular domain of Notch receptor (NICD)
is cleaved by y-secretase and translocates to the nucleus where it interacts with a variety

of other cofactors and transcriptional regulators such as histone transacetylase p300/CBP,
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mastermind-like 1, and CSL (135). Although Notch signaling is not sufficient to induce
EMT, it enhances transcription of several genes involved in cell cycle, differentiation,
and survival.

One of the effects of Notch on EMT is through TGF- signaling. Inhibition of
Notch3 interferes with TGF-B-induced EMT and metastasis of non-small cell lung cancer
cells (136). Notch 3 is also responsible for cell invasion and migration, and the
expression of IL-6 required for metastasis of non-small cell lung cancer cells to the bone
(136). In fact, the contribution of Notch3 to TGF-B-induced EMT is mediated through
ZEB1 (136). Another study suggested that Slug (Snail?2) is the direct target of Jagged1-
mediated Notch signaling, resulting in suppression of E-cadherin expression and
induction of EMT in MCF-10A (137). Interestingly, Notch-mediated activation of Slug
and suppression of E-cadherin leads to Wnt-independent activation and nuclear
localization of B-catenin, as well as anoikis resistance in breast cells (137). The Notch
pathway is also involved in promoting stemness phenotype in cancer cells, which makes
it a promising therapeutic target (135).

Hedgehog signaling pathway is one of the key regulators of embryonic
development, organogenesis and maintenance of stem-cell characteristics (76, 138).
Binding of Hedgehog ligands (Sonic, Desert, Indian) to the twelve-transmembrane
receptor, PTCH1, activates transcription factor GLI-1/-2 to induce expression of
Hedgehog target genes (138). Ultimately, mutations that lead to constitutive activation of
this pathway result in human malignancies such basal cell carcinoma, medulloblastoma,
pancreatic and colorectal cancers (138-140).

The effects of the Hedgehog pathway in human cancers was initially reported as a
PTCHI1 mutation that resulted in constitutive activation of this receptor in patients with
basal cell carcinomas (138). Metastatic pancreatic tissue samples show an upregulation
and constitutive activation of GLI-1 compared to primary tumor samples (139). Blocking
of the Hedgehog pathway using cyclopamine in pancreatic cancer cells abolishes their
metastatic potential through significant downregulation of Snail and E-cadherin mRNA
transcripts (139). Constitutively active Hedgehog-GLI-1 pathway and the subsequent

induction of EMT and metastasis is also reported in sporadic human colon carcinoma and
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colon cancer stem cells (140). These results highlight the induction of EMT following
dysregulation of Hedgehog signaling.

Figure 1.1 illustrates a summary of these main signaling events in the induction of
EMT. Understanding these signaling pathways that lead to EMT and cancer progression
is essential for the development of novel anti-cancer therapies for incurable human
malignancies. Currently, small-molecule inhibitors like kinase inhibitors, compounds like
metformin and curcumin, as well as microRNA (miRNA)-based therapy like antagomirs,
are being evaluated to target key components of the EMT in cancer therapy (141). These
therapeutic interventions have shown some promising results in pre-clinical and clinical

experiments (141).

1.4.4 Effects of NDRGI on EMT

N-Myc downstream regulated gene 1 (NDRG1) is a tumor metastasis suppressor, initially
identified in colon cancer (142), which is also downregulated in other cancers such as
prostate and breast (143, 144). NDRGI expression is regulated by a variety of stimuli,
such as nickel (145), and epigenetic modification, including DNA methylation and
histone deacetylation (146, 147). However, as suggested by the name, NDRG1 is
primarily regulated by oncogenes, N-Myc, and c-Myc (148), which are transcriptional
targets of Wnt/B-catenin pathway; hence, NDRG1 could be linked to the Wnt/B-catenin
pathway and EMT.

To identify the link between NDRGI1 and the Wnt pathway, Liu and colleagues
(2012) took advantage of the yeast two-hybrid screening of a normal human prostate
cDNA library and found a strong interaction between NDRG1 and the Wnt co-receptor
LRP6 (149). Overexpression of NDRG1 in prostate and breast cancer cells prevents Wnt
signaling by inhibiting LRP6 and disheveled, which reactivates GSK-3f, and blocks f3-
catenin translocation into nucleus (Figure 1.1) (149). Similarly, overexpression of
NDRGT1 inhibits TGF-B-induced EMT in colon and prostate cancer cells (150). NDRGI
significantly reduces the protein levels of Smad2 and phosphoSmad3 (Figure 1.1) (150).
Interestingly, depletion of iron using iron chelator, Dp44mT, is shown to re-express

NDRGT1 through mechanisms are that not fully elucidated, and attenuate Wnt and TGF-f
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signaling in prostate colon and breast cancer cells (149, 150). These findings could have

huge implications for the therapeutic intervention of EMT.

1.4.5 EMT-independent Regulation of Metastasis

Despite the compelling evidence for the involvement of EMT in tumor progression, there
is still debate about the relevance of EMT in cancer cell invasion and metastasis. The
argument is that the majority of studies on EMT are based on in vitro experiments with
limited clinical significance, which not only fails to resemble the three-dimensional
tumor growth in situ, but also does not take into account the effects of the tumor
microenvironment. The challenge associated with studying EMT in vivo is that both the
primary and the secondary tumors are epithelial in nature and at the same differentiation
state (53). Recently, two research groups sought to examines the role of EMT on
metastasis in vivo, using genetically engineered mouse models of breast and pancreatic
cancers (151, 152).

In one of the studies, Zheng and colleagues (2015) used a transgenic mouse model
bearing genetic deletions in Snaill or Twist] genes and spontaneous pancreatic cancer
(151). As expected, loss of Snail and Twist increased E-cadherin expression in cancer
cells while decreasing the expression of ZEB and Slug. Surprisingly, tumor burden and
the number of circulating tumor cells was not affected by the absence of EMT, compared
to the control mice. In fact, a similar frequency of liver, lung, and spleen metastases was
observed in EMT-suppressed and EMT-positive pancreatic tumor-bearing mice. When
tumors were treated with gemcitabine, however, absence of EMT rendered these cells
more susceptible to chemotherapy. In the second study, Frischer and colleagues (2015),
designed a Cre-mediated switch strategy that would allow for the formation of green
fluorescent protein (GFP) upon expression of fibroblast specific protein 1 or vimentin,
two critical EMT markers, in mouse models of metastatic breast cancers (152). Lung
metastases of these animals lacked the expression of GFP; however, when these tumors
were treated with cyclophosphamide, GFP-negative cells died by apoptosis whereas GFP-
positive cells remained relatively resistant to chemotherapy. These results imply that
while EMT is essential for chemotherapy resistance, it is not required for the process of

metastasis.
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Despite their brilliant study design, these authors did not consider the complexity of
EMT, which involves multiple signaling molecules and transcription factors, and
mechanisms of action that are not yet fully elucidated. Cancer cells must accumulate
multiple genetic and epigenetic changes for each step of the EMT. Apart from these two
studies, the evidence for the role of EMT in cancer metastasis found in in vitro studies, in
vivo mouse models of human cancers, and circulating tumor cells of cancer patients are
compelling (53, 101, 102, 153). Therefore, it is critical to continue investigate the role of
EMT in metastatic diseases, and develop new therapeutics that target cellular processes
essential to metastasis and drug resistance. Ultimately, factors such as intratumoral
heterogeneity, as well as complexity and redundancy that exist within EMT must be

considered when studying this process in vivo (153).

1.5 Epigenetics

Epigenetics involves the cellular and physiological traits that are not caused by changes
in the DNA sequence. Instead, DNA methylation, histone tail modification, chromatin
remodeling, and miRNA-mediated multi-gene silencing are the driving forces of
epigenetics (154). Global DNA hypomethylation, which leads to activation of silent
genomic regions, as well as promoter hypermethylation of tumor suppressor genes are
prevalent initiators of carcinogenesis (154). The growing interest in studying epigenetics
is due to the reversibility of the changes in gene expression that can occur without any
alterations in genomic sequences, which can be restored to a normal state using
epigenetic therapeutics. Ultimately, targeting the major epigenetic modifiers might be
promising for cancer prevention and therapy.

Among these epigenetic modifications, DNA methylation is done by DNA methyl-
transferases (DNMT-1, -3A, and -3B) that result in transcriptional silencing the tumor
suppressors (155). DNA methylation occurs at CpG islands, found primarily in or near
the promoter regions of the genes, where a methyl group, donated by S-adenosyl
methionine, is covalently linked to the cysteine ring (154—156). DNMT-1 is used for
maintenance of the methylation while DNMT-3A and -3B are used as de novo enzymes
to establish new methylation patterns (154). In a normal cell, most CpG sites, especially

those present in DNA transposable elements and the non-coding regions of DNA, are
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methylated to prevent genomic instability. However, depending on the type of cell and
tissue, the majority of CpG islands of promoters are hypomethylated to allow access of
the transcriptional machinery (154, 157). Malignant transformation involves global DNA
hypomethylation, which allows for genomic instability that is essential for tumor
development and growth, and hypermethylation of promoter regions of genes that are
barriers to unlimited growth (154, 157). Cancer cells rely on both DNMT-1 and DNMT-
3B for maintenance of their methylation status (158). Unfortunately, the mechanisms that
fuel the aberrant DNA methylation patterns in cancer are largely unknown. Along with
DNA methylation, post-translational modification of histone N-terminal tails using
methylation, acetylation, ubiquitination, sumoylation, and phosphorylation can alter the
transcriptional landscape of the genome (154). Histone deacetylases (HDACs) remove
the acetyl groups from lysine residues of histone proteins to induce chromatin
compaction and reduce the accessibility of transcriptional machinery (154). On contrast,
the acetylation of histone H3 on lysine 4, 36, and 79, and histone H4 on lysine 20 residue
by histone acetyltransferases (HATSs) results in abundance of euchromatin and
transcription activation (154). The effects of histone methylation however, depend on the
site of methylation. Mono-, di-, or tri-methylation of histone H3 on lysine 9 and 27
(H3K9me3; H3K27me3) results in transcription repression, while methylation of lysine 4
on histone H3 (H3K4me3) allows for activation of transcription (154). Other histone
modifications are associated with a more dynamic effect and are far less studied (159).
As mentioned earlier, aberrant DNA methylation patterns can lead to genomic
instability and tumorigenesis. For instance, exposure of mouse skin to ultra-violet (UV) B
radiation results in increased DNMT activity, along with hypermethylation and
transcriptional inactivation of tumor suppressor genes (160). Furthermore, histone
deacetylation also affects the expression of numerous genes involved in cancer initiation
and metastasis. Overexpression of HDAC-1 and HDAC-2 is associated with decreased
expression of anti-proliferative p21 in prostate, gastric, colorectal, and cervical tumors
(161). HDAC inhibition in TNBC cell lines, significantly reduces their proliferation and

survival in vitro, and their tumorigenesis in vivo (162).
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1.5.1 Epigenetic Regulation of EMT and Metastasis

Several studies have explored the links between EMT and the chromatin remodeling in
metastasis. As mentioned earlier, downregulation of E-cadherin, directly mediated by
EMT-TFs, is the key event in activation of EMT program. Snail-mediated repression of
E-cadherin is reversed in the presence of the HDAC inhibitor, trichostatin A (TSA) (74).
In fact, chromatin immunoprecipitation (ChIP) assay reveals that TSA treatment results
in a strong increase in histone acetylation of the E-cadherin promoter (74). More
importantly, in vivo results confirm that Snail interacts with the E-cadherin promoter to
recruit HDACs (74). ZEBI1 is also implicated in the recruitment of HDAC-1 and HDAC-
2 in human pancreatic cancer (75). A similar study also reports the importance of HDAC-
1, -6 and -8 for breast cancer cell invasion and migration through the regulation of MMP-
9, using MDA-MB-231 and MCF-7 cell lines (163). E-cadherin promoter methylation has
also been recognized as part of the epigenetic program that suppresses E-cadherin
expression during EMT in invasive breast and prostate cancer cells (72, 164).

Epigenetic regulation of miRNAs, in terms of DNA methylation and histone
modification, have gained interest for the study of normal and cancerous cells.
Microarrays conducted on cells before and after the induction of EMT have identified the
miR200 family of tumor suppressive miRNAs as a inhibitors of EMT (165, 166). In
contrast to normal HMECs, in which the promoter sequence CpG islands of miR-200c
and miR-141 (miR-200 family members) lack methylation, breast cancer cell lines MDA-
MB-231, MDA-MB-157 and BT-549, as well as prostate cancer cell line, PC3, show high
levels of DNA methylation for both of these miRNAs (167). ChIP assays show that the
miR-200c and miR-141 CpG islands of normal HMECs have transcriptionally competent
histones (H3K4me3), while the cancer cells have repressive histones (H3K9me?2)
associated with these miRNAs (167).

Members of the miR-200 family and ZEB1 tightly regulate the expression of each
other in a reciprocal manner (168, 169). Induction of miR-200b and miR-200c¢ in MDA-
MB-231 and BT-549 TNBC cells results in increased histone acetylation of E-cadherin
promoter (166). These effects are the result of transcriptional repression of ZEBI1 by
miRNAs followed by the disruption of ZEB1-HDAC complex in MDA-MB-231 and BT-
549 cells (166). Chaffer and colleagues (2013) suggested that the ZEB1 promoter in
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basal-like CD44"°" breast cancer cells is associated with both permissive (H3K4me3) and
suppressive (H3K27me3) histone markers (109). While TGF-f signaling results in a
noticeable decrease in repressive (H3K27me3) marker at ZEB1 promoter, the presence of
miR-200 family members has the opposite effect in basal-like breast cancer cells (109).
These results, along with the importance of miR-200 family in EMT, confirm that

epigenetic forces contribute to the phenotypic changes observed in cancer cells.

1.5.2 Targeting Epigenetic Machinery in Cancer Therapy

DNMT inhibitors 5’-azacytidine, and 5’-aza-2’-deoxycitidine, were among the first
epigenetic drugs approved by the Food and Drug Administration (FDA) for cancer
therapy (154). Both inhibitors are nucleoside analogs which get incorporated into DNA
during replication and trap DNMT on the DNA, thereby preventing DNA methylation
(170). These DNMT inhibitors are currently being used for the treatment of
hematological malignancies (170, 171).

HDAC inhibitors are also well-studied, FDA-approved, anti-cancer treatments. For
instance, treatment of leukemia cells with TSA or a DNMT inhibitor show impressive
results in halting leukemia progression (172). TSA also results in a synergistic
upregulation of ER expression in TNBC cells, when combined with 5’-aza-2’-
deoxycytidine (173, 174). Among the approved HDAC inhibitors, valproic acid has
shown potent inhibitory effects on cancer cell growth, survival, angiogenesis, and
metastasis in a variety of solid and hematological malignancies (175). The use of small-
molecule inhibitors that target other members of the epigenetic machinery also holds
great promise as a cancer therapeutic (176).

Today, combination therapy is under investigation to lower the emergence of
resistance to chemotherapy and improve response rates (170, 171). Unfortunately, a
combination of epigenetic drugs may result in functional antagonism or insignificant
benefits compared to single therapy (177, 178). Long-term effects of these drugs are also
still under investigation. Moreover, in contrast to the hematological tumors, solid tumors
seem to have limited response to HDAC inhibitors. Surprisingly, recent data indicates
that cancers of the prostate or nasopharynx are more prone to EMT induction following

treatment with HDAC or DNMT inhibitors (179-181). Ultimately, a more detailed
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understanding of the molecular links between epigenetic regulators and the epithelial-
mesenchymal plasticity may reveal new targets for therapeutic interventions. One
exciting class of therapeutics with possible effects on the epigenetic modulation, as well
as possessing anti-tumorigenesis and anti-metastatic properties are dietary

phytochemicals.

1.6 Pepper-derived Phytochemicals: Piperlongumine and Piperine

Natural-source bioactive compounds, known as phytochemicals, have attracted huge
research interest over the past few decades, as an alternative therapeutic approach for
cancer prevention and treatment. These compounds exhibit a broad range of
pharmacological activity, high therapeutic potential, good availability and lower cost, and
lower toxicity compared to conventional treatments (182). Historically, phytochemicals
have been used as a remedy for a diverse range of diseases, including cancer, without a
thorough understanding of their mechanism of action. Various cultures around the world
incorporate herbs and spices in their cuisine, not only for their taste, but also for their
health-promoting and disease-preventing effects. The antioxidant activity of some of
these natural products results in protective effects against cardiovascular diseases, chronic
inflammation, and cancer (183—185). Major classes of phytochemicals includes
carotenoids, alkaloid/nitrogen-containing, polyphenols/flavonoids, organosulfur
compounds, and vitamins (182). Flavonoids such as curcumin from turmeric root (186,
187), resveratrol from the skin of grapes (188—190), and epigallocatechin-3-gallate
(EGCQG) from green tea (191) are among the most studied phytochemicals for their
chemoprevention and anti-cancer properties.

Phytochemicals inhibit the growth and metastatic potential of tumors through
inhibition of key signaling pathways such as Wnt/B-catenin, EGFR, JAK-STAT,
PI3K/Akt, and NF-xB, involved in cancer cell survival and metastasis, modulation of
anti-apoptotic, and pro-apoptotic genes, and regulation of epigenetic machinery
(miRNAs, HDACs, HATs, DNMTs) (192, 193). For instance, curcumin inhibits NF-xB
signaling and expression of MMP-2 and MMP-9, while increasing the expression of
TIMPs; thereby preventing the invasive phenotype of TNBC in vitro and in vivo (183,
194). Similarly, thymoquinone (from black cumin), targets EMT in TNBC and inhibits
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the metastasis of xenografted tumors in mice (195). EGCG and resveratrol, can also
inhibit metastasis through modulation of HDACs, DNMTs, and oncogenic miRNAs (192,
193).

Most relevant to this project are the nitrogen-containing compounds called
alkaloids. Medical used of alkaloid-containing plants dates back several centuries with
noteworthy examples of caffeine as a stimulant, and codeine and morphine as analgesic
compounds. Well-known examples of this group of compounds with anti-cancer effects
are vinca alkaloids. Discovered from the leaves of periwinkle plants in 1950s, the vinca
alkaloids vincristine and vinblastin were identified as inhibitors of microtubule-
polymerizing agents, and were among the first anti-cancer phytochemicals approved for
use in therapy, despite their neurotoxicity (196). A decade later, the discovery of taxanes
(paclitaxel, docetaxel), also tubulin modulators, was a major breakthrough in the use
phytochemicals in cancer therapy (196). Similarly, pepper-derived alkaloids
piperlongumine (PL) and piperine (PIP) (see Figure 1.2 for structures) have shed light on

the anti-cancer effects of pepper, which is a spice with universal use in cuisines.

1.6.1 Piperlongumine (PL)
PL is an alkaloid found in the fruits of long pepper plants (Piper longum), with a variety
of pharmacological activities that include anti-microbial (197), anti-diabetic (198), anti-
depressant (199), and anti-atherosclerotic (200) effects. The anti-cancer effects of PL
have been studied much more extensively against a variety of human tumors including
leukemia, melanoma, colon, breast, lung and prostate (197). PL induces cell cycle arrest
and apoptosis in cancer cells through up-regulation of pro-apoptotic proteins (p53,
caspase 3, PUMA, Bim), and downregulation anti-apoptotic and cell cycle proteins (Bcl-
2, survivin, cyclin D1) (197).

A recent publication by Raj and colleagues (2010) showed that as little as 10 uM of
PL selectively reduces the viability of TNBC, ER/PR/HER2-positive breast, pancreatic,
ovarian, colon, and lung cancer cells, independent of their p53 status, while leaving
normal cells such as human dermal fibroblasts (HDF) and MCF-10A breast epithelial
cells unaffected (201). The cytotoxic effects of PL are mediated through direct inhibition

of cellular glutathione, and generation of ROS, as these cytotoxic effects are reversible in
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the presence of ROS scavenger, N-acetyl-L-cysteine. In fact, ROS generation by PL is
only seen in cancer cells and oncogene-transformed cells, but not in normal cells. PL,
administered at 2.4 mg/kg body weight (b.w.), also decreases the in vivo growth of
cancer in transgenic or xenografted mice. Tumor blood vessel formation and expression
of VEGEF is also decreased by PL in vivo. Furthermore, hematological and
histopathological analysis indicates that PL is not toxic in mice. This study provoked
further research on PL to evaluate its anti-cancer mechanism.

Understanding the mechanism by which PL decreases the growth of cancer cells
and induces cell-cycle arrest has been a top priority due to its potential clinical
application. Earlier studies have shown that PL decreases kinases involved in cell
proliferation like cdk2, and the major cell cycle regulator, cyclin D1 (202). Further
analysis has revealed that PL has inhibitory effects on PI3K/Akt and NF-kB signaling
axes that are crucial to cell proliferation and survival (203-205). Phosphorylation and
activation of Akt is significantly inhibited in PL-treated MDA-MB-231 TNBC cells,
which is accompanied by a decrease in the expression of cyclin D1 and increase in the
expression of p21 (203). The apoptosis-inducing effects of PL could be mediated through
autophagy followed by ROS-induced inhibition of Akt signaling (204). Suppression of
anti-apoptotic Bcl-2, induction of Bax, and release of mitochondrial cytochrome ¢
followed by the generation of ROS and inhibition of NF-«xB (203, 205, 206) could also
explain PL-mediated apoptosis. Consistent with these findings, Ginzburg and colleagues
(2014) reported that PL-mediated inhibition of NF-xB signaling suppresses the
expression of NF-«xB target genes IL-6, IL-8, MMP-9 that are essential for invasive
phenotype of prostate cancer cells (206). However, the anti-metastatic potential of PL has
not been thoroughly investigated.

Despite the potential anti-tumor effects of PL, its use in a clinical setting has been
delayed due to limited toxicity and low bioavailability. PL is mainly eliminated through
hepatic metabolism by the cytochrome (CY)P450 family of liver enzymes that mediate
demethylation, epoxidation, and oxidation, resulting in four different metabolites (207).
Inhibition of CYP1A2 enzyme, and its 93% plasma protein-binding ability suggests a low
hepatic clearance rate for this phytochemical (207). However, the half-life of PL in mice

plasma is 1.6 hours (201), which is strikingly lower than that of vinblastine and
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vincristine, which are 7.5 and 14.3 hours, respectively, as measured in rats (208). Higher
plasma protein-binding ability could hinder the ability of a drug to exhibit
pharmacological activity. Oral administration and intestinal degradation and metabolism,
as well as clearance from kidney could also be responsible for low bioavailability of PL.
Also, some studies have hinted at a potential genotoxic effect of PL (197) since ROS
induced by PL could result in DNA damage, despite lack of obvious clinical
complications in mice treated with 2.4 mg/kg b.w. of PL for 6 days (201). Nevertheless,
low bioavailability, minor toxicity, and the hydrophobic nature of PL makes it desirable

for development of novel drug delivery systems.

1.6.2 Piperine (PIP)

PIP is the principle active component and major alkaloid extracted from black pepper
(Piper nigrum) and long pepper (209, 210) plants. PIP exhibits a broad range of
pharmacological activity, including anti-inflammatory (211-213), cardio-protective
(214), neuroprotective (215), chemoprevention and anti-cancer (216-218), as well as
anti-oxidant properties (219). PIP is also well known for enhancing the bioavailability of
other phytochemicals, such as curcumin (220), and as a treatment option for vitiligo
(221), a condition caused by T lymphocyte-mediated destruction of skin melanocytes.

The chemopreventative effects of PIP have been studied in a variety of
carcinogenesis models. In vivo studies show that oral administration of PIP (50 mg/kg
b.w.), prior to and during exposure to the carcinogen dimethyl benza[a]anthracene,
prevents the development of skin tumors in mice and hamsters (222, 223). PIP also
mitigates the toxicity associated with other carcinogens such as cadmium (224). The
mechanism of PIP chemoprevention is mainly through ROS scavenging (223, 224), and
inhibition of NF-kB signaling (213, 225).

PIP exhibits dose-dependent anti-proliferative and cytotoxic effects on a variety of
human cancer cell lines, albeit PIP is less potent than PL. PIP induces cell-cycle arrest
through modulation of cell cycle proteins such inhibition of cdk1 phosphorylation and
activation, as well as downregulation of cyclin B1 in U20S human osteosarcoma cells
(226). Activation of caspases, decreased levels of anti-apoptotic Bcl-2, and increased

expression of Bax are seen in PIP-treated A549 lung cancer cells (227). Non-cytotoxic
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doses of PIP show growth inhibitory effect by increasing the expression of p21, and
decreasing cell-cycle dependent cyclin proteins in prostate (228) and TNBC breast cancer
cells (218). At higher doses (>100 uM), however, PIP triggers caspase-dependent
apoptosis in TNBC cells and ER-positive breast cancer cells, while leaving normal cells
like HMECs unaffected, even at 150 uM (218). A recent study by Greenshields and
colleagues (2015) shows that three intra-tumoral injection of PIP (0.2 mg/kg b.w.)
significantly suppresses TNBC growth in a xenografted mouse model of breast cancer
(218). PIP also boosts the cytotoxic effects of conventional therapies such as 5-
fluorouracil, paclitaxel, and ionizing radiation on cancer cells (218, 229, 230).

The anti-metastatic properties of PIP have also been studied to some extent. Low
doses of PIP decrease the expression of MMPs in fibrosarcoma, mouse mammary
carcinoma, and TNBC cells (218,231-233). As a result, a decrease in tumor cell invasion
and migration is seen following PIP treatment (218, 233). In endothelial cells, PIP-
mediated inhibition of PI3K/Akt and NF-«B signaling is believed to be responsible for
the loss of MMP expression (231, 234). Interestingly, 100 pM of PIP reduces endothelial
cells proliferation and migration, suggesting a possible inhibitory mechanism of PIP on
angiogenesis (234). In vivo studies also show that PIP (5 mg/kg b.w.) interferes with the
lung metastasis of 4T1 mouse mammary carcinoma cells to the lungs (233). The
inhibitory effects of PIP on mammosphere-forming ability of breast cancer cells have
also been shown in vitro (218, 235). These findings show that PIP may be effective in
cancer therapy.

Similar to PL, the lipophilic nature of PIP also produces solubility challenges in
pre-clinical and clinical studies. PIP is also processed by liver to various metabolites,
which are mainly extracted by the kidney (236). PIP exhibits a plasma concentration half-
life of 8.5 hours (237). Although PIP is well tolerated in animal studies, high doses of PIP
can lead to hemorrhagic necrosis, gastrointestinal complications, and reproductive
toxicity (210). However, nanoparticle-based drug delivery has shown great potential in
improving the bioavailability and efficacy of candidate drugs, while reducing drug
toxicity and increasing tumor selectivity (238). In fact, encapsulation of PIP into

liposomes has improved the pharmacokinetic parameters of the phytochemical (237).
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1.7 Nanoparticles (NPs)

Today, patients receiving high dose chemotherapy face severe side effects due to drug
toxicities and inefficient delivery to the tumor. The application of nanomedicine in cancer
therapy shows great promise in improving the potency and efficacy of existing anti-
cancer compounds, while providing opportunities for targeted delivery. Nanomedicine
may include the use of viral vectors, drug conjugates, organic NPs, and inorganic NPs
(239). Organic NPs can be synthesized from lipids (i.e. liposomes), natural polymers (e.g.
albumin), and synthetic polymers (e.g. polylactide), while inorganic NPs are often made
with metals or silica (239). Encapsulation of hydrophobic anti-cancer drugs into NPs
improves their solubility and in vivo stability (238-240). NPs can also improve the
circulation time of drugs in blood. Surface modification of NPs with hydrophilic
poly(ethylene glycol) (PEG) not only improves NP solubility but also prevents rapid
opsonization by serum proteins and elimination by phagocytic cells of spleen and liver
(241-243). However, one of the most convincing arguments for the use of NPs in cancer
therapy is the potential for selective delivery of anti-cancer compounds to the tumor
microenvironment. This phenomenon can be achieved by taking advantage of the distinct
physiology of tumor vasculature (passive targeting) or coating NPs with ligands that bind
to receptors found on tumor cells (active targeting) (238, 239).

During passive targeting, the leaky vasculature and impaired lymphatic drainage of
tumors allows for the accumulation of NPs at the tumor site rather than in normal tissues
(238, 239). Indeed, the distance between endothelial cells in tumor vasculature is ~380-
780 nm and can reach up to 1 um in diameter (244), while the vasculature of normal
tissue is only permeable to molecules smaller than 11.5 nm (245). This is also known as
the enhanced permeability and retention effect (238, 239). NPs with average size range of
40-100 nm therefore preferentially concentrate in the tumor microenvironment and are
also protected from retention in or rapid clearance by liver, spleen, and kidneys (246).
Smaller particles (<~5) are more likely to undergo renal clearance (247), and larger
particles (> 200 nm) are more prone to opsonization and retention in liver/spleen (248).
Doxil® and Caelyx®™ are PEGylated liposomal doxorubicin and first generation FDA-
approved NPs used for drug delivery based on passive targeting (239, 249). Active

targeting relies on the interaction between ligands on NPs and receptors found
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specifically on tumor cells, in order to minimize binding to healthy cells (239).
Doxorubicin-immunoliposomes designed to target EGFR have been tested in clinical
trials for advanced solid tumors (250), and are now under investigation for EGFR-
positive TNBC patients (clinicaltrial.gov; NCT02833766).

However, the type of NP also determines its effectiveness in therapeutic delivery.
Liposomes, which can be made from phospholipids and cholesterol, exhibit high cellular
affinity and biodegradability, while lacking any immunogenicity. However, liposomes
are associated with low encapsulation efficiency, limited control on drug release, and
difficulty with storage and mass production (238, 251). Meanwhile, synthetic polymer
and co-polymers are biodegradable FDA-approved alternatives with a higher chemical
versatility, and a more sustained drug release (240, 251). Synthetic polymers such as
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-co-glycolic) acid (PLGA),
and poly(e-caprolactone) (PCL) are among the most studied compounds used for
polymeric NPs. The use of PEGylated synthetic polymers in the delivery of docetaxel
(BIND-014), cisplatin (Nanoplatin), paclitaxel (NK-105), doxorubicin (NK-911) has been
reported at various phases of clinical trials against a broad range of human malignancies

®

(239). Nab-paclitaxel, also known as Abraxane ", are paclitaxel-bound albumin NPs

approved for treatment of breast cancer, pancreatic cancer, and non-small cell lung
cancer, which not only improved the response rate of patients, but also eliminated the
allergy-based side effects of solvent-based paclitaxel (239, 252). These results illustrate

the great potential of NPs in delivery of cancer therapeutics.

1.7.1 NP Delivery of Phytochemicals for Cancer Therapy

The lack of therapeutic use of many phytochemicals with promising anti-cancer
properties is due to their metabolism, absorption, distribution, and excretion of these
compounds in human body. Given that NPs show great potential in improving the
pharmacokinetics and pharmacodynamics of different anti-cancer drugs, several studies
sought to investigate the anti-cancer effects of phytochemicals using NPs as a drug
delivery approach. As mentioned earlier, curcumin shows great anti-cancer potential
(186, 187); however, its hydrophobic nature results in limited bioavailability as well as

rapid metabolism and elimination (253, 254). A recent study by Khalil and colleagues
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(2013) shows that encapsulation of curcumin in PEG-PLGA NPs significantly improves
the plasma concentration and half-life of this compound, following oral administration
(50 mg/kg b.w.) in rats (243). Encapsulation of curcumin into magnetic NPs also shows
improved bioavailability and anti-cancer effects in pancreatic tumor-bearing mice (255).
PEG-PLA NPs containing luteolin, a flavonoid found in green vegetables (e.g.
broccoli and cabbage) with well-established anti-cancer properties but poor
pharmacokinetics, exhibit significant tumor growth inhibitory effects in vivo compared to
free luteolin (256). Encapsulation of other anti-cancer compounds such as paclitaxel,
fisetin, and oridonin into synthetic polymers has also been investigated (257-259);
however, only a few studies have reported on the encapsulate PIP or PL into NPs.
Veerareddy and Vobalaboina (2007) show improved plasma half-life and tissue
distribution of PIP using PEGylated liposomes (237), while encapsulation of PL into
methoxy (m) PEG-PCL NPs prevents endothelial cell migration and tubule formation in

vitro, as well as subcutaneous tumor growth in vivo (260).

1.8 Rationale and Objectives

The objectives of this study were to optimize a feasible method for the preparation of
PIP- and PL-NPs, and to investigate the mechanism by which PIP- and PL-NPs inhibit
the metastatic potential of TNBC cells. Treatment options for TNBC patients are invasive
with undesirable toxicities, and fail to prevent EMT-induced metastatic relapse of the
disease. Therefore, alternative therapeutics are urgently needed to improve the clinical
outcome of TNBC patients. Phytochemicals show great potential in targeting cancer
associated signaling pathways and epigenetic machinery involved in cancer cell
proliferation, survival, and invasion. Pepper derived phytochemicals, PIP and PL, show
impressive anti-cancer effects in vitro and in vivo. However, their anti-metastatic
potential, especially that of PL, is still not yet fully elucidated. The focus of this
investigation is on the anti-metastatic potential of PIP and PL in the context of cell
migration, invasion, and EMT/epigenetic regulation of TNBC cells. This study was also
set to improve the solubility of these phytochemicals and provide opportunity for targeted
delivery in vivo, by encapsulating PIP and PL into NPs made from mPEG-PLGA

polymer.
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Table 1.1 Molecular profiling of breast cancer cells

Molecular Gene expression
Current treatment Prevalence Prognosis
subtypes profiling
HT (Tamoxifen,
Luminal A ER+ and PR+ Anastrozole) 50 -60% Excellent
Chemotherapy
ER+/- and PR+/-  HT +Anti-HER2
Luminal B 10-20%  Intermediate
HER2-/+ Chemotherapy
Anti-HER2
HER2-
‘ HER2+ and ER- (Trastuzumab) 15-20% Poor
enriched
Chemotherapy
Basal-like TNBC Chemotherapy 10-20% Worst
Claudin-low TNBC Chemotherapy 12-14% Poor-Worst
Normal-like TNBC Chemotherapy 5-10% Intermediate

* HT: Hormonal therapy
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Figure 1.1 Illustration of the main signaling pathways that lead to the induction of
EMT.

TGF-B, Wnt, Hedgehog, TNF-a, RTK-PI3K/Akt and Notch are the main embryonic
signaling events that lead to the activation of EMT in primary cancer cells. These
pathways result in the activation of downstream signaling molecules that promote the
expression of EMT-TFs. EMT-TFs such as Snail, Slug, Twist1/2, and ZEB1/2
downregulate the expression of epithelial markers, and promote the expression of
mesenchymal and stemness makers, which results in cancer progression and metastasis.
NDRGT, an inhibitor of TGF-f3 and Wnt pathways, along with miR-200 family, which
inhibit EMT-TFs, serve as potential targets for the inhibition of EMT.
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Figure 1.2 Piperlongumine (PL) and Piperine (PIP) chemical structures.

(A) PL: 5,6- dihydro-1-[(2E)-1-0x0-3-(3,4,5-trimethxyphenyl)-2-propenyl]-2(1H)-
pyridinone; (B) PIP: 1-[5-(1,3-Benzodioxol-5-yl)-1-0x0-2,4-pentadienyl] piperidine.

34



(A)

(B)

Figure 1.2

35



CHAPTER 2

MATERIALS AND METHODS

2.1 Chemicals and Reagents

PIP, dimethyl sulfoxide (DMSO), dichloromethane (DCM), Lutrol® F68, MTT (3-(4,5-
demethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), B-mercaptoethanol, phosphate
buffered saline (PBS), phenylmethylsulfonyl fluoride (PMSF), Triton X-100, bovine
serum albumin (BSA), sodium acetate, sodium deoxycholate, aprotinin, leupeptin,
sodium fluoride (NaF), pepstatin A, dithiothreitol (DTT), phenylarsine oxide (PAO),
phosphatase substrate, gelatin, insulin, hydrocortisone, and mitomycin C were all
purchased from Sigma-Aldrich (Oakville, ON). Trypan blue dye solution, L-glutamine,
10,000 units/mL penicillin/ 10,000 pg/mL streptomycin solution, 1M N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) buffer solution, fetal bovine
serum (FBS), horse serum, B27 serum-free supplement, 0.25% trypsin-EDTA or
TrypLE™ Express, Lipofectamine® 2000, carbenicillin (disodium salt), propidium iodide
(PI), Dulbecco’s Modified Eagle Medium (DMEM), DMEM/F-12 medium, Opti-
MEM™ medium, F-12 medium, and appropriate supplements were all purchased from
Invitrogen Canada Inc. (Burlington, ON). Methoxy poly (ethylene glycol)-b-poly (D,L)
lactic-co-glycolic acid (mPEG-PLGA; 5,000-10,000 Da) was purchased from Akina Inc.
(West Lafayette, IN). Sodium hydroxide (NaOH), and hydrochloric acid (HCI) were
purchased from Fisher Scientific (Ottawa, ON). Ethylene diamine tetraacetic acid
(EDTA) was purchased from EM 46 Industries Inc. (Hawthorne, NY). Annexin-V-
FLUOS was purchased from Roche Diagnostics (Laval, QC). Sodium chloride (NaCl),
acrylamide/bis-acrylamide (29:1, 30% solution), ammonium persulfate (APS), sodium
dodecyl sulfate (SDS), Tris-base, Tween-20, tetramethylethelyenediamide (TEMED),
glycine, agarose, ethylene glycol tetraacetic acid (EGTA), and sucrose were purchased
from BioShop Canada Inc. (Burlington, ON). Bio-Rad protein assay dye reagent

concentrate and SsoFast EvaGreen™ Supermix®

were purchased from Bio-Rad
(Hercules, CA). Human TGF-B-1 (derived from HEC 293 cells), bFGF, and epidermal

growth factor (EGF) were purchased from PeproTech (Dollard des Ormeaux, QC). PL,
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Luminata™ Forte Western horseradish peroxidase (HRP) substrate, fibronectin, ARP 100
(selective MMP-2 inhibitor), sodium orthovanadate (Na;VO,), and calcium chloride
(CaCl,) were all purchased from EMD Millipore (Etobicoke, ON).

DMSO was the primary vehicle for both PIP and PL. PIP and PL stocks were made
up at 150 mM and 20 mM in DMSO, respectively, and stored at -80 “C until use.

2.2 Antibodies

Anti-human ZEB1, B-catenin, Slug, Pan-cadherin, NDRG1, phospho (P)-Smad-2, Smad-
3, Vimentin, DYKDDDK (Flag)-tag, Myc-tag, HDAC-1, HDAC-4, HDAC-6, and
DNMT-1 immunoglobulin G (IgG) rabbit monoclonal antibodies (Abs), as well as
HDAC-2 and HDAC-3 IgG mouse monoclonal Abs were all purchased from Cell
Signaling Technology Inc. (Beverly, MA). Goat anti-mouse and donkey anti-rabbit HRP-
conjugated secondary Abs were purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). B-actin IgG rabbit monoclonal Ab (HRP conjugate) was purchased from Cell
Signaling Technology Inc. (Beverly, MA). All Abs were made in 5% w/v fat-free milk
or 5% w/v BSA, in TTBS (20 mM Tris-HCI [pH 7.6], 200 mM NaCl, 0.05% Tween-20).

2.3 Cell Lines and Culture Conditions

MDA-MB-231 human breast adenocarcinoma cells were kindly provided by Dr. S.
Drover (Memorial University of Newfoundland, St. John’s, NL). MDA-MB-468 human
breast adenocarcinoma cells were a generous gift from Dr. P. Lee (Dalhousie University,
Halifax, NS). BT-549 human breast ductal carcinoma cells and MCF-10A immortalized
human mammary epithelial cells were generously provided by Dr. P. Marcato (Dalhousie
University, Halifax, NS). MCF-7 human breast carcinoma cells were generously provided
by Dr. K. Goralski (Dalhousie University, Halifax, NS). Normal HDF cells were
purchased from Lonza Inc. (Walkersville, MD). All breast cancer cell lines were
authenticated by the American Type Culture Collection (ATCC) using the short tandem
repeat method prior to use.

Breast cancer cell lines MDA-MB-231, MDA-MB-468, BT-549, MCF-7, as well as
HDFs were cultured in DMEM that was supplemented with 10% heat-inactivated FBS,
100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM of L-glutamine, and 5 mM of
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HEPES; henceforth, known as complete DMEM (cDMEM). Serum free (stf) DMEM
lacked FBS. These cells were propagated as required in T-75 mm? tissue culture flasks
using 0.25% trypsin-EDTA and cDMEM, and maintained at 37 °C in a humidified 10%
CO; incubator during culture and treatment periods.

MCF-10A cells were cultured in DMEM/F-12 medium supplemented with 10%
horse serum, 100 U/mL penicillin, 100 ug/mL streptomycin, 20 ng/mL EGF, 0.5 mg/mL
hydrocortisone, and 10 pg/mL insulin, referred to as cDMEM/F-12. MCF-10A were also
propagated in T-75 mm?” tissue culture flask maintained at maintained at 37 °C in a
humidified 5% CO; incubator during culture; but transferred to cDMEM and maintained

at 37 °C and humidified 10% CO; incubator during treatment periods.

2.4 Formulation of NPs

2.4.1 Single Emulsion Solvent Extraction

A modified Fessi method (261) was employed for the formulation of these NPs. In brief,
the organic phase was made by dissolving 8.5 mg PIP or 5 mg PL, and 100 mg mPEG-
PLGA in 10 mL DCM. The aqueous phase consisted of 150 mL distilled water (dH,O)
and 0.1% Lutrol® F68 used as a surfactant to stabilize the emulsion droplets. The organic
phase was added drop-wise to the aqueous phase under magnetic stirring at high speed
for 2 hours. The emulsion was heated to ~40 °C under vacuum to remove DCM by
evaporation, using a rotary evaporator (Biichi, Switzerland). The solution was then
ultracentrifuged at 27,000 rcf for 15 minutes to remove any residual DCM or
unencapsulated drugs. Finally, the NP pellet was dissolved in 10 mL dH,O containing 5%

sucrose as a cryoprotectant, flash-frozen, and lyophilized into NP powder.

2.4.2 Thin-Film Hydration

As previously described by Lim Soo et al. (2006) (262), the drug (PIP or PL) and the
copolymer (mMPEG-PLGA) were co-dissolved with a ratio of 1:9 in 5 mL of DCM and
transferred to a 250 mL round-bottom flask. The mixture was evaporated under vacuum
using a rotary evaporator (Biichi, Switzerland) at 60 °C. The co-evaporation of the
phytochemical and the polymer was obtained as a homogenous mixture in a form of a

thin film coating the inner surface of the flask. The thin-film material was re-dissolved in
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5 mL normal saline (0.9% NaCl) and stirred at 60 °C to allow the self-assembly on
polymers into micro- and nano-sized micelles with PIP or PL encapsulated inside. The
mixture was placed in dialysis membrane with 14 kDa cut-off (Viskase, USA) against
0.9% NaCl buffer at room temperature, to remove any encapsulated phytochemical.
Buffer solution was replaced at 30 minute, 2 hour, and 4 hour intervals, to further
facilitate the removal of free PIP or PL. The sample was then flash-frozen in liquid
nitrogen and ultimately lyophilized into NP powder. Prior to use, these NPs were
reconstituted in sterile water at a desired concentration, and sonicated with an ultrasonic
probe at S0W output (40% of 125 W Q125 sonicator, QSonica, USA), for 5 minutes, to
obtain a desired size of particles and further improve the entrapment of PIP or PL into
NPs.

In both methods, NPs were dissolved in sterile water at the desired concentration
and filter sterilized using a 0.20 um syringe filter (Sarstedt, Germany) prior to use, to
remove polymer aggregates and crystal particles of free drugs. NP powder was stored at
room temperature; however, reconstituted samples were stored at -80°C. Empty NPs were
prepared and handled according to the same procedures except that PIP or PL were not

added.

2.5 Characterization of NPs

2.5.1 Transmission Electron Microscopy (TEM)

NPs were dissolved in sterile water, and a drop of the solution was places on a
Formvar/Carbon-coated grid and allowed to settle for 15 minutes. Then, the drop was
gently removed with a stream of dH,0, and the grid was stained with a drop of 0.2 %
uranyl acetate for 30 seconds. Following staining, the grid was left to dry and then
examined using a JEOL JEM 1230 Transmission Electron Microscope (JEOL, Japan).
The images were captured using a Hamamatsu ORCA-HR digital camera (Hamamatsu,
Japan). Particle size was measured using AMT Image Capture Engine (version 602, AMT
Crop. USA), and the measurements of 90 randomly selected NPs were used to report an

average NP size.
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2.5.2 Encapsulation Efficiency

The drug encapsulation efficiency of nanoparticles was determined using the
spectrophotometric technique. Initially PIP or PL were dissolved in DMSO at the
concentration ranges of 10-80 pg/mL, and the absorbance was measured at 346 nm using
an UVM 340 microplate reader (Biochrom, AYSY, Cambridge, UK), to generate a
standard curve. Then, the same method was used to measure the absorbance of PIP- or
PL-NP solution (5mg/mL in DMSO). To correct for the absorbance of the NP polymer,
the absorbance of empty NPs was subtracted from that of PIP- or PL-NPs. Finally, the
equation of the standard curve was used to determine the amount of PIP or PL in 5 mg
NP sample and ultimately in the entire NP sample. The encapsulation efficiency was
measured by comparing the amount of PIP or PL measured in NPs with their initial
amount used for NP preparation, according to Equation 2.1. The encapsulation efficiency
of every batch of PIP- or PL-NPs prepared in this study was determined according to the

method described above.

Equation 2.1 Estimating the encapsulation efficiency of NPs

Actual amount of drug
Theoretheical amount of drug

Encapsulation efficiency = x 100

2.6 Cell Viability Assay

2.6.1 MTT Assay

Cellular growth and viability was measured by assessing the mitochondrial succinate
dehydrogenase activity using a modified MTT assay. Actively respiring cells convert
water-soluble MTT substrate into lipid-soluble formazan crystals, which are then
dissolved in DMSO and measured by spectrophotometric technique as a suitable indicator
of cellular metabolic activity or the number of living cells (263). In brief, cells were
seeded in quadruplicate wells of a 96-well plate at a concentration of 5 x 10° cells/ well in
100 uL cDMEM and incubated overnight. Following cell attachment, cells were treated
with free PL (dissolved in DMSO) and PL-NP (2.5-10 uM), free PIP (dissolved in
DMSO) and PIP-NP (50-150 pM), medium, vehicle (DMSO), or empty NP controls and
cultured for 48 hours. Following culture, 20 uLL MTT solution (5 mg/mL of yellow

tetrazolium salt in PBS) was added to each well. Plates were then incubated for additional
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2 hours. Next, the plate was centrifuged at 1,400 rcf for 5 minutes, the medium was
removed, and formazan crystals were solubilized in 100 uL. DMSO, generating a purple
color. The plate was shaken for 3 minutes at 600 rpm on a microplate Genie (Montreal
Biotech Inc., Montreal, QC). Finally, the optical density of each well was measured at
570 nm using an Expert 96 microplate reader (Biochrom ASYS, Cambridge, UK).
Absorbance values from each biological replicate were averaged and normalized relative

to medium control.

2.6.2 Apoptosis Assay

To determine the cytotoxic potential of PIP and PL on breast cancer cells we used flow
cytometric analysis of Annexin-V-FLUOS/PI stained cells. The assay is based on the
premise that Annexin-V is a Ca>*-dependent protein with high affinity for
phosphatidylserine, which is exclusively found in the inner leaflet of plasma membrane
(35). However, during apoptosis, phosphatidylserine is transferred to the other leaflet in
almost all cells regardless of the trigger of apoptosis (35). This allows detection of
apoptotic cells using Annexin-V conjugated with a fluorophore like fluorescein
isothiocyanate (FITC). Pl is a red fluorescent DNA intercalating agent that is excluded by
live cells and apoptotic cells due to their intact membrane, however PI can stain necrotic
cells (35). Therefore, the combination of Annexin-V-FLUOS/PI can be used with flow
cytometry to distinguish between apoptotic and necrotic cells.

MDA-MB-468 breast cancer cells and HDF cells were seeded in 6-well plates at
density of 5 x 10* cells/well and allowed to adhere overnight. The following day, cells
were treated with 150 uM of free PIP or PIP-NP or 10 uM of free PL or PL-NP along
with DMSO and empty NP controls. Following 48 hours of treatment, cells were
harvested using TrypLE Express™, combined with non-adherent cells, centrifuged at 500
rcf for 5 minutes, and washed in 1 mL of 1X PBS. The supernatant was discarded and the
cells were resuspended in 50 pL of Annexin-V-FLUOS/PI buffer (5 mM CaCl,, 10mM
HEPES, 40 mM NaCl, 2% Annexin-V-FLUOS, and 1ug/mL PI). Samples were
incubated at room temperature for 15 minutes, then combined with 450 uM of Annexin-
V-FLUOS/PI buffer (without the Annexin-V-FLUOS/PI) and analyzed with BD
FACSCalibur™ flow cytometer (BD Biosciences, Mississauga, ON).
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To compensate for overlapping of the emission spectra of Annexin-V-FLUOS and
PI, unstained cells, Annexin-V-FLUOS single-stained cells, and PI single stained cells
were used as proper controls. The flow cytometry data was acquired as total of 1 x 10*
counts per sample with a BD CellQuest™ software (version 3.3, BD Biosciences,
Mississauga, ON) and analyzed using FCS Express software (version 3.0, De Novo

software, Thornhill, ON).

2.7 Spheroid Culture and Acid Phosphatase Assay

To investigate the effects of free PL and PL-NP on the growth of mammary epithelial
cancer cells in suspension culture, which is a better representation of the clinical cancer
outgrowth in situ, we used the mammosphere assay. In brief, MCF-7 human breast
carcinoma cells were seeded at a density of 3 x 107 cells/well in ultra-low attachment 6-
well Costar® plates (Corning Inc, Tewksbury, MA), and cultured in mammosphere
medium (F-12 medium supplemented with 20 ng/mL bFGF, 20 ng/mL EGF, 100 U/mL
penicillin, 100 pg/mL streptomycin and 1X B27 serum free supplement) at 37 °C in a
humidified 10% CO; atmosphere. The spheroids were allowed to develop for 7 days prior
to use and were fed with mammosphere medium every 72 hours. Following the
mammosphere development period, the medium was removed and the spheroids were
resuspended in mammosphere medium containing 10 uM free PL or PL-NP, as well as
proper medium and vehicle (DMSO and empty NP) controls, and cultured for 72 hours.
Following 72 hours of incubation, spheroids were photographed at 20X magnification
using a Nikon® Digital Sight camera (Nikon Canada Inc., Mississauga, ON), and the cell
viability was measured using a modified acid phosphatase assay.

Quantification of cytoplasmic acid phosphatase activity was employed to assess
cellular viability of free PL or PL-NP treated mammospheres. The assay is based on the
premise that p-nitrophenyl phosphate is hydrolyzed by cytosolic acid phosphatases of
viable cells into p-nitrophenol, whose absorbance at 405 nm is directly proportional to its
concentration, and therefore the cell number (264). Following the 72 hours of treatment
period, spheroids were transferred into 5 mL Falcon™ round-bottom polystyrene tubes
(Corning Inc, Tewksbury, MA), centrifuged at 500 rcf for 5 minutes, and the supernatant
was discarded. The samples were washed with 1 mL of 1X PBS, then resuspended in 500
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uL of 1X PBS and 500 puL assay buffer (0.1 M sodium acetate pH 5.5, 1 pL/mL Triton
X-100, and 4 mg/mL phosphatase substrate). Samples were incubated for 90 minutes at

37 °C with humidified 10% CO, atmosphere. Finally, 50 uL of 1N NaOH was added to

each sample, the mixture was transferred to quadruplicate wells of a 96-well clear flat-
bottom tissue culture plate, and the optical density was measured at 405 nm using an
Expert 96 microplate reader (Biochrom ASYS, Cambridge, UK). Absorbance values

from each biological replicate were averaged and normalized relative to medium control.

2.8 Trans-well Invasion Assay

MDA-MB-231 cells were initially cultured in T-75 mm? flasks at density of 5 x 10
cells/flask, for overnight to allow cells to adhere to the plate. The following day, cells
were treated with 2.5 pM of free PL and PL-NP, along with the DMSO and empty NP
controls, using cDMEM for the first 36 hours, and sSfDMEM during the last 12 hours of
the treatment period. For experiments with ARP 100 (selective MMP-2 inhibitor), cells
were treated with DMSO control or 12 nM — 20 uM of ARP 100 for 36 hours in cDMEM
and 12 hours in sSfDMEM. Cultures were incubated at 37 °C in humidified 10% CO,

atmosphere for the duration of the treatment. Following the treatment period, cells were
harvested using TrypLE Express™, washed and resuspended in 1 mL of appropriate
treatment in sSfDMEM prior to counting.

The bottom chamber of a 48-well Micro Chemotaxis apparatus (Neuro Probe Inc.,
Gaithersburg, MD) was filled with 26 pL/well of cDMEM or sfDMEM. Next, a
polycarbonate membrane with 8§ um pore size (Neuro Probe Inc., Gaithersburg, MD)
either uncoated or coated with fibronectin (0.05% w/v) or gelatin (0.01% w/v) on one
side for at least 12 hours, was placed on the bottom chamber covering both cDMEM and
sfDMEM wells. The top chamber of the apparatus was then placed on the membrane, and
50 uL of 1x 10° cells/mL in treatment sSfDMEM was loaded on each well of the top
chamber that is positioned exactly above the corresponding well on the bottom chamber.
Therefore, cells in each treatment were seeded above both cDMEM and sfDMEM.
Ultimately, during chemotaxis, cells above the cDMEM side must cross the coated or
uncoated membrane to reach cDMEM, and the migration of cells above the sSfDMEM

side would be used as background migration value that is subtracted from the migration
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value on the cDMEM side. The chemotaxis chamber was incubated at 37 “C humidified
10% CO, atmosphere for 22 hours. The chambers were then disassembled and the cells
on the upper surface of the membrane were removed with a plastic swab, while the cells
that passed through the membrane were stained with Diff-Quick™ staining kit (Siemens
Inc., Newark, DE) according to manufacturer’s protocol. These migrated cells were then
photographed with a Nikon® Digital Sight camera (Nikon Canada Inc., Mississauga, ON)
counted using ImagelJ software (version 1.47, National Institute of Health, Bethesda,
MD). Percentages of migrating cells from each biological replicate were averaged and

normalized relative to DMSO control.

2.9 Gap-closure Assay

MDA-MB-231 cells were seeded at 10,000 cells/100 uL. cDMEM in each well of the
Ibidi® 2-well culture inserts (Ibidi, Fitchburg, WI) in a 6-well plate. After 24 hours of
culture, medium was removed and the cells were treated with 100 uL of 10 pg/mL
mitomycin C in cDMEM for 2 hours to terminate cell proliferation. Following mitomycin
C treatments, cells were allowed to recover in cDMEM for 12 hours, and then treated
with 50 uM of free PIP or PIP-NP, or 2.5 uM of free PL or PL-NP, along with medium
and vehicle (DMSO and empty NP) controls in cDMEM, for 24 hours. At the end of the
treatment period, culture inserts were removed, cells were washed with PBS, and
cDMEM containing treatments were added to the cells. Cells were left in the 10% CO;
incubator with 37 ‘C humidified atmosphere. Images of the cell migration were captured
at 0 and 18 hours following insert removal, using a Nikon® Digital Sight camera (Nikon

Canada Inc., Mississauga, ON).

2.10 Protein Isolation

Breast cancer cell lines, MDA-MB-231 and BT-549, as well as human breast epithelial
cells, MCF-10A were seeded in T-75 mm? flask (5 x 10° cells/10 mL of cDMEM or
cDMEM/F-12) and incubated overnight. Cells were then treated with 2.5 - 5 uM of free
PL or PL-NP with appropriate controls (DMSO and empty NP) in 10 mL of cDMEM, for
48 - 72 hours. For experiments involving TGF-, MCF-10A cells were treated with 2.5
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uM of PL or DMSO for 24 hours, then treated with 5 ng/mL of TGF- in the presence or
absence of PL, as well as DMSO and free PL controls, for additional 48 hours.
Following treatment period, breast cancer cells were harvested using TrypLE

Express™, centrifuged at 500 rcf for 5 minutes at 4 °C, and washed with cold 1X PBS.

The total protein was extracted with 50 puL of cold lysis buffer (0.1% v/v NP-40, 0.25%
w/v sodium deoxycholate, 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM EDTA, 5
mM EGTA pH 7.5 with a mixture of phosphatase and protease inhibitors like 1 mM
PMSF, 5 pg/mL leupeptin, 5 pg/mL pepstatin, 10 pg/mL apotinin, 100 pM NazVOs, 1
mM DTT, 10 mM NaF, and 10 uM PAO), for 15 minutes on ice. Debris was removed by
centrifugation (14,000 rcf, 10 minutes, 4 °C). The supernatant containing cellular proteins

was collected and stored at -80 “C for a maximum of 4 days prior to protein

quantification.

2.11 Protein Quantification

A colorimetric Bradford assay was used to quantify and equalize the total protein
concentration in each sample using the Bio-Rad protein assay dye reagent concentrate. In
brief, 5 uL of each sample was dissolved in 1 mL of diluted Bio-Rad protein assay dye
(1:5 with dH,O). BSA was treated the same way to generate a protein standard curve with
concentrations ranging from 0.5 pg/mL — 16 pg/mL. The diluted standards and samples
were plated in quadruplicate wells onto a 96-well flat bottom plate, and the absorbance of
plate was measured at 570 nm using an Expert 96 microplate reader (Biochrom ASYS,
Cambridge, UK). Using the standard curve, the concentration of proteins in each sample
was calculated, and the lysis buffer was used to dilute all samples to a same concentration
and volume. Finally, samples were further diluted with SDS-PAGE buffer (40 uL sample
with 20 pL of 3X SDS-PAGE buffer; 6% w/v SDS, 30% v/v glycerol, 15% v/v B-
mercaptoethanol, 0.01% v/v bromophenol blue, and 200 mM Tris-HCI [pH 6.8]), then
heated to 95 °C for 5 minutes to denature the proteins. Samples were stored at -80 °C,

prior to use.
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2.12 Western Blotting

Protein samples (30 pg) were run on a 10% SDS-Polyacrylamide gel electrophoresis
(10% acrylamide, 0.1% w/v SDS, 375 mM Tris-HCI [pH 8.8], 0.15% v/v TEMED, and
0.1% w/v APS) with a 4% stacking gel (4% acrylamide, 0.1% w/v SDS, 125 mM Tris-
HCI [pH 6.8], 0.15% v/v TEMED, and 0.1 % APS) at 200 volts for 1 hour.
Electrophoresis was performed in the presence of SDS running buffer (0.1% w/v SDS,
200 mM glycine, and 200 mM Tris-HCI [pH 8.3]). Following electrophoresis, proteins
were transferred to a nitrocellulose membrane using an iBlot™ dry transfer system
(Invitrogen, Burlington, ON) for 6.5 minutes according to manufacturer’s protocol.
Membranes were blocked with 5% fat-free milk in Tween-20 Tris-buffered saline
(TTBS) (20 mM Tris-HCI [pH 6.8], 200 mM NaCl, and 0.05% v/v Tween-20) for 1 hour
at room temperature. Primary Abs were used to probe for specific proteins overnight at 4
°C. The following day, membranes were washed for 30 minutes with TTBS (changing
wash every 5 minutes), and then incubated with HRP-conjugated secondary Ab for 2
hours at room temperature, followed by 30 minutes of washing with TTBS. After the
final wash, Luminata™ Forte Western HRP substrate was added to the membrane and
incubated at room temperature for 1 minute. The blots were then exposed to X-ray film
(Sci-Med Inc., Truro, NS.) in a dark room, and developed using Kodak X-OMAT 1000A
automated X-ray developer. To account for variations in protein loading, membranes
were later probed for B-actin.

The intensities of protein bands were quantified by densitometry using ImageJ
software (version 1.47, National Institute of Health, Bethesda, MD). The intensities of
proteins band were divided by the intensity of B-actin band for the corresponding
treatment. The actin normalized intensities were further normalized to the medium
control for each replicate. Protein blots for BT-549 and MCF-10A cell lines were
developed using ChemiDoc Imaging System (Bio-Rad, Hercules, CA), and the intensities
of protein bands were quantified using Image Lab software (version 5.2, Bio-Rad,

Hercules, CA).
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2.13 RNA Isolation and Quality Control

MDA-MB-231 and BT-549 breast cancer cell lines, as well as MCF-10A human breast
epithelial cells, were seeded in T-75 mm? flask (5 x 10° cells/10 mL of cDMEM or
cDMEM/F-12) and incubated overnight. The following day, cells were treated with the
indicated concentrations of free PL or PL-NPs, as well as the vehicle controls (DMSO
and empty NP). The treatment period was set for 48 or 72 hours and the treatment was
changed every 24 hours. Experiments with MCF-10A epithelial cells and TGF- were
performed as described in section 2.10. Following the treatment period, cells were
harvested using TrypLE Express™, centrifuged at 500 rcf for 5 minutes, and the
supernatant was discarded. Cellular mRNA was isolated using RNeasy Mini kit (Qiagen,
Valenica, CA) according to manufacturer’s instructions. To measure the quantity and
quality of our RNA, 5 puL of each sample was applied to the Nanovue Plus Spectrometer
(GE Healthcare Life Sciences, Piscataway Township, NJ). RNA concentration was used
for measurements in cDNA preparation as described in section 2.14. An optical density
268/280 ratio within the range of 1.8-2.0 was considered good quality RNA that is devoid

of protein and phenol contamination.

2.14 cDNA Synthesis

Approximately 500 ng of RNA, in a final volume of 10 uL, was reverse transcribed to
cDNA using iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA), according to
manufacturer’s protocol. The reaction was incubated in a Bio-Rad T100™ Thermocycler

with the following steps: 5 minutes at 25 °C, 30 minutes at 42 “C, and 5 minutes at 85 “C.

Following synthesis, cDNA samples were kept at -20 “C, prior to use.

2.15 Primer Optimization and Efficiency

Primer sets were designed and tested for optimal activity and efficiency, according to
MIQE guidelines (265). Primers suggested by other publications were compared to the
online database Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to ensure
that they are unique and specific for the gene of interest. A list of primers used in this

study is shown in Table 2.1.
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Primer optimization was set to determine the temperature at which primers
produces the amplicon of interest while avoiding any primer secondary structure or
formation of unintended amplicons. In brief, cDNA, 10 uM primer mix (forward and

®

reverse), nuclease-free water, and SsoFast EvaGreen™ Supermix ™, were mixed

thoroughly with the ratio of 1:1:3:5, respectively. For qRT-PCR reaction involving the
MMP genes, SYBR® Green PCR master mix (Qiagen, Valenica, CA) was used instead of
SsoFast EvaGreen™. Next, 10 pL of the mixture was placed in 250 pL. PCR tubes
labeled for eight different temperatures and incubated in Bio-Rad T100™ Thermocycler
with the following steps: 10 minutes at 95°C, 40 x (10 seconds at 95°C, 30 seconds at 54-

64°C temperature gradient, and 30 seconds at 72°C). Following the incubation period,
samples in each tube were mixed with 10% w/v BlueJuice™ gel loading buffer (Fisher
Scientific, Waltham, NA), and loaded on a 1% w/v agarose gel (1.0 g agarose, 2 mL of
50X TAE buffer [0.242% w/v Tris-base, 0.06% v/v glacial acetic acid, 50 uM EDTA, pH
8.0], and 98 mL of dH,0). Electrophoresis was carried out at 100 V for 45 minutes. The
gel was then imaged using ChemiDoc Imaging System (Bio-Rad, Hercules, CA). The
temperature at which no bands other than the expected amplicon were observed was used
for the annealing phase of the qRT-PCR reaction. The specificity of primers was
confirmed using the melt curve analysis performed during QRT-PCR, as described in
section 2.16.

Primer efficiency was used to determine at which cDNA dilutions the qRT-PCR
reaction occurs optimally and the PCR product of interest is doubling with each cycle.
Primer efficiency was conducted in a similar manner as described in section 2.16, except
a serial dilution of pooled cDNA from all samples (1:1, 1:2, 1:4, ...1:32) was used by the
qRT-PCR system. The amplification curves were analyzed using CFX Manager software
(version 3.1, Bio-Rad, Hercules, CA), and the plot of cDNA dilution vs Cq values was
used to choose the optimal cDNA dilution. Percent efficiency of qRT-PCR reaction was

determined using slope of standard curve, according to the following equation:

Equation 2.2 Determination of qRT-PCR reaction efficiency

-1
% efficiency = <10(W) — 1) x100
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2.16 Quantitative Reverse Transcription Polymerase Chain Reaction

Quantitative reverse transcription polymerase chain reaction (QRT-PCR) was used to
amplify cDNA samples using primer sets that target gene of interest. To correct for the
difference in quantities of cDNA used from each sample, B-actin was also amplified at
the same time and used as a reference gene. Appropriate dilution of cDNA sample along
with primer mix (10 uM forward and reverse primer), nuclease-free water, and SsoFast

EvaGreen™ Supermix® (Bio-Rad, Hercules, CA) or SYBR® Green PCR master mix

(Qiagen, Valenica, CA), were mixed in 1:1:3:5 ratio, respectively, and mixed thoroughly.
Next, 10 uL of each sample was transferred in triplicate wells of a Multiplate™ 96-well
unskirted polypropylene PCR plate (Bio-Rad, Hercules, CA). The no-template control did
not contain any cDNA, allowing us to test for possible DNA contamination and primer
dimers. A Microseal 'B’ Adhesive sealing film (Bio-Rad, Hercules, CA) was used to
cover the plate during qRT-PCR reaction. The plate was then centrifuged at 14,000 rcf
for 10 seconds, and placed in the CFX Connect™ Real-Time PCR detection system (Bio-
Rad, Hercules, CA). The reaction steps were designed as follows: 10 minutes of
activation at 95 “C, 40 cycles of 10 seconds denaturation at 95 “C, 20 seconds at the
primer-specific annealing temperature (Table 2.2), and 30 seconds at 72 “C, followed by
a melt curve analysis, 10 seconds at 95 “C, 0.5 seconds at 65 “C, and 5 seconds at 95 C.
Data obtained from the qRT-PCR reaction were analyzed using CFX Manager software
(version 3.1, Bio-Rad, Hercules, CA). Cycle (Cy) value for each treatment, the cycle at
which the fluorescence achieves a defined threshold, were first normalized relative to the
reference gene (ACy= C4 gene of interest — Cq reference gene), then normalized relative to
the untreated medium control (AAC4= AC, treated sample - AC4 medium control), and

eventually converted to fold change in gene expression (fold change = 27249,

2.17 Transfection

2.17.1 Plasmids

Plasmids used in this study were pcDNA3 containing cDNA sequences of Flag-tagged
human HDAC-1 (a gift from Eric Verdin; Addgene plasmid # 13820) (266), and myc-
tagged human DNMT-1 (a gift from Arthur Riggs; Addgene plasmid # 36939) (267).
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Plasmids were obtained from Addgene repository in the form of bacterial stab culture.
Bacteria were recovered from the stab and cultured on LB agar plate containing 100
pg/mL carbenicillin at 37 ‘C overnight. The following day, single colonies were
transferred to 100 mL of carbenicillin-supplemented (100 pg/mL) broth and grown for 24
hours at 37 °C in a shaking incubator. Following 24 hours, the turbid bacterial cultures
pelleted by centrifugation at 8,000 rcf for 15 minutes before plasmids were recovered
from the pellet using QIAfilter™ Plasmid midi kit (Qiagen, Valenica, CA) according to
manufacturer’s instructions. The authenticity of plasmids was verified by Sanger
sequencing (performed by Genewiz, Boston, MA). In all transfection experiments, a
pcDNA empty vector (EV), lacking a human cDNA expression cassette was used as

negative control.

2.17.2 Transfection of MDA-MB-231 Cells

For efficient recombinant transgene expression, MBA-MB-231 cells were transiently
transfected using the Lipofectamine® 2000 reagent, according to manufacturer’s
instructions, with some modifications. In brief, MDA-MB-231 were seeded at the density
of 5 x 10° in a 100 mm tissue culture plates, and cultured at 37 °C with 10% CO,
humidified incubator. The following day, cells were treated with 2 mL of Opti-MEM™
medium containing 10 uL of lipofectamine reagent and 9 pg of plasmid followed by
addition of 8 mL of Ab-free cDMEM and incubation at 37 “C in a humidified 10% CO,
incubator for 24 hours. The following day, 2.5 uM of PL or DMSO control was added to
the cells, and 24 hours later, cells were treated with the same concentration of PL or
DMSO in fresh Ab-free cDMEM for additional 24 hours. Following the treatment period,
cells were harvested using TrypLE Express™ and divided into two equal groups. The
RNA was isolated from one group, as described in section 2.13, for qRT-PCR, and the
proteins were isolated from the other group, as described in section 2.10, for western

blotting.

2.18 Statistical Analysis

The significance of the difference between the mean values was determined by one-way

analysis of variance (ANOVA) with the Tukey-Kramer or Bonferroni multiple
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comparisons post-tests, where appropriate, using GraphPad Prism analysis software
(version 5.0, GraphPad Software Inc., La Jolla, CA). The Tukey-Kramer post-test was
used for experiments in which multiple treatments were compared to each other, while
the Bonferroni post-test was used to compare a single treatment (free drug or
encapsulated drug) to its appropriate vehicle control (DMSO or empty NP). Data were
tested at different significant levels as denoted by asterisks (*) for 95%, (**) for 99%, and
(***) for 99.9% confidence levels. Results were considered significant at p < 0.05. When
p value was greater than 0.05, data was considered not significant (n.s.). At least three
independent biological repeats of each experiment were conducted, unless otherwise
indicated. The analysis of the data, including the average of the raw data, and the

standard error of the mean (SEM) were generated using GraphPad Prism.
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Table 2.1 List of human primer sequences used for qRT-PCR experiments

Pair Primer

Annealing

Sequence (5' to 3') temperature (°0)

10

B-actin F
B-actin R
c-Myc F
c-Myc R
E-cadherin F
E-cadherin R
MMP2 F
MMP2 R
MMP3 F
MMP3 R
MMP9 F
MMP9 R
MMPI13 F
MMP 13 R
NDRGI1 F
NDRGI1 R
N-cadherin F
N-cadherin R
Slug F

Slug R

AAGATCAAGATCATTGCTCCTC
CAACTAAGTCATAGTCCGCC
GCTCCTGGCAAAAGGTCAGA
CAGTGGGCTGTGAGGAGGTT
CAGCCACAGACGCGGACGAT
CTCTCGGTCCAGCCCAGTGGT
TGGCAAGTACGGCTTCTGTC
TTCTTGTCGCGGTCGTAGTC
GCATAGAGACAACATAGAGCT
TTCTAGATATTTCTGAACAAGG
GGAGGTTCGACGTGAAGG
TCCTGGCAGAAATAGGCTTTC
GACTTCCCAGGAATTGGTGA
TGACGCGAACAATACGGTTA
ACTCCTCTGGAAAGACTTGTG
AGTTGGGAGGAGGAAGTAGTCC
TCGCCATCCAGACCGACCCA
GCAGTTGACTGAGGCGGGTGC
TGGTTGCTTCAAGGACACAT
GTTGCAGTGAGGGCAAGAA

N.A.

54

64

63

64

64

54

60

64

62
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CHAPTER 3

RESULTS

3.1 Preparation and Characterization of NPs

Effective drug delivery systems, like NPs, which improve the potency of existing anti-
cancer compounds and overcome the limitations of conventional treatments, are of
utmost importance for cancer therapy. Several phytochemicals like PIP and PL show
great anti-cancer potential (201, 218, 268); however, their dose-limiting toxicity and
hydrophobic nature has delayed the potential use of these phytochemicals in a clinical
setting. In this project, mPEG-PLGA synthetic polymers were made into NPs containing
PIP and PL, using both the single emulsion solvent extraction and the thin-film hydration
methods. To confirm the formation of NPs and compare the two methods, particles were
negatively stained and visualized using the TEM at high magnification (Figure 3.1A and
3.1B). The thin-film hydration method resulted in the formation of NPs that were more
spherical in shape and uniform in size distribution, while the NPs formed by the emulsion
solvent extraction method varied greatly in size and shape (Figure 3.1C). As summarized
in Table 3.1, the average size of NPs was 165.2+5.48 nm and 52.77+1.21 nm in diameter,

for the emulsion solvent extraction and the thin-film hydration methods, respectively.

3.2 Encapsulation Efficiencies of PIP- and PL-NPs

Encapsulation efficiency of NPs is a parameter that is frequently measured using high
performance liquid chromatography (HPLC); however, to measure the encapsulation
efficiencies of PIP and PL in our NPs, we used a simple spectrophotometric method. At a
certain concentration range, both PIP and PL obey the Beer-Lambert law, meaning that
their absorbance is proportional to their concentration. Therefore, a standard curve was
generated using a concentration range of these phytochemicals against their absorbance at
346 nm wavelength (Figure 3.2). The equation of the line of best fit for each primer
allowed us to determine the unknown amount of PIP or PL in the NP samples. Using the
thin-film hydration method, the encapsulation efficiencies of PIP- and PL-NPs were

approximately 18% and 20%, respectively (Table 3.1). Ultimately, the stock solution of
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NPs was made at the desired concentrations based on the encapsulation efficiency data.
The amount of PIP and PL in NPs prepared by the emulsion solvent extraction method
was very low that could not be detected using the method described above, suggesting a
very low encapsulation efficiency (Table 3.1). However, stock solutions were prepared
with the assumption that only 1% of PIP or PL were encapsulated into NPs. The 1%
encapsulation efficiency for PIP and PL was used to determine if these NPs show any

growth inhibitory effects on cancer cells or if the NPs lack PIP or PL.

3.3 PIP- and PL-NPs Prepared by the Thin-Film Hydration Method Reduce the
Growth of TNBC Cells and are Comparable to Free PIP and PL

The effects of PIP- and PL-NPs, prepared by the methods described above, were
compared to free PIP or PL, using the MTT assay. During this assay, mitochondrial
function is used as an assessment of cellular growth and viability. The higher the number
of cells present, the more MTT substrate will be metabolized by mitochondrial succinate
dehydrogenase into lipid soluble formazan crystal, whose absorbance can be measured
once dissolved in DMSO and interpreted as relative viable cell number. PIP- and PL-NPs
formulated by the emulsion solvent extraction method did not cause the same reduction in
cell growth as free PIP and PL did, after 48 hours of treatment of MDA-MB-468 cells
(Figure 3.3A). While PIP-NPs showed no significant decrease in cell metabolic activity,
PL-NPs exhibited a lesser effect compare to free PL (Figure 3.3A), suggesting a very low
encapsulation efficiency of PL into NPs made by emulsion solvent extraction method.
However, PIP- and PL-NPs prepared by the thin-film hydration method showed a similar
effect on the metabolic activity of MDA-MB-468 cells as free PIP and PL did,
respectively (Figure 3.3B). Based on this data, only NPs prepared by the thin-film
hydration method were used for the remaining experiments.

The effectiveness of PIP- and PL-NPs prepared by the thin-film hydration method
was tested in three different TNBC cell lines, which were cultured in the presence of
different concentrations of free PIP or PIP-NP (50 — 150 uM) and free PL or PL-NP (2.5
— 10 uM) for 48 hours. Following treatment, the MTT assay showed a dose-dependent
reduction in the number of TNBC cells (MDA-MB-468 and BT-549) by PIP and PIP-NP
(Figure 3.4A and E). In MDA-MB-468 and BT-549 cells, 150 uM of PIP or PIP-NP
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caused a significant reduction in metabolic activity, while MDA-MB-231 cells remained
largely resistant to the growth inhibitory effects of PIP (Figure 3.4C). Similarly, BT-549
cells appeared resistant to the growth inhibition by lower concentrations of PIP, and a
significant reduction in the number of viable cells is only seen at 100 - 150 uM of PIP
(Figure 3.4E). As expected, cells treated with various doses PIP-NP also exhibited a very
similar reduction in growth compare to free PIP. However, it is worth mentioning that
high doses of empty NP significantly reduced the growth MDA-MB-468 cells (Figure
3.4A). The amounts of empty NPs used as control for each experiment were set to match
the amounts of NPs in the highest concentrations of PIP-NPs and PL-NPs. Consequently,
more empty NPs were used as control for 150 uM of PIP-NPs than 10 uM of PL-NPs.
Ultimately, lower dose of empty NPs, used as control for 10 uM of PL-NPs, did not
cause a significant reduction in growth of MDA-MB-468 cells (Figure 3.4B).
Furthermore, MDA-MB-231 and BT-549 cells appeared to be more resistance to the
growth inhibitory effects of high dose empty NPs (Figure 3.4C and E).

Meanwhile, PL was a more potent growth inhibitory compound against TNBC cell
lines compared to PIP. As shown in Figure 3.4B, as little as 2.5 uM of PL or PL-NP
resulted in a significant reduction in the metabolic activity/growth of MDA-MB-468
cells. PL and PL-NP also caused a dose-dependent reduction in the growth of MDA-MB-
231 and BT-549 cells (Figure 3.4D and F). Given that 2.5 uM of PL or PL-NP did not
cause a significant decrease in the growth of BT-549 cells and only a modest reduction in
the growth of MDA-MB-231, this concentration of PL was considered to be minimally
cytotoxic in these TNBC cell lines. Similarly, 50 uM or PIP or PIP-NP was also largely

ineffective at reducing the growth of TNBC cells; hence, it was considered non-cytotoxic.

3.4 PIP- and PL-NPs Induce Apoptosis in MDA-MB-468 Breast Cancer Cells,
while having Minimal Effects on the Viability of HDF Compared to Free PIP
and PL

The selective growth inhibitory effects of PIP and PL against cancer cells is often
associated with the induction of apoptosis (197, 218). Therefore, we aimed to examine
the cytotoxic potential of PIP- and PL-NPs against MDA-MB-468 breast mammary
carcinoma cells, and normal HDFs. Cells were cultured in the presence of 150 uM of PIP

or PIP-NP and 10 uM of PL or PL-NP, as well as medium and vehicle controls for 48
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hours, then stained with Annexin-V-FLUOS and PI. Flow cytometric analysis of MDA-
MB-468 cells showed that both PIP and PL resulted in a significant increase in the
percent of early apoptotic cells, as indicated by the number of Annexin-V-FLUOS
positive/PI negative cells found in the bottom right quadrant (Figure 3.5A). PIP and PL
also increased the percentage of Annexin-V-FLUOS/PI positive cells found in the upper
right quadrant, indicating late apoptotic/necrotic cells (Figure 3.5A). While the total
number of cell death was consistent between free and encapsulated PIP (approximately
40%) or PL (approximately 50%), PIP-NP and PL-NP treatment resulted in a noticeable
higher percentage of early apoptotic cells and lower percentage of late apoptotic cells
compared to free PIP and PL (Figure 3.5B and C).

Normal HDF cells were relatively resistant to the cytotoxic effects of 150 uM PIP,
as expected, but PL resulted in a significant increase in percent cell death compared to the
control cells (Figure 3.5D). Interestingly, both PIP-NP and PL-NP had less cytotoxic
effect on HDF cells compared to free PIP and PL, respectively (Figure 3.5E and F). In
fact, 10 uM of PL resulted in a significant increase in the number of apoptotic cells
compare to the DMSO control, while 10 uM of PL-NP only caused a minor increase in
the number of cell death that was not statistically significant compared to the empty NP
control (Figure 3.5F). These results confirm the cytotoxic potential of PIP- and PL-NPs
on MDA-MB-468 cells, while showing a less cytotoxic effect on normal HDFs compared
to free PIP and PL.

3.5 Free PL and PL-NPs Inhibit the Growth of MCF-7 Mammospheres

To further examine the cytotoxic potential of PL, we used MCF-7 mammosphere, which
have cancer stem-cell features, e.g., propagation in suspension cultures, and are more
representative of the tumor microenvironment (269, 270). MCF-7 mammospheres, grown
in appropriate culture medium for 7 days, were exposed to 10 pM of PL or PL-NP for 72
hours. Following the treatment period, cell viability was measured using the acid
phosphatase assay, which measures the activity of cytosolic acid phosphatase as an
indicator of the viable cell number. As shown in Figure 3.6A, PL- and PL-NP-treated

spheroids were smaller compared to control spheroids and were surrounded by floating
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dead cells. PL and PL-NP significantly impaired the growth these spheroids in a similar

manner, compared to their respective vehicle controls (Figure 3.6B).

3.6 Non-cytotoxic Doses of PL and PL-NPs Interfere with the Migration and
Invasive Potential of MDA-MB-231 Cells

Migration and invasion of tumor cells are essential components of the invasion-metastasis
cascade during cancer progression (55). To investigate the anti-metastatic potential of PIP
and PL, we performed gap closure and trans-well invasion assays with MDA-MB-231
cells using non-cytotoxic doses of PIP and PL. While vehicle-treated MDA-MB-231 cells
filled the gap by 18 hours following insert removal, 50 uM of PIP or PIP-NPs and 2.5
uM of PL or PL-NPs drastically impaired the migration of MDA-MB-231 into the gap
(Figure 3.7). In addition, PL and PL-NPs significantly reduced the chemoattractant-
induced migration of MDA-MB-231 cells through an uncoated membrane in a trans-well
invasion assay (Figure 3.8A and B).

Next, we sought to determine the effects of PL on the invasiveness of MDA-MB-
231 through components of the ECM, using the trans-well invasion assay and membranes
coated with fibronectin or gelatin. As expected, 2.5 uM of PL or PL-NPs significantly
decreased the invasion of MDA-MB-231 through both fibronectin- and gelatin coated
membranes (Figure 3.8C and E). Compared to the vehicle controls, both PL and PL-NPs
caused a 50 — 60 % reduction in the percentage of cells migrating through ECM-coated
membranes (Figure 3.8D and F).

Interestingly, treatment of MDA-MB-231 cells with 5 — 20 uM of the MMP
inhibitor ARP-100 also reduced the invasion of these cells through a gelatin-coated
membrane (Figure 3.9). Therefore, the effects of PL and PL-NPs on the expression
matrix-degrading proteases involved in breast cancer metastasis, e.g., MMP-2, MMP-3,
MMP-9 and MMP-13, was examined using qRT-PCR. Non-cytotoxic doses of PL and
PL-NPs significantly reduced the mRNA expression of MMP-2 (Figure 3.10A).
However, PL or PL-NPs failed to decrease the mRNA expression of MMP-9 and MMP-
13 (Figure 3.10C and D), while mRNA expression of MMP-3 was slightly increased by
2.5 uM PL-NPs (Figure 3.10B). These results indicate that non-cytotoxic doses of PIP-
and PL-NPs decreased migration and invasion of MDA-MB-231 cells, and PL’s
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inhibitory effect on MDA-MB-231 cell invasion could be mediated through suppression
of MMP-2 expression.

3.7 Expression of EMT-TFs and Mesenchymal Markers in TNBC Cells is
Decreased by PL and PL-NPs

The process of EMT is central to tumor invasion and metastasis (95). The role of EMT-
TFs like ZEB1 and Slug in loss of epithelial marker E-cadherin and gain of mesenchymal
phenotype is outlined in Chapter 1.4. Since PL was a more potent phytochemical
compared to PIP, we decided to determine if PL had any inhibitory effects on the already
mesenchymal phenotypes observed in MDA-MB-231 and BT-549 breast mammary
carcinoma cells. Low doses of PL and PL-NPs (2.5 uM) significantly reduced the protein
levels of ZEB1, B-catenin, and Slug in MDA-MB-231 (Figure 3.11A-D) and BT-549
(Figure 3.11E-H) cells. Although, PL had no significant effect on the B-catenin protein
levels in BT-549 cells (Figure 3.11G), ZEB1 and Slug protein levels in these cells were
decreased to a greater extent compared to MDA-MB-231 cells when treated with PL or
PL-NP.

To confirm that these changes in EMT-TFs following PL treatment also affected
the mesenchymal markers of cancer cells, the protein levels of N-cadherin was analyzed
in PL-treated MDA-MB-231 cells using western blotting. As shown in Figure 3.12A-B,
low doses of PL and PL-NPs (5.0 uM) decreased the protein levels of N-cadherin. To our
surprise, qRT-PCR analysis showed that mRNA expression of N-cadherin was increased
in MDA-MB-231 cells following treatment with low dose of PL and PL-NPs (5.0 uM)
(Figure 3.13). These findings demonstrate that PL and PL-NPs inhibit EMT in TNBC
cells.

The use of multiple doses of 5.0 uM PL on MDA-MB-231 cells instead of the 2.5
uM dose was to establish the effectiveness of PL at a higher dose, since some of the
expected PL targets were not affected much by the 2.5 uM of PL. Although the
cytotoxicity of 5.0 uM of PL on MDA-MB-231 cells was not directly tested, cells
appeared healthy with some growth reduction effects seen following three treatments of

PL at 5.0 pM.
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3.8 Effects of PL and PL-NPs on the TGF-p and the Wnt Signaling Pathways

The TGF-fB/Smad and the Wnt/B-catenin signaling pathways are among the main
mediators of the EMT (95), particularly in breast cancer (271). NDRGI is a well-known
metastasis suppressor that has been implicated in inhibition of the TGF-f3 and Wnt
pathways during EMT (149, 150). To determine if PL had any effects on NDRGI
expression, MDA-MB-231 cells were treated with low dose of PL or PL-NPs (5.0 uM)
for 72 hours. As determined by western blotting, PL and PL-NPs increased the expression
of NDRG1 at the protein level (Figure 3.14A and B). PL and PL-NPs also increased the
mRNA level of NDRG1 by 5-8-fold compared to the vehicle control (Figure 3.14C).
Similarly, the protein levels of Smad3, which is an essential component of the canonical
TGF-B/Smad pathway, was decreased in MDA-MB-231 cells following treatment with
PL or PL-NPs (Figure 3.12C and D). These results suggest that PL. and PL-NPs may
inhibit TGF-B/Smad and the Wnt/B-catenin signaling pathways through regulation of
NDRGI and Smad3 protein levels.

3.9 E-cadherin Expression is Restored in MDA-MB-231 Cells, but not in BT-549
Cells, Following Treatment with PL

Loss of E-cadherin expression is the hallmark of EMT. Associated with poor clinical
outcome, E-cadherin suppression is sufficient to a induce metastatic phenotype in
otherwise non-metastatic cancer cells (67). Since PL decreased the migration and
invasiveness of MDA-MB-231cells, as well as the cellular protein levels of several key
EMT-TFs, including ZEB1 and Slug, we sought to determine the effects of PL on E-
cadherin expression in TNBC cells. As shown in Figure 3.15A, 2.5 pM of PL resulted in
up to a 4-fold increase in E-cadherin mRNA expression. A similar dose of PL-NPs also
caused a significant upregulation in E-cadherin mRNA expression, compared to empty
NP control (Figure 3.16). However, PL was unable to increase E-cadherin expression in
BT-549 cells (Figure 3.15D). PL also failed to change Slug and cMyc mRNA expression
in MDA-MB-231 cells (Figure 3.15B and C). PL- and PL-NPs-mediated upregulation of
E-cadherin mRNA expression in MDA-MB-231 cells is consistent with their EMT-
inhibitory effects in these cells.
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3.10 TGF-B-induced Mesenchymal Change in MCF-10A Cells is not Inhibited by
PL

To determine if the EMT inhibitory effects of PL also impact non-cancerous cells, we
used the immortalized MCF-10A mammary epithelial cells as our model. MCF-10A cells
undergo EMT when cultured in the presence of TGF-f (272). To confirm this effect, we
treated MCF-10A cells with 5.0 ng/mL of human TGF-f, and examined their cellular
morphology after 48 hours. As shown in Figure 3.17A, MCF-10A epithelial cells
appeared more mesenchymal in the presence of TGF-p, as the cells had lost their cell-cell
contact and appeared more spindle-shaped. Western blot analysis of these cells revealed
that mesenchymal markers such as N-cadherin and vimentin were upregulated by 2-4-
fold in these cells following TGF-f treatment (Figure 3.17B, C and E); however, the
protein levels of B-catenin and Slug were not changed relative to the vehicle control in
these cells (Figure 3.17B, D and F).

Interestingly, pre-treatment of MCF-10A cells with 2.5 uM of PL did not interfere
with TGF-f signaling as N-cadherin and vimentin protein levels remained elevated
following treatment with both PL and TGF-B (Figure 3.17C and E). In fact, PL alone had
no effect on the N-cadherin, B-catenin, vimentin, and Slug protein levels in MCF-10A
cells. Similarly, TGF- induced N-cadherin mRNA upregulation by about 3-fold relative
to the control, and pre-treatment with PL had no effect on TGF-B-induced N-cadherin
expression (Figure 3.18A). Contrary to the effects that I saw with N-cadherin expression,
E-cadherin expression did not change in the presence of TGF- and/or PL in MCF-10A
cells (Figure 3.18B).

Next, we sought to determine if the effect of PL on MMP expression in MDA-MB-
231 cells is also seen in MCF-10A cells. As expected, expression of MMP-2, MMP-9,
and MMP-13 were significantly upregulated, compare to vehicle control, in TGF-f-
treated MCF-10A cells (Figure 3.19A, C and D). MMP-3 expression was also
upregulated by about 2-fold; however, this effect was not statistically significant (Figure
3.19B). Consistent with the effects of PL on MMP expression in MDA-MB-231 cells, PL
significantly inhibited TGF-B-induced MMP-2 expression, while the mRNA expressions
of MMP-3, MMP-9, and MMP-13 did not change significantly in TGF-f/PL treated cells,
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when compared to the TGF-3 treated MCF-10A cells. These results suggest that PL-

mediated inhibition of EMT is cancer-cell specific.

3.11 PL and PL-NP Modulate the Expression of HDAC and DNMT-1 Proteins in
TNBC and MCF-10A Cells

As mentioned earlier, epigenetic modification plays a key role during EMT and tumor
progression (273). Give the reversible nature of epigenetic changes and the possible role
of dietary phytochemicals in modulating the cancer cell epigenome (193), we decided to
investigate the effects of PL and PL-NPs on the expression of HDAC and DNMT
proteins in TNBC cells and MCF-10A cells. Interestingly, non-cytotoxic dose of PL
significantly decreased HDAC-1, HDAC-4, and HDAC-6 protein levels in MDA-MB-
231 cells, while levels of HDAC-2 and HDAC-3 proteins were not affected (Figure
3.20A-F). Although not significant, multiple repeats showed a trend towards decreased
protein levels of HDAC-1 and HDAC-4 in MDA-MB-231 cells following treatment with
2.5 uM PL-NPs (Figure 3.20B and E). At non-cytotoxic doses, PL and PL-NPs did not
affect the levels of HDAC-1 protein in BT-549 cells, as shown in Figure 3.20G and H.
However, HDAC-4 and HDAC-6 protein levels were still significantly downregulated by
PL in BT-549 cells (Figure 3.20K and L). Non-cytotoxic doses of PL-NPs also
significantly decreased the protein levels of HDAC-4, while only a trend towards
decrease in HDAC-6 protein levels was observed in BT-549 cells.

The effect of PL and PL-NPs on the epigenetic machinery was not cancer-cell
specific. As shown in Figure 3.21, non-cytotoxic doses of PL and PL-NPs caused a
decrease in the protein levels of HDAC-4 and HDAC-6 in MCF-10A cells. PL also
appeared to significantly decrease the levels of HDAC-2 protein in MCF-10A cells, while
HDAC-1 and HDAC-3 levels remained unchanged (Figure 3.21).

Furthermore, we examined the protein levels of DNMT-1 in PL-treated TNBC and
MCF-10A cells. Figure 3.22 shows that low doses of PL and PL-NPs decreased the levels
of DNMT-1 protein in MDA-MB-231 and MCF-10A cells; however, DNMT-1 protein
expression in BT-549 cells was not significantly changed following treatment with 2.5

puM of PL and PL-NPs (Figure 3.22C and D).
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3.12 PL-induced Expression of E-cadherin in MDA-MB-231 Cells may be
Independent of HDAC-1 and DNMT-1 Protein Levels

Since PL decreased HDAC-1 and DNMT-1 protein expression while increasing the
expression of E-cadherin in MDA-MB-231 cells, I decided to further study the possible
mechanism of PL-induced E-cadherin expression in MDA-MB-231 cells. We
hypothesized that if the PL-mediated increase in E-cadherin expression is mediated
through suppression of HDAC-1 or DNMT-1, overexpression of these proteins should
reduce the enhancing effect of PL on E-cadherin expression in MDA-MB-231 cells.
Therefore, I transfected MDA-MB-231 cells with plasmids containing genomic
sequences of human HDAC-1 (flag-tagged) or DNMT-1 (myc-tagged) for 48 hours.
These cells were then cultured with 2.5 uM of PL at 24 hours post-transfection, and
continued for 48 hours. Following the treatment period, cellular proteins and mRNA were
isolated from cells and analyzed by western blotting and qRT-PCR.

Figure 3.23A and B shows that MDA-MB-231 cells were successfully transfected,
as higher protein levels of HDAC-1 and DNMT-1 was observed in cells transfected with
the respective plasmids, compared to the cells transfected with empty vector. Although,
the enhancing effect of PL on E-cadherin mRNA expression was not statistically
significant with the empty vector-transfected cells, multiple repeats of the experiment
showed a trend that PL had a similar effect on E-cadherin expression in HDAC-1 or
DNMT-1 transfected cells (Figure 3.23C-D). These results suggest that overexpression of
HDAC-1 or DNMT-1 may not affect PL-induced E-cadherin expression in MDA-MB-
231 cells, and the induction of E-cadherin in PL-treated MDA-MB-231 cells may be
independent of the PL-mediated suppression of HDAC-1 and DNMT-1.
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Figure 3.1 Particle size distribution for the NPs prepared by emulsion solvent
extraction and thin-film hydration methods.

Following preparation and lyophilization, NPs were re-dissolved in water, subjected to
negative staining, and viewed under TEM. (A) NPs prepared by emulsion solvent
extraction and (B) NPs prepared by the thin-film hydration method are shown with
80,000X magnification. (C) Particle size was measured using the AMT Image Capture
Engine (version 7.0, AMT Crop. USA), and 90 random particles were selected from each
group for measuring the average particle size (p<0.0001, two-tailed student z-test).
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Figure 3.2 Standard curves for determining the relationship between PIP or PL
concentrations and their optical density.

The absorbance for various concentrations of PIP or PL dissolved in DMSO, were
measured and a standard curve was generated using the average of four independent trials
(n=4). Using the linear regression, the relationship between intensity and concentration is
shown as a line of best-fit. The equation of the line and R* value for each phytochemical
was prepared using GraphPad Prism analysis software (version 5.0, GraphPad Software
Inc., La Jolla, CA). The equation of the line was used to determine the concentration of
PIP or PL in NP samples and ultimately determine the encapsulation efficiency.
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Table 3.1 NP size distribution and the drug encapsulation efficiencies of the PIP-
and PL-NPs prepared by emulsion solvent extraction and thin-film hydration
methods.

Preparation Size range Average NP size (nm) Encapsulation
method (nm) +SEM efficiency
Emulsion solvent 60 5 350 g 165.2 +5.48 Not detectable
extraction
Thin-film 18 + 2 % (PIP)
hydration 32.2-82.0 52.77+1.21 20+ 1% (PL)
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Figure 3.3 PIP- or PL-NPs prepared by the thin-film hydration method are more
effective at reducing the metabolic activity of MDA-MB-468 cells than those
prepared by the emulsion solvent extraction method.

PIP or PL induced reduction in the metabolic activity of MDA-MB-468 was measured
using the MTT assay. (A) For NP samples prepared by the emulsion solvent extraction
method, the encapsulation efficiency was assumed at 1%, and the cells were treated with
150 uM of PIP or PIP-NP, 10 uM of PL or PL-NP, along with empty NP, DMSO, and
medium controls. (B) For NP samples prepared by the thin-film hydration method,
encapsulation efficiencies were first measured using spectrophotometric techniques,
samples were then diluted to desired concentrations, and cells were treated with 75 uM of
PIP or PIP-NP, 10 uM of PL or PL-NP, along with empty NP, DMSO, and medium
controls. Following the treatment period of 48 hours, MTT reagent was added to the cells
for additional two hours, and the formazan crystals were dissolved in DMSO. The
absorbance values were normalized relative to the medium control. Data represents mean
values + SEM of three independent trials. Asterisks indicate significant reduction in cells’
metabolic activity as determined by ANOVA with the Tukey multiple comparisons post-
test (PIP- or PL- treated cells were compared to DMSO control, while PIP-NP- or PL-
NP-treated cells were compared to empty NP control).
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Figure 3.4 PIP- and PL-NPs prepared by the thin-film hydration method are as
effective as free PIP and PL in reducing the metabolic activity and growth of TNBC
cells.

The growth inhibitory and effectiveness of PIP- and PL-NPs were tested against a panel
of TNBC cell lines including (A-B) MDA-MB-468, (C-D) MDA-MB-231, and (E-F) BT-
549, using the MTT assay. Cells were seeded at 5 x 10° cells/well density in a flat-bottom
96-well plate and incubated overnight. The following day, cells were treated with various
concentrations of free PIP or PIP-NP (50 uM — 150 uM) and free PL or PL-NP (2.5 uM —
10 uM) for 48 hours. At the end of the treatment period, MTT reagent was added to the
cells for additional two hours, and the formazan crystals were dissolved in DMSO. The
absorbance values were normalized relative to the medium control. Data represents mean
values + SEM of three independent trials. Asterisks indicate significant reduction in cells’
metabolic activity as determined by ANOVA with the Tukey multiple comparisons post-
test (PIP- or PL- treated cells were compared to DMSO control, while PIP-NP- or PL-
NP-treated cells were compared to empty NP control).
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Figure 3.5 PIP- and PL-NPs reduce the viability of MDA-MB-468 cells while having
minimal effects on HDF cells, compared to free PIP or PL.

The cytotoxicity of PIP- and PL-NP was tested in (A-C) MDA-MB-468 and (D-F) HDF
cell lines, using the Annexin-V-FLUOS/PI apoptosis assay. Cells were seeded at 5 x 10*
cells/well density in a 6-well plate and incubated overnight for adhesion. The following
day, cells were treated with 150 uM of free PIP or PIP-NP or 10 uM of free PL or PL-NP
for 48 hours. Then, cells were harvested and stained with Annexin-V/PI, and their
fluorescence was measured using flow cytometry. Unstained cells, Annexin-V-FLUOS
single-stained cells, and PI single stained cells were used as proper controls to
compensate for the overlapping spectra of Annexin-V and PI. Cells that were stained with
Annexin-V were counted as early apoptotic cells, and cells positive for both Annexin-V
and PI were considered late apoptotic/necrotic cells. (A) and (D) show flow cytometry
dot plots of a representative experiment while (B-C) and (E-F) are the mean percent of
cell death + SEM of three independent trials. Asterisks indicate significant increase in
cell death as determined by ANOVA with the Tukey multiple comparisons post-test (PIP-
or PL- treated cells were compared to DMSO control, while PIP-NP- or PL-NP-treated
cells were compared to empty NP control).
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Figure 3.6 PL-NPs inhibit the growth of MCF-7 mammospheres.

The cytotoxic potential of free PL and PL-NP was further examined on MCF-7
mammosphere cultures using the acid phosphatase assay. MCF-7 cells were seeded at the
density of 3 x 10* cells/well in ultra-low attachment 6-well plates, to allow
mammospheres to develop for 7 days. Spheroids were then treated with 10 uM of free PL
or PL-NP for 72 hours. (A) Following the treatment period, the mammospheres were
photographed with 20X magnification. (B) Then, the cell viability was determined using
a modified acid phosphatase colorimetric assay. Following treatment, cells were lysed
and incubated with acid phosphatase substrate for 90 minutes. Later, the optical density
of samples was measured as percentage of phosphatase activity or the number of viable
cells. Data shown is the mean values of treatments (normalized relative to medium
control) = SEM of 4 independent trials. Asterisks indicate a significant reduction in
viable cell number as determined by ANOVA with the Bonferroni multiple comparisons
post-test.
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Figure 3.7 Low doses of PIP- and PL-NPs inhibit the migration of MDA-MB-231
breast mammary carcinoma cells.

The effects of PIP and PL on MDA-MB-231 cells was tested at non-cytotoxic doses,
using the gap closure assay. MDA-MB-231 cells were seeded in 2-well culture inserts at
the density of 1 x 10 cells/well. The following day, cells were treated with 10 pg/mL of
mitomycin C for 2 hours to stop cellular proliferation. Following mitomycin C treatment
and 12 hours of recovery in cDMEM, cells were treated with indicated concentrations of
free PIP or PIP-NP and free PL or PL-NP for 24 hours. Then, the culture inserts were
removed and cells were left in treatment cDMEM. (A) Cells were photographed
immediately following insert removal, (B) and at 18 hours post-insert removal, with a
20X magnification objective. Experiment was repeated 3 times, and images from a
representative trial is shown in this figure.
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Figure 3.8 The migratory and invasiveness of MDA-MB-231 cells are significantly
decreased by non-cytotoxic doses of free PL or PL-NP.

A chemotaxis assay was used to investigate the effects of PL on breast cancer cell
migratory and invasiveness. MDA-MB-231 mammary epithelial cells were treated with
2.5 uM of free PL or PL-NP for 36 hours in cDMEM and 12 hours in sftDMEM.
Following treatment, cells were loaded at the density of 1 x 10° cells/ml on to the 48-well
Micro Chemotaxis apparatus. The membrane separating cells from the cDMEM was (A-
B) uncoated, (C-D) coated with Fibronectin, or (E-F) coated with gelatin. Following 22
hours of incubation, membranes were scraped off of the non-migrating cells and the
migrating cells were stained, photographed with a 20X magnification objective, and
counted. The number of migrating cells were normalized relative to the DMSO control.
Panels (A), (C), and (E) are photos from one representative experiment, while panels (B),
(D), and (F) are the mean number of migrating cells = SEM of 3 (uncoated), 5
(fibronectin-coated) and 4 (gelatin-coated) independent experiments. Asterisks indicate
significant reduction in the number of invasive or migratory cells as determined by
ANOVA with the Bonferroni multiple comparisons post-test, prior to normalization.
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Figure 3.9 ARP-100, selective MMP-2 inhibitor, also impairs the invasiveness of
MDA-MB-231 breast cancer cells.

MDA-MB-231 mammary epithelial cells were treated with 5 - 20 uM of ARP-100,
DMSO control for 36 hours in cDMEM and 12 hours in sSfDMEM. Following treatment,
cells were loaded at the density of 1 x 10° cells/ml on to the 48-well Micro Chemotaxis
apparatus. The membrane separating cells from the cDMEM was coated with 0.05% w/v
gelatin. Following 22 hours of incubation, membranes were scraped off the non-
migrating cells and the migrating cells were stained, viewed under 20X magnification
objective and photographed.
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Figure 3.10 Free PL and PL-NPs modulate the mRNA expressions of MMP-2 and
MMP-3 while leaving MMP-9 and MMP-13 unaffected.

MDA-MB-231 breast cancer cells were treated with 2.5 uM of free PL or PL-NPs for 48
hours, with the treatment changed every 24 hours. Following the treatment period, RNA
was isolated from cells and converted to cDNA. The expression levels of (A) MMP-2,
(B) MMP-3, (C) MMP-9, and (D) MMP-13 were determined using qRT-PCR. B-actin
was used as the reference gene. Data shown are the mean values of mRNA expression
level (normalized relative to the medium control) £ SEM of 3 independent trials.
Asterisks indicate significant difference in the level of gene expression compared to the
control, as determined by ANOVA with the Bonferroni multiple comparisons post-test.
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Figure 3.11 Protein levels of EMT-associated transcription factors are decreased by
free PL and PL-NPs in MDA-MB-231 and BT-549 breast mammary carcinoma
cells.

(A-D) MDA-MB-231, and (E-H) BT-549 cells were treated with 2.5 uM of free PL or
PL-NPs for 48 hours. Following treatment, cells were lysed, proteins were isolated and
separated by western blotting. Nitrocellulose membranes were probed with the indicated
primary Abs and appropriate secondary Abs. Panels (A) and (E) are images of blots from
one representative experiment, while panels (B-D) and (F-H) are mean densities of
protein expression + SEM of 3 (MDA-MB-231), and 4 (BT-549) independent
experiments. Densities of the bands were normalized relative to the medium control.
Asterisks indicate significant reduction in the protein levels as determined by ANOVA
with the Bonferroni multiple comparisons post-test.
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Figure 3.12 Protein levels of mesenchymal marker, N-cadherin, and Smad3 are
decreased by free PL and PL-NPs in MDA-MB-231 breast mammary carcinoma
cells.

MDA-MB-231 were treated with 5.0 uM of free PL or PL-NPs for 72 hours with
treatment changed every 24 hours. Following treatment, cells were lysed, proteins were
isolated and separated by western blotting. Nitrocellulose membranes were probed with
primary Abs targeting N-cadherin and Smad3, as well as appropriate secondary Abs. [3-
actin was used as the reference protein. Panels (A) and (C) are images of blots from one
representative experiment, while panels (B) and (D) are mean densities of protein
expression = SEM of 3 independent experiments. Densities of the bands were normalized
relative to the medium control. Asterisks indicate significant reduction in the protein
levels as determined by ANOVA with the Bonferroni multiple comparisons post-test.
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Figure 3.13 Free PL and PL-NPs increase the mRNA levels of N-cadherin in MDA-
MB-231 cells.

MDA-MB-231 breast cancer cells were treated with 5.0 uM of free PL or PL-NP for 72
hours, with the treatment changed every 24 hours. Following the treatment period, RNA
was isolated from cells and converted to cDNA. The expression level of N-cadherin was
determined using qRT-PCR. B-actin was used as the reference gene. Data shown are the
mean values of mRNA expression level (normalized relative to the medium control) +
SEM of 4 independent trials. Asterisks indicate significant difference in the level of gene
expression compared to the control, as determined by ANOVA with the Bonferroni
multiple comparisons post-test.
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Figure 3.14 Free PL and PL-NPs increase the expression of anti-metastatic NDRG1
in MDA-MB-231 cells.

(A) MDA-MB-231 cells were treated with 5.0 uM of free PL or PL-NPs for 72 hours,
with treatment changed every 24 hours. Following treatment, cells were lysed, proteins
were isolated and separated by western blotting. Nitrocellulose membranes were probed
with anti-NDRG1 primary Ab, as well as an appropriate secondary Ab. f-actin was used
as the reference protein. (A) Representative images of blots of NDRG1 protein levels in
MDA-MB-231 cells are shown. (B) Mean densities of protein expression + SEM of 3
independent experiments. Densities of the bands were normalized relative to the medium
control. (C) Similar experiment was performed, where RNA was isolated from treated
cells for gRT-PCR analysis. Data shown are the mean values of mRNA expression level
(normalized relative to the medium control) = SEM of 4 independent trials. B-actin was
used as the reference gene. Asterisks indicate significant change in protein or mRNA
levels, compared to vehicle control, as determined by ANOV A with the Bonferroni
multiple comparisons post-test.
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Figure 3.15 PL increases the expression of E-cadherin mRNA in MDA-MB-231 cells,
but not in BT-549 cells.

(A-C) MDA-MB-231, and (D) BT-549 breast cancer cells were treated with 0.5 - 2.5 uM
of free PL for 72 hours, with the treatment changed every 24 hours. Following the
treatment period, RNA was isolated from cells and converted to cDNA. The expression
levels of E-cadherin in both cell lines, as well as Slug and cMyc in MDA-MB-231 cells
were determined using qRT-PCR. B-actin was used as the reference gene. Data shown are
the mean values of mRNA expression level (normalized relative to the medium control) +
SEM of 5 (A and D) and 3 (B and C) independent trials. Asterisks indicate significant
difference in the level of gene expression compared to the control, as determined by
ANOVA with the Tukey multiple comparisons post-test.
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Figure 3.16 PL-NPs increase the expression of E-cadherin mRNA in MDA-MB-231
cells to the same extent as free PL.

MDA-MB-231 breast cancer cells were treated with 2.5 uM of free PL or PL-NPs for 48
hours, with the treatment changed every 24 hours. Following the treatment period, RNA
was isolated from cells and converted to cDNA. The expression level of E-cadherin was
determined using qRT-PCR. B-actin was used as the reference gene. Data shown are the
mean values of mRNA expression level (normalized relative to the medium control) +
SEM of 3 independent trials. Asterisks indicate significant difference in the level of gene
expression compared to the control, as determined by ANOVA with the Bonferroni
multiple comparisons post-test.
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Figure 3.17 TGF-p — induced mesenchymal changes in MCF-10A, breast epithelial
cells, are not inhibited by PL.

(A) MCF-10A normal breast epithelial cells were treated with 5.0 ng/mL of human TGF-
B for 48 hours. Following treatment, cell morphology was visualized and photographed
using the 20X magnification objective. (B-F) MCF-10A cells were incubated with 2.5
uM of PL for 24 hours, then treated with 5.0 ng/mL of TGF-f alone or in combination
with 2.5 uM of PL for another 48 hours. Following treatment, cells were lysed, proteins
were isolated and separated by western blotting. Nitrocellulose membranes were probed
with the indicated primary Abs and appropriate secondary Abs. (B) Representative
images of blots of MCF-10A cells are shown. (C-F) Mean densities of protein expression
+ SEM of 4 independent experiments. Densities of the bands were normalized relative to
the medium control. Asterisks indicate significant change in the protein levels as
determined by ANOVA with the Tukey multiple comparisons post-test.
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Figure 3.18 PL does not affect TGF-p-induced expression of N-cadherin mRNA in
MCF-10A epithelial cells.

MCF-10A normal breast epithelial cells were incubated with 2.5 uM of PL for 24 hours,
then treated with 5.0 ng/mL of TGF-f alone or in combination with 2.5 uM of PL for
another 48 hours. Following the treatment period, RNA was isolated from cells and
converted to cDNA. The expression levels of N-cadherin and E-cadherin were
determined using qRT-PCR. B-actin was used as the reference gene. Data shown are the
mean values of mRNA expression level (normalized relative to the medium control) =
SEM of 4 independent trials. Asterisks indicate significant difference in the level of gene
expression compared to the control, as determined by ANOVA with the Tukey multiple
comparisons post-test.
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Figure 3.19 PL inhibits the increased mRNA expression of MMP-2 following TGF-p
treatment in MCF-10A epithelial cells, but does not affect the expression of other
MMPs.

MCF-10A normal breast epithelium were incubated with 2.5 uM of PL for 24 hours, then
treated with 5.0 ng/mL of TGF-f alone or in combination with 2.5 uM of PL for another
48 hours. Following the treatment period, RNA was isolated from cells and converted to
cDNA. The expression levels of (A) MMP-2, (B) MMP-3, (C) MMP-9, and (D) MMP-13
were determined using qRT-PCR. B-actin was used as the reference gene. Data shown are
the mean values of mRNA expression level (normalized relative to the medium control) +
SEM of 4 independent trials. Asterisks indicate significant difference in the level of gene
expression compared to the control, as determined by ANOVA with the Tukey multiple
comparisons post-test.
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Figure 3.20 PL downregulates HDAC-4 and HDAC-6 protein levels in both MDA-
MB-231 and BT-549 cells; however, HDAC-1 is only decreased in MDA-MB-231
cells.

(A-F) MDA-MB-231, and (G-L) BT-549 cells were treated with 2.5 uM of free PL or
PL-NPs for 48 hours. Following treatment, cells were lysed, proteins were isolated and
separated by western blotting. Nitrocellulose membranes were probed with the indicated
primary Abs and appropriate secondary Abs. Panels (A) for MDA-MB-231 and (G) for
BT-549 cells are images of blots from one representative experiment, while panels (B-F)
and (H-L) are mean densities of protein expression = SEM of 4 independent experiments.
Densities of the bands were normalized relative to the medium control. Asterisks indicate
significant reduction in the protein levels as determined by ANOVA with the Bonferroni
multiple comparisons post-test.
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Figure 3.21 HDAC-4 and HDAC-6 protein levels are reduced in MCF-10A cells
following treatment with free PL or PL-NPs.

MCF-10A cells were treated with 2.5 uM of free PL or PL-NPs for 48 hours. Following
treatment, cells were lysed, proteins were isolated and separated by western blotting.
Nitrocellulose membranes were probed with the indicated primary Abs and appropriate
secondary Abs. (A) Representative images of blots from one experiment are shown. (B-
F) Mean densities of protein expression + SEM of 4 independent experiments. Densities
of the bands were normalized relative to the medium control. Asterisks indicate
significant reduction in the protein levels as determined by ANOVA with the Bonferroni
multiple comparisons post-test.
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Figure 3.22 PL and PL-NPs reduce DNMT-1 protein levels in MDA-MB-231 breast
cancer cells, and MCF-10A normal breast epithelial cells, but not in BT-549 breast
cancer cells.

(A-B) MDA-MB-231, (C-D) BT-549, and (E-F) MCF-10A cells were treated with 2.5
uM of free PL or PL-NPs for 48 hours. Following treatment, cells were lysed, proteins
were isolated and separated by western blotting. Nitrocellulose membranes were probed
with the antiDNMT-1 primary Ab and an appropriate secondary Ab. Panels (A) for
MDA-MB-231, (C) for BT-549, and (E) for MCF-10A cells are images of blots from one
representative experiment, while panels (B), (D), (F) are mean densities of protein
expression = SEM of 4 independent experiments, respectively. Densities of the bands
were normalized relative to the medium control. Asterisks indicate significant reduction
in the protein levels as determined by ANOVA with the Bonferroni multiple comparisons
post-test.
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Figure 3.23 Overexpression of HDAC-1 or DNMT-1 does not affect PL-induced E-
cadherin expression in MDA-MB-231 cells.

MDA-MB-231 were seeded at 5 x 10°in 100 mm tissue culture plates, and incubated
over-night. Once 50% confluency was reached, cells were transfected with plasmids
containing genomic sequences of HDAC-1 or DNMT-1, as well as the empty vector
control, using the lipofectamine reagent for 48 hours. PL treatment started at 24 hours
post transfection and continued for 48 hours. Following treatment, cells were lysed,
proteins were isolated and separated by western blotting. Nitrocellulose membranes were
probed with the (A) anti-HDAC-1 and anti-FLAG tag, (B) anti-DNMT-1 and anti-Myc
tag primary Abs, as well as appropriate secondary Abs. B-actin was used as the reference
protein. Images shown are blots of MDA-MB-231 cells from one experiment. (C and D)
Similar experiment was performed, where RNA was isolated from treated cells for qRT-
PCR analysis. Expression levels of E-cadherin were measured in PL-treated MDA-MB-
231 cells transfected with HDAC-1 or DNMT-1 plasmid. Data shown are the mean
values of mRNA expression level (normalized relative to the medium control) + SEM of
4 independent trials. B-actin was used as the reference gene. Asterisks indicate significant
change in the E-cadherin mRNA levels, compared to vehicle control, as determined by
ANOVA with the Tukey multiple comparisons post-test.
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CHAPTER 4

DISCUSSION

Despite decades of advancements in early detection and treatment strategies, cancer
remains as one of the major causes of death in the world. Current conventional treatments
fail to prevent the relapse of disease through metastasis, which is a critical determinant of
cancer prognosis. The success of chemotherapy remains under a shadow of severe
toxicities. Nausea, bone-marrow toxicity, immune toxicity, cardiotoxicity, secondary
tumors, and increased susceptibility to hair loss are among the many side effects
associated with chemotherapy (274). These side effects have been, in part, due to the
inefficient pharmacokinetics of cancer therapeutic. Therefore, NP-based delivery of
therapeutic agents has been at the forefront of medical research for several decades.
Furthermore, pepper-derived phytochemicals, PL and PIP, show great anti-tumor
potential, while their anti-metastatic effects have not been fully elucidated. The goal of
this study was to examine the anti-metastatic potential of PL and PIP on breast cancer

cells using NPs as an alternative drug delivery approach.

4.1 Encapsulation of PIP and PL into NPs

The use of NP for the delivery of anti-cancer drugs has been shown to improve the water
solubility of hydrophobic drugs, their plasma circulation time, and the overall therapeutic
efficacy of delivered drugs while reducing undesirable side effects (239). Successful
examples of NPs-based drug delivery in cancer includes liposomal doxorubicin, Doxil®
and Caelyx® (239, 249), paclitaxel polymeric NPs Abraxane® (239, 252), and NP
delivery of curcumin (243, 255), a potent anti-cancer phytochemical. In this study, two
different NP formulations were employed to optimize a method for encapsulation of PIP
and PL into mPEG-PLGA NPs. The emulsion solvent extraction and the thin-film
hydration methods have been described numerous times in the literature (243, 258-260).
As seen under the TEM, NPs generated by the thin-film hydration were more spherical
and homogenous in size and shape, compared to the NPs prepared by the
emulsion/extraction method (Figure 3.1A and B). Sonication of NP samples during the

thin-film hydration method reduced the particle size to the optimal length for passive
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targeting, generated a uniform NP size distribution, and improved the encapsulation
efficiency of PIP and PL into NPs. These effects of sonication during NP preparation are
consistent with previous reports (242, 275). The use of acoustic energy allows for the
breaking up and re-formation of NPs in the aqueous solution, which reduces particle size
and increases the rate of drug entrapment within the NPs (276).

As seen in Table 3.1, the encapsulation efficiency of PIP and PL into NPs using
emulsion/extraction method was below the level of detection, but with the thin-film
hydration, it was ~18%. The presence of larger NPs (>200nm) generated by the
emulsion/extraction method and the absence of sonication means that these larger NPs,
which contain large amounts of PIP and PL, are likely removed during filter sterilization.
This factor could account for the discrepancies in the encapsulation efficiencies seen
between these two methods (Table 3.1). However, the emulsion/extraction method is, by
no means, an inefficient method of encapsulation. Although drug structure could affect
encapsulation efficiency, optimization of several parameters like sonication, the volumes
of the organic and aqueous phase, drug-to-polymer ratio and type of polymer could
enhance the encapsulation efficiency of PIP and PL into NPs using the
emulsion/extraction method. Khalil and colleagues used a modified version of the
emulsion/extraction method with 10 mL of aqueous phase and the use of sonication to
encapsulate curcumin into PEG-PLGA NPs and achieve a 73.22% encapsulation
efficiency (243). In fact, recent report indicates the use of a similar method to encapsulate
PIP into PEG-PLGA NPs with a 37.82 % encapsulation efficiency (277).

The type of drug, method of encapsulation, and type of polymer affect the
efficiency of encapsulation. A recent study showed that the molar ratios of mPEG:PCL or
mPEG:PLGA affects the encapsulation efficiency (278). Generally, the use of mPEG-
PCL or the use of tri-block polymers such as PCL-PEG-PCL, has been associated with
higher encapsulation and improved in solubility (258, 259, 279). A difference in the drug-
to-polymer ratio during preparation also affects the encapsulation efficiency (279).
Ultimately, modification of these parameters could improve the encapsulation efficiency
of PIP and PL, lower the time required for preparation of NPs, and improve the in vivo

use of PIP-NPs and PL-NPs.
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In this study, both PIP and PL were successfully encapsulated into mPEG-PLGA
NPs using the thin-film hydration method, with 18-20% encapsulation efficiency (Table
3.1). The particle size ranged from ~32-82 nm in diameter, which is an ideal size for
passively targeting the tumor while avoiding NP retention in kidney, liver, and spleen
(246). PIP-NPs prepared by Pachauri and colleagues (2015) are larger in size at
approximately 134 nm (277), which is more prone to opsonization and hepatic retention,
regardless of the PEGylation status (246, 248, 280). Indeed, an analysis of in vivo
pharmacokinetics shows only a modest improvement in the plasma concentration of PIP-
NPs compared to free PIP (277). PL encapsulation into mPEG-PCL NPs has also been
reported using the thin-film hydration method with an impressive 99.9% encapsulation
efficiency (260). However, the authors did not use centrifugation or dialysis of their NPs
to remove any unencapsulated PL, which suggests that their measured encapsulation
efficiency of ~100% is incorrect. Collectively, the results of this study show the efficient
encapsulation of PIP and PL into mPEG-PLGA NPs using the thin-film hydration
method, and highlight the importance of taking into account several parameters during

preparation in order to achieve an ideal size and encapsulation efficiency.

4.2 PIP- and PL-NPs Show Growth Inhibition and Cytotoxicity for TNBC Cells

Both PIP and PL have been reported to show cytotoxicity and growth inhibitory effects
on several human tumor cell lines (201, 203,204, 218, 227, 230, 233). TNBC is an
invasive form of breast cancer that is hormone-independent; hence, patients with TNBC
do not benefit from hormone-targeted therapy (11, 17). Therefore, the efficacy of PIP-
NPs and PL-NPs, prepared by the thin-film hydration method, was tested against a panel
of TNBC cell lines consisting of MDA-MB-468, MDA-MB-231, and BT-549 cells, using
the MTT assay. As shown in Figure 3.4, PIP-NPs and PL-NPs were as effective as free
PIP and PL dissolved in DMSO in inhibiting the metabolic activity, and therefore growth,
of TNBC cells. These results were consistent with the findings of Greenshields ef al.
(2015), and Raj et al. (2011) (201, 218). Although the encapsulation of PIP and PL into
NPs improved the solubility of these alkaloids, the in vitro growth inhibitory effects of
PIP-NPs and PL-NPs were comparable to free PIP and PL. Given that in vitro

experiments do not fully confirm the improved efficacy of encapsulated PIP and PL,
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similar effects were observed following cell culture studies of fisetin-NPs (258),
oridonin-NPs (259), curcumin-NPs (255), luteolin-NPs (256), and paclitaxel-NPs (281).

It was evident from these results that PL is more potent at inhibiting the growth of
TNBC than PIP. As little as 2.5 pM of PL resulted in a significant growth inhibition of
MDA-MB-231 cells, while 150 uM of PIP or PIP-NP did not have as great an effect
(Figure 3.4C and D). These results are also consistent with the findings of Bezerra et al.
(2006), in which 100 mg/kg b.w. of PL resulted in a significant reduction in Sarcoma 180
cell proliferation in mice, while 100 mg/kg b.w. of PIP did not (282). The growth
suppression effects of PIP and PL are due to inhibition of cell proliferation, as determined
by cell cycle analysis and expression levels of cell cycle progression mediators like cyclin
D, cyclin B1, and p21 (202, 203, 218, 226, 228). Given the potency of PL on cancer cells,
PL-NPs were also tested on the growth of MCF-7 mammospheres in vitro and a
significant decrease in the number of viable cells was observed (Figure 3.6). The effects
of PIP on MCF-7 mammospheres have been reported (218); however, this study is the
first to show the effectiveness of PL-NPs on the in vitro growth of tumor cells in three
dimensions, which more closely resembles tumor growth in situ.

The cytotoxic effects of PIP-NPs and PL-NPs were investigated on MDA-MB-468
TNBC cells using Annexin-V-FLUOS/PI. As expected, high doses of PIP and PL
significantly increased MDA-MB-468 cell death. The cytotoxic effects of PIP are
mediated through inhibition of PI3K/Akt signaling, decreased levels of Bcl-2, increased
levels of pro-apoptotic Bax, and activation of caspase-dependent apoptosis (218, 227).
Similarly, PL-induced ROS inhibits cell survival signaling pathways such as NF-«B and
PI3K/Akt, while inhibiting Bcl-2 and inducing Bax to cause apoptosis (201, 203-206). In
this study, although the total cell death is comparable between encapsulated and DMSO-
dissolved PIP or PL, both PIP-NPs and PL-NPs had a higher percentage of early
apoptotic cell death (Annexin-V-FLUOS positive/PI negative) compared to their free
counterparts (Figure 3.5B and C). These results show a delayed cytotoxic effect of PIP-
NPs and PL-NPs compare to free PIP and PL, and suggest the controlled release profile
of PIP and PL from NPs. These findings are consistent with the potential applicability of
synthetic polymeric NPs for prolonged circulation time and a more sustained release of

drugs (239, 240, 251). 1 did not see these effects with the MTT assay (Figure 3.4),
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because cytotoxicity requires a higher dose of these phytochemicals compared to growth
inhibition.

The cytotoxic effects of PIP and PL were also tested on normal HDFs. While high-
dose PIP did not induce significant cell death in HDFs, 10 uM of PL had a significant
cytotoxic effect on these cells (Figure 3.5D). This result contradicts the findings of Raj et
al. (2011) that show PL, even at 15 uM, does not significantly reduce the viability of
HDFs and other normal cells (201). However, in their study, Raj and colleagues (2011)
treated cells with PL for only 24 hours, whereas in my study a 48-hour time point was
chosen. Furthermore, the Raj lab used trypan blue dye exclusion staining to measure cell
viability, which fails to recognize early apoptotic cells as dead cells given that the
membrane integrity of early apoptotic bodies is relatively intact and would not be
permeable to trypan blue (35).

Interestingly, both PIP-NPs and PL-NPs were less cytotoxic for HDFs compared to
PIP and PL dissolved in DMSO (Figure 3.5E and F). In fact, while 10 uM of PL
significantly induced HDF cell death compare to vehicle control, 10 pM of PL-NP did
not have a significant cytotoxic effect on HDFs, compared to the empty NP control
(Figure 3.5F). These results could be due to a lower uptake of NPs by normal cells like
HDFs compared to cancer cells. Selective uptake of NPs by cancer cells rather than
normal cells has been reported in previous studies (283, 284). Although normal cells
exhibit a well-regulated endocytosis pathway, cancer cells on the other hand, adapt their
endocytic systems to meet the nutritional needs of their high proliferation rate (285).
Understanding of the mechanism of NP uptake is required to optimize the therapeutic
efficacy of NP drug delivery. Nevertheless, these results suggest that mPEG-PLGA NPs
may preferentially target cancer cells in a tumor microenvironment, and reflect on the

potentially improved therapeutic outcome of treatment with PIP-NPs and PL-NPs.
4.3 PIP-NPs and PL-NPs Inhibit the Migration and Invasion of MDA-MB-231
Cells

Migration and invasion are essential components of invasion/metastatic cascade, which
remains as the major cause of breast cancer mortality (53, 54). Inhibition of cancer cell

migration and invasiveness through basement membrane and ECM are therefore critical
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for successful anti-metastatic therapy. High doses of PIP-NPs and PL-NPs reduced the
growth and viability of TNBC cells; however, I also determined the effects of non-
cytotoxic doses of these encapsulated phytochemicals on MDA-MB-231 migration and
invasion. MDA-MB-231 cells appear more spindle-shaped with mesenchymal-like
morphology that has a higher metastatic potential, and drug-resistance characteristics,
compared to epithelial-like MDA-MB-468 cells. Hence, MDA-MB-231 cells were more
resistant to PIP than were MDA-MB-468 cells (Figure 3.4A and C). Using a gap closure
assay, I determined that low doses of PIP-NPs and PL-NPs prevented the migration of
MDA-MB-231 cells into the gap, and these effects were comparable to free PIP and PL
(Figure 3.7). Free PL and PL-NP also inhibited the migration of MDA-MB-231 through
the chemotaxis chamber with uncoated membrane (Figure 3.8 A and B). The inhibitory
effect of PIP on cell migration has already been reported for MDA-MB-231TNBC cells
(218), SKBR3 HER2-enriched breast cancer cells (230), endothelial cells (234), 4T1
mouse mammary carcinoma cells (233), and HT-1080 fibrosarcoma cells (231).
However, the inhibitory effect of PL on cancer cell migration has not been thoroughly
investigated.

Cancer cell migration involves membrane ruffling and protrusions, which are
driven by actin polymerization and depolymerization along with adhesion of the cell to
ECM via integrins and immunoglobulin superfamily receptors (286). In fact, integrin-
mediated signal transduction results in the activation of cytoplasmic focal adhesion
kinase (FAK), which can couple with PI3K to mediate the migration of cells (287),
through a downstream target, Rac, followed by regulation of actin and lamellipodia in
cell (287, 288). Therefore, PIP and PL inhibition of PI3K/Akt signaling (203, 218, 234),
is also predicted to interfere with the migration of cancer cells. The other possible
mechanism for inhibition of cell migration by PIP and PL is loss of MMP expression. PIP
decreases the expression MMP-2 and MMP-9 in MDA-MB-231 cells (218). In this study,
I showed that PL and PL-NPs also decreased the mRNA expression of MMP-2 in MDA-
MB-231 cells (Figure 3.10A). These effects are also likely the result of PIP- and PL-
mediated inhibition of PI3K/Akt signaling, which regulates the expression of MMP-2 and
MMP-9 (88, 89). In addition to their role as ECM proteases, MMPs are also involved in

the regulation of cell adhesion molecules. MMP-2 targets P-cadherin and interacts with
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integrins in cell adhesion (286, 289), while MMP-3 is a known protease for E-cadherin
(81), leading to enhanced invasion and migration of cancer cells. These results further
support the reduced migratory properties of MDA-MB-231 in the presence of low doses
of PIP-NPs and PL-NPs.

MMPs have also been identified as key enzymes in the degradation of ECM
components during cancer cell invasion of surrounding tissue. The attachment of
integrins to a ECM component recruits membrane proteases such as MMPs to degrade
ECM components (286). MMP-2 and MMP-9 are involved in breast cancer invasion and
metastasis (79). Consistent with my finding of reduced MMP-2 mRNA expression
following treatment with 2.5 uM of PL or PL-NP, I also saw a decrease in the
invasiveness of PL-treated MDA-MB-231 cells through a fibronectin- or a gelatin-coated
membrane (Figure 3.8C-F). Interestingly, Figure 3.8 shows a higher percentage of cells
migrated through a ECM-coated membrane compared to the uncoated membrane (Figure
3.8A and B), which could be due to the exposure of these cells to ECM materials,
fibronectin or gelatin, that enhanced their invasiveness. A previous study has shown an
increase in the invasive properties of cancer cells, in vitro, in response to matrigel (93).
Further investigation is needed to determine if MMP-2 plays a role in migration of MDA-
MB-231 cells.

The loss of MDA-MB-231 cell invasion following PL treatment is similar to the
decreased invasiveness of these cells following treatment with a MMP inhibitor, ARP-
100 (Figure 3.9), which suggests that loss of MMP may be responsible for PL-mediated
suppression of MDA-MB-231 invasion. However, I did not see a PL-mediated
downregulation of MMP-3, MMP-9, and MMP-13 mRNA expression, which are also
implicated in breast cancer metastasis (Figure 3.10B-D) (80). In fact, MMP-3 appeared to
be upregulated by two-fold by PL (Figure 3.10B). Interestingly, the NF-xB pathway can
repress or stimulate the expression MMP-3, depending on various stimuli and cytokines
(290, 291). NF-kB can bind to repressive elements on the MMP-3 promoter and prevent
MMP-3 transcription (290). Therefore, the inhibitory effects of PL on the NF-«B
pathway could explain the increase in MMP-3 levels. It is possible that PL did not
suppress the expression of MMP-9 and MMP-13. As seen in Figure 3.8, there appears to

be more invasion of cells through a gelatin-coated membrane, compare to the fibronectin-
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coated membrane. Both fibronectin and gelatin are target proteins for MMP-2, and only
gelatin is a target of MMP-9 (83). These results suggest that PL specifically targeted
MMP-2 expression and PL-treated MDA-MB-231 cells retained some level of MMP-9
activity to digest gelatin and migrate through the membrane. Despite their similarities,
differences between MMP-2 and MMP-9 in terms of their function and mechanism of
regulation have been reported before (292). Overall, these findings indicate that PL and
PL-NPs inhibit breast cancer cell migration, invasion and the expression of MMP-2,
which may account for the ability of PL to interfere with metastatic activities of breast
cancer cells. Further analysis of the protein levels of MMPs, as well as the activity of
MMPs, following exposure of breast cancer cells to PL is required to completely
understand the mechanism by which PL and PL-NPs decreased the invasiveness of
MDA-MB-231 cells. More importantly, the effects of PL on the expression of MMPs by

tumor stroma should also be investigated.

4.4 PL-NPs Modulate EMT in TNBC Cells but not in MCF-10A Breast
Epithelium
Control of metastasis by today’s conventional therapeutics is somewhat limited. The
signaling pathways and processes that lead to tumor progression serve as a suitable target
for therapeutic intervention of a metastatic disease. Central to metastasis is the process of
EMT (95). Given the high potency of PL on invasive TNBC cells, the effects of PL and
PL-NP, at non-cytotoxic doses, was also investigated on EMT mediators in breast cancer
cells. Using western blotting, this study revealed that exposure to 2.5 uM of PL or PL-
NPs resulted in a significant decrease in the protein levels of ZEB1 and Slug in MDA-
MB-231 and BT-549 cells, as well as B-catenin in MDA-MB-231 cells (Figure 3.11).
Consequently, expression of epithelial and mesenchymal markers was also affected in
MDA-MB-231 cells in response to PL or PL-NP treatment. While, expression of E-
cadherin was upregulated by PL and PL-NPs (Figure 3.16), the protein levels of N-
cadherin were significantly decreased in MDA-MB-231 cells (Figure 3.12). Interestingly,
MDA-MB-231 and BT-549 cells express high levels of EMT-TFs such as Snail, Slug,
ZEB1, and Twist, as well as B-catenin (121, 195, 293, 294). Indeed, the presence of -

catenin is essential for TNBC migration, stemness, and chemoresistance (293). Wnt/p-
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catenin signaling is involved in the expression of EMT-TFs like Snail and Slug, which
contribute to the downregulation of E-cadherin in cancer cells (129, 130, 294, 295).
Several of these EMT-TFs such as Snail, Slug, and ZEB1 have also been implicated in
cadherin switch from E-cadherin to N-cadherin during EMT (76, 97-99). High levels of
N-cadherin in breast cancer cells is associated with an invasive phenotype (68, 69). In
fact, ectopic expression of E-cadherin by MDA-MB-231 cells results in the reversion of
their mesenchymal phenotype into epithelial morphology (296).

The effects of PL on E-cadherin re-expression and N-cadherin suppression in
MDA-MB-231 cells could be explained by the inhibitory effects of PL on ZEB1 and
Slug. Similarly, cytoplasmic stability and nuclear localization of B-catenin in cancer cells
is linked to loss of E-cadherin (295). Furthermore, previous studies have confirmed that
PL inhibits the PI3K/Akt pathway (203), and Akt enhances the nuclear localization of -
catenin through inhibition of GSK-3f (Figure 1.1) (132). Therefore, it can be postulated
that PL inhibited PI3K/Akt in MDA-MB-231 cells, thereby relieving the Akt-mediated
inhibition of GSK-3f, which can now prevent nuclear localization of -catenin by
targeting it for phosphorylation and proteosomal degradation. The inability of B-catenin
to translocate to the nuclease would affect the expression of EMT-TFs and E-cadherin.
Further proof of PL-mediated re-expression of E-cadherin through suppression of 3-
catenin can be inferred from the results on BT-549 cells. As shown in Figure 3.11, PL or
PL-NPs did not decrease the protein levels of B-catenin in BT-549 cells. Consequently, E-
cadherin expression was not induced by various doses of PL in these cells (Figure
3.15D). In addition, analysis of NDRG1 expression further supports the inhibitory effects
of PL on the Wnt/B-catenin pathway. NDRGI is a tumor metastasis suppressor, which
inhibits EMT and the Wnt/B-catenin pathway through inhibition of LRP6, reactivation of
GSK-3p, and subsequent degradation of cytoplasmic B-catenin (149). As shown in Figure
3.14, low doses of PL and PL-NPs significantly upregulated the expression of NDRG1
mRNA and protein by 2-8-fold in MDA-MB-231 cells. Restoration of NDRG1 by PL
would therefore seem to be a plausible mechanism for the prevention of EMT and
metastasis.

Along with the Wnt/B-catenin pathway, TGF-/Smad signaling has also been

implicated in the induction of EMT and tumor progression. In a recent study, Sengupta
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and colleagues (2013) suggested that exposure of MDA-MB-231 cells to TGF- increases
their proliferation rate, and also induces EMT through increased expression of Snail,
fibronectin, and N-cadherin, as well as reduced expression of E-cadherin (121). However,
an older study suggests that TGF-B-induced EMT is a rare event in vitro (297). In fact,
MDA-MB-231 cells, although still sensitive to TGF-f signaling, do not become more
mesenchymal in appearance following treatment with TGF- (297). Regardless, in this
study, I showed that, in the absence of TGF-f, PL and PL-NPs decreased the protein
levels of Smad3, an important component of TGF-f signaling, in MDA-MB-231 cells.
Moreover, the induction of NDRG1 by PL and PL-NPs (Figure 3.14), is also consistent
with inhibition of TGF-f signaling because NDRG1 is known to reduce levels of Smad2
and inhibit phosphorylation of Smad3 (150). These findings highlight the potential
promotion by PL of an epithelial phenotype in mesenchymal-like breast cancer cells,
while inhibiting EMT. PL can reverse the cadherin balance of MDA-MB-231 cells by
inhibiting the Wnt/B-catenin and TGF-B/Smad pathways, as well as the EMT-TFs. This is
first report on the EMT inhibitory effects of PL on breast cancer cells.

Although, the protein levels of N-cadherin were decreased, the mRNA expression
of E-cadherin was increased in the presence of PL and PL-NPs. N-cadherin mRNA
expression was also increased by PL by 2-3-fold (Figure 3.13). One possible explanation
for these effects involves PL-mediated epigenetic reactivation of N-cadherin that is
independent of its anti-EMT effects, while post-translational modification or N-cadherin
turnover because of PL-induced MET is predicted to reduce N-cadherin protein levels.
The role of epigenetics modifications in the expression of N-cadherin has been studied
before (298, 299). Also, the expression of Wnt/B-catenin pathway target genes, Slug and
c-Myc, remain largely unchanged in the presence of PL, despite the inhibitory effect of
PL on Wnt/B-catenin signaling pathway (Figure 3.15B and C). Ultimately, the complex
transcriptional regulation of these genes along with the convoluted nature of EMT
signaling networks requires further investigation.

The ability of PL to reverse mesenchymal characteristics while promoting a more
epithelial phenotype may have a huge clinical implication. PL could very well interfere
with the mesenchymal state of invasive cancer cells in the primary tumor or within the

circulation and prevent their metastatic dissemination and colonization (300). The process
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of EMT is described as a spectrum of reversible cellular characteristics that lie between a
complete epithelial state and a complete mesenchymal state. Therefore, further
investigation is needed to determine how much MDA-MB-231 cells move towards the
epithelial end of the spectrum following multiple exposures to low doses of PL.

Some studies have indicated that the exposure of MCF-10A human mammary
epithelial cells to low doses of TGF-f results in their mesenchymal transition (272, 297).
Indeed, I found that treatment of these cells with 5 ng/mL TGF-f resulted in a
mesenchymal morphology and enhanced expression of mesenchymal markers such as N-
cadherin and vimentin, as well as MMP-2, MMP-9, and MMP-13 (Figures 3.17-3.19).
These results are consistent with previous reports of the effects of TGF-f on MCF-10A
cells (272, 297). However, pre-treatment of MCF-10A cells with PL did not interfere with
TGF-p signaling, and expression of N-cadherin and vimentin remained elevated in these
cells in the presence of both PL and TGF-f (Figure 3.17). Interestingly, PL alone did not
affect the expression of N-cadherin, B-catenin, Slug, and vimentin in MCF-10A cells. The
inability of PL to modulate endogenous B-catenin in these cells is also consistent with
absence of any change in E-cadherin mRNA expression by PL-treated MCF-10A cells
(Figure 3.18B). These results suggest that the anti-EMT effects of PL could be specific to
cancer cells.

As expected, expression of several MMPs such as MMP-2, MMP-9, and MMP-13
was upregulated in TGF-B-treated MCF-10A cells. While PL decreased TGF-B-induced
MMP-2 expression in MCF-10A cells, it did not affect TGF-B-induced MMP-9 and
MMP-13 expression by these cells (Figure 3.19), which resembles the effects of PL in
MDA-MB-231 cells, and also reflects the differential regulation of MMP expression
(292). Interestingly, PL alone did not affect the endogenous expression of MMPs in these
cells, which is further evidence of a cancer-cell specific mechanism of PL-mediated
suppression of the mesenchymal phenotype. Ultimately, analysis of MMP protein levels,
as well MMP activity, is required to make a more conclusive interpretation on the effects

of PL on MCF-10A cells in the absence or presence of TGF-p.
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4.5 PL-NPs Target the Epigenetic Machinery in TNBC and MCF-10A Cells

Epigenetic regulations play a crucial role during EMT and metastasis (273). For example,
E-cadherin promoter methylation and deacetylation is involved in E-cadherin (CDH1)
silencing during EMT (72-74, 164, 301). Indeed, CDH I promoter hypermethylation in
MDA-MB-231 and BT-549 cells is associated with EMT in these cell lines (301). Snail-
mediated recruitment of HDAC-1 and HDAC-2 to the CDH1 promoter, and its
subsequent transcriptional silencing has also been investigated (74). In addition, ZEB1-
mediated recruitment of HDAC-1 and HDAC-2 to the CDH1 promoter and E-cadherin
gene silencing also occurs in pancreatic cancer (75). These discoveries, along with my
observations that PL. mediated E-cadherin re-expression in MDA-MB-231 cells but not in
BT-549 cells, encouraged further investigation of the effects of PL on the epigenetic
machinery of TNBC cells. As shown in Figure 3.20, PL decreased the protein levels of
HDAC-1, -4, and -6, while leaving HDAC-2, and HDAC-3 protein levels unaffected.
Similar results were observed with protein levels of HDACs in BT-549 cells; however,
HDAC-1 protein levels were not changed in PL-treated BT-549 cells. In addition,
DNMT-1 protein levels were significantly downregulated in PL-treated MDA-MB-231
cells, but not in PL-treated BT-549 cells (Figure 3.22A-D). Therefore, I hypothesized that
PL-mediated re-expression of E-cadherin in MDA-MB-231 cells could be mediated
through inhibition of HDAC-1 and DNMT-1.

Surprisingly, overexpression of HDAC-1 or DNMT-1 by transient transfection in
MDA-MB-231 cells did not reduce the effects of PL on E-cadherin expression in these
cells. As shown in Figure 3.23, it appears that PL-mediated E-cadherin induction was
similar among HDAC-1-, DNMT-1-, and EV-transfected cells. Although the fold changes
in E-cadherin mRNA levels were not statistically significant (p value = 0.13), multiple
repeats of this experiments showed a trend towards a modest upregulation of E-cadherin
following PL treatment, which appears independent of the HDAC-1 or DNMT-1
abundance. These findings might be due to the minimal effects of PL seen on HDAC-1
and DNMT-1. Although PL increased E-cadherin expression by up to 4-fold in MDA-
MB-231 cells, HDAC-1 protein levels was only modestly decreased by PL, and a
significant decrease in DNMT-1 protein levels was achieved with 5.0 uM PL in these

cells. However, these results must be evaluated cautiously, given that E-cadherin
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overexpression following PL treatment was not to the same extent as seen previously
with un-transfected MDA-MB-231 cells (Figures 3.15A and 3.16). This lack of
responsiveness to PL could be due to unintended cellular stress and changes in gene
expression patterns during transfection with Lipofectamine® 2000 reagent (302).
Furthermore, cells overexpressing HDAC-1 or DNMT-1 were not selected for use in this
experiment; therefore, a low transfection efficiency and the presence of many un-
transfected cells could mask the inability of PL to induce E-cadherin, and show an effect
on mRNA expression that was comparable to EV-transfected cells. Overall, despite
previous reports on the roles of HDAC-1 and DNMT-1 in E-cadherin suppression (72,
74), the results of this study suggests that induction of E-cadherin in PL-treated MDA-
MB-231 cells may be independent of the epigenetic effects of PL. Indeed, transcription
factors such as B-catenin, Snail, Slug, ZEB1, and Twist are also involved in
transcriptional suppression of E-cadherin (67,97, 99, 123, 126, 129). Overexpression of
these transcription factors, or simultaneous overexpression of HDAC-1 and DNMT-1 in
MDA-MB-231 cells could further shed light on the mechanism of PL-mediated
epithelialization.

PL and PL-NP treatment also decreased HDAC-4, and HDAC-6 protein levels in
MDA-MB-231 and BT-549 cells. MCF-10A cells also experienced a modest decrease in
HDAC-4, HDAC-6, and DNMT-1 proteins (Figures 3.21 and 3.22E-F), suggesting that
the epigenetic effects of PL in this case are not cancer cell-specific. However, both
HDAC-4 and HDAC-6 have been implicated in cancer, since HDAC-4 downregulates
p21 and promotes growth of colon cancer (303), and HDAC-1, -6, and -8 are known to
regulate expression of MMP-9 and promote invasiveness by MDA-MB-231 TNBC cells
(163). HDAC-3 is induced by hypoxia inducible factor-1a (HIF-1a), a transcription
factor produced in cancer cells under hypoxic conditions, which can promote the
expression of N-cadherin and vimentin during hypoxia-induced EMT (299, 304). The role
of HDAC-3 in regulating N-cadherin, and the inability of PL to decrease HDAC-3
protein levels in MDA-MB-231 cells (Figure 3.20D) is consistent with the increase in N-
cadherin mRNA levels following PL treatment (Figure 3.13). Epigenetic silencing of
NDRGT1 through DNA methylation and histone deacetylation is also observed in human

breast and colon cancer cells (146, 147). Therefore, PL-mediated overexpression of
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NDRGT1 (Figure 3.14) could also be attributed to the effect of PL on HDACs and DNMT-
1. These epigenetic enzymes are ubiquitously expressed in cells, and are highly
dysregulated in many cancers (154). Although this is the first study to show the potential
inhibitory effects of PL on the epigenetic machinery, previous studies have examined the
effects of other dietary phytochemicals on the epigenome. For examples, EGCG inhibits
DNMT activity by forming a hydrogen bond with its active site, which results in the re-
expression of several tumor suppressor genes in human esophageal, colon, and prostate
cancer cells (305). EGCG also reduces DNMT-3A and HDAC-3 protein levels in HCT
116 colorectal cancer cells by targeting these proteins for degradation (306). Other
phytochemicals such as sulforaphane, curcumin, resveratrol, and genistein are also known
for modulating expression, protein levels, or activity of the epigenetic effectors as part of
their anti-cancer mechanism (193).

The results on this study provide solid evidence for the potent inhibitory effects of
PL on HDACs and DNMTs. These effects could be mediated through degradation of
these enzymes, or PL-mediated reduction in their mRNA expression. Other than DNMT-
1, DNMT-3A and DNMT-3B are also implicated in cancer. De novo methyltransferases,
such as DNMT-3B, are also involved in the maintenance of DNA methylation in cancer
(158, 307). Interestingly, DNMT-3A and -3B are known for their tumor suppressive
effects, as loss of these enzymes promotes cellular transformation and tumorigenesis
(307, 308). Further analysis of the effects of PL on the expression and/or activity of
HDACSs and DNMTs, including DNMT-3A and -3B, is needed if these dietary
phytochemicals are to be used as anti-cancer drugs. Ultimately, combination of PL with
conventional epigenetic inhibitors could lead to a more effective treatment regimen

against a wide range of malignancies, including solid/epithelial tumors.

4.6 Limitations of the Study

Today, as the search for more effective cancer therapeutic continues, the use of effective
drug delivery methods continues to attract research interest for cancer therapy. In this
study, we set out to develop a feasible method for encapsulating PIP and PL, two very
potent pepper-derived anti-cancer phytochemicals into NPs made from synthetic

polymers, which would result in a proper encapsulation of these dietary compounds and
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an ideal size and shape for effective tumor delivery. However, one of the limitations of
this study was based on the human cell lines used for investigating the anti-metastatic
properties of PIP-NPs and PL-NPs.

For this investigation, only human TNBC cell lines were used rather than breast
tumor samples obtained directly from patients. Despite the tremendous impact of cell
culture-based studies on our understanding of human health, two-dimensional growth of
cancer cell monolayers does not properly reflect tumor growth in humans. In addition,
long-term culture of cells has been associated with changes in DNA methylation patterns
which could skew study results (309). Furthermore, monolayer cell culture experiments
often results in inaccurate data that are not reproducible in xenograft models or clinical
trials (310). As mentioned earlier, the tumor microenvironment, which is not represented
in tissue culture studies, plays a central role in many aspects of tumor development and
metastasis (56, 57). Although, my study showed the cytotoxic potential of PL and PL-
NPs on MCF-7 mammospheres grown in vitro, further in vivo confirmation of the anti-
cancer and anti-metastatic properties of PIP-NPs and PL-NPs is needed to render these
alkaloids as attractive therapeutic alternatives to conventional treatment. Furthermore, the
dose-limiting toxicities of PIP-NPs and PL-NPs must be examined on several other
normal cells lines, including MCF-10A cells, and HMECs, as well as TNBC cell lines at
different time points. For this study, the comparisons between encapsulated and free PIP
or PL were made at a single time-point, which may not fully capture the delayed time-
course of NP formulation due to NP uptake by cells and subsequent drug release.

The in vitro experiments described in this thesis also require further confirmation to
make a more indisputable conclusion about the anti-EMT effect of PL. For some
experiments, multiple doses of 5.0 uM PL were used instead of a single dose of 2.5 uM
PL. Therefore, these experiments need to be further confirmed with a single 2.5 uM dose
of PL, and the possible toxicity of 5.0 uM PL also needs to be evaluated. Ultimately, the
mRNA and protein levels of genes do not always match. Therefore, confirming the
effects of PL on MMP protein levels and activity using western blotting and gelatin
zymography, respectively, is necessary. Similarly, PL-induced E-cadherin expression in
MDA-MB-231 cells is only seen at the mRNA level. Further confirmation on the effects
of PL on E-cadherin protein levels in MDA-MB-231 cells should also be considered
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using western blotting and/or flow cytometry. Also, the toxicity of ARP-100, an MMP
inhibitor, was not investigated in this study. Although ARP-100 appeared to decrease the
invasiveness of MDA-MB-231 cells through a gelatin-coated membrane, its effects on
cell viability must also be tested using Annexin-V-FLUOS/PI apoptosis assay, to ensure
that the invasion inhibitory effect of ARP-100 is solely based on inhibition of MMP
activity and not a reduction in cell number due to apoptosis/necrosis. Furthermore, the
results of the transfection experiment were largely inconclusive. Optimization of the
transfection process using perhaps a more efficient transfecting agent that causes less
cellular stress, or using knockdown instead of transient expression could enhance our

understanding of the inhibitory role of PL in EMT.

4.7 Future Directions
The present study provides considerable evidence for the potential use of PIP-NPs and
PL-NPs in cancer therapy. Despite their cytotoxic effects on TNBC cells and MCF-7
mammospheres, the mechanism of cellular uptake and intracellular processing of PIP-
NPs and PL-NPs is not fully elucidated. Understanding the mechanism of uptake of NPs
is important, especially for NPs that are not targeted for a particular ligand, to fully
appreciate their subcellular activity. Several studies have hinted at the role of clathrin-
mediated endocytosis as possible mechanism for uptake of PEG-PLA-NPs and PEG-
PLGA-NPs (285). Encapsulation of fluorescent compounds such as coumarin-6 or FITC,
along with cellular uptake inhibitors can be used to examine and compare the uptake of
mPEG-PLGA NPs by cancer cells and normal cells.

This study was also designed to investigate the anti-metastatic effects of PIP and
PL on TNBC cells. Given the potency of PL, the effects of this phytochemical were
further investigated in the context of EMT regulation and epigenetic modification.
However, PIP also exhibited strong anti-cancer and anti-metastatic effects, both in vitro
and in vivo (218, 233). Therefore, future studies should also examine the anti-EMT
potential of PIP, perhaps using the PIP-NPs introduced in this study as a delivery method.
Furthermore, previous studies have attributed many of the pharmacological effects of PL
to its ability to induce cellular ROS (201, 203, 204, 206), which play a vital role as

signaling molecule in cell survival and proliferation but can also damage cellular
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components and lead to cell death. The effect of ROS on the anti-metastatic properties of
PL was not investigated in this study. Future study should incorporate ROS scavengers,
N-acetyl-L-cysteine or reduced glutathione, to determine if the effects of PL on EMT in
TNBC cells is dependent on ROS. In addition to measuring MMP protein levels and
activity following PL treatment, the effects of PL on MDA-MB-231 cells could be further
investigated using exogenous expression of MMPs, knockdown of MMPs or selective
MMP inhibitors. For instance, MMP-2 and/or MMP-9 overexpressing MDA-MB-231
cells could be treated with non-cytotoxic doses of PL and placed in chemotaxis chambers
against fibronectin or gelatin coated membranes, to determine their invasion rates. These
experiments would further shed light on the inhibitory effects of PL on cancer cell
invasion and MMP expression.

Finally, this study was solely based on the preliminary in vitro effects of PIP and
PL on the metastatic properties or breast cancer cells. Given the successful encapsulation
of these phytochemicals into NPs, future studies should deliver PIP-NPs and PL-NPs in
vivo using mouse models of breast cancer. Due to the improved efficacy and
bioavailability that is usually reported with encapsulation of phytochemicals or anti-
cancer drugs, the PIP-NPs and PL-NPs generated in this study are predicted to exhibit
better efficacy compared to free PIP and PL, when administered intra-venously or intra-

tumorally.

4.8 Summary and Conclusions

This study shows that PIP and PL can be successfully encapsulated into mPEG-PLGA
NPs using the thin-film hydration method, without weakening their bioactivity. PIP-NPs
and PL-NPs decreased the growth of and induced apoptosis in TNBC cells to the same
extend as free PIP and PL. At non-cytotoxic doses, PIP-NPs and PL-NPs decreased the
migration and invasiveness of MDA-MB-231 breast cancer cells. Both PL and PL-NPs
showed suppressive effects on the metastasis-associated EMT, through inhibition of
EMT-TFs, such as ZEB1, B-catenin, and Slug, upregulation of epithelial marker E-
cadherin and metastasis suppressor NDRG1, and downregulation of mesenchymal marker

N-cadherin. The anti-EMT effects of PL and PL-NPs could be mediated through their
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effects on epigenetic regulators. A proposed model for the effects PL. on TNBC cell
growth and metastatic activity is summarized in Figure 4.1.

PIP and PL are two pepper-derived natural compounds that may have a promising
future in cancer therapy. The conventional treatment for cancer, particularly TNBC, is
associated with unintended side effects; hence, alternative therapeutic approaches with
higher tumor selectivity are urgently needed. The findings of this study provide further
insight into the anti-metastatic and EMT regulatory potential of PIP and PL, both of
which inhibited the migration and invasion of MDA-MB-231 cells in vitro. Low doses of
PL inhibited EMT, modulated cancer epigenome, and promoted an epithelial phenotype
in MDA-MB-231 cells. Targeting EMT interferes with the metastatic potential of tumor
cells and that have the potential to cause relapse. The use NPs as a drug delivery
approach improved the solubility of PIP and PL, and sets the stage for a more effective
therapeutic delivery of these compounds in vivo.

PIP and PL could complement other anti-cancer therapeutics in the destruction of
primary tumor and metastases, when administered as a combination therapy, due to their
broad anti-cancer effects and their ability to inhibit drug-metabolizing CYP450 enzymes
(207,311). However, PIP and PL could also antagonize the effects of immunotherapy, as
these phytochemicals also possess immunomodulatory effects. For example, PIP exhibits
inhibitory effects on both innate and adaptive immune cells (211-213), while PL prevents
dendritic cell maturation (312). The use of ligand-modified NPs that actively target PIP
and PL into tumor cells is essential when these phytochemicals are combined with
immunotherapy in order to avoid unwanted effects on immune cells. Further analysis of
the anti-tumor and anti-metastatic potential of PIP and PL will help determine the
population of breast cancer patients that would benefit most from these compounds.
Certainly, the results presented in this study will be a helpful guide to future in vivo and

clinical studies involving PIP- and PL-NPs.
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Figure 4.1 Schematic diagram of the effects of PL-NPs, at cytotoxic and non-
cytotoxic doses, on MDA-MB-231 breast cancer cells.

Although at high doses, PL-NPs induced cancer cell death, low-dose PL-NPs suppressed
Wnt/B-catenin and TGF-B/Smad signaling pathways, and decreased the protein levels of
ZEB1, B-catenin, and Slug, while increasing the expression of the epithelial marker, E-
cadherin, and tumor suppressor NDRG1. PL-mediated inhibition of EMT and promotion
of an epithelial phenotype in MDA-MB-231 cells may be mediated through effects of PL
on the epigenetic machinery.
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