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ABSTRACT

ANTICARCINOGENIC EFFECTS OF THE ETHANOLIC EXTRACT FROM
SALIX AEGYPTIACA L. IN COLON CANCER, INVOLVEMENT OF AKT
PATHWAY

Enayat, Shabnam

Ph.D., Department of Biology
Supervisor: Assoc. Prof. Dr. Sreeparna Banerjee
September 2013, 118 pages

Salix aegyptiaca has been used for centuries as a medicinal plant for various health
disorders. Our previous study demonstrated high contents of phenolics and antioxidants in
its bark many of those are famed for their anti-inflammatory properties.

Since inflammation frequently accompanies the progress of colorectal cancer, in the current
study we showed that the ethanolic extract of bark (EEB) from S.aegyptiaca exerted strong
anti-proliferative effects on several cancer cells but not on non-cancerous CCD-18Co cells.
Ethyl acetate and water fractions, obtained by solvent-solvent fractionation of EEB showed
strong antiproliferative effects comparable to the effect from EEB. Both fractions were
applied to tandom mass spectrometry. Catechin, salicin and catechol in Ethyl acetate and
salicin in aqueous fractions were the most abundant compounds. Additionally, treatment
with the extract induced apoptosis and cell cycle arrest at G1/S, not by DNA damage, but by
decreasing phosphorylation and activity of Akt/PKB, stabilizing p53 and upregulating p21.
The extract strongly reduced the superoxide anion production in cancer cells but not normal
cells.

In addition, EEB strongly inhibited anchorage independent growth of colon cancer cell lines
HCT-116 and HT-29. Moreover, EEB could inhibit the motility, determined by scratch
wound healing and migration through Transwells and adhesion of cancer cells to
fibronectin. These in vitro functional changes were accompanied by the downregulation of
the EMT markers SNAI1, SNAI2, Twistl, MMP9 and MMP2 and a restoration of E-
cadherin expression.

We propose that EEB from S.aegyptiaca, with its myriad cancer chemopreventive effects,
can be consumed for its health promoting effects.

Key words: Salix aegyptiaca, Ethanolic extract, Colon cancer, Apoptosis, Metastasis
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SALIX AEGYPTIACA L.NIN ETANOLIK OZUTUNUN AKT SINYAL YOLAGI
ARACILIGIYLA KOLON KANSERI UZERINDE ANTi-KARSINOJENIK
ETKILERI

Shabnam Enayat

Doktora, Biyoloji Boliimii
Tez Yoneticisi: Dog. Dr. Sreeparna Banerjee
Eyliil 2013, 118 sayfa

Salix aegyptiaca ylizyillar boyunca ¢esitli saglik bozukluklar1 igin sifali bir bitki olarak
kullanilnugtir.  Onceki calismalarimiz, bu  bitkinin  kabuklarinda  anti-inflamatuvar
Ozellikleriyle iinlii olan fenolikler ve antioksidanlarin yiliksek oranda bulundugunu
gOstermistir.

Inflamasyon cogunlukla kolorektal kanser gelisimine eslik ettiginden, bu caligmada
S.aegyptiaca’dan elde edilen kabuklarin etanol 6ziitlerinin (EEB) ¢esitli kanser hiicreleri
iizerinde ¢cogalmay1 engelleyici etkisi oldugunu gosterdik. Ayni etki kanser olmayan CCD-
18Co hiicrelerinde goriilmemistir. EEB’nin ¢ekme yontemiyle ayristirilmasiyla elde edilen
etil asetat ve su fazlari, EEB etkisi ile karsilastirilabilir diizeyde ¢ogalmay1 dnlemistir. Her
iki faz da ardisik kiitle spektrometresine tabi tutulmus ve etil asetat fazinda katekin, salisin
ve katekol, su fazinda ise salisin bilesiklerinin agirlikta oldugu goézlenmistir. Ayrica,
hiicrelerin 6ziit ile muamelesi, DNA hasari yoluyla degil, Akt/PKB fosforlanmasini ve
etkinligini azaltarak, p53’ii dengeleyerek ve p21°’i tetikleyerek apoptoz ve G1/S fazinda
hiicre doniisiiniin durmasma yol agmustir.  Oziit ayn1 zamanda kanser hiicrelerinde
stiperoksit anyon tiretimini artirmig fakat ayni etki normal hiicrelerde goriilmemistir.

Bunlara ek olarak EEB, kolon kanseri hiicre hatlar1 HCT-116 ve HT-29’da tutunmadan
bagimsiz biiylime 6zelligini azaltmistir. Ayrica EEB, yara iyilesme yontemiyle belirlenen
hareketlilik ve Transwell iginden gé¢ etme ve fibronektine tutunma yontemleriyle belirlenen
g0¢ edebilme 6zelliklerini gozle goriiniir sekilde azaltmistir. Bu in vitro iglevsel degisimlere
SNAI1, SNAI2, Twistl, MMP9 ve MMP2 gibi EMT belirte¢lerinde azalma ve E-cadherin
ifadesinin geri kazanimi eslik etmistir. S.aegyptiaca’dan elde edilen EEB’nin, sayisiz kanser
Onleyici etkileri sebebiyle, sagligi destekleyici bir etken olarak tiiketilebilecegini
Onermekteyiz.

Anahtar kelimeler: Salix aegyptiaca, etanol 6ziitii, kolon kanseri, apoptoz, metastaz
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CHAPTER 1

INTRODUCTION

1. INTRODUCTION

1.1 An overview of the history of cancer; ancient and modern treatment methods

Several historical documents reported by ancient physicians demonstrate the presence of
human diseases with symptoms similar or related to cancer. These are evidence of the
presence of cancer even in ancient populations dating back to the times of the Pharaohs in
Egypt and the classical world. According to same reports, although surgery was the
common method to cure these kinds of diseases, physicians recommended the use of natural
and herbal products as complementary therapy (Nobili et al., 2009).

Today, carcinogenesis is defined as a multistep process consisting of tumor initiation,
promotion and progression (Dorai and Aggarwal, 2004). The process begins with cellular
transformation, progresses to hyperproliferation, evading growth suppressors, resistance to
programmed cell death (apoptosis), acquisition of invasive potential, angiogenic properties
and finally establishment of metastatic lesions. These six capabilities are considered as the
major hallmarks of cancer (Figure 1.1) (Hahn and Weinberg, 2002) (Hanahan and
Weinberg, 2011).

Sustaining proliferative
signaling

Resisting Evading growth
cell death SUppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 1.1: The six biological alterations considered as the main hallmarks of cancer
(Hanahan and Weinberg, 2011)



1.2 Carcinogens and therapeutic methods

As of today more than a hundred carcinogens from different chemical, physical, and
biological sources have been identified. Various environmental carcinogens (such as
cigarette smoke, industrial emissions, gasoline vapors), inflammatory agents (such as tumor
necrosis factor (TNF) and H,0,), tumor promoters (such as phorbol esters) are able to
activate carcinogenesis (Aggarwal and Shishodia, 2006; Vickers, 2000). Surgery, radiation-
therapy, immunotherapy, and/or chemotherapy are often applicable medical treatments
against cancer. Currently, most chemotherapeutic agents used in cancer therapy are
combinations of chemical substances, which are not selective toward cancer cells and
usually induce toxicity in normal cells as well. Anti-cancer drugs suppress lymphocytes and
bone marrow cells, thereby destroying the host immune system. Drug resistance and high
rates of disease recurrence are associated with many of the currently-used chemotherapeutic
drugs (Chau and Cunningham, 2006).

Therefore, using natural medicines as an alternative method in the prevention of cancer has
been proposed (Aggarwal and Shishodia; Vickers, 2000).

1.3 Major signaling pathways involved in cancer: potent targets for cancer therapy

Cancer arises from changes in signaling pathways controlling the morphological and
biological properties of cells which, therefore, could be good targets for cancer therapy.
Among these, deregulation of MAPK/ERK, PI3K/AKT, and NF-xB signal transduction
pathways play a prominent role in the initiation and maintenance of human cancer, since
many components of these pathways have been found to be mutated or amplified in a broad
range of tumors. Additionaly, in most cancer types, elevated levels of reactive oxygen
species production play a major role in the induction and sustainment of these signaling
pathways (Engelman, 2009) (Benhar et al., 2002; Karin et al., 2002) (Ko and Auyeung,
2013).

Oxidative stress mediated mechanisms: Involvement of Reactive Oxygen Species
(ROS)

In normal cells, low-level concentrations of ROS are implicated in the activation of several
signal transduction pathways involved in cell proliferation. However, in cancer cells,
elevated levels of ROS including free radicals (e.g. superoxide (‘O2°), hydroxyl radicals
(.OH), and the non-radical H,O,) result in constitutive activation of stress-related signaling
pathways and maintainance of high proliferation rates. Multiple external and internal
sources such as the electron transport chain in mitochondria, ionizing radiations, enzymes
producing superoxide anion such as NADPH oxidases, lipoxygenases (LOX) and
cyclooxygenases (COX) result in the formation and accumulation of ROS in the cells.
However, a major source of ROS is the mitochondria. It could occur through electron
leakage from mitochondrial respiratory chain, which reacts with cellular oxygen to form
superoxide, following by subsequent conversion to other ROS (Tin et al., 2007).

The formation and presence of ROS under normal and pathologic conditions is necessary in
defense against pathogens and to regulate diverse cellular functions, including intracellular
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signaling. However, in excess, ROS can cause severe damage to cellular macromolecules
including lipids, proteins and DNA leading to tumorigenesis and cell death. In tumors,
especially in the advanced stages, an increase in metabolism and the metabolic switch to
aerobic glycolysis alters the redox status of the cells and induce elevated levels of ROS (Au-
Yeung et al., 2008; Shrikant and Lee, 2010; Surh, 2003). These biochemical properties of
cancer cells can be used as a therapeutic tool for selective targeting of cancer cells as cancer
cells with elevated oxidative stress are likely to be more vulnerable to high levels of ROS
induced by exogenous agents (Shrikant and Lee, 2010; Surh, 2003). There are several
phytochemicals that inhibit cell proliferation and induce apoptosis in cancer cells through
the induction of ROS. Epigallocatechin gallate EGCG is a well-known example which
induces apoptosis in cancer cells via generation of ROS and activation of p38 stress
response protein (For more details please see section: MAPK/ERK pathway).

Nuclear factor-kappaB (NF-kB) signaling pathway: a bridge between inflammation
and cancer

The association of inflammation and cancer is a well-established phenomenon. Pro-
inflammatory stimuli such as ROS, TNF and Toll Like Receptor (TLR) ligands activate
Inhibitor of Kappa Kinase (IKK)a/p Ser/Thr kinases. This complex, upon activation,
phosphorylates the protein inhibitor of kappa B (IxB), resulting in its polyubiquitination and
proteasomal degradation. Removal of the inhibitor permits the dissociation and translocation
of p50 and p65 (RelA) heterodimer subunits of NF-kB complex to the nucleus and binding
to DNA elements at target genes. This cascade of events is known as the classical pathway
of NF-«xB activation (Gilmore and Wolenski, 2012; Hoffmann et al., 2002).

NF-«kB, with regulatory functions in immunity, inflammation and proliferation, is at the
helm of one of the most important signaling pathways associated with cell survival. In
cancer, NF-xB contributes to all major oncogenic processes, including inhibition of
apoptosis, proliferation, angiogenesis, inflammation, epithelial to mesenchymal transition
(EMT), invasion and metastasis (Basseres and Baldwin, 2006). NF-kB promotes EMT via
activation of the mesenchymal transcription factors Twist (Horikawa et al., 2007) or Snail
(Julien et al., 2007) and stimulates tumor cell invasion through transcriptional activation of
the matrix metalloproteases MMP-3 (Borghaei et al., 2004)and MMP-9 (Yan et al., 2004).
NF-kB activates the expression of anti-apoptotic genes including Bcl-2, Bel-xL, Mcl-1 and
c-FLIP (Auyeung et al., 2012; Singh and Aggarwal, 1995). NF-xB is also a well-known
regulator of cellular redox status since several direct or indirect activators of NF-kB are
kinases that are activated by ROS as second messengers (Adachi et al., 2009; Colombo et
al., 2001). In tumor cells, elevated levels of ROS lead to the constitutive activity of NF-xB
and secretion of inflammatory cytokines. Flavonoids with antioxidant activity are capable of
chelating redox-active metal ions, which can thereby neutralize free radicals and inhibit NF-
kB signaling pathway (RiceEvans et al., 1996).

Mitogen Activated Protein Kinase/Extracellular Related Kinase (MAPKSs/ERK)

signaling pathway

The RAS/RAF/MEK/ERK pathway regulated by receptor tyrosine kinases, cytokines, and

heterotrimeric G-protein-coupled receptors (Goodall et al., 2004) play critical roles in
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mediating and maintaining the homeostasis of most cell types by controlling cell growth,
differentiation and apoptosis. RAS is a small G-protein localized in the plasma membrane
that activates the downstream protein RAF followed by phosphorylation activation of MEK
and ERK, which finally transduce the signal to the nucleus for regulation of transcription
(Gray-Schopfer et al., 2007). Oncogenic RAS mutation leads to cellular transformation and
cancer due to the constitutive activation of MEK/ERK, which prevents apoptosis due to the
activation of Bcl family proteins, (Ding et al., 2001; Jost et al., 2001; Pan et al., 2011; Pardo
et al., 2002).

The other two important members of MAPK family are c-Jun N-terminal kinases (JNKs)
and p38 mitogen activated protein kinases, which are involved in stress response pathways.
In the presence of upstream stress stimuli such as ROS, UV radiation, cytokines and growth
factors, JNK is activated and translocated to the nucleus where it induces the
phosphorylation and activation of downstream c-Jun target protein and the formation of the
Activator Protein (AP)1 complex. AP1 promotes the transcription of a wide range of genes
encoding proapoptotic proteins such as TNF-a, Fas-L, p53 and Bak. On the other hand, JNK
activation could also induce cell proliferation but whether this activation leads to apoptosis
or induce proliferating signals is dependent on the type of stimulus (JNK and apoptosis
paper: Reddy, 2008; Lin & Dibling, 2002; Liu & Lin, 2005).

p38 is another stress-related kinase that is activated when the cell is exposed to various
stresses such as ROS, UVA radiation and DNA damage. Activation of p38 upregulates the
oncogenic COX-2 gene and inhibits apoptosis through the stabilization of the antiapoptotic
protein Bel-xl.

Recent studies demonstrate that some phytochemicals such as apigenin, acacetin, indole-3-
carbinol (I3C) found in the human diet could abrogate cell proliferation of cancer cells
through the down regulation of MAPKSs including the stress response related protein p38
(Liu et al., 2011; Shen et al., 2010).

PI3K/Akt/mTOR Pathway

The PI3K/Akt/mTOR signaling pathway, commonly known as PI3K signaling pathway, is
an important pathway whose aberrant activation plays a central role in cancer growth,
survival, and motility as well as resistance to targeted therapy. Phosphoinositide 3-kinases
(PI3K) are heterodimeric lipid kinases containing a catalytic and a regulatory subunit.
Among PI3K family members, PI3K class IA is widely implicated in the pathogenesis of
several cancer types. Its catalytic subunits are p110a, p110p, p110y, and p110d (Katso et al.,
2001; Vanhaesebroeck et al., 2010). PI3K is activated through ligand binding of growth
factors to receptor tyrosine kinases (RTKs), which then phosphorylate the 3'-hydroxyl group
of phosphatidylinositols (Escobedo et al., 1991; Myers et al., 1992). PI3K could also be
activated by G-protein coupled receptors (GPCRs) and the small GTPase Ras (Guillermet-
Guibert et al., 2008; Shaw and Cantley, 2006). PI(3,4,5)P3 is then generated, which then
recruits PDK-1 (3’-phosphoinositide-dependent kinase 1) and the serine/threonine kinase
AKT/PKB (protein kinase B) (Burgering and Coffer, 1995). Phosphorylation and activation
of AKT is considered as the central node of the pathway as the activated AKT translocates
to either distinct areas within the cytosol or into the nucleus where it directly or indirectly,
by phosphorylation of downstream host substrates, regulates a wide range of molecular
functions within the cell, such as cell cycle progression, apoptosis, transcription, and
translation.



Downstream targets of PI3K/Akt signaling

A: Regulation of protein synthesis and translation

One of the major downstream targets of AKT is the serine/threonine kinase mammalian
target of rapamycin (mTOR). mTOR, in association with other proteins in a complex known
as mTORCI, phosphorylate and activate p70S6K (70 kDa ribosomal protein S6 kinase) and
4E-BP1 (elF4E-binding protein) to mediate translation and synthesis of cell cycle regulating
and ribosomal proteins (Beretta et al., 1996; Chung et al., 1992). On the other hand, p70S6K
negatively regulates PI3K pathway by interrupting the signaling between ligand stimulated
IGF-R1 and PI3K (Harrington et al., 2004; Shah et al., 2004).

B: Cell cycle regulation

Activated AKT promotes cell proliferation and survival directly by inhibiting the Cyclin
dependent kinase (CDK) inhibitors p21 and p27, which negatively regulate the cell cycle
and therefore have tumor suppressive properties. AKT also promotes survival indirectly by
the activation of pro-survival transcription factor nuclear factor-yB (NF-¢<B) through the
phosphorylation of IKK. Finally, activated AKT inhibits the expression and activity of the
tumor suppressor p53 by phosphorylating and activating its negative regulator MDM?2,
which in turn targets the p53 protein for ubiquitination and degradation (Mayo and Donner,
2001; Ozes et al., 1999; Romashkova and Makarov, 1999; Zhou et al., 2001).

C: Involvement in EMT

Activated AKT increases the motility and invasive potential of cancer cells by activating
epithelial mesenchymal transition (EMT). Activation of the AKT pathway has been shown
to promote the expression of the mesenchymal proteins MMP-9, MMP-2 and SNAI1/2 and
repression of the epithelial protein E-cadherin, leading to EMT and metastasis (Adya et al.,
2008; Gialeli et al., 2013; Wu et al., 2013; Zuo et al., 2011) (For more detail please see
section 1.5 under the title: Metastasis of epithelial tumors).

This multifunctional characteristic of PI3K/AKT pathway makes it a very important target
for therapeutic purposes. Moreover, since the hyperactivation of this pathway has been
observed in a wide range of cancer types, drugs and therapies targeting this pathway can be
used against a wide spectrum of cancers (Luo et al., 2003). In this respect several PI3K
pathway inhibitors have been developed, such as L.Y294002 and Wortmannin.

Cross Talk between these pathways

The extraordinary complexity of the PI3K pathway is due to multiple feedback control loops
and crosstalk with other signaling pathways such as MAPKs and NF-¢B pathways (Figure 1.
2). This ensures homeostatic control of cell growth in response to mitogenic signals and to
prevent unwanted cell growth under specific cellular states. However, in cancer cells these
pathways could also result in the evolution of compensatory mechanisms in response to
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single agent therapies, thereby demonstrating the necessity of utilizing multiple therapeutic
agents for the dual targeting of PI3K/AKT and MAPKs pathways (Chappell et al., 2011;
Oda et al., 2008; Turke and Engelman, 2010).

A schematic figure representing the overall cellular response to the activation of PI3K/AKT
and MAPKSs pathways has been presented in figure 1.2.
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1.4 Major hallmarks of cancer

Carcinogenesis is the result of six major capabilities of cancer cells including cellular
transformation, hyperproliferation, evasion of growth suppressors, resistance to apoptosis,
acquisition of invasive potential, angiogenic properties and finally establishment of
metastatic lesions leading to cancer development and progression. Among these six
hallmarks, as therapeutic targets for cancer therapy, we focused on three major capabilities
that include signaling for sustained proliferation, resistance to apoptosis and metastasis.

Sustained cell cycle progression and proliferative signaling

Cancer is mostly considered as a proliferative disorder since the primary and fundamental
characteristic of cancer cells is chronic proliferation. In normal tissues, proliferation is under
precise control in favor of maintenance of cellular function and homeostasis by regulating
the production and release of growth promoting signals ensuring progression through cell
division and growth ().

In cancer cells, growth signals are deregulated in favor of survival, resulting in
hyperproliferation. Progression through the cell cycle depends on the activation of cyclins
and cyclin dependent kinases (CDKs), which function together in the G1 phase for initiating
DNA synthesis or S-phase and progression to G2/M phases. The activity of cyclin—-CDK
complexes is regulated by p21 and p27, members of the kinase inhibitor protein (KIP)
family that can arrest the cell by inhibiting DNA replication (Coqueret, 2003). p21
negatively regulates cell cycle progression by inhibiting CDK2/4 and blocks DNA
replication by binding to PCNA (Gartel, 2005). The expression of p21 is controlled by the
tumor suppressor protein p53 and the PI3K/AKT/GSK3p pathway has been shown to
negatively influence p53 stability.

Defects in cell cycle check points, autocrine response to the secreted growth factors,
stimulating the secretion of growth factors by tumor associated stromal cells, elevated levels
of receptor proteins, ligand independent firing of receptors by structural alteration of
receptors, disruption of negative feedback mechanisms attenuating proliferating signals and
somatic mutations activating additional downstream pathways such as PI3K/AKT or
MAPKSs pathways results in sustaining proliferating signals, promoting the transition of cell
cycle progression, uncontrolled cell division and growth (Cheng et al., 2008; Bhowmick et
al., 2004; Hahn,2011; Jiang and Liu, 2009; Davies and Samuels, 2010).

DNA damage-mediated mechanisms

Persistent DNA damage by chemical agents, ROS, ionizing radiation and defects in DNA
repair mechanisms can result in genomic instability and ultimately may lead to cancer.
Conversely, induction of DNA damage (e.g. double stranded breaks) is used as an effective
therapeutic method to treat cancer. Most of currently used anticancer drugs act by the
induction of DNA damage, which can induce the DNA damage response (please see below).

DNA damage response and DNA repair mechanisms

The maintenance of genetic stability is primary through DNA damage response, which acts
through induction of cell cycle arrest to enable DNA repair or activate apoptosis (Krempler
et al., 2007). The imbalance between DNA damage and DNA repair activities may affect
cell viability and ultimately may lead to cancer.


http://www.sciencedirect.com/science/article/pii/S0163725812002343#bb0460
http://www.sciencedirect.com/science/article/pii/S0163725812002343#bb0460

The central components of the DNA damage response machinery are the phosphoinositide
3-kinase (PI-3K) related kinases ATM and ATR. Recruitment of ATM and ATR to DNA
lesions target and activate several downstream kinases including Chk1 and Chk2. Activation
of these kinases activate a cascade of events leading to the subsequent activation of
downstream regulatory proteins of which the most important is the tumor suppressor protein
p53 so that cells with extensive DNA damage may undergo apoptosis.

Resistance to programmed cell death (apoptosis)

Apoptosis is defined by typical morphological and biological characteristics including cell
shrinkage, condensation of chromatin, membrane blebbing and nuclear DNA fragmentation,
which all together are considered as the hallmarks of apoptosis (Hengartner, 2000).
Tumorigenesis is the result of an imbalance between cell death and proliferation in favor of
cell survival due to changes in expression and activity of genes, proteins and other
molecules that are key regulators of apoptosis. Therefore, apoptotic pathways have been
targeted for treating cancer by promoting the expression of pro-apoptotic proteins such as
Bad, Bax, Caspases, PARP, p53 and down regulation of anti-apoptotic proteins including
Bclxl, and XIAP (Ko and Auyeung, 2013).

Extrinsic and intrinsic pathways of apoptosis

Apoptosis is activated either via death receptors (extrinsic) or the mitochondrial (intrinsic)
pathway. In the extrinsic pathway, binding of natural ligands (e.g. CD95L, TRAIL and
TNFa) to their corresponding receptors induce the sequential activation of caspase-8 and -3,
leading to the cleavage of target proteins and induction of apoptosis. On the other hand, the
intrinsic pathway is induced directly or indirectly by intrinsic death stimuli e.g. intracellular
stress such as reactive oxygen species (ROS), DNA-damaging reagents, growth factor
withdrawal and protein unfolding stresses in the endoplasmic reticulum and Ca®*
mobilization. These stimuli result in membrane permeabilization and activation of the
mitochondria, release of cytochrome c and the formation of the apoptosome complex
consisting of cytochrome ¢, Apaf-1 and caspase-9 (Kim et al., 2002; Lacour et al., 2003).
Activation of both extrinsic and intrinsic pathways result in the cleavage of pro-caspase 3 to
its active form via caspase 8 and 9 respectively, which finally activates apoptosis (Riedl and
Salvesen, 2007). Within the extrinsic pathway, the activated pro-apoptotic protein Bid
induces the translocation of pro-apoptotic proteins Bax and/or Bak to the mitochondrial
membrane and thereby serves as the crosstalker between extrinsic and intrinsic pathways
(Billen et al., 2008). c-FLIP and XIAP negatively regulate the activities of caspase-8 and
caspase-3, respectively in the extrinsic pathway (Eckelman et al., 2006; Krammer et al.,
2007) while, the intrinsic mitochondrial pathway is largely controlled by the pro-apoptotic
proteins Bax, Bak, Bid and SMAC, and anti-apoptotic proteins Bcl-2, Bel-xl, Mcl-1 and
XIAP (Galluzzi et al., 2006; Wu et al., 2007). Defects in apoptosis are a common
phenomenon in many types of cancers and are also the critical step in tumorigenesis and
resistance to therapy (Hanahan and Weinberg, 2000; Testa, 2010). Thus, apoptotic pathways
are relevant targets of cancer therapies (Fesik, 2005). Within the last decades, several
naturally occurring compounds, which are mostly plant secondary metabolites have been
investigated for possible anticancer properties many of these induce apoptosis such as
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curcumin, resveratrol, fisetin, EGCG, luteolin, quercetin, etc.(Braicu and Gherman, 2013;
Gokbulut et al., 2013; Guo et al., 2013; Park et al., 2013; Ying et al., 2012; Zheng et al.,
2012).

p53-mediated cell cycle arrest and apoptosis

Activated p53 regulates the expression and function of downstream effector proteins such as
p21, Cdc25A and cyclin-dependent kinases (CDKSs), which finally result in a transient and
reversible cell cycle arrest at the transition from the G1 to S phase or from the G2 to M
phase of the cell cycle. This allows the cells to repair the DNA damage or respond to other
stimuli such as starvation of DNA precursors (Agarwal et al., 2006; Hastak et al., 2008).

p53 can also induce apoptosis in response to stimuli such as prolonged unrepaired DNA
damage. Therefore p53 is considered as the central node in the maintenance of cellular
homeostasis, during both normal and stressed conditions, so that the disruption of or defect
in either functional p53 or any components of p53 network could result in the development
of virtually all cancer types. One of the major downstream targets of p53 is the p53
upregulated modulator of apoptosis (PUMA), which binds to and inhibits Bcl-2 and Bel-xl
antiapoptotic proteins and promotes apoptosis. Exogenous expression of PUMA causes an
extremely rapid induction of apoptosis that occurs much earlier than that resulting from
exogenous expression of TP53 (Agarwal et al., 2006; Amin et al., 2007; Furgason and
Bahassi, 2013).

1.5 Metastasis of epithelial tumor

Tumors are classified as benign and malignant. Although benign tumors cause significant
organ dysfunction and even death, they are mostly less harmful, localized and not able to
spread throughout the body. In contrast, malignant tumors more commonly known as
cancer, have gained motility and metastatic potential due to a loss or change in adhesive
requirements and dependency on growth factors (Rendon et al., 2007) and cause most
(~90%) human cancer deaths. Excessive epithelial cell proliferation and angiogenesis are
hallmarks of the initiation and early growth of primary epithelial cancers (Maniatis, 1999).
Metastasis includes complex events, starting with tumor cells detachment, motility, invasion
to adjacent tissues, adhesion to endothelial cells, thereby gaining access to vascular or
lymphatic channels, transition through the bloodstream and finally extravasation and
reestablishment of growth at a distant site (Lee et al., 2010).

The outer edge of solid tumors that invades the basement membrane and the surrounding
tissue, often called the invasive front, is represented as either a sheet of advancing cells or as
individual or small groups of cells ‘pushing forward’.

Regulation of metastasis

Invasive and metastatic potential of cancer cells raise through malfunction of regulatory
processes controlling cell development and homeostasis. Among these regulatory processes,
the TGFp superfamily, Wnt/B-catenin/TCF (T-cell specific transcription factor), and Notch
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signaling pathways play a major role in the development, differentiation and maintenance of
homeostasis of cells. Mutations or aberrant regulation of these pathways often contribute to
tumor initiation and progression, especially in the colon.*

Motility and invasion into adjacent tissues is a key requirement for the progression of
primary tumors toward metastatic lesions. The tumor cells gain metastatic properties
through a cascade of biological and morphological changes called epithelial- mesenchymal
transition (EMT). Most of these alterations, including motility and migration, are also
observed during developmental processes and recent studies have shown that several master
regulators of development play critical roles during EMT as well.

Epithelial-mesenchymal transition and the invasive potential of tumors

A primary characteristic of epithelial cells is the tight interaction between neighboring cells,
ensured by strong adhesive junctions between cells and between cells and the extracellular
matrix (ECM). This property prevents movement of individual cells and enables the
formation of uniform epithelial cell sheets with polarized apical and basal surfaces (Hay,
2005).

As the process of EMT is initiated, epithelial cells lose most of their biological and
morphological properties and gain the characteristics of mesenchymal cells. These include
weakening and losing adherence junctions due to the suppression of epithelial biomarkers
such as the loss of E-cadherin, plakoglobin and cytokeratins and the dismantling of
adherence junctions and desmosomes. Simultaneously, the cells also acquire mesenchymal
characteristics, including expression of vimentin, alpha-smooth muscle actin, N-cadherin,
specific myosin isoforms, fibronectin, metalloproteinases and an elongated ‘fibroblast-like’
morphology, which all together provide the invasive motility of transformed cells. These
morphogenic changes characterizing EMT are under the control of the master transcription
regulators Slug, Snail, ZEB and Twist, which are also induced in some invasive cancers
(Thiery, 2002; Yang et al., 2004). Therefore, EMT is the result of alteration in various
regulatory and signaling pathways, which enhance tumor invasion and/or metastasis.

E-cadherin a major cell adhesion molecule involved in the progression of EMT

E-cadherin is one of the main transmembrane adhesive molecules, whose homophilic
binding to each other on the surface of adjacent cells provide and maintain adherence
junctions while its suppression is a major characteristic of cells undergoing EMT
(Birchmeier and Behrens, 1994; Gumbiner, 2005; Peinado et al., 2004). Loss of E-cadherin
expression at the invasive front of solid tumors has been observed during transition from
adenoma to carcinoma whereas the restoration of E-cadherin expression can promote
mesenchymal to epithelial transition (MET) and restore the epithelial phenotype (Perl et al.,
1998). Therefore, an understanding of the transcriptional regulation of E-cadherin is crucial
for identifying the mechanisms involved in EMT as well as utilizing methods to inhibit or
reverse the process of EMT [28]. There are several transcription factors including SNAI1
and SNAI2 (Slug) members of Snail family, ZEB (ZEB1 and ZEB2), basic helix—loop—helix
(bHLH) (E47 and Twist) families, which bind to consensus E-box sequences in the E-
cadherin gene promoter and downregulate E-cadherin transcription (Peinado et al., 2007).
Activation of extracellular-signal-regulated kinase (ERK) by the epidermal growth factor
receptor (EGFR), induces Slug activation and proteolytic cleavage of E-cadherin by MMP-2
and MMP-9 (Conacci-Sorrell et al., 2003; Miyaki et al., 1999). Beta-catenin is one of the
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major effectors of the Wnt pathway and a downstream target of E-cadherin. In many cancer
types, especially in colorectal carcinoma, B-catenin is released when E-cadherin expression
is lost and translocate to the nucleus where it transactivates B-catenin—T-cell factor (TCF)
target genes that contribute to tumorigenesis (Derksen et al., 2006; Gavert et al., 2005).

Hallmarks of cancer as therapeutic target for cancer therapy

Tumors, rather than a mass of proliferating cells, are a complex tissue composed of multiple
distinct cell types with heterotypic interactions promoting tumor development and
progression (Hanahan and Weinberg, 2011). Additionally, the hallmark capabilities of
cancer cells are regulated through more than one signaling pathway. Therefore, applying
agents targeting a single key pathway may not succeed in shutting down the hallmark
properties. In such situations, some cells with sustained capabilities survive with residual
functions. Mutations, epigenetic reprogramming, or remodeling of the stromal
microenvironment allow these cells to adapt to the selective pressures induced by the
applied therapy, reestablish the functional capability and renew tumor growth leading to
clinical relapse(Bhowmick et al., 2004; Cheng et al., 2008; Folkman and Kalluri, 2004). In
addition, most chemotherapeutic agents currently used in cancer therapy are combinations
of chemical substances which are not selective toward cancer cells and usually induce
toxicity in normal cells as well. Moreover, anti-cancer drugs suppress lymphocytes and bone
marrow cells thereby destroy host immune system.

All these facts highlight the necessity of multifaceted approaches by utilizing agents with
multiple targeting capabilities. To this respect several plant products exhibit strong capacity
for the simultaneous targeting of different signaling pathways, which drive the hallmarks of
cancer. Therefore, using natural medicines as an alternative method in the prevention of
cancer has been proposed (Aggarwal and Shishodia; Vickers, 2000).

1.6 Chemopreventive compounds from natural sources

Cancer remains a disease with high mortality, with colorectal cancer as the third most
common cancer in men and the second in women (Ferlay et al., 2010). Most drugs currently
available for the treatment of cancer have limited potential due to their toxicity, inefficiency,
expense and development of resistance (Aggarwal et al., 2007) necessitating a multifaceted
approach for the primary prevention of this disease, including optimization of nutrition and
diet (Aggarwal and Shishodia, 2006; Vickers, 2000).
Chemoprevention refers to the use of agents to inhibit, reverse or retard tumorigenesis. A
substantial amount of evidence from human, animal and cell line studies indicate that many
herbal products can exert chemopreventive effects (Surh, 2007; Wang et al., 1996). Such
natural medicines have been reported to serve as biological response modifiers by
activating, increasing, and/or restoring the reactivity of immunological effector mechanisms
that are involved in resistance to tumor growth and metastasis (Wasser and Weis, 1999;
Werner and Jolles, 1996).
Such natural agents that can target important carcinogenic pathways without demonstrating
discernible adverse effects would serve as ideal chemoprevention agents. During past
decades, several naturally occurring compounds such as quercetin and catechins (Flavonoids
present in numerous plants), vitamin D and folate (A kind of B vitamin found in several
plants including spinach, asparagus, and fortified cereals) have been studied in terms of their
12



antiproliferative and cancer preventive abilities in various in vitro and in vivo models of
colorectal cancer. Significantly, these compounds are present in various popular and
frequently consumed products such as wine grapes, teas, berries, peanuts etc and thereby
provide opportunities to the entire population to tap into their beneficial effects (Bravo,
1998; Hollman et al., 1995; Lee et al., 1995) . Curcumin (extracted from the rhizome of
Curcuma longa L) and resveratrol (a polyphenol found in numerous plant species, including
mulberries, peanuts and grapes) are two examples of natural chemo- preventive compounds
that have been studied well and strongly exhibit suppression, retardation or inversion of
carcinogenesis (Athar et al., 2007; Johnson and Mukhtar, 2007).

New approaches to the value of natural products

Although extensive efforts have been focused on investigating natural products, however,
only a limited number of the world’s plants have been investigated and defined for their
medicinal properties (Baker et al., 2007; Harvey, 2000).

Since the characterization of an extensive collection of well-defined and isolated naturally
occurring compounds is expensive and time consuming, recent attempts have been focused
on isolating and screening plant extracts as a mixture of compounds, which even may act
synergistically or additively to induce strong therapeutic properties (Quinn et al., 2008).
Epidemiological studies indicate that a wide range of fruits and vegetables have cancer
preventive effects; however, their active ingredients and their mechanisms of action are less
well understood. In the past decades, extensive studies have been carried out in order to
identify various molecular targets that can potentially be used for both cancer prevention
and treatment. However, there was a lack of success in targeted monotherapies resulting
from redundancies in signaling pathways and compensatory mechanisms, which has
emphasized on the importance of combination therapy or agents that interfere with multiple
cell-signaling pathways. Mixtures of phytochemicals obtained through a varied diet, as
opposed to the ingestion of individual purified components, have synergistic effects that are
responsible for their potent bioactive properties by interfering with several cell signaling
pathways involved in cell cycle, differentiation, apoptosis, metastasis of cancer cells
(Aggarwal and Shishodia, 2006). This could be the reason why the health benefits observed
through natural phytochemicals cannot be mimicked by a single agent (Liu, 2003).

1.7 Willow as a source of chemopreventive compounds

Musk Willow, a member of the Willow family, has been used for centuries as a medicinal
plant in many parts of the world for various health disorders including cancer. Assyrian and
Babylonian civilizations from the Middle East have exploited Willow bark for the treatment
of fever, pain and inflammation. Willow is also mentioned as an herbal pain remedy in the
Ebers papyrus of ancient Egypt (reviewed by Mahdi et al., 2006). Salix aegyptiaca is a Salix
species that is cultivated in Iran, Turkey, Turkmenistan and Afghanistan (Karimi et al.,
2011). In Iran, the plant is grown in the North, Central, West and Southern areas solely for
their medicinal value, and concoctions from the leaves, bark and essence from the flowers
are consumed as health drinks (Amin, 2005; Karimi et al., 2011 ). The bark extract from
various species of Willows are commercially available as an analgesic, antipyretic and anti-
inflammatory supplements.
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Figure 1. 3: Salix aegyptiaca.L. (Musk Willow)

A: (Asgharpanah, 2012).
B: http://species.wikimedia.org/wiki/Salix_aegyptiaca
C: http://araghyathemati.persianblog.ir/post/35

The bark from these plants is a rich source of salicin, the pro-drug form of acetyl salicylic
acid (ASA, Aspirin ®) and has been associated with anti-nociceptive and anti-inflammatory
properties as well as with the induction of apoptosis in cancer cells (Chrubasik et al., 2001;
Fiebich and Chrubasik, 2004; Hostanska et al., 2007a). However, pharmacological studies
have indicated that the fraction of total salicin is not adequate to explain the potency of
willow bark (Fiebich and Chrubasik, 2004; Nahrstedt et al., 2007 Metz & Khayyal, 2007).
In addition, salicin and its metabolites don’t have the acetylating potential of ASA.
Therefore there should be additional mechanisms to provide the anti-inflammatory and anti-
cancinogenic potential of willow bark such as the antioxidant functions of other constituent
phytochemicals as reported in some in vitro and in vivo studies (Hostanska et al., 2007a
Abel & Saller, 2007; Hostanska et al., 2007b Nahrstedt & Saller, 2007)}. Phenolic
compounds from medicinal herbs and dietary plants include phenolic acids, and flavonoids
such as myricetin, kaempferol, quercetin, rutin and luteolin are responsible for their
chemopreventive properties (e.g., antioxidant, anticarcinogenic, or antimutagenic,
immunomodulatory and anti-inflammatory effects) and also contribute to their inducing
apoptosis by arresting cell cycle, regulating carcinogen metabolism and oncogenesis
expression, inhibiting DNA binding and cell adhesion, migration, proliferation or
differentiation, and blocking signaling pathways (Qin and Sun, 2005).
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1.7 Aims of the research

Extracts of leaves, bark and catkins in various solvents of varying polarity from Salix
aegyptiaca or musk willow have previously been shown to have high antioxidant activity
with the ethanolic extract from bark as the most potent (Enayat and Banerjee, 2009). Since
the polyphenols and flavonoids that contribute towards the high antioxidant activity of the
willow extracts also have anticancer properties, we hypothesized that the ethanolic extract
from the bark (EEB) of Salix aegyptiaca could be explored for its anti-cancer properties.
The intestines and colon are continuously exposed to dietary components; therefore,
prevention of cancer of the colon through the diet is an attractive option. Colorectal cancer
is one of the leading causes of premature death worldwide. A multifaceted approach for the
primary prevention of this disease, with emphasis on nutrition and diet has curried favor
amongst many experts. During past decades, several naturally occurring compounds have
been studied in terms of their antiproliferative and cancer preventive abilities in various in
vitro and in vivo models of colorectal cancer. Significantly, these compounds are present in
various popular and frequently consumed products such as wine grapes, teas, berries,
peanuts etc and thereby provide opportunities to the entire population to tap into their
beneficial effects (Bravo, 1998; Hollman et al., 1995; Lee et al., 1995).

Our main objective is to determine the effects of the ethanolic extract of bark (EEB) of Salix
aegyptiaca on apoptotic pathways, cell cycle, as well as metastatic potential of HCT-116
and HT-29 colon cancer cell lines. Towards this objective, we have:

e Determined the cytotoxicity of EEB on the colon cancer cells lines HCT-116 and HT-29
and the non-transformed colon fibroblast CCD-18Co cell line.

Determined the effects EEB on the cell cycle and cellular oxidative stress as well as the

biochemical pathways related to these functional effects.

e Evaluated the effect of EEB on the anchorage independent growth, determined the
antimetastatic potential of EEB by determining its effects on migration and induction of
epithelial to mesenchymal transition.

e Partitioned EEB into four fractions of n-hexane, ethyl acetate, n-butanol and water.

e Determined the effects of each fraction on proliferation of HCT-116 and HT-29 colon
cancer cell lines.

e Analyzed the active constituents of the fractions with the most bioactivity using

chromatographic methods and confirmed the effects of the extract on apoptosis.

Our studies indicate that EEB is a mixture of very potent bioactive compounds that has
multifaceted anti-carcinogenic properties. The bountiful resources of nature, so well
exploited in the past for various disease states, can now be scientifically characterized with
the use of modern biological techniques. Studies such as this go a long way in delineating
the benefits of use of ancient plant species such as Willow on cancer, one of the most
dreaded diseases of modern times.
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CHAPTER 2

METHODS

2. Material and Methods

2.1 Chemicals and Reagents

MTT  (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent was
purchased from Invitrogen (Carlsbad, CA, USA), Caspase-3 Activity Assay Kit was from
Biovision (Mountain View, CA, USA). AnnexinV-FITC Apoptosis Detection Kit and Cell
proliferation ELISA, BrdU (Chemiluminescence) kits were purchased from Roche
(Mannheim, Germany). Propidium lodide (PI) and NBT were purchased from Sigma-
Aldrich (Taufkirchen, Germany).

Antibodies against Bel-x; (1/300), Caspase 9 (1/150), Procaspase 3 (1/150), p21 (1/350),
Puma (1/200), Chk2 (1/150), Akt (1/150), P70S6K (1/150), E-cadherin (1/200 dilution),
MMP-9 (1/150 dilution) MMP-2 (1/150 dilution), EGFR ((1/300 dilution), transgelin (1/300
dilution), SNAI1 (1/200 dilutions), COX-2 (1/150 dilutions) and GAPDH (1/ 1000 dilution)
were purchased from Santa Cruz Biotechnology, (Santa Cruz, CA, USA) and p-Chk2 (Thr
68) (1/1000) antibody were from Cell Signaling (Danvers, MA, USA). The p53 (1/1000)
and p-Akt (Ser 473) (1/2000), mTOR (1/1000) and p-P70S6K (1/1000) antibodies (Cell
Signaling) were obtained from Dr Ozlen Konu, Bilkent University, Ankara.

Primers for Twistl were obtained from lontec, Istanbul, Turkey. SNAI2 primers were
kindly provided by Dr. Ali Giire, Bilkent University, Ankara. ThinCerts ", 8.0 pum
translucent wells were obtained from Greiner Bio-One (Frickenhausen, Germany).
Fibronectin was purchased from Invitrogen (Carlsbad, California, USA).

2.1 Plant selection

Plant collection was carried out according to published guidelines (N'Guessan et al., 2007).
Briefly, barks of Musk Willow were collected from Ghaene ghom, Iran, during the 2008
harvest season. The plant materials were identified morphologically at the herbarium of the
Medicinal Plants Research Institute of Shahid Beheshti University of Tehran, Iran. The fresh
barks (1 kg) were air dried at room temperature for 1 week giving 250 g dried barks. The
samples were then pulverized to a powder form using a steel blender (Sinbo, Istanbul,
Turkey) and stored in a desiccator at 4°C in the dark until analysis.
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2.2 Extract preparation

The ethanolic extract of bark from Salix aegyptiaca was prepared from the dried pulverized
powder of the bark using the procedure of (Gezer et al., 2006; Kim et al., 2003) with some
modifications. The extraction was carried out by using a Soxhlet apparatus where 10 g of
dried pulverized bark was extracted in ethanol (EtOH) with the ratio of 1 to 30 (w/v). After
extraction, the sample was lyophilized and stored in the dark at -20°C. Before use, a stock
solution of 100 mg/ml of lyophilized bark powder in DMSO was prepared and further
diluted by complete RPMI1640 medium to obtain a concentration of 5 mg/ml. This solution
was filtered through 0.2 pm syringe filter, and stored at -20° C. The final DMSO
concentration was kept at below 0.3%-0.4%. DMSO was used throughout the experiment as
vehicle control.

2.3 Solvent-solvent fractionation

In order to separate the constituent phytochemicals, the ethanolic extract of bark from
S.aegyptiaca (EEB) was partitioned into four fractions of n-hexane, ethyl acetate, n-butanol
and water by solvent-solvent fractionation in a separating funnel as shown in the Scheme 1
(Paul et al., 2011). Lyophilized EEB (1.5g) was dissolved into 100mL of water and added to
a separating funnel followed by the addition of 25ml n-hexane. The n-hexane fraction was
stored in a separate Erlenmeyer flask while the water solution was applied into the funnel
for the next round of partitioning with ethyl acetate (Et.Ac) and n-butanol respectively. In
order to increase the purity and concentration of the constituents in each fraction,
partitioning with each solvent was carried out three times by addition of extra 25mL of
corresponding solvent into the separating funnel containing water solution.
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Extract in water (1g/100mL)

(x3)
n-Hexane (25mL) Water
| &3
Water Ethyl acetate (25mL)
| &3
Water n-Butanol (25mL)

<«—+— Upper layer: Low density solvents

4—,— Lower layer: High density solvents

Scheme?2. 1: The dried pulverized powder of the crude ethanolic extract of bark was
dissolved in water and partitioned into four fractions of n-hexane, ethyl acetate, n-butanol
and water.

2.4 Polyphenol identification

The ethyl acetate and water fractions obtained from EEB were applied to tandem mass
spectrometry analysis to identify the major polyphenol constituents by an Agilent 6460
LCMS-MS equipment with a Zorbax SB-C18 column (2.1 x 50 mm x 1.8 um). The mobile
phases were: Solvent A: 0.05 % formic acid + 5 mM ammonium formate (in MilliQ water)
and Solvent B: methanol (MS grade, Merck). The dry gas (nitrogen) flow was 10 ml/min,
and dry gas temperature was 300°C. Phenolic compounds were identified based on their
retention times, UV spectra, parent mass spectra and secondary fragmentation patterns. The
experiment and analyses were carried out in the Molecular Biology Central Laboratory of
METU.
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2.5 Cell Culture

HCT-116 human colorectal cancer cell line was purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (Braunschweig, Germany), HT-29 colon cancer cell line
and MCF-7 breast cancer cell line were purchased from SAP Enstitiisii (Ankara, Turkey)
and the non-transformed colon fibroblast cell line CCD-18Co was purchased from ATCC
(Teddington, Middlesex, UK). PC3 prostate cancer cell line was obtained from Dr Uddhav
Kelavkar, Mercer University School of Medicine — Savannah. HCT-116, HT-29, MCF-7
and PC3 cells were cultured under ATCC recommended conditions in McCoy's SA medium
supplemented with 2mM L-Glutamine, 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. CCD-18Co cells were cultured in Eagle's Minimum Essential
Medium (EMEM) supplemented with 10% FBS and 1% penicillin/ streptomycin. The cells
were grown at 37°C in a humidified incubator with 5% CO,. All cell culture reagents were
purchased from Biochrom (Berlin, Germany).

2.6 Transfections

To overexpress PI3-kinase, HCT-116 cells (1 x 10° cells/well) were transfected with 1pg of
rCD2p110, a membrane-localized p110 construct, containing a chimera of the extracellular
and transmembrane domains of the rCD2 antigen fused to the pl110a catalytic domain of
PI3-kinase for 24h in OptiMEM. Following transfection, the medium was removed and
changed with fresh complete McCoy 5A medium containing 10% FBS. Transfected cells
were treated with EEB for 48h. The whole protein lysate from both treated and non-treated
vehicle control were collected for further analysis by western blotting. The vector was
kindly provided by Dr K. Reif (Reif et al., 1997).

2.6.1 Tranformation of E.Coli with rCD2p110 plasmid and plasmid purification

The filter paper containing dried plasmid was cut into 4 pieces, soaked into TE buffer and
kept overnight for release. For every 10 pg/ml of plasmid 150 ul buffer was used. The day
after 50 ng of plasmid was mixed with 100 pl aliquot of chilled Escherichia coli (E. coli)
competent cells and incubated for 30 min on ice following by one minute of heat shock at
42°C. After heat shock the cells were kept on ice for 2 min. Then 100 ul of LB at 42°C was
added to the cells and incubated at 37°C for 1h. A volume of 200 pl of the mixture was
added to the already prepared LB/ampicilin containing plates and incubated at 37°C for
overnight. Only E. coli cells received plasmid containing ampicilin resistance gene were
able to grow and make colony. Small amounts of colonies were picked up using a sterile
pipette tip and transferred into a falcon tube containing 5 ml LB medium and 5 pl of 1000X
ampicilin and incubated for overnight at 37°C. The rCD2p110 plasmid was isolated using a
Qiagen plasmid isolation kit according to manufacturer’s instructions. The concentration of
purified plasmid and its purity was determined using a Nanodrop reader at 260 and 280 nm.
The ratio of OD,4¢/ OD,g0 ~ 1.8 is an indicator of pure DNA with minimum levels of protein
contamination.
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2.6.2 Preparation of LB medium

LB medium (25 g) and agar (20 g) were dissolved in 1000 ml of distilled water and
autoclaved. When the temperature reached to ~ 50-55°C 100 pl of 1000X ampicilin was
added to the mixture and immediately poured into plates near the flame.

2.7 Cell viability assay

The growth inhibitory effects of EEB, its fractions and salicin on several cell lines from
breast, colon and prostate cancers as well as a non-transformed cell line were determined by
colorimetric MTT and BrdU incorporation assays according to the manufacturer’s
instructions.

2.7.1 MTT Assay

For the MTT assay, the HCT-116, HT-29, MCF-7, PC3 and CCD18Co cells were seeded in
96-well plates at a density of 10*cells/well and allowed to attach to the wells overnight at
37°C. The day after, cells were treated with different dilutions of the EEB (50pg/ml -
450pg/ml) for 48h. At the end of the incubation, the medium was changed and 10ul 12M
MTT was added to each well and incubated at 37°C for an additional 4h. In viable and
actively metabolizing cells, enzymes convert the soluble tetrazolium dye (MTT) to insoluble
formazan. Formazan was solublized by addition of a solubilization solution containing 10%
SDS in 0.01 M HCL (100ul) to each well and incubated for a further 18h at 37°C in a
humidified incubator. The absorbance of each well was read at 570 nm in a microplate
reader (BioRad, Hercules, CA, USA). The medium with MTT reagent was used as blank.
Each assay was carried out in triplicate and the experiment was repeated at least 3 times.
The growth inhibitory percentage (GI%) for each concentration of the extracts was
calculated as follows:

Mean absorbance of treated cells

— % 100
Mean absorbance of untreated cells

The concentration of substances that reduced cell growth by 50% (Gls) was calculated from
the dose—response relationship by regression analysis using Microsoft Excel computer
software.

2.8 BrdU incorporation assay

The growth inhibitory effect of the extract on cell lines will be measured by the
chemiluminescence based BrdU incorporation assay according to manufacturers
instructions. The technique is based on the incorporation of the pyrimidine analogue BrdU
(instead of thymidine) into the DNA of proliferating cells. HCT-116, HT-29, MCF-7 and
PC3 cells were seeded in 96-well plates at a density of 10%cells/well following by an
overnight incubation at 37°C. Cells were treated in triplicate with different dilutions of the
EEB, fractions or salicin for 48h. At the end of treatment, the medium was changed and
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fresh medium containing the BrdU labling reagent was added to each well and incubated for
additional 1 to 2h. After its incorporation into DNA, BrdU is detected by an immunoassay
via addition of anti-BrdU-POD solution to each well and keeping at 15 — 25°C for 90 min.
Wells were washed three times with washing solution and incubated with the
chemiluminescence substrate for 3-10 minutes. The chemiluminescence signal was
measured using a microplate luminometer. Empty wells containing the culture medium,
BrdU and anti-BrdU-POD solution but no cells was used as a blank. In addition, in some
wells with cells the BrdU labaling reagent was not added but the anti-BdrU-POD solution
was added in order to subtract the background signal.

2.9 Annexin V assay

Annexin V staining assay is a fluorescence based assay for accurate and sensitive detection
of cellular apoptosis, which detects and quantifies viable and dead cell populations with the
capability of discriminating cell populations in early and late stages of apoptosis. To this
respect HCT-116 and HT-29 cells were treated with EEB or salicin for 48h and stained with
propidium iodide (PI) and fluorescein isothiocyanate (FITC)-conjugated annexin V using
the Annexin V-FITC Apoptosis Detection Kit (Roche) according to the manufacturer’s
instructions. Briefly, treated cells as well as non-treated control cells (1 x 10°) were washed
with PBS and spun down at 200 x g for 5 min. The pellets were resuspended and stained by
the addition of annexin V labeling solution followed by incubation for 10 to 15 min at room
temperature. The labeling solution contains 10mM HEPES/NaOH PH 7.4, 140 mM NaCl,
SmM Cacl,, 20puL annexin V solution and 20ul of 5mg/ml PI. The stained cells were
incubated on ice and subjected to fluorescence-activated cell sorter analysis (FACS) using a
FACScan flow cytometer (Becton—Dickinson, NJ, USA). The FITC fluorescence between
515 and 545 nm and the PI fluorescence between 564 and 606 nm were measured. The
analysis reported the results as number of cells with either (+) annexin V (early apoptotic
phase) or (+) PI (necrotic phase) or both (+/+, late apoptotic phase) or none (-/-, indicating
viability). The FACScan experiments were carried out at the Department of Molecular
Biology and Genetics, Bilkent University, under the guidance of Dr Mayda Giirsel.

2.10 RNA extraction and RT-PCR

The differential expression of some of the transcripts involved in metastasis and EMT
progression as a result of treatment with EEB was monitored by reverse transcriptase
polymerase chain reaction (RT-PCR). Total cellular RNA was isolated from HCT-116 cells
using an RNeasy RNA extraction kit (Qiagen, Hilden, Germany). The quantity and purity of
RNA were determined using a Nanodrop reader. After isolation, 1ug RNA was treated with
Dnase I enzyme (Fermentas, Vilnius, Lithuania) to remove genomic DNA contamination
according to the manufacturers’ instructions. Reverse transcription was carried out by using
Revert Aid First Strand cDNA Synthesis kit (Fermentas) using oligo(dT) primers.

The Twist 1 and SNAI2 transcripts were assessed semi-quantitatively in duplex PCR
reactions using GAPDH as the internal control. PCR was performed with 1U Taq
polymerase in 1x buffer with ammonium sulfate (Fermentas), | mM MgCl,, 0.2 mM dNTP
mix and 0.5 pmol of each primer set.
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2.11 Immunoblotting

Cell lysates from HCT-116 and HT-29 cells treated or not with the extract for 48h, were
isolated using the M-PER assay buffer (Pierce) containing protease inhibitors (Roche) and
measured for protein content using the Coomassie Plus protein assay reagent (Pierce). Total
cell extracts (50-70ug) were resolved by a 10% SDS-PAGE gel and transferred to a
nitrocellulose membrane and blocked overnight at 4°C in 3% BSA (Bovine Serum
Albumin) for the detection of phosphorylated proteins or 5% skim milk for the detection of
non-phosphorylated proteins. The blots were incubated with the antibodies against; Bcl-xI,
caspase 9, procaspase 3, p53, Puma o/, p21, Chk2, p-Chk2 (Thr 68), Akt, p-Akt (Ser 473),
mTOR, P70S6K, p-P70S6K, E-cadherin, MMP-9, MMP-2, EGFR, transgelin, SNAII,
Fibronectin, Vimentin, Zo-1 and GAPDH at appropriate dilutions mentioned in section 2.1,
followed by incubation for 1 h with the appropriate secondary antibody. The bands were
visualized using an enhanced chemiluminescence kit (ECL Plus; Pierce) according to the
manufacturer’s instructions. The membranes were stripped and probed against GAPDH for
equal protein loading of the total cell extracts.

2.12 Cell cycle analysis

Cell cycle analysis was carried as described previously with some modifications (Nomura et
al., 2010; Szczepanski et al., 2009). HCT-116 and HT-29 cells treated with the extract or
salicin for 48h, along with non-treated controls, were washed with Hanks solution
containing 10 pg/ml RNase I for 2-3 min, trypsinized and fixed with 70% ethanol (500 pl).
The fixed cells were then centrifuged at 200 x g for 5 min and the cell pellets were
resuspended in 1 ml PI/TritonX-100 staining solution (0.1% (v/v) TritonX100 in PBS, 2 mg
DNase free Rnase A, 0.02 mg/ml PI from 1 mg/ml PI stock solution) and analyzed by flow
cytometry (FACScan, Becton—Dickinson). For each sample, the singlet cells were gated and
50,000 cells were acquired for cell cycle distribution analysis. According to the DNA
content, the percentages of cells in Gy/G;, S, G/M phases, as well as in subG; (<G1),
content were determined using CellQuest software (Becton—Dickinson) (Nomura et al.,
2010; Szczepanski et al., 2009). The cell cycle experiments were carried out at the
Department of Molecular Biology and Genetics, Bilkent University, under the guidance of
Dr Mayda Giirsel.

2.13 Measurement of superoxide anion using a modified colorimetric NBT assay

HCT-116, HT-29 and CCD-18Co cells (2 x 10* cell/well) were seeded in 96 well plates and
treated separately with 100-750 pg/ml of the extract or salicin along with Nitro blue
tetrazolium (NBT) solution in PBS at 0.2 mg/ml per well. The cells were incubated for 6 h,
fixed with 70% methanol and air-dried, followed by the addition of 120 ul of 2 M KOH and
140 pl of dimethylsulfoxide (DMSO) to each well. The solution was mixed properly to
ensure the complete dissolution of the insoluble blue formazan crystals and the absorbance
was read at 620 nm in an ELISA microplate reader (Biorad, Hercules, CA, USA). A well
without cells which it was incubated with the NBT solution and subjected to similar fixation
and solubilization processes, was used as a blank.
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2.14 Cellular Antioxidant Activity (CAA) Assay

The total cellular free radical quenching and antioxidant potential of EEB was assayed by a
cellular antioxidant activity assay. Briefly cover slips were incubated with 2N NAOH for 2
h. The NaOH was completely removed by repeated washings with dH,O. Cover slips could
be stored for a long time in a container containing 70% EtOH. For complete sterilization,
the cover slips were wrapped with aluminum foil and autoclaved. HCT-116 cells were
seeded at a density of 5 x 10°/well on pretreated cover slips in a 12-well tissue culture
plates. After an overnight incubation at 37°C, the seeded cells were treated for 6 h with
300pg/ml and 750 ug/ml of EEB followed by incubation with 50 uM Dichloro-dihydro-
fluorescein diacetate (DCFH-DA) dissolved in treatment medium for 30 min. N-acetyl
cysteine, a well-known antioxidant, was used as a positive control while wells treated with
DMSO followed by DCFH-DA treatment were considered as vehicle controls. At the end of
the treatment the medium was removed and the cells were fixed with 4% PFA
(paraformaldehyde) for 10 min followed by washings with PBS (3x). The cover slips were
carefully removed and placed on a slide. Antifade reagent was used to reduce the fading of
DCFH-DA. The prepared slides were observed and photographed under an epiflourescent
Leica microscope with emission at 538 nm and excitation at 485 nm.

2.15 Colony formation in soft agar

The anchorage-independent growth ability of the cancer cells was examined by soft agar
colony formation assay. For this, HCT-116 and HT-29 cells (1x10°), treated with or without
EEB were grown on noble agar (Difco; BD Biosciences, San Jose, CA, USA). The agarose
layer was prepared by adding 1 mL complete RPMI-1640 medium containing 0.6% agar to
the bottom of the wells and allowed to solidify for 1 h at room temperature in a six-well
plate. HCT-116 and HT-29 cells were suspended separately in 400 uL. RPMI-1640
containing 0.33% agarose. For treatment with EEB, the extract (150pg/ml for HCT-116 and
125pg/ml for HT-29) was added at a concentration that did not show any inhibition of
proliferation to the respective cells in their cell suspension solution. Complete medium
(200ul) was added to the wells every 2-3 days for 2 weeks after which the plates were
stained with crystal violet (0.005% w/v) and the images were captured under a Leica light
microscope with 10x objective. The colonies were counted manually.

2.16 Cell adhesion assay

To assess the adherence of cancer cells to ECM proteins such as fibronectin, tissue culture
treated 96-well plates were incubated with 75 pL fibronectin (50 pg/mL) (Biological
Industries, Kibbutz Bert Haemek, Israel) for 45 min at 37°C and blocked with 1% BSA.
HCT-116 and HT-29 cells (4 x 10*) treated with EEB (300 pg/ml for HCT-116 cells and
250 pg/ml for HT-29 cells) or DMSO were added to each well and allowed to attach for 2 h
at 37°C. The wells were washed twice with PBS to remove non-adherent cells gently, while
a second plate prepared in the same manner retained all the cells to represent the total
number of cells plated. MTT reagent (10 uL) was added to the wells and the plates were
incubated for 4 h. A volume of 100 pL from solubilization solution containing SDS (0.1%)
was added for 18 h to solubilize the formazan crystals. At the end of the incubation the
absorbance was read at 570 nm in a Bio-Rad microplate reader. The data were represented
as percentage adherent cells with respect to the total number of cells plated.
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2.17 In vitro scratch wound healing assay

An in vitro scratch wound healing assay was carried out to measure the cellular motility.
HCT-116 and HT-29 cells were seeded in 6-well plates and allowed to create a confluent
monolayer. Following this, the monolayer of cells was scratched in a straight line with a
sterile pipette tip to create a "scratch" after which the wells were washed twice with PBS to
remove the debris and incubated in complete RPMI-1640 medium. The cells in some of the
wells from both cell lines were treated with EEB (300pg/ml for HCT-116 cells and
250pg/ml for HT-29 cells) and the controls were treated with DMSO. Immediately after
wounding, the image of each well was captured with an inverted microscope with 10%
objective (Olympus, Hamburg, Germany). An ocular ruler was used to verify the wound
sizes to ensure that the scratches are in similar size at the beginning of the experiment.
Wound closure was monitored with microscopy after the wound was formed for 72-120 h.
The distances between the wound edges were measured from images of the wound using the
ImagelJ 1.42 program.

2.18 Cell migration assay

The migratory capacities of HCT-116 and HT-29 cells treated with EEB or DMSO was
examined by an in vitro Boyden chamber type assay. The cells were treated with EEB at a
concentration that did not show any inhibition of proliferation (150pg/ml for HCT-116 and
125pg/ml for HT-29) for 24 h. The treatment was refreshed after 24 h in medium containing
1% serum and incubated for another 24 h. Following this, 100,000 cells were counted and
then re-suspended in serum-free RPMI-1640 medium and added to the upper chamber of
Transwells containing membranes with 8 um pores (Sigma Aldrich Chemie GmbH, Munich,
Germany). The cells were incubated at 37°C and allowed to migrate for 24-72 h. Non-
migrated cells were removed by scrubbing with sterile cotton swabs. The chambers were
then fixed in 100% methanol for 10 min, stained with modified Giemsa staining solution for
1 min and washed three times in distilled water. The migration of HCT-116 and HT-29 cells
was quantified under a Leica light microscope with 4x objective by counting five fields per
membrane.

2.19 Statistical analysis.

Data analysis and graphing was carried out using the GraphPad Prism 5 software package
(La Jolla, CA, USA). Each assay was repeated at least 3 times independently and statistical
analysis between experimental results was based on either one-way ANOVA, with post hoc
Tukey’s multiple comparison test or paired t test. A value of P<0.05 was considered as
statistically significant.
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CHAPTER 3

RESULTS

3. RESULTS

3.1 Fractionation of EEB and the effect of the fractions on cellular proliferation

To identify and characterize the constituents of the ethanolic extract from bark of Salix
aegyptiaca (EEB), it was subjected to solvent-solvent partitioning and four fractions were
obtained, namely, in n-hexane, n-butanol, ethyl acetate and water. To determine the
cytotoxicity of each fraction, HCT-116 and HT-29 colon cancer cell lines as well as MCF-7
breast cancer and PC-3 prostate cancer cell lines were treated with each fraction separately
and analyzed with the MTT and BrdU incorporation assays.

A: MTT cell proliferation assay

The cytotoxicity of EEB and its four fractions were examined on several cancer cell lines
from colon, breast and prostate using the MTT cell proliferation assay. The results indicated
that EEB strongly inhibited the growth of all four tested cell lines with ICs, values of 296 +
8,240+ 8,170.3 £ 1.7 and 427 = 17 pg/ml in HCT-116, HT-29, MCF-7 and PC-3 cell lines
respectively (Figure 3.5 and 3.8). Among the fractions of EEB, the ethyl acetate fraction
was the most effective in reducing proliferation of the four cell lines with ICs, value of
208.6+2.2,311+11.4,157.9+2.5,206.4+9 ug/ml in HCT-116, HT-29, MCF-7 and PC-3
cell lines respectively (Table 3.1 and Figure .3.1-4). No inhibition in cell proliferation was
observed with n-hexane and negligible reduction was observed with n-butanol fractions. The
aqueous fraction showed no inhibition of proliferation in HT-29 cells, although it could
inhibit the proliferation of HCT-116 cells. The aqueous fraction again had varying
efficacies with ICsy values of 181.9 + 1.6 pg/ml in MCF-7 cells, 556 + 61 pg/ml in PC-3
cells whereas the ethyl acetate fraction could reduce the proliferation of the four cell types
to the same extent (Table 3.1 and Figure 1-4).
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Figure 3. 1: The growth inhibitory effect of ethyl acetate, aqueous and n-Butanol fractions
of EEB after 48 hour treatment on HCT-116 cell line as assayed as a function o dose by
MTT cell proliferation assay (continued in the next page).
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Figure 3.1: Continued
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Figure 3. 2: The growth inhibitory effect of ethyl acetate and aqueous fractions of EEB after
48 hour treatment on HT-29 cell line as assayed as a function of dose by MTT cell
proliferation assay.
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Figure 3. 3: The growth inhibitory effect of ethyl acetate and aqueous fractions of EEB after
48 hour treatment on MCF-7 cell line as assayed as a function of dose by MTT cell
proliferation assay.
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Figure 3. 4: The growth inhibitory effect of ethyl acetate and aqueous fractions of EEB after
48 hour treatment on PC-3 cell line as assayed as a function of dose by MTT cell
proliferation assay.
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Figure 3. 5: The growth inhibitory effect of EEB after 48 hour treatment on MCF-7 and PC-
3 cell lines as assayed as a function of dose by MTT cell proliferation assay.
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Table 3. 1: The concentration of EEB or its active fractions that induced 50% growth
inhibition in HCT-116, HT-29, MCF-7 and PC-3 cell lines.

HCT-116 HT-29 MCF-7 PC-3
(ng/ml) (ng/ml) (ng/ml) (ug/ml)
Crude extract 296+ 8 240+ 3 1703+ 1.7 427+ 17

Ethyl acetate Fraction 2086+2.2 313x11.4 1579+£25 20649

Aqueous Fraction 3829+95 — 1819 1.6 556 £ 061

B: BrdU incorporation assay

The MTT assay is based on measuring of cellular oxidoreductase enzymes activity as an
indication of cellular viability. However, compounds interfering with the cellular redox
system such as some phenolic compounds with antioxidant capacity may affect the
oxidoreductase anzymes activity with no effect on cell proliferation and may create artifacts.
Since EEB is rich in phenolic compounds, therefore, the antiproliferative effect of EEB and
its fractions in ethyl acetate and water were also examined by a BrdU incorporation assay.
In the HCT-116 cell line, the ICs, values were 285.9 + 10.1pg/ml, 275 + 19 pg/ml and 317.5
+ 3.5 pg/ml with EEB, ethyl acetate and aqueous fraction respectively. The data indicate
that the ICs, values obtained with both techniques were comparable (Table 3.2 and Figure
3.6 and 3.7).
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Figure 3. 6: The growth inhibitory potential of EEB and its active fraction, ethyl acetate
fraction, determined after 48 hour treatment and assayed as a function of dose by BrdU
incorporation assay.
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Figure 3. 7: The growth inhibitory potential of EEB and its active fraction, aqueous fraction,
determined after 48 hour treatment and assayed as a function of dose by BrdU incorporation
assay.

Table 3. 2: The concentration of EEB or its active fractions that induced 50% growth
inhibition in HCT-116 assessed by MTT and BrdU incorporation assays.

HCT-116
(ug/ml)
MTT BrdU
Crude extract 296+ 8 2859+ 10.1
Ethyl acetate Fraction 208622 275+ 19
Aqueous Fraction 382.9+95 317.5+3.5

3.2 Identification of phenolic compounds present in ethyl acetate and aqueous fractions

The ethyl acetate and water fractions exhibited the highest antiproliferative activity,
therefore, these fractions were then subjected to tandem mass spectrometry (MS-MS)
analysis to identify their active constituents (Table 3.3). Previously, we have shown that
EEB had high antioxidant activity (Enayat and Banerjee, 2009). With the tandem MS
analysis, high amounts of catechin, salicin, catechol and smaller amounts of gallic acid,
epigalocatechin gallat (EGCG), quercetin, coumaric acid, rutin, syringic acid and vanillin
were indentified in the ethyl acetate fraction of EEB. The aqueous fraction, on the other
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hand, was mostly rich in salicin as well as small amounts of EGCG, rutin, catechol and
syringic acid.

Table 3. 3: Phenolics and flavonols present in ethyl acetate and water fractions of the extract
as determined by tandem mass spectrometry. The numbers in parenthesis represent mean
and standard deviation of at least 3 independent experiments.

Compounds Aqueous Fraction Ethyl Acetate Fraction
(ppm) (ppm)
Catechin <1 2311.55
Salicin 79.59 944.7
Catechol 1.58 502.57
Vanillin <1 39.9
Galic acid <1 30.96
Rutin 2.32 30.04
Syringic 0.73 10.83
EGCG <5 <5
P-coumaric acid <1 3.77
Quercetin <1 3.41
Apigenin <1 0.5

3.3 Determination of cytotoxicity of EEB on a non-transformed colon fibroblast cell
lines.

The growth inhibitory effect of EEB was comparable to the ethyl acetate fraction.
Moreover, EEB consists of both ethyl acetate and water fractions and therefore thought to
be more efficacious. Therefore, EEB was used for the rest of the study. Moreover, the crude
extract from bark of different species of Salix is commercially available and consumed
worldwide.

To examine whether EEB is cytotoxic for non-transformed cells an MTT assay was also
carried out on CCD-18Co cells, a non-transformed colon fibroblast cell line. The results
indicated that EEB did not insert cytotoxicity on CCD-18Co cells. The concentration of
EEB that yielded 50% growth inhibition in HCT-116 and HT-29 cell lines resulted in only
13 £ 5% and 7 + 0.4% cell deaths respectively. These data indicate that the extract is
selectively cytotoxic to cancer cells and not the non-cancerous stromal cells (Figure 3.8).
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Figure 3. 8: EEB was strongly cytotoxic in HCT-116 and HT-29 colon cancer cell lines by
while it was not cytotoxic in CCD-18CO non-transformed colon fibroblast cell line.
Concentrations of EEB which induced 50% growth inhibition in HCT-116 and HT-29
cancer cells induced only 13 £ 5% and 7 = 0.4% cell deaths in CCD-18CO respectively.

3.4 Effect of salicin on cellular proliferation

The Salix species are rich sources of salicin, the parent compound of acetyl salicylic acid,
which is claimed to be the bioactive compound in these extracts (Enayat and Banerjee,
2009; Hedner and Everts, 1998; Vainio and Morgan, 1997). Our tandem MS data also show
that the ethyl acetate fraction of EEB has very high amounts of salicin (Table 3). Therefore,
CCD-18Co, HCT-116 and HT-29 cell lines were exposed to different doses of a pure
commercially available salicin and its growth inhibitory effect was assayed by the MTT
assay. Salicin induced growth inhibition at concentrations much higher than those found in
250 and 300 pg/ml of EEB with no inhibitory effect on CCD-18CO cell line. The ICs,
values for salicin were 370 + 30 pg/ml and 304.2 £42 pg/ml for HCT-116 and HT-29 cell
lines, respectively (Figure 3.9).
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Figure 3. 9: Salicin induced growth inhibition in HCT-116 and HT-29 cell lines at
concentrations much higher than the amounts found in EEB at its ICs, values (250 and 300
pg/ml) in both cells lines. No cytotoxicity was observed in CCD-18CO after treatment with
salicin.

3.4 Determination of EEB effect on cellular oxidative stress, a major inducer of DNA
damage and DNA damage-induced cell cycle arrest

A: Nitroblue Tetrazolium (NBT) colorimetric assay

Often, treatment of cells with naturally derived extracts results in the production of reactive
oxygen species (ROS) leading to DNA damage (da Frota et al., 2009; Rao and Pagidas,
2010). To address whether there was ROS induced DNA damage, we determined the level
of oxidative stress following treatment of the cancer cells and the non-transformed CCD-
18Co cells with EEB. EGCG, a well-known flavonoid with strong antioxidant capacity was
used as a positive control. The results (Figure 3. 10A) demonstrated a strong dose dependent
inhibition of superoxide ion production indicative of superoxide dismutase activity, in both
colon cancer cell lines. EEB at concentrations that induced 50% growth inhibition reduced
the superoxide ion levels to 25% in HCT-116 cells and 40-50% in HT-29 cells, which was
stronger than the quenching potential of pure commercial EGCG (60 to 65% at its
corresponding ICs, value of 30ug/ml). These results suggest that not only there is no ROS
production, rather, the extract has an antioxidant effect on the cancer cells. No such
detectable change in superoxide content was observed with CCD-18Co (which has a lower
superoxide ion load to begin with, (please see the DMSO (vehicle) bar in Figure 3. 10B) at
similar concentrations of the extract, indicating that this extract may selectively induce an
antioxidant effect only when the cells are under elevated levels of oxidative stress.
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Figure 3. 10: A) Superoxide ion quenching potential of EEB in HCT-116 and HT-29 colon
cancer cell lines and the non-transformed CCD-18Co colon fibroblast cell line represented
as percentage and determined by NBT colorimetric assay shows a decrease in superoxide
ion, indicating an anti-oxidant effect of EEB.
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Figure 3. 10: B) Superoxide ion quenching potential of EEB in HCT-116 and HT-29 colon
cancer cell lines and the non-transformed CCD-18Co colon fibroblast cell line represented
as absorbance value at 620 nm. The graph represents the high levels of superoxide ion
produced in cancer cells compare to non-transformed cell line.
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Figure 3. 10 : C) Represent the superoxide quenching potential of EGCG in HCT-116 cell
line which was used as a positive control.

B: Cellular antioxidant activity (CAA) assay: An assessment of cellular oxidative stress

To further understand whether EEB possessed cellular antioxidant capacity and affected the
total ROS production, the intracellular levels of ROS in the HCT-116 cell line was
qualitatively determined after 6, 24 and 48 h of EEB treatment followed by 1 h treatment
with 2',7'-dichlorfluorescein-diacetate (DCFH-DA), using epifluorescent microscopy
(Figure 3.11). Cellular esterases convert the DCFH-DA dye into a nonfluorescent polar
derivative, DCFH. Intracellular ROS and other peroxides oxidize it to highly fluorescent
DCF. EEB strongly quenched ROS levela as shown by the reduced fluorescence signal
emitted in a concentration-dependent manner so that at its ICs, value, EEB acted as a strong
free radical quencher while at higher dosage it showed a pro-oxidant effect.
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Figure 3. 11: Measurement of fluorescent dichlorofluorescein (DCF) level with excitation at
495 nm and emission at 535 nm using Epifluorescence microscopy. EEB reduced ROS
levels in HCT-116 cells when applied at 300pg/ml for 6 (A), 24 (B) and 48 h (C) following
by 1 hour DCFH-DA treatment. EEB at high concentrations of 750 pg/ml increased ROS
level (Continued in the next page).
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Figure 3. 11: Continued.
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3.5 Determining the effect of ethyl acetate and aqueous fraction on superoxide anion
production in HCT-116 and HT-29 cell lines using NBT colorimetric assay

The pro- or antioxidant capacity of ethyl acetate and aqueous fractions was assayed by
determining their superoxide anion quenching potential on HCT-116 and HT-29 cell lines.
Interestingly, unlike the flavonoid poor aqueous fraction, the superoxide quenching potential
of the ethyl acetate fraction, which is rich in phenolic and flavonoid compounds, was very
strong in both HCT-116 and HT-29 cell lines (Figure 3.12 and 3.13). These results indicate
a correlation between the phenolic content and antioxidant capacity of each fraction.
Interestingly, ethyl acetate exhibited much potent quenching potential at high doses while at
its ICs, value had quenching potential of 60 to 70% in HT-29 and 80% in HCT-116 cells.
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Figure 3. 12: The superoxide quenching potential of ethyl acetate and aqueous fractions of
EEB in HCT-116 cell line examined by NBT colorimetric assay. The results show a
decrease in superoxide ion, in ethyl acetate fraction treated cells but not in aqueous fraction
treated cells.
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Figure 3. 13: The superoxide quenching potential of ethyl acetate and aqueous fractions of
EEB in HT-29 cell line examined by NBT colorimetric assay. The results show a decrease
in superoxide ion, in ethyl acetate fraction treated cells but not in aqueous fraction treated
cells.

3.6 EEB induces cell cycle arrest at G1/S in HCT-116 and HT-29 cell lines.

Flow cytometry can be used as a convenient and quick method for the measurement of the
DNA content of cells. The DNA content of the cell, which alters during the cell cycle, can
provide a great deal of information about the cell cycle, and consequently the effect on the
cell cycle of an added stimulus, in our case, EEB. To assess whether the growth inhibitory
effect of the extract stemmed from an arrest in the cell cycle, the HCT-116 and HT-29 cells
were treated with EEB at 300-400 pg/ml and 250-350 pg/ml respectively for 24 and 48h
and the DNA content of the cells was assessed following PI staining and flow cytometry
analysis.

The results indicated that following treatment with EEB, a significant arrest at sub Gl
(characteristics typical of fractional, presumably apoptotic DNA content) and G1/S was
observed (p < 0.0001 for both cell lines), while the number of cells in S and G2-M phases
were also reduced significantly (p < 0.05 for both cell lines) (Figure 3.14A and B). EEB
treatment of HCT-116 cells at 300 and 400ug/ml for 24h resulted in significant increases at
subG1 phase by 3.85 and 2.62 fold, and G1/S by 1.4 and 1.5 fold while it induced reduction
in S phase by 0.76 and 0.64 fold respectively with no significant change at G2/M. In HCT-
116 treated with EEB for 48h with 300 and 400ug/ml induced 3.45 and 3.2 fold increase in
subG1 and 1.75 and 1.5 fold reduction in G1/S phase respectively. In HT-29 cells treated
with 250 and 350 ug/ml of EEB for 24h resulted in an increase in the subG1 fraction by 1.5
and 3 fold and a reduction in S phase by 0.81 and 0.65 fold. A 48 h treatment with similar
doses induced 2.66 and 4.37 fold increase in subG1 and 0.77 and 0.82 fold reduction in cells
at the S phase compared to non-treated control. In HT-29 cells 24h treatment reduced G2/M
phase to 0.78 and 0.69 fold while at 48 time point no significant change was observed at

45



G2/M. Of interest, when both cell lines were treated with pure commercially available
salicin at doses found in the extract and applied to similar analysis no significant alteration
in cell cycle distribution was observed (Figure 3.15).
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Figure 3. 14A: Cell cycle analysis of colon cancer cell lines after treatment with the extract.
Flow cytometric examination of the cell cycle distribution HCT-116 cells treated with 300
and 400 pg/ml of the extract for 24 and 48h stained with PI. Figures show four subgroups
of cells: Sub G1 phase, G1/S phase, S phase, and G2/M phase. Significant differences were
obtained in comparison to the control untreated cells at *p < 0.05, **p < 0.01, and *** p <
0.001 by one way ANOVA with post hoc Tukey’s multiple comparison test.
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Figure 3. 14 B: Cell cycle analysis of colon cancer cell lines after treatment with the extract.
Flow cytometric examination of the cell cycle distribution HT-29 cells treated with 250 and
350 pg/ml of the extract for 24 and 48h stained with PI. Figures show four subgroups of
cells: Sub G1 phase, G1/S phase, S phase, and G2/M phase. Significant differences were
obtained in comparison to the control untreated cells at *p < 0.05, **p < 0.01, and *** p <
0.001 by one way ANOVA with post hoc Tukey’s multiple comparison test.
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Figure 3. 14 (C-F): representative figures of non-treated (C) and extract treated (D) HCT-
116 cells as well as non-treated HT-29 (E) and extract treated HT-29 cells (F).
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Figure 3. 15: The graphs represent cell cycle distribution of HCT-116 and HT-29 cells when
treated with salicin in the concentration range (25- 30 pg/ml) available in 250 and 300pg/ml
of EEB (the ICs, values in HT-29 and HCT-116 cells respectively). The results indicate that
salicin did not induce cell cycle arrest or significant changes in the cell distributions
compare to nontreated controls.
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3.7 Determination of the effect of EEB on DNA damage induction and DNA damage
related proteins.

Since EEB could induce cell cycle arrest in the colon cancer cell lines at G1/S and p21 is
known to negatively regulate the cell cycle transition from G1 to S-phase (Hastak et al.,
2005; Hastak et al., 2003), its expression was determined by immunoblotting. We observed
a marked increase in p21 protein levels in both HCT-116 and HT-29 cells upon treatment
with EEB (Figure 3.16). DNA damage is considered as a key inducer of G1/S arrest. DNA
damage usually results in the phosphorylation of the checkpoint protein Chk2, resulting in
cell cycle arrest (Niida et al., 2010). We therefore determined the phosphorylation of Chk-2
at Thr 68 by immunoblotting. Our data showed no change in the levels of phospho-Chk2 or
total Chk2 in HCT-116, suggesting that the induced expression of p21 may not be due to
DNA damage (Figure 3.16). On the other hand, treatment with EEB actually slightly
reduced the phosphorylated and total Chk2 levels in p53 mutated HT-29 cells. This
observation correlates with a previous report by Chiu et al. indicating that the flavonoid
fisetin could induce the suppression of phosphorylated and total Chk2 protein in HT-29
cells, which in turn enhanced the radiosensitivity of these cells (Chen et al., 2010).

since the ROS production was lowered in cells treated with EEB, this further corroborated
to the lack of DNA damage in the cells treated with EEB: Therefore, other signaling
pathways were examined to understand the arrest of the cell cycle at G1/S by EEB.

(B) HCT-116 HT-29
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Figure 3. 16: Immunoblot of cell lysate from HCT-116 and HT-29 cells treated (or not) with
EEB for 48h. p21 shows upregulation, however, no change in the phosphorylated Chk2 was
observed. (Un-T stands for un-treated cells).

3.8 EEB inhibits Akt/PkB and the MAPK pathways to exert its antitumor effects

Since the expression of p21 is transcriptionally controlled by the tumor suppressor protein
p53 and the PI3K/Akt pathway has been shown to negatively influence p53 stability (Mayo
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and Donner, 2001) we next examined activation of Akt/PKB as an alternative mechanism
for p21 upregulation and G1/S arrest.

The upregulation of PI3K/Akt pathway has been noted as a critical signaling pathway that is
activated in many different cancers and is constitutively active in HCT-116 and HT-29
colon cancer cell lines (Lee et al., 2005; Nalla et al., 2011; Pan et al., 2007). Our data
(Figure 3.17A & B) demonstrate that treatment with EEB reduced the levels of
phosphorylated Akt in the HT-29 and HCT-116 colon cancer cell lines. In all cases the total
Akt remained unchanged indicating a decrease in Akt signaling rather than expression. This
also correlates well with the stabilization of p53 and activation of p21, leading to an arrest in
the cell cycle even in the absence of any DNA damage, as described above. A similar
decrease in phosphorylated Akt was also observed in PC-3 (prostate cancer) and MCF-7
(breast cancer) cell lines which also have a constitutively active PI3K/Akt upon treatment
with EEB (Figure 3.17B).

The inhibitory effect of EEB on PI3K/Akt pathway persisted even when PI3K (upstream
activator of Akt/PKB) was overexpressed in HCT-116 cells using the rCD2P110 PI3K
overexpressing vector. Moreover, the inhibitory effect of EEB (300ug/ml) on Akt
phosphorylation at the concentration induced 50% growth inhibition was comparable to
inhibition by the PI3K specific commercial inhibitor, Ly294002 (50 uM) (Figure 3.17A).
Furthermore, down-regulation of PI3K/Akt signaling pathway by EEB resulted in a
reduction in the downstream 60 kD cleaved form of MDM-2 in HCT-116 cells while the 90
kD full length appeared to be accumulated in the cells and remained unchanged in HT-29
cells (Fig. 3.17A and B). MCF-7 cells showed a similar trend as HCT-116 cells with the
reduction of the 60kD isoform of MDM2 whereas both isoforms were significantly
decreased in the PC-3 cells (Figure 3.17B).

51



(A) HCT-116
rCD2P110 - + + - + -
EEB - -+ o+ - -
Ly294002 _- - - -

P-Akt . ' = =

Akt

.
EE---W

MDM2 : - <«90kD
- - <+60kD

GappH (MR IRS S W

(B)

P-Akt

Akt
MDM2

GAPDH

HT-29 MCF-7 PC-3
Un-T EEB Un-T EEB Un-T EEB

| — || S —

| et | e |

——————

<+90kD
<+60kD

Figure 3. 17: A) EEB inhibits the Akt/PKB and MAPK pathways in colon cancer cell lines
A) Immunoblot showing the inhibition of the activation of Akt in HCT-116 cells by EEB.
PI3K was transiently overexpressed with a rDC2P110 plasmid, LY294002 is a specific
inhibitor of PI3K.(B) Immunoblot showing the inhibition of Akt in HT-29, MCF-7 breast
and PC3 prostate cancer cell lines. A marked reduction in the oncogenic 60 kD isoform of
MDM2 was observed in all cell lines.
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3.9 EEB induces apoptosis in HCT-116 and HT-29 cells.

Based on the observation that EEB induced an increase in the sub-G1 fraction in the cancer
cells, we next wanted to assess the induction of apoptosis by EEB. For this, the HCT-116
and HT-29 cells were treated with EEB (concentration corresponding to the ICs, value in
that cell line) and the induction of apoptosis was assessed using Annexin V staining, and
expression of pro and anti-apoptotic proteins.

A: Annexin V staining assay

In order to quantitatively assess whether treatment of the colon cancer cells with EEB
resulted in the induction of apoptosis, Annexin V/PI staining followed by flow cytometry
was carried out. Treatment of HCT-116 cells with EEB resulted in a statistically significant
(p<0.0001) increase in the fraction of apoptotic cells (30%) after 48h of treatment compared
to the untreated cells (6%) (Figure 3.18A). This increase in the apoptotic fraction was
comparable to treatment with 5 mM sodium butyrate (NaBt) for 48h, a well-known inducer
of apoptosis, which resulted in 36% apoptotic population in cells (Figure 3.18C). When HT-
29 cells were treated with EEB, a statistically significant (p<0.0001) increase in the
proportion of apoptotic cells (17%) was observed after 48h of treatment compared to the
control untreated cells (6%) (Figure 3.18B). Additionally, for both HCT-116 and HT-29
cells, this increase in the number of apoptotic cells following treatment with EEB correlated
with a 1.6 and 2 fold increases in the enzymatic activity of caspase-3 in HCT-116 and HT-
29 cells respectively as reported previously (Enayat, 2013). Of note, when both cell lines
were treated with salicin no significant induction of apoptosis were observed in either of the
cell lines (Figure 3.19 A-H).
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Figure 3. 18: Annexin V staining indicating distribution of cell populations in A: HCT-116
(upper panel) and B: HT-29 (lower panel) colon cancer cell lines after 48h treatment with
the extract. Light grey bars represent live, grey bars represent apoptotic and dark grey bars
represent necrotic populations. Significant differences were compared with the control at *p
< 0.05 and *** p < 0.001 by one way ANOVA with post hoc Tukey’s multiple comparison
test.
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Figure 3. 18 : C: Representative figures shows the pattern of cell distributions in non-treated
or treated HCT-116 and HT-29 cells. NaBt was used as a positive control.
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Figure 3. 19: The graphs (A-H) represent a comparison between the effect of EEB and
salicin on induction of apoptosis in HCT-116 and HT-29 cells. EEB at concentration of 250
and 300pg/ml (the ICsy values in HT-29 and HCT-116 cells respectively) strongly induced
apoptosis in both cell lines with significant increase in the population of early and late
apoptotic cells while salicin in the concentration range (25- 30 pg/ml) available in 250 and
300pg/ml of EEB did not induce apoptosis neither in HCT-116 or HT-29 cells (Continued
in the next pages).
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Figure 3. 19: continued

B: Assessment of pro and anti-apoptotic protein expressions

To understand the pathway leading to apoptosis upon treatment with EEB, Western blots
were carried out to assess the expression of different pro- or anti-apoptotic proteins. The
data show that HCT-116 and HT-29 cells treated with EEB for 48h resulted in a decrease in
the expression of the anti-apoptotic protein Bel-xL (Figure 3.20). In contrast, both cell lines
showed an increase in the level of caspase 9 and a reduction in pro-caspase 3, the precursor
form of caspase-3, consistent with the increased caspase-3 activity data. Of note, treatment
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with the extract resulted in increased stability of the wild type p53 protein in HCT-116 cells
whereas the mutant p53 level in HT-29 cell line was slightly reduced. Moreover, the protein
level of p53 regulated genes such as PUMA (p53 upregulated modulator of apoptosis) was
found to be elevated in both cancer cell lines following treatment with the extract. These
results further support the pro-apoptotic ability of the extract in both cell lines.

Bcl-xL

Caspase-9

Pro-caspase-3
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pS3
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HT-29

C D

—

-—-

Figure 3. 20: Immunoblot of HCT-116 and HT-29 cell lysates following treatment with the
extract for 48h. Lane A: untreated HCT-116, lane B: extract treated HCT-116, lane C:

untreated HT-29, Lane D: extract treated HT-29 cells.
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SECTION TWO
3.10 The effect of EEB on motility of cancer cells as an indicator of metastatic potential

3.10.1 Effect of EEB on anchorage independent growth

Anchorage-independent growth is one of the hallmarks of cancer cells. Anoikis resistance
and anchorage-independency allow tumor cells to expand and invade adjacent tissues, and
to disseminate through the body, giving rise to metastasis. Soft agar colony-forming
assay was carried out to determine the effect of EEB on anchorage independent growth of
HCT-116 and HT-29 cells. Treatment with EEB at a low concentration (150 pg/ml for HCT-
116 cells and 125 pg/ml for HT-29 cells) that did not result in inhibition of proliferation
strongly reduced the ability of cells to grow in an anchorage independent manner in both
cell lines (Figure 3.21- 23). The results clearly show a significant (p<0.0001) reduction in
both the number and the size of colonies formed in treated cells compared to the control
cells.

61



HCT-116
1004

60

40+

Growth Inhibition %

20

<

EEB (pg/ml)

HT-29
1004

80
60-

40+

Growth Inhibition %

204

EEB (pg/ml)

Figure 3. 21: Represent the effect of EEB on HCT-116 and HT-29 cell lines as a function of
dose. Treatment with EEB at a low concentration (150 pg/ml for HCT-116 cells and 125
pg/ml for HT-29 cells) did not result in inhibition of proliferation.
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Figure 3. 22: EEB at concentrations of 150 pg/ml and 125 pg/ml that did not induce growth
inhibition strongly reduced the anchorage independent growth capacity of A: HCT-116 and
B: HT-29 cell lines.
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Figure 3. 23: EEB strongly reduced the anchorage independent growth capacity of HCT-116
and HT-29 cell lines. The graph (C) shows the quantification of the number of colonies
formed in EEB treated HT-29 cells compared to non-treated control cells. Significant
differences were obtained in comparison to the control untreated cells at *** p<0.0001by
paired t test.

3.10.2 Effect of EEB on cellular motility

Cellular motility is one of the functional characteristics that epithelial tumor cells acquire in
order to metastasize. We therefore examined the effect of EEB on migration of HCT-116
and HT-29 cells by the scratch motility and cell migration assays.

A: Migration on transwell

The effect of EEB on the migratory potential of the cells was examined by a Transwell cell
migration assay. The number of migrated cells was seen to decrease significantly in HCT-
116 cells within 24h while in HT-29 cells, a significant decrease in the number of migrated
cells was observed after 72h (Figure 3.24 and 3.25). Interestingly, in HCT-116 cells
possessing strong migratory potential, when the time point that the cells were allowed to
migrate was extended to 48h most of non-treated cells migrated through Transwell while
still very few number of treated cells could migrate through. Of note, no inhibition of
cellular proliferation was observed at the concentration of EEB used for this assay
(150pg/ml for HCT-116 and 125ug/ml for HT-29 cells).
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Figure 3. 24: EEB reduces the motility of HCT-116 and HT-29 cells. A) Transwell assay
showing significantly reduced migratory potential in colon cancer cells. Cells were treated
with EEB at the concentrations (150 pg/ml for HCT-116 and 125 pg/ml for HT-29 cells)
that did not affect on cellular proliferation for 48 h. Treated cells were applied on
Transwells and migrated cells were counted after 24h for HCT-116 cells and 72h for HT-29
cells. B) In HCT-116 cells when the cells were allowed to migrate for 48h most of non-
treated cells migrated through Transwell while still very few numbers of treated cells could

migrate through.
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Figure 3. 25: EEB reduces the motility of HCT-116 and HT-29 cells. C) Transwell assay
showing significantly reduced migratory potential in colon cancer cells after 48 hour
treatment with 150 pg/ml and 125 pg/ml of EEB in HCT-116 and HT-29 cells respectively.
Significant differences were obtained by paired t test at *P<0.05, *** P<0.0001.

B: Scratch wound healing assay

In the scratch motility assay, a complete wound closure activity was observed in the
untreated cell lines, while in the presence of EEB at the respective ICs, values, HCT-116
cells and to a lesser extent HT-29 cells exhibited a loss in the closure of the wound,
indicating a reduction in cellular motility (Figure 3.26 and 3.27). In HCT-116 cells,
significant reduction was seen after 48h EEB treatment when the percentage of closure area
fraction from 84.3% in vehicle reached to 64.5% in treated wells. Similarly in HT-29 cells
EEB induced a reduction from 66.7% to 46.4% in treated wells after 120h.
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Figure 3. 26: EEB reduces the motility of HCT-116 and HT-29 cells. Scratch wound healing
showing significant reduction in the motility of cells. Wound closure at upper, center and
lower regions of each scratch were monitored up to 72h in HCT-116 and 120h in HT-29

cells. The figure is the representative of at least three technical replicates and at least two
independent experiments.
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Figure 3. 27: Significant reductions by paired t test (*P<0.05, *** P<0.0001) in wound
closure were seen after 48 h in HCT-116 and after 120h in HT-29 cells as represented in the
following graphs.

68



3.10.3 Effect of EEB on cell adhesion

A key feature of tumor metastasis is the survival of the cancer cell and its adaptation to the
new microenvironment which is provided by integrin-mediated cell adhesion to and
migration on ECM proteins such as fibronectin. Treatment with EEB at the respective ICs,
values significantly reduced the ability of HCT-116 and HT-29 cells to adhere to fibronectin
(p <0.0025 and p < 0.0001) by 0.82 and 0.85 fold respectively when compared to the control
cells (Figure 3.28).
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Figure 3. 28: EEB reduces adhesion of cancer cells to fibronectin. Adhesion was assayed on
fibronectin coated wells and EEB significantly reduced the adhesion capacity of HCT-116
and HT-29 cells (**P<0.0025 *** P<0.0001) compared to non-treated cells.

3.10.4 Treatment with EEB results in an inhibition of EMT

To understand whether metastasis or EMT related transcripts or proteins could be implicated
in the functional changes observed above, HCT-116 cells treated with 150pg/ml or
300ug/ml of EEB. The mRNA expression of Twistl and Slug showed a dose dependent
decrease indicating that the primary transcription factors involved in the process of EMT
were downregulated in these cells (Figure 3.29). Treatment with EEB also resulted in
decreased expression of the matrix remodeling enzymes MMP9 and MMP2, the actin
polymerizing protein and mesenchymal marker transgelin as well as SNAII, a negative
regulator of cell junction protein E-cadherin (Figure 3.30). As expected, treatment with EEB
also resulted in an upregulation of E-cadherin. We did not observe any change in the protein
levels of fibronectin and ZEB1 in HCT-116 cells treated with EEB (Figure 3.31). Several of
these proteins are regulated by the PI3K/Akt and MAPK pathways (Adya et al., 2008;
Gialeli et al., 2013; Wu et al., 2013; Zuo et al., 2011) which can be corroborated by a robust
decrease in the protein levels of EGFR which can result in the inhibition of the MAPK
signaling pathway, as well as a complete abrogation of phosphorylation and activation of
Akt, the key oncogenic protein in the PI3K pathway.
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Figure 3. 29: EEB inhibits EMT in HCT-116 cells. Semiquantitative PCR showing a dose
dependent reduction in the expression of the mesenchymal SNAI2 and Twistl transcripts in
HCT-116 cells treated with EEB.

Table 3. 4: PCR primers used in this study

Gene Sequence Tm

Twist 1 Forward 5"-AGGTCCTCCAGAGCGACGAGC-3" (Amplicon size 180 bp)  |65,96
Reverse 5- ACAATGACATCTAGGTCTCCGGCCC-3’

SNAI2 (Slug) | Forward 5"-GAACTCACACGGGGGAGAAGCC-3" (Amplicon size 196 bp) |65
Reverse 5- ACTCAGTGTGCTACACAGCAGCC-3’

GAPDH Forward 5"-GGTGAAGGTCGGAGTCAACG-3" (Amplicon size 496 bp) 60.67
Reverse 5'-CAAAGTTGTCATGGATGACC-3" 54.58
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Figure 3. 30: EEB inhibits EMT in HCT-116 cells. Immunoblot showing a reduction in the
mesenchymal markers transgelin, SNAI1 and MMP9 along with an increase in the epithelial
marker E-cadherin after treatment with EEB. A decrease in the phosphorylation of Akt and
total levels of EGFR implicate the involvement of the PI3K/Akt and MAPK pathways in the
reversal of EMT.
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Figure 3. 31. EEB did not show any significant reduction in the expression of mesenchymal
marker Zo-1 and fibronectin proteins.
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CHAPTER 4

DISCUSSION

4. Discussion

Colorectal cancer is one of the leading causes of premature death worldwide, with the
number of deaths increasing despite intensive research into new treatment options and
prevention. The development of sporadic colorectal cancer is a multistep process that
requires a long time to develop. Most drugs currently available for the treatment of cancer
have limited potential due to their toxicity, inefficiency and expense (Aggarwal et al., 2007).
In this respect, there is a continuous search for new chemotherapeutic drugs by scientific
exploitation of the enormous pool of naturally occurring chemicals. Several natural
compounds with potent anti-tumorogenic effects have been described and the shift from
‘chemical’ to ‘natural’ in the prevention of diseases such as cancer has gained enormous
prominence (Bravo, 1998; Hollman et al., 1995; Lee et al., 1995). Herbal extracts are
mixtures of complex compounds that may act together in a more efficacious manner to
provide enormous health benefits, where no individual class of components could be
entirely held accountable for the activity produced by the whole extract itself (Liu, 2003).
Salix aegyptiaca, a member of the Salix family, has been used for centuries as a medicinal
plant in many parts of the world for various health disorders, including cancer.
Commercially available willow bark extract was shown to be capable of inhibiting the
proliferation of colon cancer cells and activate apoptotic pathways (Hostanska et al., 2007b).
However, to our knowledge the biochemical and molecular pathways associated with the
medicinal activity of this plant species on cancer has not been studied yet. We have recently
reported that the ethanolic extract from the bark of Salix aegyptiaca (EEB) had high
antioxidant activity owing to the high levels of constituent phenolic compounds (Enayat and
Banerjee, 2009). Many of the phenolic compounds in the extract (such as catechins and
rutin) are known to inhibit the growth of colon cancer cells (Lee et al., 2011; Manthey and
Guthrie, 2002) and the individual phenolic phytochemicals may act additively,
synergistically, and/or antagonistically with other compounds leading to their anti-
proliferative activity (Yang et al., 2009).

Therefore, in this study, EEB was tested for its effect on proliferation, apoptosis, cell cycle
progression, effect on anchorage independent cell growth and motility, metastasis and
epithelial to mesenchymal transition (EMT) in colon cancer cell lines HT-29 and HCT-116.
Pathways leading to changes in these functional effects were also explored in this study.

73



4.1 EEB selectively induced growth inhibitory effects in cancer cells but not in non-
transformed cells

The growth inhibitory effect of EEB was screened on a variety of cancer cell lines from
colon, breast and prostate as well as a non-transformed colon fibroblast cell line. Results of
the present study demonstrate that EEB could induce a potent growth inhibitory effect on all
tested cancer cell lines including HCT-116 and HT-29 colon, MCF-7 breast and PC-3
prostate cancer cells whereas no such effect was observed in the non-transformed CCD-
18Co colon fibroblast cell line (table 3.1 and Figure 3.5 and 3.8). This is especially
important, since currently available chemo and radio therapeutic regimes do not spare the
normal cells and result in significant side effects that affect the quality of life.

4.2 The ethyl acetate and aqueous fractions were the active fractions of EEB with
strong growth inhibitory effect on cancer cells

In order to identify the active ingredients of EEB, the extract was partitioned into four
fractions, namely, n-hexane, n-butanol, ethyl acetate and aqueous fractions and the growth
inhibitory effect of each was examined using MTT and BrdU assays. Among the four
fractions, n-hexane and n-butanol did not show any growth inhibitory effects whereas the
ethyl acetate and aqueous fractions exhibited growth inhibition with varying efficacy in all
four tested cancer cell lines. The ethyl acetate fraction showed the most effective growth
inhibition in all four cell lines while the aqueous fraction strongly reduced cell proliferation
in HCT-116 and MCF-7 cell lines with ICsy values of 208.6 + 2.2 and 313 + 11.4 pg/ml with
no inhibition of the HT-29 cell line. In addition, the aqueous fraction induced growth
inhibition in PC-3 cells with a high ICs, value of 556 + 61 pg/ml which was comparable to
that by EEB (427 + 17 pg/ml) in PC-3 cells (Figure 3.1-4 and Table 3.1).

Moreover, the results obtained from MTT assay were also confirmed by the BrdU
incorporation assay. Since the MTT assay is based on measuring the enzymatic activity of
mitochondrial oxidoreductases, which might be affected by compounds with antioxidant
capacity. Therefore, a BrdU incorporation assay was also carried out to ensure that the
observed growth reductions are not due to the interference of mitochondrial enzymes but
come from a direct effect on cellular proliferation. The results showed a similar trend as
observed by the MTT assay (Figure 3.6 and 3.7 and Table 3.2).

4.3 Identification of phenolic compounds present in ethyl acetate and aqueous fractions

The active constituents of the ethyl acetate and aqueous fractions exhibiting strong
antiproliferative effect were determined by tandem MS-MS analysis. Catechin, salicin and
catechol at 2311.55, 944.7 and 502.57 ppm were the most abundant compounds identified in
the ethyl acetate fraction. In the aqueous fraction, salicin at 79.59 ppm, was the major
compound. Chemical fingerprinting with HPLC and NMR carried out on commercial
Willow bark (Salix alba) also indicated that catechin was the major constituent responsible
for the radical scavenging activity in willow bark preparations. (Agnolet et al., 2012)
Additionally, vanillin, gallic acid and rutin were found in considerable amount at 39.9,
30.96 and 30.04 ppm in the ethyl acetate fraction. Smaller amounts of epigalocatechin
gallate (EGCGQG), quercetin, coumaric acid, syringic acid and apigenin were indentified in the
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ethyl acetate fraction of EEB (Table 3.3). Many of these phenolic compounds are well-
known for their chemopreventive properties on cancer by induction of apoptosis, arresting
cell cycle, regulating carcinogen metabolism and oncogenesis, inhibiting cell adhesion,
migration, proliferation or differentiation, and blocking signaling pathways (Agarwal et al.,
2006; Mouria, 2002; Roseghini et al., 2009;(Qin and Sun, 2005). It is likely that at least
some of the growth inhibitory effect of the extract can be ascribed to these phenolic
compounds. This is further emphasized by the fact that the ethyl acetate and water fractions
of EEB, which contained most of the phenolic compounds, showed considerable
antiproliferative effects, whereas the fractions in hexane and n-butanol did not. We recently
reported that none of the three major identified compounds, catechin, catechol or salicin,
inhibited the proliferation of cancer cells when applied individually at concentration ranges
found in the extract while catechol and catechin were far more efficacious at reducing cell
proliferation when used as a combination (Enayat et al., 2013). Therefore, we believe that
these individual phenolic phytochemicals may act additively, synergistically, and/or
antagonistically with other compounds leading to anti-proliferative activity, as has
previously been suggested (Yang et al., 2009).

4.4 EEB and its active fractions inserted antioxidant effect on cancer cells

Naturally derived compounds such as EGCG have been shown to induce oxidative stress
leading to DNA damage in cancer cells (da Frota et al., 2009; Watson et al., 2010), which in
turn causes arrest at G1/S. Therefore the pro or antioxidant potential of EEB was tested on
HCT-116, HT-29 and CCD-18Co cells using the NBT and CAA assays. NBT assay is a
colorimetric assay to quantify the levels of superoxide anion as an indicator of oxidative
stress and cellular antioxidant enzyme activity of superoxide dismutase (SOD). Our results
showed that EEB strongly quenched the radicals in the cancer cells which have elevated
levels of superoxide ions. On the contrary, no change in superoxide levels was observed
between treated and non-treated CCD-18Co cells, which possess low levels of superoxide
ions to begin with. These results show that EEB selectively induces antioxidant effects on
cancer cells which are under excess oxidative stress, but not in healthy normal cells where
the steady-state balance between the production of ROS and their removal by the cellular
antioxidant system leads to low levels of oxidative stress (Figure3.10A and 3.10B ).
Moreover, the quenching capacity of EEB was much stronger than its active fractions, the
ethyl acetate and aqueous fractions. In the concentration ranges close to the ICsy value, the
ethyl acetate fraction exhibited a quenching potential of 30 to 40% in HT-29 and just 20% in
HCT-116 cells while for EEB these values were 75% in HCT-116 cells and 50 to 60% in
HT-29 cells (Figure 3.12 and 3.13). This was also stronger than the quenching potential of
pure commercial EGCG, amounting to 60 to 65% at its corresponding ICs, value (30pg/ml)
(Figure 3.10C). Of note, no quenching potential was observed with the aqueous fraction
even at much higher doses. In addition, antioxidant capacity of each fraction and EEB
correlates with their respective phenolic profiles so that the ethyl acetate fraction with high
phenolic content had stronger quenching potential compare to flavonoid poor aqueous
fraction (Table 3.3). EEB, which is a mixture of both fractions showed the highest
antioxidant capacity. To further analyze this, the antioxidant effect of EEB on total cellular
ROS levels was also examined by CAA assay. EEB, at its ICs, value, resulted in a marked
loss of fluorescence signal, which is an indication of the antioxidant effect of the extract.
However, interestingly, the flourescence signal did not change in the presence of higher
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concentrations of EEB (750ug/ml), showing the presence of pro-oxidant effects, which
seems to be in contrast with the observed strong superoxide quenching potential at this
concentration (Figure 3.11). EEB is a mixture of several phenolic as well as non-phenolic
phytochemicals with pro- and antioxidant capacity and what we observe is the final outcome
of their interaction with each other. Therefore, the concentration and the ratio of the
constituents of the mixture of compounds could strongly affect the antioxidant/prooxidant
potential of EEB at varying concentrations. Differences in data obtained with the two
techniques could be related to differences in the methodology and sensitivities of the assays.

4.5 The effect of EEB on cell cycle in HCT-116 and HT-29 cell lines

Lack of proliferation of cells is often due to cell cycle arrest followed by entry into
apoptosis (Gartel, 2005). Therefore, the effect of EEB on cell cycle was assayed in both
HCT-116 and HT-29 cell lines.

In both cell lines, EEB caused an accumulation of cells in G1/S phase, thereby inhibiting the
transition of cells into S phase, followed by significant increases in the proportion of cells in
the sub-G1 phase (Figure 3.14A and 3.14B). This increase of cells in sub-G1 was taken to
indicate the induction of apoptosis. The higher accumulation of p21 protein, a marker for
G1/S phase arrest, in both HCT-116 and HT-29 cells treated with EEB compared to the
control cells further corroborated to the cell cycle arrest.

It is widely known that many natural compounds induce growth inhibition through the
induction of oxidative stress-induced DNA damage followed by cell cycle arrest at G1/S.
Chk-2 is an important protein kinase that is activated in response to DNA damage.
However, in spite of robust cell cycle arrest, treatment of the cells with EEB did not change
the level of phosphorylated Chk-2 indicating that the activity of this protein was not altered
(Figure 3.16). This was also correlated with the lack of oxidative stress observed in cancer
cells treated with EEB, indicating that the EEB-induced cell cycle arrest was not through
DNA damage in the cancer cells.

4.6 EEB induced cell cycle arrest through downregulation of Akt/PKB pathway

As an alternative mechanism for p21 upregulation and G1/S arrest, we next examined the
phosphorylation of Akt/PKB. The PI3K/Akt signaling pathway is one of the best-
characterized and prominent pathways for cancer cell survival signaling by affecting on a
wide range of downstream effectors. Upregulated Akt/PKB promotes protein and glycogen
synthesis by the activation of mTOR/P70S6K and inhibition by phosphorylation of GSK-3,
an inhibitor of glycogen synthase, respectively. Therefore, provides essential materials and
energy source for consistent mitosis. In addition, phosphorylated Akt directs the cells to
bypass the cell cycle checkpoints in the favor of cell survival and mitosis by promoting
phosphorylation of MDM-2 and translocation to the nucleus where it targets p53 for
ubiqutination and degradation. Moreover, phosphorylated Akt directly induces p21, a
negative regulator of cell cycle.

Treatment of both HCT-116 and HT-29 cell lines with EEB reduced the levels of
phosphorylated Akt, which is likely to have led to p53 stabilization and p21 upregulation,
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thereby causing cell cycle arrest (Figure 3.17). Activation of the PI3K/Akt pathway by
various mitogens or growth factors inhibit apoptosis by phosphorylating MDM?2 at Ser-166
and -186, inducing ubiquitination and degradation of p53 (Mayo and Donner, 2001; Zhou et
al., 2001). In addition, in humans, the 60 kD fragment of MDM2 has been found to be
upregulated in several cancer types and is generated through a nonapoptotic proteolytic
cleavage of the larger 90kD fragment (Pochampally et al., 1998). This p90 isoform of
MDM?2 is involved in the p53/MDM?2 feedback control loop when p53 is activated.
Therefore, the upregulation of p90, observed upon treatment with EEB, is likely to have
resulted from the stabilization and activation of p53 (Cheng and Cohen, 2007). Moreover,
the reduction observed in the oncogenic p60 fragment upon treatment with EEB further
confirms its anticarcinogenic nature (Figure 3.17).

4.7 The dual targeting of Akt/PKB and MAPKSs pathways by EEB

Several recent studies have emphasized significant cross-talk between the Akt/PKB and
MAPK pathways in tumors and there has been an enormous interest in the identification of
molecules that dually target both pathways (Gruson et al., 2010; Liu et al., 2009; Onan et al.,
2004). Ras is one of the most frequently mutated oncogenes found in several cancers, which
leads to the deregulation of several effector pathways controlling cell proliferation, survival,
and migration thus promoting malignant transformation (Downward, 2003). The best-
characterized Ras effector pathway is the RAF-mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) kinase (MEK) MAPK cascade.
ERK1/2 activation leads to phosphorylation and activation of various cytosolic and nuclear
proteins, including transcription factors that control the G1/S cell cycle transition (Hoshino
et al., 1999). Our group has recently shown that treatment of cancer cells with EEB resulted
in decreased phosphorylation and activity of ERK1/2, JNK and p38(Enayat et al., 2013).
The JNK cascade is one of the main stress-activated protein kinases that is involved in the
pathology of several cancer types by modulating cell proliferation and apoptosis. Different
growth factors (Hibi et al., 1993), cytokines (Uehara et al., 2005), and stress factors (Cano et
al., 1994), can activate JNKs. Another class of stress activated kinases is the p38 mitogen-
activated protein kinases (p38s), which can be activated by osmotic shock, inflammatory
cytokines, growth factors or reactive oxidative species (deLaat et al., 1997; Dolado et al.,
2007). The decreased phosphorylation of JNK and p38 observed upon treatment with EEB
further corroborates with the decreased superoxide dismutase activity and thereby low ROS
levels in the cells (Enayat et al., 2013).

4.8 EEB induced apoptosis in both colon cancer cell lines via a p53 dependent pathway

The induction of apoptosis, indicated by arrested cell cycle progression, was assayed by
Annexin V-FITC staining and protein expression analysis of independent markers of the
apoptotic cascade: Bcl-xl, caspase 9, procaspase 3, MDM-2, p53 and PUMA.

The principle of Annexin V staining is its binding to phosphatidylserine (PS), a membrane
phospholipid, that is externalized in cells undergoing apoptosis. Flow cytometry analysis of
the FITC conjugated Annexin V showed a significant increase in the early and late apoptotic
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fractions of cells as well as necrotic cells in the cells treated with EEB compared to their
corresponding non-treated HCT-116 and HT-29 controls. When the results from treatments
with EEB for 24h and 48h were compared, the apoptotic to necrotic cells ratio were seen to
increase in 48h compared to 24h treatment. This finding indicates that the effect of the
extract 24 h after treatment is more non selective by inducing more necrotic death while
after 48 h the effect is more selective through the activation of apoptotic pathways resulting
in an increased ratio of apoptotic fraction to necrotic fraction (Figure .3.18).

Western blotting analyses of pro and anti-apoptotic proteins indicate that exposure to EEB
led to increased protein levels of caspase 9 as well as reduced expression of Bcl-x1 and
procaspase 3 proteins in both cell lines (Figure 3.20). The reduction in the protein levels of
procaspase3 correlated with the elevated caspase 3 activity upon treatment with EEB as
previously shown (Enayat et al., 2013). In addition, treatment with EEB resulted in
increased levels of the wild type p53 protein in HCT-116 cells while interestingly the
mutant form of p53 protein was reduced in HT-29 cells. These events were accompanied by
a strong induction of p53 upregulated modulator of apoptosis (PUMA) (Figure 3.20).
PUMA is a specific downstream target of p53, which upon activation binds to the
antiapoptotic Bcl-2 protein family, liberates proapoptotic BAK and BAX proteins and
stimulates mitochondrial apoptosis cascade. Reduced procaspase 3 and activation of
caspase-3 and -9 are early biomarkers of apoptosis, which act downstream to the release of
cytochrome ¢ from the mitochondria. Activated caspase-3 is responsible for DNA
fragmentation and other morphological changes associated with apoptosis (Gupta et al.,
2009).

4.9 Salicin did not effectively contribute in the cell cycle arrest or proapoptotic
function of EEB

Salicin is an active ingredient of Willow bark extracts and constitutes a significant
proportion of compounds identified from EEB (Table 3.2) as well as other ethanolic extracts
from other species. Annexin V staining of the HCT-116 and HT-29 cells after exposure to
the corresponding concentrations of salicin induced 50% growth inhibition did not show
significant induction of apoptosis in any of the cell types (Figure 19). Based on the salicin
content of the ethanolic extract of bark as determined by HPLC (3 mg/ml) (Enayat &
Banerjee, 2009), the amount of salicin available in 250 and 300 pg/ml of the extract induced
50% growth inhibition in HT-29 and HCT-116 Cells are 75 and 90 pg/ml respectively.
Additionally, no detectable change was observed in the cell cycle distribution in salicin
treated cells compared to the non-treated controls in both cell lines (Figure 3.15). These data
indicate that probably salicin does not contribute to the G1/S arrest and apoptosis observed
in the EEB treated HCT-116 and HT-29 cells.

Therefore, it might be concluded that salicin is not a significant factor determining the
strong proapoptotic effects of EEB observed in the two colon cancer cell lines. Even the
concentrations of salicin (370pg/ml for HCT-116 and 304pg/ml for HT-29) which accounts
for 50% growth inhibitory effects could not behave as effective as the bark extract (Figure
12, 3.15 and 3.9). These data are in contrast with the conventional belief that salicin is the
main component for the antiproliferative and anti-tumorigenic effects involved with bark
treatment.
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It was recently proposed by Vlachojannis et al. that the anti-nociceptive and anti-
inflammatory functions of Willow bark are not because of the constituent salicin, rather, it
results from the unique combination of polyphenols and flavonoids in the extract
(Vlachojannis et al., 2011). All of these point to the fact that salicin is most likely not the
main contributor in the anti-cancer properties of EEB. On the other hand, EEB, as well as its
fractions in ethyl acetate and water are rich in several phenolic compounds (Table 3.3),
which, in combination, could contribute very significantly towards the anti-carcinogenic
properties of the extract. Therefore, we propose that the strong antioxidant capacity and
remarkably high level of total phenolic and flavonoid contents as well as the presence of
several potent polyphenols in the extracts that have known anti-carcinogenic properties
could contribute to the antiproliferative effects of the extracts. Several reports about
anticarcinogenic potency of phenolic and flavonoid compounds support this hypothesis
(Hostanska et al., 2007a Abel & Saller, 2007; Hostanska et al., 2007b Nahrstedt & Saller,
2007); (Fresco et al., 2010; Qin and Sun, 2005).

4.10 EEB induced strong antimetastatic effects on colon cancer cell lines

Cellular motility and altered adhesion to the extra cellular matrix are frequently acquired by
cells that undergo neoplastic changes and are critical steps in metastasis of the primary
tumor cell to a distant site (Rendon et al., 2007).

In this study, using an in vitro assay system, we have examined whether EEB could have
any effect on the metastatic potential of HCT-116 and HT-29 cells and whether such
changes were accompanied by an inhibition of EMT.

4.11 EEB strongly reduced the anchorage independent growth of cancer cells

Attachment to the extracellular matrix and the stimulation of growth factor signaling
cascades generally promotes the survival of epithelial cells by suppressing the activity of
apoptotic factors leading to anoikis (Taddei et al., 2012) One of the primary signs of cellular
transformation is the ability of cancer cells to grow in an anchorage independent manner
whereby, altered adhesion to the extra cellular matrix is frequently acquired by cells that
undergo neoplastic changes (Reddig and Juliano, 2005; Rendon et al., 2007) The activation
of the PI3K/Akt pathway and its downstream proteins play a central role in resistance to
anoikis and the anchorage independent growth of cancer cells, a hallmark feature of tumor
cells (Reddig and Juliano, 2005). Treatment with EEB resulted in a drastic decrease in the
anchorage independent growth of HCT-116 and HT-29 cells at concentrations that did not
decrease cellular proliferation which could have resulted from the inhibition of the
PI3K/Akt pathway by EEB (Figure 3.21, 3.22 and 3.23).

4.12 EEB effectively reduced the motility and migration of cancer cells

Cells motility and migration ability are major factors that influence tumor metastasis.
Therefore, the role of EEB in the motility and migration of cancer cells was determined by
cellular motility through Transwells as well as with a scratch wound healing assay.
Treatment of HCT-116 and HT-29 cells with EEB at concentrations that did not reduce
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cellular proliferation could dramatically reduce cellular migration through Transwells as
well as motility after a scratch wound indicating that the extract could significantly reduce
the motility of the cancer cells (Figure 3.24, 3.25, 3.26 and 3.27). PI3K/Akt signaling
pathway is considered as the most important pathway involved in modulation of tumor
metastasis. Recent studies indicate that inhibition of PI3K activity by selective inhibitors
such as LY294002 led to reduced motility and migration (Hsu et al., 2012). Therefore, the
potent inhibitory effect of EEB on cell motility and migration could have resulted from the
strong inhibitory effect of EEB on PI3K/AKT pathway (Figure 3.17).

4.13 EEB strongly reduced the integrin-mediated adhesion to ECM proteins

The ability of a cancer cell to metastasize stems from a wide spectrum of changes that
include anchorage independent growth, resistance to anoikis (Ng et al., 2012), motility,
integrin-mediated adhesion to ECM proteins such as fibronectin and migration of the
transformed cells (Cimen et al., 2009). Interaction with and adhesion to ECM is one of the
key mechanisms necessary for cell survival which is often mediated by the PI3K pathway
(Reddig and Juliano, 2005). The transmembrane receptors of integrin family members play
a critical role in sensing and responding to ECM properties as well as promoting growth
factor signaling cascades. Moreover, integrins allow cells to adhere to a variety of ECM
structures such as fibronectin-containing matrices which is associated with wound healing
and enriched during angiogenesis and cancer progression (Xiong et al., 2013). Therefore,
imbalance in integrin-mediated cell adhesion may leads to the pathology of several diseases
especially cancer. Treatment of HCT-116 and HT-29 cells with the extract significantly
reduced the ability of the cancer cells to adhere to fibronectin, a component of the ECM
with critical role on metastasis, which again could have resulted from the inhibition of the
PI3K pathway (Figure 3.28).

4.14 EEB inhibits the epithelial to mesenchymal transition of colon cancer cell lines.

The process of the de-differentiation of epithelial cells toward a more mesenchymal
phenotype is a critical step for acquisition of metastatic potential in cancer cells which is
mediated by a variety of inter and intracellular factors, such as intra-tumoural hypoxia,
growth factor signaling and cell-cell interaction (Friedl and Wolf, 2003; Jiang et al., 2009).
This transition directs the tumor to more aggressive states which is accompanied by the loss
of epithelial characters, gain of mesenchymal marker expression, acquisition of migration,
invasive activity and capability to pass through the basement membrane and migration
throughout the body. E-cadherin is one of the most important adhesive molecules in
epithelial cells whose suppression is a main characteristic of cells undergoing EMT. SNAI1
and SNAI2 (Slug) members of snail family, ZEB (ZEB1 and ZEB2), basic helix—loop-helix
(bHLH) (E47 and Twist) families are considered as the major suppressors of E-cadherin
whose activation result in transcriptional suppression of E-cadherin and its proteolytic
cleavage by MMP-2 and MMP-9 (Usami et al., 2008).

Therefore, in this study, the effect of EEB on the expression of various epithelial and
mesenchymal markers was explored by western blotting and semiquantitative PCR analysis.
We observed a decrease in the transcripts of the mesenchymal markers Slug and Twist as a
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result of EEB treatment (Figure 3.29). Moreover, the protein levels of SNAIl and
Transgelin (TAGLN) were also reduced in cells treated with EEB accompanied by a
restoration of E-cadherin (Figure 3.30). Transgelin is a 22-kDa protein, which, by virtue of
its actin binding property, is involved in podocyte formation in smooth muscle cells and
their motility. (Gimona et al., 2003) However, it has subsequently been shown that in colon
cancer cells, transgelin is localized to the nucleus and can play a role in the transcriptional
upregulation of fibronectin and vimentin, thereby making it a mesenchymal marker. (Lin et
al., 2009) It has also been reported that the expression of transgelin is under the control of
TGFB, (Adam et al., 2000) another key protein that also orchestrates the process of EMT
(Xu et al., 2009). Therefore, the reduction in transgelin protein expression could also
contribute towards the reversal of EMT observed in cells treated with EEB. From these
observations we could conclude that EEB may slowdown or reverse the EMT process with
the cells acquiring a more epithelial phenotype.

The activated PI3K/Akt and MAPK pathways can directly mediate a reduction in E-
cadherin through the induction of SNAI1/2, thereby initiating EMT (Scheme 2) (Jang et al.,
2009) (Peinado et al., 2004; Schmalhofer et al., 2009). Recent studies also indicate that
pharmacologic inhibition of EGFR, MEK and PI3K in colorectal carcinoma led to a
reduction in the EGF induced production of MMP-9, cell migration and invasion and
expression changes of EMT markers (Adya et al., 2008; Gialeli et al., 2013; Wu et al., 2013;
Zuo et al., 2011). In addition, focal adhesion kinase (FAK) mediated activation of PI3K/Akt
and MAPK/Erk pathways may also result in the transduction of external stimuli from the
extracellular matrix to the nucleus resulting in the activation of the promoters of MMP-9
and MMP-2, facilitating the invasion to the extracellular matrix and metastasis of cancer
cells (Adya et al., 2008; Hwangbo et al., 2010; Lai et al., 2010; Liao et al., 2003; Meng et
al., 2009). Recent studies have also implicated JNK and p38 in regulation of MMP-9 and
MMP-2 (Hsu et al., 2012; Kumar et al., 2010). We have shown that EEB could strongly
reduce the phosphorylation of Akt, Erk1/2, JNK and p38 (Enayat et al., 2013) as well as a
robust reduction in the levels of EGFR as a result of treatment with EEB (Figure 3.30).
Moreover, we have also observed a reduction in the expression of MMP-9 and to a less
extent MMP-2 (Figure 3.30). MMP-9 and MMP-2 proteins are abundantly expressed in
several malignancies with a critical role in tumor invasion and angiogenesis, and is
considered as a biomarker for the metastatic potential of cancer cells (Pories et al., 2008).
Thus, the inhibition of MMP-9 by EEB could have resulted in a reduction in the motility
and migratory capacity of the cancer cells.
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CHAPTER 5

CONCLUSION

5.CONCLUSION

The ethanolic extract of bark from Salix aegyptiaca is a potent mixture of bioactive
phytochemicals that can reduce the proliferation of colon cancer cells through the induction
of cell cycle arrest and apoptosis. Our data provide, for the first time, detailed molecular
evidence on the potent antitumorogenic effects of an ethanolic extract from bark (EEB) of
Salix aegyptiaca, a plant species that has been in use from ancient times mostly as an anti-
inflammatory agent. EEB could inhibit the proliferation of cancer cells and halt cell cycle
progression at G1/S. This extract can also inhibit one of the most important signaling
pathway associated with survival signals in cancer cells: the PI3K/Akt at levels comparable
to known commercial inhibitors. The results of current study from the comparative cell
cycle distribution analysis as well as apoptosis assays of pure salicin indicate that salicin is
not the main contributor in the health beneficial effects observed in the willow bark extracts.
Here we have also shown, for the first time, evidence of the anti-metastatic effects of EEB,
most likely resulting from the inhibition of the PI3K/Akt and the MAPKinase signaling
pathways. The extract could also induce a reversal of epithelial to mesenchymal transition in
the cancer cells by upregulating epithelial markers and down regulating mesenchymal
markers.

The conclusive schematic figures 1 and 2 represent the determined overall effects of EEB on
the biochemical pathways and functional characteristic of cancer cells.

Salix species have been known for centuries to be beneficial against a number of ailments,
including cancer. Understanding of the molecular mechanisms behind such beneficial
effects will further justify the use of these extracts for the chemoprevention of cancer. In
addition, since EEB is a phytochemical rich extract therefore identification of a broader
range of compounds using fingerprinting methods as well as isolating the major compounds
will provide a better understanding of the active constituents of the extract.

Moreover, a comprehensive in vivo study on the cytotoxicy, chemopreventive and
anticarcinogenic effect of EEB on animal models would be essentail to confirm the merit
anticacinogenic potential of this extract observed in our in vitro study and will be a step
forward for future application of this extract in the clinical trial phases.
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5.1 Conclusive schematic figures

Extract

— G )
pY
— Craxt )———

Fomy—amari D

Scheme 5. 1: The schematic figure represents that EEB induces apoptosis and cell cycle
arrest through decreasing the phosphorylation and activity of Akt/PKB pathway, stabilizing
p53 and up-regulating p21. The items in grey background have been examined and
confirmed in this study.
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Scheme 5. 2: The overall scheme shows the biochemical pathways through which EEB may
inhibit epithelial to mesenchymal transition (EMT) in colon cancer cells. Upregulation of
PI3K/Akt and MAPKSs signalling pathways are common events in most cancer types.
Hyperactivation of both pathways lead to increased proliferation, inhibition of apoptosis,
resistance to anoikis, increased motility and adhesion to the extracellular matrix as well as
repression of E-cadherin through the upregulation of the repressive transcription factors
SNAI1/2 and Twistl may lead to EMT. The schematic figure demonstrates that EEB could
potentially inhibit this transition by inhibiting these signaling pathways.
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APPENDICES

Appendix A

(A)

P-Coumaric acid
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EGCG + Caffeic acid + Vanillic acid

Figure 6. 1 : A) the chromatogram of the standards at 5 ppm concentration identified by
tandom mass spectrometry.
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(B)
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Figure 6. 2: B) the chromatogram of the standards catechol, resorcinol and salicin at 5 ppm
concentration identified by tandom mass spectrometry.

(A) :Chromatograms of Et.Ac fraction

wro® [B0TIE i ) Bemeed_8e80_3 ¢

_ﬂv == \, \j\/\ ;L\ Y Nt L

Gallic acid Salicin  Catechin Quercetin Apigenin

P-Coumaric acid
Catechol EGCG + Vanillic acid Rutin

Figure 6. 3: A) The chromatogram of phenol and flavonoid compounds identified in the 1 to
50 dilution of 50 mg/ml ethyl acetate (Et.Ac) fraction of EEB . The red pics are the
chromatogram of 5 ppm standards.
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(B): Chromatogram of Et.Ac fraction
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Figure 6. 4: B) The chromatogram of phenol and flavonoid compounds identified in the 1 to
50 dilution of 50 mg/ml ethyl acetate (Et.Ac) fraction of EEB with high mafnification. The
red pics are the chromatogram of 5 ppm standards. n.n indicates not identified compounds.
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Figure 6. 5: B) The chromatogram of phenol and flavonoid compounds identified in the 10
mg/ml aqueous fraction of EEB with high mafnification. The red pics are the chromatogram
of 5 ppm standards. n.n indicates not identified compounds.
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Appendix B.
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Figure 6. 6: Represent the protein concentration standard curve obtainedused for measuring

protein contents.
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Appendix C. Mammelian expression vector
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Figure 6. 7. Mammalien expression vector pEF-BOS used for expression cloning of p110
subunit of PI3K. SV40 ori (311 bp), human EF-lalpha promoter (1.2 kb), stuffer fragment
from CDMBS vector (450 bp, cDNA to be expressed can be inserted by removing the stuffer
using BstXI or Xbal), poly-A from human G-CSF (700 bp Eco81I-EcoRI fragment), into
HindIII-EcoRI site of pUCI119. http://www.addgene.org/vector-database/2450/
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