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ABSTRACT

MARKERS AND MECHANISMS OF RESISTANCE TO TOCERANIB PHOSPHATE

(PALLADIA®) IN CANINE CUTANEOUS MAST CELL TUMOR

Mast cell tumors (MCTSs) are one of the most common skin tumors in dogs, accounting
for up to 21% of all canine cutaneous tumors, and exhibit extremely variable biologic behavior.
Mutations in the juxtamembrane, kinase and ligand binding domains of the c-kit proto-oncogene
have been associated with the tumorigenesis of canine MCTs, resulting in growth factor-
independent and constitutive phosphorylation of the KIT receptor tyrosine kinase (RTK).
Approximately one-third of canine MCTs carry a c-kit mutation. As such, small molecule
inhibitors of KIT are an attractive therapeutic strategy for MCTs in dogs.

Toceranib (TOC) phosphate (Palladia®) is one such RTK inhibitor of KIT that has
biological activity against canine MCTs. Despite its clinical benefit in the treatment of MCT, the
vast majority of dogs eventually develop resistance to TOC. Therefore, there is a need to identify
distinctive clinical and molecular features of resistance in this population. The overarching
hypothesis of this dissertation is that understanding the mechanisms of TOC-resistance in canine
MCT will allow us to develop rational second line and combination therapies that will overcome
or prevent drug resistance.

In order to begin to study the mechanisms that confer resistant to TOC in canine MCT,
TOC-resistant MCT sublines were generated from the c-kit-mutant canine C2 mastocytoma cell
line. By chronically exposing C2 cells to TOC, three TOC-resistant (TR) sublines were

established over a period of seven months and designated TR1, TR2, and TR3. While TOC



inhibited KIT phosphorylation and cell proliferation in a dose-dependent manner in the
treatment-naive, parental C2 line (ICsp <10 nM), the three sublines were resistant to growth
inhibition by TOC (ICso > 1,000 nM) and phosphorylation of the KIT receptor was less inhibited
compared to the TOC-sensitive C2 cells. Additionally, sensitivity to three structurally distinct
KIT RTK inhibitors (imatinib, masitinib, and LY2457546) was variable among the sublines. All
3 sublines retained sensitivity to the cytotoxic agents vinblastine and lomustine. Through
sequencing efforts of canine c-kit, secondary point mutations in the juxtamembrane and tyrosine
kinase domains of the resistant sublines were identified.

To explore the impact of these mutations on the TOC-resistant phenotype, we constructed
four in silico homology models of the cytoplasmic region of TOC-sensitive and -resistant canine
KIT to predict the consequent structures of the drug binding site. Utilizing computational-based
small molecule docking techniques, we calculated the predicted binding energies and
orientations of TOC and the three other KIT inhibitors within the KIT mutant homology models
to determine the structural basis of TOC resistance in vitro in the context of canine MCT. Each
of the three TOC-resistant mutants was predicted to induce a conformational change in the
region of the binding site to a greater or lesser degree. The TR1 mutation, however, was
predicted to have only minor effects on the binding of masitinib and imatinib while both TR2
and TR3 mutations induced a substantial decrease in predicted binding affinity. To evaluate the
utility of the in silico homology model and small molecule docking methodologies in predicting
response to novel KIT inhibitors, we docked ponatinib into the intracellular domain of the TOC-
sensitive and each of the three TOC-resistant KIT mutant protein structures, followed by binding
energy calculations. Ponatinib was predicted to bind favorably to TOC-sensitive KIT, but

exhibited a substantial decrease in the favorability of the predicted binding to each of the three



TOC-resistant mutants. In concordance with the predicted binding energies, ponatinib inhibited
the growth of the TOC-sensitive C2 cells in a dose-dependent manner and failed to inhibit
growth of the TOC-resistant cells.

Lastly, we developed an immunohistochemical-based assay to directly measure activated
(phosphorylated) KIT (pKIT) in canine MCT. This assay was used to investigate whether pKIT
provides a pharmacodynamic marker for monitoring response to TOC in canine MCTSs in order
to potentially identify patients that respond to TOC and those that are refractory and therefore
might benefit from an alternative treatment. MCTs from 4/7 (57.1%) patients demonstrated a
partial response to TOC therapy, 2/7 (28.6%) patients showed stable disease, and one patient
demonstrated progressive disease. Of the four patients that had a partial response, 3/4 (75%)
demonstrated a reduction in pKIT 6 hours after the first dose of TOC. The utility of measuring
pKIT in MCT as a predictor of biological aggressiveness was determined retrospectively in a set
of MCTs in order to investigate its association with two commonly used prognostic grading
systems as well as other established prognostic markers (KIT localization, Ki67 expression,
mitotic index, and c-kit mutation status) for MCT. Expression of phosphorylated KIT was
significantly (p<0.05) correlated with mitotic index, Ki67, c-kit mutation status, and grade by the
2-tier grading system.

We have described mechanisms of resistance to targeted therapy in the context of TOC
and its use in the treatment of canine MCT. The combination of studies presented herein provide
evidence that canine MCTs and their acquired resistance to the TKI TOC demonstrate an
excellent model of acquired resistance to targeted therapy. In summary, we have developed an in
vitro model of canine MCT to study TOC resistance, identified novel secondary mutations in the

target kinase of TOC-resistant MCT sublines, characterized these mutations for the first time in



veterinary medicine by computational modeling, and developed a clinically-relevant
immunohistochemical-based assay to monitor response to TOC therapy in MCT. This model
may be better utilized to study the molecular basis of and strategies to circumvent drug

resistance.
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Chapter One

Literature Review

MAST CELL TUMOR: DISEASE REVIEW

Mast cell tumor (MCT) is the most common skin tumor in dogs, accounting for up to
21% of canine cutaneous tumors, and one of the most malignant tumors in this species [1].
MCTs are commonly found in older dogs, with a mean age of 9, although they are reported in
younger dogs [1,2]. Several breeds are reported to be overrepresented for MCTs including
Boxers, Boston Terriers, English Bulldogs, Labrador and Golden Retrievers, Cocker Spaniels,
Schnauzers, Chinese Shar-pei, Rhodesian ridgebacks, Weimaraners, Beagles, and Staffordshire
terriers [2]. This overrepresentation in certain breeds may indicate a genetic component to the
etiopathogenesis of MCT [1]. There is no sex predilection. MCTs most commonly arise from
the skin of the trunk and perineal region (50%) followed by the limbs (40%), and head and neck
(10%). Less frequently, MCTs present as primary tumors in the oral cavity, nasopharynx, larynx,
and gastrointestinal tract [1,2]. Clinical appearance can vary widely ranging from a single, well-
circumscribed, raised, nodule to multifocal to coalescing, ulcerated nodules, with erythema of the
surrounding skin due to rapid and robust degranulation, a phenomenon known as Darier’s sign.
Mast cells are distinct in that they are characterized by the presence of abundant cytoplasmic
granules. These granules represent vasoactive amines, such as histamine and heparin, as well as
various proteolytic enzymes such as chymase and tryptase. While these cytoplasmic granules are

important in the normal physiological function of mast cells, in MCTs they can often lead to



complications upon rapid and robust degranulation such as gastrointestinal tract ulceration (35-
83%), hemorrhage, intraoperative hypotension, and delayed wound healing [1,2].

Histologically, MCTs are generally characterized by a poorly-demarcated,
unencapsulated infiltrative mass that effaces and replaces normal dermal collagen and
subcutaneous adipose tissue, often extending deep to the subjacent skeletal muscle and elevating
the overlying epidermis (Figure 1.1). These masses are composed of tightly packed sheets and

rows of discreet rounds cells with abundant basophilic cytoplasmic granules (Figure 1.2).

Figure 1.1 (left) and 1.2 (right): Haired-skin; mast cell tumor.

MOLECULAR PATHOGENESIS

Aberrantly regulated receptor tyrosine kinases (RTKs) have been implicated in human
and canine cancer. Mechanisms of dysregulation include activating mutations, overexpression,
and autocrine/paracrine loops of activation. The tumorigenesis of 30-50% of MCT is driven by
activating mutations in the juxtamembrane, kinase, and ligand-binding domains of the c-kit
proto-oncogene. c-kit encodes the RTK KIT, a 145-kDa type 111 receptor protein-tyrosine Kinase,
which is comprised of an extracellular ligand binding domain composed of five
immunoglobulin-like loops, encoded by exons 1-9, a transmembrane domain, encoded by exon

10, and a split cytoplasmic kinase domain, encoded by exons 11-21, including a negative



regulatory juxtamembrane (exon 11), an ATP-binding domain (exon 13), and a
phosphotransferase domain (exon 17) [3-6]. The c-kit proto-oncogene was first identified as the
normal cellular homolog of the feline sarcoma viral oncogene v-kit, which induces feline
fibrosarcoma [7]. The KIT receptor shares structural similarity with other Type 11l RTKs such as
FMS-like tyrosine kinase-3 (FIt-3), platelet derived growth factor receptor (PDGFR), and
colony-stimulating factor-1 receptor (CSF-1R) [8]. KIT signaling plays a role in erythropoiesis,
lymphopoiesis, mast cell development and function, megakaryopoiesis, gametogenesis, and
melanogenesis [9]. KIT is expressed in hematopoietic stem cells, erythroid, megakaryotic,
dendritic, and myeloid progenitor cells [10]. While KIT expression is commonly lost during cell
differentiation, mature mast cells, melanocytes, and the intestinal pacemaker cells (interstitial
cells of Cajal) maintain KIT expression throughout differentiation [4].

The ligand for KIT, stem cell factor (SCF), also termed mast cell growth factor (MGF),
KIT ligand (KL), or steel factor, promotes the development of mast cells from hematopoietic
precursors upon binding to the KIT receptor [11]. KIT/SCF interactions promote the
proliferation, survival, and differentiation of mast cells [3,12,13]. In addition, KIT has been
shown to be important for fibronectin adhesion, chemotaxis, degranulation, chemotaxis, and
secretory activity of mast cells [3,14-16]. Indeed, mice lacking germline mutations in either c-kit
(Kit"/Kit"™) or SCF (Msf*'/Msf*") are phenotypically characterized by a tissue-wide deficiency
in mast cells [7,17,18]. SCF binds to two KIT monomers promoting KIT dimer formation [4,14].
This results in receptor autophosphorylation at specific tyrosine residues within the cytoplasmic
domain. Sequences containing these phosphotyrosine residues subsequently serve as docking
sites for critical signal transduction molecules containing SH2 and other phosphotyrosine-

binding domains [19-21]. These molecules include the adaptor molecules Grb2 (pY703 and



pY936) and Shc, the Src kinases Lyn and Fyn (pY568 and pY570, respectively), phospholipase
C (pY936), and phosphoinositide 3-kinase (PI3K) (pY721) [22,23]. In the canine KIT receptor,
pY721 becomes phosphorylated in response to SCF and mediates the docking of PI3K [24].
Downstream signaling through the PISK/Akt/mTOR pathway is the main signaling cascade for
proliferation and survival of canine mast cells [25]. While crosstalk between PI3K and
Ras/Raf/ERK MAPK pathways is common in many malignancies, downstream ERKZ1/2
modulation does not correlate with KIT inhibition in canine MCT [25,26].

Three common mechanisms of KIT activation in tumors have been described. These include
paracrine and/or autocrine stimulation of the receptor by SCF, activation by other kinases and/or
loss of inhibitory mechanisms, and, most commonly, activating mutations in the c-kit gene
[27,28]. The KIT receptor ligand, SCF, has recently been shown to be overexpressed in canine
MCT independent of activating mutations in KIT. Furthermore, production of SCF has been
demonstrated in  Ki67-positive MCT by immunohistochemistry  suggesting that
autocrine/paracrine production of SCF contributes to the growth and survival of canine MCT
[29,30]. Mutated forms of c-kit have been implicated in the tumorigenesis of gastrointestinal
stromal tumor (GIST) and acute myelogenous leukemia as well as mast cell disease in humans
[31,32]. Similarly, activating mutations in c-kit have been identified in canine MCT. Most
commonly, an internal tandem duplication (ITD) has been identified in exon 11 of canine c-kit
[3,5,7]. Exon 11 encodes the juxtamembrane domain of the KIT receptor, which has an
inhibitory function in regulating KIT kinase activity. This inhibitory function is lost in oncogenic
forms of KIT harboring an ITD in exon 11 [33]. Less frequently, mutations in the c-kit gene
occur in exons 8 and 9, which encode the extracellular domains of KIT. Mutations are

characterized by ITD (exon 8) and amino acids substitutions and insertions (exons 8 and 9) and



exon 17, which encodes the kinase domain [5,34,35]. Indeed, these mutations are associated with
ligand-independent autophosphorylation of the KIT receptor and self-sufficient growth of
neoplastic mast cells. Up to 40% of histologically intermediate or high-grade MCTs harbor ITDs
in the juxtamembrane domain of KIT. Mutated KIT is significantly associated with increased

incidence of recurrent disease, metastasis, and death in canine MCT [2,3,5,36-38].

HISTOLOGIC GRADING AND PROGNOSTIC FACTORS

Several histologic grading systems have been assessed for the prognostic evaluation of
canine cutaneous MCTs. Histologic grading by the Patnaik system has been the gold standard
and has provided a strong foundation in the grading of canine cutaneous MCTs; however, certain
criteria within the grading system require subjective interpretation and significant inter-
pathologist variability exists [39,40]. This has presented challenges for clinicians in determining
clinical behavior from tumor grade and thus the decision for adjuvant therapy, especially for
“intermediate grade” MCTs. Recently, additional grading schemas have been explored; however,
regardless of the grading system used, grade is considered as only one prognostic factor and in
conjunction with the overall clinical picture: size and site of the MCT, whether single or multiple
tumors exist, presence of metastases (stage), completeness and quality of surgical margins,
prognostic molecular markers, and emerging molecular markers.

Histologic grading by the Patnaik grading scheme is currently the primary method by
which therapeutic decisions and prognoses are made [41]. This scheme divides MCTs into one of
three grades according to histologic parameters such as mitotic index (MI), differentiation, depth
of invasion, granularity, stromal reaction, edema, and necrosis. Statistically significant

differences in survival times between groups/grades, as determined by these specified



histological features, were present. The Patnaik grading scheme has inherent weaknesses
characterized by subjective criteria and interobserver variability. As a result, the challenge with
grading canine cutaneous MCTs using this scheme has been the frequency at which grade Il
MCTs are diagnosed and further complicated by the observation that some grade Il MCTs are
fairly benign while others are biologically aggressive. Therefore, this traditional and widely
accepted grading system has failed to reliably differentiate between these aggressive and non-
aggressive grade Il MCTs. As such, alternative grading schemes have recently emerged to better
prognosticate MCTs and improve concordance among pathologists. These grading schemes
include 1) a 2-tiered grading system, separating MCTs into “low” and “high” grade based on
specific histological parameters, and 2) a grading system that includes the significance of mitotic
index (M) as a single prognostic factor regardless of grade.

The 2-tier system attempts to address the predominance of Patnaik grade Il MCTs and the
ambiguity and biologic variability within this group. Additional goals of this novel grading
scheme are to evaluate consistency in grading of canine cutaneous MCT between multiple
pathologists at multiple institutions and to improve concordance among pathologists and
prognostic significance. The 2-tier system divided MCTs in to “high” or “low” grade, in which
tumors were classified as high grade if any one of the following criteria existed: 7 or more MFs /
hpf, at least 3 multinucleated cells (at least 3 nuclei) / 10hpf, at least 3 “bizarre” nuclei
(characterized as highly atypical with marked indentations, segmentation, and irregular shape),
or karyomegaly (nuclear diameters of at least 10% of tumor cells vary by at least two-fold).
High grade MCT by the proposed 2-tier system had a significant association between Patnaik
high-grade MCTs, increased mortality, and increased risk of developing additional tumors and

metastatic disease. The MST for high grade was < 4 months while the MST for low grade was >



2 years. Overall, the authors concluded that the 2-tiered grading system is a better predictor of
survival than Patnaik [42]. Moreover, the authors demonstrated improved concordance among
pathologists and prognostic significance via the development of this novel 2-tier grading system.
However, the criteria by which tumors are classified still introduce subjectivity (i.e. karyomegaly
and “bizarre nuclei”).

A common parameter in all grading schemes is the evaluation of the mitotic index (Ml)
as a measure of proliferation. Indeed, a study by Romansik and co-workers [43], and later
validated by Elston and co-workers [44], offers the most compelling evidence for the prognostic
importance of MI. The purpose of these studies was to evaluate the utility of Ml as a predictor of
biologic behavior and survival in dogs with cutaneous MCTs. The authors demonstrated
prognostic significance of MlI, regardless of grade, with stratification into two groups: Ml of 0-5
(low) and MI >5 (high). Furthermore, they demonstrated the ability to differentiate aggressive
and less aggressive grade 11 MCTs via MI with this method of stratification. Grade Il MCTs with
MI <5 had a MST of 80 months compared to grade Il MCTs with MI >5 which had a MST of 3
months [43].

Significant differences were present between grades | and Il and Il and IlI, but no
significant differences in distribution of MI were identified between grades | and Il. Significant
differences between MI and rate of metastatic disease were described, however no significant
differences between MI and local recurrence were identified. The authors concluded that MI may
help identify subsets of aggressive grade Il MCTs and may be a more sensitive prognostic
indicator than grade [43]. Elston and co-workers also explored MI as a single prognostic
parameter, yet described stratification into 3 groups: MI=0 in which reach MST was not

reached, MI=1-7 had a MST of 18 months, Ml >7 had a MST of 3 months [44]. This study



corroborates the significance of MI as a prognostic factor in canine cutaneous MCT as
demonstrated by Romansik. MI as a parameter significantly reduces subjectivity and
interobserver variability. The challenge still lies with identifying appropriate cutoffs (“5” as
Romansik reports, or further stratification as Elston suggests). Further studies will be necessary
to determine this. Finally, while Ml is a single, objective variable, regions of mitotic activity
within a tumor sample vary and subjectivity is introduced upon selection of regions of highest
mitotic activity.

Regardless of grading schema, there exists a subset of MCTs that exhibit more aggressive
biologic behavior. This uncertainty, in addition to a high degree of interobserver variability,
necessitates the need for additional prognostic and therapeutic indicators. Histologic features of
MCTs alone do not provide a comprehensive representation as it relates to biological
aggressiveness and guidance of therapeutic decisions. Indeed, MCT tumorigenesis is driven by
molecular mechanisms and signaling pathways that do not manifest via routine light microscopy.
As such, identification of concurrent molecular characteristics will likely prove to play a
significant role. To date, molecular investigations of MCT biomarkers include Ki67, AgNOR,
KIT expression, and c-kit mutation status [3,7,45,46].

MCT behavior is partially dependent on aberrant signaling of certain proteins, which
cannot be detected on routine histopathological evaluation. Activating mutations in the
juxtamembrane, kinase and ligand binding domains of the c-kit proto-oncogene have been
associated with the pathogenesis and aggressiveness of canine MCTSs, resulting in growth factor-
independent constitutive phosphorylation of the KIT receptor tyrosine kinase (RTK) [3,5,37,47].
Approximately one-third of canine MCTs carry a c-kit mutation and the majority of MCTs with

c-kit mutations are histologically intermediate or high grade [7]. London and co-workers first



showed that c-kit mutations, particularly internal tandem duplications in the juxtamembrane
domain of exon 11, are associated with an increased incidence of recurrent disease, metastasis,
and death [7,37]. Such mutations in c-kit have been associated with aberrant KIT protein
localization; however, there is not a 1:1 correlation between KIT localization and c-kit mutation
status, suggesting the possibility of alternate mechanisms of receptor activation, such as KIT
overexpression or autocrine/paracrine production of stem cell factor, the growth factor ligand for
KIT. While the majority of gain-of-function mutations of c-kit have been identified in exon 11
of canine MCTs, exons 8 and 9, and less commonly exon 17, also acquire activating mutations
[5]. Differential patterns of KIT staining by immunohistochemistry (IHC) in MCTs, associated
with mutations in the c-kit proto-oncogene, are indicators of biologic behavior [45]. Kiupel and
co-workers showed that mast cells exhibiting benign biologic behavior demonstrated membrane-
associated KIT expression while mast cells associated with malignant transformation and
aggressive biologic behavior demonstrate a cytoplasmic redistribution of KIT. Furthermore,
Webster and co-workers demonstrated that MCTs with aberrant KIT localization or internal
tandem duplication in exon 11 of c-kit are associated with increased cellular proliferation as
measured by Ki67 and AgNOR, suggesting a role for KIT in the tumorigenesis and
aggressiveness of canine MCTs. Markers of cellular proliferation such as Ki67, PCNA, and
AgNOR have been shown to be significantly associated with progression of canine MCT. These
studies demonstrate that markers of proliferation, c-kit mutation status, and KIT protein

localization are useful markers of tumor aggressiveness in canine MCT.

Anatomic and microanatomic location of MCT has been shown to be associated with
clinical aggressiveness. MCTs located at the subungual, inguinal, preputial, and scrotal areas, or

a mucocutaneous junction such as the perineum or oral cavity carry a guarded prognosis [48-51].



More recently, MCTs arising from the subcutaneous tissue have been shown to have a more
favorable prognosis [52,53]. In a retrospective analysis of 306 dogs diagnosed with subcutaneous
MCT, only 27 (9%) died from their disease [52]. Finally, the presence of multiple cutaneous
MCTs on the impact of prognosis is somewhat contradictory in the literature. Kiupel and co-
workers showed that dogs with multiple synchronous cutaneous MCTs at the time of diagnosis
had a worse prognosis compared with dogs with single tumors [54]. In contrast, Mullins and co-
workers reported that multiple cutaneous MCTs are associated with a low rate of metastasis and
an overall good prognosis for long-term survival [55].

Clinical stage of canine MCT has been shown to be a prognostic indicator, albeit plagued
with some controversy. While several studies have indicated the presence of metastatic disease in
regional lymph nodes as a negative prognostic indicator [56-58], others have shown that with
excision of positive lymph nodes followed by adjuvant chemotherapy and/or radiation therapy
long-term survival can be achieved [59-61]. These disparities might be due in part to a lack of
consensus as to what defines a lymph node positive for metastatic disease coupled with sampling
techniques of varying sensitivity (i.e. fine-needle aspirate, histologic evaluation, sentinel lymph

node mapping) [62].

TREATMENT OF CANINE MAST CELL TUMOR

The prognostic indicators outlined above serve to aid in the approach to treating MCT.
The vast majority of dogs with low to intermediate grade MCTs experience longer survival times
with complete surgical excision alone compared to those with high grade MCTs [55,63]. While
lateral margins of 3 cm of normal tissue and one facial plane have traditionally been adequate to

achieve complete excision and local control, more recent evidence suggests that 1 cm margins
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might achieve similar long term survival times [2,64-66]. Furthermore, incomplete excision of
low grade MCTs does not preclude the possibility that local control will be achieved. Indeed,
only 20-30% of incompletely excised low grade MCTs recurred in one study [64]. In cases in
which surgical excision with adequate margins is not feasible and/or poor prognostic factors such
as histologic intermediate to high grade MCTs are encountered, radiation therapy and/or
systemic chemotherapy is indicated. Commonly used cytotoxic agents for the treatment of canine
MCT include vinblastine (VBL) and lomustine (CCNU) [1]. In addition, systemic corticosteroids
have been shown to have clinical efficacy against canine MCT. Indeed, the reported response
rate to prednisone is 20% and reported remission times range from 10 to 20 weeks [1,67]. In a
recent study, the use of adjuvant systemic therapy (corticosteroids, lomustine (CCNU), and
vinblastine (VBL)) following surgical excision of intermediate grade MCT with evidence of
local-regional lymph node metastasis, the median survival time was 1359 days [68]. In another
study investigating the use of VBL and prednisone following surgical excision +/- radiation
therapy, 100% of dogs with “high-risk” intermediate grade MCT were alive at 3 years and those
with high grade MCT had an overall survival time (OS) of 1374 days [60]. High grade MCTs, c-
kit-mutant MCTs, and MCTs with diffuse cytoplasmic labeling for KIT were similarly shown to

benefit from postoperative vinblastine and prednisone [69].

PHARMOCOLOGIC TARGETING OF MAST CELL TUMOR

Targeted therapy involves the use of small compounds that interfere with specific
molecules involved in tumor growth and progression. Demonstration of the antiproliferative
properties of small molecule tyrosine kinase inhibitors (TKIs) was first described by Yaish and

co-workers in 1988 [70]. In this seminal paper, a series of low molecular weight TKIs were
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synthesized and demonstrated increasing affinity over a 2500-fold range to the kinase domain of
epidermal growth factor receptor (EGFR). These TKIs potently inhibited EGFR kinase activity
as well as EGF-dependent autophosphorylation of the receptor [70]. The importance of tyrosine
kinases at critical regulators of cell proliferation and survival led the development of this class of
compounds for the treatment of cancer and other proliferative disorders [71]. Krystal and co-
workers characterized the ability of six indolinone TKIs to inhibit KIT kinase activity. These
included SU5416, SU5614, SU6668, SU6597, SU6663, and SU6561 [72]. These compounds
were shown to inhibit SCF-induced KIT activation in H526 SCLC cells and induce apoptosis and
growth arrest in a dose-dependent manner [72]. Liao and co-workers explored the efficacy of
three additional indolinones (SU11652, SU11654, and SU11655). All three act as competitive
inhibitors of ATP, binding to several members of the split kinase family of RTKSs, including
VEGFR2, FGFR, PDGFR, and KIT. Several MCT cell lines expressing either wild-type (WT)
KIT, a point mutation in the JM domain, an internal tandem duplication in the JM domain, or a
point mutation in the catalytic domain were used to examine KIT inhibition by these compounds.
All three small molecules inhibited SCF-induced phosphorylation KIT as well as
autophosphorylation of both KIT mutants in a dose- and time-dependent manner [73]. Results of
these studies demonstrated the therapeutic potential for the use of this class of compounds in
KIT-driven tumors. Further investigations into the clinical efficacy of TKIs in canine MCT are

discussed below.

RECEPTOR TYROSINE KINASE INHIBITORS OF MAST CELL TUMOR

The ideal small molecule tyrosine kinase inhibitor is therapeutic at the nanomolar range,

orally bioavailable, highly specific with minimal toxicity. TKIs are ATP-mimetics that block the
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ATP-binding site of kinases in a competitive approach. As outlined above, oncogenic mutations
involving the c-kit gene are intimately involved in the tumorigenesis of canine MCT. These
activating  mutations  result in  ligand-independent  kinase  activity, subsequent
autophosphorylation of tyrosine residues, and stimulation of downstream signaling pathways.
Most notably, mutations within exon 11, encoding the juxtamembrane domain, account for the
majority of the oncogenic mutations in canine MCT. This juxtamembrane domain is critical in
KIT signal transduction in both its interactions with adapter proteins and phosphatases as well as
through regulation of KIT catalytic activity. Furthermore, the vast majority of canine MCTs
express the KIT receptor tyrosine kinase and mutated forms confer growth factor-independent
growth. As such, KIT represents a logical and attractive therapeutic target in the treatment of
recurrent, non-resectable canine cutaneous MCT.

The clinical efficacy of three small molecule KIT tyrosine kinase inhibitors have been
tested in canine MCT. Imatinib mesylate (Gleevec®) is a small molecule inhibitor of KIT and
the cytoplasmic kinase Abl that has shown clinical efficacy against GIST harboring KIT
mutations and chronic myleogenous leukemia positive for Bcr-Abl rearrangements [74-76].
Isotani and co-workers demonstrated biologic activity of imatinib against canine MCTs with
demonstrable exon 11 mutations in c-kit [77]. Imatinib was administered to 21 dogs with MCT.
Within two weeks, 10 of 21 dogs (48%) had a measurable response to imatinib treatment. All
dogs with a confirmed c-kit mutation in exon 11 (N=5) responded to imatinib (1 complete
response, 4 partial responses). In another study, dogs diagnosed with MCT and bone marrow
involvement were treated with either CCNU (N=9) or imatinib (N=3). Treatment with CCNU
induced a partial response in 1 of 8 dogs with a median survival time of 43 days. In contrast, all

three dogs treated with imatinib experienced complete responses [78].
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Masitinib mesylate (Masivet®, Kinavet®), another potent KIT TKI, has clinical efficacy
against canine MCTs [79,80]. In addition to activity against KIT, masitinib also demonstrated
inhibition of PDGFRa/p and Lck/Lyn tyrosine kinase activity, and weaker inhibition of FGFR3
and FAK [81]. Hahn and co-workers demonstrated in a randomized phase 11 clinical trial that
dogs with non-resectable or recurrent grade Il or Il nonmetastatic MCTs benefited from
masitinib with an increase in the median time to tumor progression from 75 to 253 days versus
placebo regardless of c-kit mutation status [80]. In a subsequent study, this group of investigators
similarly showed a significant increase in 1- and 2-year overall survival in dogs with
unresectable intermediate and high grade MCTs treated with masitinib versus placebo. The 12-
and 24-month median overall survival time was 322 and 617 days, respectively [82]. Finally,
Smrkovski and co-workers similarly showed clinical efficacy of masitinib as a rescue agent in
metastatic and non-resectable MCTs demonstrating an overall response rate of 50%. Despite the
a high rate of mild and self-limiting toxicity (61.5%), the median survival time for responding
dogs was 630 days versus 137 days for non-responders [83].

Toceranib phosphate (Palladia®) is the most widely used TKI that is approved for the
treatment of canine MCT. Toceranib (TOC) was initially developed as SU11654, one of the
multitargeted indolinones screened by SUGEN described above. This orally bioavailable small-
molecule multikinase inhibitor potently inhibits a wide spectrum of kinases including KIT,
VEGFR2, PDGFR, and Flt-3 [29,84]. Similar to other TKIs, TOC exerts its effect by binding to
the ATP-binding site of the catalytic domain of KIT thereby blocking cross-phosphorylation of
intracellular tyrosine residues. This results in cessation of downstream intracellular signaling
required for growth and survival of malignant mast cells, followed by cell death via apoptosis

and cell cycle arrest [26,29,73,84,85]. In addition, TOC is expected to have anti-angiogenic
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properties due to VEGFR2 inhibition. Pryer and co-workers demonstrated the ability of
SU11654/TOC to effectively inhibit activated KIT in MCT 8 hours after a single oral dose [26].
More recently, London and co-workers showed in a multi-center, double-blind randomized trial
that TOC, demonstrated clinical efficacy against recurrent intermediate and high grade mast cell
tumor [85]. In this study, 42.8% of patients receiving TOC experienced an objective response.
Furthermore, dogs with tumors harboring an ITD in exon 11 of c-kit were more likely to respond

to TOC treatment than those negative for the mutation [85].

PHARMACOKINETIC PROPERTIES OF TOCERANIB PHOSPHATE

Toceranib phosphate is chemically designated as (Z)-5-[(5-Fluoro-2-oxo-1,2-dihydro-3H-
indol-3-ylidene)methyl]-2,4-dimethyl-N-(2-pyrrolidin-1-ylethyl)-1Hpyrrole-3-carboxamide
phosphate. The chemical structure is shown in Figure 1.3. The molecular formula is
C2H25FN4O, with a molecular weight of 396.46g/mol. The pharmacokinetic (PK) profile of
TOC phosphate has been evaluated in clinical studies in healthy laboratory dogs and dogs with
MCT [86,87]. TOC is administered at a target dose of 3.25 mg/kg every other day (EOD), based
on previously established data exploring effective inhibition of phosphorylated KIT, and clinical
efficacy in mice with xenograft tumors and MCT-bearing dogs [26,85,88]. In these studies,
plasma concentrations were greater than or equal to 40 ng/ml over the 48-hr dosing interval [85].
Yancey and co-workers demonstrated in healthy Beagle dogs that this dose given EOD achieved
plasma concentrations of 40 ng/ml for 6 to 33 hours of a 48-hour dosing interval [86]. Because
dosing intervals of 24-hours led to unacceptable toxicities in these early studies, an EOD dosing
schedule was adopted yielding trough plasma concentrations below the therapeutic window and

safeguarding tolerability [88]. Absolute oral availability of TOC is 77% administered as tablets
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to fasted dogs, however, there were no significant effects of food on PK parameters evaluated
[86]. Following a single oral dose, peak plasma concentrations (Cnax) ranging from 68.6 ng/mL
to 112 ng/mL were reached between 5.3 hr and 9.3 hr (tmax) [86]. TOC is highly protein bound,
ranging from 90.8% to 92.8% [87]. Distribution is widespread throughout the body with
detectable levels of drug in numerous tissues for 168 hours after a single oral dose [87].
Elimination occurs through the hepatobiliary system as the vast majority of [**C]-labeled TOC is
excreted in the feces (92%) versus only 7% eliminated in the urine [87]. TOC is metabolized to
toceranib N-oxide in the liver by the cytochrome P450 isoenzyme or flavin monooxygenase
systems [87]. Changes in TOC metabolism or plasma concentrations may occur as a result of
interactions between TOC and inducers or inhibitors of these enzyme systems. Overall, TOC has

a favorable pharmacokinetic profile.

Figure 1.3: Chemical structure of toceranib (TOC).

RESISTANCE TO TARGETED THERAPY

The discovery of molecular and genetic alterations driving the tumorigenesis of
numerous malignancies has led to the development of targeted therapies. Indeed, a tumor that is
driven by “oncogene addiction” such as mutations, gene translocations, or gene amplification is

exquisitely sensitive to therapies targeting those addictions. Despite these initial benefits, the
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success of targeted therapy is largely mitigated by the nearly inevitable development of
resistance and disease progression. As the burden of clinical resistance increases, so does the
requisite to understand the mechanisms of resistance to targeted therapies, which often times are
as complicated and heterogeneous as the tumor population they are deployed to treat. The
following sections focus on a review of common pathway-dependent and -independent
mechanisms of resistance, common experimental approaches to studying mechanisms of

acquired resistance, and strategies to overcome or prevent the development of resistance.

Pathway-dependent Mechanisms of Resistance:

Almost in parallel with studying mechanisms of resistance, it is equally important to
understand the mechanism by which tumor growth and survival is maintained. That is, the
identification of the signaling pathway to which a tumor is “addicted” and, therefore, the
intended drug target. Not only does the discovery of these pathways facilitate the development of
the therapy and patient selection, they are commonly the focus of potential hotspots for exposing
resistance mechanisms [89,90]. There are three common pathway-dependent mechanisms of
resistance. These include reactivation of the target kinase, activation of downstream effectors,
and activation of a bypass pathway. Each of these is discussed individually below.

One of the most common mechanisms by which a tumor becomes resistant to a given
targeted therapy is through reactivation of the target kinase. This can occur either through
secondary mutations in the kinase or amplification of the target gene [90]. Secondary point
mutations are the most mechanism by which this occurs [91]. This occurs most often in the target
kinase domain, significantly altering drug binding affinity by perturbing contact point between

the drug and target or altering the amino acids surrounding the binding site thereby decreasing
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the ability of the drug to reach its target [92,93]. The “gatekeeper” mutation is among the most
common point mutations in drug targets that impedes drug binding and leads to resistance. The
gatekeeper is a single amino acid residue located in the ATP-binding pocket of protein kinases
and has been shown to control sensitivity to a wide range of small molecule inhibitors by
regulating access of the drug to the ATP-binding site [93]. Typically, mutations of the gatekeeper
to a larger amino acid impedes drug access and is responsible for clinical resistance [94].
Examples of gatekeeper mutations involved in resistance to targeted therapies include T790M in
EGFR of erlotinib- and gefitinib-resistant NSCLC [95,96], T670I1 in KIT of imatinib-resistant
GIST [97], T3151 in BCR-ABL rearranged imatinib-, dasatinib-, and nilotinib-resistant CML
[98-100], and L1196M in ALK-rearranged crizotinib-resistant NSCLC [101]. The specific
mechanism by which these gatekeeper mutations confer resistance varies between tumor type.
For example, the T315I in ABL causes steric hindrance within the drug-binding site precluding
the ability of imatinib to effectively bind [100]. Interestingly, the T790M mutation in EGFR
causes increase affinity for ATP compared to the inhibitor thereby prohibiting the ability of
erlotinib or gefitinib to dislodge ATP from the binding site [102]. Still other secondary mutations
alter the conformational state of the target kinase thereby prohibiting drug binding while
simultaneously assuming a more active conformation. This has been demonstrated in imatinib-
and sunitinib-resistant GIST. Secondary KIT mutations occur in the kinase activation loop, most
commonly a D816V point mutation. This causes a shift in conformational equilibrium in favor of
the active state despite initial KIT inhibition by imatinib or sunitinib [103]. A more recently
described secondary mutation conferring resistance to targeted therapy is the V600E mutation in
BRAF in vemurafenib-resistant melanoma resulting from alternative splicing [104]. As a result,

BRAF lacks the RAS binding domain and produces enhanced dimerization with other RAF
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family members ultimately circumventing RAF inhibition [104]. Target reactivation also occurs
through gene amplification. This occurs following selective pressure of the drug which drives
increased expression of the target gene and therefore overexpression of the target protein [91].
Ultimately this leads to a shift in the drug-target stoichiometry in favor of the target and
culminating in inadequate target inhibition. This has been described in imatinib-resistant CML
for which resistance was associated with progressive BCR-ABL gene amplification [100].
Similarly, Ercan and co-workers showed focal amplification of T790M-containing allele of
EGFR in NSCLC resistant to a novel EFGR inhibitor (PF00299804) [105].

A second commonly reported mechanism by which tumors circumvent inhibition by
targeted therapy is through the activation of alternative or bypass signaling pathways. These are
pathways that effectively work around the effect of the kinase inhibitor by engaging a parallel
signaling cascade independent of the original target kinase culminating in similar oncogenic
output and ultimately relapse. Engelman and co-workers demonstrated maintenance of EFGR
signaling in NSCLC in the presence of erlotinib and gefitinib by sustained activation of the
PI3K/Akt signaling cascade [89]. Similarly, engagement of MET signaling can bypass EGFR
inhibition by gefitinib in NSCLC [98,99]. In yet another study, imatinib-resistant GIST cells
demonstrated upregulation of AxI for which Akt is a downstream target [106,107]. In both
imatinib- or nilotinib-resistant CML, both Mahon and co-workers and Ito and co-workers
demonstrated activation of the Src kinase Lyn as a bypass mechanism to BCR-ABL inhibition
[108,109].

A final reported pathway-dependent mechanism of resistance is the activation of
downstream signaling molecules. That is, members of the pathway downstream of the target

kinase are reactivated. Following RAF inhibition in BRAF-mutant melanoma, Wagle and co-
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workers describe attenuation of the initial dramatic patient response by the activation of a
downstream kinase, MEK1. Following sequencing, an activating mutation in codon 121 of the
MEK?1 gene was identified that was absent in the pre-treatment samples [110]. In another study,
NSCLC with gefitinib-sensitizing EGFR mutations became resistant to the inhibitor following
activation of Ras. These studies suggest that activation of targets immediately downstream of
EGFR confer secondary resistance to gefitinib [111].

Regardless of the pathway-dependent mechanism of resistance, all of the broad categories
outlined above eventually culminate in pathway reactivation and sustained downstream signaling

leading to growth and survival of tumor cells.

Pathway-independent Mechanisms of Resistance:

While TKI resistance is most often attributed to reactivation of the target pathway
through one of the mechanisms described above, it is not uncommon for tumors to fail to
response to a given inhibitor even in the face of sustained signaling inhibition. The following
section summarizes the common pathway-independent mechanisms of resistance responsible for
this phenomenon. These include enhanced drug efflux, drug plasma sequestration, differential
induction of apoptosis, and altered drug metabolism.

Ineffective intracellular drug concentrations lead to cessation of any tumor response and
ultimately disease progression. One of the most commonly reported mechanism by which this
occurs is enhanced drug efflux/transport. The expression or overexpression of multidrug resistant
(MDR) proteins plays a pivotal role in treatment failure in cancer patients [91,104,108,111-114].
MDR proteins are ATP-driven transmembrane pumps responsible for the transport of a broad
range of proteins. They are members of the ATP-binding cassette (ABC) transporter family and

present in normal tissue, such as testes, placenta, and brain serving as a protective barrier, and
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kidney, liver, and intestine, playing a role in systemic detoxification [104]. P-glycoprotein (P-
gp), is one of the most well-studied transmembrane efflux protein, for which a broad range of
structurally diverse substrates exists. P-gp is encoded by ABCB1, or MDR1, genes [104,115,116].
Indeed, these drug transporters have emerged as key regulators of intracellular drug
concentrations and a source of drug resistance. Overexpression of P-gp has been demonstrated in
CML cells resistant to imatinib [112]. Furthermore, several investigators have demonstrated a
reversal of the resistant phenotype in numerous models by pharmacological inhibition [104,117]
or gene silencing [118,119] of P-gp. Widmer and co-workers demonstrated that inhibition of P-
gp by RNAI silencing of imatinib-resistant was associated with increased intracellular levels of
imatinib and restored sensitivity [119]. Another drug transporter, BCRP, encoded by ABCG2,
has also been reported to be an active transporter for mitoxantrone, topotecan, and flavopiridol.
Furthermore, its overexpression has been described in several drug-resistant tumor scenarios
[120]. Elkind and co-workers described BCRP-mediated protection of EGFR inhibition by
gefitinib following transport of the drug out of A431 cells leading to a reduction in effective
intracellular drug concentrations. Furthermore, this was reversed following co-treatment with a
ABCG2-specific inhibitor [121]. Another method by which tumor cells effectively decrease
intracellular concentrations of inhibitors is by sequestration by plasma proteins. Perhaps the most
well-studied of these proteins is plasma protein-1 acid glycoprotein (AGP) [91]. Indeed, AGP
has been shown to bind imatinib and effectively alter its pharmacokinetics, plasma
concentrations, and intracellular distribution in CML patients [122-124]. Recently, a novel
mechanism of resistance to targeted therapy was described by Gotink and colleagues involving
lysosomal sequestration of sunitinib, thereby similarly decreasing the effective intracellular

concentrations of drug. In multiple in vitro, xenograft, and patient tumor model systems,
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intracellular drug concentrations were measured in sunitinib-resistant cells and tumors.
Fluorescent microscopy demonstrated intracellular sunitinib distribution in lysosomes, which
were significantly higher expressed in resistant cells. Lysosomal sequestration correlated with a
1.7- to 2.5-fold higher intracellular concentration; however, this precluded the ability of the drug
to effectively inhibit its target. Indeed, key downstream signaling proteins, phospho-Akt and
phospho-ERK were unchanged and comparable to untreated samples [125].

The evasion of apoptosis is a unique hallmark of cancer [126]. Indeed, apoptosis is often
the result of a shift in the balance of key components of the intrinsic apoptotic pathway that are
critical to the cell’s growth and survival [127]. The intrinsic, or mitochondrial, apoptotic pathway
has emerged as a critical link between targeted inhibition of kinases and cell death [128]. This
pathway is regulated by Bcl-2 family members comprised of pro-apoptotic and anti-apoptotic
proteins, the balance of which shifts the fate of the cell towards survival or death. The pro-
apoptotic BH3-only BIM is unique in its ability to bind with high affinity to all Bcl-2 family
members, including Bax and Bak, which are directly activated by BIM. BIM consistently
mediates a critical role in TKI-induced apoptosis. As such, it is a reasonable candidate to study
when investigating differential induction of apoptosis following targeted therapy [128]. Indeed,
Nakagawa and co-workers described a BIM deletion polymorphism precluding the transcription
of the proapoptotic isoform required for gefitinib- and erlotinib-induced apoptosis in NSCLC. As
a result, this inability to induce apoptosis despite adequate inhibition of the signaling pathway
conferred an inherent drug-resistant phenotype [129]. Similarly, Paraiso and co-workers
demonstrated that loss of PTEN contributes to resistance to the BRAF inhibitor, PLX4720, via
suppression of BIM-mediated apoptosis [130]. Differential induction of apoptosis as a

mechanism of resistance has likewise been associated with the overexpression of survivin, a
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negative regulator of apoptosis, as it is known to inhibit caspase activation [131]. As such,
overexpression of survivin has been shown to mediate resistance to lapatinib in breast cancer

both in vitro and in vivo [132].

Studying Resistance to Targeted Therapy:

One of the simplest and most common methods to studying drug resistance is the
development of drug-resistant cell lines from a parental line after continuous and stepwise
exposure to the drug in question [95,98,133]. Cells with predefined drug-sensitizing mutations
are exposed to increasing amounts of the targeted compound until resistant subpopulations
emerge. These resistant sublines continue to proliferate even in the presence of high
concentrations of drug. Following the establishment of a drug-resistant subline, extensive studies
can be performed comparing the resistant sublines to the drug-sensitive parental line to uncover
novel mutations, pathway alterations, or other genomic alterations that may confer the resistant
phenotype. In order to uncover the mechanisms of resistance to gefitinib in non-small cell lung
cancer (NSCLC), Ogino and co-workers continuously exposed NSCLC cells to gefitinib. The
resistant cells that emerged harbored a secondary mutation, T790M, in EGFR [95]. Similarly,
imatinib-resistant and nilotinib-resistant melanoma sublines were established by Todd and co-
workers following chronic exposure of M230 cells to these receptor tyrosine kinase inhibitors.
The emergence of several secondary mutations in c-kit were identified and further shown to
confer the observed resistance to these compounds [133].

A second commonly used approach to studying resistance to targeted therapy is through
the use of random mutagenesis of the intended drug target. This involves the construction of

mutagenesis libraries using an expression vector containing the target cDNA, which are
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subsequently packaged into viral delivery systems and incubated with drug-sensitive cell lines.
These cell lines are grown in the presence of efficacious doses of the query compound followed
by the selection of resistant clones. This method was used to identify several mutations in the
BCR-ABL kinase domain that mediate imatinib resistance in CML [134] as well as the
emergence of mutations in MEK1 in BRAF-mutant melanomas resistant to MEK and B-RAF
inhibitors [135]. In a similar approach, chemical mutagens, such as N-ethyl N-nitrosourea
(ENU), have been used to identify resistant mutations. Following ENU mutagenesis of Ba/F3
cells expressing a sunitinib-sensitive KIT mutant, Guo and co-workers described a secondary
mutation in the KIT activation loop that led to resistance to sunitinib [136]. Bradeen and co-
workers employed ENU mutagenesis in Ba/F3-p210(BCR-ABL) cells to investigate the
emergence of secondary mutations in the kinase domain following exposure to imatinib
mesylate, dasatinib, and nilotinib as monotherapies and in dual combination [46].

A third in vitro approach to studying resistance to targeted therapy is through the use of
systematic gain- and loss of function-screens through the use of open reading frame (ORF) and
shRNA or RNA. libraries, respectively. Indeed, to elucidate the mechanism of resistance to the
RAF inhibitor, PLX4720, in BRAF*®E.mutant melanoma, ~600 kinase and kinase-related open

reading frames (ORFs) were expressed in BRAF'®

-mutant melanoma cells. As a result,
MAP3K8 was identified as a novel kinase conferring resistance to RAF inhibition in these cell
lines [137]. Conversely, the use of loss of function screens have shown promise in highlighting
genes whose deletion might play a role in conferring drug resistance. For example, Berns and co-
workers demonstrated through the use of an RNA interference screen that loss of PTEN is

involved in resistance to trastuzumab in the treatment of breast cancer [45]. Likewise, similar

studies using an RNAI screening library identified CDK10 silencing as a fundamental component
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to tamoxifen sensitivity in the treatment of breast cancer [138].

Rodent models of disease have proven to be invaluable comparative models. Their use in
studying mechanisms of resistance to targeted therapies has provided insight to key regulators of
resistance in a number to drug-tumor interactions. Similar to the in vitro studies outlined above,
chronic treatment studies in genetically engineered mouse models have been equally informative
of mechanisms of resistance. Politi and co-workers established erlotinib-resistant model of
NSCLC in transgenic mice after chronic treatment with erlotinib. Following analysis of the
tumor samples, T790M mutations or Met amplification were identified in a subset of the tumors
in these mice. This an example of a mouse model that eloguently recapitulates the molecular
changes previously established in vitro involved in erlotinib resistance in NSCLC [139].

Perhaps the most clinically relevant method by which to identify mechanisms of drug
resistance is by direct genomic and molecular analysis of drug-resistant patient samples. That is,
the collection of tumor samples at the time of relapse for downstream mutation and pathway
analyses. In one study, sequencing of 138 cancer genes from a melanoma sample from a patient
who became refractory to PLX4032, a BRAF and MEK inhibitor, after an initial response
identified an activating mutation at codon 121 in the downstream kinase MEK1 that was not
identified in the paired pretreatment tumor. This MEK1(C121S) mutation was subsequently
shown to increase kinase activity and confer the observed resistance to both RAF and MEK
inhibition in vitro [110]. Analysis of clinical material from imatinib-resistant CML patients
revealed a single amino acid substitution in the Abl kinase domain that negatively affected drug
binding. In addition, imatinib-resistance in a small subset of patients was conferred by bcr-abl
gene amplification. Both mechanisms lead to reactivation of BCR-ABL signal transduction

pathway and disease progression [100]. Bertucci and co-workers sequenced c-kit from a patient
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with GIST before and after the development of imatinib resistance demonstrating acquisition of a
secondary mutation in exon 13 of c-kit in the resistant sample, but absent in the treatment naive
sample [140]. In a similar, yet larger, study, imatinib-resistant GIST samples were sequenced of
which 18.8% were characterized by acquisition of nonrandomly distributed secondary KIT

mutations associated with decreased imatinib sensitivity [97].

OVERCOMING RESISTANCE TO TYROSINE KINASE INHIBITORS

The inevitable development of resistance to targeted therapy underscores the limitations
of their use as a monotherapy as well as the need to identify distinct molecular mechanisms of
resistance in order to overcome or prevent this phenomenon. There are several proposed
strategies to achieving more durable remission times. These largely include the development of
novel, or second generation, therapies or the use to combination therapies to block or circumvent
the resistant mechanism. As described previously, resistant mutations associated with the
gatekeeper residues can produce steric hindrance to the drug-binding site in addition to alteration
of drug contact points. Knowledge of this phenomenon has paved the way for the development
of second-generation inhibitors. For example, AP24534 and HG-7-85-01 have been shown to be
effective against imatinib-, nilotinib-, and dasatinib-resistant CML harboring T315l mutation
[141,142]. Both are small, type Il tyrosine kinase inhibitors that are not sterically hindered by
this mutation, underscoring the importance of understanding the structural consequences of
resistant mutations. In NSCLCs harboring T790M mutations, the advent of irreversible EGFR
inhibitors that covalently bind Cyc 797 have shown promise in erlotinib- and gefitinib-resistant
lung cancer [143,144]. Both irreversible compounds are characterized by increased affinity of the

ATP-binding site compared to the ATP affinity produced by the T790M mutation.
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Combinatorial approaches have shown encouraging results for resistance settings in
which engagement of bypass pathways occurs. As discussed above, activation of MET signaling
can bypass EGFR inhibition by gefitinib in NSCLC. Engelman and co-workers demonstrated a
reversal of this resistant phenotype following simultaneous MET inhibition in NSCLC [98].
Likewise, melanoma patients with acquired resistance to BRAF inhibition have demonstrated
restored sensitivity to treatment after the addition of combination treatment with IGF-1R/PI3K
and MEK inhibitors [145]. This strategy of combined BRAF and MEK inhibition has shown
clinical promise in BRAF-mutant melanoma [137]. As outlined above, a decrease in effective
intracellular drug concentration by enhanced drug efflux or sequestration has been shown to be
an important mechanism by which tumor develop resistance. As such, inhibition of these
pathways is a reasonable approach to overcoming resistance by these mechanisms. Indeed,
Bradshaw-Pierce and co-workers demonstrated increased gene and protein expression of the
drug transporter, P-gp, in a subset of colorectal, hepatocellular, and renal cancer cell lines and
patient-derived tumor xenografts, tumors that frequently express high levels of P-gp [104].
Furthermore, it was shown that tumors overexpressing P-gp were resistant to inhibition by the
p21 activated kinase (PAK) inhibitor, PF-309, a substrate for P-gp. Tumor drug concentration
was approximately fourfold lower in tumors that overexpress P-gp and this was directly
correlated with tumor response. The addition of a P-gp inhibitor increased the sensitivity of cell
lines and xenografts to the PAK inhibitor [104]. In another study, Mahon and co-workers
generated nilotinib-resistant CML cells to investigate mechanisms of resistance [108].
Overexpression of the MDR-1 gene was identified as a mechanism of drug resistance. The
inhibitory effect of nilotinib, a P-gp substrate, was restored upon addition of P-gp inhibitors,

verapamil or PSC833 [108]. These studies suggest that the addition of compounds that abrogate
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the effect of drug transporters in a combinatorial approach is a reasonable approach to enhance
the biological activity of compounds that are known substrates of drug transporters in tumors that
demonstrate increased expression of MDR proteins. Regardless of rescue treatment strategy,
identification and characterization of resistant mechanisms are paramount to developing new

treatment paradigms to overcome clinical resistance even before it develops.

CLINICAL TRANSLATION CHALLENGES

There are several challenges associated with advancing the data from preclinical studies
of resistance into clinical strategies. Perhaps the most significant challenge arises from the
clinical observation that multiple mechanisms of resistance can co-exist in a single patient.
Differences have been reported between metastatic sites and between the primary tumor and sites
of metastasis. Indeed, Liegl and co-workers analyzed 53 sites of metastasis in 14 GIST patients
who had become refractory to either imatinib or sunitinib [146]. 83% of the patients developed
secondary mutations in KIT. 67% percent of these patients had between two and five different
secondary mutations in separate sites of metastasis. Furthermore, 34% of these cases
demonstrated two different secondary KIT mutations within the same metastatic lesion. All the
secondary KIT mutations identified consisted of point mutations clustered in and around the
ATP-binding site [146]. In another example of resistance heterogeneity, both MET amplification
and a T790M mutation in EGFR were identified in the same NSCLC tumor resistant to erlotinib
and gefitinib [147], as well as in different metastatic sites [98]. A second challenge is the
detection of drug resistant mutations initially defined in preclinical cell culture-based studies in
clinical samples. The resistant mutations presumably exist in a small subpopulation of cells that

are selected for upon administration of treatment. Detection by conventional sequencing
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techniques may only be possible once significant expansion of the resistant subpopulation has
occurred. In addition, for resistance caused by target gene amplification, it is poorly defined what
constitutes a clinically significant amplification [89]. Finally, accurate and precise identification
of which patients have drug resistant mutations and which specific mutation they have acquired
is crucial in determining a rescue therapy [89]. This requires repeated biopsies at the time of
development of resistance, innovative biomarker studies, followed by assaying for commonly
encountered resistant mechanisms previously described in preclinical studies. These biopsies
should be both patient matched and lesion matched in order to have an internal reference to
compare subtle changes in gene and protein expression [90]. As tumors are the result of multiple
genetic alterations so are the mechanisms of acquired resistance to targeted therapy.
Development of novel, combinatorial, and individualized therapeutics must coincide with the
discovery of new resistance mechanisms in order to overcome acquired resistance to targeted

therapy in cancer.

Project Rationale

The identification of central abnormalities in signaling pathways has advanced the
development of targeted therapy. Aberrant signaling is commonly caused by protein kinases and
small molecule inhibitors of these proteins have shown significant promise in the treatment of
cancer. With this approach, small molecules bind with greater affinity to the ATP-binding site of
protein kinase than ATP molecules. This competitive approach mitigates continued cell signaling
and ultimately induces growth arrest and cell death. As additional aberrant signaling pathways
are uncovered, additional targeted therapies will be developed. Despite the rapid expansion of

targeted therapies in human medicine, these strategies are limited in veterinary medicine. This is
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largely due to the lack of knowledge of key signaling pathways driving the pathogenesis of many
tumors in veterinary species [29]. In addition, the use of targeted inhibitors developed for human
medicine is largely cost-prohibitive. Two TKIs have been approved for use in veterinary
medicine, specifically for the use of intermediate and high grade, non-resectable canine MCT.
These include toceranib phosphate (Palladia®; Zoetis) and masitinib (Kinavet®; AB Science).
Both are members of the multitargeted, split-kinase family of inhibitors with biological activity
against KIT [80,81,85,148]. Since a significant subset of canine MCTs carry an activating
mutation in the KIT receptor, it was hypothesized that measurable responses would be observed
in these dogs. A series of proof-of-target and early phase clinical trials of toceranib (TOC)
demonstrated a reduction in activated KIT and objective tumor responses, most notably in MCTs
harboring internal tandem duplications in exon 11 of c-kit [5,7,88]. Despite encouraging
objective response rates, the majority of responders’ MCTs eventually progressed on treatment.
This reported clinical picture of acquired resistance to toceranib phosphate formed the basis of
the project presented herein. The aims of these studies were to development an in vitro model of
TOC resistance in canine MCT, identify mechanisms that confer the observed resistance, and
identify clinically relevant biomarkers of TOC resistance.

The first aim is addressed in Chapter 2 (Development of an in vitro model of acquired
resistance to toceranib phosphate (Palladia®) in canine mast cell tumor). To begin to
uncover the mechanisms of acquired resistance to TOC in canine MCT, we developed three
TOC-resistant MCT cell lines by chronically exposing a TOC-sensitive, c-kit-mutant MCT cell
line (C2) to increasing concentrations of TOC. We confirm the emergence of resistant clones by
growth inhibition assays using both TOC and three other KIT inhibitors: imatinib, masitinib, and

LY2457546. We further characterize the resistant phenotype by evaluating the differential
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induction of apoptosis by TUNEL labeling in each subline. To evaluate drug effects on KIT
activation, western analysis for phosphorylated KIT was performed. We found that while TOC
inhibited KIT phosphorylation in the parental C2 line in a dose-dependent manner,
phosphorylation of KIT was maintained in the presence of TOC in all three resistant sublines.
From these data, we hypothesized that the acquisition of secondary mutations in c-kit confer the
observed resistance to TOC. To test this, full-length canine c-kit from the TOC-sensitive and -
resistant sublines was cloned and sequenced. This resulted in the identification of six novel point
mutations in the juxtamembrane and kinase domains of the resistant clones.

In order to further characterize the secondary mutations identified in KIT in the TOC-
resistant sublines, in Chapter 3 (Acquisition of secondary mutations in c-kit confer resistance
to toceranib phosphate (Palladia®) in canine mast cell tumor cells), we pursued
computational-based homology modeling of the TOC-resistant KIT proteins with respect to
TOC-sensitive KIT. The TOC-sensitive and TOC-resistant KIT mutants were docked with the all
four KIT inhibitors to explore the consequence of the point mutations on drug binding. We found
by docking studies that all the secondary KIT mutations were predicted to bind less favorably
than the TOC-sensitive KIT protein. Upon further analysis of the mutated structures, we
identified a narrowing of the entrance to the drug binding sites in all three resistant proteins and
well as loss of critical hydrogen binding necessary for the stability of the ATP- and allosteric
binding sites. Finally, we used this structure-based prediction of mutation-induced drug
resistance to predict response of TOC-resistant cells to the novel KIT inhibitor, ponatinib. We
concluded that computer-based homology modeling of mutated target kinases demonstrate how
defined mutations can confer resistance and underscores the model’s predictive ability in testing

sensitivity to new selective inhibitors.
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Identification of mechansims of resistance to targeted therapy is critical to developing
strategies for rational design of novel inhibitors to circumvent resistance once it develops. Early
identification of patients that will not respond to a selected therapy underscores the importance
for the development of sensitive and specific biomarkers. In Chapter 4 (Expression of
phosphorylated-KIT in canine mast cell tumor: significance as a marker of tumor
aggressiveness and response to KIT inhibition), we developed a clinically relevant
immunohistochemistry based assay to quickly assess KIT activation in response to TOC therapy.
Dogs presenting to Colorado State University’s Veterinary Teaching Hospital with MCT were
enrolled in a clinical trial to investigate the utility of this assay. Six-millimeter punch biopsies
were obtained prior to the first dose (2.75 mg/kg) of TOC (tp) and 6 hours following TOC (ts).
Pre- and post-TOC biopsies were evaluated for differences in pKIT labeling with IHC and these
responses were compared to tumor response using RECIST criteria. MCTs from 4/7 (57.1%)
patients demonstrated a partial response to TOC therapy, 2/7 (28.6%) patients showed stable
disease, and one patient demonstrated progressive disease. Of the four patients characterized by a
PR, 3/4 (75%) demonstrated a reduction in pKIT 6 hours after the first dose of TOC. Of the two
patients that were classified with SD, one dog showed no change in pre- and post-TOC pKIT
activity while another dog demonstrated a 100% reduction in pKIT activity. Finally, one patient
ultimately progressed on treatment despite showing an initial response to KIT inhibition,
consistent with acquired resistance to TOC. While the cohort of dogs enrolled in this study was
small, the trend suggests that assessment of KIT activation by pKIT with IHC provides a rapid
pharmacodynamic biomarker that demonstrates successful or unsuccessful target modulation.
Monitoring the pKIT status during the course of treatment could serve as a reasonable

pharmacodynamic endpoint of response to TOC in order to identify non-responders that may
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benefit from alternative therapy.

This dissertation has two main overarching goals: the first is to develop a model of
acquired resistance to TOC in canine MCT and identify distinctive molecular features of
resistance. The second goal is to characterize these molecular features by structural analysis of
the target proteins that contain the resistance mutations. By developing a high quality template
structure of the drug-protein complex, we established a structure-based method that shows

promising capability for predicting response to novel KIT inhibitors.
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Chapter 2

Development of an in vitro model of acquired resistance to toceranib phosphate (Palladia®)

in canine mast cell tumor

SUMMARY

Mast cell tumors (MCTSs) are the most common skin tumors in dogs and exhibit variable
biologic behavior. Mutations in the c-kit proto-oncogene are associated with the tumorigenesis of
MCTs, resulting in growth factor-independent and constitutive phosphorylation of the KIT
receptor tyrosine kinase (RTK). Toceranib (TOC) phosphate (Palladia®) is a KIT RTK inhibitor
that has biological activity against MCTs. Despite these benefits, patients ultimately develop
resistance to TOC. Therefore, there is a need to identify distinguishing clinical and molecular
features of resistance in this population. The canine C2 mastocytoma cell line contains an
activating mutation in c-kit. Three TOC-resistant C2 sublines (TR1, TR2, TR3) were established
over seven months by growing cells in increasing concentrations of TOC. TOC inhibited KIT
phosphorylation and cell proliferation in a dose-dependent manner in the treatment-naive,
parental C2 line (1Cso <10 nM). In contrast, the three sublines were resistant to growth inhibition
by TOC (ICsp > 1,000 nM) and phosphorylation of the KIT receptor was less inhibited compared
to the TOC-sensitive C2 cells. Interestingly, sensitivity to three structurally distinct KIT RTK
inhibitors was variable among the sublines, and all 3 sublines retained sensitivity to the cytotoxic
agents vinblastine and lomustine. Sequencing of c-kit revealed secondary mutations in the
juxtamembrane and tyrosine kinase domains of the resistant sublines. These included point

mutations in TR1 (Q574R, M835T), TR2 (K724R), and TR3 (K580R, R584G, A620S).
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Additionally, chronic TOC exposure resulted in c-kit MRNA and KIT protein overexpression in
the TOC-resistant sublines compared to the parental line. C2, TR1, TR2, and TR3 cells
demonstrated minimal P-glycoprotein (P-gp) activity and no functional P-gp. This study
demonstrates the development of an in vitro model of acquired resistance to targeted therapy in
canine MCTs harboring a c-kit-activating mutation. This model may be used to investigate the

molecular basis of and strategies to overcome TOC resistance.

INTRODUCTION

The increased understanding of molecular mechanisms driving tumorigenesis in a wide
array of neoplasms has led to the development of novel targeted therapies. While tyrosine kinase
inhibitors (TKIs) are routinely employed in human oncology with success, their use in veterinary
medicine is limited. Two small molecule TKIs, toceranib (TOC) phosphate (Palladia®; Zoetis,
Madison, NJ) and masitinib (Masivet®, Kinavet®; AB Science, Paris, France) have been
approved by the FDA for use in veterinary medicine for the treatment of recurrent, non-
resectable intermediate and high grade canine cutaneous mast cell tumors (MCTs) [1]. The
success of targeted therapies in both human and veterinary oncology, however, is largely
tempered by the nearly inevitable development of drug resistance.

Cutaneous MCTs are the most common skin tumors in dogs, accounting for up to 21% of
all canine cutaneous tumors, and exhibit variable biologic behavior [2-4]. Cutaneous MCTs
commonly present as a solitary mass in older dogs with a mean age of onset of 9 years old. There
is no sex predilection. While all breeds can be affected, Boxers, Boston terriers, Labrador

retrievers, Weimaraners, Bulldogs, Beagles, and Schnauzers are over-represented [5].
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Activating mutations in the juxtamembrane, kinase and ligand binding domains of the c-
kit proto-oncogene have been associated with the tumorigenesis of canine MCTSs, resulting in
growth factor-independent and constitutive phosphorylation of the KIT receptor tyrosine kinase
(RTK). Approximately one-third of canine MCTs carry a c-kit mutation and the majority of
MCTs with c-kit mutations are histologically intermediate or high grade [2, 6, 7]. While the
majority of gain-of-function mutations of c-kit have been identified in exon 11 of canine MCTs,
exons 8 and 9, and less commonly exon 17, also acquire activating mutations [8, 9]. Our
laboratory and others have shown that c-kit mutations, particularly internal tandem duplications
(ITD) in the juxtamembrane domain, are significantly associated with an increased incidence of
recurrent disease, metastasis, and death [2, 6-8, 10-12]. As such, small molecule inhibitors of
KIT are an attractive therapeutic strategy for MCTs in dogs.

Toceranib phosphate is one such receptor tyrosine kinase inhibitor of KIT, approved for
the treatment of recurrent, non-resectable grade 2 and 3 canine MCTs [13, 14]. While TOC has
demonstrated significant biological activity, its usefulness is significantly limited by the eventual
acquisition of drug resistance. In a multi-center, placebo-controlled, double-blind, randomized
study of oral TOC, approximately 40% of dogs experienced an objective response while the
remaining 60% demonstrated no response, likely due to de novo resistance. Two-thirds of the
responders were positive for an activating mutation in c-kit. The average time to tumor
progression in all responders was 18 weeks; therefore, virtually all dogs with MCTs have either
intrinsic TOC resistance or eventually develop resistance [13]. Therefore, there exists a need to
identify distinctive clinical and molecular features of resistance in this population.

The aim of the current study was to develop a model of acquired TOC resistance in

canine MCT. Acquired resistance was modeled in vitro using the TOC-sensitive C2 canine MCT
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cell line to subsequently allow us to investigate mechanisms of acquired resistance in order to
ultimately develop second-line inhibitors as well as rational drug combination therapies for the

treatment of TOC-resistant MCTs in dogs.

METHODS

Cell culture and generation of toceranib-resistant sublines from C2 cells

Toceranib phosphate was provided by Zoetis (Florham Park, NJ). Masitinib (AB1010,
Kinavet) and LY2457546 were provided by AB Science (Paris, France) and Elanco (Greenfield,
IN), respectively. Imatinib was purchased from Selleck Chemical (Houston, TX). Vinblastine
(VBL) and lomustine (CCNU) were purchased from Sigma (St. Louis, MO). Stock solutions of
all drugs were prepared in DMSO and stored at -20°C. The c-kit mutant canine C2 mastocytoma
cell line, derived from a spontaneously occurring cutaneous MCT, was used as the parental cell
line [45]. Cells were propagated in RPMI 1640 supplemented with 2 mM L-glutamine, 10%
FBS, 100 g/mL streptomycin, and 100 U/mL penicillin in a 37°C incubator under a humidified
atmosphere of 5% CO,. TOC-resistant C2 cells were selected by growing C2 cells in
concentrations of TOC ranging from 0.02 uM to 0.3 uM and increasing in 0.025-0.05 uM
increments. Three independent, TOC-resistant sublines were established over a period of 7

months.

Drug Sensitivity Assays

The sensitivity and resistance of each cell line to TOC, three other TKIs, and the

cytotoxic agents VBL or CCNU were determined by measuring relative viable cell number using
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a bioreductive fluorometric assay (Alamar Blue, Promega; Madison, WI). All three C2 sublines
as well as the treatment naive, parental C2 cells were plated in triplicate in 96-well plates at
densities of 2,000 cells per well. Cells were treated with increasing concentrations of TOC, three
other KIT kinase inhibitors, VBL or CCNU for 72 hours. Alamar Blue reagent was added to all
wells, plates were incubated for 1 hour at 37°C, and fluorescence was measured on a BioTek
plate reader (BioTek, Winooski, VT). Dose-response curves were generated using Prism

(GraphPad Software, La Jolla, CA).

Terminal Deoxynucleotidyltransferase-Mediated dUTP Nick End Labeling (TUNEL)
Apoptosis Assays

To evaluate drug effects on the induction of apoptosis, the C2 parental and three TOC-
resistant sublines were treated for 24 hr with increasing concentrations of TOC (0-100 nM) and
the cytotoxic agents VBL and CCNU (0 ug/mL-100 ug/mL). Cells were harvested and
resuspended in media. Approximately 250,000 cells were centrifuged at 40 x g for 4 minutes
onto glass slides. Cytospins were dried and stored at 4°C overnight followed by fixation in 4%
paraformaldehyde for 60 min at room temperature. Cells were permeabilized with 0.1% Triton
X-100 in 0.1% sodium citrate solution for 2 min on ice. TUNEL staining was carried out
following the manufacturer's instructions (Roche Applied Science, Indianapolis, IN). Slides were
counterstained and mounted with DAPI (Vector, Burlingame, CA). Image analysis was
performed using AxioVision 4.3 system software from Carl Zeiss using an Axioplan 2 imaging

scope coupled with an AxioCam HRc Carl Zeiss camera.
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Western blot analysis

To evaluate drug effects on KIT autophosphorylation, parental C2 cells and the resistant
sublines were incubated for 24 hours with increasing concentrations of TOC (0-100 nM) and
phosphorylated and total KIT were analyzed by western blot. Cells were resuspended in lysis
buffer containing 1% Triton X-100, 100 nM sodium orthovanadate, 0.2 mM PMSF, 1 M Tris, 1
M NaCl, and 7X protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN),
incubated on ice for 15 min, and centrifuged for 5 min. Protein was separated by SDS-PAGE on
a 6% acrylamide gel and transferred onto a polyvinylidene difluoride membrane. Membranes
were blocked for 60 min at room temperature in 5% bovine serum albumin. Immunolabeling for
KIT was performed using a rabbit polyclonal anti-human antibody (Dako, Carpinteria, CA) at
1:1000 while immunolabeling for pKIT was performed using a rabbit polyclonal anti-human
antibody (Cell Signaling Technology, Beverly, MA) at 1:2000 for 16 hours at 4°C, followed by
incubation with HRP-conjugated anti-rabbit antibody at 1:5000 for 30 min at room temperature.
Immunoreactive bands were detected using enhanced chemiluminescent reagents (Thermo

Scientific, Rockford, IL).

Mutational Analysis: Cloning and Sequencing of c-kit

Full-length canine c-kit from the TOC-sensitive and -resistant sublines was cloned and
sequenced. Total RNA was extracted from C2 cells using RNeasy Mini-kit after homogenization
using QIA-shredder columns according to the manufacturer’s instructions (Qiagen; Valencia,
CA). First strand cDNA was synthesized using ThermoScript™ RT-PCR System (Invitrogen;
Carlsbad, CA) according to the manufacturer’s instructions. Full-length canine c-kit was

amplified using Platinum® Tag DNA polymerase High Fidelity (Invitrogen) and the following
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primers: c-kit Forward AGGCTATCGCAGCCACCGCGATGAG and c-kit Reverse
GATCGCTCTTGTTGGGGAGAC. The conditions for PCR amplification were as follows: pre-
denaturation at 94°C for 2 min, 40 cycles of denaturation at 94°C for 30 sec, annealing at 57°C
for 30 sec, extension at 68°C for 3 min 30 sec and, following the final cycle, an additional
extension at 68°C for 7 min was performed. The PCR products were purified according to the
QIAquick PCR purification kit instructions. The concentration was determined using a Nanodrop
1000 spectrophotometer (Thermoscientific; Wilmington, DE). The cDNA fragment of interest
was ligated into a pPGEM®-T easy vector (Promega) by T4 ligase at 4°C overnight. The product
was transfected to competent DH5a bacteria. Positive recombinants were selected on a Luria-
Bertani (LB) plate with X-gal and 100 pg/mL ampicillin. The white bacterial colonies were
selected, amplified and plasmids were extracted and purified using the QIAquick DNA reagent
kit (Qiagen). Positive clones were selected by restriction endonuclease digestion with EcoRI and
Spel restriction enzymes and positive recombinants were sequenced. Sequencing was performed
using the dideoxynucleotide chain termination method (Sanger Method) with an automated
sequencer (ABI 3130xL Genetic Analyzer, Life Technologies, Grand Island, NY) using T7 and
SP6 promoter primers and five internal sequencing primers (Table 2.1, Figure 2.1). Assembly,
editing and comparison of all cDNA sequences was performed using Geneious Pro version 5.5.8
created by Biomatters (http://www.geneious.com/). Briefly, multiple clones from each cell line
were compared to eliminate potential polymerase errors. For each clone, full-length c-kit
sequence was assembled from a series of overlapping sequence reads. Contig assembly and
multiple sequence alignments were performed using the “Assembly” and “Alignment” functions

of Geneious, respectively.
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Table 2.1 Forward and Reverse Sequencing Primers for full-length c-kit.

Primer Sequence Range (bp) Start Site 5’-Sequence-3’
FOR1 501-1000 448 GACGGACCCAGAAGTGACC
FOR2 1001-1500 948 CCTTGGAAGTAGTAGATAAAGGATTC
FOR3 1501-2000 1453 AGTGGTTCAGAGTTCCATCG
FOR4 2001-2500 1948 CAAAGTCTTGAGTTACCTCGG
FOR5 2501-3000 2950 TGTGTGAAGCAGGAGGAGTG
REV1 500-1 552 CTGATCGTGATGCCAGCTT
REV2 1000-501 1040 CAATCAGATCCACATTCTGTCC
REV3 1500--1001 1542 GCAGAACTCCTGCCTACATTG
REV4 2000--1501 2040 TATTCTGTAATGACCAAGGTGGG
REV5 2500--2001 2552 TGAAAATGCTCTCAGGGGC
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Figure 2.1 Seguencing strategy of full-length canine c-kit with forward and reverse internal
sequencing primers
c-kit and KIT Expression

Real Time-quantitative PCR (RT-qPCR): To evaluate the effects of chronic TOC
exposure on mMRNA expression of c-kit, RT-qPCR was performed on both TOC-sensitive and —
resistant C2 cells. RNA was extracted, purified, and cDNA synthesis performed as described
above. RT-gPCR was performed on five biological replicates in triplicate with denaturation at
94°C for 2 minutes and 40 cycles of 30 seconds at 94°C (melting) and 60 seconds at 57°C and 3
minutes and 30 seconds at 68°C (annealing and elongation) followed by 7 minutes at 68°C using

the iIQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) and 25 ng equivalent RNA input
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in 25 uL reactions on a Stratagene Mx3000P thermal cycler (Stratagene; La Jolla, CA). Primers
were designed to be intron-spanning using Geneious. The standard curves, dissociation curves,
and amplification data were collected using Mx3000P software and analyzed with the 2+
method [46]. In all cases, the amplification efficiencies were greater than 90% and both amplicon
size and sequence were confirmed. Expression levels were normalized to hypoxanthine
phosphoribosyltransferase 1 (HPRT1) expression. HPRT was selected as a reference gene since
it did not exhibit significant variation among our experimental samples. The c-kit forward primer
sequence was 5’- TTGGTCTAGCCAGAGACATCAA -3, the c-kit reverse primer sequence
was 5 TGAAAATGCTCTCAGGGGC -3’, the HPRT1 forward primer sequence was 5’-TGC
TCG AGA TGT GAT CAA GG-3’ and the HPRT1 reverse primer sequence was 5°-TCC CCT

GTT GACTGG TCATT-3".

Flow Cytometry: To evaluate the effects of chronic TOC exposure on KIT expression,
flow cytometric analysis was performed on three biological replicates of TOC-sensitive and —
resistant lines in triplicate. 250,000 parental C2 and TR1, TR2, and TR3 cells were incubated
with 0.4 ug PE-conjugated rat anti-mouse monoclonal CD117 (BD Pharmingen; San Jose, CA)
for 30 minutes in the dark at room temperature, washed with 1X PBS, centrifuged at 200 x g for
5 minutes, and resuspended in 1X PBS. Data was acquired using a Gallios flow cytometer and
Gallios software (Beckman Coulter; Brea, CA). Results were analyzed using Kaluza Analysis
Software (Beckman Coulter). Cells were gated based on forward scatter and side scatter

properties.
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P-gp Expression/Function

To evaluate the expression and function of P-gp in the TOC-sensitive and -resistant
sublines, western blotting and rhodamine uptake/efflux was performed, respectively. C2, TR1,
TR2, and TR3 cells were lysed as described above. As a positive control, MDR1-over-expressing
canine Madin Darby Canine Kidney (MDCK) cells were used (kindly received from Dr. Michael
Gottesmann, Laboratory of Cell Biology, National Cancer Institute, NIH, Bethesda, MD).
Protein was separated by SDS-PAGE on a 6% acrylamide gel and transferred onto a
polyvinylidene difluoride membrane. Membranes were blocked for 60 min at room temperature
in 4% milk. Immunolabeling for MDR-1/Pg-p/ABCB1 was performed using a rabbit polyclonal
anti-human antibody (Novus Biologicals, Littleton, CO) at 1:1000 followed by incubation with
HRP-conjugated anti-rabbit antibody at 1:5000 for 30 min at room temperature. Immunoreactive
bands were detected using enhanced chemiluminescent reagents (Thermo Scientific; Rockford,
IL). Rhodamine uptake/efflux assays were performed as previously described [47, 48]. Briefly,
200,000 cells were seeded in 6-well plates 24 hr prior to assay. Cells were incubated in
rhodamine (3 uM) or rhodamine and verapamil (50 pg/mL) for 1 hr at 37°C. Rhodamine-
containing media was removed, replaced with fresh media or media and verapamil, and placed at
37°C for 1 hr. Cells were harvested, washed, and flow cytometry was performed to measure

fluorescence intensity.
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RESULTS
Toceranib-resistant C2 cells emerged during chronic, stepwise TOC treatment.

To explore mechanisms of acquired TOC resistance in canine MCT, we generated three
resistant sublines from the TOC-sensitive exon 11 ITD c-kit mutant C2 cell line designated TR1,
TR2, and TR3. Growth of the parental C2 cells was inhibited by TOC in a dose-dependent
manner with an ICsp of <10 nM. In contrast, TR1, TR2, and TR3 sublines were resistant to
inhibition by TOC (ICso > 1,000 nM). (Figure 2.2). Sensitivity to three other KIT RTK
inhibitors was similar to the observed resistance to TOC. The parental line as well as all three
sublines retained sensitivity to the cytotoxic agents vinblastine (VBL) and CCNU (Figure 2.3).
Following 72 hr culture in the presence of increasing concentrations of TOC, treatment naive,
parental C2 cells detached from the culture flask and became rounded, shrunken, and clumped
with increased exposure to TOC. In contrast, TOC-induced morphologic differences were not

identified in the resistant sublines.
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Figure 2.2: Dose-dependent growth inhibition of parental line (C2) and three resistant sublines
(TR1, TR2, TR3) after incubation with increasing concentrations of toceranib phosphate and

three other KIT receptor tyrosine kinase inhibitors (LY?2457546, masitinib, imatinib) for 72
hours
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Figure 2.3 Dose-dependent growth inhibition of parental line (C2) and three resistant sublines

(TR1, TR2, TR3) after incubation with increasing concentrations of vinblastine or CCNU
(lomustine) for 72 hours.
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Toceranib induces apoptosis in parental C2 cells, but not the TOC-resistant sublines.
Tyrosine kinase inhibitors have been shown to promote growth inhibition in C2 cells by
induction of apoptosis and cell-cycle arrest [15]. To explore this, Terminal
Deoxynucleotidyltransferase-Mediated dUTP Nick End Labeling (TUNEL) assays and
morphological evaluations were performed on all four cell lines to determine the effects of TOC
and the cytotoxic agents, VBL and CCNU, on apoptosis. Following 72 hr of increasing exposure
to TOC, a qualitative increase in the number of cells displaying increased TUNEL reactivity and
morphologic evidence of apoptosis (chromatin condensation and nuclear fragmentation) was
observed in the parental line. In contrast, no increase in either positive TUNEL staining or
morphologic evidence of apoptosis was observed in the three TOC-resistant sublines (Figure
2.4). The parental line and all three resistant sublines demonstrated an equivalent increase in both

TUNEL staining and apoptotic morphology after 72 hr of VBL (Figure 2.5) or CCNU exposure.
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Figure 2.4 Effect of toceranib and vinblastine (B) on the induction of apoptosis in C2, TR1,
TR2, and TR3 cells; Red- TUNEL; DAPI counterstain
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Figure 2.5 Effect of vinblastine on the induction of apoptosis in C2, TR1, TR2, and TR3 cells;
Red- TUNEL; DAPI counterstain
KIT phosphorylation in resistant cells does not decrease after toceranib treatment.

To determine whether the lack of growth inhibition observed in the resistant sublines in
Figure 1A was due to a lack of inhibition of autophosphorylation by TOC, the cells were
incubated with increasing concentrations of TOC for 24 hours and western analysis for
phosphorylated and total KIT was performed. TOC inhibited KIT phosphorylation in the parental
C2 line in a dose-dependent manner while phosphorylation of the KIT receptor was maintained
in the presence of TOC in all three resistant sublines (Figure 2.6). Densitometric analysis of

pKIT expression is shown in Figure 2.7.
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Figure 2.6 Western blot analysis of KIT activation (phosphorylated KIT) in parental line (C2)
and three resistant sublines (TR1, TR2, TR3) after incubation with increasing concentrations of
toceranib phosphate for 24 hours
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Figure 2.7 Densitometric analysis of pKIT expression of western blot shown in Figure 2.6.

Chronic TOC exposure resulted in significant overexpression of c-kit mMRNA and KIT
protein in the TOC-resistant sublines.

To investigate whether overexpression of the target kinase contributes to the observed
TOC resistance, c-kit mMRNA and KIT protein expression was measured by real-time quantitative
PCR and flow cytometry, respectively. Indeed, TOC-resistant sublines demonstrated up to a
four-fold increase in KIT receptor expression compared to the parental, treatment naive C2 cells

(Figure 2.7 A and B). Additionally, densitometric analysis of chemiluminescent signals of total
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KIT from Figure 5 was performed using Image J software (National Institutes of Health,

Bethesda, MD), which demonstrated significant overexpression of KIT in all three resistant

sublines compared to the parental line (Figure 2.8).
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Figure 2.8 Analysis of c-kit and KIT expression in C2, TR1, TR2, and TR3 cells by RT-gPCR
(A) and flow cytometry (B, C). Asterisks denote significant differences (*p<0.05).
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Figure 2.9 Densitometric analysis of western blot of KIT expression in C2, TR1, TR2, and TR3

cells.
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C2, TR1, TR2, and TR3 sublines demonstrate minimal P-gp activity and no functional P-
ap.

To determine if TOC resistance is caused by overexpression and increased functional
activity of the drug transporter P-glycoprotein (P-gp), western analysis and rhodamine
uptake/efflux assays were performed, respectively, in all four sublines. While MDR1-
overexpressing MDCK cells showed significant overexpression of P-gp, all four sublines
demonstrated little to no P-gp expression, even when blots were overexposed (Figure 2.8A). The
activity of P-gp in the same cells was determined by rhodamine uptake/efflux. As expected,
MDR1-MDCK cells demonstrated a lower fluorescence signal compared to C2, TR1, TR2, and
TR3 cells. Administration of the P-gp inhibitor, verapamil, increased the fluorescence signal in
the MDR1-MDCK cells, however, no shift in the fluorescence signal was detected in the C2,

TR1, TR2, and TR3 cells (Figure 2.8B).
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Rhodamine Efflux Assay
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Figure 2.10 (A) Western blot analysis of P-gp expression in C2, TR1, TR2, and TR3 cells at 240
and 1060 second exposures. MDR1-overexpressing Madin-Darby canine kidney cell (MDCK)
lysate was used as a positive control. (B) Rhodamine efflux/uptake assay in the same cells as A.
Administration of the P-gp inhibitor, verapamil, increases fluorescence signal in lines with

functional P-gp (MDCK-MDR1) with relatively no change in signal in lines without functional
P-gp (C2, TR1, TR2, TR3).

Secondary c-kit mutations are present in the juxtamembrane and kinase domains of c-kit in
resistant sublines.

To assess whether the development of secondary mutations in the c-kit gene conferred the
observed resistance to TOC, full-length canine c-kit from the TOC-sensitive and -resistant
sublines was cloned and sequenced. cDNA sequence analyses of full length c-kit from each clone
after assembly and comparison of 7-10 clones from each subline was performed. A total of six
novel point mutations were identified in the juxtamembrane and kinase domains of 30-50% of

the resistant clones. These included Q574R in exon 11 and M835T in exon 18 of TR1; K724R in
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exon 15 of TR2; and K58R in exon 11, R584G in exon 11, and A620S in exon 12 of TR3
(Figure 2.9). These novel mutations were not identified in any of the parental C2 clones.
Additionally, alternative splice sites between exons 9 and 10 and exons 17 and 18 were identified
in all sublines. These transcripts utilize alternate splice donors (GT) 3’ to exons 9 and 17.
Furthermore, retention of the original 48-bp internal tandem duplication in exon 11 of the

parental line was observed in all three resistant sublines.
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Figure 2.11 Point mutations identified in 7-10 clones of full-length c-kit from TR1, TR2, and
TR3 sublines. Mutations were commonly identified in functional domains of the KIT receptor.
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DISCUSSION

The identification of protein kinases as instrumental regulators in the tumorigenesis of
many forms of neoplasia has led to the development of numerous small molecule kinase
inhibitors for the treatment of cancer. The understanding of the molecular pathway driving the
development of at least some canine cutaneous MCT, its addiction to a dominant oncogene,
coupled with the identification of a “druggable” target has resulted in significant progress toward
its treatment. Activating mutations in the c-kit proto-oncogene confer growth-factor independent
activation of the KIT receptor tyrosine kinase, subsequent downstream signaling, and enhanced
proliferation and survival of malignant mast cells [4, 16]. Ligand-independent activation of the
KIT pathway most commonly occurs due to a mutation in the juxtamembrane domain in exon 11
[6]. This domain has a negative regulatory function by maintaining the KIT receptor in its
inactive conformation in the absence of ligand binding. Mutations in this domain result in an
active conformation due to disruption of the inhibitory motif resulting in autophosphorylation of
the KIT receptor and downstream signaling [17]. Upon binding the ATP-binding pocket within
the TK domain, the small molecule KIT receptor tyrosine kinase inhibitors abrogate KIT
signaling and induce growth inhibition and apoptosis [14, 18]. Dogs with MCTs harboring an
activating mutation in the c-kit proto-oncogene have demonstrated significantly increased
response rates to TOC [13]. Despite these benefits, the responses are often transitory as tumors
commonly develop resistance to TOC.

To begin to identify mechanisms of acquired resistance to TOC, we have successfully
developed a model of acquired resistance using a canine MCT cell line by continuously exposing
cells to increasing concentrations of TOC, resulting in three independent sublines that are

resistant to TOC. The C2 MCT cell line harbors the KIT-activating ITD mutation in exon 11,
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which represents the most common mutation in canine MCT [8, 10]. In one study, 64% of KIT
mutations identified in canine MCT were ITDs in exon 11 [8]. As such, the C2 cell line is a
clinically relevant canine MCT line for these investigations. While the parental C2 line
demonstrated dose-dependent growth inhibition following treatment with TOC, the three
sublines, TR1, TR2, and TR3, remained resistant to TOC exposure. Similarly, TOC exposure
caused an induction of apoptosis in the parental line while no evidence of apoptosis was
observed in the three sublines following similar TOC exposure. Importantly, the TOC-resistant
sublines retained sensitivity to the cytotoxic agents VBL and CCNU, and demonstrated variable
sensitivity to other KIT kinase inhibitors. This lack of apparent cross-resistance to the
conventional cytotoxic agents VBL and CCNU suggests that these drugs may remain active in
patients with TOC-refractory disease.

There are several reported pathway-dependent mechanisms of acquired resistance to
TKIs. One of the most common mechanisms is acquisition of secondary mutations within the
target oncogene leading to either reactivation of the target protein or induction of a
conformational change in the drug binding pocket resulting in reduced binding affinity [19-23].
As KIT TKIs bind to the ATP-binding pocket of a kinase in a competitive fashion, mutations
located in the in the drug/ATP-binding pocket of the receptor are associated with acquired drug
resistance. Heinrich and co-workers showed that secondary point mutations located in the ATP-
binding pocket of the KIT receptor (encoded by exons 13 and 14) are associated with resistance
to imatinib, a KIT receptor TKI, in gastrointestinal stromal tumors (GISTs) [24]. In the current
study, the observed variable resistance to the three other KIT inhibitors, both between the three
inhibitors (imatinib, masitinib and LY2457546) and among the three resistant sublines, suggests

that there may be differences in drug binding kinetics among the four compounds and perhaps
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differences in mechanisms of acquired resistance between the three sublines, respectively.

Engagement of alternative or bypass signaling pathways is another common mechanism
of acquired resistance to receptor tyrosine kinase inhibitors [25-28]. This can occur independent
of the target oncogene to which a tumor is addicted. Indeed, the activation of a bypass pathway
has been shown to overcome KIT inhibition in human GISTs. GIST cells resistant to imatinib
demonstrated increased activation of the AKT pathway leading to continued cell growth and
survival [29, 30]. Nazarian and co-workers showed that melanomas harboring a BRAF (V600E)
mutation eventually become resistant to the RAF-selective inhibitor, PLX4032, by activation of
an alternative survival pathway mediated by PDGFRp [31].

In addition to secondary mutations in the target oncogene and activation of bypass
signaling pathways, resistance to targeted therapies can also occur through activation of effector
proteins upstream and/or downstream of the intended target. Nazarian and co-workers also
demonstrated reactivation of NRAS signaling in PLX4032-refractory melanomas leading to
MAPK pathway reactivation and disease progression [31]. Similarly, Wagle and co-workers
demonstrated activating mutations in MEK1 and subsequent reactivation of the MAPK pathway

following treatment of melanoma with PLX40 [32].

To begin to explore these possibilities in our TOC-resistant canine MCT model, we
examined KIT activation status in the parental and TOC-resistant C2 sublines by western blot
analysis using an antibody against KIT phosphorylated at Tyr719. While phosphorylated KIT
was reduced in a dose-dependent manner in the parental line, KIT activation was maintained in
the presence of increasing concentrations of TOC in all three resistant sublines. These data led to
the hypothesis that acquisition of a secondary mutation in the c-kit proto-oncogene would be, in

part, responsible for the observed TOC resistance. To that end, full-length canine c-kit was
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cloned and sequenced. The original ITD mutation in exon 11 was maintained in all three resistant
sublines. Indeed, we detected several different point mutations in the resistant sublines leading to
amino acid substitutions. Interestingly, all of these mutations were located in the functional
domains of the KIT receptor. Computational modeling of these mutations is in process to
ascertain whether they impede contact between the KIT inhibitors, including TOC, and their
binding sites or alter spatial conformation of the target protein. The frequency with which these
mutations were identified in the resistant clones was between 30-50%. This likely represents the
heterogeneity associated with resistance mechanisms. It has been shown that multiple drug-
resistant mutations and disparate mechanisms of resistance can frequently occur in a single
population of tumor cells [27, 33-35]. These include from multiple secondary mutations in the
target kinase as well as independent mechanisms such as activation of a bypass pathway. Other
single nucleotide polymorphisms (SNPs) were identified in single clones. These are likely a
result of polymerase error when observed in a single clone, but when duplicated represent
transcript heterogeneity resulting from genomic instability perhaps as a result of deficiencies in
the DNA repair machinery. Alternative signaling pathways that bypass inhibition of the target
protein, KIT, were not pursued in the current study. Constitutive activation of KIT in the
presence of TOC in the resistant sublines strongly suggests that the mechanism of resistance

occurs at the level of the KIT receptor.

A final pathway-dependent mechanism of acquired resistance is through genomic
amplification of the target gene. Amplification of the target gene and subsequent overexpression
of the target kinase, can alter the drug-target stoichiometry such that inhibition is diminished and
cell survival and proliferation persists [36-40]. Genomic amplification of c-kit has been reported

in imatinib-resistant GISTs as a mechanism of acquired resistance [41]. Ercan and co-workers
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demonstrated that although non-small lung cancers harboring a EGFR T790M mutation
transiently respond to EGFR inhibitors, clones over-expressing EGFR T790M eventually emerge
leading to clinical resistance [38]. Increased expression of the target protein BCR/ABL, resulting
from genomic oncogene amplification, was observed in chronic myelogenous leukemia (CML)
cell lines that became refractory to the selective ABL tyrosine kinase inhibitor imatinib [37]. In
the current study, analysis of c-kit mRNA expression by real-time quantitative PCR
demonstrated a significant increase in c-kit expression in the TOC-resistant C2 sublines
compared to the treatment-naive parental C2 cells. To determine if this increase in c-kit transcript
led to a subsequent increase in KIT receptor expression, flow cytometry was performed. Indeed,
a significant increase in KIT receptor expression was demonstrated in the three TOC-resistant C2
sublines compared to the TOC-sensitive parental C2 cells. This could confer the observed
resistance as binding of TOC to the overexpressed target could deplete the amount of
intracellular drug available. As such, increasing the dose of TOC would be a reasonable
therapeutic approach to overcome KIT-overpexpressing TOC-resistant canine MCTs. However,
in the current model, growth inhibition assays were carried out to doses of TOC 100-fold the
ICso of the treatment naive parental C2 cells and an ICsp was not reached in all three resistant
lines. Therefore, these data suggest that a four-fold increase in expression of the target protein by
itself is likely not adequate to confer the observed resistance. Amplification of the target
oncogene, and subsequent overexpression of the encoded target protein, may have been driven in
response to continued pressure by the KIT inhibitor. Alternatively, because the TOC-resistant
sublines initially responded to TOC and maintained the original ITD activating c-kit mutation in
exon 11, it is possible that the resistant sublines were derived from a distinct c-kit-amplified

subpopulation of c-kit-mutant cells that were subsequently selected for during TOC
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administration.

While the current study focuses on pathway-dependent mechanisms of KIT RTK
resistance, there are several reported pathway-independent mechanisms of resistance that were
investigated. These include pharmacological factors that ultimately diminish drug exposure.
Drug-efflux pumps, such as P-glycoprotein (P-gp) encoded by MDR1, have been shown to be
overexpressed in several TKI-resistant tumors and cell lines. Mahone and co-workers reported a
significant overexpression of P-gp in imatinib-resistant leukemia cell lines [42]. Furthermore,
sensitivity was restored following administration of several P-gp inhibitors. Nakaichi and co-
workers reported the expression of P-gp and MDR-1 by western blot analysis and RT-PCR,
respectively, in several canine MCT cell lines, excluding C2 [43]. Sunitinib, a structural analog
of toceranib, has been shown to be a substrate of P-gp. As such, we investigated the role of drug
efflux in TOC-resistant canine C2 cells as a mechanism of resistance by measuring P-gp
expression and function [44]. The expression of P-gp was determined in all four C2 sublines and
MDR1-overexpressing MDCK cells by western analysis. While the presence of P-gp was
confirmed in all four sublines, there were no significant differences in expression between the
TOC-sensitive cells and TOC-resistant cells. Furthermore, all four C2 sublines showed minimal
functional P-gp as measured by rhodamine efflux with or without administration of the P-gp
inhibitor, verapamil.

Sustained KIT signaling appears required for c-kit mutant MCT survival. Regardless of
the specific mechanism of acquired TOC resistance outlined above, all may lead to reactivation
of the KIT signaling pathway and ultimately tumor progression. Our results demonstrate that
continuous, chronic exposure of C2 cells to TOC causes eventual drug resistance. We

demonstrate that overexpression of the KIT receptor is, in part, responsible for the observed TOC
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resistance, and have identified several candidate mutations that may play a role in resistance
acquisition. The identification of these and other potential mechanisms of TOC resistance is
necessary for the identification of second line KIT inhibitors or alternate therapeutic strategies
for the treatment of high grade, non-resectable canine MCT that are refractory to TOC.
Furthermore, we have created in vitro tools that can be utilized for future study of re-

sensitization strategies for TOC-resistant canine MCT.
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Chapter 3

Acquisition of secondary mutations in c-kit confer resistance to toceranib phosphate

(Palladia®) in canine mast cell tumor cells

SUMMARY

Toceranib (TOC) phosphate (Palladia®) is KIT inhibitor that has been approved in for
the treatment of canine cutaneous mast cell tumor. Despite its clinical benefit, its use is largely
limited by the nearly inevitable development of resistance. We have generated three TOC-
resistant sublines, TR1, TR2, and TR3, after chronic exposure of the TOC-sensitive, c-kit mutant
canine C2 MCT cell line to TOC. Acquisition of secondary mutations in the juxtamembrane and
kinase domains were previously identified after sequencing of canine c-kit. We constructed four
in silico homology models of the cytoplasmic region of TOC-sensitive and -resistant canine KIT
to predict the consequent structures of the drug binding site. Utilizing computational-based small
molecule docking techniques, we calculated the predicted binding energies and orientations of
TOC and the three other KIT inhibitors within the KIT mutant homology models to determine
the structural basis of TOC resistance in vitro. This resulted in decreased favorability of the
predicted binding of TOC and the three other KIT inhibitors to each of the three drug resistant
mutants. To evaluate the utility of in silico homology modeling and small molecule docking
methodologies in predicting response to a novel KIT inhibitor, we docked the novel KIT
inhibitor, ponatinib, into the intracellular domain of the TOC-sensitive and each of the three

TOC-resistant KIT mutant protein structures, followed by binding energy calculations. Ponatinib
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was predicted to bind favorably to TOC-sensitive KIT, but showed a decrease in the favorability
of the predicted binding to each of the three TOC-resistant mutants. Growth inhibition assays
supported these findings. These results demonstrate the proposed structural mechanism by which
secondary KIT mutations confer resistance to TOC in canine MCT cell lines and introduce a

novel computer-based model for predicting response to KIT inhibitors.

INTRODUCTION

Aberrantly regulated receptor tyrosine kinases (RTK) have been implicated in the
pathogenesis of human and canine cancer. Mechanisms of dysregulation include activating
mutations, overexpression, and autocrine loops of activation [1,2]. Some canine mast cell tumors
(MCT) appear to be driven by activating mutations in the juxtamembrane, kinase, and ligand-
binding domains of the c-kit proto-oncogene [3]. c-kit encodes the RTK KIT, a 145-kDa type Il1
receptor protein-tyrosine kinase, that is comprised of an extracellular ligand binding domain
composed of five immunoglobulin-like loops and encoded by exons 1-9, a transmembrane
domain, encoded by exon 10, a split cytoplasmic kinase domain encoded by exons 11-21,
including a negative regulatory juxtamembrane (exon 11), an ATP-binding domain (exon 13),
and a phosphotransferase domain (exon 17) [3-6]. The c-kit proto-oncogene was first identified
as the normal cellular homolog of the feline sarcoma viral oncogene v-kit, which induces feline
retroviral sarcomas [7]. The KIT receptor shares structural similarity with other Type 1ll RTK
such as fms-related tyrosine kinase 3 (FIt-3), platelet derived growth factor receptor (PDGFR),
and colony-stimulating factor-1 receptor (CSF-1R) [8].

Three common mechanisms of KIT activation in tumors have been described. These include

paracrine and/or autocrine stimulation of the receptor by the ligand stem cell factor (SCF),
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activation by other kinases and/or loss of inhibitory mechanisms, and most commonly, activating
mutations in the c-kit gene [9,10]. Mutated forms of c-kit have been implicated in the
tumorigenesis of gastrointestinal stromal tumor (GIST) and acute myelogenous leukemia as well
as mast cell disease in humans [11,12]. Similarly, activating mutations in c-kit have been
identified in canine MCT. Most commonly, an internal tandem duplication (ITD) has been
identified in exon 11 of canine c-kit [3,4,7]. Exon 11 encodes the juxtamembrane domain of the
KIT receptor, which has an inhibitory function in regulating KIT kinase activity. This inhibitory
function is lost in oncogenic forms of KIT harboring ITD in exon 11 [13]. Less frequently,
mutations in the c-kit gene occur in exons 8 and 9, which encode the extracellular domain of
KIT, and exon 17, which encodes the kinase domain. Mutations are characterized by ITD (exon
8) and amino acids substitutions and insertions (exons 8 and 9) [3,14,15]. These mutations are
associated with ligand-independent autophosphorylation of the KIT receptor and self-sufficient
growth of neoplastic mast cells. Up to 40% of histologically intermediate or high-grade MCTs
harbor ITDs in the juxtamembrane domain of KIT. Mutated KIT is significantly associated with
increased incidence of recurrent disease, metastasis, and death in dogs with MCT [3,4,16-19]. As
such, targeting of KIT by tyrosine kinase inhibitors (TKIs) has recently emerged as a therapeutic
strategy in veterinary medicine with the approval of toceranib (TOC) phosphate (Palladia®) and
masitinib (Kinavet®, Masivet®), the only TKIs approved in veterinary medicine for use in non-
resectable, recurrent canine MCT. Despite the clinical benefit of TOC, the eventual development
of resistance remains a therapeutic impediment.

We have recently described the development of an in vitro model of resistance to TOC in
canine MCT cell lines and identified secondary mutations in the functional domains of KIT. We

generated three TOC-resistant sublines, TR1, TR2, and TR3, after chronic exposure of the TOC-
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sensitive canine C2 MCT cell line to TOC. Analysis of KIT activation revealed that TOC failed
to inhibit autophosphorylation of the KIT receptor in the resistant lines; therefore, we
hypothesized that acquisition of secondary mutations in the c-kit gene could potentially be
responsible for the observed TOC resistance. By sequencing full-length c-kit, we identified six
newly acquired missense mutations within the juxtamembrane and kinase domains of the KIT
receptor.

We present here the analysis of these mutations by computational-based modeling to
determine if these mutations are likely to confer the observed resistance to TOC. In addition, we
examine these mutations in relation to three other KIT inhibitors that show variable sensitivity to
the resistant sublines. To accomplish this, we constructed four in silico homology models of the
cytoplasmic region of TOC-sensitive and -resistant canine KIT to predict the consequent
structures of the drug binding site. Utilizing computational-based small molecule docking
techniques, we calculated the predicted binding energies and orientations of TOC and the three
other KIT inhibitors within the KIT mutant homology models to determine the structural basis of
TOC resistance in vitro in the context of canine MCT. Finally, we tested whether this
computational approach can serve as a predictor of in vitro drug sensitivity for novel kinase

inhibitors.

METHODS
Cell culture
Toceranib phosphate (Palladia®) was provided by Zoetis (Madison, NJ). Masitinib
(AB1010, Kinavet:) and LY2457546 were provided by AB Science (Paris, France) and Elanco

(Greenfield, IN), respectively. Imatinib was purchased from Selleck Chemical (Houston, TX).
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Ponatinib (Inclusig®) was purchased from Selleck. Stock solutions of all drugs were prepared in
DMSO and stored at -20°C. The canine C2 mastocytoma cell line, derived from a spontaneously
occurring cutaneous MCT and harboring an ITD in exon 11, was used as the parental cell line
[20]. Cells were propagated in RPMI 1640 supplemented with 2 mM L-glutamine, 10% FBS
(source?), 100 g/mL streptomycin, and 100 U/mL penicillin at 37°C with a humidified

atmosphere of 5% CO,.

Generation of toceranib-resistant C2 sublines

TOC-resistant C2 cells were established as previously described (Halsey, et al). Briefly,
C2 cells were grown continuously in up to 100 nM, 200 nM, or 250 nM TOC in increasing
increments of 25-50 nM. Culture media and drug were changed every 72 hours. Over a period of
7 months, three sub-lines were established and designated TOC-resistant (TR)1, TR2, and TR3.
Drug sensitivity tests. The sensitivity and resistance of each cell line to the KIT inhibitors were
determined by measuring relative viable cell number using a bioreductive fluorometric assay
(Alamar Blue, Promega, WI). All three TR sublines as well as the treatment naive, parental C2
cells were seeded in triplicate in 96-well plates at 2,000 cells per well. Serial dilutions of the KIT
inhibitors were prepared in media and cells treated for 72 hours. Alamar Blue reagent was added
to all wells, plates were incubated for 1 hour at 37°C, and fluorescence was measured on a
Synergy multiparameter microplate reader (BioTek, Winooski, VT) to determine cell viability.

Dose-response curves were generated using Prism (GraphPad Software, La Jolla, CA).
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Computational-based molecular modeling

All molecular modeling studies were conducted using Accelrys Discovery Studio 3.5
(Accelrys Software, Inc., San Diego, CA; http://accelrys.com) and all crystal structure
coordinates were downloaded from the protein data bank (www.pdb.org). The homology model
of the intracellular domain of canine KIT was constructed with the MODELLER protocol [21]
using the crystal structures of human KIT as a template (PDB IDs: 1T46 and 3GOE; 88.3%
identity, 93.5% similarity) for the bulk of the model [22,23]. The region from GIn693 to Arg742
of the canine KIT sequence was modeled using human 1-phosphatidylinositol-4,5-bisphosphate
phosphodiesterase beta-3 (PDB ID: 30HM; 24% identity, 43% similarity) [24] and the loop
containing residues 1le742 to Thr752 was refined using the LOOPER algorithm [25]. Mutant
structures were generated by altering the identity of the relevant residues to the mutant form. The
resulting final structures were subjected to energy minimization utilizing the conjugate gradient
minimization protocol with a CHARMmM forcefield and the Generalized Born implicit solvent
model with molecular volume [26]. All minimization calculations converged to an RMS gradient
of < 0.001 kcal/mol. The flexible docking algorithm was used to predict the binding orientations
of TOC and the three other compounds in each of the four KIT protein models [27]. A total of
16 KIT-ligand complexes (example shown in Figure 3.1) underwent energy minimization in situ
using the conjugate gradient method (10,000 iterations) followed by binding energy calculations

using the Generalized Born implicit solvent model with molecular volume [26].
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Figure 3.1: Homology model of the intracellular domain of canine KIT with TOC bound.

RESULTS
Toceranib-resistant C2 cells emerged during chronic, stepwise TOC treatment.

To explore mechanisms of acquired TOC resistance in canine MCT, we generated three
resistant sublines from the TOC-sensitive exon 11 ITD c-kit mutant C2 cell line designated TR1,
TR2, and TR3. Growth of the parental C2 cells was inhibited by TOC in a dose-dependent
manner with an 1Cso of <10 nM. In contrast, TOC failed to inhibit growth of TR1, TR2, and TR3
sublines (ICsp > 1,000 nM). Sensitivity to the other three KIT RTK inhibitors was similar with
some variability between the sublines suggesting different mechanisms of resistance. (Figure

2.2).

Predicted effects of the mutations on KIT protein structure.
We previously identified the following point mutations in the three TOC-resistant
sublines: TR1 (Q574R, M835T), TR2 (K724R), and TR3 (K580R, R584G, A620S). To

determine whether the previously identified secondary mutations in KIT participated in the
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observed TOC resistance, mutant structures of the homology models of the intracellular domain
of canine KIT were constructed. Figure 3.2 illustrates the locations of each mutated residue
identified in each subline, with the mutations summarized in Table 1. The various point
mutations identified in the TOC resistant KIT sequences were almost exclusively located outside
of the ATP binding site. The one exception was Ala620, which lies within the ATP site at the
entrance to the allosteric site. Thus, it does not appear that the mutations would necessarily alter
the drug-protein interaction directly (i.e. the mutant residues do not appear to be involved in
direct interactions with the drug itself). In order to assess potential conformational changes to the
KIT protein induced by the various mutations, the TOC-sensitive and three TOC-resistant
protein structures were subjected to implicit solvent-based energy minimization. Interestingly,
each of the three drug resistant mutants was predicted to induce a conformational change in the
region of the binding site to a greater or lesser degree (Figure 3.3). Compared to the parental C2
drug binding site (Figure 4A), the binding site of the TR1 subline appeared to be the least altered
(Figure 3.3B), while TR2 and TR3 binding sites appeared to be similarly but more profoundly
altered in this region of the protein. TR2 was predicted to induce a further narrowing of the
entrance to the allosteric site, while TR3 shifted the position of the opening in relation to the

allosteric site itself (Figure 3.3C and D).
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Figure 3.2 Protein homology model of canine KIT. Ribbon structure of the cytoplasmic region
of canine KIT showing the locations of each mutated residue identified in each subline in a
different color. (Mutant TR1 residues- red, TR2- magenta, and TR3- orange). The asterisk
denotes the location of the ATP-binding site.
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Table 3.1: Acquired secondary KIT mutations in the three resistant sublines

Subline Nucleotide Nucleotide Amino Acid | Amino
Position Change Position Acid
Change
TR1 1781 A->G 574 GIn->Arg
2567 T->C 835 Met->Thr
TR2 2231 A->G 724 Lys->Arg
1799 A->G 580 Lys->Arg
TR3 1813 A->G 584 Arg->Gly
1918 G->T 620 Ala->Ser

Figure 3.3: Predicted structural alterations induced by the various drug resistant mutations.
Surface representation of the drug-binding sites of parental and TOC-resistant KIT. The asterisk
denotes the location of the ATP-binding site.
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Effects of the drug-resistant mutations on predicted drug binding.

Given that the mutations were predicted to induce conformational changes in the drug
binding site of the KIT protein, we performed small molecule docking and binding energy
calculations for each of the four drugs in each of the four KIT protein models to evaluate
whether these changes translated to a decrease in affinity of the proteins for each of the drugs.
This resulted in decreased favorability of the predicted binding of TOC to each of the three drug
resistant mutants (Table 3.2). Similar results were also obtained for each of the three drug
resistant mutations on LY2457546 binding. The TR1 mutation, however, was predicted to have
only minor effects on the binding of masitinib and imatinib, while both TR2 and TR3 mutations
induced a substantial decrease in predicted binding affinity for these compounds. To determine
the relationship between these predicted binding energies determined in silico and growth
inhibition determined in vitro, the coefficient of determination was calculated by linear
regression analysis (Figure 3.4). While there was a positive correlation between predicted
binding energies and % control at 10 nM for all four compounds, statistical significance was not
reached. In order to make a more direct comparison of drug binding and inhibition of drug target,
the coefficient of determination was calculated for the predicted binding energies of TOC in a all
four KIT proteins and phosphorylated KIT, as determined by densitometry of western blot shown
in Figure 2.7. As shown in Figure 3.5, there was a significant positive correlation between pKIT
expression at 10 nM TOC and predicted binding energy (r?=0.90; p<0.05) and a similar, but not
significant, trend for pKIT expression at 100 nM TOC and predicted binding energy (r>=0.88;

p=0.057).
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Table 3.2: Solvent corrected predicted binding energies (kcal/mol) of four compounds to four
KIT homology models (C2, TR1, TR2, TR3). (Generalized Born with Molecular Volume

implicit solvent model).

C2 TR1 TR2 TR3
Toceranib -52.6 -36.5 -27.0 -31.1
LY?2457546 -58.7 -30.7 -31.1 -37.6
Masitinib -82.2 -74.6 -37.4 -34.2
Imatinib -86.3 -72.9 -30.1 -30.2
Toceranib LY2457546
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Figure 3.5: Correlation of predicted binding energy to phosphorylated KIT expression at 10 nM
and 100 nM drug) by linear regression.

Homology modeling as an a priori predictor of response to second line KIT inhibitors in
TOC-resistant MCT cells.

To evaluate the usefulness of in silico homology modeling and small molecule docking
methodologies in predicting response to a novel KIT inhibitor, we docked ponatinib into the
intracellular domain of the TOC-sensitive and each of the three TOC-resistant KIT mutant
protein structures, followed by binding energy calculations as described above. As shown in
Table 3.3, ponatinib was predicted to bind favorably to TOC-sensitive KIT, but exhibited a
substantial decrease in the favorability of the predicted binding to each of the three TOC-
resistant mutants. To determine if these predicted binding energies for ponatinib correlated to
growth inhibition, or lack thereof, in vitro, MTS assays were performed on the C2, TR1, TR2,
and TR3 cells treated with ponatinib. In concordance with the predicted binding energies,
ponatinib inhibited the growth of the TOC-sensitive C2 cells in a dose-dependent manner and
failed to inhibit growth of the TOC-resistant cells (Figure 3.6). Furthermore, there was a
significant correlation between predicted binding energy and growth inhibition by ponatinib

(Figure 3.7).
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Table 3.3: Solvent corrected predicted binding energies (kcal/mol) of ponatinib to four KIT
homology models (C2, TR1, TR2, TR3). (Generalized Born with Molecular Volume implicit

solvent model. Kcal/mol).

C2 TR1 TR2 TR3
Ponatinib -78.9 -36.8 -31.4 -40.1
150+
- (C2
-=- TR1
100 -+ TR2
— TR3

o-+—r-rrrr'mr—r—rrrrrrr—r—rrrrrrr—Tr—rrTr7rrm
0 1 10 100 1000

Ponatinib [nM]

Figure 3.6: Dose-dependent growth inhibition of parental line (C2) and three resistant sublines
(TR1, TR2, TR3) after incubation with increasing concentrations of ponatinib for 72 hours.
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Figure 3.7: Correlation of predicted binding energy to growth inhibition (% control at 10 nM
drug) by linear regression.
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DISCUSSION

Malignancies harboring specific gain-of-function mutations in protein kinases are often
exquisitely sensitive to small molecule TKIs and partial disease remission is often achieved.
Despite these successes, remission is often transitory as the majority of these tumors with once
drug-sensitizing mutations eventually progress on treatment as they acquire resistance. One of
the most commonly reported mechanisms of resistance to TKIs is the acquisition of secondary
mutations in the target kinase [28-34]. In this study, we have described this phenomenon in the
context of TOC and its use in the treatment of canine MCT.

Similar to other tyrosine kinase inhibitors, TOC exerts its inhibitory effect on the KIT
RTK by binding to the ATP-binding site in a competitive approach, thereby blocking cross-
phosphorylation of tyrosine residues and subsequent downstream signaling [35-38]. Acquisition
of secondary genetic mutations conferring TKI resistance is commonly reported in and around
the ATP-binding site [28,33,39,40]. These nucleotides encode amino acids that control access or
contribute to the hydrophobic pocket near the ATP-binding site [40,41]. Mutations in this region
lead to abrogation of drug binding by loss of the hydrophobic interactions necessary for drug
binding and/or creation of steric hindrance that precludes the inhibitor from entering the binding
pocket [40]. In the current study, all four of the KIT inhibitors examined are predicted to bind in
both the ATP site and the allosteric site of the KIT kinase receptor. All of the missense
mutations identified in TR1, TR2, or TR3 were predicted to induce a conformational change in
this region of the protein, resulting in alterations in the size and shape of the entrance to the
allosteric site. The structural changes in this area were sufficient to alter the predicted binding
energies of the various compounds to a greater or lesser degree. The structures of the four

compounds examined are shown in Figure 3.8, which highlight the ATP-binding and allosteric
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portions. The ATP-binding portions of TOC and LY2457546 consist of fused ring structures.
Masitinib and imatinib are structurally distinct from TOC and LY2457546 in that their ATP-
binding portions consist of a single ring and a secondary amine, thus they are less bulky and
more flexible in this region. The observed changes to the binding site occurs around the ATP-
binding site portion of the pocket. As such, the change in conformation of this area is sufficient
to impair the binding of TOC and LY2457546 in all three of the mutants, but masitinib and
imatinib are flexible and small enough to be less affected by the TR1 mutation. The TR2 and
TR3 changes, which were greater in magnitude, appeared sufficient to impair the binding

of masitinib and imatinib.

Toceranib ~N

ATP Binding Site (Red)
Allosteric Site (Blue)

\ Masitinib Arrows indicate r_egic_)n th_at sticks Imatinib
out of the binding site

Figure 3.8: Chemical structures of TOC, LY?2457546, masitinib, and imatinib.
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The TR1 mutation induced a predicted narrowing of the allosteric site opening, likely due
in part to the substitution of Met835 with a Thr residue, which altered the pattern of hydrogen
bond interactions in this area, replacing a relatively weak hydrogen bond interaction between
Tyr845 and Met835 (Figure 3.9A), with two stronger hydrogen bonds, one between the side
chains of Ser839 and Tyr845 and the other between Thr835 and the backbone carbonyl of
Val832 (Figure 3.9B). As a result, this mutation likely plays a more substantial role in the
observed conformational changes induced by the TR1 mutation as opposed to the substitution of
GIn574, which has a more peripheral location on the protein. The TR2 mutation induced a
greater constriction of the entrance to the allosteric site compared to TR1, further suggesting that
the introduction of steric clashes with the bulkier heterocycles may likely be the mechanism
responsible for the predicted decrease in binding affinity. In contrast, the TR3 mutation was
predicted to shift the position of the allosteric site entrance, rather than substantially altering the
size of the opening. This may be due to the fact that Arg585 is involved in hydrogen bond
interactions with the backbone carbonyls of both Val661 and Pro664 (Figure 3.9C) and these
interactions appear to be involved in maintaining the proper position of the allosteric site
entrance. Mutation of this residue to a Gly eliminates these interactions (Figure 3.9D) and likely
plays a substantial role in the observed positional change to the entrance. In both instances (TR2
and TR3), compounds with smaller and/or more flexible moieties that bind this region, such as
masitinib and imatinib, would be more likely to tolerate conformational changes such as these.
Overall, these results are generally consistent with the relative drug resistance observed in vitro
and would suggest that the predicted changes to the entrance of the allosteric site play a role in
the observed decrease in the predicted binding energies and may provide a mechanistic basis for

the drug resistance induced by these mutations.
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Figure 3.9: Predicted structural effects of selected point mutations occurring in TR1 and TR3.
Close up views of the regions of the TOC-sensitive canine KIT containing (A) Met835 and (B)
Arg585 and their corresponding mutations in (C) TR1 (M835T) and (D) TR3 (R585G). Both
mutations were predicted to alter the hydrogen bonding patterns in these areas and may play a
role in the predicted structural alterations to the protein as well as the differences in drug
sensitivity observed in vitro.

The observed decrease in binding affinity may be playing a role in the upregulation of
KIT expression observed in each of the drug resistant cell lines in response to TOC treatment
shown in Figure 2.8. While there was a predicted decrease in binding affinity, the binding
energies did not indicate a complete lack of drug binding. Therefore, some inhibition of KIT by
TOC is predicted to occurr in all of the resistant sublines. While the drug concentrations used

may not be sufficient to result in cell death or growth inhibition, exertion of some inhibition of
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KIT signaling by TOC is likely resulting in the enhanced expression of KIT in these cells as an
adaptive response. Indeed, modifications in protein expression in tumor cells that allows them to
continue to survive in adverse conditions has been reported as a mechanism of resistance [32,42-
44].

The nearly inevitable development of resistance to targeted therapies highlights the need
to develop second line therapies. We have shown that computational approaches are valuable
tools to investigate the molecular mechanisms of mutation-induced drug resistance. In addition,
we investigated the utility of these computational strategies to predict the response of TOC-
resistant KIT mutants to a novel RTK inhibitor. Ponatinib is a third-generation kinase inhibitor
with activity primarily against wild-type BCR-ABL1 as well as PDGFRA, KIT and FGFR1
[45,46]. Quantitative a priori prediction of the binding affinity of ponatinib to the homology
models of drug resistant canine KIT showed a decreased favorability of the predicted binding of
ponatinib to each of the three TOC-resistant mutants. This correlated significantly with the
growth inhibition curves generated in vitro. Since the vast majority of tyrosine kinase inhibitors
exert their inhibitory effect by competitively binding the ATP-binding site, and the majority of
the resistant mutations thus far identified were either located in or around the ATP-binding site
or were predicted to alter the conformation of this region of the protein, the proposed model is
likely a good predictor of response to other inhibitors that bind in a similar fashion. Indeed, when
the correlation of the predicted binding energies to growth inhibition in vitro for the four original
compounds are combined, there is a significant correlation between these two variables,
suggesting that this model is applicable in a drug-independent manner (Figure 3.10). That is, the
utility of this model is best demonstrated in predicting the relative binding affinities of drugs that

compete for the ATP-binding site.
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Figure 3.10: Correlation of predicted binding energy to growth inhibition (% control at 10 nM
drug) by linear regression for all four compounds collectively.

In summary, we have generated three TOC-resistant canine MCT cell lines following
chronic exposure of C2 cells to TOC. Resistance likely occurred as a result of the acquisition of
secondary missense mutations in the KIT receptor. These mutations occurred in the area of the
drug binding pocket, inducing a conformational change to the entrance of the binding pocket
which consequently interfered with the interactions between TOC and KIT. The observed
overexpression of the target kinase likely functions as an adaptive reaction to KIT inhibition. To
the authors’ knowledge, this is the first effort in veterinary oncology to describe mechanisms of
acquired resistance to targeted therapy by computational modeling. Future studies should include
large-scale screening of relapsed patient-derived tumor samples for c-kit mutations to determine
whether the secondary alterations identified in KIT are clinically relevant and to determine the
relative frequency with which these mutations occur. Despite the necessity of future in vivo
studies, there is considerable evidence that mechanisms of resistance described in vitro are
validated in RTK inhibitor- refractory patient-derived tumor samples [47-50].

The development and use of alternative KIT inhibitors may be useful to overcome TOC

resistance mediated by acquisition of secondary KIT mutations. Furthermore, the use of
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combinatorial approaches to targeted inhibition may circumvent acquisition of disparate
secondary mutations as demonstrated here. Finally, we have shown that homology modeling of
mutated target kinases can demonstrate how defined mutations can confer resistance and

underscores the model’s predictive ability in testing new selective inhibitors.
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Chapter 4

Expression of phosphorylated KIT in canine mast cell tumor: significance as a marker of

tumor aggressiveness and response to KIT inhibition

SUMMARY

Canine cutaneous mast cell tumor (MCT) represents the most common skin tumor in
dogs and often exhibits variable biologic behavior. Signaling through the KIT receptor tyrosine
kinase promotes proliferation and increased cell survival and has been shown to play an
important role in MCT progression. Despite investigations into numerous biomarkers and the
proposal of several grading schemas, no single marker or grading system can accurately predict
outcome in canine MCT. The first aim of the current study was to develop an
immunohistochemical-based assay to directly measure phosphorylated KIT (pKIT) in order to
investigate its association with two commonly used grading systems as well as other established
prognostic markers (KIT localization, Ki67 expression, mitotic index, and c-kit mutation status)
for canine MCT. Thirty-four archived MCTs were evaluated for expression of phosphorylated
KIT and Ki67, KIT localization, mitotic index, and mutations in exons 8 and 11 in c-kit as well
as grading by the Patnaik and 2-tier systems. Expression of phosphorylated KIT was
significantly (p<0.05) correlated with Ml, Ki67, c-kit mutation, and grade by 2-tier. Because KIT
signaling has been shown to drive the tumorigenesis of MCT, inhibitors of KIT are an attractive
therapeutic strategy. Toceranib phosphate (TOC) is an inhibitor of KIT that has biological
activity against canine MCT. An additional aim of this study was to determine whether pKIT

labeling provides a pharmacodynamic marker for monitoring response to TOC in canine MCTs
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in order to identify patients that respond to TOC and those that are refractory and might benefit
from an alternative treatment. MCTs from 4/7 (57.1%) patients (Dogs 1, 2, 5, and 7)
demonstrated a partial response to TOC therapy, 2/7 (28.6%) patients (Dogs 3 and 6) showed
stable disease, and one patient (Dog 4) demonstrated progressive disease. Of the four patients
characterized by a PR, 3/4 (75%) demonstrated a reduction in pKIT 6 hours after the first dose of

TOC.

INTRODUCTION

Mast cell tumors (MCTSs) are the most common cutaneous tumors in dogs, accounting for
up to 21% of all canine cutaneous tumors, and exhibit extremely variable biologic behavior [1-
3]. MCT behavior is partially dependent on aberrant signaling of certain proteins, which
cannot be detected by routine histopathological evaluation. Activating mutations in the
juxtamembrane, kinase and ligand binding domains of the c-kit proto-oncogene have been
associated with the pathogenesis and aggressiveness of canine MCTSs, resulting in growth factor-
independent constitutive phosphorylation of the KIT receptor tyrosine kinase (RTK) [1,4-6].
Approximately 30-50% of canine MCTs carry a c-kit mutation and the majority of MCTs
harboring c-kit mutations are histologically intermediate or high grade [1,3]. Our lab and others
have shown that c-kit mutations, particularly internal tandem duplications in the juxtamembrane
domain of exon 11, are associated with an increased incidence of recurrent disease, metastasis,
and death [1,3,7,8]. Such mutations in c-kit have been associated with aberrant KIT protein
localization. While the majority of gain-of-function mutations of c-kit have been identified in
exon 11 of canine MCTs, exons 8 and 9, and less commonly exon 17, also acquire activating

mutations [6]. Others have shown that differential staining patterns of KIT by
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immunohistochemistry (IHC) in MCTs, associated with mutations in the c-kit proto-oncogene,
are indicators of biologic behavior [2,5]. Kiupel and co-workers have shown that MCTs
exhibiting benign biologic behavior demonstrated membrane-associated KIT expression while
MCTs associated with malignant transformation and aggressive biologic behavior were more
likely to demonstrate a redistribution of KIT expression to the cytoplasm [2]. Additionally,
markers of cellular proliferation such as Ki67 and AgNOR have been significantly associated
with progression of canine MCT [9,10]. These studies demonstrate that markers of proliferation,
c-kit mutation status, and KIT protein localization are useful markers of tumor aggressiveness in
canine MCT.

Despite this progress in prognostic indicators for canine MCT, additional molecular
markers need to be evaluated to further identify the subset of MCT that are histologically low or
intermediate grade but biologically high grade. To date, there are no reports that have examined
the relationship between KIT activation status and clinicopathologic features in MCT. The aim
of the current study is to retrospectively investigate the relationship between activated KIT
expression (phosphorylated KIT) and proliferation indices, KIT localization, c-kit mutation
status, and grade in canine MCT by developing a immunohistochemistry-based assay for
phosphorylated KIT (pKIT) for use in formalin-fixed paraffin embedded tumor samples.

In addition to its prognostic impact, the aberrant expression of proteins intimately
involved in the tumorigenesis of various neoplasms also serves as a therapeutic target. As the
above studies suggest, KIT plays a significant role in MCT progression and survival. Therefore,
small molecule inhibitors of KIT are an attractive therapeutic strategy for MCTs in dogs.
Toceranib (TOC) phosphate (Palladia®) is one such inhibitor of KIT that has biological activity

against canine MCTs. Indeed, Pryer and co-workers demonstrated a reduction in pKIT by
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western blot analysis in MCT eight hours after treatment with TOC compared to pre-treatment
biopsies [11]. In a subsequent clinical trial, London and co-workers further demonstrated the
clinical response to TOC. Approximately 40% of dogs experience an objective response to TOC.
The remaining 60% were refractory suggesting intrinsic resistance to this targeted therapy [12].
Therefore, there exists a subpopulation of dogs that will not benefit from TOC treatment. As
such, there is a need to identify distinctive a priori molecular markers of resistance in this
population. An additional aim of this study is to apply the IHC-based assay for pKIT as a
clinically-relevant, analytical method for monitoring response to TOC in canine MCTs in order
to discriminate patients that respond to TOC from those that are refractory and might benefit

from an alternative treatment.

METHODS

Tissue collection

For the retrospective analysis of KIT activation by pKIT labeling compared to established
prognostic parameters for MCT, a total of 34 formalin-fixed, paraffin embedded (FFPE) primary
cutaneous MCTs submitted for MCT profiles were selected from the Colorado State University
Molecular Pathology Laboratory archives. For monitoring response or resistance of MCT to
TOC, seven client-owned dogs presenting to the CSU Animal Cancer Center for MCT were
enrolled in a clinical trial. Six-millimeter punch biopsies were obtained prior to the first dose
(2.75 mg/kg) of TOC (tp) and 6 hours following TOC (ts). Tissue was collected in 10% neutral

buffered formalin and processed routinely.
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Phospho-KIT antibody validation

Immunohistochemical detection of activated KIT with a phospho-KIT antibody was
validated by western blot analysis and FFPE HistoGel-embedded cell pellets of c-kit-mutant C2
mastocytoma cells treated with or without TOC. C2 cells were incubated for 6 or 24 hours with
increasing concentrations of TOC (0-100 nM). For western blot analysis, cells were resuspended
in lysis buffer containing 1% Triton X-100, 100 nM sodium orthovanadate, 0.2 mM PMSF, 1 M
Tris, 1 M NacCl, and 7X protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN),
incubated on ice for 15 min, and centrifuged for 5 min. Protein was separated by SDS-PAGE on
a 6% acrylamide gel and transferred onto a polyvinylidene difluoride membrane. Membranes
were blocked for 60 min at room temperature in 5% bovine serum albumin. Immunolabeling for
KIT was performed using a rabbit polyclonal anti-human antibody (Dako, Carpinteria, CA) at
1:1000 and immunolabeling for pKIT was performed using a rabbit polyclonal anti-human
antibody targeting the Tyr721 residue (Bioss, Woburn, MA) at 1:1000 for 16 hours at 4°C,
followed by incubation with HRP-conjugated anti-rabbit antibody at 1:5000 for 30 min at room
temperature. Immunoreactive bands were detected using enhanced chemiluminescent reagent
(Thermo Scientific, Rockford, IL).

For histogel embedding, HistoGel (Thermo Scientific, Pittsburg, PA) was heated in a
microwave on low for 5-15 seconds. HistoGel was allowed to cool to 50°C before approximately
250,000 cells were resuspended in 40 uL of HistoGel. Cells pellets and HistoGel were placed in
10% neutral buffered formalin at 4°C overnight. The HistoGel/cell pellet was removed and
placed inside a tissue cassette with a sponge. HistoGel “plugs” containing the cell pellet were
processed, embedded, and sectioned as a standard histology specimen. Immunohistochemical

staining for phosphorylated KIT was performed as described below.
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Immunohistochemistry

Immunohistochemical staining of FFPE sections was performed by the following
procedures. Slides were deparaffinized and rehydrated in descending concentrations of alcohol
and water. Heat-induced epitope retrieval with EDTA buffer (pH 9.0) for 30 minutes was
followed by endogenous peroxidase blocking with 3% hydrogen peroxide, non-specific signal
blocking with Sniper Blocking Reagent (Biocare, Concord, CA), and incubation with the
primary antibody at 4°C overnight. The primary antibody used for KIT was a polyclonal rabbit
anti-human KIT (CD117) antibody at a dilution of 1:500 (Dako, Carpinteria, CA). The primary
antibody used for pKIT was a polyclonal rabbit anti-human pKIT antibody at a dilution of 1:50
(Bioss, Woburn, MA). The primary antibody used for Ki67 was a rabbit polyclonal (MIB-1
clone) at a dilution of 1:50. Slides were incubated in a prediluted, HRP-conjugated secondary
antibody, Envision, (Dako, Carpinteria, CA) and immunoreactive complexes were detected using
a DAB MAP detection kit (Ventana Medical Systems, Tucson, AZ). Slides were counterstained

with Mayer's hematoxylin (Sigma Aldrich, St. Louis, MO).

Analysis of canine MCT biopsies

Slides were evaluated using light microscopy by two Board-certified veterinary
pathologists (CHH and EJE). MCTs from the archived samples were graded by both the Patnaik
and 2-tiered grading schema [13,14]. The MI was determined on H&E-stained slides by counting
the number of mitotic figures in 10 consecutive, non-overlapping 400X fields and expressed as
the number of mitoses/10 hpf. The growth fraction was determined by counting the number of
neoplastic cells immunolabeling for Ki67 in areas demonstrating the greatest immunoreactivity

(“hot spots”). This fraction was categorized as “high” or “low” based on 0-30% or >30%
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immunopositive neoplastic cells [10]. In the retrospective cases, phospho-KIT (pKIT) was
categorized as “positive” (>30% of neoplastic cells) or “negative” (minimal to no staining). In
addition, varying staining and intensity patterns were defined as 1- no staining; 2- diffusely
cytoplasmic; 3- faint stippled cytoplasmic to perinuclear; and 4- intense cytoplasmic stippling to
perinuclear. For the clinical trial cases, pre- and post-TOC biopsies were evaluated for
differences in pKIT staining in addition to the pattern/intensity pattern as described above, pKIT
staining was scored as a percentage of positive tumor cells (the number of positive tumor cells
over the total number of tumor cells). Percent reduction was determined using the calculation:
(post-TOC pKIT score - pre-TOC pKIT score)/pre-TOC pKIT score x 100. RECIST criteria
were used to assess clinical response to TOC therapy [15]. Response criteria was defined as
follows: complete response (CR): resolution of all lesions; partial response (PR): greater than or
equal to 30% decrease in sum of diameters of all lesions; progressive disease (PD): greater than
or equal to 20% increase in sum of diameters of all lesions or appearance of new lesion; stable
disease (SD): less than 30% decrease or less than 20% increase [15]. Similarly, percent tumor
reduction was determined using the calculation: (best response - baseline)/baseline x 100. KIT
localization and scoring were determined as previously described [2]. Briefly, the KIT-staining
patterns were identified as Pattern 1) membrane-associated staining; Pattern I1) focal to stippled
cytoplasmic staining with decreased or loss of membrane-associated staining, and Pattern 111)
diffuse cytoplasmic staining. A percentage of each staining pattern was determined for each
MCT. A final pattern, I, Il, or Ill, was assigned based on the predominant staining present.
Finally, mutational analysis for internal tandem duplications in exons 8 and 11 of c-kit was
determined using an automated capillary gel electrophoresis and primers designed to amplify the

areas of reported mutation (Table 4.1). Together, these two primer pairs detect 80% of the
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activating mutations reported in the canine c-kit gene [6,7].

Table 4.1: Forward and reverse primers for detection of exon 8 and 11 c-kit mutations.

Exon Primer Name Location Sequence
8 CiTfa Forward GGT GAG GTG TTC CAG CAG TC
8 Ci8r Reverse CCT TCC CTC GTG CAC ATT A
11 Cellf Forward CAG TGG AAG GTT GTT GAG GAG
11 Cillr Reverse CAT GGA AAG CCC CTATTT CA
Statistics

Pearson’s correlation coefficients were used to determine the correlation of pKIT to other
MCT profile parameters (mitotic index, Ki67, KIT localization, and c-kit mutation status). Linear
regression was used to analyze the relationship between response and target modulation (pKIT).

A p value of <0.05 was considered significant.

RESULTS
Phospho-KIT antibody validation.

To determine if the anti-human phospho-KIT antibody could detect activated
(phosphorylated) canine KIT, TOC-sensitive exon 11-mutant C2 cells were treated for 24 hours
with increasing concentrations of TOC. As shown in Figure 4.1, the anti-phospho-KIT antibody
was able to detect a dose-dependent decrease in activated KIT relative to tubulin. (Densitometric
analysis Figure 4.2.)

Similarly, to investigate the use of the anti-phospho-KIT antibody in FFPE sections,
treated (100 nM TOC) and untreated C2 cells were embedded in HistoGel, processed as standard
histologic specimens, and immunostained for pKIT. As shown in Figure 4.2A, untreated cells

demonstrated diffuse and intense cytoplasmic immunoreactivity, suggesting widespread
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activation of the KIT receptor. This activation, however, was inhibited after treatment of the cells
with 100 nM TOC for 6 and 24 hours (Figure 4.2B and 4.2C, respectively) demonstrated by a
decrease in the staining intensity and percentage of cells immunopositive for pKIT. The density

of viable cells decreased dramatically after 24 hours of TOC exposure.
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Figure 4.1: Figure 4.1: Expression of activated KIT (pKIT) by western blot in response to 24 hr
TOC exposure.
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Figure 4.2 Densitometric analysis of western blot shown in Figure 4.1.
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Figure 4.3: Phosphorylated KIT labeling of 6 hr and 24 hr TOC-treated and —untreated formalin-
fixed, paraffin embedded C2 cell pellets following resuspension in HistoGel.
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Phospho-KIT staining of tumor sections.

One representative slide from each case (archived and clinical trial cases) was reviewed
by two Board-certified veterinary pathologists (CHH and EJE). pKIT staining was localized to
the cytoplasm in three patterns as demonstrated in Figure 4.3. These included diffuse
cytoplasmic staining (Figure 4.3B) or stippled to globular cytoplasmic staining of low to
moderate intensity (Figure 4.3C) or high intensity (Figure 4.3D), often characterized by
intimate association with the nuclear membrane (Figure 4.3D inset). Figure 3A demonstrates a

MCT section negative for pKIT labeling.

o '3 I.’ 3

Figure 4.4: Phosphorylated KIT staining patterns. A-0; B-1, C-2, D-3. DAB; Hematoxylin
counterstain.
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Phospho-KIT expression correlates with mitotic index, Ki67 staining, mutations in exons 8
or 11, and grading by 2-tier.

To determine if direct measurement of the activated form of the KIT receptor correlated
with grade and other known prognostic factors for MCT, we examined 34 archived canine MCTs
for pKIT expression with IHC. Correlation coefficients for the MCT pKIT scores and MCT
profile parameters are summarized in Table 4.3. pKIT immunoreactivity correlated significantly
with grade by the 2-tiered grading system (r=0.3265; p<0.05), mitotic index as described by
Romansik and co-workers [16] (r=0.2880; p<0.05), Ki67 score (r=0.2880; p<0.05), and c-kit
mutation status in exons 8 and 11 (r=0.3142; p<0.05). Surprisingly, KIT localization did not
significantly correlate with pKIT staining (r=0.2714; p=0.0602). Overall, phosphorylated KIT is

highly associated with indicators of disease aggressiveness in canine MCT.

Phospho-KIT as a marker for target modulation.

The results of target modulation in tumor samples are summarized in Table 4.2.
Treatment of dogs with MCT with TOC resulted in a decrease in KIT phosphorylation after 6
hours in 5/7 (71.4%) dogs (Figure 5.4). The remaining 2 dogs demonstrated either no change
(Dog 3) or a slight increase (Dog 1) in pre- and post-TOC pKIT activity by
immunohistochemical analysis. MCTs from 4/7 (57.1%) patients (Dogs 1, 2, 5, and 7)
demonstrated a partial response to TOC therapy, 2/7 (28.6%) patients (Dogs 3 and 6) showed
stable disease, and one patient (Dog 4) demonstrated progressive disease. Of the four patients
experiencing PR, 3/4 (75%) demonstrated a reduction in pKIT 6 hours after the first dose of
TOC. The fourth patient (Dog 1) received CCNU in addition to TOC, therefore, it is difficult to

attribute any reduction of tumor size exclusively to KIT inhibition as CCNU is an effective
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cytotoxic therapy for MCT. Of the two patients that were classified with SD, Dog 3 showed no
change in pre- and post-TOC pKIT activity while Dog 6 demonstrated a 100% reduction in pKIT
activity. Finally, one patient (Dog 4) was classified as having PD despite an initial response to
therapy as determined by a decrease in pKIT 6 hours post TOC. However, this patient was
removed from the study at the owner’s request after two weeks. The patient was diagnosed with
multiple cutaneous MCTs. The sum of the diameter of his target lesions at day 0 was 10.95 cm,
at 1 week was 12.6 cm, and at week 2 was 13.2 cm, a 20.5% increase compared to baseline. In
addition, the patient developed multiple new masses at the 2-week visit. While this patient may
have had an initial response to TOC therapy, he later became refractory. Acquisition of relapse
biopsies and assessment for pKIT could be an appropriate approach to identifying acquired

resistance in these patients.
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Figure 4.5: KIT activation in two patients’ MCTs. Pre-TOC (A, C) and 6 post-TOC (B, D);
6mm punch biopsies; DAB; Hematoxylin counterstain.

DISCUSSION

To the authors” knowledge, this is the first report of the immunohistochemical detection
of phosphorylated KIT using a phospho-specific antibody in FFPE canine MCTs. We have
applied this IHC-based assay of KIT activation to explore its correlation to other established
prognostic parameters in canine MCT as well as monitoring tumor response to inhibitors of KIT.

To validate the specificity of the selected phospho-KIT antibody, we used the previously

established C2 mastocytoma cell line. This cell line was established from a spontaneously
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occurring canine MCT and harbors the commonly reported internal tandem duplication in exon
11 of the c-kit gene [17]. As a result of this mutation, the KIT receptor in C2 cells is
constitutively  active/phosphorylated. The  anti-phospho-KIT  antibody  demonstrated
phosphorylated KIT by both western blot analysis of C2 cell lysates and cytoplasmic
immunohistochemical staining of C2 cells embedded in HistoGel. Furthermore, upon treatment
of C2 cells with the KIT inhibitor, TOC, pKIT immunoreactivity was decreased by both western
blot analysis and IHC. This demonstrated the phospho-specificity and potential applicability of
this antibody to investigate KIT activation in canine MCTs. We subsequently used this pKIT
antibody for two applications: 1) to retrospectively investigate the correlation of activated KIT in
MCT to other established prognostic parameters that comprise the MCT profile offered through
the Molecular Pathology Lab at CSU; and 2) to monitor the pharmacodynamic response to TOC
in client-owned animals presenting to CSU for the treatment of MCT.

The expression of pKIT was demonstrated in approximately 50% of MCTs investigated.
This prevalence of activated KIT closely follows the frequency with which c-kit mutations have
been reported and reflects the oncogenic role KIT plays in MCT tumorigenesis [4,5,18]. Current
prognostic parameters for canine MCT include grade [13,14], mitotic index [16], KIT
localization [2,5], Ki67 [10], and c-kit mutation status [3,4,7]. A review of these parameters is
beyond the scope of this study; however, while they can be used to interpret the activation status
of KIT, they do not provide a direct measurement of the activated receptor. In the current study,
there was a significant correlation between pKIT staining and MI, Ki67, c-kit mutation status,
and grade by the 2-tier scheme. Interestingly, a correlation between KIT localization and pKIT
staining was not observed. Upon activation, RTKs are rapidly internalized and recycled off of the

plasma membrane [19]. Constitutively active KIT due to mutations in c-kit, and subsequent rapid
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receptor internalization is likely the reason for the loss of membranous staining and increased
cytoplasmic staining in biologically aggressive MCTs. Xiang and co-workers eloguently showed
that intracellular, not membranous, localization of mutant KIT is responsible for downstream
oncogenic signaling [20]. For further scrutiny of these findings, KIT localization was redefined
as either inactive KIT (membranous staining) or active (cytoplasmic) since more benign MCT
cells demonstrate KIT expression limited to the membrane and malignant MCT cells display a
redistribution of KIT to the cytoplasm with loss of membranous staining [2]. Despite this
redefinition, correlation between pKIT and KIT redistribution (membranous or cytoplasmic)
failed to reach significance (r=0.2765; p=0.0597).

In addition to biomarkers, histologic grade has been widely and more traditionally used
as an indicator of biologic behavior in MCT. Histologic grading by the Patnaik system has been
the gold standard and has provided a strong foundation in the grading of canine cutaneous
MCTs, however, certain criteria within the grading system require subjective interpretation and
significant inter-pathologist variability exists [13]. An additional limitations of the Patnaik
grading system has been the frequency at which grade Il MCTs are diagnosed and further
complicated by the observation that some grade Il MCTs are fairly benign while others are
biologically aggressive. The 2-tier system attempts to address the predominance of Patnaik grade
I MCTs and the ambiguity and biologic variability within this group [14]. Since its introduction,
grading by the 2-tier system has been independently validated by several groups [8,10,15].
Results of these studies highlighted the significantly higher intra-observer concordance and
prognostication of the 2-tiered system compared to the Patnaik system. Interestingly, in the
current study, expression of pKIT was significantly correlated to grade by the 2-tier system while

no significant correlation was shown between pKIT and Patnaik grade. However, when Patnaik
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grades 1 and 2 were grouped together, there was a highly significant correlation (r=0.41;
p=0.007) between pKIT and grades I/l and grade Il [8,15]. Recently, two independent studies
comparing the utility of Patnaik and two-tiered grading schemes concluded that there were no
significant prognostic differences between Patnaik grades | and Il. Overall, these results suggest
that expression of pKIT correlates significantly with other commonly used indicators of
aggressiveness in canine MCT.

The activated KIT receptor represents a viable therapeutic target for the treatment of
canine MCT. As such, targeted inhibitors of KIT have been developed for the treatment of
recurrent, non-resectable MCTs and have shown clinical efficacy, particularly in tumors
demonstrating mutations in the KIT receptor [11,12]. However, de novo and acquired resistance
to targeted therapy remains a significant clinical challenge [21,22]. Reproducible and clinically
relevant tests are needed to identify patients that will respond to targeted therapy and those that
are refractory and might benefit from an alternative treatment. We have developed an IHC-based
assay to measure changes in activated KIT as an indication of target modulation. Pryer and co-
workers similarly measured response to SU11654 (TOC) in dogs with canine MCT by assessing
pre- and post-treatment pKIT levels western blot analysis. While this is a reasonable approach,
western blot analysis is time consuming and requires adequate tumor tissue sample size collected
under specific conditions. In contrast, tissue for immunohistochemical evaluation is collected by
routine, clinically relevant procedures and requires less tissue. In addition, any potential
contribution of signal from the tumor stroma can be visually excluded by immunohistochemical
evaluate. This is in contrast to western blot analysis in which whole tissue lysates are evaluated.
Regardless of the method used, valid biomarkers are needed to effectively monitor response to

treatment and, more importantly, identify patients unlikely to respond. Early identification of
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treatment failure is critical to adjusting the treatment plan so that these patients may benefit from
second line therapies. We have shown that immunohistochemical detection of phosphorylated
KIT prior to and six hours post-TOC is a practical way by which to monitor response to TOC in
canine MCT. Correlation of tumor response and reduction of pKIT was not statistically
significant, most likely due to the limited number of patients enrolled. However, the trend
suggests that in patients demonstrating a partial response to TOC alone, there is reduction of KIT
activation by immunohistochemical analysis of pKIT.

Collectively, these results demonstrate that immunohistochemical detection of pKIT is a
clinically relevant assay for and hallmark of the activation status of the major oncogenic pathway
in canine MCT. As such, it may serve as an indication of the aggressiveness of the tumor as well
as a rapid pharmacodynamic biomarker that demonstrates successful or unsuccessful target
modulation. Future studies should be performed to assess the prognostic significance of pKIT

expression in a cohort of uniformly treated and systematically evaluated canine MCT patients.
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Table 4.2: Retrospective study of the relationship between pKIT to grade and other established
rognostic parameters for canine MCT.

pKIT on/off (0
Case pKIT score vs 1-3) Patnaik 2-tier mitotic count MI-<,>5 Ki67 KIT pattern |c-kit mutation
1 0 off 2 hi 4 > hi 3 no
2 0 off 2 lo 0 < lo 1 no
3 2 on 1 lo 0 < lo 1 yes
4 1 on 1 lo 0 < lo 1 no
5 0 off 1 lo 0 < lo 1 no
6 1 on 2 hi 10 > hi 2 no
7 0 off 3 hi 25 > hi 2 yes
8 1 on 2 lo 5 > hi 2 no
9 1 on 2 lo 2 < lo 1 no
10 1 on 2 lo 0 < lo 1 no
11 0 off 2 lo 3 < lo 1 no
12 0 off 2 lo 1 < lo 1 no
13 0 off 2 lo 0 < lo 1 no
14 2 on 2 lo 0 < lo 1 no
15 2 on 2 hi 6 > hi 2 yes
16 2 on 2 lo 1 < lo 1 no
17 1 on 2 lo 5 > hi 2 no
18 0 off 2 lo 0 < lo 1 no
19 3 on 3 hi 14 > hi 3 no
20 0 off 2 lo 1 < lo 1 no
21 1 on 3 hi 20 > hi 2 yes
22 0 off 2 lo 2 < lo 2 no
23 0 off 2 lo 1 < lo 2 no
24 2 on 2 lo 0 < lo 1 no
25 0 off 2 lo 0 < lo 1 no
26 0 off 2 hi 20 > hi 1 no
27 0 off 2 lo 6 > hi 1 no
28 0 off 2 lo 0 < lo 1 no
29 0 off 2 lo 0 < lo 1 no
30 0 off 2 lo 0 < lo 2 yes
31 0 off 2 lo 0 < lo 1 no
32 1 on 1 lo 1 < lo 1 no
33 3 on 3 hi 17 > hi 2 yes
34 0 off 2 lo 1 < lo 1 no
pKIT score: pKIT: mitotic pKIT: c-kit
Correlation pKIT on/off |pKIT: Patnaik pKIT: 2-tier [count pKIT:MI >/< 5 pKIT:Ki67 pKIT:KIT mutation
R-score 0.7385 0.1968 0.3265 0.2123 0.288 0.288 0.2714 0.3142
p-value p<0.05 p=0.1324 p<0.05 p=0.114 p<0.05 p<0.05 p=0.0602 p<0.05

Table 4.3: Pre and six hours post-TOC tumor response, pKIT grade and percent positive, KIT
localization, and c-kit mutation status for seven dogs enrolled in clinical trial.

Dog Pre-TOC (cm) | Best Response (cm) % reduction Response | Pre- pKit grade | Pre- pKit % | Post- pKit grade | Post- pKit % | % pKIT reduction KIT c-kit
1 17.8 122 -31.46067416 PR 3 30 3 40 33.33333333 N/A N/A
2 5.87 2.67 -54.51448041 PR 3 90 2 80 -11.11111111 2 no
3 7.2 5.1 -29.16666667 SD 1 90 2 90 0 1 no
4 10.95 PD 1 20 0 0 -100 3 no
5 3.6 15 -58.33333333 PR 3 90 1 40 -55.55555556 2 no
6 1.53 1.08 -29.41176471 SD 0-1 80 0 0 -100 1 no
7 17.6 6.9 -60.79545455 PR 3 60 0-1 25 -58.33333333 2 ITD exon 11
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Chapter 5

General Conclusions

The development of drugs that precisely target genetic susceptibilities in tumors have
shown great promise and expanded the repertoire of effective cancer treatments. However,
virtually all tumors eventually develop resistance to targeted therapy, largely limiting their long-
term use. MCT is the most common skin tumor in dogs and one of the only malignancies in
veterinary medicine for which targeted therapy is approved. TOC resistance in MCT offers an
excellent spontaneous tumor model with which to study mechanisms of acquired resistance to
targeted therapy. The molecular mechanisms driving the tumorigenesis of MCT have been well
characterized, with constitutively activated, mutant KIT contributing a significant role in the
majority of MCTs. As such, inhibitors of KIT have offered a rational therapeutic option.
Nevertheless, analogous to other targeted therapies, resistance ultimately develops. The studies
contained within this dissertation describe the elucidation of molecular mechanisms of resistance
to TOC in the context of its use in the treatment of canine cutaneous mast cell tumors.

We chose the C2 canine MCT cell line as the parental line from which to generate the
three resistant lines. The clinical relevance of this line is reinforced by the internal tandem
duplication in exon 11 of c-kit, an activating mutation reported in 30-50% of canine MCTs.
Moreover, MCTs harboring this mutation demonstrate a better response to TOC therapy than
those with wild-type KIT. By chronically exposing C2 cells to increasing concentrations of TOC,
three TOC-resistant sublines emerged. These sublines were expanded and further characterized.

All resistant sublines showed strong resistance to TOC, in addition to three other KIT kinase
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inhibitors. Western blot analysis of phosphorylated KIT revealed reactivation of the target
protein in the resistant sublines. From this observation, coupled with the knowledge of one the
most common mechanisms of resistant to targeted therapy, we hypothesized that acquisition of
secondary mutation in the c-kit gene was likely responsible for the resistant phenotype. To test
this hypothesis, we sequenced full-length c-kit. All resistant sublines retained the original
activating mutation in exon 11 in addition to the acquisition of several point mutations located
exclusively in the juxtamembrane and kinase domains of c-kit.

Tyrosine kinase inhibitors exert their effect by binding in a competitive manner to the
ATP-binding site of the activation domains of receptor tyrosine kinases. Interestingly, the point
mutations identified by the sequencing of c-kit were located in and around these domains in all
three drug-resistant KIT proteins. We hypothesized that these mutations impede the effects of the
inhibitors by either inducing a conformational change in the drug binding site or altering the
amino acids that serve as contact points between the inhibitor and target. To explore this,
homology models were generated in silico for the cytoplasmic domains of the TOC-sensitive and
TOC-resistant KIT proteins. Indeed, the reported mutations were predicted to alter the entrance
to the drug-binding site in all TOC-resistant proteins to various degrees. In addition, amino acid
substitutions in two of the resistant KIT proteins disrupted key hydrogen bonding interactions
within the ATP-binding and allosteric sites of the activation domains. Inhibitor docking and
predicted binding energy calculations were performed on 16 energy minimized drug-target
combinations. All four KIT inhibitors were predicted to bind with reduced affinity to the TOC-
resistant KIT proteins compared to TOC-sensitive KIT. We concluded that the mutations
observed in the TOC-resistant KIT proteins altered the structure of the drug-binding pocket

causing significant steric hindrance, precluding binding and effective inhibition of the target. The
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validity of this model was demonstrated in its use in predicting binding of another KIT TKI that
inhibits its target by similar modes. We demonstrated this predictive power by calculating the
predicted binding energy for the novel KIT inhibitor, ponatinib. Similar to the other KIT
inhibitors, ponatinib was predicted to bind with favorable affinity to TOC-sensitive KIT but with
decreased affinity to all three TOC-resistant KIT proteins. This was recapitulated following
growth inhibition assays, demonstrating inhibition of cell growth of parental C2 cells in a dose-
dependent manner while failure to inhibit growth in all three TOC-resistant sublines. Therefore,
this model may serve as a structural-based method to predicting KIT TKI response a priori as
well as help guide rational drug design to overcome resistance to KIT inhibitors.

Two basic strategies are employed to study drug resistance: preclinically, through the
generation of isogenic cell lines as described above, and clinically, by monitoring response to
therapy and collecting tumor samples at the time of relapse. This latter approach requires the use
of sensitive and specific biomarkers in order to monitor response to therapy. The final aim of this
dissertation was pursued with this in mind. As TOC is an inhibitor of KIT, monitoring KIT
activation is a reasonable method by which to detect a modulation in the target and potential
tumor response. As such, we validated and optimized an immunohistochemical assay for
phosphorylated (activated) KIT. This clinically relevant assay facilitates the ability to quickly
measure changes in KIT activation status in response to treatment and identify those patients that
are responding and those that become resistant. A measurable decrease in pKIT labeling in pre-
TOC versus post-TOC MCT biopsy samples were identified in the majority patients with tumors
that exhibited a reduction in size in response to TOC. We extended the use of this novel marker
to a series of archived MCT samples to investigate the relationship of pKIT to other established

prognostic parameters in MCT. These included mitotic index, Ki67, KIT localization, c-kit
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mutation status, and grade by both Patnaik and the more recent 2-tiered systems. pKIT correlated
significantly with MI, Ki67, c-kit mutation status and grade by the 2-tier scheme. These studies
demonstrate the usefulness of pKIT as a direct measure of KIT activation.

In conclusion, we have successfully established in vitro and in silico models of acquired
resistance to TOC in canine MCT. We used these models to identify and characterize the
acquisition of secondary mutations in c-kit. These models may be used to assist in the rational

design of novel treatment strategies to overcome TOC resistance in canine MCT.

Future Directions

There are a number of additional studies that could be performed to complement and
further validate the findings presented herein. Perhaps the most crucial question to answer is
whether or not the secondary c-kit mutations identified and described herein in vitro are
clinically-relevant. That is, are these mutations responsible for TOC in patient tumor samples.
Genomic and molecular analysis of tumor samples from patients that develop resistance to TOC
will answer this question. These studies could be performed either in a non-bias approach by
sequencing full-length canine c-kit as we did in vitro or by hypothesis-driven analysis of the
same regions of c-kit in which we identified the mutations in vitro.

In Chapter 1, we explored a number of different pathway-dependent and pathway-
independent mechanisms of acquired resistance. These included sequencing for secondary c-kit
mutations, analysis of target gene and protein overexpression, and analysis of P-gp expression
and function. While the acquisition of secondary mutations in c-kit presented here likely play a
significant role in the observed TOC resistance, other mechanisms may contribute to the resistant

phenotype. Indeed, it is not uncommon for multiple resistant mechnisms to occur concurrently in
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the same patient. Other mechanisms not explored in these studies include alternative signaling
pathways that bypass KIT, such as the MAPK and PI3K/AKT pathways. Additionally,
downstream pathway analysis might highlight alternative drug targets independent of KIT.
Indeed, more durable remissions may be achieved by treating resistant MCT with combination
regimens that target anticipated resistance mechanisms. This could include trials investigating
the utility of sequential administration of inhibitors in response to the development of resistance,
or initial treatment with multiple inhibitors of the same target, with the goal of potentially
preventing the development of resistance.

The Ba/F3 cell line is a murine pro-B line that is dependent on interleukin-3 (IL-3) for
growth and survival. Upon withdrawal of IL-3, these cells undergo apoptosis. Growth-promoting
oncogenes, however, can substitute for the dependence of Ba/F3 cells on IL-3. To further
validate the secondary mutations identified in c-kit, resistance screens using mouse IL-3-
dependent Ba/F3 cells transfected with the c-kit mutant constructs might serve as an excellent
model system for characterizing the TOC-resistant mutations.

We concluded that the described mutations are responsible for the altered binding
affinities. While the trend suggests that these observations largely correlate to growth inhibition
in vitro, there are many other factors not controlled for in a cell culture system. To make a more
direct comparison between drug binding and inhibition of KIT activity, further in vitro
confirmation by binding assays or activity assays using purified protein is warranted. Finally,
pKIT was shown to be a practical biomarker of target modulation for KIT TKIs. This is a
rational marker by which to identify resistance in relapse biopsies in order to investigate
mechanisms of resistance in tumor samples and compare the clinical relevance of the

mechanisms described in these preclinical studies. Moreover, serial pharmacodynamic
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assessment of patient samples while on treatment will allow better monitoring of patient
response and early identification of acquired resistance so that selection of the most appropriate

second line therapy can be made.
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