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ABSTRACT

Cancer remains to be the one of the leading causes of death in Canada and the United
States. In Canadian and American women, breast cancer is the second leading cause of
cancerrelated deaths behind lung canadspite large advancements in our
understanding of the disea§emajorreason for this is the lack of novel therapeutics
that can selectively target tripteegative breast cancei®his project attempt® solve

this problem using a collection of ploghemicals found in the peels of Northern Spy
apples, called AF4Jsing a variety oflow cytometrytechniques and western blotting,
apple flavonoids fractionAF4) was foundo kill triple-negative breast cancer cells while
beingnontoxic to healthy epithelial cell3his cell death occurred without the cleavage

of caspases goly (ADP-ribosg polymerase IPARPJ) and was determined to bé

least in part deperdt onreactive oxygn speciesROS. In addition, AF4 inhibited the
proliferation of triplenegative breast cancer cells via G1 cell cycle arAdsA seems to
inhibit the phosphorylation of Akt via a R@fpenént mechanismhowever, inhibition

of the PI3K/Akt pathway doeasot seem to be responsilite decreased phideration In
addition,AF4 alteredthe expression of enzymes involved in epigenetic modulation in
both triplenegativebreast canceand epithelial cell lines. The findings of this project
highlight the potential of AF4 aspssibleselective triplenegative breast cancer
treatment.
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CHAPTER 1: INTRODUCTION

1.1Cancer

Cancer is one of the leading causes of death in developed countries and is characterized
by theunregulated growth of cell¥he growth of these cells affects the functiarf the

organs in which they reside, ultimately posing a risk to Afthough recent advances in

the understanding of cancer and how to prevent, treat, and screen for this disease has lead
to a decrease in the amount of cancer deaths per year, in Gdorael# is estimated that
206,200 Canadians were diagnosed and 80,800 Canadians have succumbed to cancer in
2017(Canadian Cancer Society, 2017; Siegel et al., 20d.8&ddition, it is estimated that

1 in 2 Canadians will develop cancer in their lifetimes, with roughly half of these cases
being lung, colorectal, breast, or prostate cancers. As for prognosis, its estimated that a
startling 1 in 4 Canadians are estintbte die of cancefCanadian Cancer Society, 2017)
Given the severity and prevalence of this disease, many resources have been utilized to
better understancaacerwith the ultimate goal of@ieving acure. However, cancer is a
complicated diseasésiven that cancerells arise from normal human celle search

for a cure is limited by the side effects produced

1.2 Breast Cancer

Of all cancers, breastceer is the most commonly diagnosed canceramen, with an
estimated 1.38 million new diagnoses per year world\{i@elay et al., 2010; Jemal et al.,
2011) Although numerous advances in therapeutics and screening programs have
reduced the mortality rates significantly, breast cancer remains the second leading cause

of cancer deaths in North American won(&megel et al., 2018)

1



1.2.1 Breast Cancer Subtypes

Breast cancers can be clinically subtyped by the expression of the hormone receptors
estrogen recepta’ (ERU), progesteroneeceptor andepidermal growth factor receptor 2
(HERZ2).Thepresence of estrogen and progestereneptorsaand overexpression of

HER2 receptors on breast canceliscontribute tadysregulated cell growth via the
activation of a variety ofignallingpathwayswhich lead tdaranscriptional and nen
transcriptional cellular responses that favour cell proliferation and suiawalet al.,

2012; Martin et al., 2014)Triple-negativebreast cancers express no hormone receptors
nor do they overexpress HER2, aaré most aggressive and hasito treat (Boyle,

2012)

In addition to clinical subtypes, molecular subtyp&breast cancer have been
describedThis system of breast cancer classification utilizes the gene expression of
breast cancers rather than the expression of estrogen, progesterone, and HER2 receptors
(Dai et al., 2015)Breast cancers within the same clinical subtype group can be
dramaticallydifferent from one another while being similar to cancers in another clinical
subtype, with differences in sensitivity to certain dragdcancer aggressiveness
However, clinical subtypes are still the main determinant of treatment due to current
limitations in molecular subtyping resear@eisFilho and Pusztai, 2011Although
there exist many different classificationfsbreast cancers based on gene expression, the
bestknown classification includes sdifferent molecular subtypes bfeastcancer:
luminal A, luminal B,HER2 overexpressing, basdike,, and the most recent addition,

claudinlow. Each of these subtypes takes into account the expression of estrogen,



progesterone, and HER2 recepiamsaddition tothe expression of other markers for
growth such as K67 (Dai et al., 2015; Prat et al., 2010) general both luminal A and
luminal B breast cancers express estrogehpaogesterone receptors, while luminal A
cancergdo not overexpreddER2 and luminal B includes cases of both HER2
overexpressing and naverexpressing. HER2 overexpressing breast cancers include
those that are estrogen and progesterone positive and dlEER&pressingBasatlike

and claudidow breast cancers are triphegative.The expression of these receptars
not a strict requirement for classification into these molecular subtypi® aspression
of many other gends alsotaken into accountn theory, the classification of breast
cancers into these grougliows for better clinical outcomes lgyiding the utilization of
drugs that are known to work in similar breast candérs would allowthe
developmenbf treatmentghat target more specific pathwgyesent in each group.
Although the implications of clinical subtyping are promising, much more work needs to
be done befor# can fully replace clinical subtyping and allow the use of more

persondked cancer treatments

1.22 Current Treatments for Breast Cancer

As the presence of hormone and HER2 receptors directly contributes to the growth of
certain breast cancers, these same receptors can be targeted for Harapye

positive cancersan be treated witestrogen receptor antagonists such as tamoxifen or
fulvestrant(Lim et al., 2012)Aromatase inhibitors that inhibit estrogen production can
also be useds an alternative toormone therapied.im et al., 2012)Although

expression ofhe progesterone receptor is used to classify breast cancers, there are



currently no treatments that target this recepiorals with the first generation of
progesterone antagonists produced severe side effects and have ribé ieems of
furtherreseach (Brisken, 2013)Lastly, HER2 receptors are targeted vitie

monoclonal antiboglitrasztuzamabwhichbinds to the receptor angrevensits
activation.This in turn inhibits cell division via induction of cell cycle arrest at the G1
stage(Hudis, 2007)In addition to these targeted treatments, breast cancers that express
hormone receptors or overexpress HER2 are also treated with less selective but more
aggressive chemotherapi@gartin et al., 2014)These includéaxanes such as paclitaxel
and anthracyclines such as doxorubi¢iudis and Gianni, 2011Yaxanes function by
acting as mitotic poisons, stabilizing microtubules and preventing cell division while
inducingapoptosis, while anthracyclines act as DNA intercalators and topoisomerase Il
inhibitors to interrupt DNA replication in cell divisig@\bal et al., 2003; Thorn et al.,

2011) Bothtaxanes and anthracyclinesget rapidly dividing cells rather than cancer

cells specifically, which bringaboutthe well-known side effects of chemotherapies such
as hair losgloss of immune functiorand damage to the nervous sys{&tmapiroand

Recht, 2001)In the case dfriple-negative breast cancers, these chemotherapies are the
only choice for treatmerfOakman et al., 2010Y o allow for synergistic effectsaxanes

and anthracyclines may be usad:onjunction withplatinum DNAintercalatingagents,

like cisplatinor carboplatin(Petrelli et al., 2014)As triple-negative breastancercan

only be treag¢d with therapeutics that have a greater effect on rapidly dividing cells rather

than cancer cellsnany considetriple-negativebreast cancer to lack selective therapies



1.23 Triple -Negative Breast Cancer

As previously mentioned, tripleegative breast cancers are aggressive and hard to treat.
It is estimated that about 15% of breast cancers are-trggative and have the worst
prognosis out of all the breast cano@snt et al., 2007)This is because there a
currently no therapeutics that can selectively target triplgative breast cancers. Triple
negative breast cancers also hawgh rates of metastasamdrelapse, sawell ashigh
tumor gradeand size at the time of diagnoéident et al., 2007)Although numerous
attempts have been made to target mutations present within moshég@tve breast
cancers, these clinical trials have been at best minimally successful. One example of this
is the use of PARPL1 inhibitors in tripleegative breast cancers to exploit the fact that
most triplenegative breast cancers have BRCA1 deficienEiesalkes et al., 2003;
Lakhani et al., 2005)As both these proteins are involved in DNA repair, this
combinatiorwas predicted tbe more detrimental to the cancetlscompared to normal
cells, which would have normal BRCAL lev€Ehang and Powell, 2005)n conjunction
with conventional chemotherapies, it was thought B#sRP1 inhibitiorwould allow for
the treatment of tripkmegative breast cancers with fewer side effésliset al., 2009;
Bryant et al., 2005)However, clinical studiesf ARP1 inhibitor iniparib in
combination withgemcitabine and carboplaiim triple-negative breast cancer patients
showed no benefit when comparedreatment withgemcitabine and carboplatittone
(O6Shaughnessy.Teprealencef trigl®nedhtjve bke@st cancéack
of selective treatments, and poor prognosis for patféghdights the need for novel
therapeutics that cdre used alone or in combination with other treatmentspoove

patient outcomes



1.3 Cell Survival and Proliferation Pathways

To find away to treat triplenegative breast cancers, we must first find differences
between these cancer cells and normal ddlsnerous cellular pathways involved in cell
survival and proliferatiomredysregulated in many cancéhsough a variety of different
mechanisms such as receptor overexpression or gene mutaese. pathways play a
crucial role inallowing cancers to grow uncontrollably and act as attractive targets for the

treatment of cancers.

1.3.1PI3K/Akt

Thephosphoinositide &inase(PI13K)/ proteinkinase B(Akt) pathway is one of the best
understood cell survival and proliferation pathwagd has been thargetof many
prospective anttancer agentg-igure 3) Signalling through this pathway is initiated
with external growth factors thairta to extracellular receptor tyrosine kinases, which
phosphorylates PI3K, activating(Nlicholson and Anderson, 200BI13K can then
phosphorylatehosphatidylinositol 4 fisphosphate (PHPto PI-3K generating
phosphatidylinositeB,4,5trisphosphatéP1Ps), whichthenphosphorylateand activate
phosphoinositidelependent kinasé (PDK1) PDK1 phosphorylateAkt, allowing it to
phosphorylate and activate mTOR, which is directly involved in maintaining cell survival
signals. The tumor suppressor gene PTEN wiorkgposition tdPI3K, wherdy
phosphorylation of this gengroduct leads tdephosphorylabn of PIP; to PIP- to reduce

signalling throughhe Aktpathway.



Although the best known activator okidis PI3K, recent studies suggest that
there are PI3Kndependenpathways for the activation of Akt through kinases such as
protein phosphatase(PP2A and IKB kinasdJ(Carracedo and Pandolfi, 2008;
Hemmings and Restuccia, 2012; Verhelsal., 2013; Xie et al., 2011 addition, here
are multiple downstream targets for Akt, such as FOXO, GSK3, areB\NKane et al.,
1999;Manning and Toker, 2017; Nidai Ozes et al., 1999; Song Gang et al., 2007)
Together, these downstream targsté\kt signalling inducea wide variety of cell
functions that are essential for cell survj\aich as regulatioof apoptosis, cell growth
ard proliferation, protein synthesis and angiogengsibnore, 2006) These proteins
which serve a critical role in the regulation of cell proliferatiare often dysregulated in
cancer though mechanismhat varyfrom cancer to cancérased on receptexpression
and mutationgGilmore, 2006) The capability of Akt to affect multiple signalling
pathwaysggives it manyolesin canceprogressionFor example, Akis involvedin cell
proliferation and survival, as well as being involved in metastasisygemgsis, and drug

resistancéDavies, 2011; Martin et al., 2014)

1.3.2ERK/MAPK

Another weltstudiedsignallingpathway with implications in cancprogressions the
extracellular signéregulated kinasedlERK)/ mitogentactivated protein kinag®APK)
pathway.This pathways initiated bythe bindingof extracellular growtlactors which
activate Rad®inding of GTP(Figure 3).Ras can then phosphorylate and activate Raf,
followed byMAPK kinase(MEK), and finally ERKL and ERKZDownward, 2003)

The activation of ERK and ERKZhen sigml for cell growth and survivalGiven the



role of the ERK/ MAPK in pathway in cell gr
commonlydysregulatedn cancef(McCubrey et al., 20075tudies also suggest that the
ERK/MAPK pathway andPI3K/Akt pathways interact with eadtherto regulatecell

growth. Not only can Ras proteins activate Akt , but Akt can also phosphorylate different
Rafs(Downward, 2003; McCubrey et al., 200The ERK/MAPK pathway has been the

focus d many studies attempting to downreguleaecercell growth, reduce malignancy,

and overcoradrug resistancéMcCubrey et al., 2007)

1.4 The Cell Cycle

Downstream of the cell proliferatigignallingpathways is the cell cyclevhich
comprises the processesponsible for cell divisiorThere ardour growth stages the
cell cycle that follows th€&o, or nongrowth phasethe first growth phasé;:; the DNA
synthesis phasé&; the second growth phag@;; andthe mitotic plase M (Figure2;
Satyanarayana and Kaldis, 200@assage through the stages of the cell cycle is tightly
regulated through many different pathwayst utimately converge on the regulation of
two groups of proteins involved in cell cycle regulation: aysl and cyclin deperedt
kinases (CDK)Upon activation, cyclins bind to CDKs, activating them and allowing
them to exert their effects on the cell cy@éalumbres, 2014)Cyclins-CDK complexes
each have distinct roles in the cell cycle. The Dingaouple withCDK4 and CDK6to
phosphorylate the tum@uppressor proteiretinoblastoma protei(Rb), inactivating it
and allowingthe cell to progressitough the Gstage of the cell cycle into the S phase,
which also requires the activation of CDK2 coupling with the E cydinsgression

through the S phase to the ghasaequires thaCDK2 associates with the A cyclins.



Finally, progression from th&; phase into the M phase requires CDK1 to be activated

by both A and C cyclins. At this point the cell undexganitosis and the cycle can start
again(Satyanarayana and Kaldis, 200B)e ability of cancers to grow at suatnigh rate

can be attributed to the dysregulation or mutation of proteins involved in the cell cycle. In
multiple types of cancer€DKs areoverexpressed or mutated, allowing for uncontrolled
cell proliferation(Peyressatre et al., 201Bjutations of other importamell cycle

proteins, such as Rb, are also comr{i¢evins, 2001)

1.5 Oxidative Stress

Oxidative stress occurs in celldhen cellular antioxidant&il to scavenge the reactive
oxygen specieROS)within the cell. This allows these free radicals to react with
important intracellular components, most notably cellular OKAston et &, 2011)
Damage to cellular DNA carries the risk of causing mutations in tumor suppgesss

and oncogenes, altering the activity of the translated proteins which may contribute to the
cancer phenotype. Although many DNA repair mechanisms exisinvaells to

counteract DNA mutations, these repair mechanisms are also prone to mistakes, and
prolonged oxidative stress may overwhelm thessercorrecting mechanism€ertainly,
ROS plays an important part in cancer progressiad has been the focobmany
chemoprevention studigisat attempt to utilize antixidants to prevent tHheOSinduced
mutationgthat can lead to cancer developméfdwever more recent studies have
highlighted the need of ROS withiells. ROSalsoplay a role in various signal
transduction pathwayanda small amount of ROS may be able to induce the expression

of genes responsible for the defense against oxidation, thus protecting the cell and



organism from future oxidative stress through a meshacalled hormesi@istow and
Zarse, 2010)With these findings, i clear that ROS balance within the cellydan

important part in the welbeing of organisms.

1.5.1 ROS as second messengers

Althoughit is clear that oxidative stresmsmany negative effects on the cellular leas
well as on thevholeorganism levelROS is alsmecessary for certain functions within
the human bodysuch as cell signalling, gene expression, and regulatitre immune
system(Bouayed and Bohn, 201®urthermore, studies dhe impact of antioxidant
supplementation after muscle injuipd thatROS is needed for proper muscle recovery,
likely due totheinvolvementof ROSin signalling to themmune system to clear the site
of injury for wound healingMichailidis et al., 2013)It is clear hat ROShas important
functions withn the human body, and thas itole can be best described as a deuble

edged sword.

1.5.2 ROSmediated cell death

Given the many negative consequences of oxidative stress withiritcabisies asno
surprise thamultiple mechanisms exist to either prevent oxidative stress or manage the
negative consequencestthis condition However, excessivproduction and

accumulation of RO$anoverwhelm these defensés this point if the cell were to

survive anccontinue proliferatingthe risk of mutations and cancer increasestunately,

as a failsafe mechanism, cells that have extensive danceiipeir DNAare programmed

to commit suicide via a variety of programmed cell death pathways, with ROS being one
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of the maininducers of cell deatl variety ofproteins involved in cell death are thought
to be affected by ROS, such as the MARBuUn Nterminal kinase (JNKandPP2A
(Dhanasekaran and Reddy, 2008; Jiang et al., 2017; Shen and Liu,Af@f¥63ensing
excessive oxidative stress, these proteins can either signal the increasepfiodic
proteins such as Bax, signal for the decrease okpruival proteins such as B2| or

both leading tocell death(Dhanasekaran and Reddy, 2008; Korsmeyet:,€1203)

1.6 Cell Death Pathways

1.6.1. Apoptosis

Apoptosis the best understood pathwafyprogrammedell deathis tightly regulated by
the balancéetweernpro-survival and preapoptotic proteinsuch as BeR and Bax
(Raisova et al., 2001\ poptoss serves multiple functions, allowing for the separation of
toes and fingers during embryogenesis as wehasemoval of damaged ce(Brill et

al., 1999) There are a variety of morphological and biochemical changes that occur in a
cell undergoing apoptosis, such as cell shrinkagambrane blebhg, chromatin
condensatioflDNA fragmentationand translocation of the phospholipid
phosphatidylserinérom the inner leaflet of the cell membrane to the outer le@leflins
etal., 1997; Elmore, 2007; Lee et al., 2013)

Therearetwo pathways that trigger apoptosis: the intrinsic pathway, and the
extrinsic pathwaywhichare initiated by different signals and caspaakkpughboth
convergeon the cleavage of thexecutioner caspasds6, and {Slee et al., 2001)
Activatedcaspases cleave protethait arenecessary for cell survival and cell division.

Examples of substrates for executioner caspases include the structural protein yimentin
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which comprises the cytoskeletddiNA topoisomerase iyhich is required for
unwinding DNA during DNA synthesigindpoly [ADP-ribose] polymerase (PARPJ),
which plays a major role in DNA repdiDecker and Muller, 2002; Slee et al., 2001,
Tetsuo et al., 1990; Wang, 2002)he disruption of these crucial cellular functions
ultimately causes the cell to didicholson, 1999; Slee et al., 2001; Thornberry and
Lazebnik, 1998)During apoptosis, the cell is compartmentalized apgoptotic bodies
through budding of the plasma membrane, which kdepsytoplasmic contents
confined. These apoptotic bod@®then be engulfed by macrophages to recycle the
cellular componentéElmore 2007)

The intrinsic pathway of apoptosaso known as the mitochondrial pathway, is
initiated by cell damageausedoxins hypoxig or ROS(EImore, 2007)These stimuli
cause the loss of mitochondrial transmembrane potential via the opening of the
mitochondrial permeability transition pairethe inner mitochondrial membranehich
in turnallows for the release of a variaif/proteins from the intermembrane space of the
mitochondria, most notably cytochromeQytochrome c binds tapoptotic protease
activating factorl (Apaf1) forming an apoptosome which bingsand activates caspase
9, allowing it to cleave caspase(@hinnaiyan, 1999; Elmore, 2007; Pop et al., 2006)

The extrinsic pathway of apoptosis, as its name suggests, relies on the binding of
external factors to transmembrane receptors located on the plasma membrane of the
target celllElImore, 2007) These receptorsvhich include Fas and TRAlare present
specifically for the initiation of apoptosis and are aptly named death receptors. Upo

binding of the ligand onto these death receptors, the protein FADD is recruited to bind
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with procaspase 8, forming tlheathinducing signaling complex (DIS@nd activating
caspase 8, allowing it to cleave caspagel@ore, 2007)

Recent advances have expandeadcurrent understanding of cell death pathways,
and more and more regulated cell death pathways that are biochehist@tigt from

apoptosis are being discovered.

1.6.2 Ferroptosis
Ferroptosis is another form of programmed dekth that is depesat on iron

with theFenton reaction (Fe2+ +:B-d3 F e 3 + + L Qplying a lar@eHbiit not

essentiatole (Xie et al., 2016) Ferroptosis is characterized by lipid peroxidation
mitochondrial shrinkage and increased mitochondrial membrane ddrsitgver,
ferroptosis involvesignalling mechanismhat aredistinct fromthose involved in
apoptosigXie et al., 2016; Yu et al., 2017h addition, ferroptosiss suggested to play a
role in cell proliferation, highlighting its role preventing the proliferation of cells with
dysregulated growth pathwag¥u et al., 2017)Some crrently approve anti-cancer
agentssuch as sorafenib, are ablanduceferroptosig(Yu et al., 2017)In addition,

certain phytochemicalarecapable prducing ROS through the Fenton reaction, such as
artesunate, carotenoids, and myricetin, with artesunate being shown to induce ferroptosis
(Eling et al., 2015; Knickle et al., 2018; Polyakov et al., 20@I)hough currently not

well understood, ferroptosis seems to be anqihthhway that could potentially be used

to combat cancers.
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1.6.3 Necrosis

The classic counterpart to apoptosis is necrosis, whiah unregulated form of cell

death Unlike apoptosis, necrosis involvesakage of celtytoplasmic contentsvhich
inducesnflammation(Kroemer et al., 2009Necrosis can occur when cells are damaged
in a waythat lead to theimmediate permeabilizatiorell membranesupture of the cell
andlysosomaldegradation of cellular componerfi®ong and Ryan, 2012; Vandenabeele

et al., 2010)

1.64 Necroptosis

Necroptosis is similar to necrosis in that cellular contkats out of thecell rather than
being compartmentaligefor removalby macrophagesiowever, necroptosis a&sform of
programmed cell deathitiated via cellular signaldt has been suggested that
necroptosis providesn alternative cell death pathwinat isindependent of caspase
activation,in order to @cumventcertain viruseshatexpress caspase inhibitors
(Vandenabeele et al., 201@imilar to the extrinsic pathway apoptosis, the binding of
external death signals such ambr necrosis factor (TNFEd a cell surface receptoan
trigger cell deatlby necroptosisin addition, ROS has been proposed to play a large role
in the regulation of necroptogi&oossens et al., 1999; Kim et al., 2Q0M)hough the
mechanisms behind necroptoarenot very well understood, i$ knownto involve
activation of receptemteracting protein kinask and 3RIPK1 and RIPK3, respectively)

as well as inhibition of apoptogi¥andenabeele et al., 2010)
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1.7 ImmunogenicCell Death

In contrast to the cell death pathways that invelvietly intracellular signalling,
immunayeniccell deathresults inrecognition oftarget cells by the immune systeime
immune system is programmed to ignore healthy cells under normal condithovesver,
damaged cells within the body must signaltfair elimination. This is accomplished
through the secretion aamageassociated mecular patterns (DAMPsysome of which
are secreted as a part of programmed cell death pathways such as aféaptgses al.,
2012) In cancer, DAMPselease isnhibited to allow cancers to evade elimination by the
immune systenfHanahan and Weinberg, 201However,somecurrently approve
cancerttherapeutics can inducemmunogenic cell deatlas well as being directly
cytotoxic to cancer cellE€xamples include anthracyclines such as doxorubicin and
platinum agents such as oxaliplatimmunogenic cell death highlights thae of the

immune system in eliminating cana@lls (Galluzzi et al., 2016; Garg et al., 2010)

1.8 Epigenetic Targets for Cancer Treatment

Targeting epigenetic mechanisms éancer treatment is a relatively new area of
considerationEpigenetic changesiake a major contributioto the changes in cell
physiology that are required for cells to enteanaerous statHanahan and Weinberg,
2011) For example, functional tumour suppressor genes such as PTEN may be
hypermethylated at the DNA level and hypoacetylated at the histone level, both of which
contribute to decreased gene expressiomytopholc and ionic force¢Brait and

Sidransky, 2011; Sharma et al., 201Biven that epigenetic changes are reversible,

finding a way to reverse the epigenetic changes commonly seen in cancers may be
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enoudp to cause canceellsto undergo apoptosidlthough other epigenetic
modificationssuch as histone methylation or phosphorylation, and-coding RNAs

such asnicroRNAs miRNAs) andlong nonrcoding RNAs (ncRNAS) have been
suggestedb play a role in cancer, DNA methylation and histone acetylation are the best
understoodChrun et al., 2017; Flllgrabe et al., 201N¢verthelesgargeting

epigenetics as a way of modifying gene expression forcanter purposeshoes

promise in preclinical studies.

1.8.1 DNA Methylation

DNA methylation whichoccurs whera met hy | group is added ont
cytosineis accomplished with DNA methyltransferases (DNMisljzing S
adenosylmethionine (SAM) as a-tactor. Therearethree isoforms of DNMT: DNMT1,
which is responsible for maintaining the methylatwafile of daughter strands as DNA

is being replicated, and DNMT3A and DNMT3B, which are responsibld€oiovo
methylation, or the addition of methyl groups onto rsées in the DNAAII three

isoformsof DNMT seem to be important for the canpbenotypehowever, DNMT3A

and 3B arethought to playthe mosimportant role in carcinogenesis due to tliginovo
methylation capabilitiefissa and Kantarjian, 200)NMT-mediated addition of methyl
groupsexclusively on cytosines that are followed by a guanine esthaeDNA

methylation occurs on both sense and antisense strands. Moreover, methylation usually
occurs in @G islands, which are regions of the genome that possaggaumber of

CpG motifs. These CpG islands are usually located in or near the transcription start site

of genesalthough in these cases these cytosines remain unmethylated tdoaltpeme
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transcription In canceyhowever, hypermethylatioof tumor suppressor gene promoters
is commonly see(Esteller, 2007; Kopelovich et al., 2008) addition, global
hypomethylation is also commorggenn cancers, which contribugéo the genomic
instability of malignant cell§GamaSosa et al., 1983; Sharma et al., 2010)

Due to methyl group additions being very stable, the removal of methyl groups
from DNA requires the excision of the base by DNA repair enzyBefere the
methylated cytosine can be removed, it fintstbe converted to a nucleotide
intermediate via deamination by the AID/APOBEC family of deaminases or by
hydroxylation byteneleven translocatiqifET) enzymes. These intermediates are then
modified even further with a variety of different pathways. The products of each pathway
are then recognized by basecision repair pathways and cleaved off, which allows a
naked cytosine tbe placed into the resulting excisigiloore et al., 2012)DNA
demethylation pathways drtheir importance in canceasecurrently not well
understood, but it seems th&T genes, and especially TETe found to bé&requently
mutated in various cancefigohli and Zhang, 2013)

Currently, the DNMT inhibitas5-@& z a c y t i d-azaZe@eoxycitidineabe 6
approved for treatent ofhematological malignancié€Muller and Florek, 2010)
However,the mechanism of action in thiagemaynot be epigenetic5 -@zacytidine, and
5 -@za2 @leoxycitidineact ascytosine analoguethusenzymes that would normally use
cytosine take up -@zacytidinepr 5 @za?2 -@eoxycitidineinstead, which covalently
binds to the active site amdevens the enzymdrom functioning(Kelly et al., 2010;
Muller and Florek, 2010; Plimack et al., 200¥hese enzymes includeNMTs, as well

as enzymeBvolved in transcription and translatioWith higher doses f -azadytidine,
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o r -azad @leoxycitidine the cellular levelsf enzymes involved in cell replication and
protein synthesiare depleted and the cell undergoes apgptbeforeanyepigenetic
changes can affect the cflelly et al., 2010)Although recent studiesn solid tumors
have shown that long term treatment with low dose DNMT inhibitors produces anti
cancer effects, the mechanism is currently a controveRadliced DNA methylatiomi
the genomés suggested tactivate viral DNA elements that were insertethia genome
manygenerationgagg expression of these elements allows the immune system to

recognize these cancer cells and target them for elimin@iomois et al., 2015)

1.8.2Histone Acetylation

Histone acetylation isatalyzed by histone acetyltransferases (HATS), which transfer
acetyl groups onto lysinesiduesThe removal of these acetyl groupsaalyzed by

histone deacetylases (HDAC3he presence of multiple acetyl groups on histones causes
the histones toepel each othatue to the negative charge of acetyl grodss resultsn

an open chromatin structutfeatenables transcription factors to bind to DNAcontrast
histone deacetylation condenses chromatitirepresses transcription, as transcoipti
factors arenow physically unable to access the genes of intelresiumans, 25 HATs

and 18 HDACs have been identified. HAZiedividedinto multiple classes based on
structure, homology, and histone specificity: GNATs (hGCN5 and PCAF), MYSTs
(MYST ard Tip60), p300/CBP (p300/CBP), SRC (SRY, and TAFII250 (TAFII250)
(Bannister and Kouzarides, 201HDACSs are dividednto class |, Il, Il and IVHDACs
based on homology, size, expression within the cell, and number of enzymatic domains

(Mottet andCastronovo, 2008 HDACs 1, 2, 3, and 8 comprise class |, HDACs 4, 5, 6, 7,
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9, and 10 comprise class Il, and class IV HDACs have HDAC11 as their sole member.
Class Il HDACs consist of seven members named sirtuins, and are structurally unrelated
to theother classesf HDACs (Sauve et al., 20065tudieson the roles of specific

histone modifications in cancer, such as acetylation at lysamel 27 of histone subunit

3 (H3K9 and H3K27, respectively), have shawmkage tocarcinogenesiandcancer
progressionbut surprisingly alseertain anticancer effect¢Ding et al., 2016; Kalle et

al., 2010; Roche et al., 2013; Zhang et al., 20H@yvever, the exact mechanisms are still

currently unknown.

1.9 Anticancer Effects of Phytochemicals

The idea of using plants to heal disease dates back thousands aingeerstill

prevalent today in the form of commercial natural health procisctedl as certain anti
cancer drugs such as paclitaxel, which are derived from taxanes fotaxLis brevifolia
trees(Greenwell and Rahman, 2013heseadrugsutilize the bioactive ingredients in
plants, called phytochemicais an effort to prevent and fight diseases such as cancer.
However, the célilar pathwaysffected by phytochemical exposure generally still

not well understoodRecent studies intphytochemicals agotential anticancer agents
have found that these chemicals affect many different signalling pathways that are
involved in cacer(Kale et al., 2008; Yao et al., 201With further research, plafitased

therapeutics for the prevention or treatment of cancer may be possible.
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1.9.1 Apple Flavonoids Fraction 4

Apple flavonoids fraction 4 (AF4) is a collection of phyteaficals isolated from the

peels of Nova Scotian Northern Spy apples. AF4 contains a wide variety of
phytochemicals but is composed mostly of quercetin glycosides (Tablelan and
Rupasinghe, 2014These quercetin glycosides differ from their parent compound by the
addition of a si mpIStuctwas gfthe majoncompbnentsd®AFfH o s i t
can be found in Figure 3. Some of thpbgtochemicalfiave shown a variety of anti

cancer effectand will be explained in detail in the following secti@mble 2). Studies

on the effects of AF4 as a whole aterently limited but promising. One study on the
effects of AFdon HepG2zhepatocarcinomeells showghat AF4hasselective

cytotoxicity via the activation of caspase 3, leading to apopbdsie liver cancer cells
(Sudan and Rupasinghe, 2014) the same dose of AFdprmal healthyliver and lung
cellsundergominimal cell death. This effect was compared to those of Sorafenib, a
monoclonal antibody used in the treatment of liver cancer that inhibits signalling through
receptor tyrosine kinases such as VEGFR andRedting and Santoro, 2009; Wilhelm

et al., 2008 Compared to Sorafenib, AF4 was more selediivecancer cells. In addition,
AF4 induces G2/M cell cycle arrest, and acas a DNA topoisomerase Il inhibit(Budan

and Rupasinghe, 20143iven theknown anticanceeffects of AF4 andts potential to
outperform current therapeutics, AR4predictedo act & a selective therapeutic for

triple-negative breast cancers.
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1.92 Quercetin

Quercetin isawell-studied phytochemicahatis found in a variety of foods such as red
wine, onions, green tea, and apples. Quercetin possesses humerbtesaaiancer
activities, such athe ability toinduce 0G/M phase cell cycle arresind trigger cell
death byapoptosir necroptosigKhorsandi et al., 2017; Rivera Rivera et al., 2016)
theERU and p #pasitjve MAF-& breast eancer cell line quercetin decrséise
expression of the prsurvival proteinBcl-2 while increasingoro-apoptoticBax
expressionln addition, quercetinn the presence othe necroptosis inhibitarecrostatin
1, failed to affectBax expressionleading to anncreasen cell viability, when compared
to cells treated witluercetin alonéKhorsandi et al., 2017)n MDA-MB-231triple-
negative breast cancer cedisd hormoneeceptornegative HER2 overexpressing MPBA
MB-435breast canceasells quercetin inhibitsignalling through At and AMPK
pathways to inhibit mMTOR activatigrwhich results in @ecrease in breast cancer cell
proliferation and induction of apoptogRivera Rivera et al., 2016Although the
epigenetic effects of quercetin in breast cancers are not yet kgoentgetins able to
inhibit DNMT1 activity (Lee et al., 2005)in anothestudythat utilized gold
nangarticles to aid in thabsorptiorof quercetinn hepatocarcinoma cellguercetin
loaded gold nanoparticlelecreas®NMT1, as well aHDAC 1 and Zexpressionwhich
correlatesvith themodulationof p21,CDK1, and pmosphorylatedikt (Bishayee et al.,
2015) However, no studies to date have investigated the effects on quercetin on DNA

methylation or chromatin structure.
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1.93 Epicatechin

Catechinswhichare flavonoids that are commonly found in, @&st in many isomers,
the most common being (€ptechin and-J-epicatechinGiven its abundancepost
studies on catedafs focus orepigallocatechin gallate (EGCG), also known as
epigallocatechifB-gallate In vitro studies of the effects of EGCG on breast cancer cell
lines has shown that this phytochemical has a variety of effemt&xampleEGCG
induces apoptosisf breast cancer cellsa caspase 3 and 7 cleavage, hasl been
reported to be capablé inducing &Il cycle arrest ahe Go/M phasg(Gianfredi et al.,
2017) In addition, EGCG downreguladlF-a B a c t to imhébit dellsurvivaland
proliferation andalso exhibitseepigenetic modulatory abilitig&u et al., 2013)in the
case of DNA methyla@n, catechinsare capable of inhibitinPNMT1 with IC50 values
ranging from 210 to 470 nMn addition, nolecular modelingf EGCG and DNMT
interactions suggesteat EGCG can form hydrogen bonds witthe active site of
DNMTSs, (Lee et al., 2005)EGCGalsoinhibits histone acetyltransferaseith global
specificity for the majority ohistone acetyltransferas@azymesHowever, EGCGloes
not affect histone deacetylases, SIRT1, and histone methyltransféGisaset al., 2009;

Lee et al., 2012)

1.94 Cyanidin-3-O-galactoside

Althoughcyanidin3-0-galactoside ipresent irmoderateamounts in AF4this
anthocyanin conjugais currently poorly understoooreover, the effects of
anthocyaninsn breast cancearellsarenot-well studied althoughanthocyanins seem to

have a wide range of effeas esophageal, colon, and skin canaaks thatinclude
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anti-proliferative effets via inhibition of D and A cyclins and the selective induction of
apoptosigWang and Stoner, 20Q8)hese anticancer effects aecomplished via
inhibition of signalling through the Pi3K/Akt pathway, inhibition of ERKs, and inhibition
of NFeB (Wang and Stoner, 2008)o date, no studies on the epigenetic effects of

anthocyanins have been conducted.

1.95 Phloridzin

Phloridizin isa phytochemical best known fibg ability to inhibit the uptake of glucose
via the transport of the sodiuand glucose cotransporter SGLT1, makingniaat-
diabetic drug of intere¢Nelson and Falk, 1993ajlowever, ompared to other
phytochemicals, phloridizin is not as well studied. Phloridizibits the growth of rat
mammary adenocarcinoma and bladder carcicnoma cellifinggo, however, the
mechanisnof inhibition is uncleaNelson and Falk, 1993kbiRecent studiesn
phloridizin have usedatty acid esters gfhloridzinthat work to increase bioactivity via
increased cell uptakgernando et al., 2016; Nair et al., 2013fudies on a variety of
fatty-acid esters gbhloridzinin hepoatocarcinomeell lineshave shown tht these esters
inhibit DNA topoisomerases Ulactivity, induce apoptosis via caspase 3 activatoil
reduce the expression of a variety of proteins including mTOR, KRAS, CDK2, and
HDACSs. In contrastphloridzinalonedoesnot have any significant effects
hepatocarcinoma cel(dlair et al., 2014)Further studies on thecosahexaenoic acid
ester ofphloridzin also known as RDHA, in breast canceshowpromising resultsPZ-
DHA exertsselective cytotoxicity towards breast cancergddalit not healthy cells.

Cytotoxicity is due tanduction of apoptosiby aROSindependent mechanisias well
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as inhibition ofproliferation of triplenegative breast cancer cells vigl® arrest and
downregulation of cyclin B1 and CDKAgain, phloridzinon its own doesot have any

effectson breast cancer cellBernando et al., 2016)

1.10 Research Objectives and Approach

Given the diverse effects of the individual AF4 componentsancer cellas well aghe
effectsof AF4 on liver cancer, this projeatvestigatedhe effects of AF4 on triple

negative breast canceells in comparison tthe effects of AF4 ohealthy epithelial cells.
With the multiple phytochemicals present within AF4, it was hypothesized that this
would lead toa greatereffectdue to the disruption of multiple caneeiated pathways

rather thardisruption of a singl@athway Thisenhanceaffect would also allow for

greater selectivity towards cancer cells, as healthy epithelial cells would be more capable
of adapting to smaller amountss#veralcompounds rather than a large dose of a single
compoundLastly, as glyosylated phytochemicatsecapable of affecting different
signallingpathwaysn cancer cellsvhen compared to their parent compounds and are not
commercially abundanfF4 mayproducecombinations of armtancer effects that may

not yet be feasiblto achievewith current chemical synthesis techniquBsus, AF4 was
hypothesized to be capable of inhibiting the proliferation of tnyggative breast cancer
cells via the induction of cell cycle arrest, selectively induce cell death in-trggative

breast cancers, as well as inducing changes in the expression of epigenetic enzymes.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Cell Lines

The triplenegative MDAMB-231breast cancezell line was provided .by Dr. S. Dover
(Memorial University of Newfoundland, NLwhile the triplenegativeMDA -MB-468
breast cancerell linewasprovided by DrP.Lee (Dalhousie University, NSMurine
triple-negative 4T1 cells were provided by Dr.\Waisman (Dalhousie University, NS).
Estrogen and progesterone positive MCBreast cancerells were provided by Dr. J.
Blay (Dalhousie University, NS). HER overexpressing SBBR-3 breast cancer cells
were provided by Dr.G. Dellaire (Dalhousie UniveysiS). The transformed human
epithelial cell lineMCF10Awas provided by Dr. P. Marcato (Dalhousie University, NS).
The transformed murine epithelial cell line HC11 was provideDby. Lee (Dalhousie

University, NS).

2.2 Culture Medium and Incubation Conditions

Al breast cancer cells were cul(®OMEMEd i n D
supplemented with 10% heiiactivated (HI) (56°C for 30 mirfetal bovine serum

(FBS), 2 mM L-glutamine, 5 mMN-2-hydroxyethylpiperaziné\ é&-ethanesifionic acid

(HEPES buffer( pH 7. 4), 100 U/ mL penicipllin, and ]
subsequentlyeferred to as complete DMEM (cDMEMJhe transformethuman

epithelial cell line MCF10A wscultured in Dulbecco's Modified Eagle Medium/Nutrient

Mixture F12 (DMEM/F12) supplemented with 10941 horse seruni0 pg/mL

recombinant human insuli@0 ng/mLrecombinant human epidermal growth facthb

pg/mL hydrocortisone, and 100 units/mlpenicih  and 100 ¢ gThml strept
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medumwill be referred to as complete DMEM/F12 (cDMEM/F1Zhe transformed
mouse epithelial cell line HC11 was cultured in DMEM supplemented with 5% HI FBS
and 100 U/ mL penicil | i nAlcekhlmesprdpégltedasy / mL
requiredin T-75 mnt tissue culture flasks and maintained in humidified incubators at

37°C with 10%or 5% CO: for cancer cells andpithelial cells respectively

2.3Cell Line Seeding

With the exception of the 4Tdnd HC11cell lines, 96-well plates were seeded a
density 0f5,000 cellperwell, 24-well platesat 20,000 cells per welland 6well plates
at50,000 cells pewell. T75 flasks for westrn blot analysis were seeded with 700,000
cells perflask for 24-h time points, 400,000 cells per flask for-4&ime points, and
300,000 cells per flask for #2time points4T1and HC 11cells were plated at 1000

cells per well in 96vell plates.

2.4 Cell Harvesting

Cells were harvestddllowing AF4 or control treatment. Cell supernatant \iest
transferedinto a tube Adherent ells were then detached with Tryplepress (Gibco
Life Technologies Inc., Burlington, ON) for 3 minutes at 37°C. dé&ched cells were
then recombined with their respective supernatamtsaining noradherent cellprior to
centrifugation at 50@ g for 5 minand washed with 1X PBS he isolated cells were then

lysed or stained for further experimentation.
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2.5Reageats

AF4 wasobtained from Dr. H.P. V. Rupasinghe (Dalhousie University, NS). In short,
AF4 was extractettom the peels oNova Scotian Northern Spy applegh ethanol and
stored at80 °C(Keddy et al., 2012)To prepare AF4 samples for cekatment, ethanol
was evaporated under nitrogen giissolved in ddkO and stored aR0 °C. MTT (3-
(4,5demethylthiazek-yl)-2,5-diphenyltetrazolium bromideRimethyl sulfoxide

(DMSO), Triton X-100, phosphate buffered saline (PBS), bovine serumnaitb (BSA),
sodium acetatgcid phosphatase substratesulin, hydrocortisoné\-acetylcysteine
(NAC), and phenylmethylsulfonyl fluoride (PMSkerepurchased from Sigraldrich
(Oakville, ON).Cell TraceTM Oregon Green® 488 carboxylic acid diacetate was
purchased from Molecular Prob@ugene, OR)Trypan blue dye, iglutamine,

penicillin (10,000 units/mL)and streptomyci(10,000 units/mL)solution 1M N-2-
hydroxyethylpiperazind-2-ethane sulfonic acid (HEPES), fetal bovine serum (FBS),
horse serum, 0.25% trypsfDTA, Tr ypLEE Express, propidiu
phenol red free DMEMand DMEM/F12 were purchased frofsibco Life

Technologies In¢.Burlington, ON) 7-Amino Actinomycin O annexinV 488 5-(and6)-
chloromethyi2',7-dichlorodihydrofluorescein diacetate, acetyl ester {BRDCFDA, or
DCFDA), and AmplexRed® was purchased from Thermo Fisher Scientific Inc.
(Burlington, ON).Acrylamide/bisacrylamide (29:1, 30% solutiorgpdium dodecyl
sulfate (SDS) ammonium persulfate (APB)een20, tetramethylethelyenediamide
(TEMED), and TrisHCL were purchased from BioShop Canada Inc. (Burlington, ON).
Lumi nataE Forte pemsdase (HRP)Bubstratecandscdldium khloride

(CaCb) were all purchased from EMD Millipore (Etobicoke, ON).
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2.6 Antibodies

Unless otherwise specifiedl| primary antibodies werebtainedfrom Cell Signaling
Technology Inc(Beverly, MA). These includgantibodies againdtuman caspase 3,
caspase 7, PARP1 CDK1, CDK4, CDK#osphePTEN (Ser380), total PTEN,
phosphePDK1 (Ser241), total PDK1, phospidt (Ser473), phosphékt (Thr308),
total Akt, phosphenTOR (Ser2448), phosptRAF (Ser259), phosphBRK 1/2
(Thr202/Thr204), total ERK 1/2PP2A subunit C, phosphpB88 (Thr 180/Tyr182), total
p38, total INK, phosph@ S K3 b ( Ser 9) h-catenmDNMTL, BNBVK 3AD |,
DNMT3B, HDAC1, HDAC4, HDAC6,PCAF, AcCBP/p300 (Lys1535/Lys1499), total
CBP/p300GCN5L2,acetylated H3K9, acetylated H3K2Wybulin, GA P fadtin b
(HRP-conjugatefland caspase 8, CDK2, cyclin A, cyclin B1, cyclin D3, cyclin E1
phosphalNK (Thr183/Tyr195)phospheG S K 3HDAC2,andHDAC3. Antibodies
against totamTOR, total RAF, TET2and secondary antibodies HRBnjugated donkey
antirabbit and HRRconjugated goat anthousewere obtained from Santa Cruz
Biotechnology (Santa Cruz, CA)ntibodiesweredilutedin 5% w/v skim milk or 5%
w/v BSAin pH 7.6 TTBS (20mM Tris-HCI, 200 mM NacCl, 0.05% TweeR0), as per

the manufacturdis instructions

2.7 Flow cytometry

Flow cytometry experiments were perfornmada FACSCalibur flow cytometewith

BectonDi cki nson (BD) Cel | Qu e sBioBciescesf Mississauga, ( v e r
ON). Data analysis was performed usifGS Express software (version 3.0; De Novo

Software, Thornhill, ON). For each sampldotal count of 10,000 cells were acquired.
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In the case of theell death and mitochondrial membranebgiy assaysthe cell count
included both live and death cells, whileOregon Green and cell cig analysionly
counted live cells. Cell cycle analysis was run with a maximum acquisition rate of 50

cells per second tensure single cell acquisition.

2.8 Morphological Changes

AF4-induced morphological changes in MEMB-231, MDA-MB-468, and MCF10A
cellswere investigated after 24 h of treatment. Cells were platedvell@plates and
allowed to adhere for 24 h prior to AF4 treatment. Following treatnpattires of cells
were taken with &likon EclipseTS 100 phase contrast microsc@00 x

magnification.

29 MTT Assay

An MTT colorimetric assay was usamdeterminehe effects oAF4 and quercetin
treatmenbn cellgrowthat various concentrations aati24, 48, and 72h timepoints
MTT, a yellowtetrazolium saltis convertedn cells by mitochondrial succinate
dehydrogenast® insolublepurple formazan crystalDifferences in viable cell number
results in a respectivahange the amount of formazan crystals produced. Following
formazan crystal solubilisation in DMSO, formazan levels can be quantitated by
colorimetric analysigMosmam, 1983) Cellswereplated in quadruplicaten 96-well
flat-bottomed plate and allowed to adhere for 24 h prior to treatm@alls were then
treated with AF4 or control and culturém the desired time-ollowing culture MTT

was added to each wédl a final concentration of 0.5 pg/riiien plates wermcubated
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for 2 h at 37°QGo allow the formazan crystals to foréfter incubation, the cells were
centrifuged at 1400 T g for 5 min and the
was then added ®ach well and shakemm a plate shaker to solubilize the formazan
crystals.Sampleabsorbance at 570 nwas determined oanExpert 96 microplate reader
(Biochrom ASYS, Cambridge, UKY.reatment resultarere compared to the mad

control using thdollowing equation ((experimental readingexperimental blank)

(medium control readingy medium control blank x 100%.

2.10 Acid Phosphatase Assay

An acid phosphatase assags used to confirm MTT assagsults The acid phosphatase
assay utilizes the activity of the cytosolic enzyme acid phosphatase to deteahlae
cell number Viable cells utilize acid phosphatase to hydrolyzestitestrate p

nitrophenyl phosphatase, whitirns yellow in thepresence of a strong ba&&ang et al.,
1996) Cells were plated in quadruplicate on@6ll flat-bottomed plates and allowed to
adhere for 24 h. Cells wetkentreatedwith AF4, quercetin, or contrdbr 24, 48, and 72
hto afinal volume of 10Qul per well Following cultue, cell supernatants weremoved,
and cells were washed witl®Opl of PBS To each wellpOpulof fresh PBS and
acid phosphatase buffer (0.2 M sodium acetate, pH 5.5; 0.1% TrHI®A0X4 mg/nh
phosphatase substrate) was then adékedes were then incubatedlow light conditions
for an additionaP0 min at 37°C. Following incubatiphO pl of 1 M NaOH wasadded

to each well to stop the reactiand induce colour chang&he plates were thesihaken,
and the absorbance of each well was read at 40&an Expert 96 microplate reader

(Biochrom ASYS, Cambridge, UKThe absorbance values of treatment conditions were
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compared to the medium control using the following equation: ((experimental reading

experimental blank)/ (medium control readinghedium ontrol blank)) x 100%.

2.11 Trypan Blue Viability Assay

AF4-induced changes in cell viability weatsodeterminedy trypan bluestaining
Trypan bluga membrane impermeable dygexcluded from viable cells but can enter
and stain cells witctompromised membrane integr{ytrober Warren, 2001)Cells
were seeded iB4-well plates and left to adhere for 24 h. Cells were then tredgthd
AF4 or its vehicle and dwredfor 24, 48,0r 72 h.Following culture supernatants were
collected cells were detached with Trypl.Bndthen recombined with their respective
supernatantdn the case df¥IDA-MB-231 and MDAMB-468 celk, cells were
centrifuged at 500y for 5 min. Cell supernatant was discarded and cells were
resuspended in 2 mL of cDMEM. AlternativeMCF10A cellswere centrifuged at 300
g for 5 min and resuspended in 2 mL of supplemented DMEM/E4IEs suspensions
were then combined in a 1:1 ratigth 0.4%trypan blue dye and cell counts were
performed by microscopy usinghamocytometer (Hauss8cientific, Horsham, PA).

AF4-induced changes in viable cell numberare shown reltditlee untreated control.

2.12 7-AAD Assay

AF4-induced breast cancer cell death was determined ust#®D7 a cell membrane
impermeable fluorescent dyfeat can be detected by flow cytometry. Dye is excluded
from viable cells but can enter ahohd to the GC regions of DN# cellswith

compromisednembrane integrityZembruski et al., 2012)Cells were plated in-@vell
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plates and allowed to adhere &3 h prior totreatment with AF4 or its control f@4, 48,
and72hCel | s were then har ve®ADesdlutienfodd st ai ned

minutes anadhanges in -“AAD fluorescence were determined thgw cytometry

2.13 Annexin-V-488PI1 Assay

An annexinV-488propidium iodide (Plassay was used to determine whetkie4

inducedcell death by apoptosis and/or necroBisnexinV-488is cell impermeable and

has a high affinityor phosphotidylserinea membranghospholipidthat isnormally

presenpnly in the inner leaflet of healthy celtytoplasmic membraneBuring
apoptosisphosphotidylserine ialsopresent in the outer leaflet of the cell membrasa

result ofdisruptionduringapoptosigMeers and Mealy, 1993Meanwhile,Pl is a

membrane impermeable difeat intercalatesito DNA. Therefore, cells stained with

only AnnexinV-488 represent cells in the early stages of apoptosis, while cells stained

with both AnnexinV-488 and PI represent cells in the late stages of apoptosis or necrosis.
Cells that armonviable and have permeable membranes, such as during the later stages

of apoptosis or necrosis, can be stained with PI. Cells were plateaeh plates and

allowed to adhere for 24Kells were then treated with AF4 and culturedZéy 48,or 72

h. Following culture cells werenarvested andtainedwith annexinV-488 prepared
according to the manufact urakt @@ &odp,Eiseled c 0 | (
al . 2009)) and PI (1 e€g/ml) in staining bu
CaCl2) for 15 min at room temperatwedanalysed bylow cytometryusing theFL1

and FL2 channels
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2.13.1 ROS involvement in AF4induced cancer cell death

To determine RO&wvolvementin AF4-induced celdeath MDA-MB-231 and MDA

MB 468 cells were prdreated withthe antioxidant Nacetylcysteine (NAChor 90 min
prior to 24 hAF4 or controltreatment20 mM of NAC in cDMEM was used to ptesat
the cells, AF4 treatments wetfeenadded reducing theoncentration of NAC to 10 mM.
Cells were then cultured for aaldition 24 hharvestedand stained with Annexik -

488/P1 and analyzed as described above.

2.13.2 Effect of decreased iron orAF4-induced cancer cell death

To investigate the importance of iramAF4-inducedcancercell death, cells were pre

treated with e iron chelator deferiprone (DFfy 90 min pior to 24 hAF4 treatment

25 e€g/ mL of DFE i n -tceBtM&Eddls,vABRds contrsltecdtments pr e
werethenaddedreducingthe final concentration dFEt o 1 2 . .Xells wefeitinen
cultured for an additional 24 harvestedand stained with Annexin 488/PI and analyzed

as described above.

2.14 DIOC6 staining for Mitochondrial Membrane Stability

To determine if AF4reatmentffects mitochondrial membrane stabilibyeastcancer
cell s wer e dihexyloracathocyaninhehodide,(DBCGE6) following ABd
controltreatment. DIOCG6 is a celermeable dye that is selective for the mitochondrial
membrane at low concentrations. As such, a decrease in cell fluarestgnifies a loss

in mitochondrial membrane stability. Following culture, cells and their culture
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supernatants were harvested and incubated with 40 nM DiOC6 in cDMEM for 15 min at

room temperature. The samples were then analyzed with flow cytonsatgythe FL1.

2.14.1ROS involvement in AF4induced Changes in Mitochondrial Membrane
Stability.

To determine if RO®lay a rolen AF4-induced changes in mitochondrial membrane
stability, breast cancezells were prdreated with NAC. 20 mM of NAC in cDMEM was
used to prereat the cells for 90 mimfter which an equal volume 8fF4 treatment®r
controlswasadded reducinghe final concentration of NAC to 10 mM. Samples were

then harvestedtained DOC6 and analyzed as described above.

2.14.2 Effect of decreased iron on AF4nduced Changes in Mitochondrial
Membrane Stability.

To determinavhetheriron is involved in AF4induced changes in mitochondrial
membrane stability, cells were gireated withthe 25 pug/mh DFE for 90 min Following
pretreatment, AF4 or control treatments were added, reducing the@identration of
to 12.5ug/mL. Samples wre then harvestedtainedwith DiIOC6, and analyzed as

described above.

2.15 Amplex Red® Assay
The Amplex Red®assaywas performed to further investigate the type of ROS produced
by AF4 treatmentCells were seeded in 9&ell plates and allowed to adhdoz 24 h

prior to AF4or controltreatment. 10QuL of AF4 treatment made at 2x in phenol red free
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cDMEM and 100 u of staining solutior{25 uM Amplex Red® 0.005 U/mL HRP in
phenol red free cDOMEM) was added to each well and incubated at Bl&t€swere
incubated for 2 or 24 h following whidhe absorbance values of each wedkev
determinecht 570 nmon an Expert 96 microplate reader (Biochrom ASYS, Cambridge,

UK). Increased fluorescence indicated the presence of peroxide radicals.

2.16 DCFDA Assay

To confirm the findings of the Amplex Red® assay as welhasstigate the ability of

AF4 to produce othereactive oxygen speci@s addition toperoxide radicals, a-@nd
6)-chloromethy2',7-dichlorodihydrofluorescein diacetate, acetyl e§@-H2DCFDA,

or DCFDA) assay was performed. Cells were plated inaélbplate and allowed to

adhere for 24 h. The cell supernatants were then remove and each well was washed with
warm PBShen stained witi0OOe L of st ai ning solutimn cont a
serum and phenakd free DMEM. For unstained controls, only serum and phebl

free DMEM was added. The plates were then incubated for 30 rB#f@tin 10% CO2

After incubation, the stain waemovedand wells were washed with 1 mL of warm 1X
PBS.AF4 and controlreatmentsvere addedn 1%HI FBS and phencted free DMEM

and cells were cultured for 2 or 24h37°C Fluorescence at 529 nwas measuredith

a Spectramax M2 microplate reader (Moleciavices, San Jose, US).

2.17 Oregon Green 488® Proliferation Assay
The Oregon Green 488® cell proliferation assay was useetéominghe effect ofAF4

oncancer celproliferation. Oregon Greef88® is a fluorescent dye thaihds to
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proteinsin the cell and cell membrane. When these cells undergo cell division, the dye is
equally distributed in both daughter cells, decreasing the dye in each cell by half. This
decrease in fluorescence can therubed t@alculatethe number of cell divisions a cell

has undergon@Vallace et al., 2008Prior to seeding, flasks of MDMB-231 and

MDA-MB 468 cells were serum starved for 20 h to synchronize the cell cycles in each
population. The cells wetbenseeded ito 6-well plates and allwed to adhere for 24 h.
After the cells hd adhered, they were washed with 2 mL of warm PBS. Oregon Green
488® dyein serumfree cOMEMwas then addetb a finalconcentration 01.25¢M

Oregon Greed88®and incubated at 37°C for 45 miollowing incubation, the dye
wasremovedcells were washed three times with 2 mL of warm cDMEM and allowed to
recover for 2 h in 2 mL of warm cDMEM at 37°8ubsequentlythe norproliferative

cell control was harvestetixed with 1% paraformaldehyde in PB&nd stored at°€

until use Remaining wellsvere then treated wittontrol orsubcytotoxic concentrations

of AF4 for 72 h.Following culture, cells were harvestedsuspended in 0.5 mL PBS and
analyzedoy flow cytometryusing theFL1 channel The fluorescence of control and AF4
treated cells was compared to that of the-padiferative control and the number of cells
divisions (n) was calculated as folloW8CFoasciine= (2)(MCFsamp ; Wwher e fino st

forthen u mb e r of cel | di vi sions and AMCFO stan:

2.18 Cell Cycle Analysis
The effect of A4 on cell cycle progressiamas investigated bgell cycle analysisThis
assay utilizes Rb bind tothe nucleic acidsf cellsto determinehe amounts of cellular

DNA content. This can then be used to differentiate between cells at difegstof

36



the cell cycleascells in G/G; stagepossess 1 copy of DNA, copiesn the G, stage
and an intermediate amount in thstage(Pozarowski and Darzynkiewicz, 2008reast
cancer cells were serustarved for 20 h to synchronittee cell cycles of the cells atds
The cells were then plated, allowed to adhere for 24h, and treated with AF4 for 72 h.
Following treatmentgcells were harvestemhd washed with 5 ml of ice cold PBS. The
cells werghenresuspended iBO0 L of ice cold PBSand ce-cold ethanol (70%) wa
slowly addedto the cellswvhile vortexingto a final volume of 5 mLThecellswerethen
stored at20°C for aminimum of24 h. After storage, the cells were washeith\w ml of
PBS, centrifuged at 5009, andresuspended in Rlaining solution containg 0.02
mg/mL PI, 0.1% v/v TritonX-100, and 0.2 mg/ml DNadeece RNase\ in PBS.The cells
werethenincubated for 30 mintaoom temperature in the daellular fluorescence
was determined bffow cytomety onthe FL2channel Cellulareventswerelimited to 50
cellsper seonddueto the likelihood of celdoublets which could confound the results
The data wsanalyzed using ModFitLT V2.0 softwa(Becton Dickson, CA) to

determingoercentage of cells in each phase of the cell cycle.

2.19 Western Blotting

2.19.1Preparation of Total Cell Lysates

To determinef AF4 could affect thdevelsof proteins involved in a variety akllular
processes, western biog wasperformedCell lysates were prepared for western
blotting by first seedingells into T75 flasks, with cell density being dependant on the
timepoint as described abowesection 2.3Cells were then treated with Alahd

culturedfor the desired timeCells and supernatant were thHervestedwashed with
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mL of ice-cold PBSandcentrifuged ab00x g for 5 min at 4°C. The supernatants were
thenremoved and the pellet was resuspend&Digil RIPA lysis buffer solution (0.1%

Nonidet R40; 0.5% sodium deoxycholate; 0.1% sodium dodecylsulphate (SDS); 20 mM
Tris-HCI; 150mM sodium chloride (NaCl); 1mM ethylenediaminetetraacetic acid
(EDTA), 1mM ethylene glycol tetlLpepstatiet i ¢ ac
10 e@/pmot i nLleupeptn, 1mig phenylmethyl sulfonyl fluoride (PMSF);

100 &M sodi un{Na3vOd)hlonM dithiatltregtdl (®TT), 10 mM sodium
fluoride (NaF) and 10 .€dkwerkysedgnlicaforslsmire o xi d
thencentrifuged at 14,000 g for 10 minat 4°C Cell lysatewas then removed and stored

at-80°C.

2.19.2 Protein Quantification

A Bradford assay was usenldetermine the total protein concentratiohsellular

lysates Bovine serum albumin (BSA) protein standar®@die L o flysaeavash

dilutedin 1 mL of diluted BieRad protein assay dye (1:5 with dH2BBFA wasused to

generate @rotein standard curve with concentrations ranging frde Qy / t@ BO

eg/ mL. The standar ds triplicattontoa 8ewdll #asbottemr e pl at
plate, aad the absorbancalues of each welwas measured at 570 nm using an Expert 96
microplate readehe concentration of each sample was then calculetiegthe

standard curveAdditional lysis buffer was used equalise protein concentraticios

different treatmentSX SDSPAGE buf fer (6% w/ v SDS; 30% v

mercaptoethanol, 0.01% v/v bromophenol blue, and 200 mMHRCIgpH 6.8]), was
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then added and samples wheatedat 95 °C for 5 minutes to denature the proteins.

Samples weréhen stored at80 °C

2.19.3Western Blot Analysis

Equalamounts oprotein (1640 € g) we r dhewellsaftheSOS i nt o
polyacrylamide ge{10, 12, or 15% polyacrylamideyheamount of protein added was
dependant on an estimate of celliasteinlevels, while he polyacrylamidepercentage
wasselectedased on the size of the proteins of interéstteins were resolvey
electrophoresifor 2 h at100V in SDS running buffe(0.1% w/v SDS, 200 mM glycine,

and 200 mM TrisHCI [pH 8.3]). Theproteins present within the gekre then

transferred ta nitrocellulose membraneusiagn i Bl ot E dry transfer
Burlington, ON)accordingtothena n u f a c t u r.éolléving tpamster thec o |
membrane was blocked 5% skim milk powdefw/v) in Tris-buffered saline (200 mM

Tris, 1.5 M NacCl (pH 7.6)) containing 0.05%Twe20 (TTBS).In cases where

phosphorylated proteins were being probed, mendsrarere blocked with 5% BSA

(w/v) in TTBS. After blocking, the membrane was rinsed withBto remove excess

blocking solution, and theincubatedovernight at 4°Qvith the primary antibodpf
interest(antibodies wergypically diluted 1:1000 v/v in 5% kim milk (w/v) or BSA,
dependi ng on ma n u fFallowing anébody staining, mémbnareds i on s )
were repeatedly washed By BS (6x 5 min) Membranes were then stained witle t

appropriate HRRonjugated secondary antibo@y5000 v/v in 5% skim nik (w/v) or

BSA, dependi ng on man &hahroomuemperaturdgroteim st r uct

bands were detected after usingg mi nat aE Fort e WmaBi@Rah HRP
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ChemiDoclmaging Systen(Bio-Rad Laboratories Inc., Hercules, CAhe blots were
t hen pr adrahd detected ds described abBuateinlevelsweredetermined
using densitometry with thenage Lab software (version 5.2, BiRad, Hercules, CAD-

actinlevels were usetb control for differences in protein loadj.

2.20 Statistical Analysis

Statistical analysis was conducted usrgphPad Prism §raphPad

Software I nc., San Diego, CA). Stati-stical
testwhen comparing two groupsr by aoneway analysis ofariance (ANOVA)when

comparing multiple group®Vith ANOVA, the TukeyKramer multiplecomparisons

posttestwas used to compare all groups with each other, while the Bonferrortiepost

was used to compare select groups. For all testg).05 was condered statistically

significantand was denoted by h cases wherethewal ue is O 0. 01, the

denoted by **; and in cases wherethe g | ue is O 0.001 the diffe

*k*
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CHAPTER 3: RESULTS

3.1AF4 Induces Morphological Changes inMDA -MB 231 andMDA -M B-468

Triple -Negative Breast Cancer Cellut Not MCF10A Epithelial Cells.

The effects of AF4 othe appearance MDA-MB-231 and MDAMB-468triple-
negative breast cancer cedisd MCF10Aepithelialcells were firsinvestigated tsee if
any differences werapparenbetween cancerous and healthy cells after treatrBettt.
triple-negative breast cancer cell lines displayed chaimge®rphology induced by AF4
(Figureb). This change was the most priment in the MDAMB-231 cells which lost
their characteristic elongated shael becameounder As MDA-MB-468cellsare
round to begin with, the effects of Aleh these cells welless apparent. However, after
AF4 treatment the cells lost their charm@tic cobblestone patterdnecameanore spread
out, and appeadslightly smaller in sizeThe MCF10Acells, on the other handjainot
seem to be affected by AF4 treatmdritese cells appesd elongated without AF4
treatment, similar to MDAVIB-231cells, but dd not display any changes to morphology

after AF4 treatment.

3.2 AF4 Inhibit sthe Growth of Breast Cancer Cell Lines in a Doseand Time-
Dependent Mannerand is Less Potent but More Selective than Quercetin

An MTT assay was used tietermine if AF4 can inhibit the growth of breast caroediis
better than quercetithe aglycone of thenajorflavonoidcomponerg of AF4, as well as
to determine theelativetoxicity of AF4 and quercetito healthy cellsBoth AF4 and
guercetininhibitedthe growth of multiple breast cancer cell linesludinghuman triple

negative MDAMB-231 cells (Figure6A), MDA-MB-468cells (Figure6B), estrogen and
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progesteroneeceptomositive MCF7 cells (Figure6C), HER2overexpressing SKBR3
cellss (Figure6D) and he MCF10A healthy epithelial cell lin¢Figure6E). Murine 4T1
triple-negative mammary carcinonsalls (Figure6F) and HC11lnormal epitheliatells
(Figure6G) were alsaccompared in terms of response to ARboth cancerous and non
canceoushuman cell lines, AF4 exerteddosedependent but nattime-depenént

effect The humartancercell lines also did not vary much in terms of AF4
concentratioaneeded to elicit a significant decreaseell growth.For thesdreast
cancercell lines, AF4 produced a significant reduction in getiwthat 100 pg/mLafter
24 h of treatmenin comparison, MCF10A cedlonly displayed a significant reduction in
cell growthat 100pg/mL AF4 after 72 h of treatmenQuercetin displayed both timend
dosedependengrowth inhibitionin the human cell lineDifferences between thF4
concentration needed to produce a responbeeiaist cancegell lines and MCF104&ells
were also not asbviouswith quercetinQuercetin also produced significartuctions in
growth at lower concentrations than AF4.

As for the murine cell linesalthough thCF10A human epithelial cell line
seenedto be moraefractoryto AF4in comparison taheir cancerous counterparts, the
HC1 mous epithelial cell lineand 4l mouse triplenegative mammary carcinoma cells
had a similar response to ARghichproduceda timedepenant inhibitory effect on
these cellsThe mmparison of the effects glercetin versus AFdn thesemurine cell
lines also shoedthat there is not much of a differenoetween the two compounds
should be noted, however, that both quercetin and AF4 react with the MTT reatient
absence of cell® produce significant increases in absorbancégaeh concentrations

(Figure7), which is a potential confounding factor.
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Given the challenges of using MBBsaydo determine the effects of AF4 and
guercetin on cell growthheacid phosphatase assay was used to confieMT T assay
resultsusing the same cell lines and treatment conditibiggire8). Similar results were
found in terms otoncentrationsf AF4 and quercetinequired to cause a significant
decrease in cell growth as well@asme-dependenéffect Human breast cancer cells
treated with AF4 displayed significant decreases in cell growth with concentrations as
low as 50ug/ml of AF4, while MCF10Acells required 10@ug/ml of AF4and 72 h of
treatment tshowa significantinhibitory effect. In many cases, tinteependent
inhibitory effects ofAF4 werealsoseen Once again, quercetin inhibited the growth of
human cells at a lower concentration than AF4 and produceedtpendeninhibition in
more cases than AF4. The murine cell lines alsmwvedsimilar responses to ARhd
guercetin, with similar growth inhibitory patterabservedetween the 4T1 and HC11
cell lines.

To determine ifAF4 or quercetirwas more selectivéor cancerous dnealthy
cells, the data obtained from the MTT and acid phosphatase assays wereedompar
(Figure 9).Breast ancer cells treated with 1Q@/mL of AF4 for 72 hin the MTT assay
showeda significant decrease in growth compared to the MCF&€Us (Figure 9A).
However, quercetin at the same dose and time point showed no differences between
growth inhibition ofthe healthy and cancerous cell lin€eese differences were even
more apparent when comparing the effects of AF4 and quercetin directly from the MTT
(Figure 9C) and acid phosphatase assays (FigureMwer dose®f AF4 or quercetin

the differences cell growth betweeAF4 and quercetin increased with concentration
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until around 50% reduction in cell growthfter this point, the difference between AF4

and quercetin decreases until about 90% reductions in cell growth.

3.3AF4 Induces Doseand Time-Dependent Cell Death in TripleNegative Breast
CancerCells
MTT and acid phosphatase assteg forrelative cell number after treatmehtjtthese
assays do not allow for the determination of whether treated cells areésirogd in
number as a result of increased cytotoxicity or decceealéproliferation.AF4-induced
cytotoxicity was first examinedsing thetrypan blue assay wifferentiate betweedead
and live cell§Figure 10).The trypan blue assanowedthat AF4and quercetinvere
both cytotoxic to MDA-MB-231cells (Figure 10A) and MDAVIB-468cells (Figure
10B). Similar to thecell growth inhibition assays, quercetin was more potent than AF4,
and both AF4 and quercetixerted doseandtime-dependent responsegotoxic action
Whenbreast cancer cells wetcempared to MCF10Aells, once agaidF4 was more
selectivefor cancer cellshan quercetin, as the minimum dadeAF4 required to kill the
triple-negativebreast cancegell lines dd not kill the MCF10Acels evenafter 72 h of
treatment. This was not the case for quercetin

To confirm these findingsFACs analysis was utilize&inceAF4 and quercetin
showecolour in solution, thénherentfluorescence of each compound was tested in each
channel by briefly exposing cells to AF4 or quercetin (Figure Bdth compounds
seenedto fluorescehowever quercetirvasmuch more fluoresceémhan AF4 in the FL1
and FL2 channels. Therefore, quercetas not used for further experimentation as this

fluorescence wouldonfoundthe results
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Flow cytometric analysis of-AAD stainedcellswas used to confirm the
cytotoxic effect ofAF4 (Figure 12)MDA-MB-231 cells treated with AF4 displayed
significart cell death after treatment with 1Q@/mL of AF4 (Figure 12A). Meanwhile,
MDA -MB-468cells displayed significant cell deafibllowing treatment wittb0 pg/mL
of treatment (Figure 12B). In bobireast cancerell lines, a timedependent response was
seen wih 100pug/mL of AF4.

To furtherconfirm these findings, as well as to determine the cell death pathway
by which AF4killed breast cancerells,flow cytometric analysis oAnnexinV 488/P}
stained cells was performed. Thissayallows forthe differentiaibn of live cells, cells in
the early stages of apoptosis, and cells in the late stages of apoptosis or (feglosis
13). MDA-MB-231cells(Figure 13A) and MDAMB-468cells (Figure 13B) displayed
significant cell death aftdreatment witt60 pg/mL of AF4, although there weneo
apparent timalependent effectén addition, there were no clear trendgerms ofthe
fraction ofcells entering the early stages of apoptosisuahose inlate stages of
apoptosis or necrosis. When these findings were compareddéfeabeof AF4 on
MCF10A cells (Figure 13C), once again MCF1@Alls weremore resistant to AF4or
the MCF10A cells, cell death as determineddoyexinV 488/Plstaining with the
subtraction of cell death from the medium control from experimental conditions can be
found in Supplementary Figure 1.

3.4 AF4Induced Cell Death ISROS-Dependentbut Not Deperdent on Caspase or
PARP1 Cleavage
To determinghe mechanismybwhich AF4 induces cell death in breast cancer

cells, the ability of AF40 cause the production péroxide radicals was investigated
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with the Amplex Red assay (Figure 14). A#4100 pg/mLinduced production of ROS
in both MDA-MB-231cells(Figure 14A)and MDA-MB-468cells (Figure 14B) No
significant timedependent effecisf AF4 on ROS productiowere seen. In addition, it
should be noted that ARRRusedsignificant amounts of RO® accumulatén cell-free
medium(Figure 14C)To confirm that AF4 was factcausing intracellulaROS
accumulationa DCFDA assay was uswdth similar resultgFigure 15). AF4 only
causedsignificant prodution of ROS after 10Qug/mL of treatmentand there was no
significant timedependent effect.

To see if the RO$roduction causethy AF4 had a significantmpacton AF4
induced cytotoxicity, AnnexiV 488/PI stainingf cells was performed followingre-
treatmentvith the antioxidant NAGollowed by AF4 treatmentFigure 16). In both
MDA -MB-231cells and MDAMB-468cells, NAC significantly decreased thimber
of dead cellsn cultures treated withOOpug/mL of AF4. To determine if the ROS
production causedy AF4resulted irferroptosis, AnnexifV 488/PI stainingf breast
cancer cellsvasperformed following AF4reatment with or withouthe iron chelator
DFE (Figure 17). Ircontrast to the findings with NAC pteeatment, DFE prereatment
exacerbated ARhduced cell death in both MDMB-231cells (Figure 17A)and MDA-
MB-468cells (Figure 17B)

DIOCs stainingof MDA -MB-231 and MDAMB-468 cellswas performed to
determine whether mitochondrial membrane integrity was affected by treatstient
AF4 with or without NACor DFE pretreatmentAF4 causedlamagedo the
mitochondrial membrane at a dose of 50 pg/amdthis effectwas ROSdependenand

iron-independentROSdependece of the effect of mitochondriavas consistent with the
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ROS dependent cytotoxicifindings seenwith AnnexinVV 488/P1 staied cells However,
the lack of an effect afon chelation was natonsistentvith the observation that iron
chelation exacerbaleAF4-mediated cytotoxicity.

Given the roldhatROSplaysin AF4-mediateccytotoxiceffectsas well as the
selectivityof AF4 towards cancer cell8TT assays were used to comp#regrowth
inhibitory effects of HO.on MDA-MB-231cells, MDA-MB-468cells, and MCF10A
cells to determine if these cell lines responded differentiyhi@h concentration ®@0S
(Figure 19) Undereach treatment condition, there was a significant difference between
growth inhibition ofthe triplenegativebreast cancegell lines versus the MCF10&ells,
indicating that MCF10Acells weremore resistarthan breast cancer cetls ROS
exposure.

Further investigation of the mechanism behind ARddiated cytotoxicityvas
carried ouby western blottingNeithercaspas@or PARP1 cleavagwasrequired for
AF4-inducedcell death(Figure 20) In both MDA-MB-231 and MDAMB-468 triple
negativebreast cancesell lines,AF4 concentrations that caused significant cell déath
these cell lineslid not induce caspase 3, 7, 8, or PARP1 cleaviameonfirm AF4 dd
not affectthelevelsof housekeeping genes used for normalization of western blot data,
theeffect of AF4 on théevelsof theproteins tubulin and GAPDWas determied
(Figure 21).Thesewesterrblotsindicatethat AF4had no effecton b-actin, tubulin, or

GAPDH levels
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3.5 AF4 Inhibits the Proliferation of Triple -Negative Breast Cancer Cells Vi&g1

Cell Cycle Arrest

The ability of AF4 to inhibitoreast cancerell proliferation was examinedlith the
Oregon Greefflow cytometricassayA dosedependnt increase in the fluorescence of
AF4 treated cells, which translates into fewer cell divisiwwas observe{Figure 22)
Thisinhibitory effecton ell proliferationwas only significant at 4Qg/mL of AF4 in
MDA-MB-231cells (Figure 22A)and starting from 3Qg/mL of AF4 inMDA-MB-468
cells (Figure 22B) Cell cycle analysis was performealdeterminghe mechanism by
whichthisinhibition of breast cancer cell proliferatioras occurringFigure 23. Breast
cancercells accumulated in the;Gtage of the cell cycle after AF4 treatmenta dose
dependent manneBimilar to the Oregon Greestainingassaya significanteffect wa
only found after treatment with0 pg/mL of AF4 To confirm the observations with cell
cycle analysis, western blotting was perfornedetermine the effect of AF4 on the
protein levelof cyclins and CDKsnvolved in cell cycle progressidirigure 24)In both
MDA-MB-231 and MDAMB-468 cell lines, cyclin D3, CDK4, and CDHKévels were
downregulatedftertreatment withd0 pg/mL of AF4 howeverno effectaverefound at
lower dosesDepending on the cell linthese effecteccurredat different timepoints.

Thelevelsof the other cyclins and CDKs were not affedbgdAF4.

3.6 AF4 Affects Signalling Through the PISK/AKT and ERK Pathways
Western blottingvas used to investigatee mechanism behind AFdediated decreases
in the proliferationof MDA -MB-231cells and MDAMB-468cells. Boththe PI3K/AKT

(Figure 25)andERK/MAPK (Figure 26)signallingpathway were investigatedn both
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breast cancegell lines, treatment with AF4nby affectedthe phosphorylated Akt as well
andPTEN. AF4 treatment decreas&kit phosphorylation in MDAMB-231 cells (Figure
25A) and MDA-MB-468 cells (Figure 25B) andthis effect was reversed with the pre
treatment of cells with NAC. In addition, PTEN phosphorylation was decreased in both
breast cancerell linesfollowing AF4 treatmentand his effect was also reversed with
NAC pretreatment.

The effect of AF4 orthe ERK/MAPK pathway depended on the cell line. In
MDA-MB-231cells, AF4 treatment increased the phosphorylation of ERK 1 and 2,
which was patrtially reversed with NAC preeatmen{Figure 26A) However, h MDA-
MB-468cells, AF4 decreased tipdhosphorylation oERK 1 and ZFigure 26B) With
the MDA-MB-468cells, it seeradthat even with NAC préreatment ERK
phosphorylation levelsid not return to baselinélo effects 6 AF4 onRAF
phosphorylation were seen with eitlieeast cancegell line. Western blots we also
performedo investigate possible effects of AF4 mmteins upstream and downstream of
Akt( PP2 A, p38, J NHtenin)@ltcK &dinvolvetirdROB signalling

(Figure 27). However, none of these proteirseaffected by AF4 treatment.

3.7 AF4 InducesChanges inProtein Levelsof Epigenetic Enzymes

Western blotanalysisof enzymes involved in epigenetic modulation showed that AF4
alteredthelevelsof these enzymes in MDAMB-231 and MDAMB-468 triplenegative
breast cancer cell lineapd in the MCF10Aepithelialcell line (Figure 28) For the most
part, these effectsf AF4 were not timedependenand were consistent across all cell

lines.DNMT1 levels weranhibitedby AF4while DNMT3A was upregulatefibliowing
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exposure to AF4 atonceftrations as low as@ug/mL. No effectsof AF4on DNMT3B
were observedProtein levelof the DNA demethylation enzynET2 wereincreased
with AF4 treatmentSignificant inhibition ofHDAC2 protein levelsn both breast cancer
cell lines as well aMCF10A cells were seeafter only 20ug/mL of AF4 treatmentThe
only other HDACs significantly affected by AF4 treatmerreHDAC1 after 72 h of
treatment in MDAMB-231 cells (Figure 28A) and HDACS3 after 48 h of treatment in
MCF10A cells (Figure 28C)As for the HATSs, only GCN%vas inhibitecby AF4
treatmentat 40 ug/mL of AF4 treatmentlLastly, the acetylation of H3K2Wasinhibited

by AF4 treatment, whiléhere was no effect dd3K9 acetylation
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CHAPTER 4: DICUSSION

4.1 AF4 InducesM orphological Changes inTriple -NegativeBreast Cancer Cells but
Not Healthy Epithelial Cells

Both triplenegative cell lines exhibited morphological changes after AF4 treatment.
contrast the healthy cell line was left unaffectéddorphological changes cellsare a
result of biochemical changes, such as when apoptosis is trig§emedte and Pulkki,
2000) As such, the lack of morphological change in heatdils upon AF4 exposure
shows that AF4 may be selective towards cancer ¢tdwever,AF4 has shown to have
effects on healthy cellst higher doseAlthough 50ug/mL of AF4 may not produce
cytotoxic effects in MCF10Asells to the point where morphologicchanges can be seen
after 24 hatdifferent timepoints and concentrationd AF4 therewould most likelybe
similar effects as seen with the triplegative breast cancer cell linaghe treatment

conditions used here.

4.2 AF4 Inhibits the Growth of Triple-NegativeBreast Cancer Cells M ore
Selectively Than Quercetin
From MTT and acid phosphataassaysit seens that AF4 is less potent than
guercetinin terms of breast cancer cell growth inhibititmeverycell line tested,
guercetinshoed significangrowthinhibition at a lower concentration than ARdote,
however thatconcentrationsisedin this studywere based on weight per unit volume,
rather than moles per unit volume. This was dogeausét was not possible to
determine the molarity of AF4 as it contains multiple components. Therefore, quercetin is

only more potent than AF4 in this regard. Mareq potency does not necessarily
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correlate with efficacy. BotAF4 and quercetikilledmore than 90% of cancer cells at
the highest concentration and longest tohexposuresuggesting that AF4 and

guercetin are comparable in efficacy at least when comparing growth inhibitory effects.
The fact thaAF4 is composed of multiple phytochemicalay affect its potency

Although the components of AF4 may wddgetherto inhibit the growth of the breast
cancer cells, the individual componentayaffect different pathways, and thus may not
be capable of producing any significant changes within these pathways until a certain
concentration is reached.

Although the acigphosphatase assay suggdshat AF4 inhibiedthe growth of
cancer cells in a timdepenént manner, the MTT assay suggekitherwise The lack of
atime-dependent response seen withMiET assay could be due to AF4 reacting with
MTT andincreasinghe absorbancealues obtained. Although cdliee controls were put
in place to allowfor the subtraction of the absorbance of the-fret control from the
treatment conditions, absorbance values are not linear as suggested by-{henfteat
law at highelabsorbance valu¢Reule, 1976)Another possibility $ thatAF4 either
degrades more easily than quercetin or is metabolized more. é&sigver, none of the
data obtained from this study can support these cldiinssmore likely that the trend
observed was a result of the limitations of the MTT assay.

From MTT and acid phosphataassaysit seems that AF&as slightly selective
more forhnumanbreast canceasellsrelative tohuman epithelial cellsvhich supports the
hypothesis that the multiple components of Atk together t@llow foramore
selectiveeffect In each assay, MCF10ells requirel either more time or a higher dose

of AF4 to produce growth inhibitory effectBhis was not seen with quercetin, in which
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the lowest concentration aedposurdgime that inhibited the growth dreastcancer

cells also inhibited the growth of MCF1@%&lls. This suggests that AF4 could be used in
humans at concentrations that would inhibit the growth of cancer cells while remaining
relatively nontoxic to healthy cells. Interestinglyis differerce was not observed in the
murine cell lines. Although the tripleegative 4TInouse mammary carcinoroall line

was much more sensitive to Altcompaisonto the human breast cancer cell lines, the
HC11epithelial cels hada similar response to AF4. iBhsuggests that AF4 may not be
selective in murine cell lines atwl may be more potent in mice due to differences in cell
physiology. One major difference observed between the human and murine cell lines was
the doubling time. Murine cell lines had a rhughorter doubling tima comparsonto
human cell lines, which may affeaf4 efficacy. Another possibilitys related to the fact
thatthese cells were seeded at lower numbers to avoid an overabundanceatiticells
end of culture because murine diles have such a short doubling time a result,

even though the concentrations of Aligedwere consistent across cell lines, the ratio of
AF4 to cells was much higher for the murine cell lingsichmeans that each murine

cell had many more units &f4 to react with, and tis AF4 could overwhelm the

cellular defenses present within HCddlls. Lastly, only one healthy cell line was used

for the comparison withuman and murinmammarycancercells. It ispossiblethat

other healthy cell linemight havehaddifferentsensitivityto AF4, whetheor notit was

the same cell typés such, the selectivity of AF4 dependsvametherAF4 can inhibit

the growth of other healthy cell lines or not.
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4.3 AF4 InducesROS-DependentBreast CancerCell Death Through an Unknown
Mechanism

The ability of phytochemicals to kill cancer cells while remaining relatively non
toxic to healthy cells has been documented in a variety of (@kesg et al., 2010;
Sudan and Rugsinghe, 2014)n this project, AF4 produced similar resultghichseem
to be at least partiallgue to the ability of AF4 tcauseROSproductionas NAC pre
treatment reduced cell deaBeroxide radicals were found to be produced by AF4 treated
breast cancer cells, whictould possibly be produced by the mitochondria upon-AF4
induced damage to the mitochondria. It is also possibléH@iproduced by AF4 in
cell-free cultures entered the cells to play a role in Afetliated cytotoxicityas was seen
with myricetin in triplenegative breast cancer cgliickle et al., 2018)The production
of H202by AF4 in celifree medium has been observed with other phytochensicals
as EGCG and quercetiand isthought to be the product of polyphenol autooxidation due
to the presence of bicarbonate in tissue culture n{ediag et al., 2000; Odiatou et al.,
2013) AlthoughH202is poorly reactive orits own, it can be converted to highly reactive
hydroxide radicals via the Fenton reacti{gfalliwell and Gutteridge, 1990)This
suggests that AFsay require the presence of bicarbonate to produce dRp&ndent
cytotoxic effectsGiven that human fluids such as blood utilize bicarbonate buffer
systems, AF4 should be able to produce ROS in the human body to destroy cancer cells,
albeit at the cost adxposing normal cells to RQ8lasan, 2013)Astriple-negative
breast cancer cellgere moresusceptible to death after being treated wit®Hhan
healthy epithelial cellsAF4 may beexploiting the increased capability of healthy cells to

defend against ROS he ability of AF4 tanduceROS also mearnthat AF4 is acting as a
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pro-oxidant rathethan antioxidant at the doses given to the calthough the
antioxidant capabilities of AF4 have not been tested, its componentbédenshownto
possess antioxidant capabilitigacopini et al., 2008; RiecEvans et al., 1996%ince
someantioxidants at high doses are capableaafsingROSproduction(Lambert and
Elias, 2010; Pan et al., 2008; Polyakov et al., 200i) involvement of ROS in AF4
mediatel cytotoxicityis not surprigg. It is possible thathedifference inROS
sensitivitybetweercancerousndnon-cancerous cells due to the aberrant expression
of survival and proliferation genes in the cancer cells. While normal cells with
dysregulatdsurvival and proliferation signals would undergo apoptosis to avoid forming
a cancer, cancer cell lines are capable of downregglaitracellular signals that would
otherwisecausethe cells to kill themselves. However, this does not mean that these
cancer cells are able to completely overcome these signals. Studies have shown that
treating cancer cells with antioxidants allowsnthi® grow faster, which is likely due to
the scavenging of mitochondrial ROS released by the cell in an attempt to undergo
apoptosigJiang et al., 2017; Sayin et al., 2014% such, doses of AF4 that can Kkill
cancer cells, but not healthy epithelial cedie likelyjust able to pusthese cancer cells
over the edge in terms of papoptotic and presurvival signals. Meanwhile, healthy cells
are able to compensate facreasedROS, and thus are not as affected. This may also
explain why the lesaggressive hormomeceptormositive cell line MCF7 breast cancer
cells seemed to be lesensitive to AF4 compared to the tripkegativebreast cancegsell
lines.

The involvement of ROS in AFmhediated cytotoxicity also helps explain why

the cytotoxic effects of AF4 seem to be more ddspendnt than timedepenént. It is
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possible thatellular levels of antioxidants are upregulated via various mechaimsms
response to AFNguyen et al., 2009; Ray et al., 2012)ternatively, it is possible that
AF4 does not remain stalle culturefor periods over 24 hnderthe conditions at which
thecells were treated. An understanding of the stability of phytochemicals, and especially
glycosylated phytochemicals, is lacking. Given their roldsodisantioxidants and
prooxidantsdepending on the circumstanciss likely that these compoundasgly
oxidize when exposed to air, such as dudaly culture
The importance of ROS e AF4-mediated cytotoxic effectsn breast cancer
cellsalso brings up the questiasto possiblecombinationactions otthe phytochemicals
within AF4. As many of the components of AF4 are known to be antioxidants at low
concentrations, the cytotoxic effects of these phytochemicals are likeft teasin part
to their prooxidanactivity at high doses. If all the compemts of AF4 work to produce
ROS in triplenegative breast cancer cells, then they may not be targeting multiple
pathways. However, given the data obtaineid dear that the combination of
phytochemicalsn AF4 seenedto produce more selective effecthen breast cancer
cells were compared withealthy cell.Sincecomponents of AF4 have distinct properties
that are not shared with the other components, such as the ability of EGCG to directly
bind to DNMT1(Lee et al., 2005)it is possible that smaller effeatembineto produce
the observednticancer effets. However, it is also possible that the components of AF4
caused production afifferent types of ROS, which could then affsetreral different but
related pathways that affect cell proliferati@oheila et al., 2001; Thorpe et al., 2004)
Lastly, the ability of AF4 tonduceROSproductionraisesconcerns about its

safety within the human body.ik possible that excessive amounts of AF4 in the human
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body could induce oxidative stress in multiple systems, or at smaller doses affect
processes such as i mmune si gimdekd,astudy t hr oug
showed that AF4 reducetturoinflammation in a mouse modelarftoimmune
encephalomyelits t hough this effect is |likely due
and/or ROSndependent immune suppressive effé@arford et al., 2014)Although in
this study AF4 seemed to produce beneficial effects via the reduction of inflammation,
this may be an unwanted side effect in cancgepts given that the immune system
plays a critical role ircontrolling cancer progressioAlternatively,sinceAF4 actsas
bothan antioxidant and proxidant,AF4 may increase inflammation at dogkatkill
cancercells. If AF4 isable to induceystemic inflammatioim vivo, it couldpromote
cancerdevelopment and progressias described bianahan and Weinbe(g011)or
causeautoimmune diseases. These potential-sitkects could be circumvented via
localized treatments rather than systetreatmentswhich may limit the use of AF4 to
solid tumors that have not yet metastasized. Alternatively, delivery systems such as the
use of nanopatrticles that selectively bind to cancer cells to release the drug of interest
directly into the cell couldthe used, as has bedonewith drugs such as doxorubicin
(Shafei et al., 2017)

Currently, the mechanisty which AF4 induces cell death is not clear. Although
the data obtained from Annexih488/PIflow cytometryexperiments confiredthat
AF4 was cytotoxic to breast cancer cells, it is not clghich cell death pathwaysas
being activatedDespite ROSlependent cell death and R@&8pendent damage to the
mitochondrial membranes éf4-treatedcells,investigation into theleavage and

activation of caspases revealed that no caspesesleaveal after exposure to
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concentrations of AF4 that kéltl breast cancer cell$his, combined with the fact that no
discernabld’ARP1 cleavage wasbserved, suggestéaat AF4 dd not induce cell death
via apoptosisThis was in contrast to th@o-apoptotic effecof AF4 on HepG2 liver
cancer cells, in which caspa3eavas cleavedSudan and Rupasinghe, 2014)

The studies on AF4 with an iron chelator alsodwdat ferroptosis, a8F4-
induced mitochondrial damage was not id@pendentThis was a interesting finding as
theproduction oH20. in medium by AF4 should require iron to produce more reactive
hydroxyl radicals in cellgHalliwell and Gutteridge, 1990l addition,iron chelation
with AF4 killed more cells than AF4 or iron chelation alofbis is not surprisingas
iron chelation is known t&ill cancer cell§Richardson, 2002)Although the dose of DFE
used in these experiments waw enough that there was no significant effect when used
alone the dosage usethy have been sufficient gynergize with AF4 to induce
increasedtytotoxicity. It is interesing however, that there was no difference in
mitochondrial membrane damage in cells treated with AF4 or AF4 with DiHE may
havebeendue to problems witthe DIOG assay, whiclshowed three peaks rather than
two, makingit difficult to distinguish beween cells thahadintact mitochondria versus
those withdamagednitochondria It is currently unknown why three peaks were
observedhowever ROSmayplay a rolesinceNAC-pretreated breast cancer cehiat
were stained witlDIOCeg displayedwo peaksvhereascells pretreated with DFE for the
most part did notit may be that irorchelation also exacerbates Altluced
mitochondrial damageiven the synergistic effects seen in cytotoxicity

No other data presentéwm project support the idea that AF4 can even induce

mitochondrial membrane damage. Studies with other dyes that allow for the

58



differentiation of live and damaged mitochondria as well as western blotting for proteins
normally sequestered within the mitochaadsuch as cytochrome c or apoptosis

inducing factor 1 (AIF) could be performed to refute an effect of AF4 on mitochondria
(Candé et al., 2004; Ow et al., 2008)

One alternative cell death mechanism that could be induced by AF4 is nectoptosis
which can be induced by ROS and cothéreforebe inducedlirectly byROS that
accumulatedn AF4-treated cell§Vandenabeele et al., 2010his is supported by the
fact thatcaspase ,8vhich is not activatedy AF4,is an inhibitor of necroptosi&'uan et
al., 2016) Another possibility is that theergeamounts of RO$hat wereintroducednto
the breastancer cellslamagéd the cell faster than the cellsuld signal for apoptosis
induction which can occur withigh doses of HO> (Saito et al., 2006 5incecaspase
and PARP1 cleavage was oityestigated4 hafter AF4 treatment, it is hard to say
whether or not this is the caséowever, given that the dose of AF4 used to treat the cells
killed a little less tharhalf the cells whereaall cancer cellsvere killedafter 72 h
treatment, it is possible that AF4 is directly signalling for necroptosis rather than using
this pathway & an alternative to apoptosis.

One other concern isdahthe concentratioof AF4 may not have been sufficient
to induce caspase activatiorhe concentratioof AF4 thatwas selectefbr use was
based on amounts that would induce some cell deathedftegerperiod of exposure,
however it may be that a higher concentration of AF4 for a shorter amount of time would
induce caspase cleavagd€onetheless, the mechanism behind Afducedcell death

needs to be further investigated.
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4 4 AF4 Inhibits Cell Proliferation

Both MDA-MB-231 and MDAMB-468triple-negative breast cancer cedlsowed
decreased proliferation after AF4 exposwvigh MDA-MB-468 cells beingmost
sensitive to this effd. The inhibition of cell proliferation was only statistically
significantwhenhigher concentrations of AR&ereused, though thre was arendto
inhibition at everthe lowest concentration of AFK.is important to note thdhe
increased fluorescenoé AF4-treated cellsn the Oregon Green asseguld partially be
due to AF4 itself rather than its effesiace AF4 is inherently fluorescemtowever, the
results obtained from cell cycle analysis confirms the results from the Oregon Green
assaysincetriple-negative breast cancer cells treated with Aledearrested at the G1
stage Again, his effect was only significanthenthe highest concentrations of AF4
wereused. This effecton breast cancer cells aldiffered from he effectseen in AF4
treated liver cancer cellsn whichAF4 induced cell cycle arrest at the/Kd phase
(Sudan and Rupasinghe, 2014).

The results obtained frooell proliferationand cell cycle analgs were
confirmedby western blotting for cell cycle proteinehich showed a decreasetie
protein levelof cyclin D3, CDK4, and CDK®, all of which are involved in pushing the
cell past the G1 stag8atyanarayana and Kaldis, 2008)though E cyclins and CDK2
are also involved ithis process, AF4 did not seem to affectlthwelsof these proteins.
These effectsf AF4 on cell cycle proteingere seen iloth MDA-MB-231and MDA:
MB-468cell lines,albeitwith some differences. The decreageatein levelof cyclin
D3, CDK4, and CBG6 seenedto be affected bthe lengthof AF4 exposurgsinceall

three proteinslid notdisplay decreasegarotein levelsat both 24 h and 48 h pest
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treatmentln some casesne of these three proteingmedownregulated after 24 h of

treatment, but not after 48 implying thatthere may be an attempt by the cell to

counteract the anproliferation effects of AF4As for the other cyclins and CDKs, the

levelsof these proteinby either cell lineverenot affected by AF4Given that the

concentrations at which AR#adinhibitory effectson proliferation werelose to the
concentrations at which AF4 can induce cyt
cancer effect is its ability to kill these cancers.

Although AF4 is composed mostly of quercetitd quercetin glycosidethe
mechanisnby which AF4 induces cell cycle arrest differs frohat ofquercetin. While
AF4 downregulates therotein levelsof cyclin D3, CDK4, and CDKéo induce G/IM
cell cycle arret, quercetin induces £&ell cycle arresin breast cancegells andovarian
cancercells (Priyadarsini et al., 2010; Rivera Rivera et al., 20@Q&iercetin glycosides
may havea different effect than their parent compouaithoughcurrently there is little
evidenceo suggest that quercetin glycosides/e a different effect on theell cycle.
Other studieshat investigategphytochemical combination treatments found similar
results,in thatthe combined effect of multiple phytochemicals differs froat thf
different phytochemicals alone. In one stilgt usedh combination of quercetin,
resveratrol, and catechin at equimolar concentrations, it was found that this mixture
induced G/M cell cycle arrest while quercetaloneinduced Garrest(Rivera Rivera et
al., 2016) Thus different effects oAF4 and quercetion the cell cyclarelikely due to
theinteraction of multiplgphytochemicals.

ROSwas likely involved inAF4-inducel cell cycle arrestsince treatment afells

with ROScause<ell cycle arresat both Gand G stages of the cell cycl@oonstra and
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Post, 2004)Studieswith other phytochemicals thatduceROSalsoshowinductionof

cell cycle arrestalthough in these cases cell cycle arrest occurs éti§eu et al., 2012;
Kuo et al., 2007; Yogosawa et al., 201&fhough ROS seem to play a large role in the
anticancer effets of AF4 it is not knownwhether AF4inhibitedcell proliferation
independent of ROS. This could easily be determined byr@aéingbreast cancerells

with NAC prior to analysidy flow cytometryand western blotting.

45 AF4 Inhibits Akt Activation Through an Unknown Mechanism

AF4 inducedcytotoxicity and inhibiedbreast cancerell proliferation, but the signalling
mechanism that leads up to these effects is not knalthough the PI3K/Akt pathway
seems to be downregulated by many pblyeanicalgDhar et al., 2015; Hseu et al., 2012;
Rivera Rivera et al., 2016his pathway is for the most part unaffected by AF4.
Moreover,phosphorylated TEN, which is a tumor suppressor protein that downregulates
signalling though the PI3K/Akt pathwafGang et al., 2007Wwas downregulated in this
pathway.Paradoxicallydecreaseghosphorylation and activatiaf PTEN suggestshat
the Akt pathwaywas upregulated or not affected by AFlowever, AF4 decreased Akt
phosphorylationDecreased phosphorylation of PTHNhe presence of AH4 also
consistent with the idea that ROS plays a major role inEdiatecanti-cancer effects
sincephosphatases such as PTEN are deactivated by(RSke et al., 2003)The only
other proteirin the PI3K/Akt pathwayhat was significantly affected by Afdas Akt

itself. Akt phosphorylation was inhibitefdllowing AF4 treatment, even though PTEN
was deactivatedincephosphorylated mTORvhich liesdownstream of Aktwas not

affected Akt must have beedeactivated ttough another mechanis#F4 alsodid not
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affect theprotein leveloof PP2A subunit C, the regulatasybunitof PP2Athatunlike
other phosphatases is activated by R@&ng et al., 2017)n addition AF4 did not
affect GSK® phosphorylation ob-catenin activation

AF4 likely affects other targets of Akt to produteanticanceeffect since Akt
is involved in many cell processdroteins of interest include FOXO3A, and-HB ,
both of which are inhibited by ROS. Studies into indole compounds, a group of
phytochemtal compounds found in cruciferous vegetables, have found that these
compoundsnhibit NF-a Bsignalling through the PI3K/Akt pathway (Ahmad et al., 2013).
Although a ROS independent mechanisrmauggestetbr indoles, itis likely that
inhibition of Akt plosphorylation by AF4nducedROSaffectedNF-ae B si gnal | i ng,
changes in Nf® Bprotein levelshave been seen in response to ROS in normal cells
(Chandel et al., 2000). Alterations in MFBorotein levelsvould also support the idea
that AF4 induces necpbosis as a mechanism for cell death,assNB has been sho:
be capable of activating RKAL to induce necroptosis (Oberst, 2016).

Some studies suggest that ROS can directly inhibit Akt via the phosphorylation of
thiol groups within the protein, whichomld explain why proteins upstream of Akt
signallingwereunaffected (Cross and Templeton, 2004; Tan et al., 2015; Trachootham et
al., 2009). Anothepossibleexplanation is that the multiple phytochemicals present
within AF4 causeAkt inhibition through dfferent pathways irsucha way that detection
of Akt inhibition via western blotting produces significant resultg, proteinaupstream
or downstream of Aksignalling seem to be unaffected by AFHbwever, more work
needs to be done to eliminate all pibte targets of Akt within these pathways to support

this claim.
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RAS activation was not affectdy AF4, howeverthe phosphorylation of ERK
1/2 wasaffected by AF4, indicating that the ERK/MAPK pathway was partially affected
by AF4 treatmentin AF4-treatedVIDA-MB-468cells, ERK 1/2 phosphorylation was
downregulated, indicating that ARdfectedmultiple pathways involved inancercell
proliferation On the other hand, for AF4 treatment of MIMB-231 cells causeBRK
1/2 phosphorylatioto be increased. This effect was likelye tosomecompensatory
mechanisms present within MDKB-231 cells, sincethesebreast cancerells are more
aggressivéhanMDA -MB-468cells and have different mutatioridowever, his
pathway was not investigated intensivéMultiple other proteins are present in this
pathway that may or may not be affected by Afdch couldlead to theobservedeffects
(McCubrey et al., 2007)urther research is needed to deterntiirgeexact mechanisms

behind AF4mediatedanticancer effects.

4.6 AF4 Exhibits Epigenetic Effects

Sincechanges in diet can elicit epigenetic chan@ésKay J. A. and Mathers J. C., 2011)

it is not surprising thahe mixture of dietary phytochemicalsiimduced changes in

enzymes involveéh epigenetic regulatiorAF4 affecedthe protein levelof epigenetic
enzymes in both tripleegativebreast cancegell lines,as well ahealthy MCF10A
epithelialcells to a similar extentHowever, the meaning @&F4-inducedchanges in

protein levelsn epigenetic enzymas terms of cellular pathways that are affected are
unknown. Qrrent techniques to investigate the downstream effects of epigenetic enzyme
modulation are currently limited\s such, it is not knowwhetherthere are significant

changes in global DNA methylation or histone acetylation after Aiedtment of cells
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Given that AF4 inhibied DNMT1 while upregulatig DNMT3A, it seemgpossible that
AF4 couldreversegpromoter hypermethylation and global hypomethylaiommonly
seen in cancer3 he downregulation of DNMTtould lead to thelemethylation of
tumour suppressor genasnceDNMTL is responsible for maintaining the methylation
profile of cells undergoingidision. The upregulation iprotein levelof TET2by AF4
treatmensupports the idea of tlitiemethylating effect of AF4yhich could occur
actively through the activity of TET2 rather than passively through the absence of
DNMT1. Whetherdemethylatiorfrom these processasuld be specifior notis
unknown The ability of DNMT3A to methylate DNA at new sites the genome may
help restore genomic stabilitlowever, as research into the signalling mechanisms for
DNA methylationarelacking, the significace of this change cannot be known for certain.
Because of thAF4-mediatednhibition of one DNMT and the upregulation of another,
its also hard to sayhetherAF4 has the potential to induce the viral mimicry state as
described byroulois et al(2015) which could possibly give the potential to recruit
immune cells for cancer cell eliminatio@iven the ability of AF40 impact
inflammation(Warford et al., 2014howevae;, it is not knownhow this effecmightplay
out within a living systeneven if itoccurs.

A similar conclusion can be drawegardingthe histoneacetylatiormodifying
effects of AF4. One study has suggested that HDAC2 is directly involved in the
inhibition of Akt andinhibition of downstream targets mTOR aNé&-a HBn
hepatocarcinomeells(Noh et al., 2014)Althoughmy findings suggest that mTORas
not activated in response to ARdis still unknownwhetherAF4 can affecNF-a B

signalling in breast cancer cel8uch an effect magxplain why HDAC2 inhibition is
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seen with so many phytochemic#iat exhibitanticancerctivities(Dhar et al., 2015;
Lee et al., 2011; Park et al., 2017)

Studies into the effects of phytochemicalsHATSs arecurrently limited, and as
such not many comparisons can be m&iecumin nducesroteasora-dependent
degrad#don of CBP while having no effect on GCN5 or PC@Amakur et al., 2014)
However studies orthe phytochemicals present within AFé&ve producedonflicting
results. @ercetinincreasesistone acgylation through HAT activationwhile EGCGis a
potent HAT inhibitor(Gianfredi et al., 2017; Thakur et al., 201¥4pwever, AF4only
downregulate§SCN5 protein levelswith a decrease in histone acetylatibhis, despite
thefact thatAF4 containsmainly quercetin glycosides, suggesting that these glycosides
either do not have any HAT inhibitory effects and thatatier componentsf AF4 are
inhibited GCN5, or thathese glycosides hawm effectoppositeto thatof their parent
compoundlt is also possibl¢hat the small amount of catechins presem{F4 aremore
potentmodulators oHAT activity than quercetinSinceH3K27 acetylatiorwas
downregulated upon AF4 treatment, HAT inhibitioiy have overcomdDAC
inhibition to alter histone acetylationpweveronly two acetylation sites were
investigated in thistudy

Although interestingmy findings do noshowcausality between epigenetic
changes induakby AF4 andts anticancer effectsAt thistime, it is not known whether
these changes protein levelf epigenetic machinenyerean indirect result of AF4
exposure. In this case, rather than AF4 direatigcting theproteinexpression of these
epigenetic enzymes, tihevelsof these enzymesould bealtered by the celh order to

upregulatecellular defenses in response to AMbreover, it is not knowmhether AF4
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can affect thenzymaticactivity of these proteindNeverthelesstis possible that the
changes in thievelsof epigenetic proteinwerea direct result of phytochemical
treatment, as is seen wibtherphytochemicals such as EGCG and PE(F&ng et al.,
2003; Park et al., 201.7%inceAF4 contains catechings likely thatDNMT1 inhibition
wasadirect consequence of AF4 exposWHATs usually have proteitargets that are
not epigenetic related, such as p53 (Glozak et al., 2005; Linares et al., 2007). As such, it
is unclear whether the inhibition of these HATs serves the purpose of epigenetic
modulation or for modulation of other proteins within the,@thoughAF4 seemed to
affecthistone acetylatiorAs for DNMTS, it is uncertaiff changesn protein levels
caused by AF4ead to downstream global changes in the epigenbimeethelessiF4-
mediated epigenetic changes should be investigated furthenag firovide novel

targets forcancerprevention and treatment.

4.7 Study Limitations

Although the results of this project highlight the potential of using phytochemicals as
anticancer agents, certain limitations existst, as AF4 is a plant extradhe exact
composition of AFdmayvary from batch to batch. Although the useL@¥/MS allowed

for the determination of the abundance of each compound in eachrgidelq batches

are likely tobe exactlythe samgwhichposesaproblem in terms of reproducibility of
data,i.e.,the trends may be the same, but the required dose to attain such an effect may
differ from batch to batcHn addition,thecolour of AF4influencesthe data obtained

from a numbef the techniques used this project For example, MTTssaysthe dark

colour of AF4 at high concentrations has a significant impact on the absorbance obtained
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from each well. Although cefree controls weresedto allow for the subtraction of the
background absorbance frohir4-containing cell cultureghis is not a perfect solution to
the problem. Thenherent fluorescenaaf AF4 also affects data obtained from flow
cytometry. Although cells were washed after AF4 treatment, it is possible that residual
AF4 present in the tls was a confounding factolcastly, the stability of AF4 is not
knownbut may be an issuEBor exampleacylated anthocyanirfeund in acai berries are
less temperaturstable than their neacylated counterpar{®el Pozelnsfran et al.,

2004) Given that the majority of AF4 is composed of quercetin glycosides, the activity
of AF4 may change depending on haW4 is handled anthe length of culture of AF4
treated cellsThe issue oAF4 stability may not be asnportantin in vivomodels due to
metabolism and excretiphoweverthere would be a much larger number of metabolites
resulting from AF4han with singlgophytochemicatreatments. This makes it even more

likely thatin vivoandin vitro effectsof AF4 may differ.

4.8 Future Directions

As previouslymentioned, the mechanidmy which AF4 produces its antiancer effects

is still not knownTo confirm that apoptosis is not the pathway induced by gdfinal
deoxynucleotidyl transferase dUTP nick end labeling (TUN&says could be used to
detect DNA fragmentation, which is seen in apoptosis. The cytoplasmic levels of
cytochrome ¢ and apoptosisducing factor could also be probed with western blots to
confirm apoptosigndependent cell death as well as to determine the involvement of the
mitochondria damage in AF4 cytotoxicity terms of cell death pathways, the utitina

of a necroptosis inhibitor as well as probing for activated components in the signalling
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pathway for necroptosis maleterminevhether AF4 induces necroptosis in breast cancer
cells. As for cell proliferation pathways, IKB kinaSshould be investigad as a

potentialAkt activator, along with downstream NB activation to explaithe inhibitory

effect of AF4 oncell proliferation and survival signal&F4-mediatednhibition of NF-

8 Bwould support the idea that AF4 induces cell death by necroptosis-asBseems to

play a role in thenduction of necroptosi@berst, 2016)Alternatively,the ROS

produced by AF4 could induce oncosis, a form of cell death that results from excess ROS
(Zheng et al., 2017 These results would allow for the better understanding of how AF4
affectscarcerous and noeoancerous cells.

SinceAF4 exhibitedsome epigenetic modulatory capabilitidee significance of
these findings should HartherinvestigatedIn particular, the mechanism by whiék4
induces epigenetic changes, as welhaw theseeffectsare involved in thenticancer
effectsof AF4. The use of lower doses of AF4 and longer exposure may yield improved
understanding aheseepigenetieffects.It is possible that the short and long term
epigenetic effectef AF4 maybe differentas seen in one study the epigenetic effects
of the phytochemicallenethyl isothiocyanate (PEIT(ark et al., 2017)n this study,
high-dosePEITC treatmentor 72 hhaslittle effecton the binding omostHDACs and
HATs to chromatinhowever lower dose treatment for 6 wegk®duced anuchgreater
effect, and in some cases modulated HDAC and HAT chromatin biddfegently than
was seenvith shortterm treatmen{Park et al., 2017)n addition, the epigenetic effects
of AF4 can be investigated further with chromatin immunoprecipita@drnR)-
sequencindo investigate any differences in DNA binding of epigenetic enzymes whose

protein levels were affected by AF4 treatment.
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Drug resisance studies could also be conducted with AF4 given its ability to
inhibit Akt signallingand affeciprotein levelof epigenetic enzyme#\kt playd a role in
drug resistancthrough the PI3K/Akt pathway, and it has been suggested that
downstream activain of mTOR by this pathway activates DNMTSs to increase the
expression of proteins involved in cellular drug effidartin et al., 2014)Although
AF4 dd not seem to affect Akt signalling through the PI3K/Akt pathvetydies with
the Akt inhibitor perisofine in drugesistant MCF7 breast cancer cells have shown that
Akt inhibition improvedthe cytotoxicresponse to doxorubiciiin et al.,2012)
Perisofine reduaesignalling throughhe Akt/NF-a B p a talong avith partial
downregulation of Rjlycoprotein (Pgp), a wellstudied drug export proteimplicated in
chemoresistance ofiany cancerfLin et al., 2012)It is also possible that AF4 may
inhibit drug exporimechanisms, dsas already beeseenwith a variety of
phytochemicalsincluding 6égingerol, capsaicin, curcumiandresveratrglall of which
inhibit the function of the drug efflux proteindPycoprotein(Nabekura et al., 2005)
ROSsynergizes witltonventional therapeuti¢s overcome drug resistance by
overwhelming endogenous antioxida(Esachootham et al., 2009 inceradiation
therapies andome chemotherapy druggher directly or indirectlgauseROS
productionin cancer cellshat results irapoptosis, its likely that an increase in tolerance
to ROS by cancer cells plays a role in drug resistérateould be overcome visynergy
of AF4-inducedROSand radie or chemotherapynduced ROS(Trachootham et al.,
2009) AF4 inhibited DNMT1 proteinexpressionbutincreasedNMT3A protein
expressionleading to the question as to whettiés modification inlevels of epigenetic

proteins leadto any changes promoter methylation for these export proteins

70



Studies on the metabolites of AF4 produced by the liver would also allow for
better predictions of the effects of AF4 in the human body. As foreign compounds are
subject to metabolism by the liver in pegation for excretion, the bioactivity of these
compounds may provide some clues as to how AF4 would béhaixe. The bioactivity
of these metabolites would also allow for the prediction of the efficacy of enaigsted

AF4, as AF4 would be subjed first-pass metabolism after absorption in the intestine.

4.9 Summary and Conclusions

This study showthat AF4 possesses numerous-gaticer effects, some of which differ
from the compounds that compria&4 (Figure 29).Thecombined effects of the
components of AF#nay contribute tats selectivity towards cancer cells. AF4 inddce
morphological changen triple-negative breast cancer cells withaffectinghealthy
epithelialcells andnhibitedthe growth of breast cancer cells in a tiraed dose
dependent manner. Although ARAsless potent than its main componeqtercetin,
AF4 was morefor breast cancer cells in terms of growth inhibition and cytotoxicity
Although AF4 inducd ROSdependentytotoxicity and mitochondrial membrane
damagen breast cancer cells, the mechanism for this effect is currently unknown as AF4
did notactivate caspases BARP1, which aréndicatorsof apoptosisAF4 inhibitedthe
proliferation of breast cancer cells via the induction o€€ll cycle arrestwhichwas
accompanied by the decreagedtein levelof cyclin D3, CDK4, and CDK6nvolved

in the progression dhe cell from the @phase of the cell cycle to the S phasighough
the mechanism behind the astirvival and antiproliferativeffects of AF4are currently

unknown, AF4causedhe inhibition of Akt through a RG8ependent mechanisthat

71



did not affectother components of ¢hPI3K/Akt pathwayDownstream targets of Akt
that were not affected by AF4 inclulsnTOR andb-catenin.The ERK/MAPK pathway
wasalsoaffected by AF4but theeffect was cell linalependentLastly, AF4 affecédthe
protein levelof severalkenzymes involved in epigenetic modulation in both triple
negativebreast canceand healthy cells. Thesdfects included inhibitiowf DNMT1,
upregulation of DNMT3A, upregulation of TET@hibition of HDAC2, and inhibition of
GCNb5. Although HDAC2 wastronglyinhibited by AF4, there seemed to be no effect on
H3K9 acetylation, whreadH3K27 acetylation was downregulated.

Togetherthese findings indicate thAf-4 shows promise as a selective
therapeutic fotriple-negative breastancer that coulgossiblybe usedo improve the
effect ofcurrent therapeutidsased on its ability to produce ROS. The addition of ROS to
cancer cells couldausehard to treat breast cancéoshecome more sensitive doti
survival signalghatinitiate cell death pathwayAlthough not currently well understood,
the epigenetic effects could also have-aaticer or chemopreventative effects, which
could assist in the antiancer effects of ROS or prevent cancers from forming in the first
place.

Despte the potential of AFdmore work needs to be done to confirm its safety
a living organismThemajorrole that ROS plagin AF4-mediatedcytotoxicity implies
potential side effect$ncluding decreased wound healing, modulation of inflammation,
and the risk of oxidative stress. Together, these effects duaNeélifelong effects in
patients or even promote the formation of new cantkraever, research into novel
drug delivery systemsuch as targetathnoparticles may help circumvent these effects.

Further studies into the mechanisfAF4-mediated cytotoxicit@nti-proliferative effect
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arealso needdto better understand how AF4 interacts with both cancerous ard non
cancerous cells. Nonetheless, the findiofhis studyhave laidthe groundwork for

futurepre-clinical studies of AF4, whicdeterminevhetherAF4 might benefit patients

with triple-necative breast cancer.
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APPENDIX A: TABLES

Table 1. Concentration of AF4Components Adapted from Sudan and Rupasinghe,
(2014)

Compound Concentration (mg/mL)
Flavonols 8770.7
Quercetin 9.9+ 0.3
Quercetin3-O-paltoside 63.8+ 2.4
Quercetin3-O-rutinoside 1535.7+ 46.2
Quercetin3-O-galactoside 2914.%72.8
Quercetin3-O-glucoside 1474.8+ 58.9
Quercetin3-O-rhamnoside 2771.6x77.5
Phenolic acids 1264.7
Chlorogenic acid 1221.1+31.2
Cafeic acid 43.6£ 2.0
Flavan-3-ols 1151.1
Catechin 106.8+ 3.7
Epicatechin 1044.3+ 36.8
Anthocyanins 559.4
Cyanidin3-O-galactoside 559.4+ 16.7
Dihydrochalcones phloridzin 386.8+13.6
Total phenolics 12132.7
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Table 2. Anti-Cancer Effects of Widely Studied Phytochemicslso Found in AF4

Phytochemical | Cell cycle Anti - Cell death Epigenetic
inhibition | proliferation mechanism effects

mechanism

Quercetin G2 PI3K/Akt Apoptosis DNMT1, HDAC
(Rivera (Rivera (Khorsandi et al., 1 and Zinhibition
Rivera et | Riveraetal., | 2017) (Bishayee et al.,
al., 2016) | 2016) 2015)

EGCG G2 NFaB (Gu et | Caspasalependent | DNMT1, HAT
(Gianfredi | al., 2013) apoptosigGianfredi | inhibition (Choi
et al., et al., 2017) et al., 2009; Lee
2017) et al., 2012)

Cyanidin3-O- | Unknown | Unknown Unknown Unknown

galactoside

Phloridzin No effect | No effect No effect(Fernando | Unknown
(Fernando | (Nair et al., | etal., 2016)
et al., 2014)

2016)
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APPENDIX B: FIGURES

Figurel. Overview ofthe Cell Cycle Progression through the cell cycle is controlled by

the expression of cyclins and CDKs. Progression through the G1 stage of the cell cycle is
partially mediated by th® cycling whichcoupleto CDK4 and CDK®6 This results in
phosphorylation and inactivat ofRb. The coupling of E cyclins with CDK2 also

contribute to the progression from the G1 stage to the S pResgresson fromthe S

phase to the G2 phasemediated by the coupling GDK2 with the A cyclinsLastly,

CDK1 activation by both A and €yclinsis required for th@rogression from the G2

phase into the M phase
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Figure2. PI3K/Akt and MAPK/ERK Signalling Pathway¥he PI3K/Akt and
MAPK/ERK pathways are two extensively studsgdnallingpathwaysnvolvedin
cancerfinitiation and progressio he binding of external growth factors signfar the
phosphorylation and activation of numerous proteins in both pathwhidh ultimately
lead to increased cell survivahdcell proliferationsignals This is accomplished via the
upregulation of presurvival gene expression and downregulation ofgpoptotic gene
expression to prevent cell death, and the dysregulatitreafell cycle, leading to
uncontrolled cell proliferatiorDysregulation of the PI3K/Akt and MAPK/ERK pathways
can occur through a variety of mechanisms, including the@aression of extracellular
receptors, oveexpression of genes within these sifing pathways, or gene mutations
in tumor suppressor genes that would otherwise inhibit the increase in survival and
proliferation signals.
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Figure3. Structures of Major AF4 Componengsvariety of phytochemicalare present
in AF4, some of which are shown here. The @aincer effects of some of these
phytochemicalfiave beeintensively studied in numerous cancensl show potential to
serne as selective cancer treatment agents.
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Figure4. ROSMediated AntiSurvival and Growth Inhibitio®signallingPathways
Numerous antgrowth pathways are thought to ineluced byROSmediated effects in
cells.These include RO&ediated activation of PP2&hich in turn activates Akt,
GSK3, andb-catenin. Other pathways include3g and INKMAPKSs. These pathways
all work to promote apoptosis and inhibit proliferation signals in theacellcan be
activated by mitochondrial ROS that are released as a consequergrelst fair
apoptosior damage to mitochondrial membranes
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Figure5. AF4 Induces Morphological Changes in MBMB-231 and MDAMB-468
Breast CanceCells but Noin MCF10A EpithelialCells MDA-MB-231 and MDAMB-
468triple-negativebreast cancerellsand transformetut normalignantMCF10A
epithelialcellswere treated with0 pg/mL of AF4 for 24 h to determine if AF4 indute
any morphological changeArrows represent cells with changes in morphology that
differ from the nortreated cellsRepresentative images shown from three independent
trials. Image®f cells wereobtainedwith a phase contrast microscope at 200 x
magnification.
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Breast Cells but Not in MCF10A Epithelial Cells
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Figure6. AF4 and Quercetin Inhibit the Growth of a Panel of Breast Cancet.i@eB in
a Dose and TimeDepen@nt Manner in an MTT Assayhe growth inhibitory effects of
AF4 werecompared to those of quercetin against a panelezfst cancer cell lines as
well as healthy cell lines in an MTT assay. These cell lines indlnodsnanMDA -MB-
231triple-negativebreast cancer csll(A), MDA -MB-468triple-negative breast cancer
cells(B), hormonereceptompositiveMCF-7 breast cancer cell€), HER2
overexpressing SKBRreast cancer cel(®), and MCF10Atransformed epitheliatells
(E). Murine 4T1triple-negativemammary carcinoma csl(F) and HC11ransformed
epithelialcells (G) were also use@ells wereseededht 5 x 16 cellsperwell in a flat
bottom 96well plateand allowed to adhere overnighfter incubation, cells were
treated with various concentrations (2mL -200ug/mL) of AF4 and quercetin for 24,
48, and72-h. After culture MTT was addednd solubilized with DMSQAbsorbance
values werehenread andhormalized relative to theedium control. Data represendtas
mean values + SEM difve independent trialsSignificant reductions in growtlvere
determined by ANOVA with th&ukey-Kramea multiple comparisons pos$ést with *
used to represent significant differences to the medmmirol, and # used to represent
significant differences between timepoints< 0.05 denoted by * or #% 0.01 denoted by
** or ##, and< 0.001 denoted by *** or ###.
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Figure7. AF4 and QuercetiiReact with MTT The absorbance values of AF4 and
guercetin with MTT in the absence of cells was determiA&d.and quercetiat various
concentration$25 pg/mL-200 pg/mL)was aliquoted into an emptiat-bottom 96well
plateand left b incubate for 24 h. These also served asfaed controls for MTT. MTT
was then added to each well and allowed to incubate for an additioro@razan
crystals werehendissolved in DMSODatashown asnean values + SEM of three
independent trialsSignificance was determinday ANOVA with theTukey-Kramer
multiple comparisons pos$ést and is denoted by * fgr< 0.05 ** for p <0.01,and ***
for<0.001
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Figure 7. AF4 and Quercetin React with MTT.
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Figure8. AF4 and Quercetin Inhibit the Growth of Breast Cancer Cell Lines in a-Dose
and TimeDepen&nt Manner in an Acid Phosphatase Assye growth inhibitory

effects of AF4 and quercetin were confirmed with the acid phosphatase Hessg.cell
linesincluded human MDAVIB-231 triplenegative breast cancer cells (A), MEMB-

468 triplenegative breast cancer cells (B), hormone receptatiyoMCF-7 breast
cancer cells (C), HER@verexpressing SKBR breast cancer cells (D), and MCF10A
transformed epithelial cells (E). Murine 4T1 triglegative mammary cancer cells (F)
and HC11 transformed epithelial cel8) were also used. Cells were deé at 5 x 19

cells per well in a flabottom 96well plate and allowed to adhere overnight. After
incubation, cells were treated with various concentrations (25 pegZ6.pug/mL) of

AF4 or quercetin for 24, 48, and #®ur timepoints. After treatmengcid phosphatase
substrate was addedibsorbance values were then read and normalized relative to the
medium controlDataare shown amean values + SEM of three independent trials.
Significance was determined by ANOVA with thekeyKramermultiple compaisons
posttest, and is denoted by * forq0.05, ** for p< 0.01, and *** for<0.001.

Differences between time points are denoted by # for p < 0.05, ## for p < 0.01, and ###
for < 0.001.
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Figure9. AF4 isaMore Selectivdnhibitor of Breast Cancer Cell Growirhan Quercetin
in MTT and Acid Phosphatase Assayhe growth inhibitory effect of AF&nd quercetin
were compared on breast cancer cellstaalthy MCF10A cells with MTT anecid
phosphatase assayst-4 (A) and quercetin (B) at 1Q@/mL was used to treat a panel a
breast cancer cell lines and the healthy epithelial cell line MCF10A foy &2dhthen the
growth was measuragiith the MTT assayObservations of growth inhibitory responses
were comparetb those of the MCF10&ells. Thegrowth of MCF10A cells following
exposurego AF4 or quercetin in MCF104Aells for 72 h was compared with MTT and
acid phosphatase assays (@atashown asnean values + SEM difve independent
trials. Significance was determined by ANOVA with thekey-Kramermultiple
comparisons podest, and is denoted by * forg0.05, ** for p< 0.01, and *** for<
0.001.Differences betweeAF4 and quercetiare denoted by # for p < 0.05, & p <
0.01, and ### for < 0.001.
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Figure D. AF4 and QuercetiSelectivelyinduce Cell Death in MDAVIB-231 and
MDA-MB-468Breast CanceCells in a Trypan Blue Assa¥he ability of AF4 to kill
breastcancer cells was determined with a trypan blue aséBy-MB-231 (A),and
MDA-MB-468 (B)triple-negative breast cancer celmdMCF10A epithelialcells(C)
wereseeded at a density of 20,000 cells per well for and allowed to adhere overnight
prior to treatment with AF4or quercetin at variousoncentrations30 pg/mL -100

png/mL) for 24 h, 48 h, and 72 Kiells were then stained with trypan blue and the
percentage of live cells found in the population was normalized to the medium control.
Dataareshown asnean values + SEM of three independent trials. Significance was
determined by ANOVA with th&@ukey-Kramermultiple comparisons pos$ést, and is
denoted by * for p< 0.05, ** for p< 0.01, and *** for< 0.001.
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115



Figurell. AF4 and Quercetire FluorescentThe fluorescence of celesxposed to AF4
(A) or quercetin(B) for a brief period of timaevas determined with flow cytometry.
MDA-MB-231 ells were plated at a density of 50,000 cells per well imelbplate and
allowed to adhere overnigt@ells were then treated with 50 pg/mL of AF4 or quercetin
for 15 min so that theompoundsvere taken into cellsvhich werehen washed and read
on the flow cytometer.
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Figure 2. AF4 Causes Dosand TimeDependent Cell Death in MDMB-231 and

MDA -MB-468Breast CanceCells in a FAAD Assay. The cytotoxicity of AF4 was
confirmed with7-AAD staining and FACSMDA-MB-231 (A)andMDA-MB-468 (B)
triple-negative breast canceellswere seeded at a density of 50,000 cells per well in a 6
well plate and allowed to adhere overnight. Cells were then treated with AF4 (30 pg/mL
T 100 pg/mL) for 24, 48, and 72 Cells were stained with-AAD for 5 minutes prior to
reading in a flow cytonter atFL3. Representative histograms are provided for vehicle
and100 pg/mLof AF4 treatment after 24 h and 72 h of treatnrdentach cell line

Marker 1 (M1) represents live cells while Marker 2 (M2) represents dead2afésare
shown asnean valuez SEM offour independent trials. Significance was determined by
ANOVA with the Tukey-Kramermultiple comparisons posest, and is denoted by * for

p <0.05, ** for p< 0.01, and *** forp <0.001.Differences betweetime points are
denoted by # for p €.05, ## for p < 0.01, and ### for < 0.001.
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Figure B. AF4 Causes DosPependenselectiveCell Death in MDAMB-231 and

MDA -MB-468Breast CanceCells in an AnnexifV 488/PIFlow Cytomety Assay The
cytotoxicity of AF4 was confirmed witAnnexinV 488/Plstaining which allows for the
differentiation of live cells, cells in the early stages of apoptosis, and cells in the late
stages of apoptosis or necroddDA-MB-231 (A), MDA-MB-468 (B), and MCF10A
(C) cells were seeded at a density of 50,000 cells per well-weall late and allowed to
adhere overnighCells were thetreated with AF430 pg/mL7T 100ug/mL) for 24, 48,
and 72h. Cells were stained witAnnexinV 488andPI 15 min prior to reading in a
flow cytometer aFL1 (for AnnexinV 488)and FL2(for PI). Representativdot plotsare
provided foreach cell lineafter 72 h of treatmenDataare shown amean values =+ SEM
of three independent tr&l Significance was determined by ANOVA with fhekey
Kramermultiple comparisons posést, and is denoted by * forg0.05, ** for p< 0.01,
and *** for < 0.001.
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B. MDA-MB-468
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B. MDA-MB-468
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Figure 4. AF4 Produces Peroxide Radicals in MD#B-231 and MDAMB-468 Breast
CancerCells The ability of AF4 tacause production gderoxide radicls in breast cancer
cells was determined with an Amplex red assay. MBB-231(A) and MDA-MB-468

(B) breast cancer cslivere seeded at a density of 5,000 cells per well in-ddtbmed

96 well plate and allowed to adhere overnight. Cells were thetedraath AF4(50

pg/mL or 100ug/mL) or the known peroxide radical indudeé6GCG, which acted as the
positive controlAs AF4 is red in colouras well as to control for the possibility that AF4
inducesROS in medim alone a cellree control was used ((pataare shown amean
values £ SEM of three independent trials. Significance was determined by ANOVA with
the Tukey-Kramermultiple comparisons poséest, and is denoted by * forg0.05, **

for p<0.01, and *** for< 0.001.
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Figure 14. AF4 Produces Peroxide Radicals in MDAMB-231 and MDA-MB -468
Breast CancerCells
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Figure B. AF4 InducesROSAccumulationin MDA-MB-231 and MDAMB-468 Breast
CancerCells. TheintracellularROSinducingeffects of AF4 were confirmed th the
DCFDA assayMDA-MB-231 (A) and MDAMB-468 (B) breast cancer cells were
seeded at a density of 5,000 cells per welhmpaquédlat-bottomed 96 well plate and
allowed to adhere overnight. Cells watained with DCFDA thetreated with AF4 (50
pg/mL or 100 pg/mL) or EGCG, which acted as the positive coriRedhdings were
obtained at 2 h and 24 h pdstatmentDataare shown asean vlues + SEM of three
independent trials. Significance was determined by ANOVA withiTtileey-Kramer
multiple comparisons pos$éest, and is denoted by * forq0.05, ** for p< 0.01, and ***
for < 0.001.Differences between treatment groups is denotegifbyp < 0.05##for p <
0.01, and###for < 0.001
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Figure 15. AF4 InducesROS Accumulation in MDA -MB-231 and MDA-MB -468
Breast CancerCells.
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Figure B. AF4-Induced Cell Death is RG&pendent. The involvement of ROS in AF4
mediated cell death was examined with an Ann&k4B88/PIflow cytometryassay.
MDA-MB-231 (A)andMDA-MB-468 (B)breast cancerells were seeded at a density of
50,000 cells per welhia 6well plate and allowed to adhere overnightme cultures
were then préreated with20 mMNAC. Cells were then treated with AF4 (30 pg/mL
100 pg/mL) for 24h, and therstained with AnnexifV 488 and PI 15 min prior to
reading in a flow cytometett &L1 (for AnnexinV 488)and FL2(for PI). Representative
dot plots provided for MDAVIB-231 cells. Dataare shown amean values = SEM of
three independent trials. Significance was determined by ANOVA withiukey
Kramermultiple comparisons posést, and is denoted by * for p < 0.05, ** fok®.01,
and *** for < 0.001. Differences between treatment groups is @enoy # for p < 0.05,
## for p< 0.01, and ### fox 0.001.
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B. MDA-MB-468
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Figure 16. AF4-Induced Cell Death is ROSdepencdent
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Figure I7. AF4-InducedBreast CanceCell Death is Exacerbated by Iron Chelatidhe
involvement ofiron in AF4-mediated cell death was examined with an Ann&k4B83/PI
flow cytometryassayMDA-MB-231 (A) and MDAMB-468 (B)breastcancercells
were seeded at a density of 50,000 cells per well hwalbplate and allowed to adhere
overnight.Some culturesvere then prareated with2 5 ¢ dFEilon chelator) Cells
were then treated with AF4 (30 pg/nilL00 pg/mL) for 24 hand therstained with
AnnexinV 488 and PI 15 min prior to reading in a flow cytometd¥lat (for Annexin
V 488)and FL2(for PI). Representative dot plots provided for MEMB-231cells. Data
are shown amean values + SEM of three independent trigilgnificance was
determined by ANOVA with th&@ukey-Kramermultiple comparisons pos$ést, and is
denoted by * for p < 0.05, ** for g 0.01, and *** for< 0.001. Differences between
treatment groups is denoted by # for p < 0.05, ## f00®1, and ### o< 0.001.

135



A. MDA-MB-231

FL2-H

% Cell Death

Vehicle 50 pg/mL 50 pg/mL+ DFE
0.52% 459%|  1"'J1067% 2357% 10 To50% . 23949
1073 10°3
:Il: I
E 10°3 gl 107 3
10" e
57.75%. . . 58.08%
107" y '2 . y 10° ‘
10 10 oy 10 10 10 10 F?_OZ—H 107 10
100 pg/mL 100 pug/mL + DFE
10" Jo.26% 40429 10 T15.57%
10*3
T x
10' 3
{10.82%
10“ T
10° 10’ Fi_012-H 10° 10*
100+ .
# @l Early Apoptosis
80 ' **I* ] Late Apoptosis/Necrosis
T
60+
40+ * * *k
201
0-
F & £ &
N ¢ ¢

AF4 Concentration (ug/mL)

136



B. MDA-MB-468

100 .
@l Early Apoptosis
80- ko [ Late Apoptosis/Necrosis
- e
= **
& 60-
a)
8 401
L
204
0_
O O <

AF4 Concentration (pg/mL)

Figure 17. AF4-Induced Breast CancerCell Death is Exacerbated by Iron Chelation
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Figure B. AF4-InducedMitochondrialMembraneDamage is RO$8lependenbut Not
Iron-depenent. Theability of AF4 to induce damage in mitochondrial membranes, as
well as thenvolvement ofROS andron in this processyas examined with DIOGs.
MDA-MB-231 (A) and MDAMB-468 (B)breast cancezells were seeded at a density of
50,000 cells per well in awell plate and allowed to adhere overnight. Certain cells were
then pretreated witi?0 MMNAC or2 5 ¢ dFEnCells were then treated with AF4
(50 ug/mL or 100 pg/mL) for 24 h. Cells were stained withOC6 15 min prior to

reading in a flow cytometer at FLCells within the first marker (M1) represent cells
with damaged mitochondrial membranBepresentative histograms are provided for 48
h of AF4 treatmentDataare shown amean values + SEM difve independent trials.
Significance was determined by ANOVA with thekeyKramermultiple comparisons
posttest, and is denoted by * for p < 0.05, ** for p < 0.01, and *** for < 0.001.
Differences between treatmiegroups is denoted by # for p < 0.05, ## for p < 0.01, and
### for < 0.001.
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A. MDA-MB-231, 24 h
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A. MDA-MB-231, 48 h
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A. MDA-MB-231, 48 h
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B. MDA-MB-468, 24 h
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B. MDA-MB-468, 48 h
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B. MDA-MB-468, 48 h
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Figure 18. AF4-InducedMitochondrial Membrane Damage is ROSdependentbut
not lron-depencent.
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Figure19. BreastCancer Cells Are More Sensitive to Peroxide Treatrtreart MCF10A
Epithelial Cells. The growth inhibitory effects dfl.O. on MDA-MB-231 (A) and MDA
MB-468 (B)triple-negative breast cancer ceNserecompared to MCF10A&pithelial

cells (C). Cells were seatl at 5 x 18cells per well in a flabottom 96well plate and

allowed to adhere overnight. After incubation, cells were treated with various
concentrationsf H20O2 (25 pM -200 pM) for 24 h. After treatment, MTT was added and
solubilized with DMSOAbsorbance values were then read and normalized relative to the
medium contralDataare shown amean values + SEM of three independent trials.
Significance was determined by ANOVA with thekeyKramermultiple comparisons
posttest, and is denoted byfér p < 0.05, ** for p < 0.01, and *** for < 0.001.

Differences between treatment groups is denoted by # for p < 0.05, ## for p < 0.01, and
### for < 0.001.
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Figure D. AF4-Induced Cell Death is Not Casp&a3epenent andDoes Notinvolve
PARP1 CleavageThe capability of AF4 to induce apoptosis in tripkegative breast
cancer cells was investigated with westelatting for caspases and PARP1, which are
involved in apoptosisrotein isolates of MDAVIB-231 (A) and MDAMB-468 (B)
triple-negative breastancer cellsreated with AF440 pg/mL and50 pg/mL) with or
without 20 mM NAC pretreatment for 72 h werglotted andorobed fortotal and cleaved
caspases and PARMistograms are shown only fancleavedtaspases and PARP1.
Dataare shown amean values + SEM of three independent trials. Significance was
determined by ANOVA with th&ukey-Kramermultiple comparisons posest, and is
denoted by * for p < 0.05, ** for p < 0.01, and *** fpr< 0.001.
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B. MDA-MB-468
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Figure 20. AF4-Induced Cell Death is Not Caspas®ependant andDoes Not
Require PARP1 Cleavage
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Figure2l. AF4 Does Not Affect th@rotein Levelof the Housekeeping Gen€aAPDH,
Tubul i #Actin. &he dffedd of AF4 on thprotein levelof housekeeping gesen
MDA-MB-231 triplenegative breast cancer cellas determinetly western blottingo
ensure that normalization of western blot data was as accurate as pOsgdree

shown asnean values + SEM of three independent trials. Significance was determined
by ANOVA with the Tukey-Kramermultiple comparisons posest, and is denoted by *
for p < 0.05, ** for p < 0.01, and *** for < 0.001. Differences between treatmentps

is denoted by # for p < 0.05, ## for p < 0.01, and ### for < 0.001.
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Figure22. AF4 Inhibitsthe Proliferationof MDA -MB-231 and MDAMB-468Breast
CancerCells The ability of AF4 to inhibit cell proliferation wasxamined with the
Oregon Greefflow cytometryassay. MDAMB-231 (A) andVIDA-MB-468 (B) cells
were serum starved for 20 h then seeded at a density of 50,000 per wellvell plite
Cells wereallowed to adhere overnigtiten stained with Oregon Green prior to treating
with AF4 at 20ug/ mL, 30pg/ mL, and 40ug/ mL for 72 h. Representative histograms
are shownDataare shown amean values = SEM dbur independent trials.
Significance was determined by ANOVA with thekeyKramermultiple comparisons
posttest, and is denoted by * for p < 0.05, ** for p < 0.01, and *** for < 0.001.

152



A. MDA-MB-231
Vehicle AF4, 20ug/mL

90 90
68 - | 68 -
45 1 v\ | 45 1
!
23- fl | 231
|
A ;
0 : R 0 P
10° 10" 10° 10°
FL1-H
AF4, 30pg/mL
90 20
68 - 68 -
45 45 -
23- 23-
0
10° 10 10°

4-
3

)

c

=l

%)

= 2

(@)

D

O 14
0-

3 D e ©
AF4 Concentration (pg/mL)

153



B. MDA-MB-468
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Figure 22. AF4 Inhibits the Proliferation of MDA -MB-231 and MDA-MB-468

Breast CancerCells.

Figure B. AF4 Induces @G; Cell Cycle Arrest in MDAMB-231 and MDAMB-468
Breast CanceCells. The ability of AF4 to inhibit cell proliferation was examinterither
with cell cycle analysisVIDA-MB-231 (A)and MDA-MB-468 (B) cells were serum
starved for 20 h then seeded at a density of 50,000 per wellivetl flate. Cells were
allowed to adhere overnight prior to treating with AF4 at 20 ug/ mL, 30 pg/ mL, and 40
pg/ mL for 72h.Cells were theffixed, staned with PI, and read at FL2 at a rate of 50
cells per secondRepresentative histograms are sholyata represented by mean values
+ SEM of four independent trialSignificance was determined by ANOVA with the
Tukey-Kramer multiple comparisons petst and is denoted by * for p < 0.05, ** for p
< 0.01, and *** for p < 0.001.
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B. MDA-MB-468
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Figure 23. AF4 Induces G/G1 Cell Cycle Arrest in MDA-MB-231 and MDA-MB -
468Breast CancerCells.
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Figure 24.AF4 Downregulateshe Protein Levelof G; Cell Cycle Proteins Cyclin D3,
CDK4, and CDK6 in MDAMB-231 and MDAMB-468Breast CanceCells Protein
isolates of MDAMB-231(A) and MDA-MB-468 (B) triple-negative breast cancer cells
treated with AF4 (2Qug/mL and 4Qug/mL) for 24 h and 48 lwereblotted and probed
for the protein levelof cyclins and CDKsDataare shown amean values + SEM of
four independent trials. Significance was determined by ANOVA witf they-Kramer
multiple comparisons pos$est, and is denotday * for p < 0.05, ** for p < 0.01, and ***
for p< 0.001.
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A. MDA-MB-231, 24 h
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B. MDA-MB-468 48 h

Cycin A, 48 h Cycin D3,48 h

S15 5 15-

: !

2

o

& 1.0 o 1.0-

=

E 0.5- & 05-

2 2

B 8

& 00- £ 00-

& P ®
&
AF4 Conceniration (pg'ml)
CycinE1,48 h

E 1.5+ E 15+

3' 1.0 s' 1.0

= =

8 8

& 05- & 05-

£ £

o ]

2 ao 2 ao

& » » * » ®
& &
AF4 Conceniration (pgfml) AF4 Conceniration {(pgfml)

165



CDK1,48 h CDK4,48 h

§ 1.5 5 1.5
,ﬂ' 1.0 ,ﬂ' 1.0
k= £
[} @
< j
o 0.5 o 0.5+
2 2
k- 5
& 00- & 00-
@ o - . 4 P »
& &
AF4 Concentration {(ug/mL}) AF4 Concentration (ug/mL})
CDK2,48 h CDK6,48 h
§ 1.5 5 1.5
% 1.0 E‘ 1.01
£ £
5 5
o 0.5 o 0.5+
2 2
K k-
& 0.0- & 0.0-
® P » e L' ®
Ago"’ Aé‘@
AF4 Concentration {(ug/mL) AF4 Concentration {(ug/mL)

Figure 24.AF4 Downregulatesthe Protein Levelsof Gi Cell Cycle Proteins Cyclin
D3, CDK4, and CDK6 in MDA-MB-231 and MDA-MB -468Breast CancerCells.
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Figure25.AF4 Downregulates Akt Phosphorylation in a RD&pendnt Manner

Protein isolates of MDAVIB-231cells (A) and MDA-MB-468cells (B) treated with AF4
(20 pg/mL and 40 pg/mLyvith or without20 mMNAC pretreatmenfor 72 h were

blotted andorobed forprotein levelsand phosphorylation giroteins in the PI3K/Akt
pathway Dataare shown amean values + SEM of four independent trials. Significance
was detemined by ANOVA with theTukey-Kramermultiple comparisons posest, and

is denoted by * for p < 0.05, ** for p < 0.01, and *** for < 0.001.
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B. MDA-MB-468
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B. MDA-MB-468

Figure 25. AF4 Downregulates Akt Phosphorylation in a ROSDependent Manner.
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Figure26. AF4 Affects Erk1/2 Phosphorylation in a RE&3ependnt Manner Protein
isolates of MDAMB-231cells(A) and MDA-MB-468cells (B) treated with AF4 (20
pg/mL and 40 pg/mL) with or without 20 mM NAC pteeatment for 72 h wergotted
andprobed for proteins in thERK/MAPK pathway Dataare shown amean values +
SEM of four independent trials. Significwas determined by ANOVA with the
Tukey-Kramermultiple comparisons posest, and is denoted by * for p < 0.05, ** for p
< 0.01, and *** for < 0.001.
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A. MDA-MB-231
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B. MDA-MB-468

Figure 26. AF4 Affects Erk1/2 Phosphorylation in a ROSDependent Manner
Independent of Independent of the MAPK/ERK Pathway.
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Figure27. AF4 Has No Effect ohe Protein Level®of Proteinsinvolved in ROS
Signalling. Proteinisolates of MDAMB-231cells(A) and MDA-MB-468cells (B)
treated with AF4 (20 pg/mL and 40 pg/mL) with or without 20 mM NAC-peatment
for 72 h wereblotted andprobed for proteingvolved in ROS signallingdataare shown
asmean values + SEM of foumdependent trials. Significance was determined by
ANOVA with the TukeyKramer multiple comparisons petgst, and is denoted by * for
p < 0.05, ** for p < 0.01, and *** for < 0.001.
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B. MDA-MB-468
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B. MDA-MB-468

Figure 27. AF4 Has No Effect ornthe Protein Levelsof Cancer-Related Proteins
Involved in ROSSignalling.
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Figure B.AF4 Affects theProtein Levelof Epgenetic Enzymes iMDA-MB-231 and
MDA-MB-468Breast CanceCells and MCF10Apithelial Cells Protein isolates of
MDA-MB-231cells(A), MDA-MB-468cells (B), and MCF10Acells (C)treated with

AF4 (20 pg/mL and 40 pg/mL) fo48 h and2 h wereblotted andprobed forthelevelsof
proteins involvedpigenetic remodellingdataare shown amean values + SEM of four
independent trials. Significance was determined by ANOVA with theejFgkamer
multiple comparisons pos$est, and is denoted by * for p < 0.05, ** for p < 0.01, and ***
for < 0.001.
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