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ABSTRACT

Inhibition of cell signalling in neoplastic canine mast cells

Sean Masson Advisor:
University of Guelph, 2014 Dr. B. L. Coomber

Canine mast cell tumours (MCTs) are a common skin malignanygs, largely driven
by dysregulted activity of KIT and VEGFRZHigh grade/metastatic MCTs are resistant to
conventional chemotherapeutics, thus canine MCT cells represent a valuable model for KIT
dysregulation in human cancers. Canine MCTs are diyreeated with the TKIs toceranib
(Palladia) or masitinibKinavef), with mixed results. Itraconazole, an afutngal agent shown to
interfere with VEGFR2 glycosylation and hence signalling, may also affect KIT in these cells.
The effect of itraconazolen twocanineMCT cell lines (MCT1 and MCT2) was evaluated
individually and in combination with RTK inhibitor€ell proliferation and receptor
phosphorylation and glycosylatievereexamined after treatment. Combination itraconazole and
toceraniktreatmemnfor 48 hours generallgecreased proliferation rates atidrupted RTK
phosphorylation and glycosylatiomhesedata demonstrate that novel acaincer drugs such as
itraconazole warrant further investigatias inexpensive and less toxic alternativesaditional

chemotherapeutics.
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INTRODUCTION

Mast cells aremmune system cells presentmost tissues and organs of the body, with
higher concentrations at the bedgvironment interfacgl]. These cells contain cytoplasmic
granuledoaded with inflammatory mediators, proteases, cytokines and histfnile Through
the release of histamines, mast cells play a critical role in the IgE and IgG mediated allergic
responsefl]. Despite their importance for norm@tysiological processemast cellsan be
prone towardseoplastic transformatidb, 6]. This leads to the development of mast cell
tumours (MCTs)n many animals, especially canir{és 6]. A sole underlying cause of
transformation has yet to be identified, though dysregdle¢ceptor tyrosine kinase (RTK)
activity is highly implicated7-9].

RTKs aregrowth factoreceptors that regulate normal cellular function by
phosphorylating a multitude of proteins and substfd@s11] The mode of action generally
involves bindig of ATPto the binding pockdil2]. Phosphate groups are then transfetoed
tyrosine residues atme receptds cytoplasmic taibr on other moleculdd.2]. This results in the
activation of intracellular signalling pathways that ultimately alter leve{gene transcription
[10-12]. RTKs have been identified well growth, survival and differentiation pathwg9s 12-
14]. Dysregulation of RTKs is therefoeecritical stepin the development of many cancers,
including MCTs[13, 15, 16]

MCTsaccount fo 7-21% of all canine skin cancers, makihgs disordethe most
prevalent skin neoplasm dogs[17-19]. The tumours arise in the dermis or subcutaneous tissue,
and have highly variable clinical presentations and progri@®e21} Current grading schemes
developed decades ago by Patretikl, (1984 have proven useful, if flawed. Tumours are

classified as grade | (low risk), grade Il (intermediate risk) and grade Il (higH2BK)While



these guidelines have been helpfup&thologists and veterinarians, MCTs are often
misclassified based on subjective diagng22% To further complicate MCT treatment, high
risk and metastatic cases are often highly resistant to traditional chemotherag28fugs
Combined surgery and aggsive chemotherapy is often ineffective, and survivaldiraely
extend past 12 months [-24].

Poortreatment response has led to the examination of alternative strategies, such as RTK
targeting[12, 28, 29] RTK inhibiters, or tyrosine kinase inhibrs (TKI), aresmall molecule
inhibitors thattypically target the ATP binding pocket to block activation of the rec¢p@r
31]. TKIs have been widely used in humans, and have been shown to be more specific and less
toxic than standard chemotherapestj12, 28] Toceranib (Palladia), masitinib (Kinavet) and
imatinib (Gleevec) have all been successfully employed in dogs to treat various d&2a32F
However, TKlIs have several significant drawbacHK«Is are often exorbitantly expensiwdje
to the costly and time consuming process of developing small molecule inh{ii2prJ hisis a
key consideratioffor veterinary oncology, sinaauthanasiss oftenthe only viable option fopet
ownersfaced withcostly treatment plan3KIs also exhibit higly variable efficacy, especially
when treating high grade or metastatic dis¢a3g Finally, inherent or developed drug
resistance ofterendersTKIs useless as a cancer treatment [34, BBkearchers have
consequently focused on identifyipge-existing drugs that have novel antincer effects. This
process largelyatuses on mass screening of FBpprovel drugs to determine amyhibitory
effects orangiogenic mediators @ancer cell line§36-38].

One drug that has been repely showno have antingiogenic effects itraconazole, a
safe and widely used antifungal dfd®]. This drug has recently been found to interfere with

VEGFR?2 trafficking glycosylation and signalling activi{i39]. VEGFR2 is an RTK involved in



angiogenesis, tharocess of blood vessel formation from+asasting blood vesse[gO0].
Itraconazoldghereforeexertspotent antangiogenic activitypothin vitro and in mouse models
and has consequently been entered into numerous clinddsles a new antiancer dug [39]

With this newly discovered information about novel arancer drugs, | sought to
determine whether itraconazole, solely and in combinatith otherTKIs, would disrupt the
proliferation of canine MCT cell lines (MCT1 and MCTiB)vitro. In particular, | focused on the
effects of itraconazole on pesanslational modifications of two RTKSs that are critical for mast

cell proliferation and survival: KIT and VEGFR2.



CHAPTER 17 LITERATURE REVIEW
MAST CELL S

Biology and Function

Mast cells were first characterized in 1877 by Paul Ehrlich, who incorrectly hypothesized
that the cells were responsible for nourishing surroundiiegenteryissue[41]. This assumption
was based on the distinctive staining patterabafndant cytoplasimgranules [41].
Contemporary knowledge classifies mast cellsrasunesystem cells derived from CD34+
hematopoietigprogenitor cells in bone marrow [42Mast cells are relatively long lived immune
system cells tattake up residence imost tissues ithe body. The highest concentrations of
mast cells are located thie bodyenvironment interface, suck ¢he skin and mucosal linings
[43]. Mast cells leave bone marrow in an undifferentiated state, and migrate to resident tissues to
undergo a processlled terminal differentiatiof44]. A critical component of mast cell
differentiation and survival is stem cell factor (SCF), the ligand for the KIT recf@pI/SCFis
largely supplied by fibroblasts and endothelial cells in the surrounding tissug matrio and
co-cultures of fibroblasts vitro. This ligand exists in soluble or membrane bound foansd,
ligand binding taheKIT receptorcontributego migration, proliferatiorandsurvival pathways

[46, 47]

Modern research has alsavealedhat mast cellare cruciafor bothinnate and adaptive
immune responses, primarily due to the contents of the cytoplasmic grinulgsrhese
granules containytokines, proteases, chemotactic dastand histamines, makimgast cells
critical mediaors of inflammatory and alleigresponses [482]. Degranulation, the process of
releasing intracellular granular components, can be mediated by physical, chemical, or

immunological means. ¢&t, trauma antbxinsare known inducers of degranulati@3]. The



primary mechanism of degranulation is antig@ecific IgE binding to IgE receptors, which are
abundantly expressed on the mast cell suifi4c®4]. Antigen bindng causes receptor
crosslinkingand activation of dowstream signalling intermediateshioh ultimately triggers
degranulationThe release of cytokines and chemokials®assist with immune cell recruitment

to sites of infection or damag@3].

Mast cells play a critical role in innate immunitia release of granular mediat¢ss,
56]. Their location in skin and mucosal areas provides strategic access to the front line defence
areas of the body. This allows mast cells to act as sentinels to constantly monitor pathogen
access points. Bpecificdanger stimuli are detected from pathogsnstounding tissue or other
immune cells, mast cells are ideally placed to discharge their complement of cytoplasmic
granulesin particular, release of histamine causes vasodilation and increased permeability of
blood vessel§s5, 56] This leakiness emimces blood flow to damaged or infected areas,
flooding the site with immune agents. Histamine can also cause ircieése activity of
mucus producing endothelial cells and smooth muscle[6&8]sThis initiates a dual defense
response wherehligicreased mucus levels trap and inactivate pathogens, and muscle action
expels the pathogens from the boklihast cells are also capal@éneutralizing toxins and
directly killing pathogens via phagocytosis the relase of reactive oxygen spec[8&3].
Secretion of antimicrobial peptides, suatathelicidinscan also assist with tlnce against
bacterial attack58]. In addition, cytokines and chemokines create chemotactic gradients within
the body, directing the recruitment of numerous immune and infitory cells towardsites of
interest{56]. This could include eosinophils, basophils, natural killer cells andapeuls[50].
Chemotactic gradients could also recruit antigen presecgiftsy such as dendritic celismaking

mast cellamportant foradaptive immunity{59]. Furthermore, studieshow thatmast cel



deficient mice have impaired-@ell activation, indicating mast cells may be critical fecéll

adaptive respons¢60, 61}

Mast Cells in Disease

Mast cells are involved in a number ofnhan diseases. Uncontrolled growth of mast
cells can lead to cutaneous mastocytomas (usually diagnosed in children) or systemic
mastocytosis (usually diagnosed in adyég). Both disorders are quite rare, with no worldwide
epidemiological data availab]62]. Epidemiological studies conducted in Denmark illustrate the
uncommon occurrence of mastocytosis. Researchers looking at all types of adult systemic

mastocytosis found an overall incidencesrat 0.89 per 100,000 per year [63]

Mastcell mediated iflammatory and allergic responses can also lead to chronic
inflammationdisorders (such as cardiac fibrosis), hypersensitivity to allergens (asthma) and
autoimmune disorde(such as rheumatoid arthritis) f@6]. Due to the copious production of
angiogensis factors such as VEGF, mast cells are also implicated in tumour prog{é3$ion
While most mast cell disorders are rare in humans, it is important to study their role in cancer
and disease to enhance current treatment strategies. The most apprapdatate for studying
mast celin disease is canines. Dogs make excellent models for human mast cell disorders due
to large populations, higher incidence of mast cell disorders, and greater similarity to human

disease progression than murine mo¢éss 69].

Canine Mast Cell Tumours

Canine mat cell tumours (MCTs) are common in dogs, representid§% of al cases
of canine skin tumours [21, 7.0Thesolid tumours arise primarily in the dermis and

subcutaneous tissue, aingially presentas a smalfaised nodul¢21, 70] While MCTs can



arise in any location on the body, the most common aredleateink (~5660%), extremities
(~40%),and the headnd neck (~10%) [#X4]. Certain breeds are also predisposed to MCT
development. For instance, theatéle risk of MCT development is 16.7 and 8.0 times higher for
boxers andoston terriers, respectively [71These data seetu indicate an underlying genetic
component to MCT development, however further research with larger sample sizes ismeeded
edablish thig33]. The inconsistent nature of this neoplassin make diagnosdifficult. MCTs

can range fronasmall, benign node to large and ulcerated ma$4€3's additionally exhibit
highly variable biological behaviour, from benign with good praggto aggressively metastatic
[21]. The typicaldiagnostigorocess involves firaeedle aspirateandstained smear® examine
thecytologicalappearancfl9, 20] Cytology and histological grading (see Tab)es relatively
successful at determining degrof differentiation and the clinical stage of tigease (see Table

2) [75, 76]

Treatment of Canine MCTs

Current treatment of canine MCTs is guided byRaénaik grading scheme and the
WHO stageclassificationseen in Table land 2, respectivelj20, 76] Although the Patnaik
grading scheme has historically been the gold standard guide for grading and treatment of canine
MCT, the system has several drawbacks. Agreement among veterinary pathologists regarding
MCT grading is variable, especiallyrfdistinguishing the often ambiguous differences between
grade | and Il tumours [77]. Relatively strict guidelines for grade Il diagnoses can also lead to
misclassification of some tumours likely to behave aggressively [77]. This leads to inconsistent
MCT grading, which decreases the prognostic significance of the entire system. These
limitations are important, since grading affects treatment plans, which in turn affect overall

survival rates. Consequently, recent work by Kiwgiedl. has attempted to rigfy these



limitations by designing a twter grading scheme [77]. In this system, nuclear morphology and
number of mitotic figures per 10 higloweredmicroscopsdields determine whether a MCT is
graded as high or low grade [77]. MCTs are classifiedgisdrade if there is evidence of
karyomegaly, or if there are at least 7 mitotic figures, 3 mutinucleate cells or 3 bizarre nuclei per
tenhigh-powered field. All other cases are classified as low grade [77]. Using this system,
Kiupel et al found that greement among pathologists increased significantly compared to the
Patnaik system. When samples were graded under both systems, the high/low gradalsoheme
showed stronger correlation to mortality statistics than the Patnaik scheme [77]. This indicates
that high/low grading offers more useful prognostic data for diagnosing and treating canine
MCT. However, for the purposes of this work, focus will be placed on the established treatment

protocols guided by Patnaik grading.

For grade | tumours, surgical resectianstypically sufficient to cure the dog. Margins
are generally recommended to be 2 cm laterally and at least 3 cm intecibefdkane, to
remove the tumour tentacles that often extezgpeéiinto subcutaneoussue [3378]. The same
often applies for grade Il tumours, with some adjuvant treatment such as radiation or
chemotherapyonsidered on a cadwy-case basisGrade Il tumours typically require surgery,
radiation, and systemic chemotherapy (usually vstiia,lomustine cyclophsphamide or
prednisone) [26, 27, 33Wedian survival times for dogs with grade Ill tumours vary widely
based on chemotherapy regimen and overall response of the tumour. One study lay &lume
2011 reported a median survivahg of 257 days for grade Il cases after treatment with
traditional chemotherapeutifs9]. More recent studies by Smrkovsitial.,2013 reported
median survival timesf 630 days for dogs with grade Il tumoUy88]. Thisstudy was

conducted using thEKI masitinih which has proven safe édeffective for use in canines [33,



80]. Cautionshouldbe usedvhen interpreting thesgatahowever;since the sample size was
relatively small, and the median survival times for dogs who did not respond (50%) were
signficantly lower (137 days) [33Despite these limitations, targeting of RTKs remains one of

the most promising advances in treating canine M[8Tk

RECEPTOR TYROSINE KINASES

Structure and Signalling

Kinases are enzymes that initiate the transf@hofphate groups from adenosine
triphosphate (ATP) to a substrié-17]. The phosphate group is typically transferred to a
tyrosine, serine or threonine amino acid residue. RTKs are cell surface growth factor receptors
that have several of these tyroskiiease sites [15, 16As such, they act as phospinansferases
to either activate or inhibit a multitude of downstream targets. They are classified into different
families based upon similarities in structural or signalpngperties but they all coratin an
extracellular liganebinding domain, a transmembrane portion, a cytoplasmic kinase indeait a
cytoplasmic terminal tail [10, 11, 3Ifwo RTKs, KIT and VEGFR2, will be discussed in detail

due to their significant role in mast cell proliferatiordaurvival.

KIT Activity and Cellular Functions

Thev-kit oncogene was first identified in 1986 as the gene responsible fontbgenic
properties of thélardy-Zuckerman 4eline sarcoma virus [82]The cellular counterparfthe
proto-oncogene-kit) and its protei productwere then discovered one year ldiased on
sequence similarities [83KIT, the protein product af-kit, is a member of the Tgplll
transmembrane RTK family [31, 84} is comprised of an extracellular regiwith five
immunaylobulin-like domains (encoded by exon®}, a transmembrane domain (encoded by

9



exon 10), and an intracellular domain (encoded by exor& 1(See Figure 1 foschematic
representation dIT receptoy [84]. The intracellular domain is further dividedarthe negative
regulatory juxtamembrandM) domain (encoded by exon 11), the kinase domain and the

terminal tail 6ee Figure 1 for schematic representation of KIT rece6+17, 85]. Thec-kit

sequence is highly conserved between dogs and humans, with 88% similarity, making canines a
suitable model fostudyinghuman cancers driven loykit mutations [86] Patients who suffer

from disordes such as gastrointestinal stromal tumours (GlI@Tcue myelogenous leukemia

stand to benefit significantly from trdasional studies such as these [8Zhe intracellular

portion of kit consists of two majdobes, the large @rminal lole and the small Nerminal

lobe. The catalytic kinase sites are kechin the cleft bieveen these two lobes [17, 87]

In the absence of ligand, KIT is autoinhibited by the JM domain. The JM domain inserts
itself into the cleft, and sterically hinders movement of the two I{8es87] The AspPheGly
(DFG) moaotif in thebeginning of the activationloopfAoop) i s in the DFG fAou
with Phe811 protruding out and preventing ATP bindirgs forces the recégr into a closed
conformation31, 87] If the dimericSCF ligandbindsto two monomers of Kl Tthe rormally
monomeric KIT dimerizes. This brings homodimers of the tyrosine kinase residues into close
proximity, leading tdransphosphorylation of Tyr 568 and T§70 on the JM domain [31, 87]
This kinase activity releases the JM from the cleft. TheDfssf moves t o the Aino
configuration and buries Phe811, permitting ATP to enter the binding pocketitzate

signalling pathways [31, 87]

The tyrosine phosphorylation sites act as docking points for a number of intracellular
signalling intermediate®ocking of these intermediates initiates autophosphorylation and

subsequent activation of several critical cellular pathways such as the PISTAK Ras
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Erk, SFKand Phosphol i pa tSeeFguwe 2da $chematioyof KIT a8tikation and
asso@ted pathways) The collective activation of these pathways is critical for a wide variety of
cellular functions. These functions include, but are not limited to: DNA synthesis, cell survival,
chemotaxis, protein/receptor/vesicular trafficking, cell glam, cell cycle progressiondlaesion,

and membrane ruffling [84The importance of KIT in mast cells was illustratedksamura

and Hatanak&l978, who showed that mice lacking functional KIT receptors had virtually non
existent populations of mastliseg{88]. KIT activation by SCF is therefore critical for normal

mast cell survival and function. Consequently, any disruption to KIT regulation or activity can

have dire implications for the development of neoplastic disorders.

VEGFR-2 Activity and Cellular Functions

The wascular endothelial growth factbrEGF) family regulats a wide variety of
functions, including vascular development, lyympgiogenesis and angiogenesis [8HGFA
wasfirst functionally described by Sengetral, (1983 as a vascular permeability agent that
promoted leakage of plasma protio the extracellular matrix [Q0YEGFA is acovalently
linked honodimerand primary ligand foEGFR-2, a RTK that has been extensively studied
due to its role in angiogene$#), 89, 90] Angiogenesis is the process of blood vessel formation
from preexisting blood vessel networks [40}his process is typically quiescent in adult
humans, except during wound healing #melfemale ovarian cycléngiogenesisnvolves the
degradabn of surrounding matrix tissue, the proliferation of endothelial cells and sprout
formation into the matrix, ultimately creating functional new blood ve$38#]sStudies have
shown thatoss of one VEGHA allele andVEGF-A -/- is lethal in miceclearl indicating their
importance &ér normal vascular development [92, 98lthoughangiogenesigs extremely

complex and involves numerous growth factors and receptors, VEGIFR VEGF arbelieved
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to be the primarynducers ofendothelial cell proliferatio [94]. This processs tightly regulated
by a ddéicate balance of prangiogent and i nhi bitory agents. An fia
when the delicate balance is tipped in favour of thegmgiogenic fadrs, initiating the

angiogeniqrocesg95, 96}

VEGFR-2 isatransmembrane, cell surface receptor belonging to the Type Il family of
RTKs. It is translated as a 150 kDa protein, and undergoes glycosylation to produce a mature 230
kDa form that is shuttlito the cell surface [97he extracellular dmain consists of seven-Ig
like domains (with domains Il and Il actirag the ligand binding domains [98, 98]short
transmembrane domain, and a intracellular tyrosine kinase domain with five primary
phosphorylation sites (Y951, Y1054, Y1059, Y1175, YA BeeFigure 3 for VEGFR2
schematic) [100, 101)¥951 and Y1175 are particularly important phosphorylation sites
endothelial cellsY951 binds VEGFRassociated protein (VRAP), whighan important
mediator ofmotility and surviva[101]. Y1175 prima i | y bi nds PLCGC2 and SH2

containing adaptor protein B (SHByhich are impodnt mediators of proliferation [100, 102]

Similar to KIT, ligand binding induces receptor dimerization and autophosphorylation
Phosphorylation ofhe tyrosine residueseatesiocking sites for various signalling molecyles
such ag® L C o prateirss containingH2 (Src homology 2) domaifs03].PLC2 i s r espon
for activating protein kinase C (PKC), leading to the activation of the ER¢€llRar
proliferation pathway97, 100] VEGFR-2 signalling isalsoresponsible for initiating vascular
permeability and proliferation, along wislurvival and migration of endothelial cejl4].
VEGFR-2 activity has also been shown to activate th#&kiPAkt andBcl-2 antiapoptotic
pathwayq 105, 106] The importance of this receptor wilastrated by studies showing

VEGFR-2 -/- mouse embryos were namable: death occurs due to improper development of
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blood island, endothelicells and hematopoetic cells [10Djue to their critical importance in
normal physiological angiogenesis, VEGF and VEGF&ttivity are often hijacked by

neoplastic cells to advance tumour progresdiaimerous human cancers have been shown to
overexpress VEGF, leading to paracrine signglloops[108, 109] VEGF produced by

neoplastic cells binds to VEGFR2 on endothelial cells, and disrupts the delicate balance of pro
andinhibitory angiogenic factors [109The end result is initiation of the angiogenic process to
supply tumours with oygen and nutrients. Autocrine VEGF/VEGFR signalling loops to promote
cancer cell sutival has also been observed repeatedly in breast candenelanomatudies

[110-112]

RTK IN CANCER

It has been well established that dggiated RTK activity conthutesto the
development of many human cancers. Constitutive activation of RSk as KITcan lead to
constant activation of critical cell pathways, especially cell division and survival. Dysregulation
can occur via different mechanisms, the most combeng gene amplificatiomearrangement,
overexpression or mutatig@8]. Activation of autocrine signalling loops can also initiate
oncogenic RTK activity. This transformation mechanism has been described for both epidermal
growth factor receptor (EGFRNnd insulinlike growth fador receptor (IGHR) families [113
114]. Autocrine sigalling loops basically involva cell producing ligand, which is secreted to
bind and activate cell surface growth receptors found on the originatinghtraltrine and
paracrine loopsyhere ligand production occurs within the cell and within the stroma,
respectively, can alsaduce oncogenic RTK activity [28Colorectal cancer is an example of a
human cancer that can be driven by signalling loopsE® W binding to VEGR2 [115]

Signalling loops an&IT dysregulatiorareoften driving factos in the developmerdf
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gastroinestinal stromal tumours (GIST) [11&nalysis of 36 GIST cases found 100% to be
KIT -positive and 58% to eexpress both the KIT receptor and the 3ig&nd, with membrane
bound SCF in concentrations 1Més higher than soluble levels [11This indicates continuous
KIT activationand hence cell proliferatigeither by activating KIT mutations or autocrine

signalling loops of the KIT/SCF system [1]17

KIT Dysregulation in Human Cancers

IrregularKIT expression and activity is associated with several human disotgsssor
gain of functionc-kit mutations are responsible for the developmetubdsomadominant
piebaldism [118] and GIST [119utocrine secretion of SCF leading to constitutive KIT
activation has also been identified as driving factors for small cell lung carcinoma (SCLC),
colorectal carcinoma, breast carcinoma, gynecodgumours and neuroblastomas [120]
Although rare (appramately 1000 to 8000 cases per year in the U.@)dn mastocytosis is
anotheKIT -inducedcancey characterizedy uncontrolled mast cefiroliferation [121] KIT
activation has also been implicated in the early stages of acute mgeillognia cell
differentiation [122]The combination of these disorders makes KIT an important therapeutic

target, therefore studying KIT dysregulation in canine cancer models is an important task.

KIT Dysregulation in Canine MCT Cells

AbnormalKIT activation and signaltig in canine MCTs$s largely due to deletions or
internal tandem duplications (ITDs) in the JM domain of exofl2186, 123] Other mutations
are less ammonly found in exons 8 and 9 [12$ee Figure ¥ Thesegain-of-function
mutationsdisrupt the autanhibitory function of the JM domain, allowing the KIT receptor to

dimerize and stabilize even in the absenc8@F [125] One study looking at 88 randomly
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selected cases of canine MCTs found 9%awe ITD mutations in exon 11 [12@G]his
percentage caincrease to 3®0% when looking at only interediate or high grade MCT cases
[127]. The majority of ITD mutations consist offrame duplications of 389 base pairs in
length, and cause constitutive activation of k&b, 86, 128] Websteret al further showed that
c-kit mutations were significantly associated with cytoplasmic KIT expression, high histological
grade and decreased disefree and overall survivdimes [123] Furtherstudies by Webster
revealed that-kit mutations and aberrant KIdcalization was correlated to greater rates of
neoplastic cells entering and progressing through the cell B}cl€his ultimately led to
increased cellular proliferation and worsesrall prognosis for MCT cases [Recent research
clearlyimplicatesc-kit mutations and subsequent KIT activation as a significant factor in the
development of canine MC[L29, 130] Targeting of KIT should therefore be a priority for both

veterinary oncologists and clinical researchers.
VEGFR2 Dysregulation in Human Carcers

Solid tumours canndypically expand past a critical threshold size2(innt) due to
inefficient diffusion of oxygen and nutrients. To circumvent this problem, many solid tumours
begin secreting angiogenic factors sucNVBS&F. VEGF then binds primarily to VEGFRon
endothelial cells, which in turn stimulatesrvival, growth angbroliferation[131, 132] This
leads to the formation of new vascular networks, thus supplying the solid tumours with the
means to expand phthe critical threshold size [133YEGFinduced angiogenesis is a critical
step in the progression of matypes of solid tumours, ithaeding colorectal cancer (CRC) [134],
breast cancer [135] and SCLC [13Blany cancerous cells additionally use VEGF
autocine/paracrine signalling loops as a survival mechaifisk-112). For example, human

melanoma cell lines harboured autocrine and intracrine VEGF/VEZ$iBnalling loops as
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evidenced by detection of native and phosphorylate@RE2 in subcellular fraction[112]

VEGF and VEGFR2 have consequently become intensely studied asamter targets. Many
drugs have been developed to inhibit the ligand or receptor, with varying degrees of Jueeess.
common reports of VEGFR signalling loops in human cancensd the highly conserved nature
of this signalling pathway make it likely that canine cancers also utilize VEZ$iBnalling to

promote neoplastic development.

VEGFR2 Dysregulation in Canine MCT

AbnormalVEGFR2signallingin tumour blood vesselsas beeiimplicated in many
types of canine tumoursuch as primary brain tumours [13fjdcutaneous and squansocell
carcinomas [138)While the role of VEGFR2 in canne MCT is not fully understood [139]
canine neoplastic mast cells are known to express both VEGF receptors and[igandSQ
141]. Autocrine signalling loops have not yet bekscribedbut & is likely that canine MCT
development ipartly dependent upon VEGF signalling activityhis hypothesis is supported by
studies showing human and murine mast cells are known producessaatbrof VEGF
[140]. This is important, since VEGF levalgtected by immunohistochemistry in tumour
samplesare predictive of tumour progression and reqweein dog$142]. Rebuzziet al,
(2007)found thatmmunostaining of tissue sections and slides revehkegast majority of mast
cells from grades Il and IMCT tumours expressed VEGF, while only a smaller subset was
found for grade | tumourd41]. All of these datanakeVEGFNEGFR activity highly sugect in

canine MCT development [142]
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TARGETED CANCER THERAPY

History

Since Ulrichet al, (1984) first linked a viral oncogene and mutated RTK activity to a
human canceimmense effort andesources havieeen allocated fahe development of RTK
inhibitors[143]. It is now widely known that aberrant RTK activity contributes to numerous
human cancers. This effort has paid off, since effective RTK inhibitors are now a reality. RTK
inhibition offers several advantages over traditional chemotherapeutics. First, they specifically
target RTK signalling pathways typically used by neoplastic {4 This results in far less
toxicity and adverse side effects than chemotherapy drugs, whierdly non-selectivelytarget
rapidly dividing cells [144] RTK inhibitors may also sensitize neoplastic cells to
chemotherapeutics, creating an effective doyolech systenil45]. There are two general
classes of RTK inhibitors, small molecule inhibitorsl amonoclonal antibodiesnd similar
constructgwhich can be further divided by the target of the neutralizing antibodi2s The
most successful strategy has involved the use of small molecule inhibitors, which block ATP
binding sites via reversible areversible competitive binding [146This prevents RTK
phosphorylation and activation of the associated signalling pathway. While ATP binding pockets
are ubiquitous and required for physiological processes, side effects from these drugs are often
minimal [12]. Much work has gone towards characterizing the binding pockets of target kinases,
allowing researchers to build tailored inhibitors that havesfefi-target effects [12, 146RTK
inhibitors are often easy to synthesfpace they have been dewpéd) can easily traverse
plasma membranes to reach intracellular targad are orally bioavailable [1All of these

advantages make RTK inhibitors an attractive treatment strategy.
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Current Treatment Strategiesfor Human Cancers

Arguably the most suassfulTKI case story has been imatimiesylatgGleeve). This
drug inhibits the constitutively active Bébl fusion kinase found in chmic myelogenous
leukemia (CML) [147149]. Imatinib has showexcellent clinicabctivity against CML, with
remissioninduced in 95%of cases in the chronic phase [1¥49]. This drug has also shown
success against GIST, due to KIT inhibititmseveral clinical trials,matinib induced response
in 50-70% of patients, a response far greater than the ~E4ndiced byhemotherapeutics
[12]. The highly conserved nature of ATP binding pockets means drugs such as imatinib can
elicit effects against a multitude of RTK targets. This explains the positive effects of small
molecule inhibitors being useful against differeahcers, but can lead téf @arget effects and
toxicity [12]. Sunitinib is another successimhall moleculenhibitor. This drug was developed
to block a family of preangiogenic receptorsuch as VEGFR, PDGFR and FGFR [130hlso
inhibits KIT to alesser degre [12] The antiangiogenic activity of this drug makes it effeetiv

against neuroendocrine, colon aréast cancers angpecially renal cell carcinoma [150]

The second class of RTK inhibitors, monoclonal antibodies, has also enjoyeal clinic
success. These drugst by a variety of mechanismghey can directly kill cells by binding to
tumour cell surface receptors and initiating apoptotic pathyléjis 152] Antibody binding can
also prevent dimerization of cell surface receptors, thusalezing the cell by blocking the
activation and signalling of critical cell pathwayskuas growth and proliferation [151, 152]
The drugs can also be used to bind to a cell and deliver a payload, such as a toxin, drug or
radioisotope to kill otag tre cell for destruction [151Finally, monoclonal antibodies can be

used for immunenediated tumour cell destruction. This process involves antibodies attaching to
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cells and acting as a red flag for phagocytes andll§, which promptly dstroy the flagge

cancer cell [151, 152]

Perhaps the best known example of a ligand disrupting monoclonal antibody is
bevacizumab (Avastin). This drug neutralizes the VEGF ligand in humans, and has been
successfuaddition to combination therapy ftreating CR(153]. This drug continued the
dewelopment trend of the earlieBKIs, namely to inhibit angiogenesis by disrupting the VEGF
signalling pathway. The ideology behind this trend was that inhibiting angiogenesis would
ultimately limit the growth of solid tumourkeaving them benign and of no medical concern.

This thought process has changed somewhat recently, with much investigation of normalizing
and enhancing blood vessel structure and flow to maximize delivery of chemotherapeutics to
solid tumourg154]. Despit this shift, evacizumab has been shown to be effective against non
small cell lung cancer (NSCLC) [155], metastatic renal cancer [156] and metastatic breast cancer

[157].

Current Treatment Strategiesfor Canine Cancers

Much less data is available abolé efficay of RTK inhibitors in canines [12Most
targets of monoclonal antibodies such as VEGF are only characterized for humans and not yet
for dogs. Both small molecule inhibitors and monoclonal antibodies can alspyamstly,
lowering their pogntial utility [12]. However, there have been several successful applications of
RTK inhibitors in veterinary oncology. Tliest caninetrials of an inhibitor examinetbceranib
(Palladia) [158] This drug has exhibited direct atuimour(decrease in tuour size and
diameterjand antiangiogenic activitfdecrease in VEGFR and PDGFR phosphorylatiodjie

to VEGFR, PDGFR and KIT targeting [158[he researchers consequently observed clinically
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significant results in 54% afases of a variety of cancers [158he highest response rate was
observed in MCT cases (90% for cases with KIT mutatiorexon 1land 30% for cases

without observable KIT mutations exon 1)} [158]. This was a breakthrough study, and had
several impdant conclusions. First, it demonstrated that cases of canine MCT (especially cases
with KIT mutations) stand to benefit significantly from RTK inhibition. Second, it demonstrated
that RTK inhibition has potential application for a multitude of canine@ansuch as sarcomas,
carcinomas and melanomas. Finally, that RTK inhibitors can exhibit broad range affairtst
multiple RTK targets [158]Follow up Palladia studies have continued the successful trend, with

over 40% response rate for 145 casesadeg llor |1l non-resectabléCTs[159].

Masitinib is another RTK inhibitathat selectively and potently targets KII2, 80]
Studies have shown that masitinib inhibits the proliferation of a variety of mastocytoma eell line
[32]. Interestingly, masinib was highlyeffective against MCT cell lines harbouritige V>>°D
exon 11 mutatiofiC50 of 5 nM) but only weakly inhibited the growth of MCT cell lines with
onlytheD®*%exon 17 mut at i o n32) The€dug also fnhibted Nimdur € M)
growth and increased overall survival time in mouse tumour med#issubcutaneous MCT
grafts[32]. In phase lll trials conducted by Haknal.,, (2008 of nonresectable or recurrent
tumours, dogs treated with masitinib experience longer time to diseasegsiog and increased
overallsurvival than a placebo group [80]here was also no significant difference in the
incidence of adverse side effects between the groups (excluding vomiting and diarrhea),

indicating masitinib is a $a and effective MCT treatent [80]
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Disadvantages

Despite some cases of clinical success, RTK inhibitors exhibit several significant
drawbacks. Quality of life is a critical factor in the decision making process for pet owners.
Nearly all cancer drugs elicit sigdfects, andRTK inhibitors are no exception. Due to their
inherent function of targeting common receptors, they Bawgetoxic effects on normal tissues.
For example, toceranib can induce anorexia, vomiting, diaramebgastrantestinal bleeding
[80, 158, 159] Toxicity is often worse in cases of MCT, since higher circulating levels of
histamine could lead to gastric or intestinal ulceration. Toceranib is also known to induce mild
neutropenia and localized muscle cramgit2]. Due to the relatively new appearammfanany
inhibitor drugs, long term studies examining potentiatlliieg side effets are also not yet
available [12] Toxicity profiles should therefore be considered at length, since it will have an

effect on a petds quality of |ife.

The lengthydevelopment of RTK inhibitors is another disadvantage. It is extremely
difficult and expensive to design and test RTK inhibitors. Making drugs that have specific targets
is nearly impossible, since many RTK showwgatce and structure similarity [16d]his means
that Osel ecti ved i nthrgebeffacts, ussallynhibiting eanumbarpfs h av e
RTKsfrom the same family. For example, imatinib exhibits cardiotoxicity due to its inhibition of
ABL [161]. The R&D cost associated with developingsiérugs is alsbigh. The average time
from discovery to market is between-18 years, and the estimatederage totatosts of
developirg an oncology druginthe @0 6 s aahg @00006s was.Tiebricd 42 bi l
of these drugs is consequentBry high. Bevacizumab, despite low rates of success anty high
variable clinical responses [163, 16d&an cost as much &300,300 per yar for breast cancer

treatment [165]
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A more concerning issue for RTK inhibitors is the transient nature of traatesponse,
due to acqued or inherent drug resistance [35, 16Bleoplastic cells have a wide variety of
potential resistance mechanisms at their disposal. Genetic mutations to the ATP binding pocket
can effectively make an RTK inhibitor useless, sitheyy are specifically tailoret bind to
specific sequences [15&or instance, human mastocytosis patients with fi&/Dnutation are
totally resistant to imatinib treatment [1-4%8]. Clonal expansion of a hardier subset of
neoplastic cells can alsepopulate a previously devastated tumour, creatingvaand more
aggressive neoplasm [158)thermethods such as drug efflux pumps and relying on alternative
signalling pathways could also contribute to resistance. Due to drug resistance and transient
responses, RTK inhibitors are best used as part of a combitiai@apy with chemotherapeutics
[152, 155] While RTK inhibitors most certainly have therapeutic utility for treating a variety of
human cancers, they leave much to be desired. Unintendeiytociog resistance and
excessive cost are significant disadvantages for targeted therapy. Consequently, much effort has
gone towards identifying prexisting, FDAapproved drugs that exhibit novel aoéincer
effects. This effectively sidsteps the R&[xosts associated with oncology drugs, while still
producingpotentiallyviable cancer treatmentisat have significant clinical outcomes. One of the
most promisingliscoverief this effort has been itraconazole, which has repeatedly been

shown to pssesantiangiogenic activity [39, 169]
ITRACONAZOLE
Anti -Fungal Properties
Itraconazole is FDAapprovedn humans anavidely prescribed off label fazanines as

anantifungal drug belonging to the azole drug family [170} contains three nitrogens in the
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azole ring, and is therefore termed a triazole. It has long been used as a safe and effective anti
fungal treatment with broad spectrum effects against superficial and systemic infections. Like
other azole agents, itracazole inhibits the fungahediated synthesis of ergostejbrO].
Specifically,itracorezo | € i nhi bi t s fdemethgdse (L4BM)owhitheatatytes 1 4 U
an essential step the biosynthesis of ergosterol [178fgosterol isa critical steroid canponent

of fungal cell membranes, acting similarly to cholesterol in animal cell memitaf®s

Itraconazole therefore prevents ergostésohation ultimately disrupthg membrane integrity

and causingell death [171]The drug is well tolerated, wigide effects mostly limited to

nausea, vomitig, diarrhea and abdominal pain [170]
Anti-Angiogenic Effects

In addition to targeting ergosterol synthesis, itraconazole was recently and unexpectedly
found to have potent argingiogenicactivity [39, 169] This discovery, along with a long history
of safe application in humans and dogs, has motivated researchemitpgsdtraconazoles a
novel anticancer drug [39] The drug has entered numerbusnanclinical trials, with success
found against proate cancer [172pasal cell carcinomd 73] and NSCLC [174]Further trials

of itraconazole treatment ireast canceare also being conducted [175]

Most clinical trials have been based on data showing itraconazole potently inhibits
endothelial cell pliferation. As previously discussed, endothelial cells are critical for
angiogenesis. Itracamole arrests the cell cycle BlUVEC and BAEC in the G1 phase [169]
thereby preventing cell cycle progression and proliferation. This mechanism is likelpsidpo
for the clinical success of itracor@e in treating numerous cancers that rely on angiogenesis to

grow and metastasize. Previous research has indicated that 14DM may be important for
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HUVEC/endothelial cell proliferation (as demonstrate&nockdown experiment®y Chonget

al., 2007 [169]. Inhibiting 14DM could therefore be the mechanism disrupting angiogenesis.
However, it is still unclear if 14DM is the major target in endothelial cells. There are conflicting
reports about i éncyaange agaimsbhuread $43yhihasigwitip LACE0

values rangingrom 0.61 to 30 M) [176, 177] indicating 14DM may not represent

i t r ac oviahle therapedite target. More recent reseaiahdemonstrated that other azole

agents that target 14DBynthesidave no effect on endothelial cell proliferati@9]. This
information strongl y i-angidgenia acvieys podsiblyunique, r aconaz

may not involve 14DMandoccurs througla mechanisnyetto beidentified

Possible medmismsrecently proposed to explain this aatigiogenic activitynclude
inducing an accumulation of cholesterol in late endosfdysesomes, thereby disruptingotein
trafficking [178] Inhibition of mTOR, a kinase that regulates a host of cellulatifums; has
also been proposed [178]he most prominent theohpwever,comes from studies showing
disruption of the late stages ofdllycosylation in macroyges treated with itraconazole [179,

180].

Receptor N-glycosylation

N-linked glycosylation is &rm of posttranslational modificatiofPTM) whereby
glycan oligosaccharides are attached to the nitraggms of asparagine residues [181, 182]
Glycosylation isan important PTM, and &bsolutely critical for proper protein folding and
function It is required for protein stability, and protection from proteases thativbikrwise
degrade the prote{i83, 184] Glycosylation begins on the rER, where an elaborate and

complex procesbiosynthesizean oligosaccharide of three glucose, nine mannasdvamn N
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acetylglucosamine resiés. The oligosaccharide is then transferred to a nascent protein in the
ER lumen [184] The proteidinked oligosaccharide then undergoes trimnbgglycosidases

and mannosidase&s the Golgi to remove the glucose and sananose residug¢$84].
Glycosyltransferases can add sugar residues to the oligosaccharide, allowing eukaryotic cells to
produce a wideraay of different glycosylatiopatterns on proteins such as RTK84]. The

trimming and processing additionabysures proper protein folding and subsequent passing of

quality control checkfl84].

The three general types of glycan patterns produced by this process are high mannose,
complex and hybrid glycanfl82, 184] High mannose glycans are simply twe N
acdylglucosamines with numerous mannose residues added on. Complex glycans can contain
any combinatiorof saccharide, usually forming large and diverse oligosaccharides. Hybrid
glycans contain a high mannose branch and a complex branch. In addition @ doidin
function, glycan residues are critical for intracellular protein trafficking and trand8a;t 184]
Receptor glycosylation has also been showetaritical for ligand bindingsince sugar residues
can act as recognition isotodd85]. Researchs have described-Nhked glycosylation as a
primary factor influencing ligand binding, with ligamdceptor interactions significantly
decreasing after alterirglycan patters via sialylation [183)isruption of glycosylation patterns
can therefore havgevere consequences for protein activity. This is an important fact, since
targeting the glycosylation processuld theoreticallydisrupt proteinsmportant for cancer

progression
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Glycosylation and Cancer

The glycosylation process is critical fodlogar proteins, including those proteins linked
to cancerTherapeutic targetg of glycosylation couldhereforebe used as a supplement to
traditional chemotherapeutics and RiFKibition. This could theoretically create a triple effect
treatment, wheltgy rapidly dividing cellsligand or RTK binding pockets, and protein
glycosylation (and therefore trafficking and function) are targé&tedent research by Nacew
al. (2011 has found that itraconazole treatment significantly disrupts glycosylatitamsan
HUVEC cells[39]. Nacev serendipitously discovered that VEGFR2 from cells treated with
itraconazole exhibited irregular migration patterns on $IA&E gels. Specifically, they found

that itraconazole induced the accumulation of a low moleculaghivepecies of VEGFR[39].

VEGFR2 typically appears on PAGE gels as a debhaleded protein. The top band of
230 kDa represents mature, complex glycosylated protein while the lower band of 200 kDa
represents immaturessglycosylatedprotein[39]. Naces found that after itraconazole
treatment, the top band was erased and the lower band was enhanced. Global gylcan experiments
discovered a significant loss of complex glycans, while IP and IF experiments showed
hypoglycosylated VEGFR2 localizing to the GidI39]. This indicates that receptor trafficking
has beeseverelydisruptedby itraconazoleleading to protein retention in the Golgi and
decreased receptor expression at the cell surface. This was likely the cause for supplemental
findings thathypoglycosylation of VEGFR2 significantly affected signalling. VEGFR2
phosphoryl ation was decreased by 80% and phos
target of VEGFR2) was decreased by 6@3%. The signalling downregulation led to a decrease
in endothelial cell proliferation and survivahis effect was also unique to itraconazole, since no

other member of the sanazole family had any effect oeceptor glycosylatiof39]. They
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additionally found that itraconazole induced hypoglycosylatioB®FR ina renal cell
carcinomacellling39]. Thi s finding iIs significant, since

not limited to endothelial cells or nareoplastic cells.

Itraconazolé exact mechanism of glycosylation disruption is not yewknd here are
three primary theories, each concerned with different spatial and temporal stages of protein
glycosylation and trafficking. The first involves the calnexin/calreticulin chaperone system.
Calnexin (a transmembrane protein) and calreticalso(uble protein) are lectins in the ER
responsible for premature protein degradation due to improper folding. It is possible that
itraconazole alters protein glycan patterns in thedaldsing the proteins to be tagged for
degradatiorj39]. The second invees retention in the Golgi during the processing and trimming
steps. It is possible that itraconazole completely alters the protein glycans at this step, causing the
protein to become trapped in the Golgi. This could explain why VEGFR2 was localizhm to t
Golgi after itraconazole treatment, since the packaging and transportation steps cannot be
initiated[39]. The final theory involves disruption of vesicle glycosylation, which is required for
proper intracellular trafficking. This would consequentlydiéa abacklogof proteins in the
Golgi waiting to be packaged, and a decrease in cell surface expression. Both of these results

were seen in experiments conducted by Natel [39].

Disrupting receptor glycosylation could therefore hold great proforsgnticancer
therapy. Cancers driven by RTK dysregulation could be especially vulnerable, particularly when
treated witha combination of itraconazol&KIl, and chemotherapy. The effect of itraconazole
against endothelial cells and widely conserved RUEh as VEGFR2 warrants further
investigation for many types of cancer. Inhibitiol\bfjlycosylation in macrophag¢s79, 180]

also indicates itraconazole could have effects in other immune system cells, such as canine MCT
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cells. This was the rational®f this project, where cell signalling inhibition by itraconazole was

investigated in two canine MCT cell lines.

CANINE MCT CELL LINES MCT1 AND MCT2

A major problem with studying canine MG vitro is the lack of suitable cell lines.
Neoplastic mastells are notoriously hard to isolate from primary tissues, with purification and
maintenance fither complicating the process [186, 18Zbnsequently, the majority of canine
MCT studies have been condutien two cell lines, C2 and BR [188, 18Fhese ell lines were
generated decades ago, and were passaged through mice to enhance tumorigenicity. For these
reasos, both the C2 and BR cell lines may not accurately represent the true behaviour of MCT
response to treatmento partially remedy this situatm effort has gone towards generatiayv
cell lines, namely the CL1 [187] and MHI[190]cell lines. A major component of this project
also involves extracting neoplastic cells from primary tumour samples, with the ultimate aim to
generate noveimmorial cell lines (MCT3-MCTn). Until such time as a new cell line was
potentially generated, this project used two novel cell lines generated by Thostpsp(2012)

in an attempt to diversify the canine MCT research, MCT1 and MCIZ.

Both cell lines were derived from MCT samples provided by the Ontario Veterinary
College, University of Guelph, small animal surgical oncology service. MCT1 was generated
from a grade 1ll MCT from a 7 year old male castrated -Plegrwith evidence fometastasis to
the mandbular lymph node [191]The MCT was characterized as remcapsulated, poorly
demarcated and infiltrating deep into subcutaneous tissue. Histology reports indicate the tumour
was densely cellular and exhibited a high degree of pleonsonpdunchigh mitotic rate [191]

Doubling time was approximately 48 hours for MCT1 without additional exogenous ligand.
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Importantly, MCT1 has no reported mutation in tb4it sequenceAs previously discussed,

MCT with ITD mutations in exon 11 typically fia a greater responsettvgeted therapthan
nonmutantg158]. This could explain why MCT1 is more resistant to toceranib treatment, with
pPKI'T i nhibition only signi fliicimportant@artote tnatthe e mel y
tumourfrom which MCT1 was derivedid harbourthe48 bpITD mutationin exon 11. Thdoss

of the ITD mutation from tumour to cell line could have been a result of allele loss, allele

mutation, otumour heterogeneity.he contrast from the originating sample shows tbktioes

cannot completelyepresenanin vivoneoplasm, sinceimous will invariably have

heterogeneousopulations and variable biological behaviour

MCT2 was generated from a grade | MCT from a 7 year old female spayed Boxer with
no evidence of messasig191]. The MCT was characterized as densely cellular with well
differentiated, highly granular mast celoubling timewasapproximately 72 hours without
additional ligand. In contrast to MCTMCT2 exhibits a 48 bp ITD within exon 11 okit. This
mutation confergonstitutive KIT activation via disruption of the JM doma#CT2 is
significantly more susceptible to toceranib inhibition, with effects on pKIT observed at doses as
low as 0.010.1¢ MToceranib affected VEGFR2 phosphorylation ithocell lines.However,
neither celline had observable changes in native KFITVEGFR2expression or glycosylation

compared to untreated control cells.

Both cell lines show autophosphorylation of Kilthe absence of exogenous ligand,
showing phosphotstion of both immaturénon-glycosylatedand maturdglycosylatedpands.
Both cell lines show autophosphorylation of VEGHR2he absence of exogenous ligand
MCT1 and MCT2 additionallproduce high levels of VEGF. The autophosphorylation and

VEGF prodiction strongly indicates that autocrine signalling loops play afgignt role in
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MCT1/2 survival [191, 192]Other groups have generated similar findings when observing
autocrine signalling loops canine mammary carcinomasaking theprevious conclsion
plausible [193, 194However, this has yet to be definitively established for canine MCT cells.
Hence, further studies are required to complatintify themajor pathways of MCT

development.
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Table 1 Histological grading of caninemast cell tumours developed by Patnailet al., 1984.

Grade

Tumour location and Dermis. Mast cells Dermis and subcutis. Invades deep into
cellular charactersitics sparse and separatec Moderate to highly  subcutaneous tissue.

by ECM cellular Highly cellular
Cellular morphology Round, Round to ovoid, Medium sized, round,
monomorphic, moderate ovoid, or spiulle
distinct cell borders, pleomorphism, fine  shaped pleomorphic
medium sized granules, distinct cells, indistinct
granules borders borders fine granules
or none present
Nuclear morphology Round Round to indented, Indented, vesicular
single nuclei for the  nuclei with one or
majority more nucleoli,
scattered

multinucleate cells

Sourceadapted from[22].

Table 2 World Health Organization staging and classification for mast cell tumours

Stage

Description

0

One tumour incompletely excised from the dermis, without regional lymph node
involvement

a: Without systemic signs

b: With systemic signs

One tumourconfined to the dermis, without regional lymph node involvement

a: Without systemic signs

b: With systemic signs

One tumour incompletely excised from the dermis, with regional lymph node involveme
a: Without systemic signs

b: With systemic signs

Multiple dermal tumours, or large infiltrating tumour, with regional lymph node
involvement

a: Without systemic signs

b: With systemic signs

\Y

Any tumour with distant metastases or recurrence with metastases

Sourceadapted from[20].
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Figure 1. Schematic representation of a monomeric KIT receptor. Tyrosine residues important
for cell signalling pathways indicated. Abbreviation: Ig, immunoglobulin
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Figure 2. Schematiepresentation of a dimeric KIT activation by stem cell factor (SCF). Also

shown and summarized are the signalling proteins recruited to phosphorylation sites by KIT
activation.Sites Y568 and Y570 recruit Src family kinases, sites Y703 and Y936 recbait Gr

site Y721 recruits Pl 3Maoracidated pathways ndluBlORas/Eeke r u i t
(enhances cell proliferation, growth, differentiation, and survival), PI3K/Akt (reduces apoptosis)

and SFK (initiates cell cycle progression, survival andgondrafficking). Abbreviation: 1g,
immunoglobulin
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Figure 3. Schematic representation of a monomeric VEGFR2 receptor. Tyrosine residues
important for cell signalling pathways endothelial cells armdicated. Abbreviaon: Ig,
immunoglobulin.
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Figure4. Schematic representation showing location and frequency of mutations akihin
exons for 191 cases of canine MCT. Dashed lines indicate the portion of the KIT receptor
encoded by thandicated exon. 26.2% of all cases had observable mutations, with 64% of
mutations found in Exon 11 (highlighted by dashed red lines). Abbreviagossibstitution,
ITD, internal tandem duplication, Del/lns, deletion/insertion, g, immunoglobulin, TM,
transmembrane domain, JMD, juxtamembrane domain, TK1/2, tyrosine kinase 1/2.
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RATIONALE

Cell signalling inhibition holds great promise for current and future cancer treatment.
Investigating the cellular level of RTK activity is critical for understanding the link between
dysregulated RTK and cancer progression. Carrying out studies thaideteirug inhibition
profiles and uncovering potential resistance mechanisms is therefore critical for enhancing future
human treatment. An excellent model for these studies is canine MCTSs, as they are spontaneous,
available in high numbers, exhibit dysutated RTK and correlated targettb@rapyresistance

and closely resemble human pathways of cancer development.

Objective 1 Investigate receptor inhibition in caeiMCT cells using a variety dKls and the

novel anticancer drug, itraconazole.

Building on previous work showing aberrant RTK localization and activity can cause canin
MCT, the activity of severalKls will be tested against MCT1 and MCT2. The primary
outcomes will be assessed using changes in proliferation rates and phosphorylatoit Is¢éat

localization of both KIT and VEGFR2 in response to treatment will alsssbessed using IF.

Objective 2 Assess the change, if any, in glycosylation status of VEGFR2 and KIT in response

to itraconazole treatment.

Glycosylation is critical for mper protein folding and function. Targeted disruption of this
process could have a significant impact on neoplastic cells and their ability to survive and
proliferate. The effect of itraconazole on KIT and VEGFR2 glycosylation will be qualitatively

analyzd via Western Blotting, IP and glycosylation assays.
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Objective 3 Attempt to generate novel MCT cell lines from primary tissues, in order to expand

our currently limited panel of immortalized, continuous canine cell lines.

As discussed previously, a grrs impediment to studying RTK inhibition in canine MCT cells

is a lack of available cell lines. This issue will be addressed by obtaining primary tumour
samples from the OVC clinic and attempting to isolate, purify and sustain novel cell lines. This
will provide more cell lines to uestigate mutational status@ssl strategies, and potential
resistance mechanisms. Furthermore, a wider variety of continuous canine cell lines will better
represent the heterogeneous nature of a neoplastic tumour, thasimgthe impact and

relevance o vitro studies.
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MATERIALS AND METHODS

A list of suppliers for chemicals and reagents can be found in Appendix | and details of

solution preparations can be found in Appendix II.

Tissue culture

Canine MCTcell lines MCT1 and MCT2 were grown in standard cell culture conditions.
Cells were maintained in a 37 humidified incubator with 5% Czin single, 10 cnplates Cells
were maintained in standard RPMI 1640 culture media supplemented with 10% FBS and 1%
sadium pyruvate. Culture media was changed ele2ydays and passaged everg Gays. Cell
collection for MCT1 involvedemoving used media, and washing with 4 mL of sterile PBS.
Cells were then treated with 3 mL of trypsin for ~5 minutes or until detadhooeurred.
Collected cells and trypsin were then added to 3 mL of fresh RPMIveHA0% FBSto
deactivate the trypsin. Cells were pelleted at:8§@or 4 minutes. Cell collection for nen
adherent MCT2 involved collecting into 15 mL tubes, pelletings®x gfor 4 minutes,

resuspension in 5 mL PBS and pelleting at 8%5dor 4 minutes.

Protein extraction and quantification

Cell pellets produced by the previadsscribednethod were stored &80°C or used
immediately for protein extractioVhole cell lysate (WCLjor adherent MCT1 cellwas
collected by the following protocoCells were left in monolayer and treated with a lysis buffer
(containinglmMPMSF,a nd 2 eagrétirnmlandprbéteasenhibitor cocktail 2 for 1-3
minutes. Cellsvere collected by cell scrapers, wiylsis buffer containing WCL and cell debris

were pipetted into microcentrifuge tubes. Cell lysates were incubated on ice for 10 minutes prior
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to centrifugation at 15,000gfor 15 minutesat £C. Supernatant was collec! and separated

into aliquots.

Whole cell lysate (WCL) for noadherent MCT2 cells was collected by the following
protocol. Cells pellets (as collected by the previously discussed protocol) were resuspended in
4080 €L of | ysi s Dbletside.eCelllysate evaseherdincubated omice elD
minutes, transferred to a microcentrifuge tube and centrifuged at 26¢X00 15 minutesat
4°C. Supernatant was collected and separated into aligibisn analyzing protein for
phosphorylation itWestern blots, cells were pretreated with 0.5 mM sodium orthovanadate for 8
minutes prior to cell lysis (this preserves the phosphorylation stilin&n analyzing KIT
phosphorylation, cells were pretreated with AnL of rcSCFfor 20 minutes prior to cklysis.

Protein was quantified usingtBgo-Rad DCE Pr ot ei n.\alsesafgactKi t, ODG6

sample were standardized to control values fo

SDSPAGE and western immunoblotting

Protein samples were prepared with Milli@ter and & Sample buffer to a final volume
of 24 eL. Sampl es °@heatieg blbck orrd mmutes. dlee proteimwasthed 5
loaded into 7.5% polyacrylamide gels and separated by electrophoresis in electrophoresis
running buffer at 125 V fio~1 hour and 45 minutes. Gels containing separated samples were
then equilibrated in transfer buffer for 20 minutes. Separated protein was then transferred onto a
methanolactivatedpolyvinylidene difluoridgPVDF) membranéor 2 hours afl00 V.
Successfutransfers were confirmed by staining with amido black, which was removed from the
membrane by washing with methanol followed by MilliQ water. Depending on protein of

interest, membranes were then blocked for 1 hour at room temperature witlb%ithenfat
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milk in Tris-buffered saline/Tween 20 (TBB) or 5% bovine serum albumin (BSA) in TBS
The membranewould be incubated in 5% milk when protein of interest was non
phosphorylated and 5% BSA when protein of interest was phosphoryeetbranes were
then incubated onshakerovernight at 4C with primary antibodies diluted in 5% milk or 5%

BSAin TBST.

Primary antibodie¢raised against humdargets)and their concentrations were as
follows: mouseanti-U-tubulin (1:4€0,000) rabbitanti-phosphecKIT for Y719 (1: 2,000)
rabbitanti-cKIT (1: 2,000), rabb#anti-phospheVEGFR2for Y951 (1: 2,000), rabbianti
VEGFR2 (1: 2,000), mousanti-caspase 3 (1: 1000). After overnight primary incubation,
membranes were washed three times {0 %ninutes in T&-T and incubated ikIRP-labeled
goatantirmouse or goaantirabbit secondary dibodies (1:20,000) in either 5% milk in TBBS
(for native or norphosphorylated proteirr 4% milk/1% BSA inTBS-T (for phosphorylated
protein)for 1 hour at room temperaturAfter secondary incubation, membranes were washed
three times for 115 minutes in TBSI. Membrane bandsere visualized in 8io-Rad
ChemiDoc™ XRS+ system using chemiluminescent HRP substratemi n &drte Band
molecular weights were determined e@mparison t@GeneDirex® BLUeye Prestained Protein

Ladder Band denistometry wamalyzedusing the BieRad Image LaB Software.

Semtdry transfer was used when detecting protein of low molecular weigatkBa).
The same protocol for wet transfer was used, with the following alterations-ddetransfer
buffer in a semdry transfer apparatus wased;proteins were transferred at 16 V for 30

minutes
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Crystal violet cell number assay

Adherent MCT1e |l | s ( 10 0 cell#welyweretplatdddn®6 well plates and
treated for various time periods. After treatment period, media was discarded and cells were
incubated in equal volumes of formalin for 20 minutes on a shaker (to fix cells in place and
prevent lifting). Formalin was discarded and cells were incubated in equal voluergstaf
violet stain for 1620 minutes on a shaker. Stain vdiscardedwells were washed with MilliQ
water and allowed to air dry overnight at room temperature. Cetts fimally incubated with
1 00 adeticadd for 10 minutes on a shaker to dissolve crystals. Plates were read in a
spectrophotometer at 630 rand the absorbance values were recorded and compared to the

absorbance value of 5000 cells to determine ahamgell population
MTT cell growth assays

MTT (3-[4,5-dimethylthiazot2-yl]-2,5-diphenyl térazolium bromide) assays were
carried out for both adherent MCT1 and raatherent MCT2Briefly, this protocol follows the
same set up as crystal violetassays,t h 100 €L containing 5000 cel
cell s are incubated i4rmhoulisOThigsblutionfwill dimpur@eo | ut i on
crystals in response to mitochondrial activity. The crystals are then dissolved and read in a
spectropbtometer, with high values indicating high mitochondrial activity and a robust cell
population ad low values indicating absent@ecreased mitochondrial activity. Hence
mitochondrial activity is used as a progstimatefor cell growth and general actiyi Published
protocols from Sigma Aldrich Cell Growth Determination Kit MTT BaSegre used with the

following caveat:
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Phenolred free RPMI1640 media was used MCT2 cell culture, as phenol dye could have

altered spectrophotometer results.
Co-Immunoprecipitation

For coimmunoprecipitation, magnetic beads coupled to antibodies were used to isolate
and purify protein of interest. The first step in the protocol was the coupling of antibody to the
magnetic beads. This was accomplished using a kit dpigsped protocols from Life
TechnologieDynabeads®ntibody Coupling Kit with the following alteratio® € L o f
antibody was used per mg of magnetic beads. For tiraroonoprecipitatiorstep,WCL from
treated cells were incubated with the antibody coupled to magnetic beads. This extracted the
protein of interest from the WCL. The protein was then eluted from the antibody and bead
mixture, leaving pure and isolated protein for subsequent glytzp analysis. &blished
protocols fronLife TechnologieDynabeads®ntibody Coupling Kit (detergent lysis method)
was usedyith the following alterationsEE x t r act i on Buf fer contained 2
NaCl, bead and cell lysate solution was iretai for 40 minutes, resuspension of Elution Buffer

and beads was incubated for 10 minutes on a high RPM pulsator.
Glycosylation assay

A kit and published protocols from Invitrogen Emerald 488 Glycoprotein Gel and
Blot Stain Kit were used to assa®ceptor glycosylation. The following alterations were made to
the protocalboth 150 and 75 mm SBIBAGE gels were used, gel solution was filtered prior to
use,number ofwash steps were maxin@d with times increased by 25%, the gel was fixed
overnightt n t he second fixing solution step, 28 ¢L

gels and 48 €L of protein sample/ wellawas | oa
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minimumof 2 hours. Gels were then stained with SYPRO Ruby total protemustaig standard

protocols.

I mmunofluorescence

Adherent cells were grown either on sterile Fisherbunokerfrost® Pluslides, or
regular cell culture plates (which would be collected via trypsinizatioantecand~50,000
cellscytospun onto slidespfter treatment, cells were fixed with 4% paraformaldehyde for 15
minutes followed by washes with PBSX3 minutes). Cells were then permeabilized in PBS
Triton X- 100 for 5 minutes. Slides were then incubated in 5% Normal Goat serum and Dako
Serum Blocksolution for 1 hour. Followingplocking, cells were incubated in darknesgrnight
at4°Cin 1:100 anticKIT antibody anttphosphecKIT antibodyand/or fluorescently tagged
Alexa Fluor 488 Conjugatenti-cKIT mAD (all subsequent incubation periods wdome in
darkness)Slides were then washed in PBX @ minutes) and incubated at room temperature
for 1 hour withl:200goatantirabbitseconary antibody conjugated to Cy3®. Cells were then
washedinPBS (85 mi nutes) and incubated at room temp
for 5 minutes (30 &M DAPI was dilutex& to 1:10
minutes) 1-2 drops of DAKO fluorescent mounting media were added per area of interest

followed by glass coverslips

Non-adherent cells were grown in regular tissue culture plates, collected via
centrifugation, resuspended and cytospun onto slides. The same protocol detailed above was
used from this step oimages were captured using a Leica iidgystems DMLB100T
microscope with 40X objective. Brightness and contrast of images was then enhanced using

Adobe Photoshop®©.
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Novel cell line generation

Immediately before beginning, 2.0 mg/mL of collagenase solution was prepared in 10 mL
of serumfree RPMI 1640. Samples were immersed briefly in ethanol to disinfect outer surface
The sample was then minced into small piece® int) by scissors and scalpel. Tumour pieces
were then placed into 50 mL conical tube containing the collagenase solutiplaeedl in a 200
rpm oscillator for 2 hours at 3Z. The digested pieces were then passaged through 16g, 18g, and
20g needles to further break up cell clumps. The cell suspension was then passed through a 40
eM mesh to remove | artheessuspeasiohgas lietd atl 3Bhgfar 4 . Fin
minutes, resuspended in RPMI 1640 with 10% FBS and antibiotics, plated ih jysine high

adhesion plates and placed iB7AC incubator.

Statistical analysis

Statistical analysis was performedngsGraphPd Prism® software. Bin-parametric
KruskalWallis tess wereused to determine if differences existed between treatnidatsy
Whitney tests were used to determine if differences existed between two treatmentAjroups.
least three biological replicates warsed for each statistical analysis, and treatments were

considered significantlgifferentif a pvalueless tharD.05was generated for tidata.
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RESULTS
KIT and VEGFR2 expressionin response to itraconazole

Two cell lines, MCT1 and MCT2, were treated with itraconazole (0, 100, 200, 400, 800
nM) for 24 hours. Cellular response was analyzed by western blots and densitometry of
phosphorylated and native KIT and VEGFREaconazole did not appear to induceg ahanges
in MCT1 receptorsAfter 24 hours, there was no significant downregulation of pKIT and no
change in native KIT expression in MCT1 cells (Figuregb Q. Similar to KIT, both
activated and native forms of VEGFR2 showed no change compared tmtha after 24 hours

of treatment (Figure 6And Q.

However, MCT2 showed remarkable suscelptytto itraconazole (Figur&B and D.
Even at low doses (200 nM), thevasa shift in the migation patterns of KITThe upper band,
representing mature gigsylated protein, begins to shift towards the lower band, representing
immature protein. The shifting process is largely completed for higher doses (400 and 800 nM)
This shift was mirrored by KIT phosphorylation, which was abolished for the upper bénd an
gualitatively downregulated overall. Similar to KIT, VEGFR2 in MCT2 cells showed
susceptibility to itraconazole treatment (Figurea&tl D. At low doses (200 nM), native
VEGFR2 begins to shift towards the lower band, with the upper band largely ab@tstheses
of 400 nM or greater. Total phosphorylation was also qualitatively downregulated at the highest

dose (800 nM).

KIT and VEGFR2 expressionin response to toceranib

In order to achieve more satisfactory downregulation of phosphorylation, bidihes
were treated with itraconazole and toceranib (solely and in combination) during an 8 hour time

course(Figure 7). For MCT1 cells, KIT phosphorylation was not affected by itraconazole but
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was significantly abolished as earlyas 2 hours aftertezgttmi t h 1. 0 &M t ocerani |
Tocerani bds inhibitory effect of phbfthsphoryl at
experiment. Nativ&IT expression stayed largely consistent compared to control, with a slight

upregulation in cells treatment with gla agent tocerani@~igure A).

Similar to MCTZ, KIT phosphorylationn MCT2 cellswas not affected by itraconazole
and phosphorylatiowas abolished as early as 2 hours dtieeranibtreatment (Figure 7B).
Tocerani bés i nhi bi tiomaontinuedffor thecentire dirhe cpurs®expeiment,y | a
with negligible recovery seen at 8 hours. Interestingly, treatment with toceranib also led to a

marked incease in native KIT expression.

Tocerani boés inhibitory ef fdaoKIT, smee pyJEBERZp hor vy
was also disrupted={gure 8). Recall from Figuref6that low doses of itraconazole had effect
on pVEGFR2. FigureB shows that toceranib clearly downregulates VEGFR2 phosphorylation

(in the presence of low dose itraconazaeyICT2 cells

Cellular growth

The effect of drug treatment and subsequent disruptiposttranslational modifications
in both cell lines was evaluateg estimating cell numbeFigures 9 and 10 showhe
characterization of thremdompoundsitraconazat, toceranib and masitinib and their effects on
the proliferation of MCTZXellsover 72 hours of treatment. For itraconazole, only high dose
treatment (800 nM) showesignificantdecreases in total cell numksr24, 48 and 72 hourBor
the remainder ofe treatment doses, itraconazole largely inhibited proliferation past the original
5000 cell population but did not cause cell numbers to decbhegsad the starting plating

density (Figure 8).
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For toceranib, inhibition of proliferation was seemases as low at 100 n{#igure 9B)
The optimal dose appeared to be 1.0 &M, since
caused a drop in cell number by 72 hoaithough this was not significant Doses of 10 ¢
while apparently deadly to MCTcells,arepharmacologicallyrrelevant[195] and only included

to determine what dose was required to kill a majority of the cells.

MCT1 cells were largely resistant to masititibatment (Figure 10A Even high doses
of 400 nM after 72 hours of treatmtedid not significantly inhibit proliferation or cause

reductions ircell number.

Combination therapies were also examined to determine ddahiyive, antagonistic or
synergistic relationships exest between drug€ombination itraconazole and mashin
inhibited cell proliferation and caused a mimeductionin cell number after 72 hou(Eigure
10B), but this was natignificant Combination itraconazole and toceranib was more effective,
with proliferation haltedut nonsignificantreductionsan cdl number observed after 48 hours.
Combination masitinib and toceranib was less effecéitkpugh proliferation was still inhibited
(likely due to toceranib more so than masitinib, since the decreases in cell number are similar to
single agnt toceranilseen in Figur®B). Finally, triple combination treatment was the most
effective at reducing cell numbers to approximately 30% of the starting popyFitjome 10B.
The results seen with triple combination were significant compared to itraconazolasitidim
treatmentThe results for MCT1 were repeated with crystal violet assays (Fidgureviich
show similar patterns. Masitinib was largely ineffective, single agent itraconazole and single
agent toceranib inhibited proliferatiamdlowered cell nurbers (only at highest doses aritéa
longest treatment period, but these differences were not statistically significiaife),

combination itraconazole and toceranib had the greatest effect.
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The same drug characterization was performed against M@Girg) the same optimal
doses for toceranib and itraconazole (Figite Wnlike MCT1, MCT2 cells appeared far more
susceptible to masitinib treatment. After 72 hours of treatment, 400 nM treatdaoedcell
numbers by ~50%. (This indicates a halt inlifgcation and possibly cell death). MCT2 cells
were also more susceptible to itraconazole treatment, with cell numbers reduced by ~50% after
72 hours of treatment. Toceranib had similar effects, with cell numbers reduced by ~65% after
72 hours. Similar t&ICT1, the most effective dose appeared to be combination itraconazole and
toceranib (reduced cell number by approximately ~70%). Thissigsdicantlyreduced cell

numbers and the addition of masitinib achgkmegligibleadditional cell number reductio

Caspase3 activation

To determine if toceranib and itraconazole wiadkicing reductions in cell number via
apoptosis, western blots were performed to examitigationof caspase (cleaved caspas®
indicative ofapoptosis). Figure3lshows that MT'1 caspase cleavage was present but negligible
for toceranib and combination treatment. MGERs exhibited significant caspase cleavage for
toceranib treatments, with slight caspase activation for high dose itraconazole. To better capture
levels and timig of caspase activation, 48 hour time course experiments were performed. Figure
14 shows western blots of MCT1 cells treated with four treatment groups after four time points.
For all the treatment groups caspase activation was clearly negligideecifableat all. It
should also be noted that cleaved cas{@as@s not seen in the etoposide positive control for
MCT1 cells.MCT2 cellscontinued to show caspase activation in response to toceranib
treatment, with levels clearly upregulated someti@sveen 12 and 24 hours and lasting

throughout the experime(figure b).
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KIT glycosylation

To further examine the effect of itraconazole on RTK glycosylation, immunoprecipitation
and glyceanalysis of KIT from MCT1 and MCT2 was performed. Figuesthavs WCL from
both cell lines after low and high dose itraconazole treatment. This image is aP/REESgel
stained with Pr&Q) Emerati glycoprotein dye, with stained bands representing glycosylated
protein. After 24 hours of treatment, it is clear theredigpparenthange in global protein
glycosylationin either cell line. Figure 13hows immunoprecifated KIT receptor, stained with
glycoprotein and total protein dye. For MCT1, the IP process was likely not efficient enough,
since no glycosylated bandarcbe seen in the zero drug control (Figlif& and17B).

However, MCT2 shows a key elimination of the upper band of glycosylated protein in the
itraconazole treated receptéiigure 17A and 17Bhighlighted by red box)Total protein stains
also show alecrease irproteinon treateIT receptorcompared to untreated KIThis further

indicates that itraconazole is having an effect on the ndfifigbroductionprocesses in MCT2

cells.

Immunofluorescence

IF images were taken of each cell line after 2dre@f treatment, in order to identify
gualitative changes in KIT activation and localization in response to treatment. For MCT1 cells,
itraconazole treatment appeared to induce a stgppled to focal perinucledmcalization of
KIT. This effect was noseento the same extemtith toceranib treatment, but was replicated
during the combination treatment, along with a change in nuclear morphology (with many cell

nuclei shrinking and taking on abnormal shape) (Figure 18).
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For MCT2 cells, native KI'expressioralso exhibited noticeable changédter
itraconazole treatment, much of the cytosolic KIT localizatiayquislitativelyabolished or partly
replaced by perimembranous localizati®his effect on KIT localization ialso seen with
toceranib ang¢ombination treatmerfFigure 19). Importantlytoceranib and combination

treatment leadb the formation of numerous apoptotic bodies in MCT2 cells.

Novel cell line generation

One of the objectives of this project was to attempt the generatamddfonalnovel
canine MCT cell linesa notoriously difficult task [186, 187/}ost attempts at isolating and
sustaining neoplastic cells from primary tumour samples failed or generated very short term
cultures. Over the course of 2 years, 16 attempis wade to isolate neoplastic mast cells from
primary tumours. Approximately 25% yielded mast cell populations that persisted into short term
cultures, but never in populations large or pure enough for characterizétnever, one
tumour sample yieldedhé most densely cellular and persistent populations of neoplastic mast
cells(Figure B). These cecultures of fibroblasts amkeoplastianast cells persisted for weeks,
with careful removal of waste and addition of media and growth supplements. Altiheucgils
eventually died off, numerous healthy populations were cryopreserved. These populations can be
characterized or grown at any time in the future, or until such a time that new or more effective
protocols are developed to sustain canine MCT celis dould possibly allow these cells to be

sustained into an immortal cell line under the right circumstances.
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Figure 5. Western blots and densitometry oKIT in MCT cells treated with itraconazole for

24 h. Blot showing activatednd native KIT response to itraconazole in MCT1 cells (A) and MCT2
cells (B). KIT in MCT2 cells show a shift towards the lower band, indicating a higher proportion of
immature protein glycosylation. (C) shows densitometry values for pKIT and KIT in MQIE1 ce
while (D) shows densitometry values for pKIT and KIT in MCT2 cells (total pKIT is normalized to
Utubulinand each KIT band is relative to total pKIT, normalizetdabulin). Significant

differences compared to respective control are noted kp<0:05) Abbrev. Itrac=itraconazolé}
tub=U-tubulin. N= 3
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Figure 6. Western blots and densitometry oVEGFR2 in MCT cells treated with itraconazole

for 24 h. Blot showing activated and natiEGFR2response to itraconazole in MCT1 cells (A)
and MCT2 cells (B)VEGFR2in MCT2 cells show a shift towards the lower band, indicating a
higher proportion ofmmature protein glycosylation. (C) shows densitometry values for pVEGFR2
and VEGFR2 in MCT1 cellsyhile (D) shows densitometry values for pVEGFR2 and VEGFR2 in
MCT?2 cells (total pVEGFR?2 is normalized ttubulin and each VEGFR2 band is relative to total
pPVEGFR2, normalized tb-tubulin). Significant differences compared to respective control are
notedby a * (p<0.05) Abbrev. Itrac=itraconazolé}tub= U-tubulin. N= 3
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Figure 7. Western blots showing disruption of KIT phosphorylation over 8 h timecourse in

MCT cells treated with toceranib and itraconazole (A) shows KIT response in MCITcells to

four different treatment groups (no drug control, itraconazole, toceranib, and combination
itraconazole/toceranib) over 8 h of treatment. (B) shows KIT response in MCT2 cells to the same
treatment groups over 8 h of treatment. Abbrev. Toc= énileN= 2
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Figure 8. Western blot of KIT and VEGFR2 in MCT2 cells treated with combination
itraconazole and toceranib for 48 hDoses of itraconazole vary frora8D0 nM, while
tocerani b dose r e nid)showss pKliToandskKiTaasgonsatombination ¢ M.
treatment, with phosphorylation eradicated and upper band glycosylated protein abolished. (B)
shows pVEGFR2 and VEGFR2 response to combination treatment, with phosphorylation
drastically reduced and upper barngcgsylated protein abolished Al
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Figure 9. Cell number assay of MCT1 cells treated withtraconazole or toceranibfor 24, 48

or 72 h. MTT assaysvere used for adherent MCT1 cells, to keep data consistent with MTT
assays used for MCT2. All data have been normalized to starting absorbance of 500%) cells
shows dose response of itraconazole over 72 hours, (B) shows dose response of toceranib over
72 hourswith significant differencesompared to controhdicated by a * (p<0.05N=3)
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Figure 10. Cell number assay of MCT1 cells treated with various drugs foR4, 48 or72 h.

MTT assaysvere used for adherent MCT1 cells, to keep data consistent with MTT assays used

for MCT2. All data hae been normalized to starting absorbance of 5000. ¢alJsshows dose

response of masitinib over 72 hours aBjighows combination therapy with itra@aole

(800nM),t ocer ani b (1. 0 € M) Significdnt diffarences between ( 400 n M)
treatmengroupsare indicated by a * (p<0.0%\bbrev. I= itraconazole, T= toceranib, M=
masitinib.(N=3)
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Figure 11. Cell number assay of MCT1 cells treated withvarious drugs for 72 h Crystal violet

assaysvere used for adherent MCT1 cells, with all data normalized to starting absorbance of 5000

cells Doses of itraconazol@00nM)and t ocerani b (1.0 €M) remained
changes from-@00nM. For all treatments, addition of other drugs produced significant differences

in cell number reduction compared to single agent masitinib treatAlgmiev. Mas= masitinib.

(N=3)
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Figure 12. Cell number assay of MCT2 cells treated with various drugs for 72 hMTT assays

were used for neadherent MCT2 cells, with all data normalized to starting absorbance of 5000

cells Doses of itraconazol@00nM)and t ocerani b (1.0 €M) remained
changes from-@00 nM.Significant differences between treatment groups are indicated by a *
(p<0.05).(N=3)
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Figure 13. Western blots showing caspase activation in MCT cells in responsevarious drug
treatments for 24 h.Six treatment groups (negative-doug control, low dose itraconazole, high
dose itraconazole, toceranib, combination high dose itraconazole/toceranib and positive control
etoposide) were used to determine caspase totivAl=2
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Figure 14. Western blots showing caspase activation in MCT1 cells in response to time course

drug treatment. Four treatment groups (itraconazole, toceranib, combination itraconazole/toceranib

and positive control etoposide) and four time po({i2, 24, 36 and 48 hours) were used to determine

caspase activatiolN=3
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Figure 15. Western blots showing caspase activation in MCT2 cells in response to time course
drug treatment. Four treatment groups (itraconazole, toceranib, combination itracle/tazeranib
and positive control etoposide) and four time points (12, 24, 36 and 48 hours) were used to determine

caspase activatioh=3
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Figure 16. Acrylamide gel stained with ProQ Emerald 488 Glycoprotein dyeEach well was
loaded with WCL isolated from MCT cells after 24 h treatment with 0, 400, or 800 nM of
itraconazole. Protein was separated by gel electrophoresis, with stained bands representing
glycosylated protein. Glycoprotein staining indicates no siamt change in global protein
glycosylation after 24 h of treatmen¥=3

61



& MCT-1 MCT-2 2 MCT-1 MCT-2
Ladder /0 800 \ /0 800\ Ladder

190kDa, [ 2 ‘4A..‘_"

90kDa I

42kDa |

MCT-1 MCT-2 MCT-1 MCT-2

800\ KO 800\ Ladder Ladder /o goo ' [ O 800 )

Ladder KO

Figure 17. Glycosylation analysis of the KIT receptor using immunoprecipitation and PreQ

Emerald 488 glycoprotein stain Each well was loaded with immunoprecipitated KIT, extracted and
purified from MCT WCL after 24 h treatment with 0 or 800 nM of itraconazole. (A) shows
positive/normal image of acrylamide gel, (B) shows the same image in negative/reverse to enhance
contrast (C) shows the same acrylamide gel stained with SYPRO Ruby total protein stain to observe
differences in total KIT protein, (D) shows the same image of the SYPRO ruby stain in
negative/reverse to enhance contrast. Indicated within the red box in alsiavagbe MCT2 lanes,

which clearly show abolishment of KIT upper baNe:1
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Figure 18. Immunofluorescence images of MCT1 cells after 24 hours of treatmerfiour control
groups of no drug control, 800 nM itraconazol e,
doses listed previously. Images show dual staining of pKIT and KIT, with DAPI nuclear stain

showing nuclui and merge image showing overlay laha¢e stainsRed arrows indicate primarily
perimembranous daliffuse cytosolic localization of KIT in untreated MCT1 cells and white arrows

indicate primarilystippled cytoplasmitocalization of KIT after itraconazole treatment.
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