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Abstract

Acute myeloid leukemia (AML) is an aggressive malignant disease characterized by poor
patient outcome ansuboptimal frordine chemotherapy. To identify novel a#tML compounds, a
high-throughput screen of a natural products library (n=800) was performed. This screen was
performed against the AML cell line (TEX), which has several properties of leukemiaeitenthe
cells responsible for disease pathophysiology and patient relapse. Here, avocatin B was identified as
a potent and novel adgukemia agentAvocatin B at concentrations as high &3u®1, had no #ect
onnormalperipheral blood stem cellability. In contrastjt induced death of primary AML cells
with an EC50 ofL..5-5.0 uM. Selective toxicity towards a functionally defined subset of primitive
leukemia cells was also demonstrated. Avocat{B8|BvI) reduced clonogenic growth of AML
progenitorcellswith no effect orclonogenic growth ofiormal hematopoietic stem cells. Further,
treatmet of primary AML cells with avocatin B3uM) diminished their ability to engraftiothe
bonemarrow of preconditioned, NOD/SCID mice (#=6.5; p<0.001). Togker, these results confirm
that avocatin Bs a novel antAML agent with selective toxicity towards leukemia daedkemia
stem cells.

Mechanistically avocatin Binduced reactive oxygen species (R@gpendent leukemia cell
apoptosis that was characrend by the release of mitochondrial proteins, cytochrome ¢ and apoptosis
inducing factor (AIF). Cytochrome c and AIF were detected in the cytosol of avocatin B treated TEX
cells by flow cytometry. Avocatin #hduced apoptosis, as measured by the Anne#mdpidium
iodide assay, DNA fragmentation and PARP cleavage, andbaished in the presence of anti
oxidants confirming the functional importance of RQ&xt, we further evaluated the role of
mitochondria in avocatin 1duced apoptosis. First, we ggated leukemia cells lacking
mitochondria by successive culturing in media containing ethidium bromide. The drastic (>80%)

reduction in mitochondrigzasconfirmed by nonyl acridine orange staining and flow cytometry and a
il



near absence of the mitochondsjzecific proteins ANT and ND1, as measured by Western blotting.
Avocatin Bés activity was abolished in | eukemia
B in cells engineered to lack CPT1, the enzyme that facilitates transpor206fcsbonipids into
mi tochondria. Avocatin B6s activity was abolishe
measured by gPCR analysis). To further confirm the importance of CPT1 in avogadindgd
death, we chemically inhibited CPT1 with etomoxir. Avodan Bo6s acti vity was bl o
presence of etomoxir, further demonstrating that avocatin B accumulates in mitochondria.
Since avocatin B is a lipid that targets mitochondria and that mitochondria can oxidize fatty
acids for energy, we next assesdalitnpact of avocatin B on fatty acid oxidatioisjng the
Seahorse Bioanalyzekvocatin B inhibited leukemia cell fatty acid oxidation (>40% reduction in
oxygen consumption at M) and this occurred at a f6ld less concentration than etomoxir, the
standard experimental molecule used to probe this pathway. Further, avotaairBentresulted
in a 50% reduction in levels of NADPH, an importarifactor generated during fatty acid oxidation
that participates in catabolic processes during cell pralion.
Additionally, we demonstrated that autophagy was functionally important for avocatin B
induced leukemia cell death. We reported increased autophagic activity through confocal microscopy
and Western Blotting of autophagy specific proteins LC3BGATSQSTM1(p62) and BNIP3L(Nix).
To further confirm the importance of autophagy in avocatind®iced death, we generated cells with
reduced ATGY7, the protein involved in autogbsome formation Avocatin Bd&s acti vi
abolished in these cells demonstiang t hat autophagy was essenti al
These results show that avocatin B accumulates in mitochondria to inhibit fatty acid oxidation
and reduce NADPH to result in R@&ediated activation of autophagy and apoptiwsisukemia
cells This highlights a novel AMitherapeutic strategy by which mitochondria are targeted to impair
cellular metabolism leading directly to AML cell death.
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Chapter 1: Gener al I ntroducti on

1.1 Acute myeloid leukemia (AML)

Acute myeloid leukemia (AML) is a devastating disease characterized by poor patient prognosis.
Abysmal patient survival rates are due to high rates of disease relapse and failure to achieve remission
due totwo factors: 1) the treatment of AML is outdated, having been unchanged for the past 40-years
3], and 2) the presence of leukemia stem cells (LSCs), which are responsible for drug resistance, as these
are not targeted by current drugs, and disease propag&tbn

AML, a type of blood cancer, is a heterogeneous disease which results from the disruption of
hematopoiesis resulting in hematopoietic insufficiency (Figure 1.1). The inadequate production of normal
blood cells observed in AML is due to the uncontrolledifm@tion and accumulation of immature
myeloid cells, generally referred to as leukemic blasts, in the bone n{afrddML is observed in-8
per 100000 people with increasing incidence with ag@. Approximately 12,000 people are diagnosed
with AML in the United States annually, whereby 8,590 of them are predicted to die from the [isease
10]. AML patients are faced with extremely pgmopgnosis, wherpatients60 yearsor older havea 2
year survival rate of less than 10% and median survival of less than 1 year. AML is the most common
leukemia observed in adults, with a median patient age of 72 years old, and three quarters of patients with
AML are 60 years of age or oldgt, 9, 10]. FurthermoreAML accounts for 32% of canceelated

deathdn children[11]].
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Figure 1.1. Schematic flow diagram of normal hematopoiesmisl AML. In AML, myeloid stem cell
differentiation is impaired resulting in the accumulation of immature myeloid cells. As a villt,

patients suffer from hematopoietic insufficiency due to lowered leukocyte and erythrocyte counts.
Adapted f r o Mariefd, Elaine Nicpon,Hoehn, Katja. (2010) Human anatomy & physiology /San
Francisco Benj ami n Cu mmicCregige@mnoisshttiibgtion S.@Unporiece r  Me d i
Licensg.

1.1.1 Treatment

AML therapy has essentially remained unchanged for the past 40 years. The first step in AML
therapy, known as induction therapwas relied on daunorubicin, an anthracycline, anghynienidine
analog cytarabine as the backbone of chemotherape

regimen, which consists of 3 days of daunorubidBmq0mg/nf) followed by 7 days of invenous
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cytarabine (10200mg/nt) [1, 3, 11, 12]. Usage of daunorubicin and cytarabine in induction therapy
causes remission in 65% of cases who are less than 60 years of ag8@hd% in patients older than
60 years of agEl, 11, 13]. Induction therapy aims to achieve remission, which is characterized by the
presence ofess than 5% blasts in the bone marrow and to prevent the possibility of disease relapse.
Treatment of older AML patients (e.g., >65) is complicated by increased resistance to therapy,
and a higher incidence of -enorbidity and as these patients are legsrant to the cytotoxicities of
conventional chemotherap¥l, 13]. Daunorubicin and cytarabine are highly cytotoxic with side effects
such as nausea, vomiting, pain, ataxia and haemorrhage. As such, only 30% of older AML patients
receive treatment beyond supportive d4rg. This clearly warrants for the development of novel and
safer AML treatment strategies. Current efforts have been made to improve teorapiession rates
whilst reducing cytotoxic side effectsuch as increased dosing, the use of alternative anthracyclines (ie.
Idarubicin), or the addition of other chemotherapeutic agents such as etoposide (topoisomerase Il
inhibitor), clofarabine, cladbine, and fludarabine (purine analogues). Unfortunately, no conclusive
evidence has been generated to indicate that one treatment or new combinations should become the new

chemotherapeutic standdid 9, 15].

1.2 Leukemia stem cells (LSCs)

Leukemia is believed to be a hierarchical model similar to that of regular hematopoiesis with
leukemia stem cells at the agé¥]. The first study supporting this involved the identification of a
subpopulation of CD34+/CD3&ML cells that were capable of transplanting in an
immunocompromised mouse, whereas the polbulation of cells were ng17]. Furthermore, serial
transplantation of this cell subpopulation in mouse xenograft models displaye@tongngaftment as
well as seHrenewal propertiegl8]. This led to the beliehtat a subpopulation of LSCs is responsible for
propagating and initiating disease. The discovery of LSCs that are responsible for the initiation and
propagation of leukemia has great implications for the treatment of patients with this disease, as the

disoovery of LSC targeted therapies could dramatically improve overall patient survivgddiates

3



LSCs comprise 0-1% of the blasts in AML and can be identified through morphological
surface markers which differ from hematopoietic stem cells such as the absence of CD90 and the
increased expression of CD34+/CD3®&hich ha shown initiation activity of leukemia), CD123
(interleukin3 receptor), CD45RA (naive T cell marker), CD13 (myeloid antigen), CD44 (involved in
cell-cell interactions and adhesion), GllLl(novel LSC antigen), CD96 (T cell receptor), TIM3 (T cell
receptof, CD47 (involved in proliferation and adhesion), CD32 (B cell signal modulator), and CD25
(interleukin2 receptor]4, 10, 19].

Not only are LSCs implicated in disease propagation, they are also responsible for drug resistance
resulting n eventual patient relapse. Unlike bulk AML blasts, LSCs possess adaptive properties that
enable them to evade the cytotoxic effects of chemotherapeutics. Unlike bulk AML blasts, LSCs comprise
0.1-1% of blasts and reside primarily in the bone marrow, whickides a protective niche from
circulating chemotherapeutig4, 10]. Furthermore, LSCs express the multidrug resistance efflux pump
P-glycoprotein (ABCB1) that actively remove chemotherapeutics from the cell. In addition, LSCs have
been shown to reside mainly in thg &Il cycle phase, implying that they are gelly quiescen4-6].

As current chemotherapeutics generally target fast cycling, proliferating cells, LSCs that are quiescent are
generdly unaffected. As such, future therapy must target LSCs to overcome drug resistance and disease

relapse.

1.3 Metabolic alterations in cancer cells

In general, cancer cells have an altered metabolism allowing for the accumulation of metabolic
intermediates thatan be used as cellular building blocks to support increased cell division and thus
conferring a growth advanta@e0]. The most common alteration is the Warburg effect, a perturbation of
glucose metabolism, where glycolys@sdecoupled from pyruvate oxidation allowing for the collection of

glucosederived carbon molecules rather than oxidizing them to carbon dif2GHe



Alteration of glutamine metabolism is often observed in cancer cells, where increased glutamine
uptake is observed to generate reduced NADPH, which is integral for both lipid synthesis and the Krebs

cycle[20, 21].

Another type of metabolic alteration involves the oxidation of lipids and fatty acids (FAs). FAs
are composedf a hydrocarbon chain with a terminal carboxyl group and are used as energy sources,
membrane components and signaling moled@éls FAs originate from 2 sources: 1) exogenous sources
or 2) fromde novadFA synthesis. Normdluman cells generally prefer exogenous sources of FAs,

whereas tumor cells shift towards novd~A synthesig2Q].

The oxidation of fatty acids, also known as fatty acid oxidation (FAO), produces twice as much
ATP comparedd carbohydrateg21]. FAO takes place in mitdhondria and peroxisomes, however; the
mitochondria is the main site for FA@2]. It consists of a cyclical series of reactions which shorten fatty
acids (by 2 carbons), generating NADH, FHAD and acetylCoA per cycld21] (Figure 1.2). NADH and
FADH, enter the electron transport chain (ETC) to produce ATP whereas-@c#tyénters the Krebs
cycle to generate ATP and further reducing equivalents for the ETC andaiogical processd21].
Chain shortening @uirs via a cycle consisting of 4 enzymatic stépgurel.2): (1) acCoA
dehydrogenase which dehydrogenates-Go/ fatty acid to 22noytCoA, (2) 2enoytCoA hydratase
which produces-BiydroxyacytCoA, (3) 3hydroxyacylCoA which is dehydrogenated Byhydroxyacyt
CoA dehydrogenage produce &etoacyl)CoA and NADH, and (4) -BetoacytCoA thiolase which

cleaves &KetoacylCoA to produce a 2 carbasortened saturated ag€ybA and an acetyCoA [22, 23].

In order for FAs to undergo FAO, they must be transported into the mitochoncdyiaC8As are
incapable of crossing the mitochondrial membrane; therefore they must be transported by the carnitine
shuttle. This is facilitated by carnitine palmitoyl transferase 1 (CPT1), which is found on the outer
mitochondrial membrane and conjugatds kvith carniting21]. CPT1 is the rate limiting step of FAO

as it exerts about 80% of control over the FAO pathj28}; Once acykcarnitines have entered the



mitochondria, CPT2, found on the inner mitochondrial membrane, reconverts tleaaifhes into

usable acylCoAs to undergo FAQ22].

acyl-CoA Carnitine

2-enoyl-CoA

ECAH Vv
— 3-hydroxyacyl-CoA
Fatty Acid HCAD Y
Oxidation 3-ketpacyl-CoA + NADH

KCAD —
Shortened acyl-CoA

acetyl-CoA
W
TCA Cycle

Figure 1.2. Schematic diagram of fatty acid oxidation. Fatty acids are taken up into the mitochondria
through CPT1 and CPT2 where they undergo a cyclical series of chain shortening reactions t® generat
NADH, acetylCoA and shortened ac@loA. Adapted from Houtept al. 2010 and Bartletet al. 2004

using Servier MedicalArt (Creative Commons Attribution 3.0 Unported Licensg. ACAD- acylCoA
dehydrogenase; ECA2-enoytCoA hydratase; HCADP3-hydroxyacy}CoA dehydrogenase; KCALB-
ketoacytCoA thiolase

FAO is essential for cell survival, whereby inhibition can lead to cell death through the
accumulation of lipids (lipotoxicity) asell as deficiencies in metabolic intermedidt2s 24]. FAO is
also implicatedn the production of NADPH which allows for the recycling of reduced glutathione
(GSH), which reduces oxidative stress through its antioxidant properties. Studies have demonstrated that
ROS inhibits FAO and can be counteracted by antioxid@8js The reduction of NADP+ to NADPH is

mediated by isocitrate dehydrogenases (IDHs) 1 and 2, which also catalyze the decarboxylation of
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i soci t-ketaglumrat§26]. IDH2 (found in he mitochondria) and IDH1 (found in the cytosol) play

a key role in lipid biosynthesis, antioxidant systems and oxidative respiration. NADPH generated by

IDHSs are provided to fatty acid synthase dernovaosynthesis of fatty acidf6] and help defend cells

against oxidative stress caused by ROS generated from lipid oxif2élor\s NADPH cannot pass

through the inner mitochondrial membrane, NADPH generated by IDH2 serves as a primary source of
antioxidants to combat mitochondrial specific RR2§]. The role of IDHs in protecting against oxidative

stress have been confirmed as IDH deficiency results in increased oxidative DNA damage, increased ROS

from lipid peroxidation and increased peroxide generdf@h

1.3.1 Metabolic alterations in leukemia cells

Recently, mitochondrial alterations have been observed in leukemia cells. Such alterations
include increased mitochondrial biogend&® and mitochondrial uncoupling as a result of increased
expression of uncoupling protein 2 (UCRP2Y, 30]. UCPs are mitochondrial anion carriers which
dissipate the mitochondrial proton gradient resulting in a reduction in oxidative phosphoryakioks
such, mitochondrial uncoupling imparts a metabolic shifbéooxidation of other carbon sources, such as
fatty acids and glutamine, to fuel the Krebs cy@®@ 31]. This is evident through increased lactate
generation by leukemia cells despite aerobic condifidfis This is in stark contrast to normal coupled
mitochondria which rely mainly on the oxidation of glucalezived pyruvate as a primary carbon source.
Uncoupled mitochondria display a reduced mitoo nd r i a l proton gradient (ea&yM

to generate ATP, forcing cells to rely on glycolysis to meet energy derf28jds

These metabolic alterations confer many advantageous bendfitkémia cells. First, the use of
nonglucose carbon sources acts as a safeguard for biosynthetic capacity. The oxidation of glucose via the
Krebs cycle can result in shunting of anabolic pathvjays For example, pyruvate transamination can
generate products which can block downstream processes such as NADPH arfepibosghate
biosynthesig31]. Next, depending on glycolysis over oxidative phosphorylation allows leukemia cells to

thrive in reduced oxygen environments such as the hypoxic bone marroy3iich@iven the fact that
7



oxidaive phosphorylation depends on adequate oxygen concentrations, this would not be sustainable in
hypoxic environments. Next, mitochondrial uncoupling promotes resistance to mitochondrial intrinsic
apoptosis through up regulation of Bthnd antagonism &@ax/Bak protein$24, 31]. Recently, LSCs

have also been shown to display an overexpression i8,Bdhere Bcl2 favors apoptosis resistance, and
also displays antioxidant properties through the reduction of g&@&ration and facilitating the import of
reduced glutathione into the mitochondi#4, 32]. Finally, reduced dependence on oxidative
phosphorylation favors the generation of biosynthetic intermediates from the Kreb26y8lH. A shift
towards fatty acid carbon sources over pyruvate results in the production of one less NADH and FADH2,
whilst still yielding the same carbon intermediate prod{i8i$. Notably, inhibition of FAO sensitized

leukemia cells to chemotherapeutics, and promoted thagmptotic proteins Bax/BdR4].

Given the numerous metabolic alterations in leukemia and LSCs, this presents novel

chemotherapeutic targeting strategies for the eradication of AML.

1.4 Leukemia cell death

Cells can undergo programmed cell death throhghetdistinct pathwayisapoptosis, autophagy
and necrosis. Autophagy, which constitutes the recycling of cellular components, generally functions as a
survival mechanism; however, prolonged autophagic signaling can lead to ce[l3fa#tpoptosis is a
regulated process by which cells activate catabolic enzymes (i.e., caspashislg in cell deatfi34].
Necrosis, which constitutes the premature death of cells by autolysis, was once thought to be an

unregulated form of cell death; however, recent studies have shown that it can be r¢gdjlated

1.4.1 Apoptosis

Apoptotic cell death is characterized by the shrinking of the cell and nucleus, plasma membrane
blebbing, cleavage of cytoskeleton proteins, chromatin condensation, nuclear fragmentation and the
formation of apoptotic bodid84]. It can be induced by many stimulants such as DNA damage, cell
starvation, ROS, death receptor ligand binding and/or other cellular strfgs§on early indicator for
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apoptosis involves the externalization of phosphatidylserine (PS) to the outer leaflet of the plasma
membrane. This acts as a signaling mechanismtagocytes to target apoptotic cells for degradation

[33].

Apoptosis can occur via two different but convergent pathways: the death receptor (extrinsic) and
the intrinsic mitochondrial pathwayBigure1.3) [34, 36]. Caspas activation will determine which
pathway a cell is to be inducted to. The death receptor pathway is activated by the binding of tumour
necrosis factors (TNF) to cell sucadeath receptors. Binding of the factors to receptors leads to the
formation of a deatinducingsignalingcomplex. Aggregation of thisomplex then triggers an initiatof
death receptor apoptssicaspas 8[36]. This initiates a caspase cascade by which executioner caspases
3,6, or 7 are activated. The executioner caspases in turn cleave proteins associated with structural and
metabolic processes leading to apoptotic cell digfh The DNA repair enzyme polkDP-ribose
polymerase (PARP) is cleaved by caspasasdy resulting in DNA fragmentatiom hallmark of

apoptosig34].
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Figure 1.3. Intrinsic mitochondrial pathway of apoptosis. Apoptotic stimuli initiate permeabilization of
the mitochondrial membrane pore resulting in the release ohpgwptotic proteins. Thigeads to
activation of caspases 9, 6 and 7 resulting in apoptosis. Release of AIF and EndoG induce caspase
independent apoptosis through direct DNrAgmentation. Adapted from Samudéb al. 2010 using
Servier Medical Art CreativeCommonsAttribution 3.0 UnportedLicenss.

The mitochondriglor intrinsic,apoptotic pathwagpccurs as a result of mitochondrial dysfunction
and iscontrolled by members of the BCL2 fam($4]. Initiation of this pathway involves changes in the
permeability of the outer mitochondrial membrane as a result of changes to the mitochondrial membrane
potential, allowing for the release of papoptoic proteins such as cytochromeEmdoG and apoptosis
inducing factor (AIF)36]. Caspae 9 actsas a central mediator of this pathway, whicimigated by

cytochrome cand is responsible for the formation of a multiprotein complex called the apoptfEgme
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Upon activationthe apoptosmemobilizes caspase 3, 6 and 7 which promote the cleavage of cellular
proteins[34].

Interestingly,apoptosis can also be induced independkecagpases. This is mediatedAlF and
EndoG, which upon release from the mitochondria, translocates into the nucleus where it enacts large
scale DNA fragmentation as well as chromatin condensg®187]. AlF, is a flavoprotein which resides
in the mitochondrial intermembrane space. Upon apoptosis induction and the permeabilization of the
mitochondrial outer membrane, AlF is cleaved by cysteine proteases where is released into the cytosol to
translocate intéhe nucleu$37]. AlF then interacts directly with DNA through its negatively charged
surface, causing chromatin condensation and DNA fragmen{&8pnActivation of AIF induced cell

death is strongly associated with exitotogthug treatment and growth factor deprivatj8i, 39].

1.4.2 Autophagy

Autophagy constitutes the recycling of res®ntial cellular components, damaged organelles or
macromolecules and is a response mechanism to cellular stress that can arise from nutrient starvation,
hypoxia, or drug treatmefB3, 40-44]. Autophagy plays a role in tumour growth suppression,
microorganism elimination and antigen presentation. Recycling of organelles or macromolecules is
conducted by lyssomes in three different forms. In macroautophagy (generally referred to, and hereafter
as autophagy) the doubtkeembrane bound autophagosome, derived from the isolation membrane,
envelops the material to be consumed and is then fused with a lysosomms odimgle membrane
bound unit called the autophagolysosome. In microautophagy, the lysosome engulfs the recyclable
material via invagination of its membrane. In chapenmeeliated autophagy, cargo is delivered directly
into the lysosomes by hesglhock poteins. Once delivered into the lysosome, acid hydrolases breakdown
the ingested material into usable metabolic substrates. The formation of the autophagosome is closely
regulated by a set of autophagplated proteins (ATGY34].

Most autophagy stimuli converge at the mammalian target of rapamycin (mTOR) and the class lli
phosphatidylinositol &inase complex (PI3K), which serve as key autophagy regul&@®ré5]. The
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core autophagy machinery required for autophagosome formation can be ditediediirdistinct

groups: 1) ATG9 membrane protein, 2) tbilike kinase 1/2 (ULK1/2), 3) the PI3K complex, and 4)
the microtubuleassociated protein 1 light chain 3 alpha (LC3) and ATG12, a ubidikismprotein.
Together, these proteins regulate thecpss of autophagy vesicle generation which can be divided into
four steps: 1) initiation and nucleation, 2) elongation and closure, 3) maturation, and 4) degradation
(Figurel.4)[42, 44].

Initiation and nucleationThe beginning step to autophagy involves the formation of the isolation
membrae. In starvation conditions, or another cell stressor conditions (such as oxidative stress), mTOR
is inhibited resulting in dephosphorylation of ATG13. ATG13 then activates ULK1/2 via
autophosphorylation resulting in the recruitment of focal adhesionekfaagly interacting protein
(FIP2000). The activated ULHATG-FIP2000 complex (mTORC) localizes to the developing isolation
membrane to participate in elongation to promote a progression towards the complete autophagosome
structure. In contrast, mMTOR phdepylates ATG13 preventing recruitment and activation of the ULK1/2
complex during nutrient rich conditidé2, 43]. Following initiation of the isolation membrane,
nucleation arises when the PI3K complex binds to its core units such as Beclin 1 and p150. This complex
resides on the isolation membrane and facilitates recruitment of other ATGs to the unit as well as
produces phosphatidylinositoh@hosphate, which is necessary for nucleat®33, 42]. According to
current consensus, the developisglation membrane originates from the endoplasmic reticulum, the
plasma membrane and the mitochon{4ig.

Elongation and losure.The next step in autophagosome formation involves the development of
the doublemembranebound autophagosome from the precursor isolation membrane through the action
of two ubiquitinlike conjugation systems: ATG12 and L{&B 42, 43]. ATG12 is conjugated to ATG5
by ATG7 and ATG10. Following, ATG16 conjugates to the complex and directs it to the phagophore.
This complete complexsiknown as ATG16L (ATGEATG5-ATG16), and is essential for the formation
of the autophagosome. ATG16L is also involved in aiding with the delivery of LC3 to the phagophore

along with its lipidatiorf42). The ubiquitinlike LC3 is a known marker of autophagy required for
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generation of the autophagosome. LC3 undergoegaosiational éerminal cleavage by the protease
ATG4 tobecome its cytoplasmic form LA3LC3-I is then conjugated with phosphatidylethanolamines
(PE) to become LC8. This conjugation is mediated by ATG7, ATG3 and ATG16L. Upon lipidation,
LC3-Il can be inserted onto the surface of the autophagosomal mesmiiaaits lipid moiety 33, 42-44].

Maturation and degradationThis step involves the formation of the autophagdgsees which
consists of the fusion of autophagosomes to lysosomes. Unlike autophagosomes, autophagolysosomes are
singlemembrane bound vesicles which degrade the autophagosomes contents by acidic hydrolases and
lysosomal proteases such as cathepsins.fliien is mediated by RAB7 (RAS related protein), Betlin
and LAMP-2 (lysosomal associated protein 2), however their mechanistic involvement remains to be well
understood42, 43]. Following degradation, broken down products are released into the cytosol as
nutrients and preursor buiding blocks[44].

Autophagy can be a highly selective process with adaptor molecules such as p62 (also known as
sequestosome) Which binds to ubiquinated targets, transports the targets to tl®itgepand binds to
LC3-Il to promote degradatiof83, 43]. This highlights the importance of the ubiguiproteasome
system in managing the selective targeting of autophagy.

The role of autophagy in leukemia remains controversial as both the inhibition and activation of
autophagy have been reported as promising treatment strajdgjesSeveral reports suggest that
activating autophagy leads tomaurigenesis by favoring atypical cell survivalndeed, autophagy has
been reported to promote tumour survival by restricting necrosis and inflammation and preventing cell
death[47]. Additionally, autophagyrelated gene (At and Atg7 have been reported to promote cell
survival [48] by allowing cancer cells to survive metabolic stress in responsautigent deprivation.
Further, in response to cell damage, autoplegy promotesurvival by removingdamaged organelles.
Given that many current chemotherapeutics induce metabolic stressiuémeht deprivation, the
inhibition of autophagy is a promising strategy to increase treatment effidélcyin contrast, there is
strong evidence that autophagy induction acts as a tumor suppressor mechanism. Beclin 1, a regulator of

autophagy responsible for autophagosome formation, has been linked to the stability and function of p53
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[50Q], which is a crucial tumor suppressor protein that can initiate apopddkig-urther, Atgl2 promotes
intrinsic apoptosis through inactivation of proteins of the-aptiptotic Bcl2 family [51]. In acute
myeloid leukemia (AML), PI3KAkt-mTOR, which is an essential signaling pathway for the activation of
autophagy, is constitively activated in 780% of patients and has been shown to contribute towards cell
proliferation and drug resistand®2, 53]. Further, it has been experimentally demonstrated that

rapamycin, a potent activator of autophagy, and rapamycin derivatives induce selective Altkattell

[54, 55].
Autophagic vesicle generation
Starvation/Stress 1. mitiation Lc3 ATG12 ATGS  ATG16 2. Elongation
and . ATGa and closure
mTOR nucleation ATG7/ATG10
| LC3I
ATG16L
ATG13 ATG3/ATGT | ypp €
FIP2000 ULK1/2 @
mTORC Beclin1/p150

\ PI3K Lysosome
= @

Endoplasmic Autophagosome

reticulumy| RAB2/
Plasma b \ Beclin1/
membrane/ Phagophore LAMP2
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Figure 1.4. Schematic illustration of autophagic vesicle generation. Formation of the autophagic vesicle
consists of four steps: 1) Initiation and natlen, 2) elongation and closure, 3) maturation, and 4)
degradation. Initiation of the developing phagophore is dependent on the formation of the complex
MTORC (ATG13ULK1/2-FIP2000). Nucleation depends on the PI3K binding to its core partners Beclin
1 andp150. Elongation and closure of the phagophore requires the formation -¢f th@@ugh lipidation
with phosphatidylethanolamine (PE). Maturation involves the fusion of the autophagosome and lysosome
which is mediated by RAB2, Beclin 1 and LAMP2. Finalggradation involves the lysing of cargo by
cathepsins and subsequent release of broken down products.

14



1.5 Avocatin B

To identify novel antcancer agents, our lab screened an 800 compound natural health products
library to identify novel agents withnti-leukemia activity. Avocatin B (AVO), an avocaderived lipid,

was identified as the most potent compound at reducing leukemia cell viability.

The avocaddree(Persea americanaoriginates from central America. Its fruit is highly
consumed1-2 per @y) in various parts of Latin America without reports of any associated topaéity
In fact, avocados are used in traditional herbal medicine for the treaimetous illnessemcluding
hypertensionstomach ache, diarrhea and diabg5&k Avocadederived phytochemicals also possess
known chemopreventive characteristit8]. These effects have been notednigignant pleural
mesothelioma, various carcinomas, various adenocarcinomas andrarad cell line$58-60]. The
chloroform extract (D003), prepared from the California Hass avocado, has displayed selective inhibition
of pre- and malignant oral cancer cell lings]. DO03 induced both death receptor and mitochondrial
medi at ed ap opttpwwas mediatdd Bydngréases mn ROS which were blocked using the

antroxidant Nacetyl cysteing¢5§].

Avocatin B, which consists of a 1:1 ratio of 1;2Z#hydroxyheptaded6-ene and 1,2;4
trinydroxyheptaded 6-yne (Figure1.5), is compound érived from the peel and seed of unripe avocado
fruit which has been found to be cytotoxic towards a small panel of cancer celblinéd]. Activity has
been reported in lung carcinoma, mammary adenocarcinoma, kidney carcinoma, pancreatic carcinoma
with cytotoxicty in human prostate adenocarcinoma cells being nearly as potent as dox¢Er&gh.
Avocatin B has also been reported as a natural insecticide with potent activity in yekownfesquito

larva, epimastigotes and trypomastigqt&s 59|.
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Figure 1.5, Avocatin Bb6s cAvecain®iadn awdadouwerived compound consisting of
1,2,4trihydroxyheptadeel6-ene and 1,2/&ihydroxyheptaded.6-yne (1:1 ratio). Image taken from
ChemBankID3198534
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Chapter2: Obj ect Hypesot mendi s

The objectives of this project are:
1. Characterize and evaluate avocatin Bo6sn mechani

vitro and;

2. Determinea v o c¢ a tefficacy B prisnary and primitive AML cells.

These objectives fulfilled the hypothesis that:
Avocatin Binhibits fatty acidoxidation to induce RO#ediated autophagy and apoptosis in AML and

LSCs.

Short term goals:
The short terms goal s a rclnical efficadyeamialetesntineat e avoc a
avocatin Bb6s mechanism of action to further warra

acute myeloid leukemia.

Long term goals:
Upon successfudompletion of the aforementioned short term goals, the next steps would be to 1)
determine pharmacokinetic properties and safety in animal models and 2) submit for Phase 1 clinical trial

testing
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Chapter 3: Met hods

3.1 Methods

3.1.1 Cell culture
Leukemia OCI-AML2,K562, HL60, KG1A; JURKAT, U937) cellsvere cultured in Iscove s

Modified Dulbeccd® BMedium(IMDM) (Life Technologies; Grand Island, N6y RPMI Medium (Life
Technologieskupplemented with 10%etal Bovine Serum (FBSeradigmProvidence, UTand
antibiotics (00 units/nh of streptomycin and 100 pug/m of penicitliBigma Chemical; St. Louis, MO
TEX leukemia cells were cultured in 15% FBS, antibiotics and 2mdfutamine (Sigma Chemical),
20ng/ml stem cell factor and 2ng/ml-8_(Peprotech; Hamlvyg Germany). Lentiviral transduced ATG?7,
SQSTM1(p62), CPT1 (a gift from Dr. Aaron Schimmer, Toronto, @\JP P A R U -ARI2|
knockdowncell lines (a gift from Dr. Aaron Schimmer, Toronto, ON) weraintained in IMDM(Life

Technologies) supplemented with%a®BS (Seradigm) antlug/mL puromycin (Sigmdlrich).

Primary humansamples(fresh and frozen) were obtained from the peripheral blood of AML
patients who had at least 80% malignant cells among the mononuclear cetlsltaneld at 37°C in
IMDM, 20% FBS and antibiotics (see supplementary table 1 for clinical parametéosinal GCSF
mobilized peripheral blood mononuclear cells (PBS@ere obtained from volunteers donating
peripheral blood stem cells for @fiansplant and were cultured similar to therany AML samplesThe
collection and use of human tissue for this study was approved by the local ethics review board
(University Health Network, Toronto, ON, Canadéniversity of Waterloo, Waterloo, ON, Canadall
cells weremaintained in a humidifie@dtmosphere containing 5% ¢@t a temperature &7°C. Cells

were passaged everyd3days and passage2Q were used.

3.1.1.1 Long-term culture
Cells were cultureéx vivousing a mouse bone marrow stromaicodturing system allowing for
the long term expansiamd culture (months instead of days) of primary CD34+ {@#susing the
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mural stromal cell line M$ and human cytokine supplementation.-B8ells were receiveds a gift
from Dr. John Dick (Ontario Cancer Institute, Toronto, ON)-dQttures were grown in H5100 media
(StemCell Technologies) supplemented with 1% penicillin/streptomycin (Seradigm§; &MV20ng/mL,
IL3 10ng/mL, GCSF 20ng/mL, TPO 50ng/mL, Fit3 10ng_, IL7 20ng/mL, SCF 100ng/mL, and IL6
20ng/mL (Peprotech).
MS-5 cells were grown on 0.1% gelatin (Sigkrich) coated 12 well plates. 48 hours later,
primary cells were added and allowed to grow. Media was changed once a week and upon full confluency
(=1 month), cells werrypsinized with 0.25% trypsin/0.1% EDT{igmaAldrich). Primary cells were
then harvested and separated fromB3/&lIs using a 4@nicron cell strainer (BD Biosciences,

Mississauga, ON

3.1.2 CD34+ cell enrichment

TEX and KG1A cells were enriched for CD34+ population usingh84+ EasySep Positive
Selection Kit(StemCell) and EasySdpagnet(StemCell). Approximatel2-5x1C cells were re
suspended in a 5mL polystyrene tube in 1mL of PBS (Sif§lddch) containing2% FBS (Seradigm)
and 1mM EDTA (Sigma&Aldrich) (enrichment buffer). EasySep Positive Selection Cocktail was then
added at 100 pL/mL cells and allowed to incubate at room temperature for 15 minutes. EasySep Magnetic
Nanoparticles were then added at 50 plLfells and allowed to incubate 10 minutes at room
temperature. The tube was then placed inside theSepdylagnet and left aside for 5 minutes.
Following, the supernatant fraction was poured out resulting in the magnetically labeled cells to remain in
thetube. Cells were then+muspended in enrichment buffer and magnetic separation was repeated for a

total of 5 times. The positively selected cells were then verified by flow cytometry.

3.1.3 Flow cytometry

Unless otherwise noted, all flow cytometry assays \weréormed in 96 well plates using a

Guava easyCyte 8HT (Millipor®illerica, MA) and GuavaSoft (Millipore) flow cytometry software. All
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assays performed involved an unstained control to set basal thresholds as well as single stain controls (for

multi-stan assays) to set compensation.

3.1.3.1 Mitochondrial membrane potential assessment

Following drug treatments, 0.5x3€ells were collected and washed in 0.5mL PBS (Sigma
Aldrich). 1uL of 30uM Rhodaminel123K123;Enzo Life Sciences, Farmingdale, NY) was added to each
sample and then allowed to incubate for 20 miniteshumidified atmosphere containing 5% Z& a
temperature 087°C. Samples were then washed and measured using flow cytometry. R123 is a cationic

dye is used to monitor the membrane potential of the mitochomgya)([63].

3.1.3.2 Mitochondrial integrity assessment

0.5x10 cells were collected fra each cell line to be assessed and washed in 0.5mL PBS {Sigma
Aldrich). 1uL of 50pug/mL nonylacridine orange (NAO) (Enzo Life Sciences) was added to each
sample and then allowed to incubate for 20 minut@shumidified atmosphere containing 5% £O
at atemperature 087°C. Following, samples were washed and measured using flow cytoiaiyis a
mitochondria specific dye that binds to the mitochondrial phospholid cardiolipin and is taken up into the

mitochondria independent gby[64].

3.1.3.3 Cell surface marker assessment

1x1@ cells were collected from each cell line testgd. &f fluorescentlyconjugated cell surface
receptor antibody was added to each sample and allowed to incubate for 30 minutes in the dark at room
temperature. Cells were then washed twice in PBS (S&jarich) containing 5% FBS (Seradigm) and
then read usingdw cytometry. Antibodies used inclué¢TC mouse anthuman CD38BD
Biosciences)PE mouse antiuman CD33BD Biosciences)APC mouse antiuman CD19BD
Biosciences)APC mouse arntiuman CD34BD Biosciencesand BD CompBeads antiouse Ig, k

particles(BD Biosciencesas a positive control.
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3.1.3.4 Reactive oxygen species detection

Reactive oxygen species (ROS) wer giacdtatd ect ed us
(DCFH-DA; Sigma Chemical) and dihyodroethidium (DHE; Sigma Chemical). DOPHs hydrolyzel
by intracellular esterase to produce a-flanrescent DCFH product. It can then be oxidized by ROS to
produce a highly fluorescent DCF prod{@5]. DHE is a superoxide indicator which upon contact with
superoxide anions produces the fluorescent prodhgtifoxyethidium 66]. Following drug treatment,
TEX cells (5x105) were collected and washed in PBS (Sigrhad r i ch) . Cel |l s wer e st a
(final concentration) DCFHDA or 10e¢ M DHE and all owed to incubate
atmosphere containing 5% CO2 at 37°C. Samples were then washed in PBS and ROS was measured by

flow cytometry

3.1.4 Palmitate, malonyl-CoA, acetyl-CoA, and oleic acid study
To assess avocat i nbioBybtsesisa TEX cellsiwerg énculvated vathhthey ac i d
endproducs of major enzymatic reactions of the fatty acid biosynthesis pathamalyassessed using
MTS and annexin/PI viability assayswas hypothesizethat supplementation would rescue cells from
avocatin B induced cell deatRalmitate malonytCoA, acetydCoA and oleic acigSigmaAldrich) were
complexed to delipidized BSA (Sigr#sdrich) based on the method by Labal.[67], where a 100mM

stock was prepared in ethanol and then diluted to a working concentration in a 184s8SAlution.

3.1.5 Western blotting

3.1.5.1 Whole-cell lysate preparation

Following drug treatments, cells were washed withciglel PBS, and then lyseuth chilled
RIPA buffer (SigmaAldrich) supplemented with protease inhibitors (Sigiidrich) for 20 minutes.

Next, cells were centrifuged at 13,200RPM for 20 minutédS@and the supernatant was collected.
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3.1.5.2 Cell fractionation

To separate cytosolic, tichondrial and nuclear proteins, cell fractionation was performed using
a protocol utilized by our collaborator Dr. Joe Quadrilatero (University of Waterloo, Department of
Kinesiology). Following drug treatments, cells were washed witlcade PBS, andhen lysed with
chilled digitonin/sucrose buffer [250mM sucrose, 80mM KCI, and 50ug/mL digitonin] (Sfgdrech).
Next, the cytosolic fraction (supernatant) was collected through differential centrifugation at 16,000xg for
10 minutes. The remaining fraatiavas then lysed with chilled muscle lysis buffer [20mM HEPES,
10mM NacCl, 1.5mM MgClI, 1mM DTT, 20%, and 0.1% TritorRLRO at pH7.4] (Sigm&ldrich).
Following, the mitochondrial fraction (supernatant) was collected through differential centrifugation at
1,000xg for 10 minutes. The nuclear fraction was retrieved syspending the pellet in muscle lysis

buffer and sonication for 2.5 second intervals for 20 seconds.

3.1.5.3 BCA protein assay and sample preparation
Total protein content was measured using the B@ejn assay. A standard curve was generated
using bovine serum albumin (BSA3igmaAldrich) diluted in distilled water at concentrations ranging
from Omg/mL-1.0mg/mL. Diluted samples (tenfold) and standards were plated on a 96 well plate where
200uL of bicinchoninic acid (BCAWworking agent was added to each well (50 parts BCA:1 part copper
Il sulfate [SigmaAldrich]). The plate was then incubated for 30 min&e87°C.Optical density (OD)
wasthen measured at 58m using a spectrophotomet&amples wre prepared containing 8@jotal
protein, with ¥4 sample buffé240 mM TrisHCI at pH 6.8, 6% w/v SDS, 30% v/v sucrose, 0.02% w/v
bromophenol blue,and50 MM DJ¥ ol ume and | ysis buffer to a total

heated at 8°Cfor 5 minutes and then loaded into polyacrylamide gel wells.

3.1.5.4 SDS-PAGE

Proteins were separated by SBAGE in electrophoresis buffé25 mM Tris base, 190 mM

glycine, 3.5 mM sodium dodecyl sulfatging a Mini TransBlot Cell (Bio-Rad,Hercules, CA,
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followed by traisfer of proteins onto a PVDF membrane @iad) in transfer buffe26 mM Tris base,
190 mM glycine, 20% v/v methanalsing a Tran8lot semidry transfer cellMembranes were then
blocked with 5% bovine serum albumin (BSA) in Hoigffered saline (20 mMTis base (TBS) plus 0.1%
Tween (TBST) for 1 h at room temperature, followed by incubation with primary antibody added to
blocking buffer overnight at 4°C. Membranes were washed three times witiT T&%®I then incubated
with appropriate secondary antibyoith blocking buffer for 1 h at room temperature. Membranes were
washed five additional times with TBE Western enhanced chemiluminescent substrate (ECL; GE
healthcareBa i e d 6 Ur) Was usedQaivssualee proteins on a Kodak 4000MM Pro Imaging

Steion and Kodak Molecular Imaging software.

3.1.5.5 Antibodies

Antibody Isotype Molecular weight Manufacturer
(kDa)
AlF mouse 57 Santa Cruz
ANT1/2 goat 33 Santa Cruz
Atg7 rabbit 78 Cell signaling
Beclin-1 rabbit 60 Cell signaling
Cytochrome ¢ rabbit 14 Cell signaling
ND1 goat 36 Santa Cruz
Parkin mouse 50 Cell signaling
PARP rabbit 89,116 Cell signaling
SQSTM1/p62 rabbit 60 Cell signaling
atubulin mouse 55 Santa Cruz
LC3B rabbit 14,16 Cell signaling
UCP2 Goat 70 Santa Cruz

3.1.6 Cell growth and viability
Cell growth and viability was measured using the(43-dimethylthiazoi2-yl)-5-(3-

carboxymethoxypheny2-(4-sulfophenylj2H-tetrazolium inner salt (MTS) reduction assay (Promega
Madison, WI) according to the manufactities p r ot o previbuslyadestribedias]. Cells were
seeded in 96vell plates, treated with drug for 7Bours and ptical density (OD) was measured at 490nm.
Cell viability was also assesseg the trypan blue exclusion assay and by Annexin V and PI staining

(Biovision; Mountainview, CA), as previously describggB]. Cell growth and viability under normoxic
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(21% Q) and hypoxic conditions (1% AD were measured using thellferhodamine Bassay, as

previouslydescribed69].

3.1.7 Functional stem cell assays

Clonogemnc growth assays with primary AML and normal hematopoietic stem cells were
performed as previously describefbg]. Briefly, CD34 bone marrowderived normal stem cells
(StemCell Technologie¥/ancouver, Canadar AML mononuclear cells from patients with >80% blasts
in their peripheral bloo@x10 cellsml) weretreatedwith vehicle control or increasing concentrations of
avoatin B and plateéh duplicateby volume at 1Dcells/ml per 35 mm distNunclory Rochester, USA)
in MethoCult GF H4434 medium (StemCell Technologies) contaiditgmethylcellulose ifMDM,

30% FBS, 1% bovine serum albumin, 3 U/mécombinant human eryttpoietin 10* M 2-
mercaptoethnol (2ME), 2mM Lglutamine, 58g/ml recanbinant human stem cell factotOng/ml
recombinant human granulocyte macrophagieny stimulating factor and 10ng/ml recombinant human
IL-3. After 7-10 days of incubation at 3 with 5% CG and 95% humidity, the numbers of colonies
were cainted on an inverted microscope with a cluster of 10 or more cells countedcasoogie

Mouse xenotransplant assays were performed as previously ded@®e)]. Briefly, AML
patient cells were treated with 3.0uM avocatin B or dimethyl sulfoxide (DMSO) (asteodor 48
hours in vitro. Next, these cells were transplanted into femurs of sublethally irradiated, CD122 treated
NOD/SCID mice and following a 6 week engraftment period, mice were sacrificed, femurs excised and
bone marrow flushed and the presencéwhan myeloid cells (CD4BCD33/CD19) were detected by
flow cytometry. All animal studies were carried out according to the regulations of the Canadian Council

on Animal Care and with the approval of the University Health Network, Animal Care Committee.

3.1.8 High-throughput screen

A high throughput screen of a natural product library (n=800; Microsource Discovery Systems
Inc.; Gaylordsville, CT) was performed as previously descril2&l 68]. Briefly, TEX leukemia cells

(1.5x1d/well) were seeded in 9&ell pdystyrene tissue culture plates. After seeding, cells were treated
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with aliquots (10uM final concentration) of the chemical library with a final DMSO concentration no

greater than 0.05%. After 72 hours, cell proliferatiod siability were measured by the MTS assay.

3.1.9 Drug combination studies

The combination index (Cl) was used to evaluate the interaction betsmwesatin B and
cytarabine TEX cells were treated with increasing concentrationsnafcatin B in the presencedan
absence of cytarabine amdter 72 hourscell viability was measured by the MTS ass&y. values,
generated by th€alcuSyn median effect modglvere used to evaluate whether gwocatin B/cytarabine
combination was synergistic, antagonistic or additi@ valwes of <1 indicate synergism, €1l indicate

additivity and CI>1 indicate antagoniqml, 72].

3.1.10 mRNA detection

Quantitative PCR were performed as previously desciiBgdin triplicate using an ABI 7900
Sequence Detection System (Applied Biosystems) with 5 ng of RNA equivalent cDNA, SYBR Green
PCR Master mix (Applied Biosystems, Foster City, CA, USA), and 400 nM of @p&dific primers
(for warT€CGTCAEGTCTTCTGCCTTT30 , r e v-ACAEACCATASECGTCATCA3 6, ) .

Rel ati ve mMRNA expression was determind@. using the

3.1.11 Assessment of fatty acid oxidation and mitochondrial respiration

Measurenent of oxygen consumption rates were performed using a Seahorse XF24 extracellular
flux analyzer (Seahorse Bioscience; N eMinimom Bi | | er
Essential MediumlL({fe Technologies)containing 1% FBS and plated at 1 x° t@lis/well in polyL-

Lysine (Sigma Chemical) coated XF24 plates. Cells were incubated with etomoxir (100uM; Sigma
Chemical) or vehicle control for 30 minutes 3#&°C in a humidified atmosphere containing 5%,CO

Next, palmitate(175uM; Seahorse Biosciencer avocatin B (10pM) was added and immediately
transferred to the XF24 analyzer. Oxidation of exogenous fatty acids was determined by measuring
mitochondrial respiration through sequential injection ©ofNifinal concentration) oligomycin, an ATP

synthag inhibitor, (Millipore,Billerica, MA), 5¢ MCCCP, a hydrogen ion ionophor&igma Chemica)
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and & Mrotenone (Millipore)/8 Mantimycin A, which inhibit complex Il activity,Jigma Chemical
Fatty acid oxidation was determined the change in oxygenonsumption following oligomycin and
CCCP treatment and prior to antimycin and rotenon

and as described in Abe et al. (20[3)]. Data were analyzed with XF software (Seahorse Bioscience).

3.1.12 NADPH detection

Nicotinamide adenine dinucleotide phosphate (NADPH) was measured by a commercially
availableAmp |l i t eE Fkiubr ( hAATr Bé oquest ; Sunnyval e, CA) e
protocol and as previously describeth], following incubation of increasing duration with avocatin B
(10pM) or palmitate (175uM) in the presence or absence of etonidaia are presented as a percent

NADPH compared to control treated cells £ SD.

3.1.13 Apoptosis measurements

Apoptotic phenotype of Annexin "V(ANN)/Propidium lodide (PI)was assessed using the
ANNY/PI assay, as previously descrid@@®]. ANN binds to surface phosphatidylserine and PI transverses
only disrupted plasma membranto intercalate with DNA. Thus, measurements of AN indicate
apoptosis whereas ANKPI", ANN/PI indicate a dead or viable cell, respectively. Analysis of the sub
G1 peak was performed by assessing cell cycle as previously ded&&eHBriefly, TEX cells treated
for 24 hours with 10uM avocatin B were harvested, washed with cold PBS-andpended in PBS and
cold absolute ethanol. Cells were then treated at 37°@forii3 with 100 ng/mL of DNasfree RNase A
(Invitrogen; Carlsbad, CA), washed with cold PBS, resuspended in PBS and incubated with 50 pg/mL of
propidium iodine (PI) for 15 min at room temperature in the dark. DNA content was measured by flow
cytometry andanalyzed with the Guava Cell Cycle software (Millipore). Caspase activation was
performed using a commercially available kit (Promega) and was performed according to the
manuf act ur e+«ADFMK (SigmaoCGhemical) was used as a{gaspase inhibito Cleavage
of poly (ADP) ribose polymerase (PARP), a DNA repair enzyme and a common downstream target of

active caspaseand7 were measured as previously descrilye.
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3.1.14 AIF and cytochrome c detection

To determine avocatin B 0 sapoptic fmitachiondrialnproteirts e rel

cytochrome ¢ and AIF, we used a flow cytomdiased assay as previously descripéd 78]. Briefly,
pretreated TEX cells (2 xfD were collected and permeabilized in-@m#d digitonin buffer (56 g / ml
100mM KCI, in PBS) for & minutes on ice (until95% cells were permeabilized, as assessed by trypan
blue staining). Permeabilized cells were fixed in 4% paraformaldehyde (in PBS) for 20 minutes at room
temperature, washed 3 times in PBS, and then resuspended in blocking buffer (0.05% saponin, 3% BSA
in PBS) for 1 hour at room temperature. Cells were incubated overnight at 4°C with 1:200 cytochrome c
antibody or AIF antibody (Santa Cruz Biotechnology) diluted in blocking buffer, washed three times
with PBS and then incubated for 1 hour at room temperatith 1:200 Alexa Flue#88 donkey arti

mouse IgG secondary antibody (Life Technologies) diluted in blocking buffer. Cells were washed three

times in PBS and analyzed by flow cytometry using the BD FACS Calibur.

3.1.15 Hypoxia experiments

Cells were transferteto hypoxic culture chambers (MACS VA500 microaerophilic workstation,
H35 HypoxyWorkStation; Don Whitley Scientific; UK) in which the atmosphere consisted of residual
N2, 5% H, 5% CQ and 1% or 21% © Cell growth and viability were measured by the@hlibdamine
B assay (Sigma Chemical) following 72 hours of incubation. Data are presented as the % change in

viability from 21% 1% oxygen.

3.1.16 Autophagy detection

Autophagy was detected by assessing lysosome size by confocal microscopy following cathepsin
B staining, which increases in activity and intensity following autophagolysosome formagpn
Confocal microscopof TEX cells was performed, as previously descrifSj. Briefly, TEX cells 2.0 x
10°) treatedwith avocatin B or vehicle control were incubated wittagic Red cathegn B for 30
minutes at 37, according t mstructiens UImaundChemistry 6 Bechnologies,
Bloomington, MN). Cells werethen imaged on a Zeiss LSM ®B0confocalmicroscope (Cd Zeiss,
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Germany) using a 40x objective. Images wamalyzed using LSM image analysis software (Carl Zeiss,

Germany) Representative micrographs shown.

3.1.17 RNAi knockdown of Atg7 and p62
Lentiviral transductions were performed as described by Spageti@lb 2013 [73]. Briefly,

OCI-AML 2 cells (5 x 16) were centrifuged and +uspended in 6.5 mL media containing protamine

sul fate (5 e€g/mL) and 1 mL of virus ceguehkceandd (con
puromycin antibiotic resistance gérand incubated overnight at°€% Following, the virus was removed

from suspension by centrifugation and the cells were washed and resuspended in fresh media containing

puromycin (1 ¢ g$, putohnycin radistard live dells weredplated for viability and growth

assays. The shRNA coding sequences were: Atg7 (AccessionNMo006395.16 8 5s 1c¢-1) : 56
CCAAGGTCAAAGGACGAAGAT-3 6 , At g7 (Accessi oA520c.1c-1NM_0GBE&
GCTTTGGGATTTGACACATTT-3 6 SQSTM1/p62 (Accession No. NM_00390048 3s21el) : 5 ¢

GAGGATCCGAGTGTGAATTTG3 6 SQSTM1/p62 (Accession No.NM_003900.2325s1c): 50

CCGAATCTACATTAAAGAGAA -3 dThese gperiments were performed by Elena Kreinin.

3.1.18 Interrogation of chemogenomics database

The chemognomic expression profiles of avocatin B and rapamycin were assessed in a publicly
available yeast chemogenomics databdk#p://chemgenomics.pharmacy.ubc.ca/HIPHOP) The
database identified the top 15 yeast genes sensitive to drug treatment, bakedsendéfect scores
(p<0.05), and were assessed for gene ontology biological processes associated with autophagy and/or

vesiclemediated transport using AmiGO (Gene Ontology Consortium), as previously de$sfp@d.

3.1.19 Statistical analysis

Statistical analysis was conducted usBrgphPad Prism 5.0 (GraphPad Software, USA) using
St u d etest fdr somparing two data sets,oreamay anal ysi s of wvariance ( ANC(

post hoc test for compag three or more data sets. Unless otherwise notaésalls are presented as
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mean + SDFor graphs, *=p<0.05, **=p<0.01, and **=p<0.001 compared to control datlsy

combination data were analyzed using Calcusyn software (Bih#©)t
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Chapter4Resul t s

*Note: Unless otherwise stated, data was generated by Eric A. Lee.

4.1.1 A high-throughput screen for novel anti-AML compounds identifies avocatin B

To identify novel compounds with arAiML activity we screened a commercially available
natural health productspecific library against TEX leukemia cells. These cells possess several LSC
properties, such as marrow repopulation andregléwal[28, 73, 82, 83]. The compound which imparted
the greatest reduction inahility was avocatin B (Figure.®A; left panel, arrow indicates avocatin B).

Avocatin B is a 1:1 mxture of two 17carbon lipids derived from avocados and belongs to a family of
structurally related lipidf84] (Figured. 1 A r i ght panel , [85)W\(ectestddid avocBtil s st r |
lipid analogues and determined that avocatin B was the most cytotoxic (EC5& Q.B5uM;
supplementary figure.4).

Avocatn B6s selectivity toward | eukemia cells wa
peripheral blood stem cells (PBSCs) isolated from G&@8Rulated healthy donors. Avocatin B, at
concentrations as high as 20uM, had no effect on the viability of norm&CBPEn=4). In contrast,
avocatin B reduced the viability of primary AML patient cells (n=6) with an EC50 of 3.9 £ 2.5 uM,
which is similar to other recently identified compounds with-AMiL activity [28, 69, 70, 86] (Figure
4.1B; see supplementary table 1 for patient saropblracteristics).

Avocatin B was also tested in combination with cytarabine; the primary backbone of current
clinical AML therapy. The Calcusyn median effect model was usecdkvaluate whether the avocatin
B/cytarabine combinatiomas synergistic, antagonistior additive [71, 72]. The cytarabineavocatin B
combination synergistically induced cell deathTEX cells with combination indexalues of 0.20, 0.19,

and 0.15, at EC 3005and 80, respectively (Rige 41C).

4.1.2 Avocatin B is selectively toxic toward leukemia progenitor and stem cells

Given the selectivity toward AML patient samples over normal hematopoietic cells, we next

assessed avocatin Bb6és effects on functionally def
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populations. Adding avocatin B (3uM) into theltcwe medium reduced clonogenic growth of AML
patient cells (n=3; supplementary table 1 for patient characteristics). In contrast, there wast ram effec
normal cells (n=3; Figure.2D; left panel). In addition, treatment of primary AML cells with aviocBt
(3.0uM) reduced their ability to engraft in the marrowimimune deficient mice (Figure.XD; right

panel). Taken together, avocatin B selectively targets primitive leukemia cells.
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Figure 4.1. Avocatin B is selectively toxic toward AMicells. (A) (Left panel) A screen of a natural
health product library identified avocatin B as the most potent compound at reducing TEX leukemia cell
viability. Cells were incubated with compounds for 72 hours and cell growth and viability were measured
by the MTS assay. Arrow indicates avocatinEBxperiment was performed by Dr. Paul Spagnuolo.
(Ri ght panel ) A[8% BaA\Jv cnc aBtbictivitysBa® sasted in pedpheral blood stem
cells (PBSCs; n=4) isolated from GCSF stimulated donors or cells isolated from AML patients (n=6).
Primary cells were treated with increasing avocatin B concentrations for 72 hours and viability was
measured byhie Annexin V (ANN)/Propidium lodide (PIl) assay and flow cytometry. Data are presented
as log10 EC50 value&xperiment was partially performed by Princess Margaret Cancer Centre.
(C) Avocatin B was tested in combination with cytarabine using Calcusyn aseftas detailed in the
methods section. Experiments were performed twice in triplicate; representative figure @p(iueft

panel) Primary AML (n=3) and normal (n=3) cells were cultured with avocatin B (3uM)-1gr days

and clonogenic growth was assed by enumerating colonies (colony defined as >10 cells). Data are
presented as % clonogenic growth compared to coat8dM, similar to previously describd@8, 87].
Experiments were performed twice in triplicalexperiment was performed by Sarah RgRight

panel) AML cellsfrom one patientvere treated with avocatin @uM) for 48 hours or a vehicle control

and then intrafemorally injected into sublethally irradiated, CD122 treated, NOD/SCID mice
(n=10/group) After 6 weeks, humaiAML cells (CD45/CD19/CD33) in mouse bone marrow were
detected by flow cytometrfexperiment perfored by Princess Margaret Cancer Centre<0.01;

*** n<0.001
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413Avocatin BOs wddteoirelateswith €D38+/CD34+ expression

In Section 4.1.1, Avocatin was tested in a number of leukemia cell lines (TEX, KG1A, OCI
AML2, JURKAT). Avocatin B wasalso tested in additional leukemia cell lines (HL60, U937, and K562)
where avocatin B did not display potent toxicity towards thess (Figure4.2 left panel). Next, we
performed phenotypic assessment for CD33+/Cii§eloid marker) and CD34+/CD3&tem cell
mar ker) of our tested cell Ilines to identify a co
TEX cells display both high proportions of CD33+/CBaad CD34+/CD38fractions whereas neither
of the other AML lines displayed this ghotype (Figurd.2 right panel). Next, we aimed to assess
whether avocatin B was selectively toxic to CD34+ enriched cells. Therefore we enriched the KG1A cell
line for CD34 positive cells (Figue3A) and treated it with avocatin B (Figu4e8B). Thesecells were
stillinsensitivetoavocati B, suggesting that avocatin Bdéds prefe

CD33+/CD19 and CD34+/CD38expression

100+
125 - TEX 801 1 [1 3 coss+icble-
100 = KG1IA 6 @l CD34+/CD38-
-+ AML2 %(3
(]
% 754 -+ HL60 L 404
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Figure 42. Avocatin Bo6s preferent iCBI3+HOADDIxandc CDBA+/CDO38 a s s 0 C
expression(Left panel) Avocatin B was tested in a panel of leukemia cell lines (TEX, KG1A, AML2,

HL60, U937, K562 and Jurkat) over 72 hours. Viability was measured bylTi® assay andada are

presented asean percentage dive cells (Right panel) The expression of cell surface markers for

myeloid cells, CD33+/CD19 and stem cells, CD34+/CD38vas measured in our AML cell lines by

flow cytometry. All experiments werperformed three times in triplicate, representative figures are

shown.
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Figure 4.3. Assessing avocatin B in enriched CD34 KG1A cdlls) KG1A cells were enriched for
CD34 positivecells using theCD34+ EasySep Positive Selection l&itd EasySepagnd. This was
confirmed by flow cytometry. Representative dot plots are shB)nEnriched CD34 KG1A cells were
incubated with avocatin B over 72 hours. Viability was measured using the MTS viability assatand d
arepresented amean percentage tfre cells All experiments were performed three times in triplicate,
representative figures are shown.

4.1.4 Avocatin B induces mitochondria-mediated apoptosis

We next assessed the mode of avocatin B induced leukemia cell death. Externalization of
phosphatidylseri@, an early marker of apoptosis detected by Annexin V, was observed in live cells (i.e.,
ANNY/PIN treated with avocatin B and flow cytometry 4®urs post treatment (Figure A4
F37/=19.09;p0.05; see supplementary figure24for raw data). This coincided with the occurrete
DNA fragmentation (Figure 4Bt F,;7~171.4;p<0.001) caspase activation (Figure &4
F31669.56;p<0.001 and PARP cleavage (Figure BY as measured by cell cycle aymt (see
supplementary figur 43 for raw data), a caspase activation assay and Western blotting, respectively.

To test whether death was dependent on caspase enzymesneeladed avocatin B with the

pancaspase inhibitor X’AD -FMK or the caspas®@ specific inhibitor QVD for 7hours. Both inhibitors
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only slightly protected from avocatiniBduced death (=2.714;p<0.01; Figure 48). Since cell death

can occur independent of caspase enzythresighthe releaseof mitochondria localizegroteinssuch as
apoptosis inducing factdAlF), we testedor the presence of Al cytosolic fractions of avocatin B

treated TEX cells. However, given that AlF release involves mitochondrial outer membrane permeability
and that we detected caspase activation; we also simultaneously tesitedii@sence of cytochrome c,

which activates caspase enzymes following its release from the mitochondrial intermembrane space. Cells
treated with avocatin B showed an increase in cytoplasmic concentrations of, AF8(F11;p<0.001;

Figure 4.4) and cyochrome c (F~13.57p<0.001; Figure 4H). To furthersupport this, Western

Blotting revealed an increase in AlF protein expression in avocatin B treated cells é&yure

Another characteristic associated with mitochondrediated apoptosis is tlissipation of the
mitochondrial membrane potentiab m) . Di s s i phag bean mssotifted euifth mitochondrial
outer membran@erneabilization (MOMP) and the release of cytochromag88, 89. It has also been
reported thatop  ndisruption can lead to ROS generation resulting in MONB8]. As such, we
i nvestigated whether avocat i ns AocainB treatpdntecdusecpg m i
significant reduction i n @m caodAfFi(Figure.6).tTherefore,h t he
avocatin B induced apoptotic death characterized by the release of the mitochondrial proteins AlIF and

cytochrome c.
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Figure 4.4 Avocatin B induces mitochondrAaediated apoptosi§A) TEX cells were treated with 10uM
avocatin B for increasing duration and phosphatidylserine exposure in live cells (i.e., apoptotic
phenotype; ANN/PI) and(B) DNA fragmentation were meased by flow cytometry. Data are presented

as fold change in apoptotic phenotype and percent cells in sub G1 peak, resp€CiviBX cells were

treated with 10uM avocatin B for increasing duration and caspase B activation and@) cleavage of

PARP, a substrate of caspase 3, were measured by a commercially available activation assay and Western
blotting, respectively(E) TEX cells were treated with 10uM avocatin B in the presence and absence of
the pan caspase inhibitor\ZAD-FMK (ZVAD) or the caspse3 specific inhibitor @VD-OPh (QVD).

Viability was measured after a 72 hour incubation period by the MTS assay. Data are presented as percent
change in viability compared to contratsSD. (F) TEX cells were treated withOuM avocatin B for
increasingduration and gtochromec and AIF release were measured in cytoplasmic fractions by flow
cytometry. Data are presented as percent of cells releasing cytochrome ci06BIFAIl experiments

were performed three times in triplicate, representative figaresshown.*p<0.05; **p<0.01;***

p<0.001
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Figure 4.5. Avocatin B increases AlIF protein expressivestern Blot of AIF (67kDa) protein in TEX
cells treated with 10&eM avocatin B or DMSO contr.
used to gantify equal loading of samples.

Figure 4.6. Assessinmvocatin Bo6s i mpact on odm. (Left panel )
avocatin B overa 48 hour time coursap( nwas assessed by rhodamine 123 staining and flow
cytometry. Data are represendt as %cel |l s with disrupted ogdm. (Ri g

shift in rhodamine 123 fluorescence after 36 hour incubation with avocatin B. ***p<0.001.

415Avocatin Bo6s activity involves the fatty acid n

Prior to this study, littldas been published on the mechanism of avocatin B with only reports of
activity in various solid cancer cell ling€89]. However, similarly structured avocaderived compounds
have been shown to inhibit acetybA carboxylase, a key enzyme in fatty aoidsynthesi§90]. As
such, we aimed to explore whether avocatin B also affected the fatty acid biosynthesis pathway (Figure
4.7). Weco-incubated TEX cells wit avocatin B and palmitate, the gmabduct of the fatty acid

bi osynthesis pathway, and reported tha48.pal mitate
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