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ABSTRACT

Breast cancer is the most common cancer in women, and approximately one third of all
breast cancers will ultimately metastasize. Metastatic breast cancer is classified as an
incurable disease. The development of multidrug resistance (MDR) is largeinsdse
for the difficulty associated with its treatment.

Jadomycins are natural products biosynthesized by the baStegjstomyces
venezueladnternational Streptomyces Projet$P) 523Q which have anticancer activity
but poorly defined mechanisof action. Preliminary research in our laboratory showed
jadomycins retain their cytotoxic potency in MENRCF7 breast cancer cells that
overexpress certain ATBinding cassette (ABC) drug efflux transportévy. research
goalwas to more completely chatarize jadomycin cytotoxicity profiles and
pharmacological mechanisms to better understand their potential applications in the
treatment of MDR breast cancer.

First | show multiple jadomycin analogues retain their cytotoxic potency in ABCB1,
ABCC1, orABCG2-overexpressing MCFand ABCBZXoverexpressing MDAVIB-231
versuscontrol MCF7 and MDAMB-231breast cancer cells. Inhibitors of ABCB1,
ABCC1, and ABCG2 minimally affect jadomycin cytotoxigiguggesting jadomycins
are poor ABC transporter substrates.

| then show jadomycins have multiple cytotoxicity mechanisms that are influenced by
breast cancer cell type. Jadomycins increase intracellular reactive oxygen species (ROS)
in MCF7 and MDAMB-231 cells. In MCF7 cellsnhibition of the antioxidant
thioredoxin reductase with auranofin potentiates jadomycin cytotoxicity. Conversely,
neutralization of ROS with the antioxidantadetylcysteine decreases jadomycin
potency, but not efficacy, evidang a ROSindependent cytotoxicity mechanism. In
MDA-MB-231 ells, jadomycins cause DNA double strand breaks and apoptosis. These
effects are not blocked by ROS neutralization or enhanced by antioxidant inhibition,
further evidencing RO$1dependent mechanisms of cytotoxicity. Additional assays
show that ROSndeperlent mechanisms include aurora B kinase inhibition and type Il
topoisomerase inhibition, which can lead to DNA double strand breaks and apoptosis.
These cytotoxicity mechanisms are preservatiénABGtransporter overexpressing
MCF7 and MDAMB-231 cellsthus helping explain how jadomycins remain effective in
these cells.

My research is the first to detail the pol
activity. Additionally, | describe the promising jadomycin activity against ABC
transporter overexprsmg MDR breast cancer cells, supporting further research into how
these natural products may be used as MDR metastatic breast cancer treatments.

Xii
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CHAPTER 1.00.00: INTRODUCTION

1.01.00: PREFACE

Breast cancer remains the most commonrdgdosed cancer in Canadian females, with
approximately 1 in 9 Canadian women expected to be diagnosed with some form of the
disease in their lifetimfl]. Largelydue to improved screening prograarsl increased
awareness, breast cancer is now often caught in its early stages when it is most treatable
[2]. However late stage metastatic breast caneenainsan incurable disease, primarily
due to the development ofultidrug resistanceMDR) [3,4]. My research ha®cussed
on a group of congunds called jadomycins, natural produuitssynthesized by the soil
bacteriaStreptomyces venezuel&5230 whichare able to largely retain their
cytotoxic potency ircertainMDR breast cancersells[5,6]. The first chapter of this
dissertation will serve to introduce the prevalence and pathologgnetr in general
followed bybreast ancers, with a focus on late stagestastatic, MDR breast cancelrs.
will then providea description of jadomycin atogues and what w&mown pertaining
to their anticancer activity prior to mgsearchThe second, third, and fourth chapters
will descrbe my original research detailing the cytotoxic potency of jadomycins in MDR
breast cancers and the multiple mechanisms of action through which they act. The final
chapter will discuss the implications of these results on future jadomycin research and

their potential as anticancer treatments.



1.02.00: AN INTRODUCTION TO CANCER

Cancers are complex tissues composed of multiple and distinct types of cells that
interact with each other. Even thealthycells surroundinga tumour that were once
thought tobe simple bystanders to the cancer development (tumoesiggare now
known to be actively recruited by the cancerous cells, fayrthie tumowassociated
stroma(the supportive framework of the tumour that consists of important connective
tissue suchasblood vessels). This forms a tumour mienvironment vital tahe cancer

c e | gtowth andoroliferationthat contains more than juste cancerous tissue its¢ff.

The development of cancer involves dynamic changes to the g¢Bprmalyses of
cancerous tumours at various stages suggest that they become increasingly aggressive
through the accumulation of multiple genetic changes. These changes typically fall into
two categories: gatof-function mutations in protoncogenes, and logg-function

mutations in tumour suppressor gef@s

Protconcogenesra genes that, when working properly, help cells to groeh s
during fetus developmeumt to create new tissue after an injury. Mutations can occur that
cause these protancogenes to bactivated more thanormalor per manent | y
o n. When ths happens these genes @abelled as oncogenes. The activation of
oncogenes can result in cells proliferating out of control, which is one of the steps
required in the development of a cancerous (malignant) tuf@purhe genes that
encode fohuman epidermal growth factof2RBB3, phosphatidylinositol Xinase
(PIBKCA), C-Myc (MYQ), andcyclin-D1 (CCNDJ) are examples of oncogenes that are

frequently ¢sregulated ircancey and in particular breast cangér.



When working properlyumour suppressor genes slow down or stop cell division,
repair damaged DA, andsignalcells to undergo apoptosis (programmed cell death)
when they arelamagedeyond repair. In this way tumour suppressor genes prevent cells
from proliferating out of control and becoming cancerous. Mutations to the DNA of
tumour suppressor gemean decrease their activity or turn them off completely, allowing
for once healthy cells to bypass these checkpoints and grow out of ¢@htEbtamples
of tumour suppressor genes includmour protein 53TP53, phosphatase and tensin
homolog PTEN), ataxia telangiectasia mutated serine/threonine ki@#eBgl), RAD50
double strand break repair prot¢ RAD5SQ, andpartner and localizer of BRCA2

(PALB2 [9].

Epigenetic gsregulation can also contribute to the development and growth of cancer
cells through altered DNA methylati@m histone modifications. Fexample, genes that
encode enzymes that are involved in the modification of DNA histcargse mutated

causingnactivationof tumour suppressor geni@esrenal cell carcinomgo,10].

Some gene mutations that can increase one
in that they are passed on from generation to generatioarambtthe result of
envirormental factorskFor example, mutations can occuthe tumour suppressing
breast cancer susceptibiliggnesl and 2BRCAlandBRCA2, inhibiting their normal

activity and increasing one’s risk of deve
majority of mutations that lead to cancer are not genetic, in that they occur after birth. A
number of environmental factors have been determined to damage DNA and increase the

risk of developing cancer, including smoking, radiation, obes#gtainhormones,

chronic inflammation, and pollution. The development of cancer is a stepwise process,



whereby multiple mutations occur to the DNA typically over the courseamiyyears.
When enough mutations develthiat inhibittumour suppressor genes giromote

oncogens, cancer can occug,11].

1.03.00: THE HALLMARKS OF CANCER

As described by Hanahan and Weinberg in two separate seminal review papers, there
are six “hal | moescribstheauhique mopestiesrof cancednoast cells that
differentiate them from healthy cells, followed by two enabling characteristics and two

emerging hallmarkssummarized ifTable 1and described in greater detail belis].

Table 1: The hallmarks, enabling characteristics, and emerging hallmarks of ¢@hcer

Hallmarks Enabling characteristics
Sustaining proliferative signaling Genome instability and mutation
Evading growth suppressors Tumaur-promoting inflammation
Resisting cell death
Enabling replicative immortality Emerging hallmarks
Inducing angiogenesis Reprogramming energy metabolism
Activating invasion and metastasis Evading immune destruction

The hallmark of cancer are as followd) Sustaining proliferative signaling Healthy
cells carefully control the signals that instruct them to grow and proliferate, resulting in
them dividing only when needed and in an orderly fashion. Cancer cells deregulate these
signals, causing the cancer cells to continuoasty uncontrollablyproliferate For
example, cancer cells can develop the abilitgrimucegrowth factor ligands themselves
allowing them to stimulate their own growth, or to send these growth facttirs to

normal cells within their associated tumauwpporting stroma to improve the tumour
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microenvironmenf12,13]. Increased proliferative signalling can also be the result of
elevated levels of growth receptor proteins displayed at the cancer cell surface, making
them more responsive to growth factpfk (2) Evading growth suppressorsCancer

cells have the ability to avoid cellular signals used to stop excessive growth and
proliferation. The mutation of tumoguppressor genes can result in growth suppressors
not being properly produced, resulting in the cell not receiving the signal to stop
proliferating. Healthy cells also typicalstop growing throughwhats cal | ed *“ cont
i nhi biti on?”, celkacelltcdntdt beiween ceks an s @sdue or culture

signals the healthy cells to stop proliferatidpny cancer cells do not display this

contact inhibition, resulting in further proliferati¢pr. (3) Resisting cell deathHealthy

cells undergo apoptosis when they are damaged beyond repair. Many cancers are known
to become resistant to these aptiptsignals, allowing them to evade death. The most
common mechanism is through the loss of function of the TP53 tumour suppressor
protein, eliminating a damage sensor from the cell that will no longer respond to
apoptotic signals. In this way cells thabwid normally undergo apoptosis are able to
continue proliferating, despite being heavily damagedpagating the damaged cell line
[7,14). (4) Enabling replicative immortality . Normal cells have a limited number of

times they can divide. Near the end of their proliferalifeeycle these cells enter
senescence, a state of viability without proliferation,risis; where they die. Some cells

are able to surpass these mechanisms, leading to what is termed immortalization. There is
evidence that this immortalization is in large part the result of increased telomerase
activity, which is overexpressed in approxtelg 90% of cancers. Telomerase is an

enzyme that adds repeat telomere sequences to the ends of DNA, protecting it during



progressive cell division cycles. By extending telomeric DNA, this increased telomerase
is able to counter the progressive telomeosien that occurs in healthy cells, preventing
the cancerous cells from entering senescence or [cfj$5. (5) Inducing angiogenesis

In adults, the development of new vasculature (angiogenesis) to carry blood is largely
quiescent, other than during wound healing or female reproductive cycling. Conversely,
during tumour devel op me mdstalwaysactvated, gesubtigge ni ¢
in the formation of new vasculature to the tumour site to provide nutrients for the ever
expanding cell$16]. This chronic activation of angiogenesis is the result of altered
expression of anggenic regulators, such as increased expression of the angiogenesis
inducer vasclar endothelial growth factehA or decreased expression of the angiogenesis
inhibitor thrombospondii [7,17,18]. (6) Activating invasion and metastasisLate

stage, metastatic cancers are known to have altered shapes andisneckzat control

their attachment to other cells or to the extracellular matrix. The best characterized
example is the lossf-function of Ecadherin in many metastatic cancers, a protein that
aids in celicell or celtextracellular matrix adhesion. Logksuch protein activity allows

for cancer cells to detach from the primary tumour, travel through the nearby blood or
lymphatic vessels, escape from the lumina of these vessels, and ultimately colonize

elsewhere in the body forming micrometast43ekd].

Foll owing these hallmarks, two “enabling ¢
proposed(1l) Genome instaldity and mutation . The rate of mutation in normal cei$
typically quite low, due to the ability of the genome maintenance systems to detect and
resolve DNA deécts. The gene alterations present in tumourigenic calise them to be

morepredisposed téurther mutations thahealthy cells, such as through decreased



expression of DNA repair proteins, making it easier for these cells to develop the above
described hallmark capabilities of canct20]. (2) Tumour-promoting

inflammation. Tumour cells have long been associated with immune system activity and
inflammation,processes which are potentiated by iasezl oxidative stre$21], and

there is now significant evidence that these immune cells have typrmuaoting effects
andstimulatethe acquisition of hallmar&apabilities in early cancer ce[lg]. Chronic
inflammation can contribute to the development ofrhatk capabilities by supplying
bioactive molecules to the tumour microenvironment, such as growth factors, survival

factors, and proangiogenic factors through the presence of immung/@212324).

The final two *“ e n{® Reapiogragymihgaehergymaetaliobsin ar e :
The unfettered growth that is observed with cancer cells requires an immense amount of
energy, and therefore requires adjustments
increased proliferation. This increase in energy pradocppears to occur through
increased glycolysis, which occurs even in tumour cells with access to oxygen, and has
been | abelled aerobic glycolysis @r coll oqg
unusuakince glycolysis is 18old less efficient tha oxidative phosphorylation in the
production of ATPandtypically only occurs in cells when oxygenusavailable
However it is believed that this glycolytidependency aids the sustained proliferation of
cancer cells as intermediates formed in glyaslgse used in various biosynthetic
pathways, such as those that generate amino acids, nucleosides, and lipids, thus
facilitating the creation of the macromolecules and organelles required for cell division
[7,25]. (2) Evading immune destruction While chronic inflammation has been linked

to tumourigenesis, the immune system also plays an important ideniifying and



removing earlyand latestage cancer cells. Cancer cells that successfully form full

fledged tumours therefore must have some mechanism that allows them to avoid being
detected and destroyed by immune cells. One of the key methods tharoieghcancer

cells develop resistance to i mmune system
or “ i mmu n o e dyithe immuyné systemldetects tumour cells latisl most of

them, buffails to detect a few mutated cells that ardy weakly imnunogenid26,27].

These remaining dslare then able to continue proliferatizngd spread undeterrég the

body’ s i mmune system. Thi s | manetyofonetlodst i ng c an
such as modifying -cell function, alteringantigen presentation to be unrecognizable by

immune cellsandincreasinghe production of immune suppressive mediafdy27].

The hallmarks of cancelescribehow cancer cells can develop and how they differ
from normal ells, andarea general explanation covering alarietiesof tumours.
However,each type of cancer is unique with many differences separating them from
cancers of other organs or tissues, resulting in many different prognoses and treatment
options. The focus of my doctonabrk has been on breast cancer and its treatment, and

therefore the remainder of my dissertation aiflobe focussedn this disease

1.04.00: INTRODUCTION TO BREAST CANCER

Breast cancer occurs when norroedastcells undergo multiple genetic mtitans
resulting inthe phenotypes described aboVvle tumour is considered malignant
(cancerous) if the cells are able to invade surrounding tissue or metastasize to other parts

of the body. Benign (nenancerous) tumours are more common than malignacecs,



are not at risk of spreadingnd do not pose the same threat as malignant tumours. The
majority of breast cancers develop in thigk ducts (ductal carcinomaahd most others

occur in the glands that produce mitlalled lobuleglobular carcinoms). There are a

few other breast cancer subtypes that can develop that are not ductal or lobular, such as
inflammatory breast cancer or angiosarcoma, though these make up a small minority of

all breast cancers diagnogeyj.

Breast cancer is the most commonly diagnosed malignant disease in women, with 1 in 9
Canadian women expected to be diagnagiéd breast canceat some point in their lives
[1]. Breast cancer is the secdeading cause of canceglated death (second to lung
cancer) in women, with the total chance that any given woman will die of breast cancer at
approximately 3%. The incidenoé breast cancer increased steadily between
approximately the years 1980 and 2000, when it began to decrease followed by a sharp
7% decrease between 2002 and 2&)3this decline is believed to llee result of a
redudion in theuse of hormone therapy in pasenopausal wometo alleviate their
menopause symptonue to the discovery that hormone theramyeasesa wo man’ s
risk of developing breast cand@8]. Since 2004 the relative breast cancer incidence rate
has remained relatively stablghile death rates from breast canbawve been decreasing
since 1989. Thiss believed to be due to a cbmation of increased awareness and
improved déction methods allowinfpr breast cancer to be discoveged treated

earlier,along withimprovements iravailable breast canceeatmentg$1].



1.05.00: BREAST CANCER RISK FACTORS AND CAUSES

There are a variety of risk factors that I
developing breast cancer that can be loosely categorizedramodifiable factors

and (2)modifiable factors

Some of tenonmodifiablef act or s t hat i1 ncrease one’ s ri
are as follows(i) Genderwomen are >100 times more likely to develop breast cancer

than meri2]. (ii) Ageing; most invasive breast cancers occur in women >55 years old

[29]. (iii) Certain inherited genes and family history; the most common cause of

hereditary breast caacbeingmutations irBRCAland/orBRCA2 two tumour

suppressor genes that can lose their activity when mutated. NBR&#Alor BRCAZ2can

result in a 46% to 87% chance of a woman developing breast cancer in their iB8jme

(iv) Race and ethnicityCaucasian women have a slightly higher chance of developing

breast cancer than African, Asian, Hispanic, or Natisenen[2]. (v) Breast tissue
density;increased breast tissue density mainly occurs due to higher numbers of lobules

and milk ducts, the most common sites in which breast cancer develops; women with

dense breast tissuecagstimated to have a 1.2 to-fofd increased risk of developing

breast cancer versus women with low density breast tj84{igvi) Starting

menstruation aan early age (<12 years old) or startimgnopausat alate age(>55

years old)this isbelievedto beat leaspartlydue to an increased lifetime exposure of

estrogen and progestergmehich can promote the development, growth, and

proliferation of brast cancer cellg2,29]. (vii) Previous exposure to radiation therapy

being treated for athercancer such as Hodpgréviouslyisanl y mp h o ma,

indi vidual s | i fiecreasestthle risk @ deveboping a fature dreast a p y
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cancer due to damage frahe radiation to healthy cellR29]. (viii) Having had a
previous breast tumour (even if benigthjs isassociated with an increasesk that a

second unrelated breast canc2fy will develo

Modifiable risk factors that can be changed inclu@geDrinking alcohol; alcohohas
been associateslith an increasedsk of developing breast cancéfowever more
researchs neededo better understand this correlation and the effect of moderate versus
heavy drinking still needs to be ascertaifigd. (ii)) Weight; being overweight or obese
after menopause is known to increase risk, while the inverse is true in premenopausal
women where obesity is associated with a decreased risk of developing breast cance
[33]. The increased risk observed in obese or overweight versus thin postmenopausal
women is believed to be the result of increased exposure to estrogenjsagriamarily
produced by the fat cells after menopal&%. Conversely, in premenopausal women
most estrogen is produced by the ovaries, and the estrogetiassrguite lipophilic,
and is therefore heavily sequestered in fat tig8dle This reduces the total amount of
bioacive estrogen available in the body, lowering the obese or overweight
premenopausal woman’s exposure and therefo
[33,34]. (iii) Exercise; ncreased exercise has been linked to a decreased risk of
developing breast cancer, which may be due to improved function of the immune system
or exercisdnduced alterations in ovaridanction[35,36]. (iv) Age at first pregnancy;
having no children or waiting until >30 years old can iaseethe risk of developing
breast canceilheprotective effect of early pregnanisybelieved to be the result of
reducedsusceptibility of the fully differentiated mammary glands to carcinogens due to a

decrease in their cell proliferation, adde to achangechormonal environment induced
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by altered levels of estrogen, progesterone, and growth factors, for example, that occurs
during pregnancij37]. (v) Use of oral contraceptigeuse @ the birth control pill

increases the risk of developing breast carikety due to increased lifetime exposure to
estrogen and progesterdid8]. (vi) Hormone therapy at menopause; as previously
mentioned, this increasditetime exposure to estrogen and progesterone has been linked
to anincreased risk of developing breast carj&&t. (vii) Breastfeedingbreastfeeding

for 1.5 to 2 years lowettherisk of developing breast cancevhich is thought toddue

to a reduction irthe total number of lifetime menstrual cycles or by lowering lifetime

exposure to estrogen and progesteididg

As with other cancers, breast cancers are the result of multiple mutations to the DNA.
Some DNA mutations are inherited, but most mutations that lead to breast cancer a
acquired oV eAsdescrieegreviolsly BRCATandBRCAZ2tumour
suppressor gene mutations are the most commonly obseherdedgene mutations
that can increase a wo ma n[30s Otherkadwn caricerde v el o
associated mutations that can be inherited include those of the tumour suppressor genes
PTEN[41] andTP53[42], thoughmutationsin these geneare less commonly inherited
thanBRCAmut ati ons. DNA mutations that are acgqgl
lifetime can result from exposure to radiatiarcarcinogens, for example, though most
environmental causes of mutations are still unknf@nGene mutations can also occur

spontaneously, such as through mismatch errors during DNA repli¢d8pn

BRCAmutationsare onsi dejped et hiaglce” since they oft
While many women with higipenetrance mutations develop cancer, it is important to

stipulate that most cancers are not caused byegletrance mutations. Instead, most
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cancers result from mutie low-penetrance mutations or gene variations that ateria

in cancer development theanbuild up over time until eventually the cells become
cancerous. Each of these mutations has a small risk of edeneiopmenindividually,

but become signifiant as more and more mutations occur over time. These mutations can
affectparameters such &srmone levels, metabolismndangiogenesit promote

cancer cell growth or prevent the inhibition of this groj&h

1.06.00: CLASSIFICATION OF BREAST CANCER

The majority of breast cancers are adenocarcinomas, cancers of epithelial cells that line
breast tissuandoriginate in glandular tissue, with ductal and lobular carcinomas
accounting for approximately 75 and 15%at cases of breast cancer, respectively
[2,44). The remaining 10% of cases are mostly madef mpuginous, tubular, comedo,
inflammatory, medullary, and papillary carcinonjdS]. Sarcomas, cancers of the
muscle, fat, or connective tissue, can also occur ibriégst, though they are very rare

making up only ~0.1% of all cases of breast capé@lr

Ductal carcinoman situ (also known asntraductal carcinoma) is a nanvasive cancer
“ t y,pnehat the cancerous cells have not invaded anywdibes tharthe inside of the
ducts; the rest of the breast tissue and body are not affected by the cancer and it has not
metastasizedHowever, it is currently impossible to accurately predict which cases of
ductal carcinoman situwill eventually spread and become metastatic, as some cases do
and some do ng¢2]. About 20% of all new breast cancases areuctal carcinoman

situ[47], for which surgery results in a nearly 100% cure [48p. Invasive (or
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infiltrating) ductal carcinoma the most common type of breast cantrerasive ductal
carcinomastarts in milk ducts and cgrenetratehe ductalwalls, spreading intdhe fatty
tissue of the breast. At this point it is possible for this cancer to metastasafeiwe
breast through lymph fluid or blood, spreading throughout the body. About 80% of
invasive cancers aravasive ductal carcinomé#nvasive (or infitrating) lobular
carcinomastarts in the miliproducing lobules. Likevasive ductal carcinoma can
also spread into the fatty tissue of the breasts and eventually metastasigee lobular

carcinomamakes up about 10% of all invasive breast car{@x44].

Once the breast cancer has been typed greded based on how closely the cancer
cells resemble healthy breast cells and how rapidly the cells are dividing. A lower grade
means théreast cancer is less likely to spread, and higher grade means more likely; the
grade values range between1lan@8.ade 1 cancer <cell s are * we

most similar to normal cellwith marked tubule formation and normal nuclear

morpholog, and are typicallyslog r owi ng. Gr ade 2 breast canc
di fferentiated”, IWithaedme tubrle formationlared moderatena |l c e |
nuclear pleomorphisms and grow a | ittle faster. Grade

differentia t eagpeathe least like normal cellsith no tubule formation and marked

nuclear pleomorphismand are typically fasgrowing[49,50].

Breast cancers can then be furthéegarized based on their expression of the hormone
receptors estrogen receptor (ER) and progesterone receptor (PR) and that of the
transmembrane tyrosine kinase human epidermal growth factor receptor 2; @&R2
known as receptor tyrosisotein kinasd&eRBB2). Estrogen and progesterone hormones

canpromote the development, growth, and proliferation of breast cancer cells. Therefore
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an important step ityping a cancer is to tes it expresses these hormone receptors

Breast cancers that express ERlabelled ERpositive (ER+) and those that express PR

are labelled PRpositive (PR+), otherwise they are labelled-B€yative (ER or PR

negative (PR. Breast cancercan be both ER+ and PR+, positive for just one receptor,

or negative for both. Hormoreceptor positive cancers tend to grow slower than
hormonereceptor negative breast cancers and are more common-meoespausal

women, while hormonaegative cancers tend to grow more aggressively and occur more
often in premenopausal wom€2,51]. HER2is involved in the regulation of apoin
proliferative, and metabolic pathways in cells, and its overexpression has been associated
with about 20% of breast canc¢b?,53]. HERZ2 is an oncogene, and therefore its
overexpression can promote the growth and development of cancers. Breast cancers that
overexpress HER2 gene and protein are known as HibRi#ive (HER2+), while breast
cancers that express nual levels of HER2 & labelled HERzhegative (HER2);

HER2+ cancers tend to grow more aggressively than HE&®Zerg54].

Breast cancers that test negative for ER, PR, and HER2 are known asdgptee.
This subtype comprises approximately 15% of all breast carssett)e tumours are
typically of a higher graddarger sizeand grow more quicklthan nortriple-negative
breast cancef$5]. The reasons for this increased aggressiveness aretngel
understood56]. Additionally, triple-negative breast cansearesignificantly more likely
to occur in women <40 years of age and disproportionatedgtaffomen of African or
Hispanic ancestrf57]. Triple-negative breast cancete not respond to hormone
therapies or HER#2argeting drugs; therefore it can éficult to treat these cancers and

they typicallyresult ina poorer prognosis than breast cancers that test positiE&for
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PR, or HER2Cytotoxic chemotherapy is currently the only treatment available for

patients with advanced tripleegative breast oger[59].

Breast cancers can be further divided into one of‘fol@ssifications: Luminal A,
luminal B, basal, claudiow, and HER2, the details of whicheesummarized ifable 2
[59]. Breast cancetellscan bereferred to as lumindike or basallike based on their
genetic resemblance bealthyluminal or basal breast epithelial cdl]. Ki67 is a
protein strictly associated with cell proliferation and its expression helpsylassast
cancer cell$61]. Claudinlow labelled cells have low levels of certain claudmsgh as
claudins 3, 4, and [62], which are proteins expssed in epithelia and endothehat
form paracellular barriers and pores that determine tight junction permedbiltievels

of claudirs have been associdte/ith poorer outcomes in breast cancer patigsis

Table 2: Molecular classificatiogof breastcance59].

Classification Receptor expression Other characteristics

Luminal A ER+, PR+, HER2 Ki67 low, endocrine responsive, typically chemothera
responsive.

Luminal B ER+, PR +/, HER2+ Ki67 high, typically endocrine responsive, variable

response to chemotherapy. HER2+ are responsive to
HER2targeting drugs.

Basal ER-, PR, HER2 Ki67 high, endocrine nonresponsive, often
chemotherapy responsive

Claudinlow ER-, PR, HER2 Ki67, claudinr3, claudin4, and claudifv low.
Intermediate response to chemotherapy.

HER2 ER-, PR, HER2+ Ki67 high, respasive to HER2argeting drugs and
chemotherapy.

Lastofallapat i ent ’ s c ad whchdeeraimeshe size ‘ofshe prighvary

tumour and how fait has spread throughout the bodyis one ofthe most important

factoswhen determiningapai ent ' s treat ment options.
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are trying to answewxhen staging a cancer are: @)thecancer invasive or nemvasive,

(i) how big is the primary tumowand has it grown to nearby areas, (ii@dthe cancer

spread to nearbymph nodes, and if so, how mamyd (iv) las the cancer metastasized

to any other parts ofthe bof3]? The st age of a cancer i s de
nodemet astasis staging syst elymiphnodeb@)and t he pr
distant metastas (M) are measured and grad@dvalueof O is givenaftertheT, N, or

M to signifythe absence of primary tumour, cancer cells in the lymph nodes, or distant
metastases, respectively, while higher numbers connate aggressive

pathophysiologies. An abbreviated summary of the tumodemetastasis staging

system for beast cancer is shownTrable 3. This information is analyzebly clinicians

and depending on the combination of T, N, and M gradihg patient igjiven a cancer
“stage” diagnosis which ranges between 0 t
severd64]. Wher e “rel ati ve " hypeoppwtholtcaacerthe® | at i ve
year relative survival rates for each stage of breast cancer are: near 100% for stages 0 and

I, evidencing why it is important for cancer patients to be diagnosed early while the

cancer is most easily treated, 93% for sthgend 72% for stage Ill. StagV, which is

reserved foadvancedmetastatic cases of breast cancer, only hagembrelative

survival rate of 22%2].
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Table 3: Abbreviatedumournodemetastasis staging systdor breast cancgi64).

Primary tumour (T)

TX Primary tumour cannot be accessed

TO No evidence of primary tumour

T1 Tumour < 2 dmensiom greatest d
T2 Tumour > 2 cm but not > 5 cm in greatest dimension

T3 Tumour > 5 cm in greatest dimension

T4 Tumour of any size with direct extension to chest wall or skin

Regional lymph nodes (N

NX Regional lymph nodes cannot be acceg¢sagl previously removed)

NO No regional lymph node metastasis

N1 Metastasis in movable ipsilateral axillary lymph node(s)

N2 Metastass in ipsilateral axillary lymph nodes fixed or matted, or in clinical

apparent ipsilateral internal mammarodes in the absence of clinically
evident axillary lymph node metastasis

N3 Metastasis in ipsilateral infraclavicular lymph node(s), or in clinically
apparent ipsilateral internal mammary lymph node(s) and in the presenc
clinically evident axilary lymph node metastasis; or metastasis in ipsilatel
supraclavicular lymph node(s) with or without axillary or internal mamma
lymph node involvement

Distant metastasis (M)

MX Distant metastasis cannot be accessed
MO No distant metastasis
M1 Distant metastasis

1.07.00: BREAST CANCER TREATMENT OPTIONS

The treatments for breast cancer can be generally categorized as local or systemic.
Surgery and radiation therapy are local, since they only treat the tumour and immediate
area withotiaffecting the rest of the body. Anticancer drugs that make their way into the
bloodstream and thereby affect the whole body are systemic treatments, and these include

hormone therapy, targeted therapy, and chemoth¢hpy
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1.07.01: SURGERY AND RADIATION THERAPY

How a particular breast cancer is treated depends on a variety of factors, such as
invasiveness, gene expression, and the general health and age of the patient in question.
Typically treatment will includeurgery, though if the cancis too advancedurgery
may not be considered and systemic therapies will instead be used immediately. There
are two main types of breast cancer surgeryar@astconserving surgeryalso called a
lumpectomy, and (ii) a meectomy where the entire breast and sometimes surrounding
breast tissue are removed. When posshiskastconserving surgerig typically the
preferred method as it allows the patient to keep most of the breast, though they will most
likely also requirgadiation therapy to help prevent the cancer from returning. However
in more aggressive or advanced cases of breast cancer the doctor may recommend
removing the breast in its entirety. Typically during a lumpectomy or mastectomy one or
more nearby lymphaodes will be checked for cancer to see if it has spread. If cancer cells
are found in these lymph nodes, further lyamade removal surgery is likely

recommende{65].

Radiation therapy is typically completed along with other breast cancer treatments,
such as surgery, and its use depemda wvariety of factors such as what type of surgery
was compl eted, the spread of the cancer,
radiation therapy treats cancer cells using high energy radiation, sughyas to
damage and destroy the taaor cells. With current technology, the radiation can be
targeted to only damage the tumour and surrounding tissue. There are two main types of
radiation therapy used for breast cancer: (i) External beam radiation, which is the most

common form of radiatio therapy where the radiation is focussed from an instrument
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outside of the body on the area affected by cancer. (ii) Internal radiation, also called
brachytherapy, which is where a device containing radioactive material is placed inside

the breast tissu®r a short time in the area affected by the caf@gr

Many women receiveystemic treatmentter surgery and/or radiatiaherapywhich

include hormone therapghemotherapyandtargeted therapy.

1.07.02: HORMONE THERAPY

Hormone therapy is used in breast cancers that are positive for the hormone receptors
ER and/or PRThe most potent naturally occurring estrogens imdwsand in order of
potencya r e -edir@dpl, estrone, and estrj6l7]. Hormone therapy is systemic therapy
thatreduce the effects otheseestrogesin the patientit is typically used possurgery
(adjuvant), thouglit can also be used before surgery (neoadjuvant), and is often
continued for up to five yeaf2]. The utility of estrogeinhibiting or ER-inhibiting
drugs is undisputed in ER+ breast cancer, but they are often also used wiBRER
breast cancers, as these treatments can still be effective in sucf68padsch may be
due to thdact that estrogescanbind to PRas well as ER69]. Progesterone antagonists
(antiprogestins) are also being researched and have shown early promise anbdts, c
though more safety and efficacy studies are needed before these drugs become more
readily utilized in the treatment of breast cancer in hurfia®$1]. There are currently

multiple approved drugs that effectively inhibit estrogeawivity in the human body.

Tamoxifen isa pradrugcommonly used in hormoreceptospositive breast cancers.

It is metabalked to its active metabolites such akytiroxy-tamoxifen and 4ydroxy-N-
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desmethytamoxifen (endoxifenpy cytochrome P450 3A4 and 2D6, respectively, which
work by inhibiting the activity of estrogen in breast cancer ¢&s Tamoxifen is part

of a category of drugs called selective estregeeptor modulators (SERMS) due to its
antiestrogenic properties in breast tissue butgstwogen activity in otherssues such as
the uterus and bon¢g3]. Current data suggests that prolonged tamoxifen therapy (up to
and over five years) can be beneficial for both pred postmenopausal women with
hormone receptepositive breast cancefg3]. Toremifene is another SERMnweh has a
similar safety and efficacy profil® Tamoxifen however it is typically reserved for
metastatic breast cancer patients. A minority of patients whose hormone rgueitioe
breast cancer has not responded to tamoxifen may improve withfemefi74].

Fulvestrant is a competitive ERhibitor used to treat hormone receppmsitive

metastatic breast cancer in postmenopausaienthat has progressexh other

endocrine therapies. Fulvestrant is unique in that it is not a SERM, instead inhibiting ER

activity everywhere in the body?5].

Aromatase inhibitors are another category of estrdégerring drugs that are used in
postmenopausal women. Aromatase is a cytochrome P450 enzyme that synthesizes
estrogens from androgenic substrates, such as estrone from androstenedione and estradiol
from testosterongr6,77]. Before menopause, most estrogen is produced in the ovaries
with mean plasma estradiol levels of 110 pg/mL. Howewvben the ovaries are not
producing this estrogen, either in pos¢énopausal women or due to certain treatments in
premenopausal women, plasma estradiol levels fall to approximately 7 pg/mL. This
residual estrogen production is produced solely fanomatase enzymesmonglandular

sources, such as liver, muscle, braiormal breast and breasincer tissue, and
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particularlyfrom subcutaneous fathich contains high levels of aromataseomatase
inhibitors block the production of estrogens by aromatases, but have no effect on the
estrogens produced by the ovaries, leenhy they are most effective in the treatment of
hormonereceptospositive breast cancers in pasenopausal women. There are currently
three approved aromatase inhibitors available called letrozole, anastrozole, and

exemestang2,77].

For premenopausal women, shutting down the ability of the ovaries to produce

estrogen is another option tlean improve antcancer treatments. This is termed

ovarian ablation”, which can i mprove the
combination and is typically reserved for metastatic breast cancer, though it is sometimes
used in earlier stages. @van ablation can b#one in one of three ways: (i)

oophorectomy, where the ovaries are statly removed, (ii) teatment with luteinizing
hormonereleasing hormone analogs, which are drugs that inhibit the signal sent to the
ovaries to produce estrogagusing temporary menopause. This is done more often than
oophorectomy as it is less invasive and its effects on estrogen production are not
permanenf78], and (iii) sme chemotherapy drugs can damage the ovaries, stopping the
production of estrogen. This damage is often reversible after discontinuing treatment
however it can be permanent. Chemotherapy typically is not used for the purpose of
inhibiting estrogen production in the ovaries, though it is sometimes a beneficial side

effectwhen treating hormoneeceptor positive breast cancgzk
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1.07.03: TARGETED THERAPY

Targeted therapies are treatments that specifically target HER2, ER amdRReir
associated biochemical pathwagscancergositive for these receptors. Targeted
therapies wdk differently from chemotherapyhich attack all rapidly proliferating cells
in the body and from hormone therapyhich inhibits theeffectsof female sex

hormones

There are currently three appeaVHER?2targeting agents available, trastuzumab,
pertuzumab, and lapatinib (trade names Herceptin, Perjeta, and Tykerb, respectively).
[79]. Trastuzumalis a monoclonal antibody that binds to the extracellular domain of
HER2 thus inhibiting HER2 downstream signaling, such as the activation of mitogen
activated protein kinasserine/threonine kinase Akt, and cyebri which promote cell
growth and prolifeation. It also increases expression of the tumour suppressor p27 in
HER2 overexpressing cancer cells. It hagfiect in HER2negativebreast cance80].

It was the first HER2 targeted therapy approved bythied State$-ood and Drug
Administrationin 1998[79]. Pertuzumab is also a monoclonal antibody Whimds to
the extracellular domain of HER2 which blocks the dimerization of HER2 with other
HER family receptors, again inhibiting downstream signdl8ij. Lapdinib, which is
not an antibody, inhibits the intracellular tyrosine kinase activity of HER2, blocking

tyrosine kinase phosphorylation and thereby inhibiting HER2 downstream patf®8hys

For women with hormoneeceptor positive cancers, hormemgeeptor targeted
therapies can be beneficial along with hormone therapy. Palbociclib and everolimus
(trade names Ibrance and Afinitor, respectively) areemamples of hormonreeceptor

targeted therapies. Palbociclib inhibits cyaliependent kinases 4 and 6, which promote
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progression from thgap 1 G1) to synthesis (Sphase during the cell cycle, and on
which hormone receptor positive breast cancer cedlsi@pendent to proliferate. In
combination with other therapies palbociclib can improve progre$sersurvival of
hormonereceptor positive breast cancf8g]. Everolimus is an inhibitor of the
mammdian target of rapamycin (mTOR), which is part lo& phosphoinositide-Binase
(PI3K)/Akt/mTOR pathwaywhich regulates several cellular functions in cancers,
including cell grovth, proliferation, and suival. Increased activation of this pathway is
one mechanism through which hormeneeeptor positive cancers become resistant to
hormone therap}B3]. As such egrolimus has been found to be beneficial in the
treatment of hormone recepipositive, HER2negative metastatic breast cancers that

have progressed after hormone theriggay.

1.07.04: CHEMOTHERAPY

Chemot herapy treats a woman’s whole body f
and primarily worls by Killing rapidly proliferating cells. This systemic therapy therefore
can have many side effects and baejdamaging t@roliferativehealthy tissu¢2], and
is less effective in indolent versus rapidly proliferating breast caf@grRecently it
has been discovered that chemotherapy can also affect the immune system, sensitizing
the tumour to i mmune cells. This ®“immunoge

responsible for the anticancer activity observed with many ottesrapeutic§86).

Chemotherapy is given either intravenously or orally, and the drugs travel through the

blood stream to reach cancer cells that lmapresent throughout the body.
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Chemotherapy is typically given after surgery (adjuvant chemotheragyjhwitgoal to

kill any cells that were left behind or perhaps were not seen with imaging tests, or before
surgery (neoadjuvant therapy) to shrink the initial tumour to make surgery a more viable
option while also killing cancer cells that have spread disesvin the body.

Chemotherapy is also often used in advanced breast cancers that have spread past the
breast and nearby lymph nodes, where surgery will no longer be a viable method to
remove the bulk of cancerous tissGhemotherapy typically is most efftive when

multiple drugs are used at once, called combination therapy. The most common
chemotherapeutics used in breast cancer are the anthracyclines (such as doxorubicin and
epirubicin), taxanes (such as paclitajdeéxol] and docetaxel),-Buorouracil
cyclophosphamide, and carboplatin. For advanced, metastatic cases of breast cancer
treatments may also include other chemotherapeutics such as mitoxantrone, capecitabine,

gemcitabine, cisplatin, vinorelbine, ixabepilone, or erib[&in

There are many mechanisms through which the various chemotherapeutics induce
cancer cell death. For example, anthracyclines such as doxorubicin damage DNA by
inhibiting DNA synthesis, inducing reactive oxygen species (ROS), formiy D
adducts and crodmks between DNA base pairs, and inhibiting type Il topoisomerases,
ultimately leading to cancer cell apoptod3]. Alternatively, taxanes stabilize
microtubules, cellular polymers that play a key role during mitosis. During mitosis the
microtubues connect at the kinetochore before pulling apart sister chromatids, resulting
in two sets of DNA to form two new cells. Taxanes stabilize these microtubule
kinetochore interactions preventing them from properly disassembling during cell

division, triggeing the cell to undergo apopto$&8,89]. Mitoxantrone, which was
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initially created as a less cardiotoxiteanative to doxorubicifi9Q], primarily causes cell
death tinough its direct interactions with DNA; these include its inhibition of type I
topoisomerases by creating a stable mitoxanttopeisomerase IDNA complex[91]

and its ability to induce DNA fragmentation, ultimately resultingeti death{92].

By working through a variety of mechanisms, combination therapy with multiple
chemot herapeutics can b etedismamt cahcerealdtypiaallyp at i e
innately exist in low levs in any given tumoudue to random mutationBy treating
with just one chemotherapeutic, this gives a competitive advantage to these resistant
mutants, allowing them to grow and thrive in the absence of otheres@tant cancer
cells. Combination thapy eliminates any cancer cells that are resistant to any one of
these drugs used in isolation, and because the likelihood of doubly or triply resistant cells
is much lower than of singly resistant cells, this greatly increases the chance of the

therapy sccessfully eliminating the canc&3].

1.07.05: IMMUNOTHERAPY

Immunotherapy is theg¢atment of disease using substances that stimulate the immune
response. This can be done using monoclonal antihedigsh targetspecificproteins
that are largely expressed in cancer cells, signaling the immune system to eliminate the
cells that expresthose proteins. For example, these treatments intioeune
checkpoint inhibitors. Normal cells contain proteins called checkpqintsich signal
immune T cells to not attackrevening the immune system frosargetinghealthy tissue

by mistake The® checkpoints can also bgpressedh cancer cellsconfusing the
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immune system and preventing it from atiagkhe mutatedtissue Immune checkpoint

inhibitors are monoclonal antibodies that block checkpoint proteins, preventing them

from signaling thel cells to not attack, thereby allowing the immune systedetect

andkill the cancerous cell®4]. The proteinprogrammed death (PD-1), is an example

of an immune checkpoirhat isexpressed by immune T cells and{&aells. It works

by bonding with programmed death ligabhdPD-L1), which can be overexpressed in

cancer cellsthus preventing the immune system from attackingetb@ncer cell$95].

Monoclonal antibodies that inhibit RDor PBL1, such as atezolizumab,
pembrolizumab, and nivolumab, incRDdhse ¢t he
overexpressingancercds,al | owi ng the patient’s own |1 mmu

the neoplastic tissye4].

Immunotherapy works best in cancerous tissue thanaelyheavilyinfiltrated by
immune ells. Approximately 70% of breast cancers contain lymphocytic infiltration in
the stroma, suggesting that immunotherapy could be benéfiaaignificant number of
breast cancer patienifto date phase I trials have demonstrated promising results using
anti-PD-1 and antPD-L1 antibodies with remarkably durable responses in heavily
pretreated, metastatic, and triplegative breast cancers (which typically have high levels
of immune infiltration) with somewhat lower responses ingERitive cancers (whh
typically have lower levels ammune infiltration). Due to these promising early results,
as of early 201éhere were approximately fifty clinical trials either underway or about to
begin to evaluate thability of immune systeraltering drugs to tredireast cancer

patient§96].
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1.07.®: SHORTCOMINGS OF CURRENT TREATMENT OPTIONS

Breast cancer treatment has greatly improved over the past few decades. Surgery has
proven quite effective in treating early stage breast cancer, sometimes with no further
treatment required. Radiah therapy has become more precise in its ability to only target
the cancerous and directly surrounding tissue. Systemic therapies,ngdhadmone,
targeted, and chertiterapies have also greatly increased the-teng survivability of
cancef[2]. For example, six months of adjuvant anthracyebased polychemotherapy
with fluorouracil, doxorubicin, and cyclophosphamide or fluorouracil, epirubicin, and
cyclophosphamide significantly reduced the annual breast camatr ihte by about
38% in women <50 years of age and by about 20% for those agti\Eisus women
who were not given these chemotherapeutic combination therapies. Similarly, use of
adjuvant tamoxifen forfyears reduces the annual breast cancer deatby&1% in
women with ER+ disease versus those who did not take adjuvant tani@difen
However, while there have been significant improvetm@noverall survival using the
abovementioned treatments, there are still thousands of patients who die every year
because of their breast cancer, with approximately 5,000 deaths in Canada attributed to
breast cancer in 2016]. As previously mentioneanly ~22% of patients with
metastaticstage IV breast cancer survive at least five years after initial diagnosis, and as
chemotherpy is the primary method of treating late stage breast cf2icéis indicates
that novel chemotherapeutic drugs are needed with improved anticancer efficacy to

improve the prognosis of patients diagnosed withd&tge breast cancer.

Side effects are another major concern of current anticancer therapies which oftentimes

are severe and debilitating and can cause irreparable damage. Téiesitteof surgery
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include pain or tenderness, the development of scaetissid change in the shape of the
breast with breast conserving surgery or absence of the breast entirely with mastectomy.
Radiation to the breast tissue can cause swelling, rashes and fatigue, nerve damage
causing shoulder, arm, and hand numbness, &ndihi t a woman’' s abi |l it
later in life[2]. Chemotherapeutics are especially damaging to various healthy organs in
the patient, depending on the particular drug in quef@idn Cumulative neurotoxicity

and hematopoietic toxicity are serious limiting side effects associated with t§8anes
Cardiotoxicity induced by anthracyclines, particularly doxorubicin, is a common and
serious side effect. Cardiomyopathy caused by anthracyclines can appear during
treatment or manyears after, and typically appears clinically as congestive heart failure
or arrhythmias, though severe damage can still occur even if the patient is asymptomatic.
Sudden death from arrhythmia can occur years after completion of doxorubicin treatment
[98]. Patients who are younger at the time of treatment carry a higher risk of developing
cardiomyopathies than older patients, and females have a higher risk thafo®jal€ke

use of the fatinum-based chemotherapeutic cisplatin is limited due to severe
nephrotoxicity and ototoxicity. Patients treated with cisplatin have a high probability of
developing permanent hearing damage, and while renal function can improve somewhat
with time aftercessation of treatment, it rarely heals complgt@10Qq. Infertility in

men and prenenopausal women &so a serious concern. Cytotoxic chemotherapy and
radiotherapy may both damage gonadal tissue permanently, rendering the patient
infertile. While radiotherapy of the breast tissue typically does not damage the gonads, if
the cancer has spread and radicpg is directed to the abdomen and pelvis, the risk of

complications increas¢401]. Patients requiring chemotherapy with an alkylating agent
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(which bind to DM to prevent DNA replication), such as cyclophosphamide, have a
high risk of menstrual irregularities, ovarian toxicity, and premature menopause as a
consequence of their treatm¢h01]. The testes are also extremely sensitive to
chemotherapy and radiation, with testicular dysfunction and infertility being among the
most common sideffects in men treated with alkylating agej8g]. In addition to these
serious, oftentimes permanent, and sometimes deadbgBetts of chemotherapy, less
severe but still extrealy uncomfortable angdotentiallydebilitating side effects are

common These include hair loss, mouth sores, loss of appetite and weight loss, nausea
and vomiting, diarrhea, fatigue, and increased chance of infections and easy bruising or
bleeding due techemotherapynduced damage to the blodéaming cells of the bone

marrow[2].

Secondcancersre also a serious risk associated with cancer therapies, which can
develop in patientgears after the successful treatineha first cancer~or example,
secondary myelodysplasiaukemia as well as bone and bladder canterge been
associated witthe use otertain chemotherapeutics, such as alkylating agents and
topoisomerase Il inhibitofd02103104,105. These treatments work by damaging the
DNA of cancer cells, thus causing cell death. However, irreversible damage can also be
caused in healthy tissue by these drugs, causing DNA mutations that can increase the

p at i ahante’ofgdeveloping a secoramhcedater in life[10§.

New breast cancdreatments are required with improvefficacy that will improve the
long-term survivability of patients, especially in those withstiege metastatic disease.

Additionally, current chemotherapeutics can result in dangerous and permanent
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debilitating toxicities, warranting continued resdaefforts into the development of

novel drug treatments that induce fewer and less severe side effects.

1.08.00: METASTATIC BREAST CANCER

When breast cancer cells spread outside of the breast tissue to a new part of the body it
is called metastatic bast cancer. Metastatic breast cancer can also be referred to as stage
IV breast cancer. The most commons sites adddireancer metastases aréame, brain,
liver, and lungissue For cancer cells to metastasize, they need to follow a series of steps
that allows them to escape the primary breast tumour, spread throughout the body, and
grow in another organ or tissue. These steps involve: (1) Spreading into, or invading,
nearby normal tissue. (2) Spreading through the walls of nearby blood or lymptsvessel
(3) Traveling through the lymphatic system or bloodstream, allowing the cancer cells to
travel to almost anywhere in the body. (4) Stopping in small blood or lymph vessels at
some other location in the body, traversing through the blood or lymph weskeind
moving into the surrounding tissue. (5) Surviving and proliferating in the new tissue to
form a secondary metastatic tumour site. (6) limlpangiogenesis around the tumour,
providing a blood supply to the tumourigenic cells and allowing thefortioer grow and
proliferate[107]. It is difficult for cancer cells to meet all of these criteria and
successfully form micrometastases. In experimental settings, only ~0.01% sfatieta
clonal cancer cells injected into circulatimereable to form metastatic foci. However,
as 90% of all human caneezlated deaths are due to metastases, this miniscule success
rate is still high enough to make metastdsrsnationa seriousmpedmentin the

successfutreatment of cancefd 0§.
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The majority of lymph from the breasts is drained through the axillary nodes (under the
arm), spra and infraclavicular nodes (around the collar bone), and internal mammary
nodes (inside the chest near the breast bone). For this reason, these are the nodes that
oncologists typically first check to see if a breast cancer has spread. If canceaeells h
spread to a patient’s Iymph nodes, there i

also metastasized to other parts of the 4@y

Metastatic breast cancer remains an incurable disgesgite advares in available
treatmentswith a median survival time of 2 to 3 years pditgnosis. One third of
women with early stage breast cancer will eventually have their disease metéSiasize
and over 570,000 people are estimated to die from metastatic breast cancer every year
worldwide[109. For women with hormoneeceptor positive metastases, systemic
hormone therapies can be usetiétp reduce the growth and spread of further
metastases, such as tamoxifen or aromatase inhibitors depending on the menopausal
status of the woman. Similarly, those with HER2+ cancers can receive systemic HER2
targeting drugs, as previously discussed.idalty chemotherapeutics are used in
combination in such cases, and in women with tapdgative metastases chemotherapy

is the sole option availab|g].

Breast cancer is one of the most chemothersgysitive types of solid tumours, and
treatment with anthracyclines (such as doxorubicin) and taxanes (such as paclitaxel and
docetaxel) remain the typical firshe chemotherapeutics in metastatic breast cancer.

Due to the cardiotoxicity assoctat with doxorubicin, taxanes hagmerged as the
preferable treatment choice. Once the efficacy of these treatments begins to fdihdater

treatments include drugs such as capecitabine, eribulin, and ixabepilonetaberaci
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platinum agents, and irinotecan can also be used. Improving overall survival and quality

of life are key aims when treating metastatic breast cancer patients. Typically with
chemotherapy for metastatic breast cancer, single agent segtreatiaet is preferable

to combination therapy. While combination therapy often can achieve better response
rate, this is at the cost of more severe side effects and has been found to have little impact

on overall surviva[3,110.

Drug resistance is the primary impediment to successfully treating patients with
metastatic breast candérl(. The use of taxanes and doxorubicin can be lindtesito
the development ofyr innate, MDRn metastatic breast cancer cells, such as through the
overexpression oATP-binding cassett (ABC)-transporters likéABCB1 [3]. MDR isa
very significant problenbecausehe cancer can no longer be effectively treated with
these drug§ll1]]. Current practicés to use treatments peahthracyclineor taxaneuse
that are from another drudasswith the hope of avoiding croggsistance. Howevgthe
need remains for new chemotherapy treatsy@twomen with metastatic breast cancer
that are still effective in these drugsistant cancer cells. Ideglthese new agents should
belong to a novel class of drug, have a different mechanism of action, and improve
overall survivability while simultaecously having less severe side effects when given as a

monotherapy11Q.

1.09.00: MULTIDRUG RESISTANCE IN CANCER

Failure of a pat toa patticulartherapy cae residt twwo general p o n d

reasons(i) host factors, such as poor absorption or rapid metabolism of the drug, that
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impair the delivery of the anticancer drugs to the tumour cells, and (ii) genetic or
epigenetic alterations withimé cancer cells that affect their sensitivity to anticancer

drugs[112113.

Resistance to chemothesacan occur prior to any drug treatment due to random
mutations in the cancer cells that imbue a ehegjstant phenotype (called primary or
innate resistancelror exampleweakly ERpositivebreast cancer celthatonly express
slightly higher levels DER versus ERhegative cellgre often treatedsing hormone
therapy These cellslo nottypically respond well to such treatments, and this low
expression of ER is therefore considered a form of innaterégigtancg¢l114].
Alternatively, drugresistance&an develop over time following exposure to
chemotherapeutic agents that do not successfully kill all cancer cells present, giving a
competitive edge tanyremaining cells that happened to have an innate resistance, which
grow to form drugresistant tumours (called acquired resistaite}. After cancer cells
become resistant to one drug, they often also show-oeestance to other structurally
and mechanistically unrelated drugs, a phenomenon knoMD&s due to the non

specific nature of the methods through which eresgjstace occur$113.

These MDR mechanisms can occur through: (i) genetic mutations that alter the
translation of certain MDRssociated proteins, (ii) alterat®to the expression levels of
small, noncoding RNAs called onoRNA (miRNA) which bind to mRNA and prevent
translation, thus silencingertaingenesand promoting MDRor (iii) altered epigenetic

regulation, such as through DNA methylation, affecting dgeanescription116].
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There are multiple mechanisms throughathcancer cells can become resistant to
different classes of drug simultaneously, which can occur in isolation or in combination,

rendering many chemotherapeutics ineffective.

1.09.01: INCREASED DRUG EFFLUX

Resistance to naturgkoduct lipophilic anttancer drugs is typicallgue to
overexpression of ATHependent efflux pump proteins found in the cell membranes of
cancer cells that have broad drug specificity. This type of drug resistance is so common
that it is sometimesidefugrreditseoaamase”cl|l dadve
a family of ABC transporters that have shared sequences and homologies. At least 48
human ABC genes have been identified and are divided into seven distinct subfamilies,
labelled ABCA through to ABCG, followed byumbers to differentiate the various
proteins[117]. Resistance to both taxanes and anthracyclines, the two classes of
chemotherapeutics typically used for breast cancer, arises predominantly from decreased

intracellular concentrations as the result of increased efflux throughtreBSporters
[11§.

The major mechanism afultidrug resistance is the overexpression of ABCB1,
encoded by the ge®BCB1land also commonly referred to permeabilityglycoprotein
or multidrug resistance protein it is the best studied of the various AB@nsporters
[112119. ABCBL1 is a broagpectrum multidrug efflux pump that consists of twelve
transmembrane regions and two Abiading sited120. Binding of a substrate to the

transmembrane domain of ABCB1 stimulates its ATPase activity, which causes a
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conformational change that releashe substrate to the extracellular spagd].

Hydrolysis at the second ATiBinding site then resets the transporter so that it can again
bind substratecompleting one catalytic cyc]@22). ABCB1 efficiently removes many
chemotherapeutics and other pharmaceuticals through the lipid bilayer of cells, which can
render treatments ineffectiy&13. In breast cancer, the expression of ABG81

increased after certain therapies, including taxanes or anthracyclines,saindrémase

has been associated with a greater likelihood of further treatments [ailig$23.

Overexpession of other AB@ransporters can cause cancer cell MDR as well. One
such transporter is ABCC1, also called multidragisanceassociated protein[124].
ABCC1 has a similar structure to ABCB1, recognizes neutral and anionic lipophilic
natural products and drugs, and is widely expressed in many human tissues and cancers
[125. A third ABC-transporter that has been associated with drug resistance, in particular
resistance to the drug mitoxantrone, is ABCG2. ABCG2 is also known asamiitore
resistance protejrbreastancer resistance protewor ABCtransporter in @centaThis
transporter is believed to be a homodimer of two-tralisporters, each containing an

ATP-binding domain and six transmembrane ufiits3126.

While multiple ABGtransporters, including those described above, have been
associated with MDR in cancer cells, they are also expressedlitny cellsand
typically serve to protect tissue from pdiahtoxins Consistent with their wide
distribution throughout the body, it has become clear that they are largely involved in the
transport of many endogenous substrates along with their ability to efflux cytotoxic drugs
[113. For example, AB@ransporters are involved in the regulation of central nervous

systempermeabiliy. The bloodbrain barrieprotecs the central nervous system from

36



toxins, and is forme by themicrovasculaendothelial cells of capillaries. ABCB1 is

found at high concentrations along the luminal surface of these capillary cells and helps
efflux cytotoxins from the cells back into the capillary, thus protectingenéral

nervous systerfil27]. Other ABC transporters such as ABCC1 are involved in the

removal of metabolic waste from thentral nervous systemto the blood12§. ABC
transporters have also been found to be normally expressed in testicular tissue to protect

sperm from toxins, and in the placenta to protect the developind 124s

ABC-transporters aralsowidely expressed in the liver, gastrointestinal tract, and
kidneys to helgvith the excretion of toxins from the body, thus prtiterthe whole
organism[113. For example, ABCBL1 is found in the apical membranes of hepatocytes,
where it transports toxins into the bile to be excréiad). ABCBL1 in the
gastrointestinal tract, situated in the apical membranes of mucosal cells, extrudes toxins
that may have been ingested by the organism formfingtdine of defence; though it
also extrudes drugs that are ABGBUbstrates that have been ingested by a patient, thus
decreasing their bioavailabilifyt 31]. ABCBL1 is also known to efflux intravenous drugs

through the gastrointestinal tract to eliminate them from the piRg}.

1.09.02: REDUCED DRUG UPTAKE

Resistance to anticancer drugs can also be mediated by reduced uptake into the cells.
Hydrophilicdrugs that do not regularly pass the cell membrane through passive diffusion
can instead “piggyback” on uptaki@ohranspor

agents that enter the celh endocytosis. Cells can become resistant to these drugs
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through mutations that eliminate or modify these uptake transpplteds For example,
resistance to toxic fate compounds such as methotrexate commonly occurs through
mutations to the uptake folate binding protein or the reduced folate transporter, reducing
their influx activity[133. Similarly, cancer cell mutants with defective endocytosis are
resistant to cancer dyg, such as immunotoxins, that must be internalized to induce

cancer cell death and that enter the caliendocytosi§112134].

1.09.03: ACTIVATION OF DETOXIFICATION SYSTEMS

MDR can occuthroughthe increased activation of detoxifying systems within the
cells, such as through increased drug metabolism and deactivath cytochrome P450
enzymes pglutathioneS-transferases (GSTEY35136]. These systems can modify,
degrade, or complex the drug wather molecules during the metabolic process,
ultimately inactivating the drug. Therefore increased activity of these detoxification
systems can lead to MDR. Similarly, if a patient is treated with an anticaneérygo
which require being metabolizedbtbecome active, the activity of these detoxification
systems can decrease, reducing the rate at which th@xiorpro-drug is metabolized to

its active form[135).

1.09.04: ACTIVATION OF DNA REPAIR SYSTEMS

MDR can develop due to increasaetivity of DNA repair systemd.his type of MDR
can occur after continued exposure to any drug that damages DNA, preventing the

intended DNA damage from occurring and thereby preventing the cancepoellying
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[113. For example, resistance to DNA damaging alkylating agents can occur due to
increased expression of the DNA repair prot@{f)-methylguanine métyltransferase,

and is considered a significant barrier to the successful treatment of cancers that
overexpress this prote[d37]. Increased activity of these DNA repair systems has been
observed alongside increased expression ab>eABC-transportersilustratinghow

multiple mechanisms can occur at the same tommbueMDR in cancer cell$13§.

1.09.05: BLOCKED APOPTOSIS

MDR canoccur as the result of defective or absent apoptotic pathways. Ttie care
to genetic mutations, overexpression of certain miRNAs, or altered DNA methylation
that affect signaling pathways that are involved in the initiation and/or execution of
apoptais in a cel[11313914(0. For example, the PI3K/Algathway is an important
signaling pathway that regulates many cell responses including cell proliferation and
survival, and aberrations in this pathway occur in ~70% of breast cqfhdé&yswhich
have been linked to tamoxifen and trastuzumab resistance in breast cancer cells along
with ABCBZXupregulaton[116]. When this pathway is hyperactivated, it can lead to

increased cell proliferation and inhibition of apoptosid]].

1.09.06: ALTERATION OF DRUG TARGETS

An anticancer drug’' s efficacy is influenc:é
this target through mutations or modifications of its expression levels, can in turn alter
the efficacy of the drugfhese drugarget alterations can therefore lead to M[ARY.
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For example, many anticancer drugs inhibit topoisomerase Il, an enzyme that prevents
DNA super and undecoiling, thereby preventig DNA damage. Drugs that stabilize the
DNA-topoisomerase Il transient interaction prevent topoisomerase Il from working
properly, inducing DNA breaks which signal the cell to undergo apoptosis. Cancer cells
can become resistant to this method of cellldesgtmutating the gene that encodes the
topoisomerase Il protein, thus forming a mutated version of topoisomerase Il that is no
longer targeted by these dryd4?2]. Figure 1 summarizes these mechanisms of drug

resistance.

(1) Increased efflux (2) Decreased uptake

Drug Substrate

l (3) Activation of —

detoxification
systems

(5) Blocked apoptosis —

(4) Activation of
DNA repair

(6) Altered drug target

Figure 1. Mechanisms of multidrug resistandehese include: (1) increased drug efflux
through ABGtransporters, (2) decreaseflux throughuptaketransporters, (3)
activation of detoxifiation systems such as drug metabohsacytochrome P450
enzymeglabelled CYP above)4) activation of DNA repair mechanisms, (5) inhibition

of cellular apoptotic pathways, and (6) alteration of the drug target.
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1.09.07: MULTIFACTORIAL MULTIDRUG RESIS TANCE

An important principle in the development of MDR is that cancer cells are genetically
heterogeneoud his means that while mutations in these cancer cells share a common
phenotype that favours rapid and uncontrolled proliferation, many of thdationa are
different between cells. Additionally, the rapid proliferation of these cells increases the
chance for the development of further, uniqgue mutations as the cancer progresses.
Therefore, tumour cells that are exposed to chemotherapy will balhagealected for
those that have the ability to survive and grow in the presence of the drug regimen, and
due to natural genetic heterogeneity these MDR cancer cells will likely display multiple
mechanisms of resistance, making further treatment yet chailenging. This

phenomenon is called ®“mulfli3i factorial mul ti

1.09.08: TREATMENT OF MULTIDRUG RESISTANT CANCERS

The various mechanisno$ MDR described above depict a major hurdle in the
treatment of advanced breast cancer. One method that has been proposed to treat patients
with MDR cancers is by using inhibitors of the AB@nsporters, in particular ABCB1,
as this is the most commortpserved mechanism of MDR in cancer cells. The
reasoning behind this is that by inhibiting these transporters the chemotherapeutic drugs
will not be effluxed as readily, thus improving their potency and efficacy in treating the
MDR cells.The general sttagy to inhibit ABCB1 has been to develop compounds that
either compete with the anticancer compounds for active transport-@onguetitively

inhibit ABCB1[113.
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The first generation of ABCBL1 inhibitors includedaiety of compoundsuch as
verapamil, quinine, and cyclosporin A. Howeméie speculation that these inhibitors
could improve cytotoxic potency of chemotherapeutics was replaced with the tteeit
they were in fact only weak inhibitors of ABCB1, and caused significant tmseit
high dosesn patientssuch as hypotension, heart block, fluid retention, tinnitus, and

vertigo, among others, depending on the specific inhibitor UistRi144].

Based on these results secayaheration ABCB4nhibitors were developed, such as
the drug valspoda¥Vhile valspodar effectively inhibited ABCB1 and avoided the
primary toxicity associated with the firgeneration ABCB4inhibitors, it did
demonstrate significant toxicity stemming from didigig interactions with the toxic
chemotherapeutics used; valsposignificantly inhibited the metabolism and clearance
of the chemotherapeutics with which it wastoeated, elevating their plasma

concentrations to unacceptahbled difficult to predictevels[145.

A third generation of ABCBnhibitors was developedghich includedhe drugs
elacridar, tariquidar, and zosuquigahich reportedly avoided the pharmacokinetic
issuesobserved withthe £condgeneration inhibitordJnfortunately, the ability of these
inhibitors to reverse MDR caused by ABGBterexpression was minimal. For example,
a phase Il trial testing tariquidar in combination with anthracyctinéaxanecontaining
regimens in pagints with ABCBZoverexpressing MDR breast cancer resulted in a partial
response in only 1 patient among the 17 who received the combination treatment (6%

response rate)t was hypothesized that the use of these inhibitors was minimally

effective due to th developmentf alternative mechanisms of MDRn t he pati ent

tumourg[144.
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Fourth generation AB@ansporter inhibitors are currently being developethfro
natural products that have exhibited potential as chemosensitizers in the hopes of
developing novel inhibitors that are less toxic and more effective than the previous three
generation$147]. For example, the plauterived compound curcumin has beeavsh to
significantly reduce the growth of ABCBdverexpressing colorectal cells in mice in
combination with the chemotherapeutic capecitabine, compared with capecitabine or
curcumin on their owip148§. In another studycurcumin reportedly reversed MDR in
cells and animal models by inhibiting the expression and function of#d&Gporters
and inhibiting ATPase activitjl49. While still in the early stages, this dataggests a
possible role for curcumin as an inhibitor of AB@nsport and a potentiatof the
cytotoxic activity of chemotherapeutics in MDR candd#7]. Other natural products
such as resveratrfl 50, tannic acid151], quercetinf152, and tea catechij453 are
also being studied as potenti&l generation ABGtransporter inhibitors. Currently these
inhibitors are all in early, preclinical stages of research. However, based on promising
cellular andn vivotrials completed thus far, reversing MDR in cancer cells by inhibiting
ABC-transporters remas a possibility worth exploring that will hopefulbyove

successful with thisewest generation of inhibitof$47).

An alternative method of treating MDR cancers that overexpresstiBiSporters is
through simple avoidance. Instead of using A& sporter inhibitors in combination
with chemotherapeutics that are known substmaftéisese efflux transporteraoveldrug
therapies that are po&BC-transportesubstratesould be usedithout the need for
ABC-transporter inhibitorsSuch compounds witd not be recognized by ABC drug

efflux transporters and would therefore not be eliminated from the MDR cells, thus
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helping them taetan their anticancer activitj154]; however susceptibility to other
mechanisms of resistance could still arBech novel therapeutics are currently being
developed. For example, a derivative of the compound indirubin called PHa$ been
found to be effective in 18 differentrozer cell lines and 8rugresistant cell lines. Set

al determined that PH{T was able to retain its cytotoxic properties in these MDR cells
due to it not being effluxed by ABCH155. Similarly, the taxane analog BXP7
overcoms ABCB1-induced MDR in various tumour cell lines bathvitro andin vivo.

This compound was found to be a poorer substrate of ABCB1 than docetaxel and
paclitaxel, suggesting a mechanifor how DJ927 retains its cytotoxic activity in ABC

transporter overexpressing cancer cell lifléss].

By avoidingtransporteimediatedefflux, cytotaic drugs that are poor AB€ansporter
substrates can retain their cytotoxic potency in ABfDisporter overexpressing MDR
cancer cellgFigure 2). Based on the limited success of AB@nsporter inhibitors used
in combination with chemotherapeutics, hat research into novel cytotoxic compounds

that areunaffected by the overexpression of these drug efflux transpisteesded
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Treatment with drug Drug is effluxed;

that is an ABC- cancer cells remain
transporter substrate P alive Y
—_—
ABC-transporters
L L

ABC-overexpressing \ \\ Il
breast cancer cell
7/ BRE\\

Treatment with drug Drug is not effluxed;
that is a poor ABC- induces cancer cell
transporter substrate damage and death

Figure 2: ABC-transporter substrate versus psabstrate drugs in the treatment of
ABC-transporter overexpressing MDRrcersDrugs that are substrates of ABC
transporters can be effluxed from the cell, rendering the treatment ineffective and
preventing the drug from Kkilling the cancerous tissue. Drugs that are poor substrates of
ABC-transporters are not effluxed, remaiithin the cells, and are thereby able to retain
their cytotoxic potency in the AB@ansporter overexpressing MDR cancer cells.

1.10.@: THE USE OF NATURAL PRODUCTS FOR DRUG DEVELOPMENT

Natural productg¢compounds obtained from a variety of naturairses suclas plants,
fungi, and bacterid)ave been a rich source of compounds for drug discovery for decades
[157]. Historically, almost all medicinal prepai@is were derived from plants or
animals. More recently, natural products or compounds derived from natural products

make up a large portion of compounds that enter clinical trials to become approved drugs,
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in particular novel anticancer and antimicrolagentd158159. An analysis of all new
medicines approved by the United States Food and Drug Administbatioveen 1981
and 2010 showed that 34% of all small molecule drugs were natural products or
derivatives of natural producf$6(q, including the tubulirbinding anticancer drugs such

as paclitaxel and vinbéine[161,167.

Bacteria especially have been important sources of novel natural products, with the
Actinomycete genuStreptomycebeing responsible for 780% of all newly developed
antibiotics in the 1950s and 1960s and are currently responsible for approximately 34%
of all isolated bioactive microbial metabolifd63. Of particular relevance to my work
is the thinwalled, colourless, hyalinand monopodialhbranchedsoil-bacteria
Streptomyces venezuel&™5230[164]. This organisntanbe used to biosynthesize
(produce comiex compounds within living organisms or cells) a large category of

bioactive compounds called jadomyc[i§5 .

1.11.00 BIOSYNTHESIS AND STRUCTURE OF JADOMYCI NS

The first biosynthesized jadomycin analogue, simply labelled jadomycin at the time and
later referred to as jadomycin(&igure 3a), was created by a group of researchers from
Saint Mary’s University, Mount octoonaofthe Vi nce
National Research Council in 19p166. The poceeding glycosylated analogue, which
contained a sugar (2dideoxyL-digitoxose) added to ring D of the jadomycin backbone
(Figure 3b), was published in 1993 and labelled jadomycif187,16§. Since then, over

25 different jadomycin analogues have been biosynthesized and i§aB&F (.
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Through the use of heat or ethanol sh&kyenezuelaksP5230 can be manipulated to
produce jadomycins through fermentat[@%7,171]. Jadomycins are pigmented,
angucyclinederived antibiotics that contain a pentacyclt-Benzp]oxazolo[3,2f-]-
phentathridine backbone, which contawefaromatic rings (labelled A through E in
Figure 3) including a dihydropyridin€¢B) and an oxazolone rin@) [166167,171]. The
nitrogen heteroatom of tlexazoloneing E derives from the incorporation of an amino
acid provided in the growth medn, which incorporates itself into the jadomycin
backbone during bsynthesig172173, and the 2 &lideoxyL-digitoxose sugar is

appended onto ring D by an enzyonsdledJadS[174].

HO
0
B H
N E O
OH O
o)
(A) ) HO

Figure 3: Structures of (A) jadomycin A and (B) jadomycin Bsdewn from structures
reported ly Shanet al[16§. The nitrogen heteroatom of the oxazolone ring E derives
from the incorporation ofraamino acid provided to the bacteria in the growth omadi
which is biosynthesized into the angucycline backbone. A sugadjde6xyL-

digitoxose, is incorporated into ring D in jadomycin B.
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When jadomym B was first biosynthesized usihgatshockel S. venezuela&sP5230
the bacteria were grown medium in whichthe only nitrogen source was the amino acid
isoleucing[167]. It was noted that an isoleucisglegroup made up part of the oxazolone
ring of jadomycin B, suggesting théuet bacteria had metabolized the amino acid
isoleucine and incorporated it into the jadomycin backbone. Deiwdlalso documented
that different pigmented product was biosynthesized bgptivenezuelak&sP5230when
different amino acids were used, whitley presumed to be jadomycin B analogues in

which the bacteria had incorporated a different amino[dGi§ .

The observation th&. venezuelak&sP5230could biosynthesize novel jadomycin
analogues by using different amino acidsaanitrogen source stimulated research by
Jakemanet alto create novel compounds and determine if they exhibited different
chemical properties. Using a variety of natural andmatural amino acids, it was
determined tha®. venezuelaksP5230could incorporate these amino acids in afon
enzymatic reaction to biosynthesize a variety of novel and unique jadomycin analogues

[165169172173176.

1.12.00 THE BIOLOGICAL ACTIVITY OF JADOMYCINS

In initial pharmacological investigationgdomycins were found to display
antibacterial properties in several strainSoaureusS. epidermisPseudomonas
aeruginosaEnterococcus faecaligndBacillus subtilis Interestingly, different
analogues of jadoneyns displayed different potencigsthe various bacterial strains; for

example jadomycins B, L, and F were found to be the most active of the 11 jadomycins
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tested against methicilliresistantStaphylococcus aureushis evidences how different
amino aails incorporated into the oxazolone ring of jadomycins can alter their activity,
providing impetus to explore the bioactivity of various jadomycin analogues to determine

if a certain amineacid side group best exemplifigeeir biological activity[176).

The anticancer activity of jadomycins was first explored in 2005, when six jadomycin
analogues were tested for activity against four different cancer cell Hee&2 (human
hepatocellular carcinoma), B4 and IM9/Bcl-2 (two human lymphoblast cell lines
derived from multiple myeloma), and H640 (human-samallcell lung cancer). Each
jadomycin exhibited anticancer activity, but similar to the antimicrobialtseehserved
by Jakemaret al, there was differential activity between the jadomycins; specifically
jadomycin S was most potent in the HepG2;9Mand IM9/Bcl-2 cell lines, while

jadomycin F was most potent in the H460 cell [ihé7].

Borrisow, et al, tested the cytotoxicity of 19 jadomycin analogiresvo breast cancer
cel lines, 47D (ER+, PR+, HER2 and MDA-MB-435(ER-, PR, HER2+)
[59,178179, in a study published in 2007. The f@alues for the treatments ranged
between 1 and 30 uM, with the more potent analogues containing small polar side chains,
such as jadomycin S, and the least potent analogues containing budkietia rings in
the side chains, such as jadomycin W. Eviglencel how the amino acid attached to the
oxazolone ring in a jadomycin analogue can affect its anticancer activity, and also
suggestdwhich amino acids may best potentiate this activity. Addally, the
jadomycin analogues were consistently more toxic in the MIIEBx435 versus the-T
47D cells. Since the MDMB-435 cellsaremore highly proliferative than the-Z7D

cells, this gidencal a mechanism related to celcle transit. Such an attute suggests
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that jadomycins could successfully target rapidly proliferating cancer cells over slower
proliferating healthy cells; an importainéit of any anticancer drufd69. Nine

jadomycin analogues have also been tested in MER#, PR+, HER2 [179 breast
cancer and HCT116 colorectal cancer cell lines, wita ¥@lues ranging from.07 to

66.8 uM.Supportingthe results reported by Borrisoet, al, jadomycins with alkyl or

small polar side groups showed the highest potencies against the cancer cells. In this
same studymostjadomycins were found to be equally toxic to reamceroushiuman
mammary epithelial cellsAn exception was jadomycin ornithine, which showed an
approximately Zold reduction inpotency in the nogancerous versus cancerdusast
cells. This suggests that the replacement of the hydroxyl functional group iteittecd
side chainsuch as in jadomycins S orwith an amino group could improve jadomycin
selectivity[18(. Additionally, since Borrissowet al, determined tht jadomycins exhibit
increased potency morerapidly proliferating cell§169], jadomycins could still be
selective for cancer celis vivosince breast cancer cefigically proliferate
approximatelyl1- to 15fold fasterthan healthy breasellsin human breast cancer

patient§181], warranting further research.

Two jadomycin analogues that contaimedorvaline (DNV) and-norleucine (DNL)
have beenested in a 6@ell line cancer screen by thNational Cancer Institute
Jadomycins DNV and DNL were tested ir keukemia, nine noismalkcell lung
carcinoma, six colon, six central nervous system, nine melanoma, seven ovarian, eight
renal, two prostate, and six breast cancer cell lines at five doses spanningoa 5 log
concentration range. The percent growth amdmoptical density were determined by

theNational Cancer InstitutdBoth analogues were found to be efficacious for almost all

50



of the cell lines tested, with the exception of the leukemia cells which dispdayasbf-

yet unexplainedhnate resistancethe jadomycin treatmenf$82. Similarly, seven

novel jadomycin analogues containing a triazole moiety between the variable amino acid
side group and oxazolomig were biosynthesizemhd tested by the NCI #0-cell line

cancer screenAll of the compoundsexhibited similar potencies, inhibitirtge growth

of the majority of the cell lines tested in the low micromolar rdi§4.

1.12.01 JADOMYCINS IN THE TREATMENT OF MULTIDRUG RESISTANT

BREAST CANCER

Our laboratory previously examindae cytotoxic potency ahultiple jadomycin
analoguesn drugsensitive control MCF7 breast cancer cetisnparedvith ABCB1-
overexpressing paclitaxegsistant (MCF7TXL), ABCC1 overexpressing etoposide
resistat (MCF7-ETP), and ABCGzverexpressing mitoxantromesistant (MCF7

MITX) MCF7 cell lines

Using MTT cell viability assayst wasconfirmedthat the MCF7TXL, MCF7-ETP,
and MCFZMITX cells were resistant to the cytotoxic effects of the ABCB1 substrate
docetaxel, the ABCC1 substrate etoposide, ABCB1 and ABCC1 substrate
doxorubicin,and he ABCG2 substrate mitoxantrorie.comparison, the jadomycin
analogue®NV, B, L, SPhG, F, S, ;Tand Wall effectivelyinduced breast cancer cell
deathin the threeMDR MCF7 cell lines with only a small decrease in potency relative to

the MCFZCON cells this decreased potency was significantly less than that observed
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with the control drugsThis provided the first of our evidence that jadomycins largely

retain theircytotoxic potency in AB@ransporter overexpressing MDR MCF7 c¢8k

Additionally, we determined that jadomycins are not inhibitors of ABCB1, ABCC1, or
ABCG2 using human embryonic kidney (HER93 cells stably transfected with these
ABC-transporters. This is an important property to determine as it suggests ¢agomy
may be minimally susceptible to drdgug interaction#n vivoif they were to be used
alongside other chemotherapeutics that are substiat these transporters, aruilcl

therefore be viable candidates for chemotherapeutic combination thd@pies

1.13.00 EARLY UNDERSTANDING OF JADOMYCIN S MECHANISMS OF

ACTION

Before my work into jadomycins’' mechani s ms
understanding of how theglled cancer cells was knowithere arehowevera few
preclinicalstudies that explored some possilechanisms through which jadomycins
could indue breast cancer cell deatthich proved invaluable in the development of my

own research project

1.13.01 INHIBITION OF AURORA B KINASE

One potentiajadomycinmechanisnof actionis through the inhibition of an enzyme
called aurora B kinagd.84]. There are three aurora kinases in humans, labelled aurora

kinases A, B, and 185. Aurora B kinase is an important enzyme that is necessary for
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correct microtubul&kinetochore attachment, chromosome alignment and segregation, and
cytokinesis during cellular mitosj486. Additionally, the gene expression of both

aurora kinases A and B are commonly overexpressed in a variety of primary cancer
tumours[187]. Since aberrant aukinases lead to errors in chromosome alignment and
segregation and because they are only expressed during mitosis, aurora kinase inhibition
has little to no effect on quiescent cellberefore the inhibition of aurora B kinaseais

attractve method fo anticancer therapig¢48§.

Using computebased virtual screening, Fet, alidentified jadomycin B as a possible
aurora B kinase inhibitor, suggestingtiadomycin B could fit into the AT-Binding
pocket of the enzyme and bind strongly to the residues surrounding this cleft, thus
inhibiting its activity. In addition, this group then showed that jadomycin B directly
inhibits the phosphorylating activityf aurora B kinasén vitro, and that it inhibits the
phosphorylation of histone H3 on serine(PeHis3[Ser10]) a downstream target of
aurora B kinasan A549 lung carcinoma cells, HeLa cervical carcinoma cells, and
HepG2 liver carcinoma cells. Togeth#rs suggestedhat jadomycin B waan inhibitor
of aurora B kinasgl84], though further research weesjuired to determinié aurora B
kinase inhibition was shaed mechanism among various jadomycin analoguesoand

determine if this mechanisoontributes to jadomycin cytotoxicity breast cancer cells

1.13.02 DNA CLEAVAGE AND REACTIVE OXYGEN SPECIES INDUCTION

DNA damaging agents have a long history of insehemotherapy. The earliest

developed chemotherapeutics were nitrogen mustards and folate antagonists in the 1940s
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[18919(, and both are effective cancer killing agents due to their Diilaging
properties. DNA integrity is vital for maintaining cellular proliferation and function.
DNA damage is detected by celfcle checkpoint proteins, which when actedhalt the
cell cycle to prevent the transmission of damaged DNA to new cells during mitosis.
When DNA lesions occur during the S phase of the cell cycle it blocks replication fork
progression, often leading to replicatiassociated DNA double strand &ks, which are
among the most toxic forms of DNA damage. If this DNA damage is not repaired it
typically results in cell death. Cancer cells often have more relaxed DNA d&®agieg
and-repair mechanisms than healthy cells, and are able to igno®yclelicheckpoints

that would tell a normal cell to halt proliferation. This is one way through which cancer
cells are able to proliferate rapidiiowever, his feature of cancer cells makes them
susceptible to DNA damaging agents, since replicating dantaiyédncreases the
likelihood that cell death willltimatelybe signaledThe concept of damaging DNA as a
cancer treatment is widely exploited by various chemotherapeutics, including cisplatin,
doxorubicin, 5fluorouracil, etoposide, and gemcitab{ii®1]. One way that
chemotherapeutics damage DNA is throughitiduction of ROSwhichcanreact with

DNA and cause cell lethdiouble strand breaks92,.

ROS such as hydrogen peroxide, hydroxyl radicals, or superoxide are constantly and
naturally generated within biological systefi93. In healthy cells, ROS levels are
controlled by balancing the generation of ROS with their eliminatiascavenging
systemg194. ROS perform many important roles in the body. They are involved in cell
cycle progressiofil95, mediation of tumour suppressor genes sugb8$196197),

and protectie mechanisms including apoptosis, phagocytosis, and detoxification
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reactiond19§. Paradoxically, when intracellular ROS levels are heightened,ginoam

be done to proteins, lipids, and DNA; this is termed oxidative stress and can lead to the
progression of cancer and other dise§$69200,201]. Even higher, excessive levels of

ROS can lead to irreparable damage and ultimately trigger cell death, and is a method
used in anticancer chemotherd@92. The theory behind elevating intracellular levels

of ROS through the use of anticancer drugs is based on the fact that cancer cells typically
have inrate levels of ROS higher than those observed in healthy cells, and are therefore
already heavily dependent on their cellular antioxidant systems. These drugs increase
ROS activity in the cancer cells past their tolerability threshold, inducing cell déugsh.

i's known as the "thr es h2032@4. Sincenheaéthy tellsf or c an
innately havedwer levels of ROS they have a higher capacity to cope with the increased
oxidative stress induced by certain anticancer drugs in comparison to tumo{2@élls

Using this method of chemotherapy, selectivity towards cancer cells versus healthy cells

can be achieve[®03.

Usingin vitro acellular assays and purified, supercoiled bactplésmid DNA it was
determined that jadomycin B cleaves DNA in the presence of Cu(ll)iitmaviolet-
visible spectroscopy indicated that this cleavage doegwolve direct jadomycin B
DNA binding, and instead it appears that jadomycin B forms a weak binding interaction
with Cu(ll) in the presence of DNAt was noted that the Cu(lihediated cleavage was
enhanced in the presenceutifavioletlight, which irdicates that a jadomycin B radical
cation and Cu(l) may be intermediates in DNA cleavage. Therefore Metrab,
suggestdthat jadomycin Bnay serveas a source of electrons for Cu(ll) reduction,

producing Cu(l) which in turn reacts with®: to form extemely reactive hydroxyl

55



radicals, which then cause DNA cleavage. In addition, scavengers of the reactive
hydr oxyl radicals and superoxide inhibited
properties, further suggesting that jadomycin B cle&aeserial plasmiddNA through a

Cu(ll)-mediated inductiof ROSIn vitro [205.

In a follow-up study,it was found thatwo additional jadomycin analogues, L and
SPhG, damaged DNA as well as jadomycirriBerestinglythe changes in amino acid
side goups had marked effectsonfhea d o my ci ns’ DNA damaging pr
jadomycin Linduced DNA double strand breaks at concentrations >20 uM in the absence
of Cu(ll), jadomycin B required Cu(ll) ions to induce DNA damage, and jadomycin
SPhG induce singlestrand DNA breaks only after exposureuttvavioletlight.
Additionally, when theamino acid side group was replaced with a simple hydrogen atom
(labelled jadomycin G), all DNA damaging properties were [bBis further exemplifies
how the activity of jadomycins can be affected by altering the attached aminoaacid

precursoidirectedbiosynthesi§20g.

While this data shows that jahycins can induce damage to bacterial plasmid DNA in
acellularin vitro experimentsfurther trials weregequired to determine whether
jadomycins induc®0OSor damageDNA within cancer cellsand if the jadomycinsause

cancer cell deaths a result.

11.13.03 INDUCTION OF APOPTOSIS

The term apoptosis was first used in 1972 to describe a morphologically distinct form

of programmed cell deafl207] that allows an organism to remove unneeagiedamaged
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cellsthrougha controlledand orderlyproces§208. A wide range of anticancer agents
induce apoptosis in cancerous cells, such as etoposide, mitoxantrone, and doxorubicin
[209. Apoptotic cells exhibit several biochemical modifications, such as protein
cleavage, mtein crosdinking, DNA breakdown, and phagocytic recogniti@i(, and
morphological changes such as nuclear fragmentation, blefhifging) at the cell

surface, and disorganized cytoplasmic organelles, all withtact cell membrane even

late into the apoptotic procegal]].

The majority of proteolytic cleavages that occur during apoptosis resultlfr® action
of a unique family of cysteindependent proteases called casppaEg. Of the twelve
known human caspases, six are confirmed to be involved in apoptosis mechanisms:
caspases 3, 6, 7, 8, 9, and 10. These can be categorized into two stgsase (1)
Effector (or “downstream”) caspases, which
proteolytic cleavages that disassemble the cell. The effector caspases are caspases 3, 6,
and 7. (2) Initiator (or * up yticcascadmdéfjhe caspa

effector caspases. The initiator caspases are caspases 8, 9[212j21(3214].

Current apoptotic research suggests there are two main apoptotic pathways through
which chemotherapeutics act: the extrinsic (or death receptor) pathway, and the intrinsic
(or mitochondrial) pathwayhowever, there is evidence that these two pathways are not
necessarily mutually exclusive and that reactions in one pathway can influence the other
[208215. Briefly, the extrinsic pathways involve transmembrane recepéatiated
interactions. Theseswal | ed “death receptors” are memb

(TNF) receptor gene superfam|[i®16]. When a ligandinds to ts appropriate receptor,
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such as TNFa binding to TNF receptor 1,

reactions is triggered that ultimately activates the initiator caspl@g8

The intrinsic pathways involve a diverseay of nonrreceptormediated stimuli, such
as radiation, ROS, or viral infections, which produce intracellular signals that act directly
on intracellular targets, and are mitochondmétiated events. The apoptoticducing
stimuli cause changes in timer mitochondrial membrane which results in the release
of pro-apoptotic proteins from the intermembrane space into the cy&idl For
example, cytochromeis usually found in the intermembrane space of mitochondria, but
can be released into the cytosol during intrinsic apoptosis where it forms a complex
called an apoptosome with the protein Afafvhich then activates procasp&sthus
continuing the apatotic proces$218219. The majority of anticancer drugs that induce

apoptosis do so through this cghrome c/Apafl/caspas® pathway{213.

A third apoptotic pathway is also possible that involve=ll medided cytotoxicity
and perforingranzymedependent killing of the cell, (granzymes are serine proteases that
induce apoptosis in cells and are transported into a cell from the immune cells by being
packaged with the protein perforin, which facilitates thevdey of the granzyme into the
target cell). All three pathways ultimately converge on the same execution pathway,

namelycleavage otheeffector caspases, such as caspd20822(Q.

The major alternative to apoptosis is necrosis (though other forms of cell death are also
possible, such as through autophagy), which is considered a toxic processhehmsl|
is a passive victim and follows an eneliggependent form of cell death. Necrosis is
typically a more uncontrolled and passive process while apoptosis is controlled and

energydependent. Necrosis typically occurs due to two main mechaniserderence
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with the energy supply of the cell or direct damage to the cell membrane. A variety of
morphological changes occur during necrosis that ultimately cause a loss in cell
membrane integrity, resulting in the release of the cytoplasmic contenteento

surrounding tissue which often causes an inflammatory respad8e Clinically, this is

the most relevant difference between apoptosis and necrosis, as apoptotic cells do not
release their cellular constituents into the sumdbng tissue and are quickly

phagocytosed by macrophages or adjacent normal cells, and therefore elicit essentially no

inflammatory responsi21,227.

Using propidium iodide and fluoresceraetivated cell sorting (FACS) to detect DNA
fragmentation that is characteristic of apoptosing ¢2R2§], Fu, et alreported that
jadomycin B indued apoptosis in A54Ring carcinomaells at a concentration of 5
pHg/mL, and that an increasing number of cells underwent apoptosis as the time of the
jadomycin B treatment was increageding 12, 24, and 48 hour time points), et al
then confirmed theinitial findings using chromatin condensation assays, in which
apoptotic cells show brightly stained nuclei due to chromosome condensation which can
be detected with the fluorescent dye Hoechst 33342, again showing that a 5 pg/mL dose
of jadomycin B indices apoptosis in A549 cellBhis is the first published work to
suggest that a jadomycin causes apoptosis in cancefi&fswhich warrantedurther

researchin o j ad o my c tindweihg peogedigst 0 s i S
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1.13.04 BONDI NG WITH TOPOI SOMERASE 1 16Db

Due to DNA’'s double helical structure, r1ef
that must be unlinked by topoisomerases in order to undergo cytokinesis. Topoisomerases
prevent DNA supercoiling by regulating ovandunderwinding during cell processes
such as replication and transcription which occur during mitosis, with topoisomerase |
repairing single strand breaks and type Il topoisomerases repairing double strand breaks
[224). Topoisomerase inhibitors typically lead to DNA damage by preventing proper
breaking and rigating, triggering preapoptotic caspases. Topoisomerase inhibitors are
among the most efficient inducers of apoptosis, preferentially taggefpidly

proliferating cells, and are therefoeéfectiveanticancer therapid224,225.

In arecenly publishedstudy, MartinezFarina,et aldeterminedhat the jadomycin
anal ogue DS bi ndd226, suggesting thabpoisomerasnbikition | 3
is a potential mechanism that could explain how jadomycins are able to induce DNA

damagewarranting further studies

1.1400: OBJECTIVE AND HYPOTHESIS

Metastatic breast cancer remains an incurable disease primarily due to the development
of MDR. The development of novel therapeutics that induce cancer cell death while
avoiding ABGtransporter efflux is one method to treat such MDRduncells. We
previously determined using MTT assays that multiple jadomycins largely retain their
ability to reduce the viability oAABCBZX, ABCCZE, or ABCG2overexpressing MDR

MCF7 breast cancer cellsuggestinghattheycould be effective drugs in thieeatment
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of MDR metastatic breast cancesarranting further research intioeir anticancer

activity [6]. Additionally, only a simplistic understanding of the mechanisms through
which jadomycins induce breast cancer cell death was known prior to my research
Under st andi ng aofdctionhglpsdo pradicti kvlaahn tumauarstypes and
patient subpopulations it is most likely to exhibit a clinical response. Such information is
also useful in suggestimgpssiblecombination therapies with other chemotherapeutics,
and in predicting potential mechanisms of diseasetance to the drug therg@27].
Therdore, this warranted furthestudyto better understanithe mechanisms of action

through whichjadomycins induce breast cancer cell death.

| hypothesizedthat the ability to evade ABC transporter efflux combined with a
polypharmacological mechanism aft@n bothcontribute tathe retentionof ad omy ci ns’
cytotoxic potencyin MDR breast cancer cells. Tlogerall objective of my research was
to investigate the cytotoxty of jadomycin analogues in driggnsitive versus drug
resistant breast cancer celsid to further elucidate the mechanisms through which
jadomycins exert their anticancer activity. | investigate these objectives in three

sequential studies, which are described infdlilewing three chapters of this dissertation.

(1) Jadomycinsverepreviously shown to reduce the viability of breast cancer cells,
with in vitro evidence that jadomycin B inhibits aurora B kinase. The objectives of the
first study werdhereforeto validateif jadomycins retain their cytotoxic potency in MDR
MCF7 breastancer cells that overexpreSBCB1 ABCCJ, or ABCG2using a lactate
dehydrogenas@.DH) assay for cell death, determine if jadomycin B inhibits aurora B
kinase in MDR breast cancer cells, and explore novel cancer gene targets affected by

jadomycin treatrant.
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(2) Data from study 1 suggested that ROS
activity. Therefore, the objectives of the second study were to determine if jadomycins
induce ROS in MDR and control MCF7 breast cancer cells, the role thespl®08

jadomycins cytotoxic activity, ar@gnvavedwhi c h
in the metabolism of jadomycigenerated ROS using pharmacological inhibitors to

better understand this mechanism of action.

(3) Data from study 2 sugdesl that jadomycin cytotoxicity is potentiated by the
induction of ROS in MCF7 cells. We believed it was important to determine if this
mechanism was retained in an additional and more aggressivengigdéive breast
cancer cell line, MDAMB-231,that ako overexpressedBCBJ, and whether this RGS
induction was causing intracellular DNA damage and cell deatipoptosis. The
objectives of the third study were therefore to determine if jadomycin cytotoxic potency
is retained in control and MDR MDMB-231breast cancer cells, to determine if
jadomycins induce DNA damage and apoptosis in these cells, and to determine if these
eventsarethe result of jadomycimduced ROS activity or a secondary mechanism,

namely the inhibition of type Il topoisomerases.

Jadomycins have shovpmomisingbiological activity and many analogues with
differentproperties have been creatgd precursordirected biosynthesis. Through my
research | haveonfirmedthat jadomycins retain their cytotoxic potency in MDR, ABC
transmrter overexpressing breast cancer cells, and determined multiple intracellular

mechani sms responsible for jadomycins ant
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CHAPTER 2.00.00cEXPL ORATI ON OF JADOMYCI NS6 CYTO
POTENCY AND MECHANISMS OF ACTION IN ABC -TRANSPORTER
OVEREXPRESSING MCF7 BREAST CANCER CELLS

The workdescribedn this chapter was conducted by myseifess otherwise indicated,;

all Figuresand Table2wepeu bl i shed as part of the paper
ABCBZ, ABCC1, andABCG2overexpressing MCF7tbe ast cancer cel | s”
am the second author.
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2.01.00: ABSTRACT

Multidrug resistance remains a major obstacle in the effective treatment of metastatic
breast cancefOne mechanism by which multidrug resistance is conferrgaasgh
decreased intracellat drug accumulation due to the upregulatioABLC transporters.
Jadomycinspolyketide-derived natural products produced®tyeptomyces venezuelae
ISP523(Q inhibit the growth of human breastictalcarcinoma cell line$47D and MDA
MB-435andlargely reain theirability to reduce cell viabilityas measuredith MTT
assay, in ABC-transporter overexpressing MDR MCi#&rsus MCFACON breast
cancer cellsThe 1 goal of the present study wasvalidate the effect oABC-drug
efflux transporter activitypn jadomycincytotoxicity usingLDH cell death measuring
assaysn control versu?ABCBZX, ABCCZL, or ABCG2overexpressing MDR MCF7 cells.
Seven jadomycin analogues (DNV, B, L, SPhG, F, S and T) effeckillgdgt MCF7
controlandABCBZ%, ABCC1, or ABCG2overexpressing MCF7 breast cancer cells as
measuredvith LDH assays. The inhibitioof ABCB1, ABCCJ or ABCG2 with
verapamil, Mk571sodium salt hydrate (M¥&71), or lo-143hydrate (kel143)
respectively, did not augment the cytotoxicity of jadomycins DNM, ,BSPhG, F, S, or
T in drugresistant MCF7 cells, suggesting these jadomycins are not effluxed by these
ABC-transportersThe 2'Y goal was to expl@ the mechanisms of action through which
jadomycins induce breast cancer cell death. This included ameéeal of the putative
jadomycin mechanism of aurora B kinase inhibition and a PCR cancer gene array to
identify potential new targetdadomycin B inhibited aurora B kinase activity in MCF7
CON and MDR MCF7 cells, and jadomycin S altered the expressidh cdncer gene

targets in MCF/CON cells as measured by the PCR cancer gene array, 4 of which were
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verified using quantitative PCR,rxR1, IGF1, BCL2 andHDAC11 We conclude that
jadomycins B, L, SPhG, F, S, and T are effective agents in the eradicBNF7

breast cancer cells grown in culture, that their cytotoxicities are minimally affected by
ABCB1, ABCCJ, and ABCG2 efflux transporter functipand thatheir cytotoxic
mechanisms of action include aurora B kinase inhibition and possibly addtaogets

as well, warranting further mechanism of action research
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2.02.00: INTRODUCTION

Breast cancer is the most commonly diagnosed form of malignancy in wagtn
and it is estimated that ZZD% of breast cancers will eventually metastagiZ&29.
MDR affecs virtually alldrugtherapies available for metastatic breast caj201].
The most frequently encountereachanism of MDR is the decreased intracellular
accumulation of cytotoxic drugs due to the upregulation of ABEefflux transporters

[112230231].

One strategy to overcome MDR is to identify novel anticancer agents that are poor
substrates of ABC transportdgfib4]. Work conductegbreviouslyin ourlaboratory
suggestedhat jadomycins, polyketide derived natural prodseicreted by the soll
bacteriaStreptomyces venezuel&5230165, may be usefuMDR anticancer agents
in this regardUsing MTT cell viability assayi was showrthatsevenadomycin
analogus, DNV, B, L, SPhG, F, S, and Wereall similarly cytotoxic in drug-sensitive
MCF7-CON and drugesistanABCBZX, ABCC2, or ABCG2overexpressing MCF7 cells
(labelledMCF7-TXL, -ETP, andMITX, respectively) Furthermore, the toxicity of four
jadomycins (BDNV, L and S)in the ABGtransporter overexpressiMCF7 cells was
not enhanced by chemical inhibitors of these transpdfégrBased on these data, we
hypothesized that jadomycin cytotoxicity is independent of ABC efflux tratespor
activity. In addition, given the evidence at the time supporting that jadomycins act
through intracellular mechanisms (aurora B kinase inhihiftdA damageand

induction ofapoptosi§169184,20€) it was crucial toverify whetherABC drug efflux
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transporters differentially impact the pharmacological activity of jadomycins in order to

properly determine their potential as anticancer drugs in Mi2R&stumourcells.

Continuing this line ofesearch had threebjectives 1) to validatdf jadomycins
retaintheir cytatoxic properties in drugesistant MCF7 cells usinggll death measuring
LDH assays and compare the resultthtzse from the previously completeell viability
measuringMTT assayg; 2) to evaluate the effect of inhibiting ABCB1, ABCC1, or
ABCG?2 transporters on the cytotoxicity thie remaining potenadomycins F, Tand
SPhG tahoroughlyassess structural activity relationshi(® to generate preliminary
dataon jadomycis mechanism of action in breast canceeglls For the third objective |
chose to evaluate the effect of jadomycins on aurora B kinase, which was a potential
target based on our review of the literature atithe, and tocompletePCR cancer gene
arraysand quantitave PCRto identify potentialnew targets to guide my subsequent

mechanism of action experimental focus.

67



2.03.00: MATERIALS AND METHODS

2.03.01: CHEMICALS

Paclitaxe] docetaxel, mitoxantrone dihydrochloridéT T, dimethylsulfoxide,
methanaldoxorwbicin hydrochloride VRP, MK-571, ko143 sodium lactate, phenazine
me t h o s unicdtimamide, adefiine dinucleotidend iodonitrotetrazolium chloride

were purchased from Sigma Aldrich (Oakville, ON, Canada).

2.03.02: THE PRODUCTION OF JADOMYCINS

Thejadomycin analogueB-norvaline (DNV), isoleucine (B), leucine (Lg;
phenylglycine (SPhG), phenylalanine (F), tryptophan (W), serina(@)threonine (T)
were synthesized and purified using an established methoddl8g$83232. These
jadomycins are divided into three main categories: jadomycinsedefiom the
assimilation of amino acids with hydrophobic aliphatic side chains (DNsné&L),
hydrophobic aromatic side chains (SPhGaid W) and hydrophilic side chains (S and
T) (Figure 4). Briefly, S. venezuela&sP5230 colonies were grown in minihtalture
medium that included the amino acid of interest as the sole nitrogen sour&. The
venezuelaéSP5230bacteria were shocked with &d3Jinal concentration of ethanol to
induce secondary metabolism. The cultures were monitored spectrophotoiyedtical
600 and 526 nm for accurate measurement of cellular growth and natural product
production, respectively. The crude products were collected using a rphase G
column. The crude extracts containing jadomycins were then pwifiesblumn
chromaography. The identity of each purified jadomycin was confirmed using
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ultravioletvisible, infraredandnuclear magnetic resonance spectroscopy and low

resolution and high resolution mass spectrometry.

2.03.03:CELL LINES

TheMCF7 cells and theiderivative suHineswere kindly provided by Bx Robert
RobeyandSusan Bates (National Cancer Institutafibhal Institutes of Health
Bethesda, MI» Serial passages of MCF7 cells in medium containing increasing
concentrations of paclitaxel (MCFI7XL), etoposide (MCFETP) and mitoxantrone
(MCF7-MITX), were previously used to generate resistantlswésthat were,
respectively, characterized by the upregulatioABCB1 ABCC1 andABCG2
respectivelyj231,233234. The MCFZCON and theMCF7-TXL, -ETP, and-MITX
resistant sutineswere cultured irphenoledfreeDul becco’ s modi fi ed
(Thermo Scientific, Ottawa, ON, Canadalpplemented with 10% fetal bovine serum
(FBS), 100 IUmL penicillin, 250mg/mL streptomycin (Invitrogen, Burlington, ON,
Canada) and 1 mM sodium pyruvate (Sigma, St. Lo, USA). Additionally, the
media forMCF7-TXL, -ETP, and-MITX cells werecontinuously supplemented wi#®0
nM paclitaxel, 4 uM etoposideand 100nM mitoxantrone, respectivelfhe growth
medium was changed every 2 or 3 days and the cells were maintaeé@umidified
atmosphere supplemented with 5%A&D37 C (standard conditionspll MCF7 cells

were grown in drugree culture medium for 1 wegkior to experiments
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2.0304: LACTATE DEHYDROGENASE ASSAYS

Cytotoxicity against MCFCON, -TXL, -ETP, and-MITX cells was testedising a
LDH-release assd35236. Briefly, the cells were seeded in-8&ll plates (20,000
cells/well), incubated for 24 hours under standard conditions, treated with increasing
concentrations of jadomycins (6180 uM) or control drugdoxorubicin or mitoxantrone
and then incubated for a further 48 hours. The supernatant was cefrmwesach well
andplacedin a new plate. These cells were lysed with 0.1 % TritdtO® and their LDH
activity used as an index of cell death (L&)HThe viable cells that remained adhered to
theoriginal plate werealsotreated with 0.1% Triton .00 and their LDH activity
measured (LDK). LDH activity was measured by treating 100 pL of cell lysate,
supernatanbr commercial LDH standard solution (Cayman Chemical, MI, USA) with
100 pL of inrhouse LDHreaction solution (25 mM sodium lactate, 147 uM p®ne
met hosul f a-hiemtnantdé ddeninddinficleotide and 326 uM
iodonitrotetrazolium chloride in 200 mWris buffer, pH = 8). The plate was shaken (650
rpm, 510 minutes) and absorbance (490 nm) measured using a Biotek Synergy HT plate

reader{235. The LDH activity of each well was calculated using fornmilla

LDH activity = (As90— y-intercept)/slope (1)

WhereAugois the sample absorbance andyhaterceptandslopeare values determined
from the LDH standard curv&or each drugreated sample the percentage of total cell

death could then be calculatesing equation :2

Total % cell death = 100*(LDb)/(LDHp + LDHyv) (2)
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The concentration of drugahresulted in 50% cell death (Effwas calculated from the
logio concentration versus response curves using the following equation 3 for each

jadomycin:

y = bottom of curve + (top of curvebottom of curve)/(1 + 1EPIECSO-X)1Hill slopg —(3)

Wherey is the percentell death and is the drug concentration. The feldsistance
valuesfor each particular drugyere obtained by dividing tiveECso value in the drug

resistant MCF7 cells by thremean EGo value found in the MCFTZON cells[237].

2.03.05: MTT VIABILITY ASSAY S

To help determine if jadomycin cytotoxicity was affected by ABCB1, ABG®1
ABCG?2 efflux function, MTT cell viability assays wereagsafter exposing drug
sensitive and drugesistant MCF7 cells to various concentrations of jadomycins with or
without the inhibitors of the ABC transporters, i VRP (ABCB1), 25uM MK-571
(ABCC1) and 0.uM Ko-143 (ABCG2)[23823924(. The foldreversal of MDRfor a
given drug treatmemwas calculated bgtividing the 1Go for the drugtreated cells by the

mean 1Go in the drug plus ABC transporter inhibitbreated cell$241].

Briefly, MCF7-CON, MCF#TXL, MCF7-ETP, and MCF#MITX cells wereseeded in
96-well platesat 5,000 cells/well in 10QL of medium. The cells weralowed to adhere
for 24 hours under standard conditions then treated with jadomycins 10 uM) or
control cytotoxic drugs for 72 hours. Aftehe incubation20 puL of MTT solutionwas
added to thevells for 2 hoursThe medimand MTT mixture was aspirated and the

formazancontaining cells were dissolvad 100uL of dimethylsulfoxide Optical
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density of formazamwas measured at 550 ron a Biotek Synergy HT plate reader
(Biotek, Winooski, VT, USA)The percentage of cell viability was calculated as the
absorbance of each test well divided by the average absorbance of the vehicle control
wells multiplied by 100. The concentration that resuited 50% reduction in viability
(ICs0) was calculated from the lagconcentration versus normalized response curves

using equation 4:

y= 100/(1 + 16-09!C50x)*Hill S|0p3 (4)

Wherey is the measured absorbance at 550 nmxasithe drug concentration.

2.03.06 WESTERN BLOT ANALYS IS

MCF7-CON,-TXL, and-MITX cells were grownm 6 well plates until they reached
exponential growth. They were then treated in triplicate for 24 hours with vehiole, 5
10 uM j ado myQONYorvBhicle,M@R20u M j adomyciTKL B ( MCF 7
and-MI TX) . Cell s were washed with cold PBS a
radioimmunoprecipitation assay lysis buffer that contained phenylmethylsulfonyl
fluoride, protease inhibitor cocktail, and sodium orthovanadate (Santa Cru5Cat. #
24948). The triplicate samples for each treatment were pooled and the protein content of
the whole cell extractwerequantified using the Lowry meth¢g@42. Twenty pg of
pooled sample was separated witldSodium dodecyl sulfate polyacrylamide gel
electrophoresisSDSPAGE). The proteins were transferred to nitrocellulose membranes.
The membranes were incubated overnight in a 1:1,000 dilution of nooabchouse

antrhuman PHis3(Ser10) antibody (Cell Signaling Technology, Danvers, MA) and
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polyclonal goat anth u m a-actinaintibody (Abcam Inc. Cambridge, MA) at 4 °C.
Following washing, thenembranes were incubated iriQ,000 dilutions of IRDye

680RD ®njugated donkey anthouse and IRDye 800CW conjugated donkey-gaét
secondary antibodies for 1 hour at room temperature. For the visualization of P

Hi s 3 ( S e r-acthh jhe membdran@s were scanned at 700 and 800 nm infrared
wavelengths, respectivelising a Licor odyssey (Mandel Scientific, Guelph, ON). The
pixel intensity of each#i s 3 ( Ser 10) was normalized to
actin and these ratios were then expressed as a percentage of thetnestedeMCF7

CON cells.

2.03.07:RNA COLLECTION, REVERSE TRANSCRIPTION, AND PCR

CANCER GENE ARRAY OR QUANTITATIVE REAL-TIME PCR

Total RNA was isolated from lysates of MGEDN cells treated with jadomycin @0
M) or jadomycin vehicle for 24 hours under standard conditions usinguihen total
RNA Mini Kit according to the manufacturer's instructions. Isolated RNA (0.5 pg) was
reversetranscribed to complementary DNA using Super Script Il Reverse Transcriptase
(Life Technologies). The complementary DNA was amplifrexdquanttative PCR using
(a) the genespecific primers provided in the Human Cancer Drug Targets PCR Array
(Qiagen, Toronto, Canadaj (b) 125 nMgenespecific primers in a total volume of 20
ML using a SYBR Green PCR Kising aStep One Plus redéime PCR thermocycler
(Applied Biosystems). Gene expression was normaliagtbr the PCR cancer gene
arrayusing the average of tlieur housekeeping gengsyceraldehyde phosphate

dehydrogenaséGAPDH), b-actin, hypoxanthine phosphoribosyltransferasgHPRTY),
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andribosomal protein L13§RPL13A as provided by the kit, or (b) for the gPCR trials

usingGAPDHviat h e C; thethod[243.

2.03.@3: STATISTICAL ANALYSIS

For each cell culture experiment, the individual treatments were performed in triplicate
qguaruplicate or quintuplicateEachcell culture experiment was repedtt leasthree
times. All data are expressed as me&@B¥. An unpaired itest was used for statistical
comparison of experiments involving two groupsoneway ANOVA was used for
multiple comparisons in experiments with one independent variable. AvtycANOVA
was used for multiple comparison procedures in experiments with two independent
variablesA Bonferroni test was used fposthocanalysis of the significant ANOVA. A
difference in mean values between groups was considered to be significarPwhen

0.05.
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Jadomycins with hydrophobic aliphatic R groups

DNV (D-Norvaline), R= /r
‘ &
B (I) (Isoleucine), R=

L (Leucine), R= )\\‘77

Jadomycins with hydrophobic aromatic R groups

SPhG (S-phenylgylcine), R = ©\':27

Jadomycins with hydrephyllic R groups

N | . %
S (Serine), R= (l)H F (Phenylalanine), R = N
&

T (Threoning), R = HOW\(\%
W (Tryptophan), R = N\
N

H

Figure 4: Structures of jadomycin analogues used for this study. The nitrogen
heteroatom of the oxazolone ring E derives from the incorporation of an amino acid
provided to the bacteria in the growth mediwhich is biosynthesized into the
argucycline backbone. The specific amino acid used can alter the structure of the
jadomycin as indicated by the variouggRups to produce various analogues. A sugar,

2,6-dideoxyL-digitoxose, is incorporated into ring D.
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2.04.00: RESULTS

2.04.01:JADOMYC INS ARE TOXIC TO DRU G-SENSITIVE AND DRUG-

RESISTANT MCF7 CELLS AS MEASURED BY LDH ASSAYS

As a measure of drug cytotoxicity in MCF7 cells we employed LDH assays, which
measure the LDH released into the nuedfrom dead or dying cell8¥hen compared to
MCF7-CON cells, the control cytotoxic drugs, doxorubicin and mitoxantftag244],
demonstrated significantlpwer potency (higher Efgvalues) towards the corresponding
MCF7-TXL, -ETP, and-MITX drugresistant cells. Similar to what was sgeaviously
with the MTT cell viability assayg6], LDH assays showed that jadomycins DNV, B, L,
SPhG, F, S, and T effectively killed the MCGFXL, -ETP, and-MITX resistant cell
lines withonly small increases (135.5) in foldresistances relative to the MGEON
cells. Also similar to the MTT assays, jadomycin W was less potent than the other
jadomycins. For the LDH assays, the declines in potency were significant for jadomycins
DNV, S, and T in all three resistant cell lines, for jadomycin B in the MERP and
MCF7-MITX cells, for jadomycin L in the MCFETP cells, and for jadomycin F in the
MCF7-TXL cells (Table 4). Similar to the MTT assays, the LDH assays demonstrated
significantly hgher foldresistances to doxorubicin in MCHXL and-ETP cells (88.2
fold and 12.1 fold, respectively) or mitoxantrone in M@W®ITX cells (>100 M ECso

value) in comparison to all eight tested jadomyckigiyres 5a-c).
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2.04.02 THE INHIBITION OF ABCB1, ABCC1, OR ABCG2 DOES NOT

AUGMENT JADOMYCIN EF FECTS ON MCF7 CELL VIABILITY

To further explore if the anticancer effects of jadomycins are dependent or independent
of ABCB1, ABCC1, and ABCG2 functignve compared the ability of ABCB1 (VRP),
ABCC1 (MK-571) and ABCG2 (Kel143) inhibitors to sensitize the MCF7 cell lines to
jadomycin and control drugl¢xorubicinandmitoxantrong treatment$240,24524¢§|.

As expected, VRP, Mi71, and Kel43 significantly reduced the $gof doxorubicinin
MCF7-TXL and-ETP cells and that ahitoxantronen MCF7-MITX cells, from 92, 27,
and 120 uM to 19.1, 6.8 and 3.9 uM, respectivéligres 6a-c). In comparison, in the
MCF7-TXL, -ETP, andMITX cells, the respective ABCB1, ABCC1, and ABCG2
inhibitors tended to reduce thesi&alues of jadomycins by only 25 to 50 %dures
6d-x). These reductions in ¥gvalues in the resistant MCF7 cells were only significant
in the cases of jadomycins SPhG and F in response to the addition of the ABCC1
inhibitor MK-571 Figures 6n andq). Unexpectedly, MK571 and Kel43 significantly
reduced the baseline d@values ofdoxorubicinandmitoxantronen the MCFZCON

cells Figures 6b andc). Similarly, the MCF7CON cells were sensitized to jadomycin B
by VRP Figure 6g), to jadomycins DNV, B, L, SPhG and S by MK 1 (Figures 6e, h,

k, n, andt) and to jadomycins B and L by Kb43 Figures 6i andl).

Given that the ABC transporter inhibitors sensitized MCFIN cells to control drugs
and jadomycins in some cases, we employed a secondary analysis in which we compared
the“fold-reversdl of ICso values in response to the inhibition of ABC transporters in
MCF7-CON tothosein MCF7-TXL, -ETP, andMITX resistant cells. The foldeversal

is a measure dhe magnitudéo whichan ABC efflux transportemhibitor can sensitize
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cells to the efcts ofa given cytotoxic drugthus reversing the MDR phenotygée

greater the foldeversal value for a given drug in a given cell line, the more that drug is
affected by the overexpression of the AB&nsporter in question, and the stronger the
evidence suggesting that drug is a substrate of that transporter. The magnitude of fold
reversal exhibited by resistant cells in respons#ot@rubicinin MCF7-TXL and MCF#
ETP cells ananitoxantronan MCF7-MITX cells was significantly higher than that
obsered in the MCFACON cells. In contrast, the foledversal of jadomycins was non
specific, in that it was unchanged in the resistant cells versus the control cells, with the
exception of jadomycin SPhG which, to the contrary, displayed significantly higider f

reversal in the MCFCON cells than in the MCFETP resistant celld~{gure 7).

2.04.03:JADOMYCIN B INHIBITS AURORA B KINASE

Based on the similar jadomycin cytotoxicity profiles in the control and-tesigtant
MCF7 cells, we hypothesized thaeteffecs of jadomycins ortheirintracellular targets
would be preserved in thdDR cell lines. We addressed this by examining the effect of
jadomycin B on the inhibition ofmoraB kinasedependenP-His3(Serl()in MCF7-
CON,-TXL, and-MITX cells jadanycin B was chosen as a representative analogue to
best replicate the experiments completed byeFal[184]. As measured by the
normalized PHi s 3 ( S-actinlrdlig, PHBs3(Serl0)was dosadependentlyand
significantlyreducedversus the vehicle control (labelled 0 uM) jaglomycin Bin
MCF7-MITX cells (20 uM), MCF7-TXL cells (10 and 20 u andMCF7-CON celk (5

and 10 uM (Figure 8).
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2.0404: JADOMYCINS B AND S INFLUENCE CANCER GENE TARGETS

Toexpandorour knowl edge of | adonmyeusedasHumane c hani
Cancer Drug Targets PCR Gene Array in MEBEON cells treated with jadomycin S (10
MM, 24 h) versus those treated with vehidleie to the similar bioactivity observed
between jadomycin analogues, one analogue was chosen as a represadtatiyein
Jadomycin S was chosen due to its greater water solubility and biosynthetic yields versus
the other jadomycindBy measuring the relative gene expression of 84 cancer treatment
targets, we identified twertynepotential* hi t s” ( def i Aoddhamgein an a't
t he gene’)ncetlsdrgated with jadomycin&rsus vehicle controll his
included 2 genes with increased expression and 19 genes with decreased explession,

of which are summarized ifable 5.

Based on these preliminary array reswts,used gPCR to determiiigadomycins B
and S (10 uM, 24 hxhosen as repragative jadomycin analoguesignificantlyaltered
the expression of these gene hits and therefore warranted furtheridtadgened rxR1,
BCL2 andHDAC11were significantly altered by both jadomycins B and S versus
vehicle, andGF1 was by jadomycin BTable 6). The primers used for these gPCR trials

are listed inTable 7.
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Table 4: ECso values (UM) measurindne cytotoxic effects of control drugs and
jadomycins in drugsensitive and drugesistant MCF7 cellas measured by LDH assays.
Data represenhe mean E€is = SEM of at least three independent experiments
performed in quadruplicate. The faldsistanceralues werealculated by dividing the
ECsoof the drug in the MCFTXL, -ETP, or -MITX resistant cell lines by the Egof
thedrug in the MCFFCON cells. * EGo value in MCF?#TXL, -ETP, or-MITX cells was
significantly different from the corresponding &@aluein the MCFZCON cells, as

determinedbyaonay ANOVA, foll owed by a Bonferron
(P<0.05).
EGCso = SEM pM (fold-resistance)

Resistant Cells
Control Drugs MCF7-CON MCF7-TXL MCF7-ETP MCF7-MITX
Doxorubicin 1.1+0.2 97.9+9.1(88.2) 13.3+4.9 (12.1)*
Mitoxantrone 1.1+0.3 >100
Jadomycins MCF7-CON MCF7-TXL MCF7-ETP MCF7-MITX
Jadomycin DNV 4.7 +0.2 13.3+1.5 (2.8)* 11.3+0.9 (2.3)  12.3+0.01 (2.5)
Jadomycin B 4.3+0.7 11.8 +1.1 (2.7) 13.9 +2.3 (3.2)* 13.7 £1.3 (3.1)*
Jadomyecin L 6.9 +2.0 16.4 +3.3 (2.3) 17.8+1.6 (2.5)*  12.6+0.5 (1.8)
Jadomycin SPhG 5.7 +1.1 12.3+3.2 (2.1) 13.3+2.0 (2.3) 11.4 +1.2 (2.0)
Jadomycin F 4.4+0.1 156+ 1.7 (3.5)*  10.9+2.9 (2.4) 11.4 +0.8 (2.5)
Jadomycin W 42.3+3.0 88.9+21.0(2.1) 67.0%6.9 (1.5) 94.2 + 24.3 (2.2)
Jadomycin S 4.4+0.3 12.0 2.2 (2.7)* 10.7 1.2 (2.4)*  11.3 +0.7 (2.5)*
Jadomycin T 48+0.5 12.3 +0.5 (2.5)* 11.4 +2.0 (2.3)*  14.8 +1.0 (3.0)*
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Figure 5: Fold-resistancgof jadomycins and control drugs MCF7-TXL, MCF7-ETP,
and MCFZMITX cells. ECso valueswere obtained usingDH cytotoxicity assgs for
each drugandthe foldresistancevas calculated by dividing the(so values ofa
particular drug treatmeim each of the resistant cell linbg the mean E&g value
calculatedn control cellsfor that specific drugThe fold resistancealuesof control
cytotoxic drugswverethen compared tthose ofthejadomycins in MCF7TXL, -ETP,
and-MITX cells. * The foldresistance of the jadomycin was significantly lower
compared to the foldesistance of the corresponding control cytotoxic agent as
deternined by a onavay ANOVA, followed by Bonferroni sultiple comparison tesP(
<0.05).
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Figure 6: The effect of inhibiting ABCB1, ABCClor ABCG2 on jadomycin

cytotoxicity in MCFZCON and MCFYTXL, -ETP, and-MITX cells. Cells were treated
with the coirol drugs doxorubicifDOX; a, b)or mitoxantrone MITX; c) or jadomycins
DNV (d-f), B (g-1), L (j-I), SPhG (m0), F (pr), S (su), or T (»x) with and without
inhibitors of ABCB1 (VRP), ABCC1 (MK571), and ABCG2 (Kel143).Cell viability

was measured ugy MTT assays. Data represent the meag \@lues + SEM o#t least
threeindependent experiments performed in triplicate. * Theg W@lueof the given drug
treatmentvas significantly different in respse to the inhibition of ABCB1, ABCC1, or
ABCG2ascompared to the respectisamecell line control without inhibition, as
determined by an unpaireddst P < 0.05).Note that the assays for jadomycins DNV, B,
L, and S were previously completby Mark Issg5,6], while | completedhe assays for
jadomycins F, SPhG, and T. For a full structural comparison | have included the data

from all jadomycin trials in this clmder.
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Figure 7: Analysis of the folereversal in IGo values of control cytotoxic drugs and
jadomycins in response to inhibition of ABCB1, ABCC1, or ABCG&2, values were
obtained using MTT viability assays in the presence or absence®fMR-571, or Ko
143, which are inhibitors of ABCB1 (a), ABCC1, (b) or ABCG2 (c) transporters,
respectively. The foldeversal in a given cell line was calculated by dividing thg IC
value of each drug obtained in the absence of each ABC transportéomijbthe mean
ICs0 value of the drug in the presence of each inhibitor. For each drug theteldal in
resistant cells was compared to that in control cells. * For the corresponding drug, the
fold-reversal was significantly different between the ME&FON and MCF#TXL, -ETP,

or -MITX cells, as determined by an unpaires$t (P < 0.05)Note that the assays for
jadomycins DNV, B, L, and S were previously compldtgdMark Issgd5,6], while |
completedhe assays for jadomycins F, SPhG, and T. For a full structural comparison |
have included the data from all jadomycin trials in this chapter.
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MCF7-MITX MCF7-TXL MCF7-CON

JadomycinB (M) 0 10 20 0 10 20 O 5 10
P-His3(Ser10) S = B — . ———
B-actin - — —_ -

~Normalized ratio 50, 3805 2196 9295 38% 24% 100% 59% 20%
P-His3(Ser10)/B-actin

Figure 8: Jacbmycin Binhibits airoraB kinase MCF7-CON, -MITX, and-TXL cells in

the exponential growth phase were treatedwith®@ pM j adomycin B for
which time whole cell protein lysates were prepared for western blot analysis of the
Aurora B kinasearget PHis3(Ser10) antbadingc o n t -actinl ThgdPHis3(Ser10)

band intensity was nor ma l-actnledd inteasitytaddat o f
these ratios were then expressed as a percentagelafehicletreatedVICF7 cell line

Each band repssents the immunodetectabldHR s 3 ( S e r-adid in thapoaed 3

protein from thresample replicates and is representativihafeindependent

experiments* For the correspondingICF7 cell line the normalized ratio of P

Hi s 3 ( S-actinlfd thadip@rticularjadomycin B treatment was significantly different
versus the vehicle control (labelled O uM), as determined by -avageANOVA,

followed by Bonferroni sultiple comparison test (P < 0.05).
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Table 5: Genes upor downregulated by jadomycin SQ uM, 24 h) versus vehicle

control in MCFZCON cells as measured by the Human Cancer Drug Targets PCR Array.
Fold-regulation represents the gene folthnges in a biologically meaningful way. Fold
change values greater than one indicate a posaivepregulation, and the fold

regulation is equal to the felchange. Foleehange values less than one indicate a

negative or downregulation, and the fold regulation is the negative inverse of the fold

changeA fold-regulation value of at least £3 was choasrthe minimum value to

suggest a potential “hit”, thus warranting

gene.

Functional Gene Grouping Genes UpRegulated Genes DownRRegulated

(Fold Up-Regulation) (Fold Down-Regulated)

Apoptosis BCL2(-5.0)

Growth Factors and Receptors IGF1 (50.6) ERBB2(-4.1), ERBB3(-3.4), ERBB4
(-18.4) KIT (-28.2)

Drug Metabolism TrxR1(11.7)

Hormone Receptors ESR1(-5.2), PGR(-13.6)

Receptor Tyrosine Kinase AKT1(-7.4)

Signaling

Cell Cycle CDC25A(-6.5), CDK2 (-3.4), MDM4
(-4.1)

Type Il Topoisomerases TOP2A(-4.0), TOP2B(-4.2)

Transcription Factors IRF5(-4.0)

Protein Kinases PRKCA(-4.4)

RAS Signaling KRAS(-5.3)

Histone Deacetylases HDAC11(-4.5),HDAC6(-3.2)

Poly ADP-Ribose Paolmerases PARP1(-3.6)
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Table 6: Verification of geneegulationchanges caused by jadomycin B or S treatment

(10 pM, 24 h) in MCF7CON cellsversus vehicle contral* For the corresponding gene,

the foldup- or downregulation was significantly diffent between the jadomycin B or S

and vehicle treated MCFZON cells as determined by a eway ANOVA, followed by

Bonferroni

S

mul(P<QObre=3c ompari son

test

Fold up- or down-regulation versus vehiclet SEM

Gene Jadomycin B Jadomycin S
TrxR1 16.9+3.1* 11.0+0.7*
IGF1 29+04* 25104
BCL2 -25+02* -25+02*
ERBB2 -2.8+0.2 -25+0.8
ERBB3 -1.8+0.1 -1.7+04
ERBB4 -3.4+0.2 -59+23
KIT -4.6 £0.3 -5.2+2.0
ESR1 -2.4+0.1 -3.0+0.8
PGR -4.0+0.3 -5.0+13
AKT1 -1.2+0.1 -1.3+0.2
CDC25A -24+0.2 27+1.2
CDK2 -1.5+0.1 -1.5+0.2
MDM4 39+1.1 26+0.8
TOP2A -1.2+0.1 -1.4+0.2
TOP2B -2.0+0.1 -2.0+05
IRF5 1.0+£0.1 1.0+0.1
PRKCA 1.1+0.1 -1.1+0.1
KRAS -3.0 0.6 -3.1+0.9
HDAC11 -20+£0.1* -21+03*
HDACG6 -1.2+0.1 -1.3+0.1
PARP1 -1.2+0.1 -1.3+0.2
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Table 7: PCR primers used teerify the gene expressiaf the targets identifietly the
PCR cancer gene arrayMCF7-CON cells treated with either jadomycor B (10

HUM) or vehicle control for 24 hours.

Gene PCR forward-3@ni mers|PCR reverse3@)yi mer
TrxR1 CCACTGGTGAAAGACCACGTT AGGAGAAAAGATCATCACTGC
IGF1 TGCCAATGTGGTGCTATTGT GAAAGGTGGTGGTGGCTAGA
BCL2 ATGTGTGTGGAGAGCGTCAA GCCGTACAGTTCCACAAAGG
ERBB2 AAGGCGGACGCCTGATGGGT ATAAGCCAAATTCTGTGCTG
ERBB3 CTGGGACTCTGAATGGCCTG CCTGTCACTTCTCGAATCCA
ERBB4 TGTGAGAAGATGGAAGATGGC GTTGTGGTAAAGTGGAATGEC
KIT TGACTTACGACAGGCTCGTG CCACTGGCAGTACAGAAGCA
ESR1 TGGAGATCTTCGACATGCTG AGAGACTTCAGGGTGCTGGA
PGR GTCAGTGGGCAGATGCTGTA TGCCACATGGTAAGGCATAA
AKT1 CACACCACCTGACCAAGATG CTCAAATGCACCCGAGAAAT
CDC25A GAGATCGCCTGGGTAATGAA TGCGGAACTTCTTCAGGTCT
CDK2 TATCTGTTCCAGCTGCTC CTCGGTACCACAGGGTCACC
MDM4 AATGTCGCTTTAGATGAAGA CTGTGCGAGAGCGAGAGTCT
TOP2A TGGCTGAAGTTTTGCCTTCT GGCCITCTAGTTCCACACCA
TOP2B GAGTGGCTTGTGGGAATGTT TGTGCTTCTTTCCAGGCTTT
IRF5 CTCCAATGGCCCTGCTCCCA GAACTATTGAGAGGGCCACG
PRKCA CGAGGAAGGAAACATGGAACTCAG TTCCTGTCGGCAAGCATCAC
KRAS AGAGTTAAGGACTCTGAAGA TGTCGGATCTCCCTCACCAA
HDAC11 CCCAGACAGGAGGAACCATA CTCCACACGCTQAAACAGAA
HDAC6 CGAGCTGATCCAAACTCCTC ATCAGCCATGTCCTGACCTC
PARP1 GCTCCCAGGAGTCAAGAGTG CAGATCAGGTCGTTCTGAGC
GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG
b-actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG
PPIA ACCGCCGAGGAAAACCGTGT CTGTCTTTGGGACCTTGTCTGCA
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2.05.00: DISCUSSION

Chemotherapy remains an important treatment metiradetastatic breast cancer
Due to the development tfe commonly observed ABC transpofteediatedVIDR
phenotypecurrently available chemotherapeutics often prove ing¥e Oneapproach
in countering the problem of MDR is the development of cytotoxic tihes#patarenot
affectedby ABC-transporters. For example, ixabepilos@n epothilone analogue that
actssimilardy to paclitaxel but is a poor substrate for AB@nisportersthus i anticancer
effects araminimally susceptible to ABC transporter overexpres§hpd7]. Ixakepilone
is currently approved fdhe treatment ofnetastatic breast cangeatients after failure of
an anthracycline and a taxgoe-treatmen{248. GRN1005 is a paclitaxgleptide
derivative that is not transported by ABCEihd thereforexhibits improved brain
penetratiorj249. GRN1005has beenested in a phase 2 clinical trial involving breast

cancer patients with brain metasta#imugh the results have not yet been relepz&d.

Through the use of LDH assays, our study demonstifaatgadomycinshow
substantially smaller potency reductiongomparisorto the ariracycline doxorubicin
in ABCBlandABCC1loverexpressing MCFTXL and-ETP cells, respectivelgndin
comparisorto mitoxantrone irARBCG2overexpressinyICF7-MITX cellsversus MCF7
CON cells. Furthermore, inhibitors of ABCB1, ABCC1, and ABCsgkctively
sensitized the resistant cell lines to doxorubicin and mitoxantrone but not to jadomycins
as measured with the calculated fofsistance value3hesewo key findings support
thatABCB1, ABCC1, and ABCG2 transporters minimally affect the cytotoxicity of

jadomycins in MCF7 cell#s a resultwe believe that jadomycins are excellent
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candidatesor further study fothetreatment oMDR forms ofmetastatic breast cancer

in animal models

Some jadomycins showed statistically highes®&@lues as measuréy LDH assays
in one or more of the AB®verexpressing cell lines compared to the MCFIN cells.
In all cases, these were of relatively small magnitude-(2.8fold increases) which
were much lower than those of the control drugs (12.1 tofd&l2ncreases). A small
loss in jadomycin potency in the resistant cell lines corroborates with the behaviour of
other natural product anticancer drugs or their derivatives that circumvent the MDR
phenotype mediated by ABC transporti?47,251,252). For example, the epothilone
derivative ixabepilone demonstrated a-fol reduction in potency iIABCBE
overexpressing colon carcinoma cells in comparison to-skeagitive colon carcinoma
cells,versusa 28fold reduction in potencgf paclitaxel[247). Similarly, the
microtubuledestabilizing agent pseudolaric acid B showed gdd®reduction in
potency inABCBZtoverexpressing versus control MDA435/LL6 breast carcinoma cells,
while doxorubicin showed a 1fdld reduction[251]. Therefore, molecules that are poor
substrates for ABC transporters are still expected to be slightly less pofBiTin
transporter overexpressing cell lines versugrdensitive ck lines, possibly due to the
development of other mechanisms of M[J& example, reduced drug uptake or
increased drug metabolism) that are unrelated to the efflux transporter proteins. While
initial studies of ixabepilone showed a smalfluction in potency iABCBL
overexpressing cancer cells, this result did not preclude further investigations of this
drug’s potenti al i n MDR cancers. This | ed

metastatic breast cana@sistant to taxanes andthracyclines. The similarly minimal
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potency reductions for jadomycin cytotoxicity in thBCB1 ABCC1 andABCG2
overexpressing MCFTXL, -ETP, andMITX cells relative to the MCFZON cells are
encouraging and support further testing of jadomycin effecéss againgtBC

transporter overexpressingetastatic breast cancer

The inclusion ofnultiple jadomycin analogues in this study was importaiit @towed
for us todeterminef structuial differenes influencedjadomycin cytotoxicityin MDR
MCF7 cells The lower efficacy and potency of jadomycin W suggestedhbat
incorporation of an amino acid with a large aromatic R group into the jadomycin
backbone mayeduce its interactions wiihtracellular targetsr possibly restrict its
access to thentracellular environmenfAs a result of its much lower potency we did not
pursuethe analysis of jadomycin WWhen comparing the data within each of the MCF7
CON, -TXL, -ETP, and-MITX cell lines, we observed that jadomyciderived from the
assimilationof amino acids with hydrophilic (S and T), hydrophobic aliphatic (DNYV, B
and L) or smaller hydrophobic aromatic R groups (SPhG and F) exhibited similar
potenciesPreviously jadomycins B, Sand T were shown toe similarly potent in
cancer cell$169184]. Our LDH assays replicated these results in MCIEN cells and
also showedhatjadomycinpotencyis largelymaintained in théhreedrug resistant
MCF7 cell lines.The observatiothatjadomycin Wwas less poterthan the other
jadomycins useds consistent with previous reports that the amino acid side chain
incorporated into the oxazolone ring can have a fsogmit influence on jadomycin
activity [169183184,206. However, the similar toxicity profiles of jadomycins B, DNV,
F, L, S, SPhG, and T inchtesthatthe jadomycin structure masobe altered with little

to noeffect on cytotoxic potency @&fficacy in cacer cells both in drugsensitive
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MCF7-CONand MDR MCF#TXL, -ETP, andMITX breast cancer cellhis is of

great value for drug development purposes since physicochemical properties of potential
drugs, suclas solubility and permeability, frequently pemtbarriess to thembecoming
successful therapies. For instance, estramustine, an anticancer drug used for the treatment
of prostate carcinoma, did not initially exhibit the desired aqueous solubility. The

addition of a phosphate ester functionalitylte estramustine molecule significantly

improved its aqueous solubiljtynaking it a more attractive drggindidatg253. Given

that jadomycins are amenablepi@cursordirected biosynthesis, they therefore have the
potential to havéher chemical structurehanged to improve their pharmacokinetic

profile while minimally affecting or even improving their anticancer activity.

Despite initial promising results, phase 11l clinical trials have demonstrated that the use
of an ABC transporter inhibitor along with chemotherapy is currently not a feasible
appoach, mainly due to adverse drdgig interaction$145254,25525€. Given that
therapy formetastatic breast candeequently consists of combination therapy that
include cytotoxic agenf®57,258, it was deemed important to determine if jadomycins

inhibit the ABCB1, ABCC1, or ABCG2nediated transport of substrate molecules.

The observatiothat jadomycin potency was not enhanced in celseated with the
ABCB1, ABCC1, and ABCG2 inhibitors VRP, MB71, and Kel43 as measured by the
calculated foleresistances suggests that jadomycins are poor substrates of these
transporters. This providevidence that jadomycins are able to largely maintain their
cytotoxic potency in AB@ransporter overexpressing breast cancer cells due to their
ability to avoid efflux through them. Additionally, the experimenescompleted

previouslyin HEK cells stab} transfected with ABCB1, ABCC1, and ABC@&idence
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thatjadomycins are not inhibitors of these transporters €jf@}. These data suggest

that jadomycins may not be susceptible to adversediuginteractions involving ABC
transporters should they ever be developed for therapeutic use. An exception was
jadomycin DNV, which slightly enhanced the accumulation o/ABEC1 and ABCG2
substrates at 50 pM, indicating that it could be an inhibitor of these efflux transporters at

higher concentrations.

The inhibition of Aurora B kinaskasbeen identified aa possible mechanisoausing
jadomycin B toxicity] 184, and therefore we began our jadomycin mechanism of action
work by determining if jadomycin B inhibited aurora B kinase in control and-drug
resistant MCF7 breast cancellgeOur western blot data showisgnilar inhibition of
the aurora B kinase target-Ris3(Ser10) in MCF1CON,-TXL, and-MITX cells by
jadomycin Bsuggestshat thelargely-preserved cytotoxic potency @fdomycirsin these
MDR cellsis in part due to thee compounds maintaining their inhibitory potency of
aurora B kinasdt will be interesting to determinig¢ otherjadomycin analogueslso
inhibit aurora B kinase iMDR breast cancer celia future studiesas this may allow for
abetter understamag of which jadomycindest retain their anticancer activityABG

transporter overexpressindpDR cell lines.

A PCR Cancer Gene Array was then used to identify possible genes affected by
jadomycin treatment in MCF7 cells, thus providing us with new daestin which to
take our mechanistic experimentsventy-one genes were identified as possible targets
worth exploring after treatment with jadomycin™ confirm or disprov&vhetherthese
genesweretruly affected by jadomycinsll werefurthertestedusing repeatedPCR

trials to determine which genes were significantly affected by both jadomycins B and S.
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Through these trials the expression of 3 genes was found to be altered by both
jadomycins, TrxR1, BCL2 andHDAC11, with IGF1 being altered by jadoyein B. Of

thesefour genesTrxR1was most affected by the jadomycin treatmehitsR1encodes
thioredoxin reductase 1, a protein involved in the Trx/Prx antioxidant pathway and an

i mportant component of a cell ROSability to
[259260,261]. The increasgexpressiorof TrxR1caused by jadomycin treatment

suggests a possible role played by ROS in jadomycin cytotoxicity, a hypothesis supported
by previously published data proposing that jadomycins cause DNA damage by inducing
ROS[205. BCL-2 encodes Bell lymphoma 2 proteivhichis part d the Bcl2-family

of proteins ands involved in the regjation of all major types of cell death including
apoptosis, necrosis, and autophagy. Inhibition of B0& regarded as an important

cancer drug targ¢262. HDAC11lencodesistone deacetylagelDAC) 11, a protein

that deacetylates both nuclear histone andmstone pratins including transcription

factors; therefore it plays an important role in the regulatianasfycell processe263.
Inhibition of HDACSs represents a promising approach in chemoth¢2adl, IGF1
encodesnsulin-like growth factor (IGFL1, a ligand that binds to IGEreceptor. There is
evidence that IGH signaling may contribute to stages of cancer progression, including
tumour growth, invaiveness of the cancer cells, and resistance to cancer treatments, and
IGF-1 inhibitors are being studied as possible cancer treatifggHs Since we only

have qPCR data using a small sample size to suggest that these cancer gene targets are
affected by jadomycin treatment, we cannot confidently conclude their importance in

j adomyci ns mechani sms of action. However,

experimention to be completed to fully elucidate their significance.
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In summary, we have identified 6 jadomycins (B, F, L, S, SRInG T) that are potent
cytotoxic agents of MCF7 breast cancer cefld do not inhibit AB@ransportersThe
cytotoxic potency othese jadomycins was minimally reduéeddBCB%, ABCCL, and
ABCG2overexpressing MCFTXL, -ETP, andMITX versus drugsensitive MCF7
CON breast canceells The mechanisms through which jadomycin B induces breast
cancer cell death includes the inhibitiof aurora B kinasenay involve ROS activity
andmay includethe inhibition ofthecancer gene targeBCL-2 andHDAC11 Based on
theirfavourable pharmacological parameters, further investigations using other cancer
cell models as well as animal maoslalre justified to determine the theeatic potential

of jadomycinsn treging MDR cancers
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CHAPTER 3.00.00: JADOMYCIN BREAST CANCER CYTOTOXICITY IS
MEDIATED BY A COPPER -DEPENDENT, REACTIVE OXYGEN SPECIES-
INDUCING MECHANISM

Thework describedn this dapter was conducted by myself ahd datgpublishedn the

paper “Jadomycin breast can c-@ependentteactivexi ci t

oxygenspeciee nduci ng mechanism”, on which |
been made from theriginal published manuscript to tailor this chapter for my
dissertation.
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Halifax, Nova ScotiaCanada, B3H 4R2
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3.01.00: ABSTRACT

Currently the mechanisms of jadomycin cytotoxicity are poorly undershmyeever
ROSinduced DNA cleavage is suggested basedamterial plasmid DNA cleavage
studiesand our previously compleddPCR cancergenearrays Thi s st udy’ s o0b]j
to determine if and how ROS contribute to jadomycin cytotoxicity in-dergsitive
MCF7-CON andpaclitaxetresistanMCF7-TXL breast carer cells. As determined
using an intracellular, fluorescent, R@8tecting probe, jadomycins B, S, SPhG, and F
dosedependently increased intracellular ROS activity2%fold. Cetreatment with the
antioxidant Nacetyl cysteindNAC) lowered ROS concerdtions to below baseline
levels and decreased the corresponding cytotoxic potency of the four jadomy€3i3 1.9
fold, confirming a ROSnediated mechanism. Addition of CuSéhhanced, whereas
addition of the Cu(lbchelator Dpenicillamine(D-Pen)reducedthe ROS generation and
cytotoxicity of each jadomycin. Specific inhibitors of the antioxidant enzymes superoxide
dismutase 1SOD1) GST, and thioredoxin reductag&rxR), but not catalase, enhanced
jadomycinmediated ROS generation and anticancer agtiin conclusion, the results
indicate that jadomycin cytotoxicity involves the generation of cytosolic superoside
Cu(I)-jadomycin reaction, a mechanism common to all jadomycins tested and observed
in MCF7-CON and drugesistant MCF{TXL cells. TheSODL1, glutathiond GSH), and
peroxiredoxin/thioredoxiiPrx/Trx) cellular antioxidant enzyme pathways scavenged
intracellular ROS generated by jadomycin treatment. Blocking these antioxidant
pathways could serve as a strategy to enhance jadomycin cgtptigncy in drug

sensitive and multidrug resistant breast cancers.
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3.02.00: INTRODUCTION

Our previous workas showrhat jadomycins with hydrophobic aliphatic functional
groups, isoleucine (B) and leucine (L), hydrophobic aromatic functional groups,
phenylalanine (F) anglphenylglycine (SPhG), and hydrophilic functional groups, serine
(S) and threonine (T), are effective cytotoxic agents aghorstonereceptor positive
MCF7 breast cancer ceils vitro [6,17620€. Furthermore, jadomycin potency was
minimally affected by overexpression of tABC drug eflux transporterdABCB],

ABCC] or ABCGZ2[6]. Jadomycins thereforgarrant additional pharmacological
characterization in breast cancer cell models, including those with a multidrug resistant

phenotype.

Only a basic understanding of the mechanisms behind jadomycin anticancer activity is
currently knowrn6,169184,206. One posdile mechanism of jadomycin cytotoxicity is
indirect DNA cleavage, resulting from the generation ofREES superoxide, singlet
oxygen, hydroxyl radical, and-B>, though this has only been tested in extracellular
models using bacterial plasmig45. The observed increaseTmxR1gene expression
further suggests a role pled by ROS in breast cancer cells upon treatment with
jadomycins Additionally, through virtual screening, jadomycin B was propldseact as
an aurora B kinas@hibitor [184]. The ability of jadomycin B to block the activity of
purified aurora B kinasand the phosphorylation of anirora B kinaséarget protein in

lung and breast canceells further supports this proposed functji6/184.

Many currently available anticancer drugs are cytotoxic to cancer cells through the
generation of RO$§2664. Cancer cells have innate levels of ROS higher than those

typically observed in hdihy cells, and are therefore already heavily dependent on their
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cellular antioxidant systems. Certain anticancer drugs increase ROS activity in the cancer
cells past their tolerability threshold, inducing cell death. This is known as the "threshold
concep for cancer therapy203204]. Since healthy cells have lower innate levels of

ROS, they have a higheagacity to cope with the increased oxidative stress induced by
ROSinducing anticancer drugs in comparison to tumour ¢204], and therefore

selectivity towards cancer cells versus healthy cells can be achgd@dThus, the

hypothesis that jadongin breast cancer toxicity could be achieved through RQivity

modification is a viable option that needs to be tested experimentally.

The objective®f this studywere to (1)determine if hormonal and HER2 receptor
profiles affect jadomycin anticaer activity in breast cancer cells, @termine if
jadomycins alter the activity of ROS within breast cancer cells and if jadomycin
cytotoxicity is dependent on this ROS activigy)d et er mi ne i f -jadomycin
inducing properties are retainedABCRBL overexpressing MDR breast cancer cells, and
(4) to determine the specific ROS induced by jadomycin treatment and the antioxidant
pathways involved in their elimination using pharmacoldgitadulators of ROS

homeostasis.
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3.03.00: MATERIALS AND METHODS

3.03.01: CHEMICAL AND BIOLOGICAL MATERIALS

MTT, NAC, Triton X-100, HO- 30% (w/w) in water, paclitaxel, dimethylsulfoxide,
met hanol, sodium | act aicatinamigeladenire dinucleotidene t h o s
iodonitrotetrazolium chloride, copper (ll) sulfate (Cu@-Pen, MitoTEMPO, sodium
diethyldithiocarbamate (DDC),labic acid (EA), andPCRprimers were purchased from
Sigma Aldrich (Oakuville, Ontario, Canada). Auranofirai®ino1,2,4triazole (3AT),
and radioimmunoprecipitation assay lysis buffer containing phenylmstiignyl
fluoride, protease inhibitor cocktand sodium orthovanadate were purchased from
Santa Cruz Biotechnology Inc. (Dallas, Texas, USA). Dulbecco's modified Eagle's
medumwas purchased from Fisher Scientific (Mississauga, Ontario, Cafdig).
penicillin and streptomycin, sodium pyruvateddn(and 6)chloromethy2'7*-
dichlorodihydrofluorescein diacetate (CMCFH,-DA) were purchased from Life
Technologies (Burlington, Ontario, Canada). Aurum total RNA Mini Kit and SYBR
Green were purchased from BRad (Mississauga, Ontario, Canada). Moapnal mouse
antrhumanP-His3(Ser1(Q antibody was purchased from Cell Signaling Technology
(Danvers, Massachusetts, USA). Polyclonal rabbitlamthan histone H3 (His3)
antibody was purchased from Abcam Inc. (Toronto, Ontario, Canada). IRDye 680RD
conjugaté donkey antmouse and IRDye 800CW conjugated goat-gattbit were

purchased from Mandel Scientific (Guelph, Ontario, Can).
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3.03.02: PRODUCTION OF JADOMYCINS

Jadomycins B, S, SPhG, and F were isolated and characterized as previously described

[6,182,183232).

3.03.03: CELL LINES

The MCFZCON and-TXL breast cancer cells were kindly provided by Drs. Robert
Robey and Susan Bates (National Cancer Institute, Bethesda, MD, USA). The BT474,
SKBR3, and MDAMB-231 cell lines were kindly provided by Dale Cerk, Chansey
Veinotte, and Drs. Graham Dellaire and Jason Berman (Dalhousie University, Halifax,
NS, Canada). Serial passages of MCF7 cells inunedontaining increasing
concentrations of TXL were previously completed to generate the resistdimesub
MCF7-TXL, which was characterized by its increased expressi&BaB1[6,233. All
breast cancer cells were cultdrin phenol redree Dulbecco’'s modified Eagle's meai
supplemented with 10%BS, 100 IU/mL penicillin, 25Qug/mL streptomycin, and 1 mM
sodium pyruvate (109%BS standard assay medi). The medimfor MCF7-TXL cells
was additiontly supplemented with 400M paclitaxel The cells were maintained in a
humidified, 95% air/5% C&atmosphere at 37 °C (standard conditions), the growth
medumwas changed weekly and cells were split every 7 to 14 days. The-WXIE7

cells were grown in drugree culture medim for 1 week before experiments were begun.
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3.03.04: MTT VIABILITY ASSAYS

MTT assays were used to evaluate the anticancer activity of jadomycins B, S, and F
(0.256- 30 uM) in MCF#CON, BT474, SKBR3, and MDAIB-231 breast cancer cells

and completed accortj to our previously described meth¢@k

3.03.05: ROS MEASURING ASSAYS

To quantify the presence of intracellular ROS in MCF7 cells, a fluorescent assay
utilizing the ROSreactive CMDCFH,-DA was used. CMDCFH:-DA passively diffuses
through cell membranes where it iselgerified to 5and 6)chloromethyl2'7-
dichlorodihydrofluorescein (CMDCF), confining it within the cell. In the presence of
ROS, CMDCEF is oxidized yielding a fluorescent compound that can be quantified as a
general oxidative stress indicaf@67]. MCF7 cells were seeded in blaskled, clear
bottomed 96well plates at 40,000 cells/well in 100 uL of 1E8BS standard assay
medum. Cells were left to adhere for 24 hours under standard conditions, at vwhech ti
they were ~90% confluent. After 24 hours, the madivas removed and 50 pL of 7.5
UM CM-DCFH:-DA in Dulbecco's modified Eagle's medi supplemented with 1%

FBS, 1% sodium pyruvate, and 1% penicillin/streptomycin-@B% standard assay
medum) was addedio each well, excluding blanks, for 1 hour under standard conditions.
The CMDCFH;-DA-containing medimwas removed and cells were treated with 100

pL of jadomycin B, S, SPhG, or F (23® pM), H0O- (1252,000 pM), or vehicle in 1%

FBS standard assay maut for 24 hours in quintuplicate. After 24 hours fluorescence

was read at excitation 485/20 nm and emission 528/20 nm using a Biotek Synergy HT
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plate reader. Background fluorescence from blanks was subtracted and tieafoye in

fluorescence was calcuéatvia formula 5

Fo4i®cre—a—g—ﬁe— )

WhereFayg treatmeniS the average fluorescence for each sampleFagdeniciels the

average fluorescence of the vehicle control.

3.03.06: EFFECT OF NAC ON JADOMYCIN ICs0 VALUES

MCF7-CON cells were cdreated with jadomycins and the antioxidant NAC to
examine the role of intracellular ROS as a mechanism of jadomethated
cytotoxicity [268. MCF7-CON cells were seeded in-9&ll plates at 20,000 cells/well in
100 pL of 1%FBS standard assay mediand grown for 24 hours under standard
conditions. The medmwas removed and 80 puL of 1#%BS standard assay madh
containing NAC at a final concentration of &3 mM or HO vehicle was aidkd to each
well and left at standard conditions for 1 hour, followed by the addition of 20 pL of 1%
FBS standard assay madi containing jadomycin B, S, SPhG, or F at final
concentrations of 1.285.0 uM or the 1:TethanalH2O vehicle control (jadomycin
vehicle) in quintuplicate for 72 hours under standard conditions.Uvtedas aspirated
from each well, 50 pL of phosphate buffered saline added and aspirated to remove
residual dead cells, and 100 pL of 0.1% (v/v) TritordQ0 in water added to kill the
remaining viable cells followed by plate shaking at 500 RPM for 5 minutes. Following
cell lysis with 0.1 % Triton X100, LDH activity was measured by treating each well
with 100 pL of inrhouse LDH reaction solution (25Nhsodium lactate, 147 uM
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phenazine mébsulfate 644 uM B-nicotinamide addane dinucleotide, and 326 uM
iodonitrotetrazolium chloriden 200 mMTris buffer (pH=8) the plate shaken at 500

RPM for 1 minute, and absorbance (490 nm) quantified using a Biotek Synergy HT plate
reader as a measure of cell viabifiystdrug treatmenf235269270. The %cell

viability for each jadomycin or ¥D, treatment concentration was calculavegiformula

6:

%c el | vi—a—%—?—lﬁ—i—typnnb (6)

WhereAugo avg treatmentS the average absorbance for each treatmené\anckn avds the

average absorbance of the vehicle control.

3.03.07: WESTERN BLOT ANALYSIS

Western blb analyses were performed as previously publigbedith the following
modifications MCF7-CON cells seeded in clearyll plates were treated with 800 pL
of 10%FBS standard assay madi containing NAC (final concentration of 15 mM) or
H20 vehicle under standard conditions for 1 hour. This was followed by the adofitio
200 pL of 10%FBS standard assay madi containing 5fold concentrated jadomycin B,
S, SPhG, or F (final concentration of 10 uM»@ (final concentration of 500 pM), or
jadomycin vehicle in triplicate for 24 hours under standard conditions. A 20qugt of
protein from each pooled sample was separated using a 12.5% ABIS and
transferred to nitrocellulose membranes. Membranes were incubated overnight in a

combination 1:500 dilution of a monoclonal mouse-antnan PHis3(Serl10) antibody
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and 1:2000 dilution of a polyclonal rabbit artuman His3 antibody at 4°C. Membranes
were then incubated in a combination 1:15,000 dilution of IRDye 680RD conjugated
donkey antmouse and 1:15,000 dilution of IRDye 800CW conjugated goatainibit
secondary aitiodies.Membranes were scanned at 700 and 800 nm infrared wavelengths
using a Licor Odyssey (Mandel Scientific). The integrated intensity and area of P
His3(Ser10) were measured and normalized to those of His3 for each protein sample.
These ratios were ¢éim compared with those of the vehicle controls and calculatetas a

change in protein expression.

3.03.08: EFFECTS OF PROGAND ANTI -OXIDANT CO -TREATMENTS ON

JADOMYCIN -DEPENDENT ROS ACTIVITY AND CYTOTOXICITY

To determine how jadomycimduced ROS aatity is linked to jadomycin cytotoxicity
in MCF7-CON or-TXL cells we developed an assay where the change in ROS activity
and LDH activity were sequentially measured in the same cells following jadomycin
treatment in the presence or absence of pharmacalagodulators of ROS generation
or deactivation. MCFCON and-TXL cells were plated and pteeated with CM
DCFH-DA as described earlier for the ROS assays. This was followed by a 1 hour pre
incubation with the following compounds based on publishext¥e final
concentrations with some modificatiofes ideal dosing: 035 mMMNAC [27]], 10 uM
CuSQ, 1 mMD-Pen[277, 0.1:10 nMMitoTEMPO [273, 1 mMDDC [274, 10 mM3-
AT [279, 20 uMEA [276], or 1 pMauranofin[277], followed by a 24 hour treatment in

guadruplicate or quintuplicate with jadomycin B (2% uM), S (2-35 uM), SPhG (7.5

105



20 uM), or F (7.520 puM) or jadomycin vehicle. Sequentially, ROS activity and LDH

activity assays were performed for each treatment as described in the earlier methods.

3.03.09: RNA ISOLATION, REVERSE TRANSCRIPTION, AND

QUANTITATIVE R EAL-TIME PCR

Total RNA was isolated from lysates of MGEDN cells treated with jadomycin B (10
M) or jadomycin vehicle for 24 hours under standard conditions using the Aurum total
RNA Mini Kit according to the manufacturer's instructions. Isolated RO g) was
reversetranscribed to complementary DNA using Super Script Il Reverse Transcriptase
(Life Technologies). The complementary DNA was amplifredquanttative PCR using
125 nMgenespecific primers in a total volume of 20 pL using a SYBR Gre€R Kit
and a Step One Plus rdahe PCR thermocycler (Applied Biosystems) in duplicate for
each primer set. Gene expression was normalized using the average of the three
housekeeping gen€APDH, b-actin, andpeptidylprolyl isomerase fPPIA) viathe

AAC: method[243.

3.03.10: STATISTICAL ANALYSIS

All data are presented as mea®EM. An unpaired test was performed for dual
comparisons in experiments with one independent variable. Avagier tweway
ANOVA was performed for multiple comparisons in experiments with one or two
s mul ti

independent variables,sgpect i vely. A Bonferroni

for posthocanalysis of the significant ANOVA. In the case of farametric data
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involving oneindependent variable, a Kruskalallis oneway ANOVA followed by
Dunn’ s mul ti pl asused.(differencsio meart valges between groups

was considered significantifi< 0. 0 5.
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3.04.00: RESULTS

3.04.01:JADOMYCINS ARE EQUAL LY CYTOTOXIC AGAINST MCF7-CON,

BT474, SKBR3, AND MDA-MB-231 BREAST CANCER CH.LS

MTT cell viability measuring assayguantified the %ell viability of MCF7-CON,
BT474, SKBR3, and MDAVIB-231 breast cancer cells after being treated with various
concentrations of jadomycins B, S, or F. Theol@f each jadomycin in each cell line was
calculated and used as a measurawj gootency Table 8). The IGo values of
jadomycins B, S, and F wenet significantly differentn each of the four breast cancer
cell lines tested. Given the similar jadomycin cytotoxicity profies chose a single cell

line (MCF7) to investigate themechanisms of actidn this chapter

3.04.02:JADOMYCINS INCREASE ROS ACTIVITY IN MCF7 -CON CELLS

Using the general intracellular Raigtecting probe CMDCFH,-DA, jadomycin
treatments in MCFICON breast cancer cells showed a ddspendent increase ROS
activity (Figure 9). Jadomycin B and F concentrations of 20 on®0and jadomycin S
and SPhG concentrations of 80 significantly increased intracellular ROS activity in
MCF7-CON in comparison to the jadomycin vehicle control. To verify the inergas
fluorescence was solely due to increased intracellular ROS activity the autofluorescence
of the four jadomycins and their ability to react directly with ©@FH,-DA were

tested, which showed no autofluorescence or reactivityute 10).
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3.04.03:NAC CO-TREATMENT DECREASES THE CYTOTOXIC POTENC Y

OF JADOMYCINS IN MCF 7 CELLS

The antioxidant NAC is a cysteine precursor which is taken up into cells and converted
to cysteine, the ratimiting molecule in the synthesis GSH, an integral component in
acell's antioxidant defense syst¢avg. In the absence of NAC, jadomycins B,F5 and
SPhG had equal meansfvalueg4.0—5.3 pM) in MCFZ#CON cells. In the presence of
increasing concentrations of NAC, the concentratigiotoxicity response curves, as
measured by LDH assays, were righifted to varying degrees for jadomycBsS,

SPhG, and FHigures 11a, b, ¢, andd, respectively). The treatment of MCIEION cells

with 3-15 mM NAC alone resulted in a small reduction-gb6) in cell viability EFigure

11e). The shift in jadomycin potency was quantified by a progressive yebbét

increase in jadomycin Kgvalues with increasing NAC concentratidfigure 11f).

Overall jadomycin SPhG was least affected by NAC as demonstrated bygihall@s

that were lower than those of jadomycins B, S, or Fwhencoe at ed wi t.h = 3 n
While NAC reduced the potency e&ch jadomycin, greater than%@3oss in cell

viability could still be attained using higher doses of jadomycin in the presence of NAC.

3.04.04:NAC DOSE-DEPENDENTLY DECREASES JADOMYCIN -MEDIATED
ROS ACTIVITY WHILE S IMUL TANEOUSLY INCREASING THE VIABILITY

OF MCF7-CON AND MCF7-TXL CELLS

The results of our initial experiments suggested that ROS generation is a mechanism of

jadomycin toxicity. The next experiments were designed to confirm the mechanistic link
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between ROSeaneration and jadomycin toxicity by performing ROS assays and LDH
cytotoxicity assays sequentially in the same cells. In MCBN cells jadomycins B, S,
SPhG, and F produced between a 1.4 anddtdeincrease in intracellular ROS which

was associated with 61 to 78 % loss in viable cells compared to vehicle treated cells in
the absence of NAC. When-t@ated with increasing concentrations of NAC, similar
dosedependent reductions in intracellular ROS activity and increasescell%4ability

were obsered for each of the four jadomycins in MGEDN cells Figures 12a, b).
Comparable results were observed in MAFXL cells, albeit using marginally higher

concentrations of each jadomyckidures 12c, d).

3.04.05 INHIBITION OF AURORA B KINASE BY JADOMYCI NS IS

RETAINED WHEN ROS ARE INHIBIT ED

To assess if the second putative mechanism of jadomycin cytotoxoityré B kinase
inhibition) is dependent or independent of ROS generation we examined jadomycin
inhibition of aurora B kinasectivity with and vithout ROS neutralization using 15 mM
NAC. Aurora B kinasectivity was quantified by measuring the phosphorylation of the
aurora B kinasdownstream targd®-His3(Ser10) 6,184 by western blottingKigures
13a, b). Jadomycins B, S, SPhG, and F all inhibited phosphorylation of His3(Ser10)
compared to the jadomycin vehicle control. A similar level of inhibition was enaed
when ROS activity was inhibited with NAGLAC co-treatment did not significantly alter
the level of inhibition induced by any of the jadomycin treatmérits. O, positive

control had no effect on-His3(Serl0) in the presence or absence of NAC.NAE
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treatment did not alter-Ris3(Ser10) compared to the NAC vehicle in the absence of

jadomycin treatments.

3.04.06:JADOMYCIN -INDUCED ROS ACTIVITY AND CORRESPONDING

CYTOTOXICITY ARE COP PER DEPENDENT

MCF7-CON cells cetreated with CuS@and jadomym S, SPhG, or F demonstrated
2.2 to 3.1fold greater intracellular ROS activity compared to cells treated with those
jadomycins alone, with a similar trend observed for jadomyciRigufe 14a). The
increased ROS activity was correlated with a furthes 8851.6 % decrease in cell
viability for all four jadomycin treatments relative to the vehitkated control cells.
While 10 uM CuSQincreased ROS activity by 2ftld in the absence of jadomycins,
this was not associated with any change in cell iglmdicating the cytotoxicity was
jadomycin dependenEigure 14b). The ROS activity in cells treated with jadomycin B,
S, or F and the copper chelatofH@n decreased 1.6 to Zdd compared to the
respective controls. These reductions in intracellRI@S were associated with 41.1 to
57.9 % increases in Hell viability for jadomycin B, SPhG, or F treated cellspén
treatment in the absence of jadomycins had no effect on ROS activitgcelt Yability

(Figures 14c,d).
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3.04.07:PRO- AND ANTI -OXIDANT CO -TREATMENTS ALTER JAD OMYCIN -

INDUCED ROS ACTIVITY AND CYTOTOXICITY

TheTrxR inhibitor auranofin significantly increased ROS activity 2.5 tof8l8 and
decreased MCFZON cell viability 43.7 to 76.8 % when dceated with each of the four
jadomycins in comparison to jadomycin alone. T®@D1linhibitor DDC increased ROS
activity in all but the jadomycin B etveated cells 1.7 to 2fold, though it consistently
decreased cell viability for each jadomycin 41.2 to 68.2 %.@&€inhibitor EA did rot
alter ROS activity, but decreased cell viability in cellgmated with jadomycins S or
SPhG by 40.5 or 28.6 %, respectively. The catalase inhibitar Bad no effect on ROS
activity or cell viability when cdreated with any of the jadomycin analegwsed. None
of these inhibitors affected ROS activity or@ll viability in the absence of jadomycin
(Figure 15). The antioxidant, superoxide dismutase 2 (SOD2) mimetic MitoTEMPO at
multiple concentrations did not affect ROS activity or cell viabilityew cetreated with

any of the jadomycing~jgure 16).

The three cdreatments, which resulted in the largest ROS and cell viability changes,
CuSQ, auranofin, and DDC, all produced similar results in MOL cells. CuSQ
consistently increased ROS iail for each jadomycin treatment as well as for the no
jadomycin control 1.9 to 2-Bld, auranofin increased ROS activity 2.3 andf2ld
when cetreated with jadomycins S and SPhG, respectively, while DDC had no effect on
ROS. CuS®@decreased cell vmlity for each jadomycin cdreatment, except SPhG, by
32.6 to 40.0 %. Auranofin and DDC decreased cell viability for each jadomycin treatment

by 51.5 to 66.8 % and 37.9 to 55.3 %, respecti(feigure 17).
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3.04.08: JADOMYCIN B TREATMENT INDUCES TH E EXPRESSION OF

TRXR1

To expand on our previous results indicating an increaSexR1expression with
jadomycin B or S treatmelfiTable 6), gJ°PCR was completed to determine if jadomycin
B, chosen as a representative jadomyr@atmentaltered the expressimf various
antioxidant encoding genes. A 24 hour treatment of jadomycin B versus jadomycin
vehicle in MCFZCON cells at standard conditions resulted in no chan§©in],

SOD2 Trx, catalase or nuclear factor (erythroieberived 2)like 2 (Nrf2) mRNA lewels
when compared with the housekeeping géA¢DH However, sipporting our previous
work, asignificant 10.2fold increase immrxR1expression was observdeédure 18). The

PCR primer sequences ussh befound inTable 9.
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Table 8: ICso values (UM)as determined by MTT assays after treatment with jadomycins

in multiple breast cancer cell lind3ata show the mean 3¢+ SEMof at least three

independent experiments performed in quadruplicate. Thes#lies for each jadomycin

were equal in each di¢ four breast cancer cell lines tested as determined byayne
ANOVAs, followed by Bonfer(P@Ims. s multiple

Cell line ICsovalue (UM)

Jadomycin B Jadomycin S Jadomycin F
MCF7-CON 2.58+£0.39 3.38+£0.09 3.59+0.52
BT474 416 +0.54 3.09+0.54 5.05+1.62
SKBR3 3.82+0.84 3.08+0.73 4.70 £ 0.90
MDA -MB-231 1.76 £ 0.33 2.79+0.48 3.25+0.29
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Figure 9: Jadomycins increase intracellular ROS activity in ME&FIN cells. ROS
activity was quantified by measuring thedrescence of CMDCF in MCFZCON cells
after 24 hours of being treated with jadomycins B, S, SPhG, or 3(2r#) or
jadomycin vehicle. ROS activity was expressed as adoéhge relative to jadomycin
vehicle, which was assigned a value of 1. Eachdgaesents the mednSEM of at least
three independent experimentd * 05, the folechange in ROS activity was
significantly different when compared with the vehicle contratiObar) as determined
by a KruskalWallis nonparametric onavay ANOVA, followed by the nofparametric

Dunn’s multiple comparison test.
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Figure 10: Jadomycins B, S, SPhG, and F do not autofluoresce at the wavelengths used

to detect CMDCF fluorescence and they do not react with-OMFH,-DA. The

fluorescence (exation 485/20 nm and emission 528/20 nm) of jadomycins (30 uM) and

the HO2 ROS control (2 mM) alonea) and with CMDCFH,-DA (7.5 uM) (b) was

measured in MCF7 cell madn. Eachbar represents the mean = SBMhree

i ndependent exper i nchamde: fluorescdhce was@ignbicantly t he f
different when compared with the® control as determined by a enay ANOVA,

foll owed by Bonferroni’s multiple comparis
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Figure 11: NAC cotreatmentlecreases the cytotoxic potency of jadomycins in MCF7
cells. MCF#CON cells were treated with 1.285.0nM jadomycin B(a), S(b), SPhG
(c), and Hd) in the presence and absence of NAC-Ib3nM) or NAC alonde) for 72
hours. For each treatment thel sghbility was measured using LDH assays and is
expressed as %ell viability relative to the vehicle treated control in the absence of
NAC. From the concentratiaresponse curves, the jadomycind@alues in the absence

and presence of each NAC concatitm were determined). Each symbol represents
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the mearf SEM of at least three independent experimen®. *0D5, the 1Govalue for

the specified jadomycin was significantly different compared to t& \hicle control

(0 mM NAC bar)AP< 0 .h@ 8svalue of jadomycin SPhG was significantly

different compared to jadomycins B, S, and F at the indicated NAC concentration- A one
way (e)or twoway ANOVA(f), f ol |l owed by the Bonferroni

were used for the analyses.
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Figure 12: NAC dosedependently decreases jadomygiediated ROS activity while
simultaneously increasing the viability of MGIEON (a andb) and MCF#TXL (c and

d) cells. MCFZCON or MCF#TXL cells were treated for 24 hours with jadomycins B,
S, SPhG, or EL0-35 M) or the jadomycin vehicle control followed by-t@atment

with NAC (0.315 mM) or BO vehicle control (0 mM NAC bar). ROS activity and cell
viability were measured as described in the legends for Figures 1 and 2 and are
respectively expressed a foldchange in ROS activitfa, c)and %cell viability (b, d)
relative to the jadomycin vehiclefB (no jadomycin or NAC) control, which was
assigned a value of 1 for ROS activity or 100 % for the cell viability assays and
represented by the horizohtiotted lines. Each bar represents the nfe8&M of at least
three independent experiments* 005, the foldchange in ROS activity or %ell
viability was significantly different when compared with thgxHvehicle control (0 mM
NAC bar), andP< 0. 05,
determined by onevay ANOVAs, followedb y

compared to jadomycin

Bonferroni's
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Figure 13: Jadomycins S, SPhG, and F inhibit phosphorylation oatitera B kinase
target His3(Ser10), independent of ROS activity. MEFIN cells were treated for 24
hours with jadomycins B, S, SPhG, of10 puM), HO. (500 puM) or jadomycin vehicle
control and cereated with NAC (15 mM) or kD vehicle control, after which total
protein was collected. Levels ofHis3(Serl10) and His3 control were determined
western blottinga). Band intensities were rasured and the foldhanges in P
His3(Ser10)/His3 ratios calculated relative to either jadomycin vehicle gdo/éhicle
controls or jadomycin vehicle and NAC (15 mM) algbg * P 05, the foldchange
in protein band intensity was significantly different compared to the jadomycin vehicle
and HO vehicle control (left side, clear ba®}P< 0 . 0 5 -chande & prbtein band
intensity was significantly different comparedtt@ jadomycin vehicle and NAC (15
mM) control (right side, clear bafNAC co-treatment did not significantly alter the feld
change in band intensity for any of the jadomycin treatméntso-way ANOVA,
foll owed by the Bonf e rtrwerauséddorthewahatysep | e
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Figure 14: Jadomycirinduced ROS activity and corresponding cytotoxicity are copper
dependent. MCFON cells were treated for 24 hours with jadomycins B, S, SPhG, or F
(7.5-18 nM) or the jadomycin vehicle control (latbed No Jadomycin) with (+) CuSO

(20 mM) or D-Pen (1 mM), or an ED vehicle €). ROS activity is expressed as fold
changga, c)and cell viabilityas a percentadé, d) relative to the No Jadomycin control

in the absence of Cu@r D-Pen. Each bar repsents the mednSEM of at least three
independent experimentsP* 005, for the indicated jadomycin, the fattiange in

ROS activity or %cell viability was significantly different in the presence versus absence

of CuSQ or D-Pen as determined by anpairect test.
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Figure 15: Antioxidant inhibitor cetreatments alter jadomyeinduced ROS activity and
cytotoxicity in MCFZCON cells. MCF7CON cells were treated for 24 hours with
jadomycins B, S, SPhG, or F (712 niM) or the jadomycin vehicle ctmol (labelled No
Jadomycin) with (+) auranofin (M), DDC (1 mM), EA (20rmM), or 3AT (10 mM) or

a DMSO vehicle control). ROS activity is expressed as faldange ) and cell

viability as a percentag®) relative to the No Jadomycin control in tHesance of
auranofin, DDC, EA or AT. Each bar represents the m&a8EM of at least three
independent experimentsP* 005, for the indicated jadomycin, the fattiange in
ROS activity or %cell viability was significantly different in the presencestes the
absence of auranofin, DDC or EA as determined by anaeANOVA, followed by

Bonferroni’s multiple comparison test.
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Figure 16: MitoTEMPO cotreatments do not alter jadomyamduced ROS activity and
cytotoxicity in MCFZCON cells. After MCF-CON cells were treated for 24 hours with
jadomycin B, S, SPhG, or F (718 uM) or the jadomycin vehicle control (labelled No
Jadomycin) and ctreated with MitoTEMPO (0-1L0 nM) or a HO vehicle control (bar
labelled 0 nM), ROS activity was quantifieg imeasuring the fluorescence of eMCF
and cell viability was measured using LDH assays. Data are expressed astaifgd

in ROS activity &) and %ocell viability (b), respectively. Eachar represents the mean +
SEM of three independent experimentseTbld-change in ROS activity and-#ell

death were not significantly different when compared with tk@ thicle control as

determinedbyaonay ANOVA, foll owed by Bonferroni

123



a) b)

100

3]
=}
1

Fold-change in ROS activity
I
1
%-cell viability

oL B B oL 1 B

CuSO; - + - - oo+ - - -4 - - -+ - - - - - CusO, - -
Auranofin - - + - = =+ - - =+ = = =+ - = =+ - Auranofin - - + - - -+ - - -+ - - -+ - - -+ -
pbc - - -+ - - - * = = = % = = =+ = = = # pbc - - - + - - -+ R I - - -+

Jadomycin B (15uM) =3 Jadomycin S (25uM) E= Jadomycin SPhG (10uM) 0OID Jadomycin F (10 uM) No Jadomycin

Figure 17: Pro-oxidant cetreatments altgadomycininduced ROS activity and
cytotoxicity in MCFZTXL cells. MCFZTXL cells were treated for 24 hours with
jadomycins B, S, SPhG, or F (2B nM) or the jadomycin vehicle control (labelled No
Jadomycin) with (+) CuS£10 nM), auranofin (1riM), or DDC (1 mM) or a DMSO
vehicle control {). ROS activity is expressed as faldange ) and cell viabilityas a
percentagé€b) relative to the no jadomycin control in the absence of Gu&®@anofin or
DDC. Each bar represents the méaBEM of at least thee independent experimentd?*
00.05, for the indicated jadomycin, the failange in ROS activity or %ell viability
was significantly different in the presence versus absence of £a8nofin or DDC as

determined by a on@ay ANOVA, followed byBofi er r oni s mul ti pl e co
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Figure 18: Jadomycin B treatment induces the expressiofrxiR1lin MCF7-CON cells.
MCF7-CON cells were treated with either jadomycin B (10 uM) or jadomycin vehicle
and the expression of the antioxidant encodingeg80OD1 SOD2 TrxR1, Trx,

Catalase andNrf2 and the housekeeping ger@@8PDH, b-actin, andPPIA was

measuredia gPCR. The foledchange in gene expression, which represents the change in
expression of a given gene in jadomycin B versus jadomycin vehicle treated cells, was
calculatedviat h e C; ethod and normalized to the averagehe three housekeeping
genes. Each bar represents the nfeS8&EM of three independent experiment®* O

0.05, the foléchange in gene expression was significantly different when compared with
that of theGAPDHhousekeeping contrals determined by a oiveay ANOVA, followed

by Bonferroni’s multiple comparison test.
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Table 9: PCR primers used to determine the expression of antioxidant and housekeeping
genes in MCFLCON cells treated with either jadomycin B (10 uM) or vehicle control for

24 hours.
Gene PCR forward-3@nin PCR reverse3dyinm
SOD1 GGAGACTTGGGCAATGTGAC CACAAGCCAAACGACTTCCA
SOD2 AAACCTCAGCCCTAACGGTG CCACACATCAATCCCCAGCA
TrxR1 CCACTGGTGAAAGACCACGTT AGGAGAAAAGATCATCACTGC
Trx GGTGAAGCAGATCGAGAGCA CCACGTGGCTGAGAAGTCAA
Catdase ACTTCTGGAGCCTACGTCCT AAGTCTCGCCGCATCTTCAA
Nrf2 ACACGGTCCACAGCTCATC TGTCAATCAAATCCATGTCCTG
GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG
b-actin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG
PPIA ACCGCCGAGGAAAACCGTGT CTGTCTTTGGGACCTTGTCGCA
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3.0500: DISCUSSION

Many anticancer drugs increase ROS activity within cancer cells, including vinblastine
[279, paclitaxel[26§, and doxorubiciff28(. While ROS are often considered
oncogenic and certain R&&ducing drugs are known to induce toxic side effecisto
oxidative damageROS production remains a vital mechanism shareddoyynon
surgical methods of cancer treatment due to their effectiveness in inducing cancer cell
death[281,287]. Monro,et al. determined that jadomycin B, in the presence of Cu(ll),
caused single strand cleavage of supercoiled bacterial plasmid DNA. This effect was
blocked using the antioxaohts catalase, superoxide dismutase, or hydroxyl radical and
singlet oxygen scavengers, suggesting ROS were responsible for the DNA cleavage
[205. Using the rapidly proliferating MCF7 cell line, to which jadomycinssamalarly
toxic in comparison to the three other breast cancer cell lines tested, we demonstrated that
four jadomycinanaloguesB, S, F, and SPh@hosen taepresenthethree structural
classes ofadomycins (hydrophobic aliphatic, hydrophobic aromatic, and hydrophilic),
increased intracellular ROS activity, supporting the findings of Magtral, Consistat
with a ROSmediated mechanism of action we then determined that the antioxidant NAC
dosedependently blocked jadomyegenerated ROS activity, which correlated with
increased cell viability and reduced jadomycin potency. Despite this, higher
concentratns of jadomycins were still able to attain close to 100% efficacy in the
presence of NAC. One explanation for this efficacy preservation is that the ROS
generated by the higher concentrations of jadomycins exceeded thgeb8iating
capacity of the maxiomm tolerated dose of NAC. A second possibility is that a ROS

independent mechanism of cytotoxicity is triggered by higher concentrations of
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jadomycin. This second putative mechanism could involve the inhibitiaorofa B

kinase a protein often overexpsed in cancers and linked to tumour formation and
progression184,283 and for which jadomycin B has beenyorsly shown to be an
inhibitor [6,184]. Supporting this hypothesiae showed that jadomycins similarly

reduced th@hosphorylation of the downstreaurora B kinas¢éarget His3(Ser10) both

in the presence of elevated ROS and after ROS neutralization to baseline levels using
NAC (15 mM). This observation, coupled with the fact that the ROS positive control
H20> did notinhibit His3(Ser10) phosphorylatipeupports thaaurora B kinase

inhibition by jadomycins could proceed independently of ROS generation. However, the
exact role of thaurora B kinaspathway in jadomycikmediated cytotoxicity remains to

be determined.

Next, a pharmacological approach was used to determine which ROS are involved in
jadomycin cytotoxicity and the potential mechanisms involved in ROS detoxification
following jadomycin treatment. Monret al. proposed that jadomycin B serves as a
soure of electrons for the reduction of Cu(ll) to Cu(l), which reacts further to form
multiple ROS species including superoxide, hydroxyl radicals, a@d, feading to
bacterial plasmid DNA cleavag205. The observation that the copgrelating agent
D-Pen[277 reduced whereas added Cu$t@reased ROS production and cytotoxicity
of jadomycins B, S, SPhG, and F indicated that jadomycin cytotoxicity in MCB¥
and drugresistant MCFYT XL cells is Cu(ll}ydependent. This Cu(Hlepenéncy varied
slightly between jadomycins, suggesting the cytotoxic mechanisms of each analogue are
not identical. Differences in jadomycin Cu¢dependency have also been previously

observed, with jadomycin B being Cu¢dependent and jadomycin L being(C+
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independenf206]. Endogenous copper in MCF7 cellas sufficient to mediate
jadomycin cytotoxicitywhile increasing the medim copper concentration enhanced
jadomycin cytotoxicity, andice versaSince serum and tumour copper levels are
elevated in various cancgta/2 this Cu(ll}dependency of jadomycins indicates a
possible exploitable route of cancer cell selectivity over healthy cells. Interestingly,
CuSQ treatment alone produced a similar increase naaeilular ROS compared to
CuSQ plus jadomycin cdreatments, with no effect on cell viability. Cu(ll) is widely
known to be involved in the production of ROS, particularly superoxide, hydroxyl
radicals, and kD2 [284]. This could indicate that the type of ROS being produced are
different and more damaging in the presence of Cu(ll) and jadomycin versus Cu(ll)

alone, such as higher levels of superoxide andHeSs.

Our experiments showed how the cytosolic SOD1 inhibitor PP enhanced
jadomycinmediated ROS production and cytotoxicity whereas the mitochondrial
antioxidant MitoTEMP( 273, a SOD2 mimic, had no effect. This supports increased
cytosolic, but not mitochondrial, concentrations of superoxide as a primaramschof
jadomycinmediated killing of MCFACON and MCF7TXL breast cancer cells.
Furthermore, the augmenting effect of DDC on jadomyrituced ROS generation and
cell death indicates that SOD1 conversion of superoxide®@ id an important cellular
medianism for jadomycin detoxification. The R@®lucing anthracycline, doxorubicin,
is known to have a high affinity for mitochondria. Since cardiac tissue is rich in
mitochondria, doxorubicin is quite cardiotoxk81]. By increasing only cytosolic
superoxide it will be interesting to determine if jadomycins do not induce similar

cardiotoxic side effects.
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The reduction of HO2 to H.O can be eampleted through multiple antioxidant
pathways. One is tHerx/Trx pathway, in which Prx reduces®b to water, Trx reduces
Prx, TrxR reduces Trx, and NADPH reduces TrxR, thus reactivating the pathway
[259260,261]. The TrxR inhibitor auranofif277] increased ROS activity and decreased
cell viability when cetreated with each jadomycin tested in MGE®N and-TXL cells,
indicating that conversion of .to HO by the Prx/Trx pathway is vital for the
detoxification offadomycirinduced ROS. The importance of this pathway is further
exemplified by the increas@dxR1expression in MCFCON cells treated with
jadomycin B, a gene expression change that suggests an attempt by the breast cancer cells

to increase Prx/Trx patay activity to survive the treatment.

EA is an inhibitor of the cytosoli@STs which are multifunctional detoxifying
enzymes involved in a second pathway e®kreduction[276]. GSTs catalyze the
conjugation of GSH to toxins, such as, after which glutathione peroxidases (GPx)
reduce the GSHH>O. complex into two water molecules and glutathione disulfide- (GS
SG)[276285286. Despite reports of low expression of GST and GPx1 enzymes in
MCF7 cells[287,288 the observed abilities of EA to enhance and NAC to inhibit
jadomycin cytotoxicity supports that the GST/G#stem of HO, reduction is activén
vitro in the detoxification of some jadomycins. Differences in the mechanisms of
cytotoxicity between jadomycins are also further evidenced here as EA did not
consistently alter the potency for each jadomycin teJtee third tested inhibitor,-AT,
which inhibits HO- reducing catalasi75 showed no activity in MCFCON cells
when cetreated with anyf the four tested jadomycins. This is inconsistent with Monro,

et al who found the addition of catalase inhibited bacterial plasmid DNA cleavage
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induced by jadomycin B205. We therefore hypothesize that the Prx/Trx and GST/GPx
antioxidant systems are more heavily involved in the reduction of jadormdiced
H202 within MCF7 cells than catalase. However, the results of Magtral, suggest that

if the Prx/Trx and GST/GPx systems were inhibited, catalase could become involved.

A limitation of our study is that we only assessed the mechanism of jadomycin
cytotoxicity in the MCF7 breast cancer cell line. We feel that this approach was justified
given that none of the jadomycin treatments yielded a significant difference in
cytotoxicity between the MCF7 (ERPR+, andHERZ2), BT474 (ER, PR+, HER2+),

SKBR3 (ER, PR, HER2+), and MDAMB-231 (ER, PR, HER2) cell lines[179.
Furthermore, since cell viability was reduced independently of ER, PR, or HER2 status, it
is likely the mechanism(s) through which jadomycins reduce cell viability is unrelated to
those targetdHowever, to hel@ddress this limitation we have expanded our work into

the triplenegative MDAMB-231 breast cancer cells, which is thaincell line used in

the proceeding Chapter 4

In conclusion, jadomycins demonstrate potential as anticancer agents due to their
allity to retain cytotoxicity in multidrug resistaMCF7-TXL breast cancer cells that
overexpress drug efflux AB@ansportersersus control MCFCON cells[6]. Based on
our results we have proposed a working moBegure 19) describing how jadomycins
induce breast cancer cell deattvitro by increasing cytosolic supexide and HOzin a
Cu(I)-dependent reaction, and that these ROS are reduced in the cytosol by SOD1 and
the Prx/Trx and GST/GPx antioxidant pathways. Inhibition of these pathways presents
viable cetreatment options that should be further tested for Hiwlity to improve

jadomycin potency and cancer cell selectivity in preclinical models.
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Figure 19: Proposed pathway of cytosolic jadomyamiuced ROS and their metabolism
within MCF7 breast cancer cells. Jadomyuniediated ROS generation and cytotity

is enhanced by CuS@nd blocked by the Cu(H3helating agent BPen, indicating
intracellular ROS are being induced through a reaction between jadomycins and
intracellular Cu(ll). The ability of DDC to enhance jadomycin cytotoxicity implicates
cytosdic superoxide as a primary mediator of jadomycin cytotoxicity. Furthermore, it
indicates SOD1 conversion of superoxide t®kis an important step in the
neutralization of jadomycimduced ROS. The abilities of the GST inhibitor EA and
TrxR inhibitor awanofin to enhance and tk&SH precursor NAC to inhibit jadomycin
mediated ROS generation and cytotoxicity indicates th@ i$ also a mediator of
jadomycin cytotoxicity, and that the subsequent conversion®©$ té H.O by the
GST/GPx and Trx/Prx antiexant pathways are important for jadomycin detoxification.
Lack of an effect by the catalase inhibiteA3 suggests this antioxidant pathway is not
vital in the cellular metabolism of jadomyeimduced ROSn these cellsltalicized
compounds representhiitors ¢) or promoters<) used with arrows depicting where
they exert their effects within the ROS metabolism pathway. Species in bold represent
ROS. Oxidised species are labelled widk.).
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CHAPTER 4.00.00:JADOMYCINS INHIBIT TYPE II TOPOISOMERASES AND
PROMOTE DNA DAMAGE A ND APOPTOSIS IN MULTIDRUG RESISTANT
TRIPLE NEGATIVE BREA ST CANCER CELLS

The work described in this chapter was conducted by myself and the data has been
submitted to thdournal of Pharmacology and Experimental Therapeutiesacurrently
completingrevisions as requested by the reviewers, after which we will resubmit the
manuscript.
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4.01.00: ABSTRACT

Jadomycins are natural produdtat kill drugsensitive and MDR breast cancer cells.
To date the cytotoxic activity of jadomycins has never been tested in iRt cancer
cells that are alstiple-negative, a category of breast cancer cells that are particularly
aggressive and diffiduto treat. Additionally, there is only a rudimentary understanding
of how jadomycins cause cancer cell death, which includes the induction of intracellular
ROS. We first created a paclitaxelsistant, triplenegative breast cancer cell line (231
TXL) from drugsensitive MDAMB-231 cells (231CON). Using MTT cell viability
measuring assays, jadomycins B, S, and F were found to be equipotent seisiitye
231-CON and MDR 234T XL cells, and using ROfetecting assays these jadomycins
were determined tmcrease ROS activity in both céhies by up to 7.3old. Jadomycins
caused DNA double strand breaks in Z3ON and 23T XL cells as measurealy
yH2AX western blotting. Cancubation with the antioxidant NAC or paxidant
auranofin did not affect jadomin-mediated DNA damage. Jadomycins induced
apoptosis in 23CON and 2341TXL cells as measured by annexin V affinity assays, a
process which was maintained when ROS were inhibited. This indicated that jadomycins
are capable of inducing MDMB-231 apoptoticell death independently of ROS
activity. Using gPCR, western blotting, and direct topoisomerase inhibition assays, it was
determined that jadomycins asge Il topoisomerasihibitors. We therefore propose
novel mechanissithrough which jadomycins inde breast cancer cell death
independently of RO&ctivity, namelythroughtheinhibition of type Il topoisomerase

induction of DNA damageand apoptosis.
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4.02.00: INTRODUCTION

Certaintypesof breast cancer are innately more difficult to treat thilers. Breast
tumour cells that lack or have little expression of estrogen receptor (ER) and
progesterone receptor (PR) and do not overexpress human epidermal growth factor
receptor 2 (HER?2) are known as triglegative breast cancers. Triplegative brast
tumoursare typically of a larger size and higher grade thantriple-negative breast
tumours with a higher rate of metastasis development and a lower overall survival rate.
About 15% of all breast cancers are tripkgative, and they disproportalty affect
women under the age of forty. Treatment options for tmggative breast cancer are
limited as hormoneeceptor or HER2argeted therapies are ineffective, and for advanced
cases the only treatments available are cytotoxic chemothefap®eg58]. With up to
30% of all cases of breast cancer ultimateetastasizing, and the high prevalence of
MDR and triplenegative breast cancd®58], new and more effectvtreatments are

needed.

We have shown that many jadomycin analogues are effective cytotoxic agents against
ER-positive, PRpositive, HER2negative MCF7 breast cancer cells, and that they largely
retain their potency in MDR MCF7 breast cancer cells dharexpress the ABC drug
efflux transportegenesABCBJ1, ABCCJ or ABCG2[6]. We have also determined that
jadomycins are equally cytotoxic in tripfeegative MDAMB-231 versus notriple-
negative MCF7, BT474, and SKBR3 breast cancer 289 . Jadomycins are therefore
attractive compounds for the treatment of drug resistant and-hepjative breast

cancers.
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Currently we only have a basic understanding of how jadomycins exert their anticancer
activity. We initially deternmed that these compounds induce intracellular ROS activity
through a Cu(lBdependent mechanism in dragnsitive and MDRABCB®
overexpressing MCF7 breast cancer cells, and that jadomycin potency can be altered
when cetreated with antiand preoxidants,suggesting that jadomycin anticancer
activity is at least partially dependent on ROS. Interestingly, it was also found that when
ROS were inhibited jadomycins still retained 100% cytotoxic efficacy in the breast
cancer cells (albeit with lower potencyyjdencing that jadomycins are also acting
through ROSndependent mechanisif289. One such alternate mechanism is the
inhibition of aurora B kinase, an importanitotic protein, which can lead to cancer cell
death[6,184289.J adomyci ns may al so interact with t
reduces DNA tension during replication, to which jadomycin DS was recently discovered
tobond22§. The polypharmacol ogi cal nature of |

help explain how these compounds evade drug resistance.

Our previous jadomycin mechanisms of action work was performed in MCF7 breast
cancercells[6,289. To advance our understanding of how breast cancer cell type may
infl uence | adomyc i nse'moreneggrdssave tripgegaiveacd]l act i on
line, MDA-MB-231, was chosen for this study. Additionally, vehite have shown that
jadomycins kill MDR and drugensitive breast cancer cqi§, a better understanding of
their intracellular cytotoxic targets and the method of cell death is still needed. Building
on our past experiments that determined jadomycins areiRfd8ers and the fact that
oxidative stress can cause DNAntege and apoptodi29(, we hypothesized that

jadomycins damage DNA, ultimately leading to breast cancer cell apoptosis.
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4.03.00: MATERIALS AND METHODS

4.03.01: CHEMICAL AND BIOLOGICAL MATERIALS

Thiazolyl blue methyltetrazolium bromide (MTTYAC, methanolpropidium iodide,
mitoxantrone, paclitaxel, doxorubicin, agarose, benzamide . CH&CI, TrisHCI,
HEPES, KCI, MgC, adenosine triphospha&TP), bovine serum albumin, and
phosphate buffered saline were purchased Bayma Aldrich (OakvilleOntario,
Canada). Auranofin wgsurchased from Santa Cruz Biotechnoldgy. (Dallas,Texas,
USA). Dulbecco's modified Eagle's medi, FBS, penicillinand streptomycirsodium
pyruvate, 5(and 6)chloromethyl2 ’ -dichlorodihydofluorescein diacetate (CM
DCFH:-DA), Super Script Il Reverse Transcriptadghiothreitol, and TrypLE Express
were purchased fromhermo Fisher Scientific (Burlingto@ntario,Canada)Annexin
V-FLUOS was purchased from Roche Diagnostics (Indianapolis, Indiana, USA). The cell
fractionation kit,Z-VAD(OMe)-F MK, mouse monocl onal to yH2A
anti body, mouse monoc!| on adbbitpaycldnatpooi somer as
t opoi s omer a saadrdbbitpolyalonal io blistahe H3 antibody were
purchasedrom Abcam Inc. (Bronto, Ontario, Canada). Blocking buffer, IRD§&ORD
conjugated donkey anthouse antibody, and IRDye 800CW conjugajedt antirabbit
antibody wee purchaseffom Mandel Scientific (Guelph, Ontario, Canada).
SsoAdvanced Universal SYBR Green Supermix was purchased froRagio
( Mi ssi ssauga, Ontari o, Canada) . Ki netopl as
stop buffer were purchased from TopoGHiN;. (Buena Vista, Colorado, USAJurified
topoi somerase |11 B was kindly provided by D

Nashville, Tennessee, USA).
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4.03.02: PRODUCTION OF JADOMYCINS

Jadomycins B, S, and F were isolated and characterized asustgwescribed

[6,182,183232.

4.03.03: CELL LINES

The MDA-MB-231 (23XCON) breast cancer cells were kindly provided by Drs. David
Hoskin and Anna Greenshields (Dalhousie University, Halifax, NS, CarRolglonal
MDA-MB-231 paclitaxekesistant (234I'XL) cells were created ihouse using slowly
increasing concentrations of paclitaxel (Sigma Aldrich) over seven monthshentitlls
could survive dinal concentration of 470 nMhe same paclitaxel concentration used in
our previously described MCFIZXL cells[6]. All MDA -MB-231 cells were cultured in
phenol reefree Dubecco's modified Eagle's medn supplemented with 10% FBS, 100
IU/mL penicillin, 250 pg/mL streptomycin, and 1 mM sodium pyruvate (standard assay
medum; Thermo Fisher Scientific), with the 23IXL cells maintained with 470 nM
paclitaxel. The cells were Kpand growth medim changed every-3 days up to a
maximum of 35 passages. Cells were maintainediomidified, 95% air/5% C£O

atmosphere at 37 °C (standard conditions).
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4.03.04: RNA ISOLATION, REVERSE TRANSCRIPTION, AND

QUANTITATIVE REAL -TIME PCR

Total RNA was isolated from lysates281-CON and 234T XL cells(a) with no drug
treatment, or (b) treated with jadomycin B, S, or & |(&1), mitoxantrone (M), or 1:7
methanol:HO vehicle controljadomycinvehicle for 24 hours under standard comatiis
using the Aurum total RNA Mini Kiaiccording to the manufacturer's instructions.
Isolated RNA (0.5 ug) was reversimnscribed to complementary DNA using Super
Script Il Reverse Transcriptasehermo Fisher Scientifj)c The complementary DNA
was ampliied via quantitativepolymerase chain reaction (QPQijng 125nM gene
specific primergTable 1)in a total volume of 20 pL using a SYBR Green PCR
Supermix (BieRad),and a Step One Plus réaahe PCR thermocycler (Applied
BiosystemsFoster City, Caldrnia, USA in duplicate for each primer set. Gene
expression was normalized using the average of the three housekeepinGAeDé$

betaactin, andPPIAviat h e C; hethod[243.

4.03.05: MTT VIABILITY ASSAYS

MTT assays were used to evaluate the anticancer activity of jadomycins B, S, and F
(0.1-20 pM) and the ABCB1 substrates mitoxantrone (0.1-080 uM) and
doxorubicin (0.5 nM-100 pM) in 23:CON and 234T XL breast cancer cells and

completed according tour previously described methofds.

140



4.03.06: ROS MEASURING AS&YS

To quantify the presence of intracellular RO281-CON and 231TXL cells, a
fluorescent assay utilizing the R@&active CMDCFH,-DA (Thermo Fisher Scientific)
was useds previously describdg@89 with the following alterations: On day one,
20,000 cells were seeded in each well of a bkdkd, clear bottomed 98ell plate. On
day two, after th€M-DCFH,-DA-containing medimwas removedrom each well, lie
cells wereeither (a)treated with100 pL of jadomycin B, Sor F (2.540 uM) or vehicle
in 1%-FBS standard assay medifor 24 hours irtriplicate, or (b) prereated with 80
pL of medum control, NAC, or auranofin (final concentrations of 2.5 mM aniV,
respectively) for 1 hour and then treated with 20 pL of jadomycin B, S, or F (final

concentrations of-20uM) in 1%-FBS standard assay medifor 24 hours irtriplicate.

4.03.07: WESTERN BLOT ANALYSIS

231-CON or 231TXL breast cancer cells wereesked in éwell plates at 400,000
cells/well and left to adhere overnight in standasday medim at standard conditions.
They were then either (a) treated in triplicate for 2dith medum control, jadomycin
vehicle, jadomycin B, S, or F (15 uM), or miamtrone (1 uM), or (b) pr&reated in
triplicate for 1 h with NAC, auranofin, or benzamide (2.5 mM, 1 uM, and 5 mM,
respectively) then treated with jadomycin S (15 puM) or jadomycin vehicle for 24 h. The
triplicate samples for each treatment were pooled,the cytosolic, mitochondrial, and
nucleic protein was then fractionated and collected using a Cell Fractionation Kit (Abcam

Il nc.; abl09719) as per the manufacturer
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was measured using the Lowry meth@d2. Nucleic protein was separated with a 15%

or 6%SDSPAGE(f or vy ah@ybelltopoisomerase Il western blots, respectively)

and transferred to a nitrocellulose membrane. Membranes were incubated overnight in

either (a) a 1:1,000 dilution of mouse monoclowalty H2 AX (phospho S139)
(Abcam Inc.; ab26350) and rabbit polyclonal to Histone H3 antibody (ab1791), or (b) a

1: 500 dilution of mouse monoclonanldato topo
1:20,000 dilution of rabbit polyclonal to Histone H3iantdy, at 4 °C. Following

washing, membranes were incubated in 1:10,000 dilutions of IRDye 680RD conjugated
donkey antmouse and IRDye 800CW conjugated goat-eatibit secondary antibodies

(Mandel Scientific; 9268072 and 9232211, respectively) for i at room temperature.

For visualization oprotein bandsnembranes were scanned at 700 and 800 nm infrared
wavelengths, using a tTOR Odyssey scanner (Mandel Scientific). Pixel intensity of

eachtested proteitband was normalized to the intensity of thepective Histone H3

bands using ImageJ, and these ratios expresseiblaschange versus thmedum-

control treated MDAMB-231 cells.

4.03.08: FLOW CYTOMETRIC ANALYSIS OF APOPTOSIS

Flow cytometric analysis of 23CON and 231TXL cells stained wittrannexinV-
FLUOS and propidium iodide was used to determine if jadomycins induced apoptosis.
On day one, cells were seeded at 50,000 cells/well intgeliXlat-bottomed plates and
left to adhere overnight. On day two, cells were treated with jadomy&n @, F (1.25-
30 uM) or the positive control mitoxantrone (8-1 uM), with or without a h pre

treatment with auranofin, benzamide\VAD, or NAC (1 uM, 5 mM, 100 pM, and 2.5
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mM, respectively) or vehicle control, in 500 pL of standard assayuneidir 24— 48 h,
depending on which time point best exemplified the effects (or lack thereof) of-the co
treatment. Nonadherent and adherent cells were combined in 5 mL round bottom tubes
(Corning Corning, New York, USA which were harvested using TrypLE Exgse

(Thermo Fisher Scientific). Cells were washed with phosphate buffered saline and
labeled with annextV-F L UOS ( Roche Diagnostics) dil ut ec
instructions and propidium iodide (1 pg/mL; Sigma Aldrich) in detection buffer (10 mM
HEPES, 140 mM NaCl, and 5 mM Cagfor 15 minutes at room temperature. Each
sample was then diluted with 300 pL of cold detection buffer and analyzed by flow
cytometry using a FACSCalibur flow cytometer (BD Biosciences; Mississauga, Ontario,
Canada). Percemge of healthy, early apoptotic, or late apoptotic/necrotic cells was

analyzed using FCS Express 5 (De Novo Software, Glendale, California, USA).

4.03.09:TYPE Il TOPOISOMERASE INHIBITION GEL ASSAY

The inhibiti on oorf activafpvesimsasured usegtiee ATA «
dependent decatenation reaction of kinetoplast DNA (kDNA) catenanes to open and
closed circular decatenated kDNI291]. Methods were based on those of Hasireifé|
[297. Individual reactionsaok place in 10 pL of 50 mM Tris HCI (pH = 8), 120 mM
KCI, 10 mM MgCb, 0.5 mM ATP, 0.5 mM dittathreitol, 30 ug/mL bovine serum
albumin, 2565 00 ng KkKDNA, 0.5 wunits of oR@my/mEi ed t c
of puri fi ed , tamwdgadomgcimsiiBe 3, ans BX— 640 V), positive
control doxorubicin (0.3% 10 puM) or jadomycin vehicleReactions were incubated for

30 minutes at 37 °C and stopped using 5x stop buffer containing 5% sarkosyl, 0.125%
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bromophenol blue, and 25% glycerol. The reaction products were separated by agarose

gel (1% w/v) electrophoresis using TAE buffer. Both tharage gel and the running

TAE buffer contained 0.5 pg/mL of ethidium bromide. Gels were run at 135 V for 15
minutes, then destained in water for 10 minutes. Gels were photographed using an
Olympus G4000 Zoom camera under UV transillumination. DecatenieDddiA

(TopoGEN) was run as a control, along with KDNA untreated with topoisomerase

enzyme The presence and brightness of the open circular and closed circular kDNA
bands was used as a noe a sctvitewittoiritendityooptioeses o me r a
bands measured using ImageJ. The intensity of these bands for each given treatment was
compared to that of the jadomycin vehicle (labelled 0 uM) for which there was no

topoi somerase |1 inhibi torondhibiflamwés r el ati ve

calculaed.

4.03.10: STATISTICAL ANALYSIS

All data are presented as the mean value of at least three separate replicate trials with
each trial’s values di s ptesawaeperfoimedf@ dualt t er p
comparisons in experiments with omelépendent variable. A oveay or tweway
analysis of variance (ANOVA) was performed for multiple comparisons in experiments
withoneortwei ndependent variables, respectively.

test was used fgrosthocanalysis of theignificant ANOVA. A difference between

mean values between groups was considered significartif 0 . 0 5 .
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4.04.00: RESULTS

4.04.01: 231TXL CELLS OVEREXPRESS ABCB1AND JADOMYCINS ARE

EQUIPOTENT IN 231-TXL VERSUS 231-CON CELLS

A 95,000fold increase ithe mRNA level ofABCB1was observed in the 23IXL
versus 234CON cells, while no difference was seen in the expressisBaiClor
ABCG2(Figure 20a). Using MTT assays I¢ values of jadomycins B, S, and F were
determined to be equal in both the daasitive 23:CON and MDR 234T XL breast
cancer cells, while the Kgvalues of the ABCB1 substrates mitoxantrone and
doxorubicin were significantly higher in the 23XL versus 231CON cells Figure

20b).

4.04.02: JADOMYCINS INDUCE ROS ACTIVITY IN 231 -CON AND 231-TXL
CELLS WHICH CAN BE ALTERED USING ANTI - OR PRO-OXIDANT CO -

TREATMENTS

Jadomycins B (40 uM), S (30 and 40 uM), and F (40 uM) significantly increased ROS
in 231-CON cells in comparison to the jadomycin vehidte(re 21a). The antioxidant
and dutathione precursor NAC and the poidant and thioredoxin reductase inhibitor
auranofin were used to inhibit or enhance ROS levels in the cells following jadomycin
treatment$289. NAC (2.5 mM) and auranofin (1 uM) significantly decreased and
increased, respectively, ROS activity in the -Z32N cells when cdreated with
jadomycins S or F (40 uM), though not whentoeated with jadomycin B (40 uM)

(Figure 21b). Since all jadomycins induced ROS, jadomycin S was chosen as a
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representative jadomycin for this and all following replicative experiments involving
231-TXL cells. Jadomycin S was chosen due to greater water solubility and biosynthetic
yields versus jadongyns B and F. Jadomycin S (20 and 40 pM) significantly increased
ROS activity in the 23T XL cells, and while NAC significantly decreased jadomycin S

(40 pM) induced ROS activity, auranofin had no efféeg(re 21c).

4.04.03: JADOMYCINS INDUCE DNA DOUBLE STRAND BREAKS IN 231-CON

AND 231-TXL CELLS

When double strand breaks occur within DNA it is always followed by the
phosphorylation of histone H2AX; the amount of phosphorylated histone H2AX
(YH2AX) in cells treated with cytotoxic ag
DNA double strand beks[293. In 23ECON cells, jadomycins B, S, and F (15 p&t)d
the contol mitoxantrone (LuMs i gni f i cant | yproteim evelsrasuetile vy H2 A X
vehicle control, as measured using western blottingufe 22a). Jadomycin S (15 uM)
significantly increased-TXld&IsAwWKkergas ot ei n expr
mitoxantronedid not(Figure22b) . The i nduction of yYyH2AX proc
CON cells by jadomycin S (15 uM) was not altered bytreatment with the antioxidant
NAC (2.5 mM) or preoxidant auranofin (1 uM), while ereatment with benzamide
(100 pM), an inhibitoiof DNA repair poly(ADRribose) polymerases (PARHZP4,
significantly increased vy H2tredtmentsafeced n expr

YyH2AX | evel skiggr@a22d.hei r own (
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4.04.04: JADOMYCINS INDUCE APOPTOSIS IN 232CON AND 231-TXL

CELLS

Apoptosis induced by cytotoxic drugs can be measured asimgxin V affinity assays
which differentiate healthy, early apoptotic, and dead (also labelled late
apoptotic/necrotic) cells using fluorescently labelled annexin V and propidium iodide
followed byFACSanalysig§29529€. Two examples of annexin V affinity assays can be
seen inFigure 23a, depicting 231CON cells treated with either the vehicle toh(left
hand side) or jadomycin S (20 uM; right hand side) for 36 hours. Healthy cells are in the
lower-left quadrant (no fluorescence), early apoptotic in the levgét (annexin V
fluorescence), and late apoptotic/necrotic cells in the upgletr (annexin V and

propidium iodide fluorescence).

Thirty-six hour treatments with jadomycins B and F (20 uM), jadomycin S (10 and 20
puM), and the control mitoxantrone (1 uM) induced significantly more early apoptosis
versus the vehicle control (labelled Mhin the 23XCON cells Figure 23b). As well,
these 36 h jadomycin B, S (10 and 20 uM), and F (5 and 20 uM) and mitoxantrone (0.1
UM) treatments significantly increased the number of late apoptotic/necrotic cells versus
the vehicle control treatmentBigure 23c). In the 231TXL cells, jadomycin S (20 uM)
and mitoxantrone induced significantly greater early apoptosis versus the vehicle control
(Figure 23d), while only jadomycin S induced significantly more late apoptosis/necrosis

(Figure 23e).
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4.04.05:JADOMYCIN CYTOTOXICITY IS ENHANCED BY AURANOFIN AND

BENZAMIDE AND REDUCED BY Z -VAD

Jadomycins B (30 uM), S (20 uM), and F (30 uM) and mitoxantrone (1 uM) induced
equal amounts of early apoptosis and late apoptosis/necrosis with or without the
antioxidantNAC (2.5 mM) cotreatment after 36 hourEigure 24a). The preoxidant
auranofin (1 uM) had no effect on the amount of early apoptosis induced by jadomycins
B, S, or F (5 uM), however it did significantly increase the number of late
apoptotic/necrotic cedl Auranofin did not affect the cytotoxicity of mitoxantrone (0.1
UM) (Figure 24b). The PARP inhibitor benzamide (5 mM), while having no effect on
late apoptosis/necrosis wheniteated with any of the jadomycin (5 uM) or
mitoxantrone (0.1 uM) treatmentdid significantly increase the amount of early
apoptosis induced by jadomycin S after a 48 h treatnkéguie 24c). The cell
permeable, irreversible paraspase inhibitor-XYAD (100 uM) [297] had no effect on
late apoptosis/necrosis, though it did sigrifidy reduce the number of early apoptotic
cellswhen cetreated with jadomycins B (30 uM), S (20 uM), and F (30 uM) or
mitoxantrone (1 uM) for 36 hRjgure 24d). After 36 h cetreatments in the 23TXL
cells, ZVAD significantly decreased jadomycinri&duced early apoptosis, while NAC,
auranofin, and benzamide had no effect. Auranofin and benzamide both significantly
increased the amount of late apoptosis/necrosis measured in tiXP&Ells when ce
treated with jadomycin S, while NAC and\AD had no ndiceable effect. No
significant differences in early apoptosis or late apoptosis/necrosis were observed with
any of the cetreatments when used with mitoxantrofeg(ire 24€). None of these co

treatments had any effect on cell death on their own at tleeotrations indicated.
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4. 04.06: JADOMYCI NS ARE | NHI BI TORNSD OFI 6T OPO

The lack of effect of NAC and auranofin on jadomytiduced DNA damage and early
apoptosis suggested a R@8ependent mechanism. MartiREarinaet alrecently
determined that the jadomycn anal ogue DS bonds to human t
[226], andour previouslycompletedgPCR trialsshowed aninor 1.2 to 2fold decrease
in MCF7 cellregulationof topoisomerase genes when treated WitluM jadomycin $
albeit not signiicantly (Table 6). Therefore we chose to probe the possible involvement
of topoisomerase inhibition by jadomycins as a Rf&pendent mechanism of DNA
damage and apoptosis. Jadomycins B, S, and F (20 uM, 36 h treatments) significantly
reduced the expressi of TOP2AandTOP2B the genes that encode for topoisomerase
Il 1l a and |11 B, -C@Nscpllse\etsus theJehicle control. 2sidller but
statistically significant decrease Ti©OP], the gene that encod&gpoisomerase |, was
observed for jadomye S with no significant changes for jadomycins B ofl ke
mitoxantronecontrol had no effect ohOPlexpression, though it did cause a small
TOP2Aincrease andOP2Bdecrease versus the vehi@fegure 25a). Jadomycin S (20
MM, 36 h) caused similar sigigant decreases iROP1, TOP2A andTOP2Bexpression
in the 231TXL cells while mitoxantrone had no effetigure 25b). The PCR primers

used are listed imable 10.

Jadomycins B, S, and F (15 uM, 24 h) and mitoxantrone (1 uM, 24 h) significantly
loweed the | evels of topoi somer algare25d).a pr ot e
Jadomycin S (15 uM, 24 tut notmitoxantrone (1 UM, 24 h) decread®poisomerase

I I o i nTXL teks FR@el25d).
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Using a protocol adapted from Topogen (CallardJSA) and Hasinofigt al[292, the
ability of jadomycins and the known topoisomerase poison doxorul2igsh to directly
inhibit topoisomerasel laon d wasImBasured. Jadomycins Ba8d F (16- 640 uM)
and doxorubicin (0.3125 10 pM) dosedependently and directly inhibitduzbth
topoisomerased-igure 26a-d). Thet o p 0 i s 0 ni@s¢valsesef jaddmecins S, F,
and doxorubicin were significantly lower than that of jadomycin B,thad
t opoi s o megvaue éor DOK Was lower than that of jadomycinNB drug was

di fferentially potent in the(Tablelii bi ti on of
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Figure 20: (a) Growth of MDA-MB-231 cells inpaclitaxelselection medim for seven

months generated tMDR breast cancer cell line 231IXL that specifically
overexpressedBCB1lversusdrug sensitiv31-CON cells, as measured using qPCR.

(b) ThelCso valuesof JadomycingJads)B, S, and K72 h treatments) in MTT assays

were equain 231-TXL cells versus 23ICON. ThelCso values of the control drugs

mitoxantrone (MITX) and doxorubici(DOX) weresignificantlyhigher in the 231XL

cells versus 23CON cells.Each bar represents the medirat least three independent
experiments* P00.05, (@)he i ndi cat ed wassigndicastly different e s si o n
from that of theGAPDHhousekeeping contrals determined by a oiveay ANOVA

foll owed by Bonf er r onor{bghe average iEpalueoftheo mpar i s
indicated drug tratment in 234TXL cells wassignificantly different from that measured

in the 231CON cells as determined by an unpairéekst.
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Figure 21: (a) Jadomycins (Jads) B, S, and F (24D uM) dosedependently increased
ROS activity in 231CON cellsversus ehicle control (0 uM)(b) The antioxidant N

acetyl cysteine (NAC, 2.5 mM) decreased and theopidant auranofin (Aur; 1 uM)
increased intracellular ROS activity in Jad S and F treatedCZBd cells.(c) Jacdomycin

S (20- 40 uM; S20 and S40dosedepenently increased ROS activity in 23IXL cells
versus vehicle control (SONAC (2.5 mM)significantly decreased ROS activity induced
by S40in 231-TXL cells, while Aur(1 uM) had no effect. ROS activity was expressed as
a fold-change relative to the meuiin-treated control cells. Each bar represents the mean
of at least three independent experimehf 00.05 (a and c) the fol¢hange in ROS
activity was significantly different compared with the vehicle control, or (b) when
compared with the no eseatment control for that specific jadomycP 00.05 the
fold-change in ROS activity is significanttiffferent compared with S4@etermined by

oneway ANOVAs, foll owed by Bonferroni S
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Figure 22: (a) Jadomycins (Jads) B, S, and F (15 uM, 2&rigmitoxantrone (MITX)
increased the phosphor yl aarkeroohdoublé strind st one H
DNA breaks) versus vehicle control in 28DN cells.(b) In 232-TXL cells Jad S (15

UM, 24 h) butnot MITX(IMM) 1 ncreased yYyH2AX protein expi
control.(c) The PARRinhibitor benzamide (Benz; 5mM), but notddeyl cysteine

(NAC; 2.5 mM) or auranofin (Aur itreated(usM) , f u
MM, 24 h) 231CON cells. When administered as single treatments NAGC,akar Benz

did not affegcH2AXZ2AXotl eiviel sxpr esshamme was d¢
relative to the medim-treated control cells. Each bar represents the rmeanleasfour

independent experimentsP 00.05 (aand b)thefold hange in yH2AX prot
expression was significantly different when compared with the vehicle whg)

compared with the no elbeatment controls as determined by-oveey ANOVAS,

foll owed by Bonferroni’s multiple comparis

154



Vehicle Jadomycin S

4 4
10 3 10 3
10.23% 2.20% ° 34.65% 38.04%
@ ] ]
Z 10’ 2 10°3 -
k=] K=l 3
5 £ 10%4
k=] k=] 3
o o - \ 2
£ 2 10 R
6.56% 0338.25%- Vo 19.06%
P PP L P S 10 AL PR AL LA
(a) 10 10 10 10 10 10 10 10 10 10
Annexin V-FLUOS Annexin V-FLUOS
O  Jadomycin B O Jadomycin S A  Jadomycin F Vv  Mioxantrone
50=
Q 40+ ° * *
= * * v
g 8 30 o
=5 ° o o o 'y v
< 27 & — — = a — Kl
k] =~
§N10-°% °© 0% o g4 m o A n — 2 v""
® PW®o ° HT * Ao 2 L2 G
(b) 0 T T T T T T T T T T T T T T T T T T T T T T
0 12525 5 10 20 0 12525 5 10 20 0 12525 5 10 20 0 0.1 033 1
[Drug] (1M)
50=
*
"} -
538 40 o
£z *
25 301 * B *
85 * —_
&5 o o a a ¥
2 & 20+ o A *
=g o I —_
25 10 P4 - o A LN ¢ £ v
=2 - Qe [+] & - - 'E’ = -? A v v
e h - o # A a » vV
0 T T T T T T T T T T T T T T T T T T T T T T
(C) 0 12525 5 10 20 0 12525 5 10 20 0 12525 5 10 20 0 01 033 1
[Drug] (uM)
% 30+ * * 30= *
o
- o @
= o 4a o8 oo
- A |
5 204 A S 2 204 —omd
S o o_%n gt Opo
£ oo )
2 o o a o N A
g ) apl =g
§ 109 “oo8 5 g 104 o
£ o° ® e o0
@ - _U_
.,g o °oo° AAAEA
= 0 T T T 0 T T T
(d) Vehicle Jad 8 (20uM)  MITX (1uM) (e) Vehicle Jad S (20 M) MITX (1uM)

Figure 23: (a) Right-hand side (RHS) representative FACS figure shows how jadomycin
S (20 pM; 36 h) induced more 2&ION cell death than jadomycin vehicle on the-left

hand side (LHS). Lower LHS quadrants show the percentage of healthy cells, lower RHS
guadrants show early apoptotic cells, and upper RHS quadrant shows late
apoptotic/necrotic cells. Jadomycins B, S, or R%20 uM) or mitoxantrone (0-1 pM)
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treatments for 36 h inducetpnificantly greate(b) early apoptosis ang) late

apoptosis/necrosis versus vehicle (labelled 0 uM) in-gargsitive 2341CON cells.(d)

Jadomycin (Jad) S (20 uM) and mitoxantrone (MJTX{uM) significantly increased

early apoptosis in multidrugesistant 231 XL cells versus the vehicle control after 36 h
treatments, an¢e) Jad S also increased late apoptosis/necrigaish bar represents the

meanof at least three independent experitse* P 00.05 the %early apoptosis or %

late apoptosis/necrosis was significantly different compared with the vehicle treatment
controls as determined byemeay ANOVAs, foll owed by Bonfer

comparison tests.
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Figure 24: (a) NAC (2.5 mM did not affect jadomycin (Jad) B, S, or F or mitoxantrone

(MITX; 30, 20, 30, and 1 uM, respectively) induced early apoptosis or late



apoptosis/necrosis after 36 h in 28DN cells.(b) Auranofin (Aur; 1 uM) did not affect
early apoptosis with Jads B, &,F (5 uM) or MITX (0.1 uM) after 24 h in 23CON

cells. It did increase late apoptosis/necrosis whetneaded with each Jad though not
with MITX. (c) Benzamide (Benz; 5 mM) increased early apoptosis induced by Jad S (5
MM) after 48 h in 231CON cells,with no effect on late apoptosis/necrosis. It had no
significant effect with Jads B and F (5 uM) or MITX (0.1 uNg) Z-VAD (100 puM)
significantly reduced early apoptosis induced by Jads B, S, and F and MITX (30, 20, 30,
and 1 uM, respectively) after 36iM231-CON cells, while having no effect on late
apoptosis/necrosige) Z-VAD (100 uM) significantly decreased and NAC (2.5 mM),
Aur (1 uM), and Benz (5 mM) did not affect early apoptosis whetreated with Jad S
(20pM) in 232-TXL cells for 36 h. Aurand Benz increased Jad S induced late
apoptosis/necrosis while NAC aneNAD had no effect. None of the dceatments
affected early apoptosis or late apoptosis/necrosis levels induced by MITX:- No co
treatments had any effect on their own. Each bar remiseiee meanf at least three
independent experimentsP 00.05 the %early apoptosis or %ate apoptosis/necrosis
of the drug treatment plus toeatment was significantly different versus the drug
treatment on its own as determined byJainpaired tests or (e) on&vay ANOVAS
foll owed by Bpterdnparisontesis.P ©0.0mine %early apoptosis or
%-late apoptosis/necrosis of the drug treatment with Aibeaiment is significantly
higher than that of the no treatment control, &fd00.05 the %early apoptosis or %
late apoptosis/necrasof the drug treatment plus-t@atment is significantly higher than
that of the cetreatment alone, as determined by tway ANOVAs, followed by

Bonferroni’s multiple comparison tests.
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Figure 25: (a) Jadomycins (Jads) B, S, and F (20 uM) all sigaiiitly reduced the
expression oTOP2AandTOP2Bgenes in 231CON cells after 36 h. A smalOP1
decrease was also observed with Jad S. The mitoxantrone (MITX) control (1 uM) did not
alterTOP1,though it did increas€OP2Aand decreas€OP2Bexpression(b) Jad S (20

KUM) significantly decrease@lOP1, TOP2A andTOP2Bexpression in 23T XL cells

after 36 h. MITX (1 uM) had no effecfc) Jads B, S, and F (15 uM) and MITX (1 uM)
significantly | owered topoi somer3GQ@N (Topo)
cells relative to the histone H3 (His H3) loading conff@).Jad S (15 uM, 24 h)
significantl y | ower avidileMDXgid not aftar 24hin@3lei n det
TXL cells. Each bar represents the meéat least three independent experimeh® O

0.05 the value is significantly different from the vehicle control (Veh) as determined by a
lway ANOVA, foll owed by Bonferroni

s mul t i
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Table 10: PCR primers used to determine the expressidkBa} transporter and

topoisomerase encodirgenes in 231CON and231-TXL cells.

Gene PCR forward-3@nin PCR reverse3f@Yyim
ABCB1 AGGCCAACATACATGCCTTC CCTTCTCTGGCTTTGTCCAG
ABCC1 AGGTGGACCTGTTTCGTGAC TCCACCAGAAGGTGATCCTC
ABCG2 TTATCCGTGGTGTGTCTGGA TTCCTGAGGCCAATAAGGTG
TOP1 AGTCCGGCATGATAACAAGG GCCGAGCAGTCTCGTATTTC
TOP2A TGGCTGAAGTTTTGCCTTCT GGCCTTCTAGTTCCACACCA
TOP2B GAGTGGCTTGTGGGAATGTT TGTGCTTCTTTCCAGGCTTT
GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG
dzactin GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG
PPIA ACCGCCGAGGAAAACCGTGT CTGTCTTTGGGACCTTGTCTGCA
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Figure 26: The conversion of catenated KDNA circles (CK) to open circular (OC) and
closed circular (CC) decatenated kDNA by purifiejitopoisomeras| loo(c) | | 3

enzyme was dosgependently inhibited bypadomycins (Jad$}, S, and F and

doxorubicin (DOX).The size of the OC and CC bands for each treatment were calculated
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for eachJadandDOX dose from which the % inhibition curves for topoisometasgelm) (
or d) wdde géneratedcach point represents the meadrat least three independent
experiments* P 00.05 the value is significantly different from the vehicle control

(Veh) as determinedbyatay ANOVA, f ol |l owed bompaBsomf er r o
test.
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Table 11: ICso values of jadomycins (Jad) B, S, and F and doxorubicin (DOX) for the

i nhi bition of topoisomerases (Topo) Il a an
assaysEach value represents the mean of at least fol@pendent experimentsP*<

0.05, the IGo value is significantly different from that of Jad B for the given

topoisomerase and no drug treatment was significantly more potent at inhibiting one
topoisomerase versus the other, as determined hyay ANOVA followed by

B o n f e rmulbpte comparison test.

ICs0+ SEM (UM)

Jad B Jad S Jad F DOX
¢c2LJ2 L ‘ 180.0 £ 47.0 43.3+12.7* 31.8+98* 22+06*

¢c2L32 L ‘ 146.9+ 33.4 69.0+11.0 59.3+12.3 28+x09*
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4.05.00: DISCUSSION

By exposingcontroltriple-negative231-CON breast cancer celte gradually
increasing concentrations of piaakel, we successfully created a MDR cell [{281-
TXL) that was resistant to the ABCB1 substrates mitoxantrone and doxorubicin
[299300, but not to jadomycins. This corroborates our earlier results describing how
jadomycin potency is largely unaffected by Al@nsporter overexpression in MCF7
cellsfe, providing further evi de-maosporterf | adomyc

overexpressing MDR cancers.

We verified that jdomycins maintained their RG8ducing properties in 23CON
and 231TXL triple-negative breast cancer cells, as previously observed in MCF7 cells
[289, evidencig that jadomycirdependenROS induction is independent of hormone
receptor or HER2 expression profiles. While the antioxidant effects of [RRg were
maintained in jadomychtreated resistant 23IXL cells, the preoxidant effects of
auranofin[277] were not, suggesting these cells developed resistamceto anof i n’ s

ROSinducing properties.

SinceROScaninduce DNAdouble strand break$92, we hypothesized that
jadomycinswould cause&louble strand brealks MDA-MB-231 breast canceells. The
significant increases i n-CQNbhAAA3L-TXhcetlst ei n obs
were teated with jadomycins support this hypothearsd the retentionfdhis effect in
231-TXL cells treated with jadomycin S versus the loss observed with mitoxantrone
further supports that jadomycins retain their anticancer properties intisB€porter
overexpressing MDR cell$nterestingly, when 23CON cells were treat with NAC or

auranofin along with jadomycin S there was no additional changeHr2 Awdile co
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treatment with the DNA repair PARRhibitor benzamid¢294 resulted in signitantly
higher levels. This data confirms that jadomycins cause DNA double strand breaks, while

also suggesting this damage occurs independently of ROS.

Increased ROS activity and double strand breaks within cells are common triggers of
apoptosig§290301]]. Additionally, using chromatin condensation assaystfal provided
evidence that jadomycin B inducgsogtosis in lung carcinoma A549 cdllis34).
Thereforewe suspected that jadomycins would also induce apoptosis in breast cancer
cells. The annexin V affinity assagapported this idea by showing significantly more
early apoptotic 23TCON and-TXL cells when treated with jadomycins B, S, or F versus
vehicle.Our data also expanded on the earlier results pétral[184] by showing that
the ability to induce apoptosis is a common property of multiple jadomycins.
Furthermore, jadomycins induced a significant increase in annexin V and propidium
iodide dualstained cells, signifyingells killed through either apoptosis necrosis
(labelled late apoptosis/necrogig2P€. Therefore, while our data indicated jadomycins
induced apoptas, we cannot conclude whether cell death occurred solely through

apoptosis or through a combination of apoptosis and necrosis.

To determine the importance of jadomyaidluced ROS in eliciting apoptosis, annexin
V affinity assays were run with 23ZON and 231TXL cells cotreated with NAC or
auranofin along with jadomycins. The antioxidant NAC had no effect on jadomycin
induced early apoptosis or late apoptosis/necrosis, suggesting jadomycins induced
apoptosis and cell death independently of ROS. Ggelye when 231CON and 231
TXL cells were cetreated with auranofin, a significant increase in late apoptosis/necrosis

was observed. Since auranofin did not increase ROS T X8Icells, this suggests
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auranofin augmented jadomyeamediated cell death imgppendently of ROS. It is

plausible that auranofin instead increased jadomycin potency through a second
mechanismpossibly througfhits inhibition of the ubiquitimproteasome systewihich is
involved with many cell processes including cell cycle regulaimh DNA repaif302,
though more experiments will have to be completed to confirm or disprove this
possibility. Interestingly, NAC decreased and auranofin increased jadomycin potency in
MCF7 breast cancer cells as previously measuredlbdth cell death assay289. This
suggests ROS may still play a role in jadomycin cytotoxic potdrmyever as MCF7

cells appear to be more sensitive to R@&ucing drugs than MDAIB-231 cells[303,

their effects may depend on the cancer cell line used.

The significantly greater induction of early apoptosis by jadomycin S irCZ3 cells
and late apoptodisecrosis in 23I'XL cells when cetreated with benzamide, which
inhibited PARP proteins that are important mediators of DNA r¢g8#|, provides
evidence that jadomycins damage DNA. Additionally, since a significant difference was
only seen with jadomycin S in 2330N cells treated with and without benzamide and
not B or F, this suggests that despnany similarities, structural differences can

functionally alter jadomycin activity.

The paninhibitor of the apoptotic family of caspasesYZD [297], significantly
lessened jadomycimduced early apoptosis, suggestihgtjadomycins induce caspas
dependent apoptosis. In contrgatdomycins still induced late apoptosis/necrosis dffter
Z-VVAD co-treatmentsevidencing that jadomycimsayalso induce cell deatha
caspasendependent mechanisnsich asiecrosis or caspasedependent apoptosis

[304. Alternatively, ZVAD can induceorogrammed necrosis, also known as
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necroptosiswhen used at high enough concentrations in certain oef[805306307].
However,the concentration of - XAD we usediad no effect on 23CON or 231TXL
cell viability on its own and MDAMB-231 cells have previously been found to be
unaffected by this Z/AD -inducednecroptosiglue totheir not expressing the important
necroptotic proteijreceptor interacting ptein kinase 3 (RIPK3B0§. Thereforewe
suspecZ-VAD -induced necroptosisas nota factor in our jadomycin plus-¥YAD
experimentsand that the retaineddreases in late apoptosis/necradiserved irthese
assaysnstead indicate thdhe jadomycisinducecaspasendependentell deah as well
ascaspasealependent apoptosiNote thattheinduction of cancer cell death through
multiple cell death mechams is not unusual, and is in fact typicahadny

chemotherapeutid80931Q.

The fact that similar re#ts were seen in 23TXL versus 231CON cells with and
without the cetreatments suggests that the mechanisms behind jadomycin cytotoxicity

are largely preserved in the MDR cell line.

If ROS are not involved in the DNA double strand breaks and apopidsised by
jadomycins, then what is the mechanism? Jadomycins are known to inhibit aurora B
kinasg[6,184,289, however this mechanism is not likely to induce DNA damage since
the opposites true DNA damagenhibits aurora B kinas§311]. Alternatively,
jadomycins could inhibit topoisomerases. Topoisomerases prevent DNA supercoiling by
regulating overand undewinding during cellular processes such as replication and

transcription224], and their inhibition can cause DNA damage and apopi225.

The large decreasesTi©OP2AandTOP2Bgene expression caused by jadomycins B, S,

and F, with only a smalfOPldecrease obsezd with jadomycin S, suggest that
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jadomycins preferentially inhibit type Il topoisomerase gene expression. The known
topoisomerase Il inhibitor mitoxantrof224 slightly increased and decreaSeEdP2A
andTOP2Brespetively while having no effect omOPJ, evidencing that jadomycins

may bemore efficacious topoisomerase Il inhibitors at the gene expression level. The
decreased topoi somer ase ICOMan@28¥xLcells | evel s
treated with jadomycinss measured by western blotting, suggests the inhibition of
topoisomerase Il gene expression was followed by a decrease in topoisomerase protein
synthesis. Alternatively, the depleted top
observed DNA damage cagsby jadomycin treatment are consistent with topoisomerase

Il poisons[312313314], suggesting jadomycins may have acted as futtiitional

DNA cleavage trials are currently underway to confirm or disprove this possibhi¢y
decreased |l evels of t o-pXlicdlsoreated with domjycina o b s e
Ssuggesthat this mechanism is retained in tiBCBZ1overexpressing cells, versus

mitoxantrone which loses its inhibitory properties.

The topoisomerase Il inhibition gel assays showed that jadomycins B, S, and F and the
topoisomerase Il poisndoxorubicin298 dosedependently and significantly inhibit the
enzymea directly, with each treatment reaf 100% inhibitory efficacy. The higher ¢
value of jadomycin B versus those of jadomycins S afa Eopoisomera e slgigests
the structural differences in jadomycin analogues resulheasurable variances of their
inhibitory potency. Additionally, these direct topoisomerasahibition 1Cso values
were higher than the concentrations required to inhibit topwesase Il gene arid1 o
protein levels in cellular assays, and higher than tbevi@ues measured through MTT

cell viability assays. This suggests that the reduction of topoisomerase Il gene and protein
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expression would be most likely to occur in brezsicer cells exposed to jadomycin
treatmentsrather than direct enzyme inhibition. However, depending on the level of
jadomycin accumulation in cells, direct inhibition of topoisomerase Il enzynséi is

possible.

In conclusion, jadomycins demonsgatotential as novel treatments for drug resistant
breast cancer due to their ability to maintain their cytotoxic potency in MDR -triple
negative 234T XL cells and as previously described in MDR MCF7 cgdls We now
propose a novel anticancer mechanism describing how jadomycins typéit
topoisomerase causeDNA double strand breakandinduceapoptosigFigure 27).

Based on these studieglpmycins warrant furthexperimentatiorio discover more
potent anticancer analogues, to better understand their polypharmacology, and to

determine their effectiveness in tlheatment of MDR breast candarvivo.

. Inhibit type || Topoisomerase Induce DNA double | ; ?i —Induce _
Jadomycins topoisomerases lla or 1B strand breaks apopt03|s Dead drug-sensitive
é § or multidrug resistant

MDA-MB-231
breast cancer cells

Figure 27: Putative novepathway through which jadomycins are cytotoxic to drug

sensitive and drugesistant breast cancer cells.
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CHAPTER 5.00.00: DISCUSSION

Jadomycins represent a novel category of naprmaducts that display promising
anticancer activityThe research presented herein provides the first comprehensive
studies of jadomycins' anticancer mechanisms of action and advances our understanding
of their effectivenessn MDR breast cancer cell$he aim of Chapter 5 is to provide a
general and overarchirdiscussiorof my projectwhile providing perspectives ats

limitations andpossible future research directions

5.0100: JADOMYCINS ARE EFFECTIVE CYTOTOXIC AGENTS IN MDR

BREAST CANCER CELLS

The first key finding of my research is thatlomycins largely retain their cytotoxic
potencyin ABC-transporter overexpressing MCF7 and MIMB-231versus control
breast cancer cellgespite the loss of potency observed with control drugs such a
mitoxartrone and doxorubicinThe development of MDR in tumour cells is commonly
due to overexpression of dradfluxing ABC-transporters, rendering many treatments
ineffective[117]. ABCBL in particular is importario consider in studies of MDR, as it is
the largest driver of drugesistance in cancer ce|lk1Z. Therefore he ability of
jadomycins to retain their cytotoxic potency in AB@nsporter overexpressibgeast
cancer cellssuch asn the ABCBtoverexpressing MCFTXL and 23:TXL cells on
which | focussed in Chapters 3 and 4, exemplifies their potesatiaéas MDR cancer

treatments.
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Our data supporthat this retention in potency is the resultadfgmycins being poor
substrates of ABCB1, ABCC1, and ABCGBweverto be certain we must first shatv
jadomycins are taken into the breast cancer cells when treaiéd)steadthe
jadomycins interact with extracellular targets that lead to theceitudar effectswe have
observed. We suspdtte cellular influx of jadomycings mediated by solute carrier

proteins, and experiments are currently underway to confirm or disprove this hypothesis.

The second key finding of my research is that jadonsyldll drugsensitive and drug
resistanbreast cancer celtirough multiple mechanismsluch of drug discovery over
the past few decades has b&agelyfocussed on the development of drugs intended to
act against one specific target with high poteaieg selectivity. It was thought that by
acting on one target a drug would have a direct therapeutic effect on its target while
limiting its side effect profile due to an avoidance oftaffget effects. Likewise, a
multitarget or promiscuous drug was tigbtito be too unpredictable and potentially
dangerous. It is now better recognized that these two beliefs are too simplistic to explain
the mechanisms of action of drugs, and designing single drug molecules able to act

simultaneously with multiple targeis gaining traction in drug discovef$15.

The ability ofa drug to act on multiple targets to elicit a therapeutic response is called
“pol ypharmacol ogy”. The theory behind poly
combination therapy as seen in chemotherapy, where multiple cancer pathways are
targeted to improveliaical outcomes. Targeting multiple pathways may potentiate drug
efficacy, either additively or synergistically, and decrease the insurgence of drug resistant

mutants. In addition, the inherent redundancy of biological networks (i.e. multiple

oncogenesumour suppressor genes, or proteins that can repair @NAuce
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apoptosis) can impede the desired effects of a therapeutic that is specific for one target.
Particularly complex diseases, such as cancer, that involve alterations in many proteins
and pathways are therefore unlikely to be successfully treated by pharmacological
interventions based on one target, while the modulation of an optimal array of targets
typically proves more effectii815316. For example, the modulation of a single
oncogenic pathway is unlikely to achieve durable disease remission, while targeting

multiple pathways at once can signifitly improve outcomef317].

Jadomycins induce ROS in breast cancer cellswtaopotentiate their cytotoxic
activity, depending on theensitivity of theparticularcell line beingused to oxidative
stress Jadomycins also inhibmultiple cancer targets that are vital to cancer cell growth
and proliferationnamelyaurora B kinae andype Il topoisomerase Jadomycinsalso
cause DNA damage in breast cancer cahsl ultimatelyinduceapoptosis. If jadomycins
were more specific to any one of these mechanisms, i.e. they only increased ROS
activity, inhibited aurora B kinase, arhibitedt o p o i s o noerr ,at & &Rely thew
would not have the same anticancer activity in esegsitive and drugesistant breast
cancer cells that we have observEde known mechanisms that can influefazomycin

anticancer activity are summzed inFigure 28.
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ROS induction

Breast Jadomycin
cancer cell treatment

Control or MDR Aurora B kinase inhibition Cell death
ABC-overexpressing
Type Il topoisomerase DNA double strand
inhibition breaks

Figure 28: Summary othe known mechanisms pfa d o my c-breast’cancem t i

activity.

5.02.00:INFLUENCE OF MDR MDA -MB-231 VERSUS MCF7 CELL TYPE ON

JADOMYCIN CYTOTOXIC POTENCY AND MECHANISMS OF ACTION

The cell lines in which lempleted the majority of my experiments were MCF7 or
MDA-MB-231 breast cancer cells. MCF7 cells were first established in 1973 at the
Michigan Cancer Foundation, and are currently the most commonly used breast cancer
cell line worldwide[318, largely because dlheir sensitivity to estrogen targeting drugs
through high expression of HR19. OQur group’s initial work v
MCF7 cells because of its widely accepted wytitis a breast cancer cell modat
because we were able to obtain thrikeicent ABC-transporter overexpressing MDR

MCF7 cell lines fronscientistsat the National Instituseof Health in Maryland, USA.
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However, becausthe molecularproperties oflifferent breast cancer cell linean vary
greatly theyoftenrespond differetty to drug treatmentgs9]. While jadomycin
cytotoxicity was determined to be equipotent in breast cancer cell lines with various
hormone receptor and HER?2 statuf289, these datarovide no information regarding
consistency of mechanisatross cell lineghereforeit was important to conduct
mechanism of dmon studies in additional cell lings provide a broader understanding of
how jadomycins wd. Triple-negative cei donot respond to targetea hormone
therapy making them particully challenging to treahowever, they can respond to
chemotherapy?2]. Therefore understanding how jadomycins act in Miiple-negative
breast cancer celis of particular relevancéorthese studies chose the MDAMB-231
cell line, which is part of the MD Anderson series of breast cancer cell lines and is a

commonly used model of tripleegative breast cances9,32(.

While jadomycins undoubtedly retained their potency to a greater extent than control
drugsin MDR MCF7 cells, a small 2 to 4-fold decrease in potency was observed
(Chapter 2)In contrastjadomycins B, S, and F were all equipotent in-ZXL versus
231-CON cells(Chapterd); a particularly promisingiscoverysince chemotherapy is the
primary treatment dpn for triple-negative breast canceghich can beendered
ineffective due to the development of MDR. Howevkese results do beg the question
as to why jadomycins appear to better retain their cytotoxic potency in MDR-MBA

231 versus MDR MCF7 call

Perhaps jadomycins bettargetMDR 231-TXL versus MDR MCF7 cells because
MDA-MB-231 lreast cancer cells proliferaf@ster,are more aggressive, and disptay

more invasive phenotype than MCF7 cgl§], and since chemotherapy targefsidéy
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proliferating celld 2], jadomycins may better retain their cytotoxicity in such cHlls.
alsopossible the MDR MCF7 cells we obtained from the National Institutes of Health
display additional forms d¥IDR along with ABC-transporter overexpression that were

not recreated in my irhouse 234T'XL cell line, allowing the MCF7TXL cells to exhibit

a more polyresistant phenotyp&or example, eliminarygPCR trials previously

completed byMark Issashowed that thgenes for some members of the solute carrier
organic anion (SLCO) uptake transporter superfaarndalteredin the MDR MCF7

cells,such asSLCO-2B1,-3A1, -4C1, and5A1 (Appendix I, Supplemental Figure J.

It is not yet known whether jadomyciaster cdk throughany of theseiptake
transportersCurrent experimental work in the laboratory is addressing this. However, if
jadomycins are transported into breast cancer cells by SLC@ayhelpexplain why
jadomycin potency decreases slightly in the MBRF7 cells Additionally, since |
determined jadomycsinduce DNA damage in breast cancer cells, it would also be
interesting to determine if the MDR MCF7 cells have increased DNA repair mechanisms
versus the MDR MDAMB-231 cells, thus increasingthe MCEZR— | | s’ -j adomycin

resistance.

Ultimately, with the currently available data | cannot conclude with certainty why
jadomycin potency is unchanged in ZBXL versus 234CON cells while beinglightly
decreased in MCFTXL, -ETP, andMITX versus MCFZCON ells. Regardless, since
jadomycins are able to largely retain their potency in multiple AB@sporter
overexpressing MDR breast cancer cell lines, in particular the MDR-trggative cells,
this provides evidence that jadomycins may prove to be viedd@ment options for

drugresistant cancers.
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5.03.00: JADOMYCIN CYTOTOXIC POTENCY IS DEPENDENT ON ROS IN

MCF7 BUT NOT MDA -MB-231 CELLS

Evidence that jadomycinmesayinduce ROS activity was firgtublishedoy Monro,et al
in 2011, usingn vitro DNA cleavage assayjR05. As described in Chapter 3,
jadomycins B, S, SPhGnd F all induced RO&ctivity in MCF~CON and-TXL breast
cancer cellsand | determined that jadomycin cytotoxic potency was dependent on this
ROS activity by cereating the cells with antand preoxidants, such as NAC and
auranofin, and observing tiedfects on cell deatf289. As described in Chapter when
similar experiments were repeated in MIDM-231 breast cancer celNAC was found
to have no effectjadomycininduced cell death despite jadomycins inducing ROS in
the 23XCON and-TXL cell linesand NAC significantly reducing this ROS activity
These dataconfirm thatjadomycins induc®OS inmultiple breast cancer cdihes
however they also sugget thatthe impacif this ROSinduction onjadomycin
cytotoxicity can differ depending on the
intracellularoxidative stresg~or exampleMCF7 cells appear to be more sensitive to
ROSinduction than MDAMB-231 cdls [303, possibly due to MCF7 celldisplaying
low levels of antioxidant enzymes such as GST and GE&2288); thereforethis could
explain why cetreatment wittthe antioxidant NAC decreasgslomycinpotencyin

MCF7 butnot MDA-MB-231 breast cancer cells

A secondkey finding of these studies is that the TrxR inhibitor auranofin potentiated
jadomycin cytotoxicity idrug-sensitive and drugesistanMCF7 and MDAMB-231
cells. Interestingly, this potentiating effect was associated with an increase in intracellular

ROS in MCF#CON, MCF#TXL, and 2331CON cells but noin 231-TXL cells.This
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suggested thauranofinwasaugmening jadomycincytotoxicity througha ROS
independent mechanisimthe 231TXL cells. Onepossible explanatiois throughthe
inhibition of the ubquitin-proteasome systerithis systems heavilyinvolved in
regulating cell cycle regulation and DNA repasrupregulated in a number of cancers,
andis inhibited by auranofifi30Z. Additionalexperiments will have to beompletedo

confirm or disprove thigpossibility.

This data evidences that jadomycins induce RQ8dultiple breast cancer cdihes
However the effects of these induced ROS on jadomycin cytotoxaeitychange
depending on thproperties of these cellln somecancercells this increased ROS may
potertiate jadomycin cytotoxicityas was observed in the MCF7 cells, while in other
cells it may simply be a side effect of the jadomycin treatment that has no significant

effectont h e ¢ o ngytotaxioity, asswas observed in the MEMB-231 cells.

This suggests two possible avenues of combination therapy with jadomyamitis
exploring Firstly, since ROS can be quite damaging to healgtig[198,i f a pat i ent
tumour cells are determined ot be sensitiveto ROS activity jadomycins could be
used in combinatiowith an antioxidantherapy such as NAC, to reduce the total ROS
produced, thus better protecting the healthy tissue while notiaffe¢t t he j adomyci
cytotoxic potencyThis idea has already been explored in children with acute
lymphoblastic leukemia, which determined that patients treated with NAC and vitamin E
as antioxidant adjuvant therapy reduced the severity of chamdoraditherapyrelated

sideeffects versus patients who did not receive the antioxidant thE3agly

Alternatively, i f a pat i eensitivesacombmationr i s d

therapy including jadomycin and a pogidant agent, such as auranofin, could increase
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t he | ado my againsttise tumout celtherepyimproving treatment daomes

The use of auranofin, as well as other TrxR1 inhibitors, has also already been proposed
for combination therapies in the treatment of canf@08322), and a phase I/ll study
testing auranofin as a treatment for chronic lymphocytic leukemia has been completed,
though the results have yet to be repo[82f. It should also be noted that auranofin

may in fact be a useful eéoeatment regardless of caknsitivity to ROS, based on our
231-TXL co-treatmentesults.Our groupplars to test jadomycin and auranofin
combination treatments in the 4T1 mouse model of breast carciodmedter determine

the utility of such a therapy vivo.

5.04.0: JADOMYCINS MAY BE TYPE Il TOPOISOMERASE POISONS

In Chapter 4] describél howjadomycinsinhibit the expression oFOP2AandTOP2B
decreas¢ o0 p 0 i s o npeoteinleves ahdldioectlyinhibitt o p oi s o naenrda slel Bl | a

using kKDNA decatenation assays

These results are indicative of two possible situations. The first is that jadomycins are
catalytic inhibitors (inhibitors that reduce te#ectiveness of a catalyst) tyjpe Il
topoisomerasgand t he decreased protein expressior
my western blots is simply the resulttbédecreased gene expression. The second
possibility is that jadomycins are actingiaamore toxic type of topoisomerase inhibitor,
calledtopoisomerasé poisons. The transient covalent complex that occurs betiypen
Il topoisomeraseand DNA can be stabilized by topoisomerdgaoisons, such as

doxorubicin[313. As a result, topoisomerase |l signals are depleted in western blots due
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to retention of the poisetopoisomeras®NA complexes in the gel slof814], which

could explain the decreased topoi somerase
with jadomycins. Additionally, topoisomerase poisons cause Dasdhs such as double

strand breaks, which do not occur with less toxic topoisomerase catalytic inHiBit&rs
anothemechanisnthat was observed in cells &ated with jadomycins. This suggests
jadomycins may be acting as topoisomerase |l poisons. Jadomycins also inhibited
topoisomerasel laon d ditedth3 as determined witkDNA decatenationzyme

activity assays; howevgthis resultis possible with bottopoisomerase catalytic

inhibitorsandpoisons.

To determine ifadomycins are topoisomeraldgoisons, DNA cleavage assay®
currently being conductedriefly, key characteristics dhe covalent topoisomerase
enzymeDNA complexinclude the top@omerase being covalently bound to the DNA
andthe presence oflareak in the DNA substrate strand; this complex is also freely
reversible. By using circular plasmid DNA as the substrate strand, the topoisomerase
poisoning potential of givencompound caibe tested by treating tigasmidDNA with
purified topoisomerase enzyme and the compangiestion If linearized DNA is
detectedising an agarose gehis shows that DNAreaks were created by the
topoisomerase and not properlyligated due to theompoundstabilizing the enzyme
brokenDNA complex, thereby signifying the compound is a poisbtihe compound is
instead a catalytic inhibitogny DNA breaks rdigate back to their original formndno

linearized DNA is observe(824).

These experimentsill allow meto confirm whether jadomycins are acting as

topoisomerase |l poiso@dthereby directlycausing the observed DNA damawgef
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they are a@hg as catalytic inhibitors, in which case the DNA damage is likely the result
of anadditionalyet to be discovered mechanistimereforethe results of these

experiments will prove vital idirectingfuture jadomycin research.

5.0500: PROJECT LIMITATIO NS AND RECOMMENDATIONS FOR FUTURE

STUDIES

As describedhroughoutmy dissertation, my experiments were carefully designed,
included proper controksnd replicates, arallowed me tdormulate a more detailed
descripti on oWMDRjbeeastocacgr adtivitystian vehat tvas understood
prior to my work However, like any research project there were limitatiBesow |
have listeda fewof these limitations along with suggestions about what can be done next
or explanations of what is already beohgne in our lapto answer theseemaining

guestions.

Limitation 1: Jadomycin uptake into breast cancer cells

As briefly discussedo in subchapter 5.01.00 hile we have shown how jadomycins
are minimally affected by AB@fflux transporter overexprases and therefore are able
to retain their anticancer activity in AB@erexpressing MDR breast cancer cells, we
have not yet confirmed whether jadomycinsemeeringthe cells in the first place. Based
on their inhibition of intracellulatype Il topoisanerase andaurora B kinasand
induction ofintracellularROSand DNA damagd, hypothesize thgadomycinsare

beingtaken upnto the cells and are thus able to indboeastcancer cell death.
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However, it is not impossible that jadomycins are insteidgon extracellular targets
that trigger intracellular pathwayghichin turn caus the results we have observed.
Therefore, experiments to determih@domycins are entering the cancer cells and if so,
through what transporters, have been initiatedur laboratoryThese will include a
jadomycin mass spectrometry method we have recently developed to quantify
intracellular jadomycin levels, and the treatment of breast cancer cells with calués
transporter inhibiting lentiviral ShRNA vectorsdecrease the expression of these drug
influx transporters and observe the effects on jadomycin cytotoxicdgtermine which

if any, transporters activelyptakethe jadomycins

Limitation 2: Lack ofin vivodata

As can be seetihroughout my disseation, the entirety of my published work has been
in vitro and cellular researciihese data have beeltustrative of howthe novel natural
product jadomycinaffectMDR breast cancer celleaveallowed us to attain a much
clearer understanding of hgadomycinsexerttheir anticancer effects, amadve been
vital in determining how to best test these compounds in @vo system however nan
vivo data was included.did attempt to test jadomycin activity using the zebrafish
embryo preclinical modeWhich showed that the toxic concentrations of jadomycins B,
S, and F in the embryagereapproximately 1€old higher than their 165 values in cell
culture, which were encouraging results from a safety standpoint. Howexees,
ultimately unable to geany breast cancer cell line to successfully proliferate in the
embryos and therefore wasticanceextlvitye@athtiso t est

method. Instead, to answer the question of jadomycin anticancer activity and toxicity
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vivo, along withdetermining their pharmacokinetic profilgur groupis currently using
Balb/C mice allotransplanted with 4T1 breast cancer cells as an animal breast cancer
model, from which we will ascertainkeetteru nder st andi ng of jadomyc

activity.

Limitation 3: The use of small molecule inhibitors

While using small molecule inhibitors to alter various biochemical pathveays (
auranofin, NACpor benzamide) is a pharmacologically sound method of testing the
effects of these pathways on the actiwafyhe drug being tésd, they are not without
flaws. By using small molecule inhibitors, efirget effect€anoccur that alter or
confound results. For example, auranofin is an inhibitor of TrxR1 which is a vital part of
the Prx/Trxantioxidant pathwayw hi ch causes t-bxglantcactimtp ound’ s p
[277]. It is for this reasothatl initially used auranofin as described in Chapter 3, to
observe the effects @rxR inhibition on intracellular ROS activity and on jadomycin
cytotoxic potency. However, ascussedn Chapter 4and subchapter 5.03.08uranofin
is also an inhibitor of the ubiquitiproteasome system, which is heavily involved in
DNA repair[302; therefore while the datasupports thaauranofinenhanced jadomycin
cytotoxic potencys due to its preoxidant activity,it suggeststha ur anof i n’ s ubi
proteasome inhibitiomayalsobeimportant to its jadomycigytotoxicity-enhancing
properties. To get a better undarsling ofwhich cellularpathways have the greatest
influenceon j adomyci ns’ ,fuuretexpari@ents should ancudpedific t vy
gene disruption techniques, suchuasig small interfering RNA to silence specific genes

or the newly develogpd Clustered Regularly Interspaced Short Palindromic Repeats
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(CRISPR) and CRISPRssociated protein 9 (Cas9) system, which uses the
programmable DNA nuclease Cas9 to inhibit the activity of certain geitesr
technique would silence a particular gene witbater specificity than what can be
achieved with small molecule inhibitgf325. These methods woulgive us a greater
degree of confidence abaeactly whichpathways jadomycins are affecting and which

pathways can be exploitéd improvetheir activity.

Limitation 4: Lack of cancer cell selectivity data

The key tadevelopng a successfuthemotherapeutic is thatritustsekctively Kill
cancerous tissuaverhealthy tissu¢32€. A limitation in my doctoral work is that | did
notfully explore whethejadomycinsdisplay such selectivityOne set of MTT assays
was completeth 231-CON cellsversus healthy human mammary epithelial cells
(HMECSs),which foundjadomycinsto be equipotent in both the cancerous and healthy
tissue Appendix |, Supplemental Figure 2. However, the control drugs doxorubicin
and mitoxantrone, which are both used clatlly and known to exhibit cancer cell
selectivity, were also equipotent in the tagll lines. This suggestthatthese assays are
not adequate on their own to make any conc

cancer cell selectivity.

Since chemothrapeutics target rapidly proliferating cell andjadomycins inhibit the
important mitotic proteins aurora B kinase and type |l topoisomerasesuspedtdthat
jadomycinsand the control drugsere not selectiveowards thecancerou231-CON

cellsversugsthe healthjHMECsin these experimentsecause both cell lines were
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proliferatingat similaty rapidrates Future experimentsomparing rapidly versus slowly
proliferating cancerous and healthy celifl have tobe completed teonfirm or

disprove this hypothesif.determined to be true, this would suggest a method through
which jadomycins may be selective for cancerous breast fissivo and in the clinic,

since breast cancer cells typically proliferatengigantly faster than healthy breast cells

[181].

Limitation 5: Use ofMTT assays

MTT tetrazolium reduction assays wergedthroughout my doctoral research as a
measure of cell viabilityo test the potency of jadomycins and other drugs. Viable cells
with active metabolism convert MTT intonaeasureablpurple formazan. For cells that
are in thdog phase of growthithe amount of formazan product is generally proportional
to the number ofnetabolically active viable cellén which case MTT assays can
accuratelymeasure cell viabilityHowever culture conditions that alter the metabolism
of cellscanaffect the rate of MTT reduction into formazan, even if viability is
unaffected. For exantg, when cells approach confluence and their growth becomes
contact inhibited, metabolism can slolhis reduceshe amount of MTT converted to
formazan despite the cells still being vialflg27]. It is for this reason thatinitially
completedhe LDH assaysdescribed in Chapter 2, which verified the accuracy of the
MTT assays previously completed by Mark 18] In addition,the MTT assays were
alwaysdone when the clslwere in the log growth phasEor these reasonsam
confidentin the accuracy ahe MTT assayresultsdescribed in my dissertation.

However additional cell viability measuring assays that have shown improved accuracy
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and reduced interference from glycsilyinhibitors versus MTT assays inclutie
neutral red uptake, resazurgduction, and sulforhodamineaBsayswhich could be

explored as alternative methods of measuring cell viallitize future[32§).

5.06.00: FINAL SUMMARY

Jadomycins are natural products with promising anticancer actihtyesearch
describesiow jadomycins are largely equipotent in ABB@nsporter overexpressing
MDR- versus dug-sensitive control breast cancer cells, and how jadomycin potency is
unaffected by the presence or absence of hormone receptors or BHsed.on the high
prevalence of MDR and of tripleegative breast cancers, both of which are difficult to
treat effetively with currently availabléherapeuticsiadomycins offer a potentiabvel

option worthinvestigatingfurther.

| have also describad detail multiple mechanisms through which jadomycins exert
their anticancer effecia both drugsensitive andiDR breast cancer cellgriformation
which can be used to determine in which cancer subtypes jadomyayise most
effective ando suggest potentiglombination therapie$n conclusion, my workvill
help guidefuture jadomycin and cancecience andl am confident that jadomycin

research will continue to exhibit promising results.
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APPENDIX I: SUPPLEMENTAL SUPPORTING DATA

O SLOO-2B1 O SLCO-3A1 A SLCO-4C1 ¥V  SLCO-5A1

< 16= * % *

‘@ 8 o v

3 i ~o= -

5. 4 [o] v

x

(] 2] A

Q

= (o] * v

@ 1o % A * —

o

£ ] ®ae g I 2 v

° 0.5 * 5 *

2 * v

g 0.254 g -—

2 0125 = v

z © =z Sp

= 0.0625 L 1 1 ] 1 1 1 I L ] 1 1 LI ) L] 1
CON TXL ETP MITX CON TXL ETP MITX CON TXL ETP MITX CON TXL ETP MITX

MCF7 cell line

Supplemental Figure 1:Fold-increases andlecreases of SLCO transporters in MDR

MCF7-TXL, -ETP, andMITX versus MCFZCON cells.* P 00.05 the log of the fold

change in gene expression in the MDR cell line was significantly different compared with

the MCFZCON cells as determinedbyomeay ANOVAs, f ol l owed by

multiple comparison tests.
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Supplemental Figure 2:Jadonycins (Jads) and control drugs, mitoxantrone (MITX) and
doxorubicin (DOX), do not selectively reduce the viability of ZXDN breast cancer

cells versus healthy HMECs. Cells were treated for 72 hours with various concentrations
of each drug and then cellbility was measured with MTT assays, from whiclgolC

values were calculated as a measure of drug potency. No treatment was significantly
different in 232CON versus HMECs as determined by unpairezsts.
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