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ABSTRACT
Targeted therapy is designed to block specific oncogenic products involved in disordered
signaling, with the purpose of inducing selective therapy. However the activation of
compensatory and alternate signaling pathways to bypass the inhibitory effects of
targeted therapies has led to both intrinsic and acquired resistance. Here, in order to
abrogate these adverse signaling nodes, we investigated two major approaches: (a) the
design of single agents termed “combi-molecules” targeted to key players of multiple
signaling pathways and (b) the determination of Achilles’ heels in this complex network
of signaling pathways to be targeted for effective therapy. This thesis focuses on the
targeting of EGFR, c-Src and c-Met, three tyrosine kinases that are involved in adverse
signaling in solid tumours. Our results showed that: (a) programming AL622, a single
molecule targeted to EGFR and c-Src, to further release two intact kinase inhibitors,
AL621 (EGFR inhibitory arm) and PP2 (c-Src inhibitory arm) did not suffice to induce
sustained and balanced EGFR-c-Src targeting, (b) substituting the PP2 moiety for a
thiazolylaminopyrimidine scaffold, led to AL776, a balanced EGFR-c-Src targeting
combi-molecule, which permitted the validation of a new targeting model termed “type
IIT combi-targeting”. Further investigation on the mode of targeting of multiple signaling
pathways led to the molecular analysis of concomitant administration of 2-4 clinical
kinase inhibitors to induce tandem blockade of EGFR, c-Met, c-Src and STAT3. We
discovered that despite the complex signaling evoked by these three tyrosine kinases,
targeting only two kinases, which we refer to as the Achilles’ heels of the signaling
network was sufficient to induce potent growth inhibition. Furthermore, we developed

parameters to evaluate the efficacy of single multi-targeted molecules (e.g. combi-



molecules) in comparison with equimolar 2-drug combinations. This has led to the
definition of the principle of “balanced targeting” according to which an equimolar
combination is said to be “balanced” when the IC50 values of growth inhibition for the
two drugs in combination is less than that of each individual drug. Using data generated
from a large number of experiments, we found that balanced targeting could be observed
when the fold-difference between the IC50 values of two individual drugs was less than
or equal to 6 and established a new parameter € termed “potency index” that can be used
to assess balanced targeting. We discovered a significantly linear correlation (R*=0.95)
between € and the fold-differences between the IC50 values of the two individual drugs.
Combi-molecules being theoretically designed to generate effects corresponding to
equimolar combinations, we established that they should be compared with the latter only
when they are balanced. Thus, a new parameter  defined as the IC50 value for growth
inhibition over that of a “balanced targeted” equimolar combination was proposed for
measuring the potency of combi-molecules. Based upon our data, a given equimolar
combination can be used as a reference for determining the potency of a combi-molecule,
only when its € value is less than 5 and the latter agent can be considered for further
development only when Q is less than or equal to 1.

Our results in toto suggest that multi-targeted approaches to block adverse effects of key
oncogenic kinases is a promising strategy for the abrogation of complex signaling

pathways in refractory tumours.



RESUME
Les thérapies ciblées ont été concues dans le but de bloquer des cibles oncogéniques
spécifiques dans des voies de signalisation dérégulées, afin d’induire une thérapie
sélective. Cependant, I’activation de voies de signalisation compensatoires et alternatives
permettant d’outrepasser les effets inhibiteurs des thérapies ciblées a entrainé I’apparition
de résistances intrinséques et acquises. Ici, dans le but de supprimer ces nceuds de
signalisation défavorables, nous avons ¢étudié deux approches majeures : (a) la conception
de molécules uniques appelées « combi-molécules » ciblant des acteurs clés de
nombreuses voies de signalisation cellulaire et (b) la mise en évidence du talon d’Achille
de ces réseaux complexes de signalisation dont le ciblage permettrait d’accroitre
I’efficacité thérapeutique. Cette these se focalise sur le ciblage d’EGFR, c-Src and c-Met,
trois tyrosines kinases induisant des effets pro-tumoraux dans les tumeurs solides. Nos
résultats montrent que : (a) programmer AL622, une molécule ciblant EGFR et c-Src, a
libérer deux inhibiteurs de kinases intactes, AL621 (bras inhibiteur ’EGFR) et PP2 (bras
inhibiteur de c-Src) ne permet pas un ciblage stable et, équilibré de la signalisation
EGFR-c-Src (b) substituer la fraction PP2 par une moitié¢ thiazolylaminopyrimidine a
mené au développement de I’AL776, une combi-molécule ciblant de facon équilibrée
EGFR-c-Src, permettant ainsi la validation d’un nouveau mode de ciblage nommé combi-
ciblage de type III. Des études plus approfondies sur le mode de ciblage de plusieurs
voies de signalisation cellulaire ont entrain¢ 1’analyse moléculaire d’une administration
concomitante de 2-4 inhibiteurs de kinases cliniques afin d’induire le blocage en tandem
d’EGFR, c-Met, c-Src et STAT3. Nous avons découvert que malgré les signalisations

complexes évoquées par ces trois tyrosines kinases EGFR, c-Met et c-Src, cibler



seulement deux kinases, que nous désignons comme le talon d’Achille du réseau, était
suffisant pour induire une forte inhibition de la croissance cellulaire. Par ailleurs, nous
avons développé des parametres permettant d’évaluer I’efficacité de molécules uniques
multi-cibles (telles que les combi-molécules) en comparaison avec une combinaison
équimolaire de deux molécules. Ceci a permis la définition du principe de « ciblage
équilibré » selon lequel une combinaison équimolaire est dite « équilibrée » quand sa
valeur d’IC50 est inférieure a celle de chacune des molécules seules. Par 1’utilisation de
données générées a partir de nombreuses expériences, nous avons mis en évidence qu’un
ciblage équilibré pourrait étre observé quand la différence entre les IC50 des deux
molécules seules était inférieure ou égale a 6, et nous avons établi un nouveau parametre
€ nommé « indice de potentialité » pouvant étre utilis€¢ pour évaluer un ciblage équilibré.
Nous avons trouvé une corrélation linéaire significative (R?=0,95) entre ¢ et la différence
entre les IC50 des deux molécules. Les combi-molécules étant théoriquement congues
pour générer des effets similaires & une combinaison équimolaire, nous avons établi
qu’elles devaient étre comparées a cette derniére seulement quand elles sont équilibrées.
Ainsi, un nouveau parametre €2, établi comme 1’'IC50 de I’inhibition de croissance
divisée par celle d’une combinaison équimolaire équilibrée, a été¢ défini afin de mesurer
I’efficacité des combi-molécules. Selon nos données, une combinaison équimolaire
donnée peut servir de référence afin de déterminer 1’efficacité d’une combi-molécule,
seulement quand sa valeur € est inférieure a 5 et cette molécule ne peut étre considérée
digne d’un développement approfondi que quand € est inférieur a 1. Nos résultats in foto

suggerent que les approches multi-ciblées visant a bloquer les effets négatifs et



compensatoires de kinases oncogéniques clés est une stratégie prometteuse permettant

d’abroger les signalisations complexes dans les tumeurs réfractaires.
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1.1 PREFACE

A recent report showed that the clinical attrition rate for oncology was almost four-fold
higher compared with other diseases, highlighting the debilitating challenge associated
with cancer drug discovery (1). The inability of many cytotoxic agents to specifically
target cancer cells has contributed to their lack of selectivity and thus enhanced toxicity
in the clinic. However, the past few years have seen a significant shift in the approach
towards the treatment of cancer, with the development of more selective molecules
designed to inhibit specific oncogenes. This has led to the era of targeted therapies. A
major discovery that paved the way for a promising new targeting approach was that of
Gleevec (imatinib), the first tyrosine kinase inhibitor (TKI) approved for the treatment of
Chronic Myelogenous Leukemia (CML). Gleevec was designed to specifically inhibit the
oncogenic product of the Philadelphia chromosome encoding a fusion protein termed
Ber-Abl (2). Since then, several key findings on molecular mechanisms driving cancer
progression have shed light on the major deregulated oncogenic signaling pathways in
different cancers. Following the approval of imatinib, several small molecule inhibitors
have been approved for the treatment of various cancers driven by different oncogenic
protein kinases. These include gefitinib and erlotinib for epidermal growth factor receptor
(EGFR), bevacizumab for vascular endothelial growth factor receptor (VEGFR),
crizotinib for ALK and hepatocyte growth factor receptor (c-Met), vemurafenib for
BRAF, etc. (3). Despite an improvement in target selectivity, the clinical efficacy of these
inhibitors has been significantly mitigated by the onset of resistance mechanisms. A
complex network of signaling nodes originating from different kinases engaging in

signaling crosstalk, and activation of compensatory signaling pathways are known to
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significantly contribute to tumour heterogeneity, thereby decreasing sensitivity to kinase
inhibitors.

Together, these properties of cancer cells have challenged the “one-drug-one-disease”
paradigm. Cancer cells are known to evade cytotoxic lesions by activating multiple
signaling pathways. Unfortunately, a similar type of response has been reported for
kinase inhibitors, which despite their ability to block a given pathway leading to growth
and proliferation, results in the activation of an alternative signaling event that reverts the
initial growth inhibitory effect. The blockade of multiple signaling pathways seems to be
a sine-qua-non for sustained growth inhibition. Consequently, there is an urgent need for
the development of multi-targeted drugs directed at key signaling proteins involved in
these adverse signaling pathways. Within this context, our laboratory has designed and
synthesized a novel class of compounds termed “combi-molecules” that are capable of
blocking two or more divergent targets (e.g. EGFR and DNA) either as an intact
structure, or upon undergoing hydrolysis to release their two inhibitory arms (4, 5). In
contrast to our previous generation of combi-targeting drugs, which were primarily
directed at EGFR and DNA, the current thesis is exclusively focused on the targeting of
multiple kinases without intervention of any cytotoxic lesion or DNA interactive agents.
We sought to determine and study mechanisms of cell response when two or more
kinases are targeted by small molecules using both a single multi-targeted molecule
approach and combinations of multiple tyrosine kinase inhibitors. While the common
trend for enhancing the potency of tyrosine kinase inhibitors is to design combinations

with non-kinase cytotoxic agents such as DNA damaging agents and radiation, this thesis
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works with the hypothesis that sustained potency can be driven by targeting key kinases

in the complex network, which we name the Achilles’ heels of the network.

1.2. PROTEIN TYROSINE KINASES

It is now known that a complex and tightly regulated network of signal transduction
pathways controls growth, proliferation, cell-cell communication, differentiation,
metabolism and cell death. Together, these processes are known to maintain tissue
homeostasis. An intricate framework of signaling proteins including cell surface
receptors, cytoplasmic, ribosomal, cytoskeletal, nuclear proteins and transcription factors
forms this complex array of signaling pathways. Communication between these signaling
proteins spanning the length of the extracellular milieu all the way down to the genomic
DNA is controlled by specific and precise events that are tightly regulated. One such
signaling event, that is considered to be a major mechanism driving these signaling
pathways is the reversible phosphorylation and dephosphorylation of the hydroxyl-group
of key amino acid residues including serine, threonine and tyrosine on these signaling
proteins, which is carried out by a specialized class of enzymes termed protein kinases
(6). These belong to the large family of phosphotransferases that possess intrinsic
enzymatic properties owing to a catalytic domain that can transfer the y-phosphate from
an ATP molecule to a hydroxylamine residue on the substrate protein (7, 8). Based on the
amino acid residue that is phosphorylated, protein kinases are further classified as
serine/threonine or tyrosine kinases, although they are structurally related with a high
level of sequence homology. While protein tyrosine kinase (PTK) activity is now

considered a fundamental molecular mechanism regulating cellular functions, very little
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was known about signal transduction pathways until 50-60 years ago. The next section
briefly summarizes the major breakthroughs that enhanced our understanding of the

molecular basis of cell signaling.

1.2.1 Historical timeline of the discovery of protein tyrosine kinases

Several landmark discoveries spanning the length of the previous century have brought us
to our current state of understanding and appreciation of the importance of cellular
signaling. Although, the first phosphate group on a protein was identified in 1906 it was
not until much later that the role of kinases was elucidated (9). The next few insightful
clues demonstrating the role of phosphorylation in regulating cellular functions came
from studies focusing on the biochemical pathways of cellular metabolism. The late
1930s saw the discovery of glycogen phosphorylase, which was followed by the
discovery of phosphorylase kinase, an enzyme capable of converting the former from its
inactive form to active form in the presence of ATP (10). Between 1950 to the late 60s
was an interesting period that led to the discovery of the second messenger cyclic AMP
triggered by a hormone, and was shown to activate another kinase termed cyclic-AMP-
dependent protein kinase, later known as protein kinase A (PKA). This in turn was found
to play a crucial role in the activation of phosphorylase kinase that is required for the
activation of glycogen phosphorylase (10, 11). These discoveries made in the 50s,
unmasked for the first time a true “signaling cascade” where transfer of a phosphate
group from one substrate to the other controlled cellular functions. However, it was not

until 20 years later that other signaling cascades began to be identified. Like PKA,
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several other serine/threonine kinases with intrinsic kinase activity were identified by the
70s (10).

However, in 1979, a breakthrough discovery demonstrated for the first time, a tyrosine
kinase activity in a protein called v-Src, which is encoded by the transforming oncogene
of the Rous Sarcoma Virus (RSV), which is the truncated form of its cellular counterpart,
c-Src (12). Sequence analysis revealed that v-Src showed homology with the catalytic
domain of PKA, a serine kinase and was later shown to phosphorylate tyrosine residues
on other proteins, suggesting that it possessed intrinsic kinase activity (6).

In the 1980s, the discovery of tyrosine kinase activity associated with EGFR upon
stimulation with its ligand, the epidermal growth factor or EGF linked cellular function to
tyrosine kinase activity (13-15). Subsequent studies revealed that EGFR could not only
phosphorylate exogenous substrates but also “self” phosphorylate specific tyrosine
residues leading to the activation of signal transduction pathways (16-19). Around this
time, another receptor, c-Met with intrinsic tyrosine kinase activity was discovered as the
product of the Tpr-Met oncogene, which resulted from chromosomal rearrangement of
the TPR and MET genes in osteosarcoma cells treated with a chemical carcinogen (20-
23). Soon after these discoveries, receptors for platelet derived growth factor (PDGF),
insulin and insulin-like growth factor 1 (IGF-1) were shown to possess intrinsic tyrosine
kinase activity upon binding to their cognate ligands (7, 24). These were key findings that
established a link between tyrosine phosphorylation mediated by growth factor receptors
and their regulation of cell growth and proliferation.

Subsequent work in the late 1980s and the 1990s continued to explore the mechanistic

role of PTKs and other serine/threonine kinases, which led to the discovery of signaling
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cascades. Some of the major pathways identified were the JAK-STAT pathway, the
classical MAPK and the PI3K pathways, which regulate growth, proliferation,
differentiation, invasion and survival in cells (10). These were significant discoveries that
underlined the true nature of signal transduction that transmit growth, proliferation,
survival and cell death signaling.

Overall, these insightful findings contributed to enhancing our knowledge of the
molecular mechanisms controlling the cell and established PTKs as important regulators
of cell signaling. Figure 1.1 summarizes the timeline of these mvaluable discoveries over

the last century.

- Phosphorylase kinase
- Second messenger cyclic

AMP Tyrosine kinase activity
- Cyclic AMP dependent associated with growth - MAPK
First covalently protein kinase (PKA) factor receptors pathway
linked phosphate - PKA defined as a serine/ including EGFR, - PIBK
detected threonine kinase PDGFR, IGF1-R Pathway

|

1906 1930s

|

Glycogen
phosphorylase a, b

|

1950s-1960s 1979

l

Tyrosine kinase
activity associated
with v-Src

| |

1980s Late 1980s 1990s

|

JAK/STAT
pathway

Figure 1.1: Historical overview. Key findings leading up to the discovery of protein

tyrosine kinases (PTKs) and their role in cellular signaling

1.3. CLASSIFICATION OF PTKS AS RECEPTOR AND NON-RECEPTOR
TYROSINE KINASES
With the sequencing of the human genome in 2000, it has been shown that 2% of the

human genome accounts for protein kinases (520 known protein kinases), of which >90
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account for protein tyrosine kinases (PTKs) (25, 26). These are further classified as
receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases (non-RTKs) based on
their overall structure, function and cellular localization. RTKs are glycosylated
transmembrane proteins consisting of an extracellular domain for ligand binding, a
transmembrane helix domain and a cytoplasmic region that possesses intrinsic enzymatic
property (kinase domain) and binding sites for protein substrates mediating downstream
signaling (7, 27).

The large family of RTKs includes the EGFR family (EGFR or Herl or ErbB1, Her2 or
ErbB2, Her3 or ErbB3 and Her4 or ErbB4), PDGFR, insulin-like growth factor-1
receptor (IGF1-R), c-Met and VEGFR. RTKs are activated upon binding exogenous
growth factors (e.g. EGFR, PDGF, VEGF, etc.) that lead to cell growth, proliferation,
differentiation, migration, invasion, embryogenesis, wound-healing, angiogenesis and
survival through activation of signal transduction pathways (19). These growth factor
receptors or RTKs, thus play a crucial role during early developmental stages but
maintain tissue homeostasis by balancing cell growth, differentiation and programmed
cell death (8, 28).

Non-RTKs are cytoplasmic kinases of modular structure that are activated downstream of
growth factor receptors or RTKs (e.g. EGFR, PDGFR, c-Met, VEGFR), cytokine
receptors and other transmembrane receptors such as integrins and G-protein coupled
receptors (GPCRs), leading to the activation of signaling cascades that control important
cellular functions such as growth, proliferation, migration, invasion, angiogenesis and
apoptosis (29). Non-RTKs are classified into different families based on their structural

and functional properties. Commonly expressed non-RTKs include the Src Family
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Kinases (c-Src, Fyn, Lyn, Lck, Fgr, Yes, Yrk, Blk and Hck), Abl family (c-Abl, Arg),
Janus Kinases or JAK family (JAK1, JAK2, JAK3 and TYK?2), the Focal Adhesion
Kinase family (FAK, Pyk2), etc. (29-36). In case of cytokine receptors that lack intrinsic
enzymatic activity, non-RTKs serve as catalytic subunits that play a key role in
transducing signals through phosphorylation events (e.g. IL6 binding to gp130 receptor
subunits activates JAKs downstream, that lead to signal transduction) (37). However, in
case of RTKs that possess intrinsic kinase activity, non-RTKs serve as signaling subunits
by associating with different receptors, thereby leading to diversity in cell signaling and
signaling crosstalks (29). Non-RTKSs such as c-Abl, besides serving as signaling subunits
also regulate transcriptional activity in the nucleus (35). Therefore, a tightly regulated
network of RTKs and non-RTKs form an integral part of the signaling cascades
controlling key cellular functions.

Since the primary focus of this thesis is on the tumorigenic properties of EGFR, c-Met, c-
Src and the complex signaling crosstalk between them, the next few sections are
dedicated to the structure, function and physiological properties of these kinases prior to

discussing their role in cancers.

1.3.1. EGFR structure and activation

A. Structure

EGFR is a transmembrane receptor that consists of an extracellular region, a
transmembrane helix that continues into the juxtamembrane domain and an intracellular
cytoplasmic region. As seen in figure 1.2A, the extracellular region of EGFR consists of

four domains termed domain I (or L1 where L stands for large), domain II (or CR-1 for
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cysteine rich), domain III (L2) and domain IV (CR-2). While domains I and III interact
with the ligand, domains II and IV are essential for receptor dimerization (38-40). EGFR
can form homo- or heterodimers with other members of its family (e.g. EGFR-Her2,
EGFR-Her3). The transmembrane domain is mainly a-helical, which is followed by the
juxtamembrane domain that possesses regulatory functions, such as receptor
downregulation and ligand-dependent internalization. This is followed by the kinase
domain, which consists of an ATP-binding site between the N-terminal and C-terminal
lobes. Detailed explanation of the structure, function and regulation of the kinase domain
i1s given in the next section. Finally, the kinase domain is followed by the carboxy-
terminal tail, which consists of tyrosine residues that undergo phosphorylation and create
docking sites for various signaling proteins, thereby modulating receptor-mediated
signaling (8, 40).

A

Domain- or L1

Domain-l or CR-1
Extracellular Reglon —
Extracellular Region —

Transmembrane Domaln :. :I-.I:. I

Kinase Domaln

Cytoplasmic Reglon

Phosphorylation Sites

- Carboxy-terminal Tall
Figure 1.2: EGFR Structure and ligand binding. (A) The EGFR structure is primarily
divided into an extracellular region, a single-pass alpha-helical transmembrane domain

and a cytoplasmic region. The extracellular region facilitates ligand binding (domains I
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and III) and receptor dimerization (domains II and IV). The cytoplasmic region consists
of the kinase domain as well as the C-terminal region with specific tyrosine residues,
which upon undergoing phosphorylation serve as docking sites for the binding of key
signaling proteins. (B) Ligand binding is mediated by domains I and III, which in turn
leads to conformational changes that expose the dimerization arm facilitating interactions

between the two monomeric units.

B. Activation

EGFR is known to have seven ligands, including the epidermal growth factor (EGF),
transforming growth factor (TGF)-a, heparin binding epidermal growth factor (HB-EGF),
amphiregulin, betacellulin, epiregulin and epigen (41-45). As seen in figure 1.2B, each
monomeric receptor (depicted as A and B) binds one ligand through interactions with
domains I and III of the receptor (46-48). Ligand binding leads to conformational
changes in the extracellular region that expose the domain II loop (or dimerization arm)
into the interface, allowing the two ligand-bound monomeric receptors to interact with
each other (Fig. 1.2B). Interactions between domains II and IV of each receptor bring the
two monomers together, resulting in receptor dimerization, and subsequent activation of
the kinase domain (40).

The kinase domain of all PTKs shares homology with the serine/threonine kinases and is
about 300 amino acids long with a two-domain architecture consisting of a smaller N-
lobe and a larger C-lobe. The N-lobe is made up of a five-strand B-sheet and a single o-
helix, while the C-lobe is largely made of a-helices. Upon activation, ATP binds in the

cleft between the two lobes, while protein substrates interact with the C-lobe (Fig. 2C).

34



Several polypeptide segments including the a-helix C in the N-lobe and the activation
loop (A-loop) in the C-lobe contribute towards regulation of the kinase domain (49). In
general, the A-loop maintains the receptor in an inactive state by occluding the active site
and posing steric hindrance to the binding of ATP or protein substrate. The A-loop
consists of conserved tyrosine residues (Tyr845 in EGFR, Tyr1234, 1235 in c-Met and
Tyr419 in c-Src) that requires phosphorylation for receptor activation (except in the case
of EGFR), and as a result, remains deeply buried and unexposed when the receptor is
inactivated (50, 51). Ligand binding and receptor dimerization lead to conformational
changes within the kinase domain and subsequent activation (27, 49, 52, 53). A ribbon-
structure of a prototypical protein kinase domain has been shown in figure 1.3, which is
based on the structure of the insulin receptor kinase bound to an ATP analog and a
substrate (downloaded from Protein Data Bank, PDB code: 1IR3) (54). The N-lobe is
represented in blue and the C-lobe in green. ATP binds in the cleft between the two lobes,
while the peptide substrate binds in the active site, which is no longer inhibited by the A-
loop (blue, labeled in the C-lobe). The receptor is inactive when the A-loop occludes the

active site and causes steric hindrance to the binding of ATP or substrate.
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N-Lobe

: -Helix C
e *

ATP Analog

Figure 1.3: Ribbon structure of the prototypical kinase domain based on the
structure of insulin receptor kinase. N-lobe is in blue, C-lobe in green and the a-helix
C loop in the N-lobe (green), activation loop or A-loop in the C-lobe (blue), ATP analog
as well as the peptide substrate are labeled accordingly. Downloaded from Protein Data
Bank (PDB code: 1IR3, phosphorylated insulin receptor tyrosine kinase in complex with

peptide substrate and ATP analog) (54).

Studies involving the substitution of the conserved tyrosine (Y) residue in the activation
loop with a phenylalanine (F) residue to suppress phosphorylation activity, led to
compromised kinase activity in most RTKs and non-RTKs (50, 51). However, mutations
mmvolving Y845F in EGFR did not affect its kinase activity, suggesting that EGFR
activation was not dependent on phosphorylation of Y845 (55). Zhang ef al. (56) showed

using crystal lattices of activated and inactivated EGFR that ligand binding and receptor
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dimerization lead to the formation of asymmetric dimers where the N-lobe of one kinase
domain is juxtaposed with the C-lobe of the other kinase domain. This in turn leads to
allosteric interactions that removes the autoinhibition caused by the activation loop and
activates the kinase domain (56). An activated kinase can then phosphorylate tyrosine
residues including Y992, Y1045, Y1068, Y1086, Y1148 and Y1173 in the C-terminal tail
of EGFR that serve as docking site for proteins that activate signaling cascades

downstream (Fig. 1.2B) (57).

1.3.2. c-Met structure and activation

A. Structure

Like EGFR, c-Met is a transmembrane receptor, the extracellular region of which
consists of three domains including the Sema domain comprising an a-subunit that forms
disulfide bridges with the P-subunit (Fig. 1.4). The Sema domain bears sequence
homology to domains found in plexins and semaphorins that are large transmembrane
receptors with cysteine-rich extracellular domains and secreted membrane-linked
molecules with an extracellular domain, respectively (58, 59). The Sema domain in c-Met
is followed by a PSI domain [found in plexins, semaphorins and integrins (60)] and an
IPT domain [immunoglobulin-plexin-transcription, which are related to immunoglobulin-
like domains found in integrins, plexins and transcription factors (61)] that is linked to
the transmembrane domain. This is followed by an intracellular cytoplasmic region,
which consists of a juxtamembrane domain, kinase domain and a regulatory C-terminal
tail (62). The only known ligand for c-Met is the hepatocyte growth factor (HGF) or

scatter factor (SF), which is secreted as pro-HGF that is cleaved by extracellular
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proteases to generate mature HGF consisting of a- and P-chains linked by disulfide
bridges (63, 64). This bivalent ligand binds c-Met by forming high-affinity interactions
with the PSI domain via its o-chain (required for receptor binding) and forms low-affinity
interactions with the Sema domain via its p-chain (required for c-Met activation) (65-67).
Binding of HGF to each monomeric receptor leads to receptor dimerization followed by

activation of the kinase domain (65, 66).
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Sema Domain
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Transmembrane Domain (RN
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—

Figure 1.4: Structure of c-Met and its functional domains. The c-Met receptor
consists of an extracellular region, a single pass alpha-helical transmembrane domain and
a cytoplasmic region. The extracellular region consists of specific domains that facilitate

the binding of HGF, leading to receptor dimerization. The cytoplasmic region includes
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the kinase domain and the C-terminal regulatory tail, which consists of key tyrosine
residues that serve as docking sites for the binding of signaling proteins upon undergoing

phosphorylation.

B. Activation

The kinase domain is maintained in an inactive state by the activation loop blocking
access to ATP or substrate to the catalytic domain. Phosphorylation of the two regulatory
tyrosine residues, Y1234 and Y1235, on the activation loop is required for c-Met
activation (50). Upon ligand binding and receptor dimerization, conformational changes
bring the kinase domains of the two monomers in close proximity facilitating the trans-
phosphorylation of the tyrosine residues. Y1235, which is more solvent-exposed and thus
easily accessible within the activation loop, is phosphorylated first. However, complete
removal of autoinhibition and thus, receptor activation only occurs following
phosphorylation of the second tyrosine residue, Y1234. This indicates a “dual-switch”
mechanism that tightly regulates the c-Met kinase domain, where phosphorylation of both
residues is required for complete activation of the receptor (68). This in turn leads to the
phosphorylation of tyrosine residues 1349 and 1356 in the C-terminal tail of the receptor
that act as docking sites for proteins, leading to the activation of signaling cascades

downstream (Fig. 1.4) (69, 70).

1.3.3. c-Src structure and activation

A. Structure
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Unlike EGFR and c-Met, c-Src is a cytoplasmic protein of modular structure where
different domains are joined together by linkers. As depicted in figure 1.5A, the c-Src
protein structure can be divided into six regions: (a) Src homology-4 or SH4 domain, (b)
a Unique domain, (c) an SH3 domain, (d) an SH2 domain, (e) a catalytic domain and (f) a
negative regulatory tail (71). The SH4 domain is in the N-terminus region of the protein
and contains special sites for lipid modifications. For instance, the N-terminal glycine is
important for the addition of a myristol-group that helps anchor c-Src to the plasma
membrane (72). Following the SH4 domain is a “Unique” domain that is particular to
different members of the Src Family Kinases (SFKs) and participates in receptor and
protein interactions. In case of c-Src, serine and threonine residues have been identified
in this region that undergo phosphorylation, mediate protein-protein interactions and
regulation of catalytic activity (30). The Unique domain is followed by three modular
domains (SH3, SH2 and catalytic domain), which are found in several different proteins
including non-RTKs, lipid kinases, receptors, transcription factors, etc. (73). The SH3
domain of c-Src participates in intra- and intermolecular interactions that regulate its
kinase activity, its localization and substrate binding. This particular domain is important
for protein-protein interactions, which is mediated by its ability to specifically recognize
proline-rich sequences with the conserved P-X-X-P sequence (P = proline and X = amino
acid) that are known to form polyproline type II (PPII) helices (74). Following the SH3
domain in the structure is the SH2, which binds short amino acid sequences containing a
phosphotyrosine residue with preference for leucine. The SH2 domain regulates kinase
activity as well as protein-protein interactions. The SH2 domain of c-Src is followed by a

negative regulatory C-terminal tail. (Fig. 1.5) (30, 73, 75).
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Figure 1.5: Structure and activation of c-Src. (A) c-Src consists of several modular
domains termed the Src homology (SH) domains, each with a specific function. The N-
terminal region consists of the SH4 and unique domains that facilitate anchoring to the
plasma membrane. The SH3 domain mediates intra or inter-molecular protein-protein
interactions through the recognition of proline-rich sequences. The SH2 domain plays a
key role in recognizing phosphorylated tyrosine residues, and together the SH3 and SH2
domains play a key role in substrate recognition and binding. The SH1 domain is the
kinase domain that has intrinsic catalytic activity. Finally, the C-terminal region of c¢-Src
consists of the negative regulatory tyrosine residue, Y530, which undergoes
phosphorylation and allows the protein to adopt a closed and inactive conformation. (B)
c-Src activation 1s triggered by switching from a “closed” to a more “open”
conformation, which is facilitated by dephosphorylation of the tyrosine 530 residue by

phosphatases or through competitive binding of the SH2 domain to other phosphorylated
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tyrosine residues. This in turn leads to conformational changes that activate the kinase

domain and the c-Src protein.

Unlike RTKSs, c-Src is maintained in a “closed” conformation through intramolecular
interactions between its different domains (Fig. 1.5B). This is primarily aided by the
interaction between the SH2 domain and the phosphorylated tyrosine residue Y530 in the
C-terminal tail (76-78). Two known kinases, C-terminal c-Src kinase (CSK) (79) or CSK
homologous kinase (CHK) are responsible for phosphorylating Y530, which acts as a
negative regulator of c-Src (80). In addition, interactions between the SH3 domain and
the linker that joins the SH2 and catalytic domains further stabilize the inactive
conformation of c-Src (81). Overall, the c-Src inactive conformation is maintained by the
intramolecular interactions between the SH2 domain and the C-terminal tyrosine residue
along with those between the SH3 domain and the linker region between the SH2 and the
catalytic domains.

The SH2 and SH3 domains do not occlude the catalytic domain but maintain the inactive
conformation through distortions of the regulatory a-helix C loop (glutamic acid, E310).
The activation loop causes steric hindrance to substrate binding and keeps Y419
inaccessible to phosphorylation (Fig. 1.5B) (82, 83). Note that the phosphorylation
residues are often represented in the literature as Y416 (instead of Y419) and Y527
(instead of Y530), which are the corresponding tyrosine residues of c-Src in chicken,
where c-Src was originally discovered as the viral oncogene v-Src (84). However in this

work, the residues will be referred to as Y419 and Y530.
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B. Activation

c-Src undergoes activation (“open” conformation) in one or more of the following ways:
(a) dephosphorylation of Y530 by phosphatases, including protein tyrosine phosphatase
(PTP)-a, PTP-y, SHP-1 or SHP-2 or, (b) binding of the SH2 domain to phosphorylated
tyrosine residues on other protein substrates that competitively disrupts the relatively
weaker interaction between SH2 and the phosphorylated Y530 in the C-terminal region
(30, 84). This in turn results in the activation of the c-Src intrinsic kinase activity and
promotes relocalization of c-Src at different sites where it exerts its cellular functions

(Fig. 1.5B) (84).

1.4. SIGNAL TRANSDUCTION PATHWAYS ACTIVATED DOWNSTREAM OF
EGFR, C-MET AND C-SRC

Soon after the discovery of the c-Src structure, the Src homology domains (i.e., SH2 and
SH3) were identified in several other proteins associated with signal transduction
pathways. These signaling proteins of modular structure are classified as adaptors based
on their ability to bind phosphorylated tyrosine residues on RTKs including EGFR and c-
Met and participate in signaling cascades through their protein-protein interacting
domains. Adaptor proteins generally lack enzymatic activity and possess one or more of
the following domains: SH2 domain, the phosphotyrosine binding or PTB domain, SH3
domain and the pleckstrin homology or PH domain (85). Among these, adaptors
containing the SH2, PTB or SH3 domain are involved in protein-protein interactions,
while those containing the PH domain are involved in protein-lipid interactions. While

SH2 and SH3 domains bind phosphorylated tyrosine residues, the latter domain binds
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proline rich sequences (85). Adaptors commonly known to participate in signaling
cascades originating from RTKs are the Src homology containing or Shc protein (86)
(SH2 and PTB domains), the growth factor binding protein-2 or Grb2 (87) (SH2 and SH3
domains), PLC-gamma (16), Grb2-associated binding protein-1 or Gab-1 protein (88)
(PH domain, proline rich sequences and a specific Met binding domain or MBD that is
specific to c-Met binding) (73, 89). Consequently, other signaling proteins such as
STATs (90) and the p85 regulatory subunit of PI3K (91) were also discovered to contain
one or more of these modular domains that facilitate their protein binding and ligand-
specific interactions leading to activation of signaling pathways downstream of receptors.
As previously mentioned, non-RTKs including c-Src are activated following protein-
protein interactions facilitated by their modular structure, which leads to conformational
changes and subsequent activation of their catalytic domain. c-Src is activated
downstream of several membrane receptors including RTKs, integrins, G-protein coupled
receptors (GPCRs) and cytokine receptors, functioning as an important signaling subunit
downstream of receptors, regulating key cellular functions (30).

The next section describes canonical pathways activated by EGFR and c-Met, as well as
highlights the role of c-Src as a key player in regulating different cellular functions

through its involvement in various signaling pathways.

1.4.1. Activation of the Mitogen Activated Protein Kinase (MAPK) pathway
The Ras-Raf-MEK-ERK1/2 cascade belongs to the family of MAPK pathways classified
on the basis of the type of MAPK activated by the signaling cascade. The MAPK

pathways are evolutionarily conserved and are involved in cellular growth, proliferation,
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differentiation, migration and apoptosis. To date, there are six groups of known MAPKs
and these include extracellular signal-related kinases (ERK) 1/2, 3/4, 5, 7/8, JNK1/2/3
and p38 isoforms, among which, the ERK pathway is one of the best studied and found to
be commonly deregulated in cancers (92, 93). The MAPK pathway can be defined as a
three-tier kinase module wherein the MAPK is phosphorylated and activated by a
MAPK-kinase (MAPKK), which in turn is phosphorylated and activated by a MAPKK-
kinase (MAPKKK) that is activated by upstream proteins in response to extracellular
signals (92).

Upon binding its ligand (e.g. EGF) and undergoing receptor dimerization and activation,
EGFR autophosphorylates tyrosine residues on its C-terminal tail. Grb2, an adaptor
protein, which is associated with son of sevenless (SOS), a guanine exchange factor,
either directly binds phosphorylated Y1068 or Y1086 via its SH2 domain or indirectly by
associating with the SH2 domain of She, which binds EGFR via its PTB domain at
phosphorylated Y1148 or Y1173 (Fig. 1.6) (48, 94-96).

As for the receptor c-Met, following activation, Grb2-SOS may associate directly with it
through its Y1356 or indirectly by binding Shc at Y1349, which in turn binds c-Met via
its PTB domain (Fig. 1.6) (62, 97, 98).

The binding of Grb2-SOS to the receptor, brings SOS in close proximity with the
membrane-bound Ras-GDP, a small molecule GTPase serving as a regulatory switch of
the MAPK pathway, which is quickly exchanged for a GTP moiety. Ras-GTP
subsequently recruits Raf-1 to the plasma membrane, which contains several regulatory
phosphorylation sites, of which some are phosphorylated in their inactive state while

others are phosphorylated by membrane-associated kinases to generate active Raf-1 (99,
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100). Two such sites are Y340 and Y341 that are phosphorylated by c-Src and result in
the activation of Raf-1 (101-103). The role of c-Src is not only implicated in the
phosphorylation and activation of Raf-1 (and its close family member Raf-A), but it is
also known to activate the Ras-Raf-MEK-ERK1/2 pathway by phosphorylating Shc,
which then recruits the Grb2-SOS complex leading to the activation of Ras (104, 105).

Once activated, Raf-1, a MAPKKK, leads to the phosphorylation and activation of
MEKI1/2, a MAPKK. MEK1/2 then phosphorylates and activates the last “tier” of this
kinase module, ERK1/2, two MAPKs, which then translocate to the nucleus and activate
transcription factors including c-Myc, c-Fos, c-Jun, CREB, Ap-1, Ets, etc., that control

cell cycle progression, growth, proliferation and survival (Figure 1.6) (105).
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Figure 1.6: Activation of the MAPK pathway by EGFR, c-Met and c-Src. Receptor
activation leads to the binding of the Grb2/SOS complex to phosphorylated tyrosine

residues either directly or via She leading to the activation of the Ras protein. Once
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activated, Ras activates Raf-1 via inducing conformational changes, which is further
activated upon being phosphorylated on specific tyrosine residues by proteins such as c-
Src. Activated Raf-1, a serine/threonine kinase phosphorylates MEK1/2, a dual-
specificity kinase that further activate ERK1/2 by phosphorylating them on tyrosine and
threonine residues. Activated ERK1/2 translocate to the nucleus and activate specific

transcription factors regulating cell growth, proliferation and survival.

1.4.2. Activation of the Phosphotidylinositol-3-Kinase (PI3K) pathway

The phosphatidylinositol-3-kinase (PI3K) pathway is another major pathway activated
downstream of receptor and non-receptor kinases that regulates growth, proliferation,
survival, apoptosis, motility and metabolism (106). PI3Ks belong to the large family of
lipid kinases that phosphorylate the 3°-OH of phosphatidylinositols at the plasma
membrane. The family of PI3Ks is further classified into class I, class II and class III on
the basis of substrate specificity, structure, function and mechanisms of activation. RTKs,
GPCRs and Ras activate class I PI3Ks. Class II PI3Ks are activated by receptors and
GPCRs activated by growth factors, hormones and cytokines and lead to vascular
trafficking. Vacuolar protein sorting 34 (Vps34), the unique member of class I1I PI3KSs is
involved in membrane trafficking (107).

Class I PI3Ks are the best characterized and are implicated in cancer progression (108,
109). These exist as heterodimers that consist of a regulatory subunit and a catalytic
subunit (p110). The mammalian genome encodes four different isoforms of p110 (a, B, ¥
and ) and several different regulatory units. The pl110a is known to heterodimerize with

p85, which serves as the regulatory subunit that binds receptors and non-receptors
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through its SH2 domain (110). The p85 regulatory subunit of PI3K does not have a direct
binding site on the C-terminal tail of EGFR and is thus activated by: (a) binding HER3 as
part of the EGFR-HER3 heterodimer, (b) binding Gab-1 that is coupled with EGFR or (c)
binding Y920 residue that is phosphorylated by c-Src (111-114). Unlike EGFR, c-Met
has a direct binding site for p85, which can also bind the receptor indirectly via Gab-1
(62). The p85 subunit also binds the SH3 domain of c-Src via recognition of proline-rich
sequences, leading to the activation of the PI3K pathway, in a c-Src-dependent manner
(115).

Binding of the p85 regulatory subunit to an activated receptor or non-receptor thus results
in the activation of the pllOo catalytic subunit, which phosphorylates
phosphatidylinositol-4,5-phosphate  (PIP2) to phosphatidylinositol-3,4,5-phosphate
(PIP3), the latter serving as a second messenger of the class I PI3K pathway. The
phosphatase and tensin homolog (PTEN) is an important negative regulator of the PI3K
pathway, which is known to dephosphorylate PIP3 to generate PIP2, leading to
deactivation of downstream signaling. Both PIP2 and PIP3 act as docking sites for
proteins containing the pleckstrin homology (PH) domain, including PDK-1 and protein
kinase B/AKT (PKB/Akt). PI3K activation leads to translocation of Akt to the plasma
membrane via its PH-domain, which is further activated by PDK-1 that phosphorylates
threonine 308 on its activation loop (107). Phosphorylation of a second site, serine 473, is
required for complete activation of Akt, which is carried out by the mammalian target of
rapamycin (mTOR) complex protein, mTORC2 (116). Activated Akt is an important
effector of the PI3K pathway that phosphorylates several substrates downstream affecting

cellular growth, proliferation, metabolism, survival and apoptosis (107, 117). Table 1.1
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below summarizes a list of substrates that are phosphorylated by Akt, and their respective
functions.

Table 1.1: Akt substrates and the corresponding effect induced by Akt

. 106, 117
phosphorylation’ )

Substrate Physiological Function | Akt-mediated Effect

Bad Pro-apoptotic Inhibition

Procaspase-9 Pro-apoptotic Inhibition

FOXO Pro-apoptotic Inhibition

CREB Survival Activation

IKK NFK-B a.c.tlvanon: Activation

survival
mTORC1 Protem syn.thems= Activation
translation

GSK-3 Metabolism, growth Inhibition

p21 Growth, proliferation Inhibition

p27 Growth, proliferation Inhibition

Mdm? Inhibition of p53 Activation

1.4.3. Activation of the Signal Transducers and Activators of Transcription (STAT-3)
pathway

The signal transducers and activators of transcription (STAT) proteins are transcription
factors playing a key role in regulating cell cycle progression, differentiation and survival
in cells (118). The STAT family consists of seven members including STAT1, STAT2,
STAT3, STAT4, STATS5a, STATSb and STAT6, of which STATI1, STAT3 and STATS
are known to be overexpressed in cancers and play a role in carcinogenesis (119). STAT
proteins consist of an oligomerization domain, a DNA binding domain and an SH2
domain that i1s required for their activation. While STAT3 and STATS are known to

promote growth, proliferation and survival, STAT1 behaves as a tumour suppressor by
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causing cell cycle arrest and inducing apoptosis (120). STAT2, 4 and 6 are primarily
activated downstream of cytokine receptors and do not play a role in carcinogenesis
(121).

In the canonical JAK-STAT pathway, ligand binding to the receptor (i.e., cytokine IL6
binding to glycoprotein130 or gpl30 receptor subunits) leads to the binding and
activation of the catalytic domain of the non-RTK, JAK (JAK family members, JAKI, 2,
3 or Tyk2). JAKSs, unlike other non-RTKSs lack an SH2 or SH3 domain and bind receptors
via their JAK homology or JH domains that recognize proline rich sequences on the
receptor, which activates their catalytic domain leading to the phosphorylation of tyrosine
residues on the cytokine receptor. These phosphorylated tyrosine residues recruit STAT
proteins that bind the receptor via their SH2 domain, followed by phosphorylation of key
tyrosine residues on their SH2 domain by JAKs (Y701 on STATI1 (122), Y705 on
STAT3 (123) and Y694 on STATS (124)). Each phosphorylated STAT protein then
homo- or heterodimerizes with another activated STAT protein and translocates to the
nucleus to mediate transcriptional changes by binding specific regions on the DNA (Fig.
1.7) (35, 121, 125).

Unlike cytokine receptors that lack intrinsic kinase activity and require the catalytic
function of JAKSs to activate STATSs, growth factor receptors and non-receptor tyrosine
kinases including EGFR, c-Met and c-Src are known to directly activate STATSs through
their intrinsic catalytic properties (Fig. 1.7) (126). Indeed, ligand-dependent activation of
EGFR leads to STAT3 phosphorylation, in a JAK-independent manner, despite JAK1
being phosphorylated in response to EGF stimulation (35, 127, 128). Furthermore,

STAT3 does not bind to phosphotyrosine residues on the C-terminal tail of EGFR, but
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remains constitutively associated with the receptor. However, their activation is strictly
dependent on the tyrosine kinase activity of EGFR. Another proposed mechanism for
STAT3 activation by the receptor is via c-Src, which is activated in response to EGF
stimulation (48). Early evidence that there is a close association between c-Src and
STAT3 came from studies demonstrating that STAT3 was constitutively phosphorylated
in cells transformed by the viral oncogene, v-Src (129, 130). Furthermore, c-Src being
activated downstream of several receptors including cytokine receptors (e.g. IL3
receptor) resulted in the activation of STAT3 in a JAK-independent manner (131).
Together, these suggest a role for c-Src mediated activation of STAT3 upon ligand
binding to growth factor receptors (e.g. EGFR, PDGFR) as well as cytokine receptors
(e.g. IL3) (132, 133).

In case of c-Met, STAT3 is activated in response to stimulation with HGF, by directly
associating with phosphorylated tyrosine residues on the C-terminal tail of the receptor or
indirectly by binding the adaptor protein, Gab-1 (134).

Following activation, STAT3 can also be phosphorylated on its C-terminal tail on
Serine727, which is required for its enhanced transcriptional activity. The wide range of
STAT3 target genes controlling key cellular functions include Cyclin D1, Cyclin D3, c-
Myec, p21 and p27 (regulators of cell cycle progression), VEGF, HGF, FGF (regulators of
angiogenesis), MMPs, vimentin, (regulators of invasion and migration) and finally, Bcl-
2, Bel-xl1, Survivin and Mcl-1 (regulators of survival) (Fig. 1.7) (135).

Members of the Suppressors of Cytokine Signaling (SOCS) family, SOCS1 and SOCS3,
Protein Inhibitors of STAT3 (PIAS3) and Genes Associated with Retinoid IFN Induced

Mortality (GRIM) GRIM-19 negatively regulate STAT3. SOCS-1 and SOCS-3 possess
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an SH2 domain through which they bind and inhibit JAKs, which in turn inhibits STAT3

activation (121).

/ Cyclins, c-Myc, p21, p27, Bel-xl, %

VEGF, HGF, MMPs, Survivin

Survival, Angiogenesis,
Invasion

Figure 1.7: Activation of the JAK1/2-STAT3 pathway by gp130, EGFR, c-Met and
c-Sre. IL6 binding to its receptor, gpl130 leads to activation of JAK1/2, which in turn
phosphorylates STAT3 (on tyrosine 705 residue) resulting in its dimerization, nuclear
localization and activation of specific genes. EGFR, c-Met and c-Src are also known to

activate STAT3 by directly phosphorylating it in a JAK-independent manner.

1.4.4. Activation of c-Src downstream of EGFR and c-Met
The association between EGFR and c¢-Src 1s very well known and documented. In the late
1980s, the group of Sarah J Parsons demonstrated using transfected C3H10T1/2 mouse

fibroblasts (normal cell behavior and morphology) that overexpression of wild type c-Src
showed 200-500% increase in EGF-induced DNA synthesis (measured using [H]

thymidine incorporation) compared with untransfected cells, suggesting a role for c¢-Src
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in EGFR-mediated mitogenesis. In this context, there is a need for functional integrity of
c-Src domains mediating membrane attachment, protein-protein interactions and kinase
activity (136, 137). Further work involving C3HI0T1/2 fibroblasts doubly
overexpressing EGFR and c-Src demonstrated higher levels of EGF-induced DNA
synthesis, heterocomplex formation between EGFR and c-Src, phosphorylation of novel
tyrosine residues (Y845 and Y1101) on EGFR by c-Src and enhanced phosphorylation of
Shec and PLC-gamma, compared with cells overexpressing either EGFR or c-Src alone.
These studies indicated strong synergistic interactions between EGFR and c-Src upon
ligand-mediated stimulation and activation of the receptor. Furthermore, studies using
fibroblasts transfected with kinase dead c-Src or Y845F mutant EGFR showed decreased
mitogenic potential compared with cells transfected with wild type c-Src or Y845 EGFR,
indicating that c-Src was necessary to potentiate the mitogenic effects of EGFR.
Importantly, these synergistic interactions appeared to be independent of the MAPK
pathway since ERK?2 signaling remained activated under Y845F or wild type conditions
(138, 139). Later on, it was demonstrated that c-Src mediated phosphorylation of EGFR
on Y845 leads to activation of the STATSb pathway, which is responsible for enhanced
EGF-induced c-Src dependent mitogenesis in cells expressing both kinases (140).
Activation of c-Src downstream of EGFR leads to phosphorylation of different substrates
with EGFR being one of them, as previously mentioned. Phosphorylation of Y845 not
only activates the STATSb pathway that promotes mitogenesis, but also other targets
such as cyclooxygenase-II or COX-II, which promotes survival. Y845 is located in the
activation loop of the EGFR kinase domain and despite being homologous to the

autophosphorylation site required for activation of the catalytic domain of all protein
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tyrosine kinases, its phosphorylation is independent of ligand-induced EGFR kinase
activation. Consequently, since phosphorylation of Y845 depends on the catalytic activity
of c-Src and not EGFR, it has been noted that c-Src, upon undergoing activation
downstream of other receptors can phosphorylate Y845 and activate signaling pathways
downstream, in an EGF-independent manner (141). In fact, c-Src has been implicated in
the transactivation of EGFR by integrins and GPCRs, leading to Y845 phosphorylation
and activation of signaling pathways (142-144). Besides activating STATS5b and COX-II
pathways, phosphorylation of Y845 by c-Src is also required for Zn2+ induced Ras
activation (145). As previously mentioned, c-Src affects EGFR-mediated survival by
phosphorylating Y920 on the receptor creating a binding site for p85 (PI3K regulatory
subunit) and activation of the PI3K pathway (113). It is also known to phosphorylate Shc,
which is required for Grb2-SOS binding and activation of the MAPK pathway, as well as
phosphorylation of cytoskeletal proteins including FAK, cortactin, pl90Rho and
p120Ras, leading to cytoskeletal remodeling and migration (48, 139, 146-148). Finally, c-
Src prevents EGFR degradation by phosphorylating Cbl, a protein responsible for EGFR
endocytosis and degradation, leading to its ubiquitination and proteosomal degradation
(149).

c-Src is a known substrate of c-Met following HGF stimulation, and is implicated in
transducing signals downstream of the receptor. As previously mentioned, c-Src plays a
key role in HGF-induced activation of FAK leading to cytoskeletal remodeling, motility
and anchorage independent growth. Furthermore, c-Src along with PI3K has also been
reported to play a role in pro-survival signaling via activation of the NF-kB pathway.

Finally, c-Src activation can positively feedback on c-Met signaling (62).
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Taken together, it can be seen that c-Src is not only activated downstream of EGFR and
c-Met in a ligand-dependent manner, but also plays a role in positively interacting with
the receptors in potentiating their signaling effects. Furthermore, given the ability of c-
Src to participate in a multitude of signaling pathways originating from various receptors
and non-receptors, it can lead to transactivation of receptors, thereby mediating signaling
crosstalk. The signaling effects mediated by RTKs and non-RTKs are tightly regulated
under normal physiological conditions through processes such as receptor internalization
(e.g. Cbl mediated endocytosis, ubiqutination and proteosomal degradation of EGFR),
activation of regulatory kinases (e.g. CSK or CHK phosphorylating c-Src Y530),
phosphatases (e.g. PTPs can dephosphorylate the autophophorylation sites of RTKs
leading to receptor inactivation, PTEN attenuates PI3K signaling by converting PIP3 to
PIP2) and GAPs, (e.g. Ras-GAPs or GTP activating proteins that hydrolyze Ras-GTP to
Ras-GDP, inactivating Ras) serving as important checkpoints (150-154). However, when
these signaling proteins are deregulated together with the regulatory proteins keeping
them in check, cells undergo uncontrolled growth, proliferation, motility, and invasion
and evade apoptosis, which ultimately results in tumorigenesis.

The upcoming sections will discuss the oncogenic potential of EGFR, c-Met and c-Src,
their role in human cancers and their complex signaling interactions driving tumour

progression.

1.5. DEREGULATION OF RTKS AND NON-RTKS IN CANCER
Given the role of RTKs and non-RTKs in maintaining normal cellular activities,

alterations in genes encoding these kinases generate potent oncoproteins that transform
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cells through aberrant and deregulated signaling. Some of the major mechanisms leading
to their deregulation include: (a) genomic rearrangement such as chromosomal
translocations that result in oncogenic fusion proteins [e.g. fusion of chromosomes 9 and
22 generating the Philadelphia chromosome that encodes constitutively active Bcr-Abl
oncoprotein, the primary driver of CML (155)], (b) mutations [e.g. gain of function
mutations in codons 12, 13 or 61 in Ras leading to constitutively activated Ras (156), loss
of function mutations in p53 (157), activating mutations in EGFR that drive non-small
cell lung cancer or NSCLC and making tumours “addicted” to EGFR (158)], (c)
overexpression of RTKs and non-RTKs resulting from gene amplification [e.g.
EGFR/HER2 overexpression in breast cancers, c-Met amplification in NSCLC (26)].
While different mechanisms of alterations exist, the primary outcome remains increased
tyrosine kinase activity resulting in uncontrolled cell-cycle progression, invasion and
survival leading to cellular transformation.

The upcoming sections highlight the oncogenic role of EGFR, c-Met and c-Src and their

ability to drive human cancers.

1.5.1. EGFR in Cancer

Since its discovery in the 1980s (15), EGFR has been one of the best-studied receptors in
both molecular biology and cancer biology. Given its role in cell signaling, it is not
surprising that deregulation of this receptor leads to pathogenesis. In the 80s, an
important clue came from sequencing the v-erbB oncogene belonging to the avian
erythroblastosis virus (AEV), whose gene product is the truncated form of EGFR (159).

This was an important discovery that uncovered EGFR as a proto-oncogene and soon
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after, began the search for the oncogenic role of this receptor in human cancers. Today, it
is known that EGFR is deregulated in several human cancers including breast, lung,
colon, head and neck, brain, prostate, pancreatic and liver, and is one of the most
investigated targets for the development of anti-cancer agents (160).

EGFR in cancers can be altered in one or more ways leading to hyperactivation of
receptor-mediated signaling that culminates in increased growth, proliferation, invasion
and survival. These mechanisms of deregulation include mutations (e.g. point mutations,
in-frame deletion), structural alterations, gene amplifications and increased
transcriptional activation that result in receptor and/or ligand overexpression and
constitutive receptor activation (160).

Although not the predominant form of EGFR deregulation, mutations in the receptor
have been identified in specific tumours leading to enhanced growth and cancer
progression. A well characterized EGFR mutation is that occurring in glioblastoma
multiforme (GBM). Among the primary brain tumours diagnosed, GBM is the most
commonly occurring subtype (161). EGFR overexpression due to gene amplification is
seen in up to 40% of tumours with about 60-70% of them carrying deletions in exons 2-7
in the gene encoding EGFR. This generates the variant EGFRVIII form, which is lacking
part of the extracellular ligand-binding domain and resembles the gene product of the v-
erbB oncogene. This in-frame deletion confers EGFRVIII with the ability to remain
constitutively active and thus contribute towards the oncogenic potential of the receptor.
Although previous reports have indicated weak signaling potency of the EGFRVIII
receptor, its ability to signal for a longer period of time owing to lack of ligand-dependent

receptor endocytosis and internalization could contribute to its tumorigenic role.
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Furthermore, EGFRVIII is capable of forming homodimers with EGFR-wt receptor and
heterodimers with other members of the EGFR family (e.g. Her2, ErbB3) leading to
constitutive signaling via these receptors. Together, these suggest a strong role for EGFR
and its variant, EGFRVIII in driving GBM tumours through increased proliferation,
survival and invasiveness (162).

Non-small cell lung cancer (SNCLC) is a subtype of lung cancer that is known to have
mutations in EGFR. Lung cancer remains the leading cause of cancer related deaths and
NSCLC accounts for 70-80% of the cases diagnosed (163). In 2004, two groups
independently reported somatic mutations that occur in the EGFR tyrosine kinase
domain, which were mainly clustered around exons 18-21 and were detected in a small
percentage of patients responding to clinical EGFR inhibitor (164, 165). The two most
frequently occurring mutations are the in-frame deletion in exon 19 (del E746-A650) and
the point mutation in exon 21 (L858R). Both these mutations occur in the kinase domain
of EGFR and are called “activating” mutations since they render the receptor
constitutively active by destabilizing its inactive kinase domain conformation.
Consequently, tumours expressing these mutant EGFR receptors showed dependence of
this receptor for their growth and survival and as a result, exhibited increased sensitivity
to EGFR targeted inhibitors (163). While NSCLC remains the major subtype of cancers
demonstrating activating EGFR mutations, there have been reports of EGFR mutations in
carcinomas of the colon, esophagus, pancreas and the salivary gland (166-168).

While activating mutations have been identified in different tumours, the most common
form of deregulation results from EGFR overexpression due to gene amplification or

increased transcriptional activation. Tumours that are known to overexpress EGFR
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include breast, lung, head and neck, pancreatic, brain, prostate, gastric and ovarian.
Furthermore, increased EGFR activity has been noted in some tumours including lung,
ovary, colon and prostate due to upregulation of ligand (e.g. TGF-a) production by the
stroma or the tumour itself, resulting in paracrine/autocrine receptor activation (160).
EGEFR is also known to promote migration and invasion and its expression correlates with
poor clinical outcome (169, 170). Finally, EGFR also potentiates tumorigenic properties
by cooperating with other signaling partners. For instance, EGFR and EGFRvVIII
cooperate in GBM cells to phosphorylate STAT proteins and potentiate malignant
transformation (171). Recently, Tsai et al. (172) demonstrated that EGFR and HER2
synergized to promote growth in bladder cancer cells in vitro and in vivo. EGFR is also
known to heterodimerize with HER2 in driving breast cancer progression and promote
growth of pancreatic cancer cells (173). Overall, aberrant EGFR signaling results in
increased growth, proliferation, survival and invasion and is associated with poor

prognosis and clinical outcome (174).

1.5.2. c-Met in cancer

Aberrant c-Met signaling is associated with several tumours including lung, breast, colon,
kidney, prostate, hepatocellular, head and neck, brain and ovarian. Deregulated c-Met
signaling primarily results from receptor and/or HGF overexpression as well as
developing sporadic or germline mutations in the kinase and non-kinase domains of the
receptor. The end result is increased and uncontrolled c-Met signaling that promotes

growth, proliferation, survival, invasion and metastasis (175, 176).
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The discovery of germline mutations in patients with hereditary papillary renal carcinoma
or HPRC (a subtype of renal carcinoma) that could be mapped on to the c-Met gene
demonstrated a direct malignant role of c-Met in cancers. These mutations were
identified as missense mutations in the kinase domain of c-Met that stabilized substrate
binding and led to enhanced kinase activity (177). Similar mutations were also found in
sporadic papillary renal carcinoma with a lesser frequency (13%) (178). Somatic
mutations in the kinase, SEMA (extracellular region) and the juxtamembrane domains
have been reported, although rarely, in different cancers including non-small-cell lung,
hepatocellular, breast, colorectal, gastric, liver and metastases of head and neck. These
mutations lead to enhanced c-Met kinase activity and constitutive activation due to lack
of receptor endocytosis (mutations in the juxtamembrane domain prevents Cbl-mediated
receptor internalization) (175).

Although several cases of c-Met mutations have been reported in different cancers, the
main mode of receptor deregulation remains overexpression resulting from gene
amplification, increased transcriptional activation and hypoxia-induced expression. The
overexpression of c-Met has been reported in several tumours including breast, lung,
prostate, ovarian, head and neck, liver and gastric. Furthermore, enhanced c-Met activity
also results from increased ligand-dependent paracrine or autocrine signaling through
overexpression of HGF in stroma and within the tumour. HGF overexpression has been
reported in tumours including lung, ovarian, head and neck, gastric and liver (175, 179).
In lung adenocarcinomas, overexpression of c-Met and/or HGF correlates with increased
tumour growth, metastasis, poor prognosis and resistance to radiation therapy. In breast

cancer, c-Met/HGF overexpression correlates with poor prognosis, high proliferative
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index and tumour metastasis (175). Furthermore, c-Met is frequently overexpressed in
metastatic cancers indicating it is able to not only drive tumour growth and proliferation,
but also invasion and metastasis. As an example, c-Met expression increases from 2% to
50% in head and neck cancers as they progress from primary to metastatic tumours.
Under normal physiological conditions, HGF/c-Met signaling plays a critical role during
embryogenesis in mediating epithelial to mesenchymal (EMT) transition allowing cells to
migrate over long distances until they reach their target organ (179). c-Met signaling is
also important in regulation of migration and invasion of cells during tissue repair and
wound healing processes. Given the ability of the receptor to promote migration and
invasion, it is believed that similar pathways play a role in promoting tumour metastasis
(28).

Finally, c-Met is also known to engage in signaling crosstalk with other receptors
potentiating cancer progression. For instance, c-Met synergizes with HER2 in breast
cancer cells to promote invasion (180). c-Met cooperates with IGF-1R to promote
migration and invasion of pancreatic cancer cells (181). c-Met also engages in crosstalk
with integrins to promote migration and invasion in cells (182). Overall, aberrant c-Met
signaling is linked to aggressive metastatic tumours and is associated with poor prognosis

(183).

1.5.3. ¢-Src in cancer
Deregulated c-Src signaling has considerable transforming abilities. c-Src shows
elevated activity in breast, lung, prostate, head and neck, colon, pancreatic and ovarian

cancer (184). Activating mutations or gene amplifications are rare in the case of c-Src
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deregulation. Although the exact mechanism leading to its elevated activity in cancers is
unknown, different modes of activation are proposed: (a) increased association with
overexpressed or hyperactivated RTKs (e.g. EGFR, c-Met, IGF-1R, PDGFR, VERGF),
(b) decreased activity of Csk, the kinase responsible for downregulating c-Src, and (c)
upregulation of phosphatases that dephosphorylate Y530, leading to the activation of c-
Src (151, 185).

c-Src is an important mediator of tumour cell proliferation and survival through its
interactions with RTKs and integrates signaling through the MAPK, PI3K and STAT3
pathways. For instance, c-Src synergizes with EGFR and HER2 to potentiate growth and
invasion of breast cancer cells (186-189). c-Src is also known to synergize with EGFR in
promoting growth and proliferation in colorectal and head and neck cancer cells (190,
191). c-Src regulates angiogenesis through activating the expression of VEGF
(angiogenic factor) under hypoxic conditions (192). c-Src activity is crucial during
tumour metastasis due to its ability to regulate the cytoskeleton, migration, adhesion and
invasion. The activated FAK/c-Src complex then phosphorylates several other
cytoskeletal proteins including paxillin, p130Cas and tensin that are associated with actin
filaments and then controls cell migration by promoting focal adhesion formation and
turnover (30, 193). c-Src activates epithelial to mesenchymal transition (EMT) through
phosphorylation of E-cadherins and disruption of the cadherin-catenin junction, which
promotes differentiation and invasion. Additionally, c-Src also promotes invasion
through the activation of matrix metalloproteases or MMPs that are proteolytic enzymes

required for the digestion of the basement membrane (194, 195).

62



Taken together, elevated c-Src activity in different cancers drives tumour growth,

invasion and metastasis through mediating its pleiotropic effects.

1.6 TARGETING DEREGULATED RTKS AND NON-RTKS IN CANCER

Given the role of RTKs and non-RTKSs including EGFR, c-Met and c-Src in driving
cancers, tremendous efforts have gone into developing anti-cancer agents targeting these
kinases. The last decade has marked significant advances in our knowledge and
understanding of the molecular mechanisms controlling tumour growth and progression.
In the early 2000s, Bernard Weinstein coined the term “oncogene addiction”, which
proposed that despite the complexity of signaling networks driving cancer progression,
tumour growth might still depend on a particular oncogene whose blockade can lead to
potent disruption of growth and induction of apoptosis (196). He further proposed that
blockade of a single target might eventually become inadequate and lead to drug
resistance since tumours might gain dependency on an alternate signaling circuitry (196).
Nonetheless, this became an important concept that helped in the development of targeted
therapies based on the ability of specific oncogenes to drive tumours. Experimental
evidence was obtained using transgenic mice engineered to overexpress oncogenes (e.g.
c-Myc, Ber-Abl) that led to tumour development but upon deactivation of oncogenes, the
tumours regressed (197, 198). Human cancer cell lines were also treated with antisense
oligonucleotides against specific driver oncogenes (e.g. K-Ras in pancreatic cancer,
HER?2 in breast cancer), which completely abrogated growth and proliferation in cells
(199, 200). Further validation was obtained through the successful development of

imatinib, the first kinase inhibitor against the Bcr-Abl fusion protein, which showed
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remarkable clinical response in patients with chronic myelogenous leukemia (CML)
(201). Thereafter, several other targeted therapies have been developed and approved for
the treatment of different cancers (3, 202).

Targeted therapies currently in clinical use are classified as small molecule tyrosine
kinase inhibitors (TKI) or monoclonal antibodies (mAbs). The first class of TKIs consists
of ATP analogs that bind the active conformation of the kinase domain and prevent
binding of intracellular ATP and subsequent phosphorylation of substrates. The other
class of TKIs is not ATP competitive and binds the inactive conformation of the kinase
domain. While most TKIs belong to the first class of ATP competitive inhibitors, the Ber-
Abl targeting drugs, imatinib and nilotinib belong to the non-competitive class of TKIs
(203).

The next section highlights targeted therapies developed against EGFR, c-Met and c-Src

in different cancers.

1.6.1. EGFR targeted therapies

EGFR targeting TKIs and mAbs have been developed and approved for the treatment of
different cancers. Gefitinib and erlotinib, EGFR TKIs were approved by the Food and
Drug Administration (FDA) for locally advanced or metastatic non-small-cell lung cancer
(NSCLC) after failing chemotherapy (204-206). Figure 1.8 illustrates the binding of
gefitinib to the EGFR kinase domain [downloaded from PDB, code: 2ITY (207)].
However, it was not until 2004 when two independent groups reported that a subset of
NSCLC patients (~10%) receiving gefitinib responded to the drug. Mutational analysis of

these tumour samples revealed activating mutations in the EGFR kinase domain (del
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E746-A750 in exon 19 and L858R in exon 21) within the population that responded to
gefitinib. This indicated that NSCLC tumours in these patients were oncogene addicted to
EGFR and subsequent blockade of the receptor led to remarkable clinical response (164,
165). Thus, gefitinib and erlotinib are now indicated for NSCLC patients that have exon
19 or 21 mutations but have wild type K-Ras (another commonly mutated oncogene that
mediates resistance to EGFR inhibitors). Furthermore, erlotinib in combination with
gemcitabine as first line therapy has also been approved for advanced metastatic
pancreatic cancer. Furthermore, cetuximab (EGFR mAb) in combination with
chemotherapy or radiotherapy has been approved for head and neck cancer.
Panitumumab, another EGFR mAb, and cetuximab in combination with chemotherapy or
as single agents when all other therapies fail have been approved for colorectal cancer.
Unlike TKIs that block ATP binding in the kinase domain, EGFR monoclonal antibodies
block ligand binding to the extracellular domain, promote receptor internalization and

lead to antibody and complement-mediated cytotoxicity (206).
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Figure 1.8: Crystal structure of the binding of gefitinib to the EGFR Kkinase domain
[downloaded from PDB, code: 2ITY, (207)]. The N-lobe of the kinase domain consisting
primarily of B-sheets is represented in blue, while the C-lobe consisting primarily of a-

helices is represented in green.

1.6.2. c-Met targeted therapies

Targeted therapies including monoclonal antibodies and ATP-competitive and non-
competitive TKIs have been developed against the c-Met pathway. One of the
mechanisms currently being pursued is to evaluate monoclonal antibodies that are
designed to bind HGF and prevent it from binding and activating c-Met. Two such
antibodies, rilotumumab and ficlatuzumab are in clinical trials. Rolitumumab is currently
being evaluated as monotherapy (recurrent glioblastoma, metastatic renal cell carcinoma

and ovarian cancer) and combination therapy with chemotherapeutic agents in prostate
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cancer or with anti-angiogeneic agents in different solid tumours. Ficlatuzumab is being
evaluated as monotherapy and in combination with gefitinib in NSCLC (208).

Another approach has been to design c-Met targeted antibodies that function by blocking
ligand binding, mediating receptor internalization and/or inducing antibody-dependent
complement cytotoxicity (ADCC). LY2875358, a humanized mAb is in phase I/II
clinical trials both as single agent and in combination with erlotinib in NSCLC. Another
humanized mAb, H224G11/ABT700 is in phase I clinical trial both as a single agent and
in combinations with docetaxel or cetuximab or erlotinib in solid tumour overexpression
c-Met. Finally, another c-Met antibody termed Met/Mab or Onartuzumab is being
evaluated in phase II clinical trials as combination therapy with chemotherapy or targeted
agents in different solid tumours including lung cancer, glioblastomas, metastatic triple
negative breast and colon cancers (208).

Finally, c-Met targeting TKIs, both selective and non-selective as well as ATP-
competitive and non-competitive have been developed. Crizotinib is a non-selective ATP
competitive c-Met TKI, which was originally approved for a subset of NSCLC patients
expressing the EML4-ALK fusion protein since crizotinib is also an ALK inhibitor.
Figure 1.9 illustrates the binding of crizotinib in the c-Met kinase domain [downloaded
from PDB: code 2WGJ (209)]. Currently, crizotinib is currently being evaluated in phase
II and III clinical trials. Another non-selective TKI, cabozantinib inhibits c-Met, RET,
VEGFR1, VEGFR2, VEGFR3, KIT, FLT-3 and TIE2 and has been recently approved for
medullary thyroid carcinoma (210). Tivantinib is a selective non-ATP competitive c-Met
TKI that is currently being evaluated in clinical trials against hepatocellular carcinoma as

a single agent and in combination with erlotinib in NSCLC (211).

67



s Crizotinib

Figure 1.9: Crystal structure of the binding of crizotinib to the c-Met kinase domain
[downloaded from PDB, code: 2WGJ (209)]. The N-lobe of the kinase domain consisting
primarily of B-sheets is represented in blue, while the C-lobe consisting primarily of a-

helices is represented in green.

1.6.3. c-Src targeted therapies

Given the role of c¢-Src in driving different cancers, dasatinib, a dual c-Src/c-Abl ATP
competitive TKI indicated as second line therapy for the treatment of Philadelphia
positive CML, was evaluated using preclinical studies on solid tumours. Figure 1.10
illustrates the binding of dasatinib in the c-Src kinase domain [downloaded from PDB:
code 3G5D (212)]. Promising outcome from preclinical studies along with a favorable
safety profile in phase I clinical trials prompted its further clinical investigation in

different solid tumours. Particularly, c-Src being a key regulator of osteoclast-mediated
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bone resorption, preclinical data using dasatinib showed a decrease in osteoclast activity
and thus bone resorption, which prompted its further evaluation in cancers that
metastasize to the bone, particularly prostate and breast cancers. Currently, dasatinib is
being evaluated both as monotherapy and in combination with chemotherapy or other
targeted therapies in different cancers including lung, breast, prostate, brain
(glioblastoma), colon, pancreatic as well as hematological cancers. Saracatinib and
bosutinib are other c¢-Src/Abl TKIs that are also being currently explored as single and
combination therapy in clinical trials; however, none of the c-Src inhibitors have been

very effective in monotherapy (185, 213).

€ Dasatinib

Figure 1.10: Crystal structure of the binding of dasatinib to the c-Src kinase domain
[downloaded from PDB, code: 3G5D, (212)]. The N-lobe of the kinase domain consisting
primarily of B-sheets is represented in blue, while the C-lobe consisting primarily of a-

helices is represented in green.
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1.6.4. Molecular subtyping and tumour heterogeneity

Despite their ability to specifically target deregulated kinases in cancer, the clinical
response of these TKIs, particularly as single agents, is often only modest. This is
especially true when unselected patient populations are treated with the same clinical
inhibitor, based on the morphology of the tumour (i.e., colon cancer or non-small-cell
lung cancer). The poor clinical response to EGFR inhibitors in unselected patient
populations prompted further molecular analysis, which revealed 15 different genetic
subtype signatures of NSCLC, including EGFR activating mutations (~13%), EMLA4-
ALK fusions protein expression (~5%), K-Ras mutations (~24%), PIK3CA and PTEN
mutations, FGFR-1 and PDGFR-B amplifications (3). Molecular subtyping of tumours in
NSCLC has allowed select groups of patients to receive target-specific inhibitors thereby
increasing their chances of benefiting from these drugs. Ineffective monotherapy with c-
Src inhibitors (i.e., dasatinib) is also partly attributed to carrying out their evaluation in
unselected patient populations. However, molecular analysis of colorectal, pancreatic and
renal cell carcinoma (RCC) using preclinical studies revealed that cell lines
demonstrating elevated c-Src activity were sensitive to c-Src inhibitors including
dasatinib and saracatinib (185). Molecular analysis of various tumours has revealed
different genetic signatures driving tumour progression in many cancers including
colorectal, lung, pancreatic, head and neck, breast, etc. (214-218). Overall, a deeper
understanding of the molecular subtypes of tumours has led to a paradigm shift towards
therapeutic strategies that are now personalized or customized, thereby allowing patients

to achieve maximum clinical response.
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The presence of different genetic signatures is a classic example of tumour heterogeneity.
Cancer is a complex multi-stage disease that develops through the accumulation of
multiple genetic alterations, progressing from a single neoplastic cell to a heterogeneous
population of malignant cells forming a tumour mass. Tumour heterogeneity is believed
to stem from clonal expansion of cells with genetic instability that were “selected” among
others in a Darwinian-manner, which allows for coexistence of different subpopulations
of cancer cells with different genetic signatures. Furthermore, heterogeneity is also
influenced by morphological changes, differentiation of cancer stem cells, epigenetic
changes and dynamic interactions with the tumour microenvironment that play a crucial
role in determining the fate of tumour cells (3). Therefore, tumour heterogeneity
emphasizes on the need for molecular subtyping to determine appropriate target-specific
therapies. However, intratumour heterogeneity is associated with lack of complete drug-
response mediated by different acquired or preexisting genetic signatures within the
tumour leading to drug resistance (3, 219). The next section describes some of the major

mechanisms of resistance to targeted therapies.

1.6.5. Resistance to targeted therapies

Screening of genetic mutations and molecular subtyping of tumours has not only helped
target driver oncogenes, but also resulted in a better clinical management of tumour
heterogeneity. However, despite these efforts, tumours eventually progress and often
metastasize, leading to drug resistance. As depicted in figure 1.11, resistance to targeted
therapy can be broadly classified as intrinsic resistance and acquired resistance. Intrinsic

resistance is characterized by lack of response to targeted therapies and is further
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classified as resulting from tumour-specific alterations (e.g. genetic mutations and
alterations) or patient-specific properties (e.g. poor pharmacokinetics, drug-drug
interactions). Acquired resistance is characterized by initial response followed by loss of
response to targeted therapy, which is believed to be a consequence of selective pressure
induced by initial drug treatment. Acquired resistance is primarily classified as resulting
from (a) genetic alterations of target oncogene and (b) activation of bypass mechanisms
(206, 220). Other mechanisms include change in histopathology of the tumour such as
NSCLC transforming to small cell lung cancer (SCLC) or acquisition of epithelial to
mesenchymal transition (EMT) (221).

The next section briefly describes the different types of intrinsic and acquired resistance

that commonly occurs in cancers.

RESISTANCE TO TARGETED
THERAPY

Figure 1.11: Resistance to targeted therapies. Resistance mechanisms are broadly
classified as infrinsic or acquired and are further sub-divided into different categories

based on their nature or site of origin.
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1.6.5.A. Intrinsic Resistance

Intrinsic tumour resistance results from genetic alterations other than those implicated in
the driver oncogene, leading to lack of drug response to targeted therapies. For instance,
0.5% of never-smokers with lung adenocarcinoma carried a germline T790M gatekeeper
mutation in the kinase domain, thereby not responding to erlotinib or gefitinib (222).
Gatekeeper mutations arise from amino acid substitutions that lead to reduced drug
binding, while preserving the catalytic activity of the kinase. For instance, the
substitution of a threonine (T) for a bulkier methionine (M) at the gatekeeper position
creates steric hindrance to the binding of gefitinib or erlotinib while increasing the
affinity of ATP-binding and thus retaining EGFR kinase activity (223). In another
instance, Gastrointestinal and Stromal Tumours (GIST) demonstrating exon 9 mutations
in the c-Kit driver oncogene were resistant to imatinib (a Ber-Abl/c-Kit/PDGFR TKI
approved for the treatment of GIST) (224).

Intrinsic resistance can also occur in a patient-specific manner due to poor
pharmacokinetics resulting from altered ADME (absorption, distribution, metabolism and
excretion) or drug-drug interactions where one drug induces cytochrome P450 (CYP450)
mediated metabolism of the other (e.g. fenofibrate, a drug used to lower cholesterol levels

induces CYP3A4, which leads to enhanced metabolism of erlotinib) (220, 225).

1.6.5.B. Acquired Resistance

Acquired resistance to targeted therapy primarily results from target modification or
activation of bypass mechanisms. Gene amplification and acquisition of secondary site

mutations contribute to target modification and lack of drug response. Gene amplification
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of driver oncogenes including EGFR, Ber-Abl and EML4-ALK have been observed in
different tumours that render them insensitive to targeted therapies (220). Secondary
mutations such as gatekeeper mutations have been found in “oncogene addicted” cancers
treated with specific targeted therapies and mediate resistance to the binding of drugs.
Some of these include the T790M mutation in EGFR [resistance to gefitinib/erlotinib
(223)], T315I mutation in Ber-Abl [resistance to imatinib (226)], T6701 mutation in c-Kit
[resistance to imatinib (227)] and L1196M in EML4-ALK [resistance to crizotinib (228)].
Newer generations of inhibitors capable of binding and inhibiting the kinases despite
gatekeeper mutations are in different phases of development (229-232), while some of
them have been approved [e.g. dasatinib and nilotinib as second generation drugs for
T3151 mutant Ber-Abl in CML (233)].

Another important mechanism of acquired resistance is through the activation of bypass
mechanisms leading to continued tumour growth and survival despite targeted therapies
inhibiting the driver oncogene. Bypass mechanisms are commonly driven by deregulated
receptors (e.g. c-Met, HER2, HER3, IGF-1R, integrins) or non-receptors (e.g. c-Src, K-
Ras, PI3K, MEK, ERK1/2, c-Abl, JAK, FAK, STAT3) other than the primary driver
oncogene resulting from mutations, gene amplifications and/or elevated activity (234-
236). In the case that an alternative RTK (e.g. c-Met) is activated, as a result of gene
amplification/overexpression, it will activate the same canonical pathways downstream
that promote growth, proliferation, invasion and survival (i.e., MAPK, PI3K/Akt) leading
to a phenomenon termed “redundant signaling” wherein therapeutic blockade of one
oncogenic pathway is “overcome” by the activation of another (237-241). In another

situation, when blockade of RTKs such as EGFR, HER2, c-Met, etc. leads to inhibition
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of the MAPK or PI3K/Akt pathways, an alternate pathway, i.e., the JAK/STAT pathway
promoting growth and survival is usually activated as a compensatory signaling
mechanism, which mediates resistance to the drug (242-244). STAT3 is a commonly
deregulated protein in different cancers and is found activated in response to various
targeted and chemotherapeutic agents (245-249). Finally, in some cases, mutations in the
downstream signaling proteins such as K-Ras, B-Raf (effectors of the MAPK pathway)
or PTEN (negative regulator of the PI3K/Akt pathway) leads to constitutive activation of
growth and survival pathways, in a manner that is independent of upstream regulation by
RTKs, thereby mediating resistance to drugs targeting these receptors (250-256).

Since the primary focus of this thesis is on the oncogenic signaling properties of EGFR,
c-Src and c-Met, the upcoming section describes the signaling crosstalk between EGFR,
c-Met and c-Src that not only mediates resistance to targeted therapies but also plays a

prominent role in driving tumour growth, invasion and survival.

1.6.5.C. Signaling crosstalk and elevated c-Src activity promote tumour growth and

mediate resistance to EGFR inhibitors

Previously, the interactive role of c-Src with EGFR has been discussed in the
physiological context, wherein c-Src is activated downstream of EGFR in an EGF-
dependent manner and is also capable of phosphorylating specific tyrosine residues on
EGFR including Y845 and Y920 that result in the activation of the STATS5b, COX-II and
PI3K/Akt pathways. This is associated with enhanced EGF-induced DNA synthesis,
growth and survival (141, 257). In addition, c-Src is also known to play a role in the

transactivation of EGFR by other receptors such GPCRs and integrins (142-144).
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Given their signaling interactions and elevated activity in several cancers, it is not
surprising that EGFR and c-Src synergize to promote tumour growth and progression.
Maa et al. (139) demonstrated that in cells overexpressing EGFR, c-Src potentiated DNA
synthesis, soft agar growth and tumour formation in nude mice suggesting a synergistic
interaction between the two kinases to promoting aggressive tumour progression.
Increased c-Src activity has been associated with resistance to EGFR inhibitors in EGFR-
driven cancers. EGFR and c-Src are known to be co-expressed in breast cancer and
previous work using breast cancer cell lines have demonstrated a synergistic role for the
two kinases in promoting enhanced growth, proliferation and tumorigenesis (143).
Mueller et al. (258) showed using breast cancer cells that c-Met phosphorylation, at least
in part, regulated c-Src activation, which in turn mediated EGFR tyrosine kinase
independent EGFR phosphorylation and cell proliferation in the presence of gefitinib,
suggesting a possible role for c-Met/c-Src in mediating resistance to EGFR TKIs in
breast cancer. In another study, Formisano et al. (189) reported that the functional
interaction of c-Src with EGFR in breast cancer cells might be meditating resistance to
lapatinib, a dual EGFR/HER2 TKI.

Zhang et al. (259) demonstrated that c-Src phosphorylation was detected in tumour
samples from lung cancer (NSCLC) patients and that c-Src promoted survival in EGFR-
dependent NSCLC cell lines. Furthermore, they also showed that combined blockade of
EGFR and c-Src was synergistic in EGFR-dependent NSCLC cell lines. The role of c-Src
has also been implicated in mediating EGFR-TKI resistance in NSCLC cells. Kanda et
al. (260) established erlotinib resistant NSCLC cell lines that showed increased

expression of integrins (B1, a2, a5) and c-Src led to constitutive activation of Akt. They
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also demonstrated that silencing of c-Src could restore sensitivity of cells to erlotinib. In
another instance, Yoshida et al. (261) showed that c-Src activity is elevated in gefitinib-
resistant NSCLC cells that have c-Met amplification. They further demonstrated that
inhibition of c-Met led to decreased c-Src activity and direct inhibition of c-Src resulted
in growth inhibition and induction of apoptosis in these gefitinib resistant NSCLC cells.

High levels of c-Src activity also correlated with cetuximab (EGFR mAb) resistance in
colon cancer cells. Resistant cells were shown to have high level of c-Src activity and
increased EGFR-dependent HER3 and PI3K activation. However, addition of dasatinib, a
c-Src TKI led to re-sensitization of colon cancer cells to cetuximab. Furthermore,
combination of EGFR and c-Src inhibitors has shown synergistic effects in in vitro
models of colon cancer (262). Lu ef al. (263) showed that c-Src activity is elevated in a
cohort of glioblastoma (GBM) tumour samples from patients who also showed high
EGFR activity. Furthermore, c-Src was shown to mediate resistance to EGFR mAbs.
However, addition of dasatinib increased efficacy of EGFR mAb in vivo, in tumours
expressing EGFRVIII and exhibiting high c-Src activity (263). c-Src is also known to
potentiate the oncogenic effects of EGFR in head and neck squamous cell carcinoma
(HNSCC) and its co-expression with EGFR in pancreatic cancers is associated with

cancer progression, metastasis and poor clinical prognosis (264, 265).

1.6.5.D. Redundant signaling by c-Met synergizes with EGFR to potentiate tumour

progression and resistance to EGFR inhibitors

Elevated c-Met activity due to gene amplification, increased protein synthesis or

increased production of the c-Met ligand, HGF in the tumour or stroma in EGFR-
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dependent tumours has been associated with resistance to EGFR inhibitors (237, 266).
This is mediated by the activation of redundant signaling pathways downstream of c-Met
leading to continued tumour growth and progression, despite therapeutic blockade of
EGFR.

Amplification of the c-Met gene occurs in about 5% of lung cancer patients and leads to
clinical resistance to EGFR TKIs through HER3-mediated activation of the PI3K survival
pathway (237). c-Met amplification has also been demonstrated in lung cancer patients
with acquired resistance to gefitinib or erlotinib, independent of their EGFR T790M
gatekeeper mutational status (267). Yano et al. (266) showed that increased HGF
production in the tumours/stroma contributes to gefitinib resistance in lung cancers
having intrinsic or acquired EGFR mutations, through activation of the c-Met/PI3K/Akt
pathway, independent of HER3 activation. Puri ef al. (268) demonstrated using in vitro
models of NSCLC cells that EGFR and c-Met synergize to promote growth, proliferation
and motility in an EGF and HGF dependent manner. Furthermore, Dulak et al. (269)
showed that in NSCLC cells that express wild type, non-amplified EGFR and c-Met,
EGFR transactivates c-Met in an HGF-independent manner, with c-Src playing a crucial
role in mediating this crosstalk. Additionally, they demonstrated that c-Met activation
occurred in a delayed manner and was required for potentiating EGFR-induced invasion
and motility in NSCLC cells. They proposed that increased c-Met activity resulted from
increased EGF-induced transcription and showed that dual-blockade of EGFR and c-Met
led to synergistic inhibition of tumour growth and proliferation (269).

As previously mentioned, c-Met amplification has also been observed in treatment-naive

lung tumours, mediating primary resistance to EGFR TKIs (270, 271). Currently,
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combinations of EGFR and c-Met inhibitors are being evaluated in clinical trials, as a
promising new strategy for patients demonstrating intrinsic or acquired resistance to
EGFR TKIs through c-Met amplification (272). Increased c-Met activity has also been
associated with mediating resistance to cetuximab (EGFR mAb) in head and neck
squamous cell carcinoma (HNSCC) (273). Xu et al. (274) showed using in vitro and in
vivo models of HNSCC that combined blockade of EGFR and c-Met led to superior
growth inhibitory and anti-proliferative effects compared with single RTK targeting.
Furthermore, they also demonstrated EGFR-mediated HGF-independent activation of c-
Met in HNSCC cells, with c-Src possibly being a candidate mediating crosstalk between
the two receptors (274). Stabile et al. (275) showed using HNSCC cells overexpression
or elevated activity of c-Src mediates resistance to erlotinib (and not cetuximab) by
stimulating c-Met activation in an HGF-independent manner. They further demonstrated
that addition of a c-Src or a c-Met inhibitor sensitized cells to erlotinib and the addition of
a c-Met inhibitor to c-Src overexpressing HNSCC tumours sensitized them to erlotinib in
vivo and showed increased apoptosis. Together, these underlined a strong rationale for
combining a c-Src or a c-Met inhibitor with an EGFR inhibitor to overcome resistance to
EGFR TKIs in HNSCC (275). c-Met activation is also known to mediate resistance to
EGFR inhibitors in glioblastoma, colorectal, pancreatic and breast cancer cells (276).
Furthermore, complex signaling crosstalk between EGFR and c-Met along with the
involvement of c-Src has been observed in breast cancer cells, which mediates resistance
to EGFR TKIs (258, 277). Finally, there is also supportive evidence for increased EGFR
activity mediating resistance to c-Met inhibitors. Kim ef al. (278) demonstrated that in

triple negative breast cancer (TNBC), c-Met expression correlated with EGFR expression
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in tumour samples, and in the most drug resistant TNBC cell line, silencing of EGFR
sensitized the cells to c-Met inhibition. In c-Met oncogene addicted gastric cancer cells,
EGFR activation due to increased TGF-a production mediated resistance to c-Met

inhibitors (240).

1.6.6. Underlying rationale for multi-targeting of EGFR, c-Src and c-Met in advanced
cancers

It is now increasingly evident that the signaling crosstalk between EGFR, c-Src and c-
Met not only leads to synergistic increase in tumour growth, invasion and survival, but
also mediates resistance to targeted therapies. While c-Src synergizes with EGFR to
promote growth and proliferation, it can also mediate resistance to EGFR targeted
therapies by activating other signaling pathways including c-Met and also upon being
activated by c-Met (258, 260, 261, 275). c-Met in turn can synergize with EGFR to
promote growth, proliferation, invasion and survival when co-expressed, but mediates
resistance to EGFR targeted therapies through activation of redundant signaling pathways
(237, 268, 269, 274, 276, 277, 279-281). In contrast, EGFR activation in c-Met-addicted
cancers can mediate resistance to c-Met inhibitors (240). Importantly, EGFR and c-Met
are involved in signaling crosstalk with each other and receptor transactivation with c-Src
being a key mediator of these interactions (269, 274, 275, 282, 283). Taken together,
these provide a strong rationale for the dual targeting of EGFR and c-Src, EGFR and c-
Met as well as the triple targeting of EGFR, c-Met and c-Src to not only abrogate
synergistic crosstalk between the kinases, but also effectively block compensatory

signaling pathways mediating resistance (Figure 1.12). The upcoming section discusses
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the past and current trends in drug discovery and the targeting approach that will be used

to mhibit EGFR, c-Src and c-Met in cancers.

v
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Figure 1.12: Signaling complexity involving the crosstalk between EGFR, c-Met and
c-Src and the urgent need for multi-targeting (indicated by red inhibitory signs). In the
schematic, A represents synergistic crosstalk, ligand independent activation of EGFR by
c-Src and resistance to EGFR inhibitors, B represents synergistic crosstalk, receptor
transactivation and signaling redundancy mediating resistance to EGFR or c-Met
inhibitors, and C represents synergistic crosstalk, HGF-independent activation of c-Met

mediated by c-Src and resistance to targeted therapies.

1.6.7. A shift in the drug discovery paradigm: emergence of polypharmacology
For the longest time, drug discovery has been governed by the “one gene, one disease,
one drug” paradigm, which led to the discovery of compounds with a high level of target

specificity (284). Although this resulted in the successful development of several drugs,
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the field of cancer drug discovery has been crippled by growing clinical attrition rates,
particularly in moving from phase II to phase III. The two major reasons for the high rate
of drug failure have been largely imputed to the lack of efficacy and poor toxicity profile
(1). In addition, recent advances in the field of cancer biology has led to a deeper
understanding of the underlying molecular mechanisms driving cancer that is no longer
limited to a single dysfunctional gene, which has challenged the one-gene-one-disease
paradigm. Genomic studies using single gene knockouts have revealed that only about
19% of the genes are embryonic lethal across various model organisms, and that multiple
genes or pathways need to be “disrupted” for a robust or sustained antitumour activity. In
addition, the use of systems biology and network analysis of biological pathways has
revealed complex signaling nodes with overlapping functionality (285-287).

Taken together, these suggest a large number of redundant and compensatory signaling
pathways at play, which has shifted the philosophy of drug discovery towards the
development of multi-targeted agents. In general, the multi-targeting approach can be
classified as administering: (a) multiple individual drugs (e.g. chemotherapeutic
cocktails), (b) multicomponent drugs as single formulations (e.g. single pill
formulations), and (c) single drugs with multi-targeted properties (e.g. multi-targeted
kinase inhibitors, rationally designed hybrid or chimeric molecules) (284).

The use of classic chemotherapeutic cocktails (e.g. ABVD — adriamycin, bleomycin,
vinblastine and dacarbazine for Hodgkin’s lymphoma, CHOP — cyclophosphamide,
Adriamycin or hydroxy doxorubicin, vincristine or oncovin and prednisone for non-
Hodgkin’s lymphoma) follows the conventional principles of multi-targeting for

achieving sustained antitumour property (288, 289). Similarly, combining different
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inhibitors into a single pill has served as an attractive approach in multi-targeting.
However, differences in their individual drug properties including pharmacokinetics,
biodistribution, solubility and metabolism must be taken into account in order to achieve
optimum potency with low toxicity (284).

In order to overcome challenges posed by the use of drug cocktails or multicomponent
formulations, the trend of multi-targeting is shifting towards the principles of
“polypharmacology”, which is based on developing single drugs having specific binding
properties towards two or more targets in the cell (284). Unlike some of the small
molecule multi-kinase inhibitors (e.g. sorafenib, sunitinib) with serendipitously
discovered properties (290), the goal of polypharmacology is to rationally develop
compounds with a broad targeting profile that are capable of modulating two or more
targets to generate desirable therapeutic effects while exhibiting a favorable safety profile
(284). Biological target identification and validation serves as an important step in the
developmental stages of multi-targeted drugs, in order to effectively block all the key
players involved and delay onset of possible resistance mechanisms. In the recent years,
the use of network analysis, systems biology, chemical genomics and RNA-interference
technology has aided in the identification of oncogenic targets mediating pleiotropic
effects (284, 287, 291-294). This has led to the identification of signaling proteins
mediating synergistic crosstalk, redundancy, compensatory activation and drug
resistance, which serve as promising candidates for polypharmacology based drug
discovery.

Given their role in cancers, we chose to develop rationally designed multi-targeted

inhibitors against EGFR, c-Src and c-Met that not only synergize to drive tumour growth
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and progression, but also mediate resistance to targeted therapies. In addition, the drug
development process was further aided by validating the outcome of blocking two or
more of these targets using their respective clinical inhibitors as
pharmacological/chemical probes.

The following section reviews the design, synthesis and mechanisms of action of these
multi-targeted inhibitors synthesized in our laboratory over the past years. Furthermore, it
briefly introduces the first generation of kinase-kinase targeting drugs, which led to the

future design and optimization of EGFR-c-Src and EGFR-c-Met dual targeting inhibitors.

1.6.8. Combi-molecules: design, synthesis and mechanism of action

Within the scope of developing rationally designed multi-targeted drugs, our laboratory
has extensively studied the design and development of a novel class of compounds
termed “combi-molecules” (I-Tz) that contain two distinct pharmacophores or targeting
arms (e.g. I targeting EGFR and Tz targeting DNA) connected by a linker, and capable of
exerting their inhibitory effects on two or more biological targets (Fig. 1.13). Combi-
molecules represent a class of chimeric molecules that are capable of inducing divergent
targeting of two distinct biological targets, whose combined inhibition leads to additive
or synergistic antitumour effects (295-297).

Combi-molecules are broadly classified as type I or type II, as depicted in Figure 1.13.
Type I combi-molecules require hydrolysis to generate their two targeted metabolites (I +
Tz) that are designed to inhibit their respective biological targets in the cell (e.g. EGFR
and DNA). In contrast, type-II combi-molecules exert their dual inhibitory properties

without the requirement for hydrolysis and function as intact structures (I-Tz) within the
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cell. For over a decade, our laboratory has been specializing in the synthesis of combi-
molecules that are capable of inducing tandem blockade of distinct biological targets such
as EGFR and DNA, c-Abl and DNA, as well as EGFR, MEK and DNA that can be

classified as type I or type II combi-molecules (4, 295, 297-304).

EGFR DNA

Figure 1.13: The combi-targeting approach. A type-I combi-molecule undergoes
hydrolysis to generate its two inhibitory moieties and exert its dual-targeted properties
whereas a type-II combi-molecule can exert its dual-inhibitory properties as an intact

structure, without the requirement for hydrolysis.

1.6.8.4. Type I combi-molecules

The first type I combi-molecule synthesized was SMA41 in 2001, which was designed to
contain an EGFR inhibitor (SMAS52) and a DNA damaging agent (methyldiazonium) (see

table 1.2 for structure) (4). DNA damage-based cytotoxic therapy has been the mainstay
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of cancer treatment for several decades. However, the clinical benefits of chemotherapy
are often mitigated by toxicity resulting from chemotherapeutic agents lacking specificity
(305). Chemoresistance is mediated by the ability of the cell to repair DNA lesions
caused by the drug, which has been another major issue in the clinic (306). EGFR being
commonly overexpressed in cancers, and being capable of activating anti-apoptotic
signaling, our group hypothesized that the combined targeting of EGFR and DNA would
not only enhance targeting specificity through enhanced inhibition of EGFR
overexpressing tumours, but would also lead to synergistic blockade of tumour growth
and proliferation through inhibition of EGFR and damaging DNA. Furthermore, given
the ability of EGFR to induce DNA repair enzymes, it was proposed that an additional
advantage of overcoming chemoresistance would be conferred (307, 308). Together,
these served as the rationale for the design and development of EGFR-DNA targeting
combi-molecules.

The EGFR targeting pharmacophore consists of a 4-anilinoquinazoline moiety, which has
been demonstrated through structure-activity relationship (SAR) studies to be a highly
selective EGFR tyrosine kinase inhibitor capable of competing with ATP to bind and
inhibit the kinase domain (309). Molecular modeling has demonstrated the nitrogen (N)
atoms at positions 1 and 3 to form hydrogen bonds with methionine (Met-769) and
threonine (Thr-766) residues in the ATP binding pocket. Furthermore, through modeling
it has also been suggested that addition of bulky substituents at positions 6 and 7 do not
affect the binding of the quinazoline backbone in the EGFR kinase domain (310). This
has allowed for the addition of a DNA damaging species via a linker, without

compromising the binding activity of the EGFR inhibitor. The DNA damaging species
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that was appended to the 6-position of the quinazoline heterocycle was a triazene moiety,
which is known to induce DNA damage by alkylating the 6- or 7-position of guanine on
the DNA (311). Potent DNA alkylating agents such as temozolomide [a drug approved
for the treatment of glioblastoma (312)] are known to be hydrolyzed at neutral pH to a
methyldiazonium species that react with guanine to generate an O6 and N7 adduct.
Tumour cells that express the O6-methyl guanine methyl transferase (MGMT) enzyme,
removes the methyl group from the O6-position of the guanine and are thus resistant to
the clinical drug temozolomide (abbreviated henceforth as TEM). However, given its
strong DNA alkylating potency, the methyldiazonium species was chosen as the DNA
damaging agent to be appended to the quinazoline backbone to generate the first
prototype of EGFR-DNA targeting combi-molecule, SMA41. The combi-molecule
showed dual targeting potency by inhibiting EGFR kinase activity in an in vitro kinase
assay and its phosphorylation in a whole cell assay as well as inducing DNA damage.
SMA41 showed enhanced anti-proliferative activity compared with SMAS52 or TEM
indicating that the ability of the combi-molecule to inhibit EGFR and induce DNA
damage resulted in its superior potency (4).

With the design and development of SMA41, it was demonstrated that a DNA-damaging
species could be grafted on to the quinazoline backbone without losing the inhibitory
property of either moiety. Furthermore, SMA41 was used as a model to study the
combined effect of inducing growth arrest through the use of an EGFR inhibitor and
damaging DNA in cytostatic cells since it has been known that highly proliferative cells
are more sensitive towards DNA damaging agents. However, the data indicated that

combining SMAS52 with TEM was synergistic in nature, further strengthening our basis
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for targeting EGFR and DNA (4). Since then, several other combi-molecules with type I
targeting properties have been synthesized and evaluated in cancer models both in vitro

and in vivo, a list of which has been presented in table 1.2.

Table 1.2: List of type I combi-molecules (I-Tz) synthesized in our laboratory and

their corresponding hydrolysis products (I + Tz).

Type I
Combi-molecules

SMA-41 MB/Q\NH " M/O\NH +
(EGFR-DNA) N.AD.\*_\_,mm L NH, N=N—CH;
l%N W SMAS2
NH

RB24 n/@\ B NH o 4._
(EGFR-DNA) Nﬁﬁijh_\,.\ Ngmm, N=N"CH,
e N

A, ot
ZRs1 PN J o P NN-CH
(EGFR-DNA) | &r Mo ﬁg :
5 5

N
ZRCMS5 > YG/ o YU N=N"CH,

I-Tz From Targeting Arm (I) | From Targeting Arm (Tz)

(BcrAbLDNA)

Note: Blue represents the EGFR targeting head, green represents the Ber-Abl (fusion
protein resulting from the the Philadelphia chromosome) targeting head and red

represents the DNA damaging species.

1.6.8.B. Subcellular localization of combi-molecules and their hvdrolyzed components

Through the course of the work done on combi-molecules, an important revelation came
from monitoring the subcellular distribution of type I compounds and their hydrolyzed

components. The methyldiazonium species (DNA-damaging) was radiolabeled with **C
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and shown to be distributed everywhere in the cell and alkylated DNA, RNA and
proteins, in an unspecific manner. The quinazoline moiety on the other hand being
fluorescent was monitored using fluorescence microscopy and was largely distributed in
the perinuclear region (with some in the nucleus) and colocalized with EGFR. This
suggested that the combi-molecule was brought into close proximity with the nucleus
where the methyldiazonium species could easily exert its DNA damaging function (313,

314).

1.6.8.C. Type Il combi-molecules

The first type II combi-molecule synthesized was JDD36, which was designed to inhibit
EGFR and damage DNA (5). Since the development of this balanced EGFR-DNA
targeting combi-molecule, several other type II combi-molecules have been synthesized
and evaluated in our laboratory, a list of which is summarized in Table 1.3.

The type II combi-targeting principle was also applied to the synthesis of SB163, the first
rationally designed EGFR-c-Src targeting combi-molecule, which was developed based
on molecular modeling studies of known X-ray structures of EGFR and c-Src inhibitors
(315). The rationale behind developing the first EGFR-c-Src targeting combi-molecule
was to induce tandem blockade of both kinases and disrupt the synergistic crosstalk
between them in different cancers. A model structure was designed using a
phenylaminoquinazoline moiety as the EGFR inhibitory arm and a purine moiety (PP2, a
c-Src inhibitor) as the c-Src inhibitory arm, connected by a linker at the N-1 position of
PP2. Binding of the molecule to the EGFR and c-Src kinase domains using molecular

modeling revealed that PP2 could only be altered on the 9-position without dramatically
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altering its kinase binding activity. As previously seen with quinazoline, it can withstand
bulky substitutions on the 6-position without affecting its kinase binding activity. Based
on these modeling studies, SB163, a chimeric EGFR-c-Src targeting combi-molecule was
synthesized, which showed dual kinase inhibitory potency in an in vitro kinase assay,
although it was a stronger EGFR inhibitor than c-Src (Table 1.3). Despite its inability to
demonstrate balanced targeting, it served as the first prototype of a dual kinase-kinase
targeting combi-molecule, indicating that a second kinase inhibitory arm could be
appended to the EGFR inhibitor, without severely affecting either kinase binding activity
(315). Consequently, this paved the path for future design and optimization of other
EGFR-c-Src targeting combi-molecules (type I and type II) as well as exploring the
possibility of grafting on other kinase inhibitory moieties (e.g. c-Met inhibitor) to the
quinazoline backbone to generate EGFR-c-Met targeting combi-molecules.

Table 1.3: List of type II combi-molecules synthesized in our laboratory.

Type Il

Combi-molecules [Tz

JDD36 Q\ . J

(EGFR-DNA) C )

ZR2003 o\
(EGFR-DNA) ; Jn"ﬁ
t

AK04 Qﬁ’\l ( ﬁ/@/i‘w

(BcrAbLDNA) e

(EGFR-c-5r¢)

SB163 m\’ T
I
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Note: Blue represents the EGFR targeting head, green represents the Ber-Abl (fusion
protein resulting from the Philadelphia chromosome) targeting head, pink represents the

c-Src targeting head and red represents the DNA damaging species.

1.6.8.D. The urgency of developing new targeting modalities for the EGFR-c-Src-c-Met

signaling interplay

As mentioned earlier, c-Src is an aggressive oncogene that synergizes with EGFR to
promote tumour growth, proliferation and resistance to EGFR-targeted therapies. The
latter is often also mediated by the activation of c-Met-related signaling pathways. Thus,
we believed that in order to abrogate adverse signaling mediated by EGFR, c-Src and c-
Met, combi-molecules must be designed that block either EGFR-c-Src or EGFR-c-Met.
Here, we wished to focus on the optimization of EGFR-c-Src dual targeting molecules
and dissect the interactions between EGFR, c-Met and c-Src, in order to efficiently block
their adverse effects. Furthermore, criteria for defining potency of combi-molecules
targeting dual or multiple kinases remain to be defined. Here we also analyzed the
concept of balanced targeting in our approach, by studying criteria that characterize the

potency of combi-molecules and their corresponding equivalent two drug combinations.

1.7 RESEARCH OBJECTIVES

The primary goal of this thesis was to target the signaling crosstalk between EGFR, c-
Met and c-Src through: (a) a unimolecular approach to the design and development of
EGFR-c-Src and EGFR-c-Met targeting combi-molecules, (b) a multi-kinase approach to

abrogate the complex signaling interplay between EGFR, c-Src and c-Met, and (c)
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developing a quantitative approach to compare the combination of multiple kinase

inhibitors with single multi-targeted molecules.

The thesis focuses on the development of new strategies to block the prosurvival effects
mediated by the complex network of signaling mediated by multiple key signaling
proteins in refractory tumours. More specifically, as outlined below, three major

objectives were pursued therein,

Objective 1: To optimize and elucidate the mechanism of action of the first balanced
EGFR-c-Src targeting combi-molecule (Chapters 2 and 3)

Objective 2: To study a multi-kinase approach to block signaling redundancy and
compensatory signaling evoked by EGFR, c-Src and c-Met (Chapter 4)

Objective 3: To study a quantitative approach for evaluating equimolar combinations of
individual kinase inhibitors (EGFR, c-Met, c-Src) in comparison with single kinase-
kinase combi-molecules (e.g. EGFR-c-Src, EGFR-c-Met) synthesized in the context of

this thesis (Chapter 5)
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2.1. ABSTRACT

In breast cancer cells expressing c-Src and EGFR, a control of one of the two oncogenes
over proliferation and invasion is observed whereas in others, the synergistic interaction
between them is required for tumour progression. With the purpose of developing
molecules with the highest probability for blocking the adverse effects of these two
oncogenes, we designed AL622, which contains a quinazoline head targeted to EGFR
and a linker that bridges it to the PP2-like for targeting c-Src. In case the entire molecule
would not be capable of blocking c-Src, we designed AL622 to hydrolyze to an intact c-
Src-targeting PP2 molecule. After confirming its binary c-Src-EGFR targeting potency of
AL622, we analyzed its potency in isogenic NIH3T3 cells tranfected with EGFR and
HER2 and human breast cancer cells known to be dominated by c-Src function. The
results showed that in EGFR/HER-2 driven cells, it was more potent than PP2 and its
activity was in the same range as the latter in more c-Src-driven cells. Its ability to block
motility and invasion was comparable with that of PP2 and corresponding combinations,
indicating that AL622 could be a better antitumour agent in cells where c-Src and/or

EGEFR play arole.
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2.2. INTRODUCTION

Tumour progression is characterized by a variety of signaling pathways often subverted
by the mutation or overexpression of genes encoding key signaling proteins. Disordered
expression of several growth factor receptors is not only associated with enhanced growth
signaling, but also with tumour invasiveness. In the latter process, receptor tyrosine
kinases can interact with non-receptor tyrosine kinases to promote motility and invasion
(1, 2). One such interaction has already been reported for the epidermal growth factor
receptor (EGFR) and the non-receptor tyrosine kinase c-Src (3). Recent studies showed
that activation of c-Src in some breast cancer cell lines led to phosphorylation of EGFR
on Tyr845 and that the downstream effect is transduced through the STAT3/5 pathway
(4, 5). A significant body of work has now accumulated to suggest that EGFR and c-Src
may contribute to an aggressive phenotype in some tumours (6). Recently with the
purpose of inducing a tandem and targeted blockade of EGFR and c-Src, we designed a
series of agents containing a PP2-like warhead directed at c-Src and a gefitinib-like
moiety targeted to EGFR. PP2 (see Fig. 2.1) is an aminopurine inhibitor of c-Src (7) and
the quinazoline moiety of gefitinib is known to anchor into the ATP site of EGFR (8).
Studies on this series of molecules revealed that compounds such as SB163 (Fig. 2.1) (9)
have a strong EGFR inhibitory property but moderate c-Src targeting potential. The
reduced c-Src targeting potency of SB163 was believed to be due to the bulkiness of the
linker attached to the 6-position of the aminopurine PP2-like moiety (9). To circumvent
this problem, we recently re-designed the molecule to release an intact PP2 molecule and
a 7-substituted aminoquinazoline capable of blocking EGFR activation. Here we study

the cytokinetics of one such compound AL622 wherein the hydrolysable linker is
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branched to the 6-aminopurine through an amide bond. It was expected that due to the
electron deficiency of the pyridine linker, the amide bond could be readily hydrolyzed in
the intracellular milieu.

Here we analyzed the degradation, the growth mhibitory potency as well as the mixed
EGFR- c-Src targeting properties of this novel type of combi-molecule. Furthermore,
given the significant role of c-Src and EGFR in invasion and motility, we analyzed the
ability of AL622 to block these processes in breast cancer cells using the wound healing

and Boyden Chamber assays.
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Figure 2.1. Schematic representation of crosstalk between different membrane receptors

such as EGFR and the non-receptor tyrosine kinase c-Src.
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2.3. MATERIALS AND METHODS

2.3.1. Chemistry

'H NMR spectra and >C NMR spectra were recorded on a Varian 300, 400 or 500 MHz
spectrometer. Chemical shifts are given as o values in parts per million (ppm) and are
referenced to the residual solvent proton or carbon peak. Mass spectrometry was
performed by the McGill University Mass spectroscopy Center and electrospray
ionization (ESI) spectra were performed on a Finnigan LC QDUO spectrometer. Data are
reported as m/z (intensity relative to base peak = 100). All chemicals were purchased
from Sigma-Aldrich.

Compound 2.

To a solution of PP2 (0.5 g, 1.66 mmol) in dry THF (10 mL) at 0 °C. NaH (60% oil
dispersion) (80 mg, 1.2 eq) was added portionwise. After 30 min, a solution of methyl 6-
(chlorocarbonyl)nicotinate (0.66 g, 2 eq.), , in THF (5 mL) was added dropwise at 0 °C.
The mixture was subsequently kept under argon for 24 h, after which it was evaporated to
give a green-blue crude powder (1.2g), which was purified by silica gel chromatography
column (CH,Cl/MeOH 9/1 to 85/15) to give 2 as pure white powder (0.4g, 52%). 'H
NMR (400 MHz, DMSO-ds) d ppm 1.82 (s, 9H), 3.93 (s, 3H), 7.42 (d, J = 8.4 Hz, 2H),
7.71 (br s, 2H), 7.98 (d, J = 8 Hz, 1H), 8.46 (dd,J =8 Hz, J =2 Hz, 1H ), 8.86 (s, 1H),
8.99 (s, 1H), 11.07 (br s, 1H).

Compound 3.

Compound 2 (0.4 g, 0.87 mmol) was dissolved in THF/CH,Cl, (1/1) mixture (10 mL) at
room temperature and potassium trimethylsilanoate (0.56 g, 5 eq.) was added. A white

precipitate appeared within a few minutes and the mixture was further stirred at room
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temperature under argon for 2h30 after which it was evaporated to dryness. The resulting
solid was triturated in ethyl ether, collected by filtration and redissolved in water. The pH
of the solution was adjusted to 1 with HCI 1N and the product extracted three times with
ethyl acetate. The organic phase was then dried over MgSO,, filtered and evaporated to
give 3 as a pure white solid (0.28 mg, 71%). 'H NMR (400 MHz, DMSO-ds) d ppm 1.82
(s, 9H), 7.43 (d, J = 8.2 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.97 (d, J = 8.2 Hz, 1H), 8.44
(d,J=8.2Hz, 1H), 8.87 (s, 1H), 8.97 (s, 1H), 11.06 (s, 1H).

Compound 5.

6-Amino-4-[(3-chlorophenyl)amino]quinazoline 4 (7.4 mmol, 2.0 g) was dissolved in dry
THF (40 mL) containing pyridine (0.9 mL, 1.5 eq) and triethylamine (1.6 mL, 1.5 eq.) at
0 °C. A solution of 4-chloromethylbenzoyl chloride (2.1 g, 1.5 eq.) in dry THF (5 mL)
was added dropwise. After 2 h at room temperature, the reaction mixture was
concentrated in vacuo. The resulting green solid was washed with aqueous HCI (1N) and
aqueous K,CO;(10%). Additional washings with water, CH,Cl, and Et,O gave a green
solid, which was subsequently dried in vacuo to afford compound 5 as a yellow-green
solid (2.33 g, 74 % yield). "H NMR (400 MHz, DMSO-de): & 5.86 (s, 2 H), 7.15 (dd, J =
8.0Hz,J=1.0Hz 1 H), 7.40 (t, J= 8.0 Hz, 1 H), 7.63 (d, J=8.5 Hz, 2 H), 7.82 (d, J =
8.0 Hz, 2 H), 8.00-8.08 (m, 4 H), 8.60 (s, 1 H), 891 (d, /= 2.0 Hz, 1 H), 9.97 (s, 1 H),
10.67 (s, 1 H).

Compound 6.

To compound 5 (1.0 g, 2.36 mmol) in DMF (10 mL) was added potassium iodide (0.43 g,
1.1 eq.) followed by 2-methylaminoethanol (0.57 mL, 3 eq.) at room temperature under

argon. After 3 h at 70 °C under argon, the DMF was azeotroped with heptane to give a
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brown paste, which was triturated in water. The resulting pale orange solid was filtered,
dried in vacuo to give compound 6 (1 g, 92 %)."H NMR (400 MHz, DMSO-de): & 2.17
(s, 3H), 2.44 (t, /= 6.4 Hz, 2H), 3.51 (q, /=9.2 Hz, J= 5.6 Hz, 2H), 3.58 (s, 2H), 4.44 (4,
J=5.6 Hz, 1H), 7.14 (dd, J=8.0 Hz, /= 1.4 Hz, 1 H), 7.39 (t, J= 8.0 Hz, 1 H), 7.49 (d,
J=28.4Hz 2H),781(d,J=9.4Hz 2H),7.99 (d, J= 8.4 Hz, 2 H), 8.02-8.07 (m, 2 H),
8.60 (s, 1 H), 8.90 (d,/=2.4 Hz, 1 H), 9.95 (s, 1 H), 10.58 (s, 1 H).

Compound 7 (AL622).

To a solution of 3 (0.54 g, 1.2 mmol) and 6 (0.55 g, 1 eq in DMF (10 mL) were added
dicyclohexyl carbodiimide (DCC) (0.37 g, 1.5 eq.), hydroxybenzotriazole (HOBt) (0.24
g, 1.5 eq.) and dimethylaminopyridine (DMAP) (15 mg, 0.1 eq.). A white precipitate
appeared within a few minutes and the mixture was further stirred at room temperature
for 48h under argon. The precipitate was filtered through celite and the DMF evaporated
in vacuo. The resulting paste was redissolved in ethyl acetate and washed with water and
brine. The organic layer was removed and dried over MgSOs, to give a crude brown solid
(1.6 g), which was further purified by silica gel chromatography column (CH,Cl,/MeOH
95/5 to 9/1). Further purification r by preparative TLC (silica plate, CH,Cl,/MeOH 9/1)
gave 7 as a pure pale yellow solid (0.37g, 35%). "H NMR (400 MHz, DMSO-dq): § 1.78
(s, 9H), 2.32 (s, 3H), 2.78 (t, J = 5.0 Hz, 2H), 3.66 (s, 2H), 4.48 (t, /= 5.0 Hz, 2H), 7.13
(dd, J=8.0 Hz, J=1.5Hz, 1 H), 7.37 (t, J= 8.5 Hz, 1 H), 7.40 (d, J = 8.4 Hz, 2H), 7.45
(d, J=8.4 Hz, 2 H), 7.67 (br s, 1H), 7.71 (d, J = 8.8 Hz, 2H), 7.78 (dd, J = 8.5 Hz, J =
1.5 Hz, 1 H), 7.90 (d, /= 8.4 Hz, 2 H), 7.96 (dd, J = 8.5 Hz, J= 1.8 Hz, 1 H), 8.03-8.06
(m, 2 H), 8.44 (dd, J=8.5 Hz, J= 1.8 Hz, 1 H), 8.56 (s, 1 H), 8.76 (br s, 1H), 8.85 (d, J =

1.6 Hz, 1 H), 8.92 (s, 1H), 9.86 (s, 1 H), 10.51 (s, 1 H), 11.01 (br s, 1H); °C NMR (100
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MHz, DMSO-dq) ) & 168.8, 165.9, 165.7, 164.2, 157.7 (2C), 154.6, 154.5, 153.6, 151.8,
149.0, 147.2, 143.8, 141.4, 141.3, 139.4, 137.3 (2C), 133.8, 133.3, 133.1 (2C), 131.9,
130.8, 130.4, 129.1(2C), 128.6 (2C), 128.1 (2C), 123.3, 123.1, 121.8, 120.7, 115.7, 113.8,
105.0 (2C), 63.7, 61.5, 61.1, 55.3, 42.9, 29.2 (3C); ESI m/z 916.23 (MNa® with *Cl,

QD).

2.3.2. Drug treatment

AL622 was designed and synthesized in our laboratory. PP2 was also synthesized in our
laboratory following the methods already described in the literature (10) and Iressa®
(gefitinib, AstraZeneca) was purchased from the Royal Victoria Hospital pharmacy and
extracted from pills in our laboratory. In all assays, drugs were dissolved in DMSO and
the concentration of DMSO never exceeded 0.2% (v/v). Subsequently compounds were
diluted in sterile media (DMEM or RPMI-1640) containing 10% fetal bovine serum

(FBS) prior to addition to cells.

2.3.3. Cell culture

4T1 murine breast cancer cells (generous gift from Dr. Thierry Muanza, Jewish General
Hospital, Montreal, Canada) were maintained as a monolayer in RPMI-1640 with 4.5g/L
of glucose, 2 mM L-glutamine,10 mM of sodium pyruvate, 10 mM HEPES, 10% FBS
and 100 ug/mL penicillin-streptomycin cell culture. The human breast carcinoma MDA -
MB-231 cell line was obtained from American Type Culture Collection (ATCC,
Manassas, VA). Mouse fibroblast cells NIH 3T3 wild type, NIH3T3-Her14 (transfected

with erbBI/EGFR gene) and NIH3T3-Neu (transfected with erbB2/Her2 gene) were
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provided by Dr.Moulay Aloui-Jamali (Jewish General Hospital, Montreal, Canada). Cells
were maintained in Dulbecco Modified Eagle’s Medium (DMEM) supplemented with
10% FBS, 10 mM HEPES, 2 mM L-glutamine and 100 ug/mL penicillin/streptomycin
(all reagent purchased from Wisent Inc., St-Bruno, Canada). All cells were grown in a

humidified incubator with 5% carbon dioxide at 37°C.

2.3.4. Enzyme Binding Assay

The EGFR, c-Src, Abl and c-Met kinase assays are similar to the one described by
Brahimi et al. (11). Briefly, the kinase reaction was performed in 96-well plates (Nunc
Maxisorp) coated with PGT (poly L-glutamic acid L-tyrosine, 4:1) and incubated at 37°C
for 48 h using 4.5 ng/well EGFR or c-Src (Biomol, PA). PGT served as the substrate to
be phosphorylated by EGFR and c-Src in the presence of ATP (50 pM) when stimulated
by EGF (100 pg/mL). Following drug addition (range 0.0001-10 pM), phosphorylation of
EGFR or c-Src was initiated by supplementing the reaction with ATP. The
phosphorylated substrate was detected using an HRP-conjugated anti-phosphotyrosine
antibody (Santa Cruz Biotechnology, CA). The signal was developed by the addition of
3, 3, 5, 5’-tetramethylbenzidine peroxidase substrate (Kierkegaard and Perry
Laboratories, Gaithersberg, MD) and the colorimetric reaction was monitored at 450 nm
using a microplate reader ELx808 (BioTek Instruments). The ICs, values were calculated

using GraphPad Prism (GraphPad Software, Inc., San Diego, CA).

2.3.5. In vitro Growth Inhibition Studies
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Growth inhibitory activities were evaluated using the sulforhodamine B (SRB) assay
(12). 4T1 and MDA-MB-231 were plated at approximately 5000 cells per well in 96 well
plates and cells were allowed to attach for 24 h. Thereafter, cells were exposed to
different drug concentrations for five days to determine basal growth inhibition.
Subsequently, cells were fixed with 10% ice-cold trichloroacetic acid for 60 min at 4°C,
stained with sulforhodamine B (SRB 0.4%) for 4 h at room temperature, rinsed with 1%
acetic acid and allowed to dry overnight. The resulting colored residue was dissolved in
Tris base (10 mM, pH 10-10.5) and the optical density recorded at 492 nm using a
microplate reader ELx808. The results were analyzed using GraphPad Prism (GraphPad
Software, Inc., San Diego, CA) and the sigmoidal dose response curve was used to
determine ICsy values. Each point represents the average of at least three independent

experiments run in triplicate.

2.3.6. Wound Healing Assay

Breast cancer cell lines 4T1 and MDA-MB-231 were plated in 6-well plates and
incubated overnight (37°C, 5% CO,). A cross scratch was made in the middle of the cell
monolayer. The cells were then washed twice with PBS, and the media was changed to
fresh RPMI-1640 or DMEM. Cells were incubated without or in the presence of the drug
at 12.5 uM and 25 uM concentrations. The images were captured at time 0 and at regular
intervals of 24, 48 and 96 h to monitor cell migration using a Leica DM IL inverted

fluorescence microscope (10X).
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2.3.7. Matrigel invasion assay

The invasive property of breast cancer cells was determined using the two-compartment
Boyden chamber assay (13). Cells were added onto polycarbonate transwell filter (8§ pm
pore size), which is a Matrigel-coated membrane separating the top and bottom chambers
(50 pg/filter). A total of 5 x 10*4T1 breast cancer cells resuspended in DMEM starvation
medium were added to the upper chamber and the insert was placed in a 24-well plate
containing DMEM starvation media either without or with 10% FBS and 20 ng/mL TGF-
a as a chemo-attractant. AL622, PP2, gefitinib and equimolar doses of PP2 and gefitinib
were added to both the upper and lower chambers and the cells were incubated at 37°C
for 4 h. Medium was removed and cells on both side of the filter were fixed with 3.7%
paraformaldehyde (Sigma-Aldrich Canada Ltd) for 1 hour, thereafter stained with 0.1%
crystal violet solution for 30 min and the cells on the upper surface of the filters were
carefully removed with a cotton-tipped applicator and two washes with PBS. Cells that
passed across the Matrigel transwell filter toward the lower surface were counted in three
randomly selected nonoverlapping fields (4X objective). The average cells counted from
three independent experiments were reported and representative images were

photographed.

2.3.8. Fluorescence microscopy imaging for intracellular localization of combi-
molecule

4T1 breast cancer cells were seeded in 6-well plates (1 x 10° cells/well) and grown in
RPMI-1640 with 10% FBS for 24 h. Cells were then treated with three different

concentrations (15 uM, 25 pM and 50 puM) of AL622 or PP2. Cells were observed by
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fluorescence microscopy every hour for the appearance of blue fluorescence (excitation
294 nm, emission 451 nm) resulting from the release of free PP2 after AL622

degradation into its two moieties. Images were recorded at 5 and 24 h after incubation.

2.3.9. Autophosphorylation Assay (Western Blot)

MDA-MB-231 cells (up to 1 x 10° cells/well) were plated in 6-well plates and pre-
incubated in DMEM with 10% FBS at 37 °C for 24 h. Following overnight starvation,
cells were exposed for 2 h to a dose range of each drug and subsequently cells were
washed and stimulated with EGF (50 ng/mL) for 15 min at 37 °C. Cells were washed,
detached by scraping in ice-cold PBS and collected by centrifugation for 2 min at 8000
rpm. Pelleted cells were re-suspended in cold lysis buffer [SO mM Tris-HCI pH 7.5; 150
mM NaCl; 1% Nonidet P-40, 1 mM EDTA; 5 mM NaF; 1 mM Na3VO4; protease
inhibitor tablet (Roche Biochemicals, Laval, Canada)]. Lysates were kept on ice for 30
min and collected by centrifugation at 10,000 rpm for 20 min at 4 °C. The concentration
of protein was determined using the Bio-Rad protein assay kit (Bio-Rad laboratories,
Hercules, CA). Equal amounts of proteins were loaded, resolved on 10% SDS-PAGE and
thereafter transferred to a polyvinylidene difluoride membrane (Milipore, Bedford, MA).
Membranes were blocked with 5% milk in TBST (20 mM Tris-HCI, 137 mM NacCl, 0.1%
Tween 20) for 2 h at room temperature followed by incubation with anti-phosphotyrosine
antibody (clone 4G10, Upstate; 1:1000) at 4°C overnight. After three 10-min washes with
TBST, blots were incubated with secondary HRP-conjugated goat anti-mouse antibody
(Jackson ImmunoResearch Laboratories) for 1 hour in TBST solution. The membranes

were subsequently incubated with anti-phospho-c-Src, total c-Src antibody (Cell
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Signaling Technology) and total EGFR (sc-03, Santa Cruz, CA). Immunoblot bands were
visualized using ECL kit and enhanced chemiluminescence system (Amersham

Pharmacia Biotech, Buckinghamshire).

2.3.10. Degradation analysis of the combi-molecule AL622 by high-performance
liquid chromatography (HPLC)

4T1 breast cancer cells were seeded in 6-well plates (1 x 10° cells/well) and grown in
RPMI-1640 with 10% FBS for 24 h. Cells were then treated with different concentrations
of AL622 or PP2 at 37 °C for 5h and 24h. The cells were washed with ice-cold PBS to
remove extracellular drug. Cells were scraped with 1 mL of methanol and the resulting
mixture centrifuged at 10,000 rpm for 6 min. The supernatant was collected and
evaporated to dryness. The resulting residue was reconstituted in a smaller of methanol
(100 pL). The HPLC analyses were performed with a Cogent C18 series column
(150mmx4.6mm) and the elutions achieved with 88% aqueous methanol at a 1 mL/min
flow rate. Analyses were performed using a Thermoquest P4000 equipped with a

UV2000 detector and a AS300. autosampler
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2.4. RESULTS

2.4.1. Chemical synthesis

The synthesis of the molecule AL622 (7) proceeded according to Schemes 1, 2 and 3.
Following activation with NaH, PP2 (1) obtained according to a method described in the
literature (10), was treated with an excess of methyl 6-(chlorocarbonyl)nicotinate to give
2, whose methyl ester was removed in the presence of potassium silanoate base to give
acid 3 (Scheme 2.1). Alcohol 6 (AL621) was synthesized as described in Scheme 2.2.
Briefly, the anilinoaminoquinazoline 4 (18) was coupled with 4-(chloromethyl) benzoyl
chloride in the presence of pyridine and triethylaminnve to give 5, which was further
treated with an excess of (2-methyl)aminoethanol to provide compound 6. As depicted in
Scheme 2.3, coupling of 3 with 6 in the presence of DCC, HOBt and DMAP gave 7

(AL622).
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Scheme 2.1. Synthesis pathway of intermediate 3.
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Scheme 2.2. Synthesis pathway of intermediate 6.
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Scheme 2.3. Synthesis pathway of the combi-molecule AL622, 7.

2.4.2. Hydrolysis

The central strategy employed in the design of AL622 was based on the use of a linker
capable of releasing both the EGFR and the c-Src inhibitors upon hydrolysis. As depicted
in figure 1, AL622 was designed to contain a cleavable p-dicarboxylic acid ester group
that links it to the EGFR inhibitory moiety and a hydrolysable amide that carries the PP2
moiety. The synthesis of AL622 will be reported elsewhere.

Analysis of AL622 hydrolysis in 4T1 mouse mammary cells revealed that its two primary
metabolites were AL621 and PP2. After a 5 h drug exposure, the release of PP2 from
AL622 was analyzed by fluorescence microscopy (Fig. 2.2). PP2 fluoresces in the blue.
The results showed that within the first 5 h, blue florescence was detectable inside the
cells reaching a significantly high intensity 24 h later. PP2 released from AL622 could be
observed in the perinuclear region. In contrast, PP2 administered alone did not show a

significant perinuclear distribution.
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Figure 2.2. Fluorescence microscopy imaging of intracellular localization of combi-
molecule. 4T1 breast cancer cells were treated with three different concentrations of
AL622 and PP2 for various time periods (5 and 24 h). The intracellular distribution of

PP2 was observed by fluorescence microscopy.

2.4.3. EGFR- c-Src inhibitory potency
The ability of AL622 to block EGFR and c-Src tyrosine kinase activity was studied in an
ELISA (Fig. 2.3A and B). While gefitinib showed ICs, in the nM range (24 nM), despite

its bulkiness, ALL622 induced a dose dependent inhibition of EGFR TK (ICsp of 0.6 uM).
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In addition to being a prodrug for the potent c-Src inhibitor PP2 (ICsy, 0.188 uM), it was

also able to induce c-Src TK inhibition on its own (ICsy values of 1.099 uM).

2.4.4. EGFR-c-Src competitive binding at various ATP concentrations and kinase
selectivity.

From the EGFR and c-Src inhibition studies to determine the IC50 of AL622, it appeared
that it was a ca. 2-fold stronger inhibitor of EGFR than c-Src. In order to further ascertain
this difference in potency, we performed an activity study with our ELISA using OD that
reflects the level of substrate phosphorylation by EGFR and c-Src. Significant lost of
inhibitory activity was observed for c-Src at much lower concentrations of ATP (e.g 10
mM ATP) than for EGFR (e.g. 250 mM) (Fig. 2.3C) indicating that AL622 (intact
structure) has a much stronger affinity for EGFR than for c-Src. This was further
corroborated by comparison with other kinases (e.g. c-Met, Abl). As shown in figure
2.3D, AL622 while retaining strong inhibitory potency against c-Src and Abl, was more

selective for EGFR.
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Figure 2.3. Enzyme inhibition assay of AL622 in comparison with gefitinib and PP2. A)
Inhibition of EGFR and B) inhibition of c-Src. Ninety-six-well plates were coated with
PGT (poly L-glutamic acid L-tyrosine), which served as the substrate to be
phosphorylated by EGFR and c-Src in the presence of ATP (50 uM) when stimulated by
EGF (100 pg/mL). Dose dependent inhibition by the drugs was observed by adding a
chemiluminescent agent and measuring absorbance at 450 nm. C) EGFR and c-Src
activity at various ATP concentrations and AL622 (I mM) in an ELISA-based
competitive ATP binding assay. Lost of inhibitory activity was observed for c-Src at
lower concentrations of ATP than for EGFR. D) Inhibition of receptor and non-receptor

tyrosine kinases by AL622 in an ELISA-based competitive ATP binding assay.

2.4.5. Whole cell EGFR- ¢-Src inhibitory potency
The ability of AL622 to block phosphorylation of EGFR and c-Src in whole cells was

studied in the MDA-MB-231 cell line, which i1s known to express the latter two
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oncogenes. The results showed that AL622 was capable of inducing strong inhibition of
c-Src phosphorylation in MDA-MB-231 at doses ranging from 3.125 to 25 mM, (Fig.
2.4). Analysis of EGFR phosphorylation revealed that AL622 was capable of inducing a
dose-dependent inhibition of EGFR TK with almost 100% inhibition of phosphorylation
at a concentration as low as 0.1 mM. By contrast, at a 3 time higher concentration (0.3
mM), PP2 induced a moderate level of EGFR phosphorylation. It is worth noting that
while the isolated enzyme assays showed noticeable difference between EGFR and c-Src
inhibitory activities for intact AL622, in the 3.125-25 mM range at which inhibition of
growth, motility and invasion experiments were performed, the two kinases were

maximally inhibited (Fig 2.4D).
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Figure 2.4. Dose-dependent inhibition of EGFR and c-Src phosphorylation in MDA-MB-

231 cells upon treatment with AL622 (A and C), gefitinib, PP2 and gefitinib+PP2 (B).

Western Blot analysis was performed using serum starved cells. Cells were treated with

the drugs for 2 h followed by EGF (50 ng/mL) stimulation for 20 min. In (A) and (B)
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phospho-EGFR was determined by probing with pY99 mouse monoclonal primary
antibody and an HRP-conjugated goat anti-mouse secondary antibody. In (C) Phospho-
c-Src levels were determined using the pY416 c-Src (rabbit) primary antibody and the
HRP-conjugated goat-anti-rabbit secondary antibody. Total EGFR and c-Src levels were
determined using anti-EGFR and c-Src antibodies to check for equal protein loading. (D)
Levels of phosphorylation of EGFR and c-Src quantitated by band intensity ratio

(kinase/loading control) resulting from densitometric analysis of (A) and (C).

2.5.6. Effect of AL622 on cell motility

The ability of AL622 to block cell motility was studied on 4T1 and MDA-MB-231 cells
(Fig. 2.5). The results showed that AL622 prevented repopulation of the wound in a dose-
dependent manner with levels of inhibition slightly less strong than the combination of
gefitinib plus PP2 or PP2 alone. The potency of the AL622 in blocking wound healing

was equivalent to that of PP2.
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Figure 2.5. Wound healing assay of untreated and treated 4T1 cells. Cells were treated
with 12.5 and 25 uM of AL622, PP2 or PP2+gefitinib were observed at 0 h and 24 h after

treatment. The control cells showed almost complete wound closure.

2.5.7. Effect of AL622 on cell invasiveness
The ability of AL622 to block cell invasiveness was studied in 4T1 cells which invaded

the matrigel in the presence of serum (Fig. 2.6). The results showed that at the lower dose
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AL622 induced more significant blockade of invasion than gefitinib (P<0.001), PP2

(P<0.001) and the combination of these two drugs (gefitinib+PP2) (P<0.001).

H125uM
25uM

Number of invading cells

-+
control AL622 gefitinib PP2 gefitinib
+PP2

Drug

Figure 2.6. Invasive capacity of 4T1 breast cancer cells treated with AL622, gefitinib and

PP2. The cells were incubated with the drug at 37 °C for 4 h.

2.5.8. Oncogene-selective growth inhibitory potency

In order to evaluate the targeting contribution of the EGFR warhead of AL622, we
evaluated its potency and selectivity on ErbB oncogene transfected cells. Using NIH3T3
cells transfected with ErbB1 (Her14/EGFR) and ErbB2 (Neu) genes, we showed that
AL622, gefitinib and PP2 were capable of inducing selective inhibition of the oncogene
transfected cells (Fig. 2.7). However, of all the drugs tested and corresponding
combinations (e.g. gefitinib+PP2), AL622 was the most selective; with minimal growth

inhibitory effect against the normal NIH3T3 wild type cells.
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Figure 2.7. Growth inhibition assay of different cell lines treated with AL622, PP2,
gefitinib and PP2+ gefitinib. Approximately 5000 cells were allowed to attach for 24 h
and exposed to drug treatment for 5 days during. Growth inhibition was determined using
the SRB assay. (A) NIH3T3 wild type and transfected, (B) 4T1 cells and (C) MDA-MB-

231 cells.
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2.6. DISCUSSION

The design of AL622 stemmed from previous work on the combi-targeting concept that
sought to prepare multitargeted molecules to interfere with multiple signaling pathways
in tumour cells (9, 14). These molecules termed “combi-molecules” are now classified
into two major groups: type I and type II (15). Type I combi-molecules are designed to be
hydrolyzed in order to generate their binary targeting functions: (e.g. EGFR and DNA),
while type II combi-molecules do not require hydrolysis to generate their EGFR-DNA
targeting function (16, 17). In our search for potent EGFR TK and c-Src TK cross-
targeting compound, we recently designed and synthesized SB163, a type II combi-
molecule in which a basic linker was flanked by a quinazoline ring on one hand and an
aminopurine analogue of PP2 on the other (Fig. 2.1) [9]. Studies on the latter molecule
showed that it could significantly block EGFR, but possessed a weak c-Src inhibitory
activity (IC50 = 3 mM). Thus, we re-designed the molecules to release an intact c-Src
inhibitor and a quinazoline derivative that retained EGFR inhibitory potency.

The c-Src inhibitory potency of inhibitors of the same class as PP2 is extremely sensitive
to structural alteration. Molecular modeling suggested the 9-position of the purine ring to
be the best substitution position for retention of optimal c-Src TK activity. When we
replaced the tert-butyl group of PP2 by an ethylamino linker as in SB163 (Fig. 2.1), c-Src
inhibitory potency decreased by 3-fold when compared with PP2. In this study, we
rationalized that a type I combi-molecule strategy (18) would lead to a prodrug capable of
releasing upon hydrolysis, intact PP2 and the 6-substituted anilinoquinazoline, which
usually retains significant EGFR inhibitory activity. As described herein, this strategy has

led to the synthesis of the first prodrug, which in addition to being EGFR and c-Src

137



inhibitor on its own (EGFR inhibition ICso = 0.610 uM and c-Src inhibition = 1.099 uM)
is capable of releasing two different kinase inhibitors: PP2 and AL621. The results
suggest that AL622 is clearly a rationally designed drug for “mix-targeting” EGFR and c-
Src. Here we used the selective EGFR inhibitor (gefitinib) and the selective c-Src
inhibitor PP2 as control drugs to assess the binary cytokinetic profile of AL622. We used
the sensitivity of highly invasive breast cancer cells 4T1 and MDA-MB-231 to PP2 and
to the highly EGFR-selective inhibitor gefitinib. PP2 was used as a reference to assess the
c-Src dependence of the potency of AL622 and gefitinib, as a reference for its EGFR-

dependence.

In growth inhibition assays, AL622 was equipotent with PP2 against the 4T1 cells whose
growth and invasion strongly depend on c-Src. It was slightly more potent against MDA -
MB-231 cells in which c-Src and EGFR are known to synergize to promote growth (19,
20). Importantly, c-Src and EGFR were found to be strongly inhibited at concentrations
markedly lower than IC50 for growth inhibition in these cells. In NIH3T3 mouse
fibroblast cells transfected with EGFR or HER2 whose growth strongly depends on
EGFR or HER2, AL622 was significantly more potent than PP2 but less potent than
gefitinib. Interestingly, the dominance of the potency of AL622 over PP2, gefitinib and
the corresponding combination PP2+gefitinib was seen only in the invasion assay.
Recently, EGFR and c-Src was shown to cooperatively promote aberrant invasive
behavior in immortalized breast cells (6). Perhaps, in this case, due to the requirement for
both EGFR and c-Src to promote invasion, the dual mechanism of action of AL622 led to

a more pronounced effect. The superior potency of AL622 when compared with
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equimolar addition of individual drugs (PP2+gefitinib) may be due to a greater level or
released bioactive species inside the cells when administered via a prodrug than as a
combination of individual drugs. Indeed fluorescence microscopy showed that higher
intensity of blue fluorescence associated with PP2 was seen when AL622 was
administered than when PP2 was given alone.

The results presented herein indicate that blockade of c-Src in the cells is sufficient to
induce a significant levels of growth inhibitory activity and reduction of motility.
Tandem blockade of EGFR and c-Src with either AL622 or combination of individual
molecules did not enhance these activities, suggesting that c-Src is the dominant
oncogene controlling both proliferation and motility in these cells. It is now known that
c-Src can phosphorylate EGFR at Y845 and this is associated with mitogenic signaling
through a pathway in which only STATS has been identified (5, 21). Previous work by
Biscardi et al. (5) showed that transfection of CH101/2 cells with a Y845F mutant form
of EGFR led to ablation of EGF-stimulated DNA synthesis in the latter cells, suggesting
that c-Src activation plays an important role in the growth of EGFR-expressing cells.
Additional blockade of EGFR by AL622 and the individual drug combination
gefitinib+PP2 did not enhance inhibition of motility. The activity of the two types of
combinations (AL622 and PP2+gefitinib) was comparable with that of the c-Src inhibitor
PP2 alone. This response may also be due to the fact that c-Src is the major player in
regulating motility in these cells, a role that is now suspected to be exerted through the
PI3K pathway.

One particular and important observation is the markedly selective potency of AL622 in

NIH3T3 ErbB transfectants. PP2 that primarily targets c-Src was the least selective of the
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panel. Gefitinib also induced a dose dependent growth inhibition in the wild type. The
decreased potency of AL622 in these non-transformed cells may be due to decreased
intracellular metabolism of AL622 when compared with their transformed counterpart.

Further studies are ongoing to prove this point.

The results in toto suggest that AL622 is a potent combi-drug that releases an intact c-Src
and an EGFR inhibitor inside the cells. Its significant anti-invasive properties warrant
further evaluation in vivo, in a model wherein c-Src synergizes with EGFR to promote

invasion.
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CONNECTING TEXT

Through the work done in the previous chapter, we demonstrated the first cleavable
EGFR-c-Src targeting combi-molecule that underwent hydrolysis to generate its two
inhibitory moieties, AL621 targeting EGFR and PP2 targeting c-Src. Although this
molecule showed strong EGFR inhibitory potency, it remained a weak c-Src inhibitor,
thereby generating an unbalanced combi-molecule. We thus undertook an optimization
study that sought to design and develop combi-molecules with strong and balanced
EGFR and c-Src inhibitory properties. Moreover, given the labile nature of the
pyrazolopyrimidine backbone of PP2, which is highly sensitive to substituent changes,
we decided to pursue future design and synthesis using the thiazolylaminopyrimidine
scaffold of the dual c-Abl/c-Src kinase inhibitor, dasatinib, currently approved for the
treatment of Chronic Myelogenous Leukemia (CML). This chapter highlights the
optimization of EGFR-c-Src targeting combi-molecules and describes the mechanism of
action and targeting modality of a novel EGFR-c-Src targeting combi-molecule, AL776

in vitro and in vivo.
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3.1. ABSTRACT

Cancer cells are characterized by a complex network of interrelated and compensatory
signaling driven by multiple kinases that reduce their sensitivity to targeted therapy.
Therefore, strategies directed at inhibiting two or more kinases are required to robustly
block the growth of refractory tumour cells. Here we report on a novel strategy to
promote sustained inhibition of two oncogenic kinases (Kin-1 and Kin-2) by designing a
molecule K1-K2, termed “combi-molecule”, to induce a tandem blockade of Kin-1 and
Kin-2, as an intact structure and to be further hydrolyzed to two inhibitors K1 and K2
directed at Kin-1 and Kin-2, respectively. We chose to target EGFR (Kin-1) and c-Src
(Kin-2), two tyrosine kinases known to synergize to promote tumour growth and
progression. Variation of K1-K2 linkers led to AL776, our first optimized EGFR-c-Src
targeting prototype. Here we showed that: (a) AL776 blocked EGFR and c-Src as an
intact structure using an in vitro kinase assay (ICso EGFR = 0.12 uM and ICspc-Src = 3
nM), (b) it could release K1 (AL621, a nanomolar EGFR inhibitor) and K2 (dasatinib, a
clinically approved Abl/c-Src inhibitor) by hydrolytic cleavage both in vitro and in vivo,
(c) it could robustly inhibit phosphorylation of EGFR and c-Src (0.25-1 uM) in cells, (d)
it induced 2-4 fold stronger growth inhibition than gefitinib or dasatinib and apoptosis at
concentrations as low as 1 uM, and, (e) blocked motility and invasion at sub-micromolar
doses in the highly invasive 4T1 and MDA-MB-231 cells. Despite its size (MW = 1032),
AL776 blocked phosphorylation of EGFR and c-Src in 4T1 tumours in vivo. We now
termed this new targeting model consisting of designing a kinase inhibitor K1-K2 to
target Kin-1 and Kin-2, and to further release two inhibitors K1 and K2 of the latter

kinases, “type Il combi-targeting”.
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3.2. INTRODUCTION

Current trend in cancer drug discovery is towards the design of multi-targeted agents (1).
This trend is driven by the observation that the attrition rates in the development of multi-
targeted agents are significantly lower than that of single-targeted agents (2). Indeed
analysis of 974 anticancer agents from 1995 to 2007, in developmental phases (phase I to
registration) led to an overall attrition rate of 82%. However, this rate fell to only 52%
when the analysis was restricted to a subset of multi-targeted kinase inhibitors (2).
The clinical efficacy of multi-targeted agents is partly imputed to their ability to induce a
tandem blockade of multiple targets that drive tumour progression and resistance to
apoptosis in refractory tumours. However, despite the acknowledged potency of multi-
targeted drugs, their rational design to inhibit specific oncogenic targets remains a
tremendous challenge (3). In the past, in the context of a novel multi-targeted approach
termed “combi-targeting”, we designed inhibitors termed ‘“combi-molecules” that can
block targets as divergent as tyrosine kinase receptors and genomic DNA. We
demonstrated their ability to kill tumour cells by blocking receptor phosphorylation,
damaging DNA and down-regulating DNA repair proteins (4, 5). We classified such
molecules as type I (i.e., those that require hydrolysis to fully exhibit their dual potency)
and type II (i.e., those that could induce DNA damage and a tandem blockade of receptor
mediated signaling without requirement for hydrolysis). As depicted in figure 3.1A, the
type I molecule I-Tz was designed to release an EGFR tyrosine kinase inhibitor (I) and a
DNA damaging species Tz (step 1). I-Tz was also designed to interact with EGFR as an
intact structure (step 2) (6-8). Conversely, I-Tz in its type II form is designed to inhibit

EGFR tyrosine kinase and damage DNA without requirement for hydrolysis (Fig. 3.1B,
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steps 1 and 2) (9, 10). While this classification includes several types of agents directed at
the epidermal growth factor receptor (EGFR) and DNA, the demonstration of the
approach with two different tyrosine kinase targets remained a challenge (11-13). Here,
we designed a rational approach to give rise to a novel type of chimeric kinase inhibitor,
that reconciles the type I and II targeting models. As shown in figure 3.1C (step 1), to
target a cell expressing kinase 1 (Kin-1) and kinase 2 (Kin-2), we wish to design the
molecule K1-K2 to behave like a type I targeted molecule, by conferring it a
hydrolysable linker, which upon hydrolysis will release free K1 and K2 (inhibitors of
kinases 1 and 2 respectively). In addition, the molecule is designed to possess an intrinsic
dual K1/K2 targeting property as an intact molecule, thereby behaving as a type II
molecule (Fig. 3.1C, steps 2 and 3). The expected advantage of the latter property lies in
the fact that in the event that the hydrolysis of K1-K2 is slow inside the tumour cell, the
intact structure can still induce a tandem blockade of the oncogenic targets Kin-1 and
Kin-2. Overall, this novel targeting approach, which is now designated as type III combi-
targeting, is designed to induce multispecies dynamic inside the cells with the dual
tyrosine kinase Kin-1 and Kin-2 inhibition as a constant. Here we challenge this concept
using an optimized molecule AL776, which was designed to block a receptor tyrosine

kinase, EGFR, as Kin-1, and a non-receptor tyrosine kinase, c-Src, as Kin-2.
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Figure 3.1: Prototypes of type-IL, type-II and the novel type-III targeting molecules.
(A) The type-I molecule (I-Tz) was designed to contain an EGFR tyrosine kinase
inhibitor (I) and a DNA alkylating triazene (Tz) moiety bridged by a hydrolysable linker.
The type-I molecule can inhibit EGFR as an intact structure (step 2), or upon undergoing
hydrolysis to release the two moieties (I + Tz), but the molecule is only capable of
targeting DNA through the release of its Tz moiety (step 1). (B) The type-II molecule
was designed to contain the EGFR tyrosine kinase inhibitor (I) and the DNA alkylating
triazene moiety (Tz) connected via a non-hydrolysable linker. This type-II molecule is
capable of targeting both EGFR and DNA as an intact structure through each of its
targeting arm (steps 1 and 2). (C) The novel type-III molecule (K1-K2) is designed to
contain two tyrosine kinase inhibitors connected via a hydrolysable linker where K1 1is

targeted to Kin-1 (EGFR) and K2 to Kin-2 (c-Src). This molecule is “programmed” to
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exhibit both type-I and type-II like properties by inhibiting its two targets both as an
intact structure (steps 2, 3) as well as upon undergoing hydrolysis to release inhibitors of

EGFR and c-Src (step 1).

EGFR (Kin-1) and its family members are often overexpressed in many solid tumours
including breast, lung, head and neck, prostate and colon and are associated with
aggressive tumour progression and poor prognosis (14, 15). EGFR belongs to the HER
family of receptor tyrosine kinases (RTKs) that consists of EGFR (HER1), HER2, HER3
and HER4. Upon ligand binding (e.g. EGF, TGF-a), the receptor undergoes homo/hetero-
dimerization with its family members (or other RTKs) and activates several downstream
signaling pathways including Ras-Raf-MAPK, PI3K/Akt and the signal transducer and
activators of transcription (STAT), that are known to drive tumour growth, proliferation,
survival and angiogenesis (16, 17).

c-Src, our secondary target (Kin-2), is another important signaling protein activated
downstream of EGFR. It is overexpressed in many solid tumours and is implicated in
their growth, progression and metastasis (18). Growth factor receptors other than EGFR
including c-Met, PDGFR, IGF-1 receptor and several other membrane proteins including
integrins, GPCRs, cytokine receptors are known to activate c-Src (18). It has been
demonstrated that tumours overexpressing both EGFR and c-Src have increased EGF-
mediated DNA synthesis, soft agar growth, increased phosphorylation of receptor-
binding proteins (Shc, PLC-y) and increased tumourigenesis in nude mice (19).
Furthermore, it has also been shown that c-Src is responsible for the phosphorylation of a

novel tyrosine residue, Y845 (a non-autophosphorylation site in the activation lip of the
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kinase domain) on EGFR, which leads to enhanced EGF-mediated DNA synthesis (20).
In addition, previous work by Bao et al. (21) demonstrated that c-Src prevents c-Cbl
mediated endocytosis and ubiquitination of EGFR, thereby prolonging its signaling at the
cell surface. Overall, EGFR and c-Src synergize to promote tumour growth and
progression (20, 22), and as a result, these deleterious interactions between the two
kinases represent an appropriate multi-signaling context to challenge the new type III
combi-targeting model.

Here we describe the synthesis, multispecies dynamics and the mechanism of action of
the optimized prototype K1-K2 targeting molecule, AL776. We also report on its ability

to modulate the two targets EGFR (Kin-1) and c-Src (Kin-2) in vivo.

3.3. MATERIALS AND METHODS

“Animal studies were carried out according to protocol # 4934 approved by the McGill

Facility Animal Care Committee (FACC)”

3.3.1. Chemistry

IH NMR spectra were recorded on a Varian 300 or 400 MHz spectrometer. Chemical
shifts are given as d values in parts per million (ppm) and are referenced to the residual
solvent proton peak. Mass spectrometry was performed by the McGill University Mass
spectroscopy Center and electrospray ionization (ESI) spectra were performed on a
Finnigan LC QDUO spectrometer. Data are reported as m/z (intensity relative to base
peak = 100). Elemental analyses were carried out by GCL & Chemisar Laboratories

(Guelph, Ontario, Canada). All chemicals were purchased from Sigma-Aldrich.
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Compound 1

To a solution of dasatinib (200 mg, 0.4 mmol) in dry dimethylformamide (DMF) (10 mL)
at room temperature, an excess of succinic anhydride (41 mg, 4 mol, 10 eq.) with a
catalytic quantity of dimethylaminopyridine (DMAP) (10 mg, 0.08 mmol, 0.2 eq.) was
added. The mixture was subsequently heated at 50°C under argon. The DMF was
azeotroped after 18h with heptane to give a white-yellow solid, which was dissolved in
acidic water. The acidic aqueous solution was alkalinized to pH 4-5 with dropwise
addition of NaOH 4M.The white precipitate that formed was filtered and dried under
vacuum to give compound 1 as a pure white powder (218 mg, 90%)'H NMR (400 MHz,
DMSO-ds) d ppm 2.22 (s, 3H), 2.38 (s, 3H), 2.42 to 2.48 (m, 4H), 2.57 (t, J = 5.7 Hz,
2H), 3.21 to 3.38 (m, 4H), 3.43 to 3.56 (m, 4H), 4.14 (t, ] = 5.7 Hz, 2H), 6.03 (s, 1H),
7.19 to 7.31 (m, 2H), 7.38 (d, J = 5.9 Hz, 1H), 8.20 (s, 1 H), 9.86 (s, 1 H), 11.46 (s, 1 H),

12.23 (bs, 1H).

Compound VII (AL776)

To a solution of 1 (218 mg, 0.37 mmol) and AL621 (12) (171 mg, 1 eq) in dry DMF (3.6
mL) were added 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) (78 pL, 1.2
eq.), hydroxybenzotriazole (HOBt) (60 mg, 1.2 eq.) and 4-dimethylaminopyridine DMAP
(4.5 mg, 0.1 eq.). A precipitate appeared within a few minutes and the resulting brown
mixture was further stirred at room temperature for 18h under argon. The DMF was
azeotroped with heptane to give a crude solid, which was triturated in water, after which
the resulting precipitate was filtered and dried. The resulting solid (440 mg) was purified

by silica gel chromatography column (CH,Cl,/MeOH 9/1). Further purification by
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preparative thin layer chromatography (TLC) (silica plate, CH,Cl,/MeOH 9/1, two
successive elutions) gave VII (AL776) as a pure white powder (136 mg, 36%).

'H NMR (300 MHz, DMSO-ds) d ppm 2.19 (s, 3H), 2.21 (s, 3H), 2.37 (s, 3H), 2.41 to
2.47 (m, 4H), 2.52 to 2.64 (m, 8H), 3.42 to 3.53 (m, 4H), 3.59 (s, 2H), 4.05 to 4.20 (m,
4H), 6.01 (s, 1H), 7.14 (d, ] = 9.4 Hz, 1H), 7.19 to 7.31 (m, 2H), 7.34 to 7.53 (m, 4H),
7.77 to 7.89 (m, 2H), 7.94 to 8.11 (m, 4H), 8.20 (s, 1 H), 8.59 (s, 1H), 8.90 (s, 1H), 9.86
(s, 1 H), 9.95 (s, 1H), 10.59 (s, 1 H), 10.58 (s, 1H), ESI m/z 1031.29 (MNa" with *°Cl,

33CI). Anal. (Cs;Hs,C1,N;,06S) C, H, N.

3.3.2. Cell culture

The cell lines used in the in vitro studies of AL776 included the mouse fibroblast
NIH3T3 panel consisting of wild type (NIH3T3-WT) and cells transfected with EGFR
(NIH3T3-Her14), the mouse mammary tumour cell line 4T1 as well as the triple negative
human breast cancer cell line MDA-MB-231. The NIH3T3 wild type and Her14 (EGFR
transfected) cells were a generous gift from Dr. Moulay Alaoui-Jamali (Lady Davis
Institute for Medical Research Sir Mortimer B. Davis, Jewish General Hospital,
Montreal, Canada). MDA-MB-231 human breast cancer cell line was purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA). 4T1 cells were a
generous gift from Dr. Thierry Muanza (Department of Oncology, Division of Radiation
Oncology, Jewish General Hospital, Montreal, Canada), originally isolated by Dr. Fred
Miller (Karmanos Cancer Institute, MI, USA) (23). All cell lines were maintained in
Dulbecco Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 10 mM

HEPES, 2 mM L-glutamine, gentamycin sulfate and fungizone (all reagents purchased
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from Wisent Inc., St-Bruno, Canada) and were grown in a humidified incubator with 5%

carbon dioxide at 37°C.

3.3.3. Drug Treatment

The K1-K2 molecules including AL776 were synthesized in our laboratory. Iressa
(gefitinib, AstraZeneca) and dasatinib (Sprycel) were purchased from the Royal Victoria
Hospital pharmacy (Montreal, Canada) and extracted from pills in our laboratory. All
drugs were dissolved in DMSO to obtain a concentration of 10 mM (or lower). Drug
dilutions were carried out under sterile conditions using DMEM (10% FBS or serum-

free) medium and the final concentration of DMSO never exceeded 1 % (v/v).

3.3.4. Kinetic analysis of AL776 in vitro and in vivo

3.3.4.A. Absorption kinetics analysis in NIH3T3-Her14 (EGFR) cells

NIH3T3-Her14 cells were seeded in 6-well plates (1 x 10° cells/well) and grown in
DMEM with 10% FBS for 24 h. Cells were then treated with 25 uM of AL776 and
incubated at 37°C for 1h, 2h, 6h, 24h or 48h. The media was collected and extracted
using twice the volume of methanol, on ice and centrifuged for 20 min at 13,000 rpm at
4°C. The resulting supernatant was filtered, evaporated to dryness and reconstituted with
100 pL of methanol. Cells were collected using trypsin and the cell pellet obtained was
rinsed once with PBS and lysed with methanol (500 pL /tube) on ice for 1h. The lysate
was centrifuged at 13,000 rpm for 20 min at 4°C and the resulting supernatant was
collected into a separate tube and the remaining pellet was subjected to lysis two more

times (250 pL /tube). The supernatant from each lysis step were pooled all together,
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filtered, evaporated to dryness and resuspended in 100 pL of methanol before further
analyzing the samples. HPLC analysis was performed using a ACE 5 C18 5 pm column
(150 mmx4.6 mm) under elution conditions of gradient 70-75% methanol:water for the
first 5 min and isocratic methanol elution until 30 min, using a 0.75 mL/min flow rate.
Analyses were performed using a Thermoquest P4000 equipped with a UV2000 detector

and an AS300 Autosampler.

3.3.4.B. Liquid chromatography-mass spectrometry (LC-MS) analysis of the
hydrolysis of AL776 in vivo

CD-1 mice were divided into groups of three and treated with 80 mg/kg of AL776,
injected intraperitoneally (i.p) or intravenously (i.v). Mice were sacrificed and their
plasma was collected for further analysis after 0, 5, 15 and 30 min after drug treatment.
Plasma samples were extracted using twice the volume of methanol and lysed at 13,000
rpm for 30 min at 4°C. The resulting supernatant from each sample was collected, filtered
and evaporated to dryness before reconstituting in 100 pL. of methanol. LC-MS analyses
were performed on a Synapt G2-S instrument coupled with an Acquity UPLC Class I
system both from Waters. Elution rate was set at 500 uL/min using an Eclipse XDB C8,
3.5 um, 2.1 x 100 mm chromatographic column from Agilent Technologies. The
experiments were performed with the following eluents: 0.1% aqueous formic acid
(eluent A) and methanol (eluent B). The initial mobile phase was 30% B, which was
maintained for 0.2 min at the beginning of the run. The following gradient elution was
subsequently applied: 30 to 50% B from 0.2 to 4 min; 50 to 80% B from 4 to 10 min;

held at 80% B from 10 to 11 min. Thereafter, eluent B was decreased to 30% in 0.2 min
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and held constant for up to 15 min to allow the column to equilibrate. Each sample was
diluted with methanol in order to avoid detector saturation and 3 mL aliquots of the
resulting solutions were injected. Analyses were performed with the electrospray
interface in positive ion mode and mass spectra acquired from m/z 100 to 1200. For
accurate mass determination, Leucine Enkephalin was used as lock mass. The MassLynx

software was used for instrument control, data acquisition and data processing.

3.3.5. In vitro kinase assay

The EGFR and c-Src kinase assays were performed in 96-well plates (NuncMaxisorp)
coated with PGT (poly L-glutamic acid L-tyrosine, 4:1, Sigma Aldrich, MO, USA) and
incubated at 37°C for 48h prior to using. PGT served as the substrate to be
phosphorylated by EGFR (Enzo Life Sciences Inc, NY, USA, Signal Chem, Richmond,
Canada) and c-Src (Enzo Life Sciences Inc, NY, USA, Signal Chem, Richmond, Canada)
in the presence of ATP (50 uM). A dose range of drugs (I-VII, gefitinib or dasatinib) was
added to compete with ATP to bind and inhibit the ATP-binding site in the kinase
domain of EGFR or c-Src. To each well, 15 ng of EGFR (20 pg/ml) or 6 ng of c-Src (0.1
pg/ul) were added. The phosphorylated substrate was detected using an HRP-conjugated
anti-phosphotyrosine antibody (Santa Cruz Biotechnology, CA). The signal was
developed by the addition of 3, 3°, 5, 5’-tetramethylbenzidine peroxidase substrate
(Kierkegaard and Perry Laboratories, Gaithersburg, MD) and the colorimetric reaction
was monitored at 450 nm using a microplate reader ELx808 (BioTek Instruments). The
ICso values were calculated using GraphPad Prism 6.0 (GraphPadSoftware, Inc., San

Diego, CA). Each experiment was carried out at least three times, in duplicate.
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3.3.6. Molecular Modeling

AL776 was modeled in the EGFR kinase pocket using the Protein Data Bank (PDB)
structure (24) with code IM17 downloaded from www.rcsb.org. The quinazoline portion
of bound erlotinib in 1M17 was used as a template to construct and minimize a bound
pose of AL776. Minimizations were carried out in the MOE 2013.08 (25) software using
the Amber10:EHT forcefield with R-Field electrostatics. AL776 was also modeled in the
c-Src kinase pocket using the PDB structure 3G5D (26). AL776 was constructed and
minimized in 3G5D staring with the bound dasatinib ligand as the template. The
modeling was carried out in the MOE 2013.08 software using the Amberl0:EHT

forcefield and R-Field electrostatics for minimizations.

3.3.7. Growth inhibition assay

Growth inhibition was measured in cells using the sulforhodamine B (SRB) assay (27).
NIH3T3 (wildtype and EGFR transfected), MDA-MB-231 and 4T1 cell lines were grown
in 10% FBS containing media (DMEM) were plated (2000-5000 cells/well) in 96-well
plates and allowed to attach overnight (37°C, 5% CO,). Twenty-four hours later, they
were treated with a dose range of drugs (I-VII, gefitinib and dasatinib) or media (for
control) and allowed to grow in the incubator for the next 120h (5 days) at 37°C. At the
end of this 5-day treatment period, they were fixed in 50% trichloroacetic acid (TCA) for
2-3h at 4°C, washed four times under cold tap water and stained with sulforhodamine B
(0.4%) overnight at room temperature. The plates were subsequently rinsed with 1%
acetic acid, and allowed to dry overnight. The stained cells were then dissolved using 10

mM Tris-Base and the plates were read using a microplate reader ELx808 at 492 nm. The
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results were analyzed using GraphPad Prism 6.0 (GraphPadSoftware, Inc., San Diego,
CA) and the sigmoidal dose response curve was used to determine ICsy values. Each

experiment was carried out at least four times, in triplicate.

3.3.8. Wound-healing assay

MDA-MB-231 and 4T1 cells were plated in 6-well plates (500,000 cells/well) and
allowed to attach overnight (37°C, 5% CO,). The following day, media was removed and
a cross scratch was made in the middle of the cell monolayer. Cells were washed twice
with PBS, and treated with 100 nM of drugs (AL776, dasatinib, gefitinib) or just media
(control) for a period of 24 hours. The scratch was visualized at two different time points
(0 and 24h) using the Leica DM IL inverted microscope (10X) and images were obtained

using the Leica DFC300FX camera.

3.3.9. Boyden chamber invasion assay

The invasive property of MDA-MB-231 and 4T1 cells was determined using the Boyden-
chamber invasion assay. Cells suspended in serum-free media were plated (120-150,000
cells/well) onto polycarbonate transwell inserts (8 um pore size, BD Biosciences) coated
with matrigel (6%) (BD Biosciences), separating the top and bottom chambers (50
pl/filter). The cells were allowed to attach for a few hours and subsequently, serum-free
media with or without drugs (AL776, dasatinib, gefitinib) was added to the top chambers
of the inserts, whereas 10% FBS containing complete media with or without drugs was
added to the bottom chambers creating a chemo-attractive gradient. The invasive property

of cells was observed 24h after treatment by fixing cells in formalin and staining with
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0.1% crystal violet (Sigma-Aldrich Canada Ltd). Cells attached on the upper surface of
the insert (top chamber) were removed by gently scraping away with a cotton swab,
whereas those that invaded onto the lower side of the insert were observed using a
microscope (Leica DM IL inverted microscope, 10X). Images of five non-overlapping
fields of invading cells were captured using the Leica DFC300FX camera and
quantification was done using the Scion Image Analysis (3.53.0.0) software and ImageJ
1.46r software. The results were expressed in terms of percentage of invading cells
relative to control and the bar graphs represent the average of three independent

experiments.

3.3.10. Western blot

NIH3T3-Her14 and 4T1 cells grown in 10% FBS containing media were plated (~ 1 x
10° cells/well) in 6-well plates and allowed to attach overnight (37°C, 5% CO,). The cells
were rinsed twice with PBS twenty-four hours later and starved overnight on addition of
serum-free media. Thereafter, they were treated with different doses of AL776 for 2
hours, washed with PBS (twice) and stimulated with 50 ng/ml EGF for 30 min at 37°C.
Cells were washed, detached by scraping in ice-cold PBS and collected by centrifugation
for 15 min at 3000 rpm. Cell pellets were re-suspended in cold lysis buffer 50 mM Tris-
HCI pH 7.5; 150 mM NaCl; 1% Nonidet P-40, 1 mM EDTA; 5 mM NaF; 1 mM Na3;VOy;
protease inhibitor tablet (Roche Biochemicals, Laval, Canada)]. Lysates were kept on ice
for 1 h and collected by centrifugation at 13,000 rpm for 20 min at 4°C. The
concentration of protein was determined using the Bio-Rad protein assay kit (Bio-Rad

laboratories, Hercules, CA). Equal amounts of proteins were loaded, resolved on 10%
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SDS-PAGE and thereafter transferred to a polyvinylidenedifluoride (PVDF) membrane
(Milipore, Bedford, MA). Membranes were blocked with 5% milk in TBST (20 mM Tris-
HCI, 137 mM NacCl, 0.1% Tween 20) overnight at 4°C followed by incubation with
phosphotyrosine antibodies such as phospho-EGFR Y1068 (Cell Signaling Technology,
USA, 1:4000) and phospho-Src Y416 (Cell Signaling Technology, USA, 1:1000) in 5%
milk, at 4°C overnight. The membranes were washed with TBST and incubated with
respective secondary antibodies for 1h at room temperature in 5% blocking solution.
After incubation with antibodies against phosphotyrosines, the membranes were stripped
using the Restore Stripping buffer (Thermo Scientific, Rockford, IL, United States) and
probed for total EGFR (Santa Cruz, CA, USA) and total Src (Cell Signaling Technology,
USA) antibodies along with GAPDH or beta-actin (Santa Cruz, CA, USA) antibodies.
Immunoblot bands were visualized using ECL kit and enhanced chemiluminescence

system (GE Healthcare).

3.3.11. Characterization of apoptosis using flow cytometry

NIH3T3 cell lines (wild type and EGFR transfected) were plated in 6-well plates
(500,000 cells/well) and allowed to grow overnight (37°C, 5% CQO,). The next day, fresh
media with or without different doses of drugs (AL776, dasatinib, gefitinib) were added
to the cells and incubated for a period of 48 hours. They were subsequently collected
using trypsin (Wisent Inc., St-Bruno, Canada), centrifuged (2000 rpm, 5 min), rinsed with
PBS and centrifuged again to obtain a cell pellet. The pellet was re-suspended in binding
buffer (1X) and prior to being analyzed, annexin V-FITC and PI stains (eBioscience, San

Diego, CA, USA) were added to the cells and incubated for 15 min in the dark at 4°C.
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Annexin V-FITC and PI binding were analyzed with a Becton Dickinson FACScan. Data
were collected using logarithmic amplification of both the FL1 (FITC) and FL2 (PI)
channels. Quadrant analysis of coordinate dot plots was done with CellQuestPro

software. The experiment was carried out three times.

3.3.12. In vivo efficacy and pharmacodynamics

In vivo efficacy and pharmacodynamic studies were carried out in female Balb/c mice
(Charles River Laboratories, USA) strictly in accordance with the protocol (#4934)
approved by the Facility Animal Care Committee (FACC), McGill University. Mice were
implanted with 4T1 mammary tumour cells, 15 million cells/flank (suspended in 200 pL
PBS), subcutaneously. For the efficacy study, once the tumours reached an average size
of 80 mm”, the mice were randomized into groups of 6 (n = 6) and treated (intravenously,
1.v, once/day) with vehicle (20% + cremophor + 20% ethanol + 60% saline) or 40 mg/kg
of AL776. Tumour growth was monitored for the next two weeks by measuring tumour
volumes using the formula [4/3*3.14*L/2*(W/2)"2] alternate days, along with the body
weight.

For the pharmacodynamic study, female Balb/c mice bearing 4T1 tumours were divided
into groups of four and treated with vehicle (20% cremophor + 20% ethanol + 60%
saline), AL776 (40 mg/kg) or combination of gefitinib + dasatinib (20mg/kg each). Mice
were sacrificed l1h or 24h after treatment and their tumours were collected and snap
frozen at -80°C for further analysis using western blots. Tumours were crushed using a
mortar/pestle chilled using liquid nitrogen and lysed with RIPA buffer diluted to a 1X

concentration and supplemented with ImM PMSF (Cell Signaling Technology, USA).
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Western blot analysis was carried out with the tumour samples, similar to the method

described earlier.

3.3.13. Statistical Significance

Statistical significance for in vitro assays was carried out using the unpaired, two-tailed
student t-test with p < 0.05 indicating significance. For the in vivo pharmacodynamic
experiments, statistical significance was determined using multiple t-test (Holm-Sidak
method, with alpha = 5.0%). Each row was analyzed individually, without assuming a
consistent SD. P value < 0.05 was considered statistically significant. GraphPad Prism

6.0 (GraphPadSoftware, Inc., San Diego, CA) was used for statistical analysis.

3.4. RESULTS

3.4.1. Design and kinase inhibition by K1-K2 molecular prototypes

A series of K1-K2 molecules designed and synthesized in our laboratory is presented in
figure 3.2A. The quinazoline backbone being highly tolerant of bulky substituents at the
6-position (28), was chosen as the EGFR targeting scaffold. This scaffold is common to
many clinical inhibitors of EGFR including gefitinib, erlotinib, lapatinib and afatinib and
is known to anchor into the ATP binding site of the receptor (29). In the past, we found
the pyrazolo pyrimidine class of inhibitors of c-Src to be extremely sensitive to
substituent changes (11). Therefore, we selected the thiazolylaminopyrimidine backbone
of dasatinib, a clinically approved and potent inhibitor of Abl and c-Src, as the c-Src
targeting scaffold (30). To facilitate intracellular hydrolysis, we selected ester- or

carbonate-based linkers between K1 and K2. This led to the structures shown in figure
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3.2A, with ICsy values for EGFR and c-Src inhibition measured by an in vitro kinase
assay. Of all the linkers studied, the succinic acid one led to the most potent dual EGFR-
c-Src targeting molecule. The latter, AL776 showed an ICsp of 0.12 uM for EGFR kinase

inhibition and 3 nM for c¢-Src kinase inhibition (Fig. 3.2B). Therefore, AL776 was

selected as our K1-K2 prototype in the study.

A

B
| I EGFR c-Src
o I 4.310.4puM 0.240.01 uM
AR . I 26.6£154uM | 0.07 £0.01 uM
W n 0.6+0.2 uM <0.1nM
v 0.4+0.1uM | 0.008 %0.003 uM
v
v 0.9t02uM | 0.03%0.003 uM
| e o Vi 1.1£03uM | 0.04£0.01pM
oo~ T Mool "I vn(az76) | 0.12:01um | 0.003:0002 um
Gefitinib 0.02 £ 0.007 pM >1uM
I e "1 Dasatinib >1pM <0.001 uM
VII, ALTT6

Figure 3.2: Series of EGFR-c-Src targeting type III molecules and their kinase
inhibitory potency in vitro. (A) EGFR-c-Src targeting type III molecules were designed
and synthesized in our laboratory using quinazoline moieties (red) as the EGFR targeting
head and dasatinib as the c-Src inhibitory arm (green), connected through different
hydrolysable linkers. (B) In vitro kinase assay was used to determine the potency of each

molecule in the series to competitively bind and inhibit the ATP binding pocket of the
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tyrosine kinase domains of EGFR and c-Src. Gefitinib and dasatinib were used as control

drugs for comparison, and the IC, values of kinase inhibition were determined using the
GraphPad Prism 6.0 software. Each value represents the average IC, from three

independent experiments, carried out in duplicate.

3.4.2. Synthesis of AL776

The synthesis of AL776 proceeded according to figure 3.3. Dasatinib was treated with an
excess of succinic anhydride to give compound 1, which was coupled with AL621 (a
potent EGFR tyrosine kinase inhibitor with ICsp = 3 nM (12)) in the presence of EDCI,
HOBt and DMAP to give VII (AL776) as an analytically pure white powder following
purification by preparative TLC. We predicted that the hydrolysis of AL776 would

restore its primary synthetic elements (i.e. AL621 as K1 and dasatinib as K2).
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Figure 3.3: Synthesis and hydrolysis of AL776, the lead K1-K2 prototype targeting
EGFR and c-Src. The synthesis of AL776 was carried out in our laboratory according to
the steps indicated above. The resulting type III K1-K2 molecule is designed to undergo
hydrolysis inside the cells and release a potent EGFR tyrosine kinase inhibitor (K1)
termed AL621 and a potent c-Src tyrosine kinase inhibitor (K2) dasatinib (type I). AL776
is also capable of exerting its dual inhibitory property by directly interacting with each

target as an intact molecule (type II).
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3.4.3. Kinetics of hydrolysis of AL776 in vitro and in vivo
The kinetics of hydrolysis of AL776 was studied both in vitro using NIH3T3-Herl14
(EGFR transfected) cells and in vivo in CD-1 mice following i.p. and i.v. injection. /n
vitro, high performance liquid chromatography (HPLC) analysis of the extracellular
medium and isolated whole cells revealed that AL776 was stable enough to slowly
diffuse into the cells with minimal extracellular decomposition. As shown in figure 3.4A,
24-48h later, AL776 was detectable inside the cells but not in the extracellular medium,
indicating that the absorption equilibrium was shifted towards intracellular retention of
the molecule. AL776 slowly degraded inside the cells and liquid chromatography-mass
spectrometry (LC-MS) analysis confirmed that the two released metabolites were AL621
and dasatinib (Fig. 3.4B). The observation of detectable levels of AL776 as long as 48h
after treatment indicates that, as predicted, in addition to the individual metabolites K1
and K2 released inside the cells, intact K1-K2 may also contribute to their response to
drug treatment. A representative spectrum is shown in figure 3.4B with m/z
corresponding to the major metabolites along with intact AL776.

Having studied the hydrolysis of AL776 in vitro, we sought to determine whether
its degradation profile in vivo would parallel that in vitro. Mice were injected i.v. and i.p.
with 80 mg/kg of AL776 and plasma collected at early time points. The results showed
following i.p. injection, only the major metabolites were detected with no intact AL776
found in plasma. Therefore, the study was focused on i.v. injection where intact AL776
could be tracked at the earlier time points. Following i.v. injection, AL776 rapidly
disappeared from the plasma with barely detectable levels as early as 30 min post-

administration. However, after 30 min (see Fig. 3.4C), abundant levels of its two major
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metabolites (AL621 and dasatinib) were detected (Fig. 3.4C). Furthermore, LC-MS
analysis showed that AL776 was not only cleaved to release ALL621 (K1) + dasatinib
(K2) but also generated metabolites carrying a succinic acid moiety, which we refer to as
AL621-L (K1-L) and dasatinib-L. (K2-L). Thus, as predicted, the major products of
hydrolysis of AL776 were AL621 and dasatinib, which could be detected both in vitro
and in vivo. In addition, since the levels of acidic metabolites AL621-L and dasatinib-L
decreased rapidly, we believe that they were either eliminated or eventually converted to

AL621 and dasatinib as proposed in figure 3.5.
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Figure 3.4: In vitro and in vivo hydrolysis of AL776 using high performance liquid
chromatography (HPLC) and mass spectrometry (MS) analyses. (A) The kinetics of

entry into the cells and degradation of AL776 inside the cells were monitored using
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HPLC analysis. NIH3T3-Herl4 (EGFR transfected) cells were treated with 25 uM of
AL776 for 1h, 2h, 6h, 24h and 48h, after which the cells and the corresponding
extracellular media were collected and processed according to the procedure described in
the Materials and Method section. The area under the curve (AUC) for the AL776 peak
was determined and its percentage compared with all the other peaks was calculated and
plotted. (B) A representative spectrum obtained from liquid chromatography (LC)-mass
spectrometry (MS) analysis in cells treated with AL776 for 48h is shown with m/z = 462
(AL621), m/z = 488 (dasatinib) and m/2z = 517 (AL776). (C) The kinetics of AL776
hydrolysis in the plasma of CD-1 mice injected with 80 mg/kg of the drug was monitored
5, 15 and 30 min post-administration. LC-MS chromatograms at different time points
with m/z values for intact AL776 and its metabolites are shown: m/z = 462 for AL621,
m/z = 562 for AL621-L (succinic acid linked-AL621), m/z = 488 for dasatinib, m/z = 588

for dasatinib-L (succinic acid linked-dasatinib), m/2z = 516 for AL776.
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Figure 3.5: Schematic representation of AL776 hydrolysis and its hydrolyzed
metabolites. Based on LC-MS characterization of the metabolites of ALL776 both in vitro
and in vivo, the hydrolytic scheme of AL776 is modified to represent all the major
metabolites. The K1-K2 molecule undergoes hydrolysis to generate the acidic forms of
AL621 and dasatinib (AL621-L and dasatinib-L), which are further metabolized to

AL621 (K1 or EGFR inhibitor) and dasatinib (K2 or ¢-Src inhibitor).
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3.4.4. Molecular modeling and mode of binding of AL776 in the EGFR and c-Src
kinase pocket

One of the primary requirements of the K1-K2 prototype is to possess strong inhibitory
potency against Kin-1 and Kin-2, both as an intact molecule as well as upon undergoing
hydrolysis to release K1 directed at Kin-1 and K2 at Kin-2. Having found that AL776
(K1-K2) in an in vitro kinase assay possessed dual EGFR and c-Src targeting property as
an intact structure, it was important to determine how it could probably bind to the EGFR
and c-Src kinase domain. Thus, molecular modeling was used to map the binding of the
intact structure to EGFR or c-Src. AL776 was modeled in the EGFR kinase pocket using
the IM17 Protein Data Bank (PDB) structure as a starting point. The quinazoline portion
of bound erlotinib (24) in 1M17 was used as a template to construct and minimize a
bound pose of AL776. Despite the large size of AL776, the quinazoline moiety could
bind to the 1M17 structure in a pose analogous to erlotinib. In this pose the linker-
dasatinib portion of AL776 points out of the ATP binding pocket towards solvent,
allowing for conformational flexibility. Furthermore, the tertiary alkyl nitrogen atom of
AL776 is in a position such that the protonated form can interact via a hydrogen-
bond/ionic interaction with the carboxylate group of Asp776. A sample pose of AL776
showing the N+-Asp776 interaction is given in figure 3.6A.

AL776 was also modeled in the c-Src kinase pocket using the PDB structure
3G5D (26), It was constructed and minimized in 3G5D starting with the bound dasatinib
ligand as the template. The dasatinib portion of AL776 is in the same position as
dasatinib in 3G5D, and maintains the same protein-ligand non-bonded interactions as

dasatinib. The linker-quinazoline portion of AL776 is solvent exposed and makes no
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specific interactions with the c-Src ATP-binding pocket. A conformational search
performed on the linker-quinazoline portion of AL776 produced many diverse
conformations, none of which shows any specific H-bond or electrostatic interaction
between AL776 atoms and c-Src residues. Thus, when bound to c-Src, the dasatinib
portion of AL776 can adopt a binding mode identical to that of dasatinib in 3G5D, while
the linker-quinazoline portion of the AL776 is free to adopt a number of conformations,
none of which appear particularly favored due to a specific interaction with residues at

the mouth of the c-Src ATP binding pocket. A sample pose of AL776 modeled in 3G5D

1s given in 3.6B.

Figure 3.6: Molecular modeling of AL776. (A) AL776 modeled in the EGFR kinase-
binding pocket using the Protein Data Bank (PDB) with code 1M17. The quinazoline
moiety can bind to the hinge region in a manner analogous to erlotinib, while the linker-
dasatinib portion of AL776, exposed to solvent, can adopt a number of conformations.
The protonated form of the tertiary amine in AL776 can interact with Asp776. (B) AL776
modeled in the c-Src pocket using the PDB with code 3G5D. The dasatinib moiety of

AL776 binds to the hinge portion of the c-Src ATP binding pocket in a pose identical to
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dasatinib while the linker-quinazoline portion of AL776 points out into solvent and can

adopt many conformations.

3.4.5. Target modulation and effect on growth inhibition, survival and invasion in
cells

3.4.5.4 Downregulation of EGFR and c-Src phosphorylation by AL776

The contribution of the multiple species in the cells to inhibition of EGFR and c-Src
phosphorylation was analyzed by immunoblot assay in NIH3T3-Her14 mouse fibroblast
cells transfected with EGFR (Fig. 3.7A) and in the highly invasive 4T1 mammary tumour
cells (Fig. 3.7B). Cells were treated with different concentrations of AL776 for two hours
followed by stimulation with EGF (50 ng/ml) for 30 minutes. The results showed that
AL776 induced a dose-dependent inhibition of both EGFR and c-Src phosphorylation
with maximal inhibition at a concentration as low as 1 uM. The results obtained from the
kinetics of hydrolysis of AL776 inside the cells after 2h are consistent with the presence

of intact AL776 along with AL621 and dasatinib (supplementary figure S3.1).
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Figure 3.7: Target modulation using western blot analysis. (A) NIH3T3-Her14 (EGFR
transfected cells) and (B) 4T1 mouse mammary tumour cells were starved using serum-
free medium for 24h and treated with varying concentrations of AL776 for 2h. The drug
was removed from the medium and the cells were stimulated with 50 ng/ml of EGF for
30 min. Cells were extracted, lysed and western blot analysis was carried out according to
the protocol described in the Materials and Methods section. Membranes were probed
with phospho-EGFR (Y1068), phospho-Src (Y416), total EGFR, Src and housekeeping

(Actin or GAPDH) antibodies.

3.4.5.B Anti-motility and anti-invasive properties of AL776

c-Src being a key tyrosine kinase in the signaling pathways associated with motility and

invasion, we thought it of interest to evaluate the effects of AL776 on motility and
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invasion using the wound-healing and the Boyden chamber assay respectively. These
experiments were performed in the highly invasive 4T1 and MDA-MB-231 breast cancer
cell lines. Both cell lines were used in these assays due to their high levels of c-Src
expression, which is a key oncogene in driving tumour invasion and metastasis (31, 32).
The assay was carried out by exposing the cells to the drug for 24h, a time point at which
50% of intact AL776 was found in the cells. Wound-healing assay results showed that
AL776 at 0.1 uM blocked wound-closure after a 24h drug exposure in both cell lines
(Fig. 3.8A and B). Boyden chamber invasion assay results showed that AL776, like
dasatinib, strongly inhibited invasion at a concentration as low as 0.1 uM. However,
gefitinib was mostly unable to block invasion at such low doses (Fig. 3.8C and D),
indicating that ¢-Src and not EGFR is primarily responsible for the invasive properties of

these cells.

Treatment

Figure 3.8: Anti-motility and anti-invasive properties of AL776 in 4T1 mouse

mammary tumour and MDA-MB-231 triple negative breast cancer cell lines. (A)
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4T1 and (B) MDA-MB-231 cells were treated with 100 nM of AL776 or control drugs
gefitinib or dasatinib for a period of 24h and the wound-closure (scratch) was monitored
at both Oh and 24h time points. (C) 4T1 or (D) MDA-MB-231 cells were treated with
varying doses of AL776 (in comparison with dasatinib or gefitinib) for a period of 24h in
a Boyden Chamber invasion assay. Cells were plated in serum-free media (top chamber)
and allowed to invade across the layer of matrigel towards media containing 10% FBS
(bottom chamber) through chemotaxis. Drugs were added to both the top and bottom
chambers to maintain a uniform distribution. Cells were fixed, stained and quantified to
generate the percentage of invading cells across the matrigel in comparison with
untreated control cells. The histograms represent the average + SEM of three independent
experiments. Statistical analysis was performed using the unpaired two-tailed t-test and p
values were obtained (p < 0.05 is significant): 4T1 ** (p = 0.001), MDA-MB-231 * (p <

0.05).

3.4.5.C Growth inhibitory and apoptotic properties of AL776

One of the premises of designing multi-targeted molecules is to induce pleiotropic effects
without losing selectivity for the primary targets. Having shown that AL776 was capable
of blocking invasion, we tested the ability of its multi-targeted properties to translate into
selective growth inhibition and apoptosis in different cell lines. .

Its growth inhibitory property was tested by treating the NIH3T3 wild type, Her14
(EGFR transfected), MDA-MB-231 and 4T1 cell lines with a dose range of AL776 or
gefitinib or dasatinib for a period of 5 days and the 1Csy values for growth inhibition were

determined. The results showed that AL776 induced strong growth inhibition in NIH3T3-
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Her14 cells with an ICsg of 0.18 uM and showed 2-4 fold higher potency compared with
clinical drugs gefitinib or dasatinib. In MDA-MB-231 and 4T1 cell lines, it induced
strong growth inhibition, like dasatinib, with ICsy values in the sub-micromolar range
(Fig. 3.9A). More importantly, AL776 was selectively more potent in NIH3T3 cells
transfected to overexpress EGFR when compared with their wild type counterpart (Fig.
3.9B).

The ability of AL776 to induce apoptosis was assessed using NIH3T3 wild type
and EGFR transfected cells treated with 0.5, 1 or 5 uM doses of AL776, gefitinib or
dasatinib for a period of 48h and analyzed using flow cytometry. Total apoptosis induced
in these cells was calculated as the sum of the percentage of early (annexin V staining)
and late apoptosis (annexin V + PI staining). The results showed that while all three
drugs were selectively cytotoxic towards EGFR transfected cells, AL776 induced a
higher level of apoptosis than gefitinib or dasatinib at the 1uM dose (Fig. 3.9C, D).
Interestingly, HPLC analysis showed that 48h after drug exposure, while a major part of
AL776 had undergone hydrolysis to release its two inhibitory arms (AL621 and
dasatinib), a small percentage of the intact molecule was still present inside the cells (Fig.
3.4B). This indicated that inhibition of EGFR and c-Src could not only be mediated by

ALG621 and dasatinib, but also by intact AL776.
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Figure 3.9: Growth inhibitory and apoptotic properties of AL776. (A) Growth
inhibition was carried out in NIH3T3 wild type and Herl14 (EGFR transfected), 4T1 and
MDA-MB-231 cell lines using the sulforhodamine B (SRB) assay. Cells were treated
with varying doses of AL776, gefitinib or dasatinib for a period of 5 days following
which cells were fixed, stained and quantified. Each experiment was repeated at least
four times and carried out in triplicates. (B) Comparison of the growth inhibition curves

and corresponding IC. values of AL776 in the isogenic NIH3T3 wild type and EGFR

transfected cell lines. Each point represents the average = SEM of five independent
experiments carried out in triplicates. The difference between their average ICs, values
was statistically significant with p < 0.05. (C, D) Annexin V and propidium iodide
staining (PI) of cells was used to determine the percentage of apoptosis (early + late)
induced by AL776, gefitinib and dasatinib. Cells were treated with different doses of

AL776 for 48h, collected, stained and analyzed using flow cytometry. The histogram
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represents the average =+ SEM of three independent experiments with p < 0.05 in the

NIH3T3-EGFR transfected cell line.

3.4.6. Target modulation in vivo

Having shown that this new KI1-K2 prototype could be hydrolyzed into the major
bioactive species in vivo and to strongly block EGFR (Kin-1) and c-Src (Kin-2)
phosphorylation in vitro, we sought to determine whether it could modulate its two
targets in a tumour model in vivo. This was performed in comparison with the
administration of the two free clinical inhibitors (gefitinib and dasatinib) targeting Kin-1
(EGFR) and Kin-2 (c-Src) using the mouse 4T1 cells in which we have shown the two
targets to be modulated in vitro (Fig. 3.7B). The results showed that administration of
AL776 (40 mg/kg) induced strong blockade of EGFR and c-Src phosphorylation in vivo
1h post-administration in a manner similar to the gefitinib + dasatinib combination. This
was consistent with the observed inhibition of the two targets in vitro. Furthermore, in
vivo, phosphorylation of the downstream phospho-protein ERK1/2 was strongly inhibited
by AL776 and the 2-drug combination 1h post-administration. Inhibitions of
phosphorylation of EGFR, c-Src and ERK1/2 by AL776 were reversed 24 h post-
treatment but partially retained in mice treated with the two drug combinations (Fig. 3.10
A, B and supplementary figure S3.4).

The ability of target modulation by AL776 to translate into inhibition of tumour growth
was monitored by treating Balb/c mice bearing 4T1 tumours with 40 mg/kg of AL776
(i.v. injection) for 5 days. The results showed that AL776 was unable to block tumour

growth (Fig. 3.10C) and animals treated with equivalent doses of gefitinib + dasatinib
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(given 20 mg/kg each, 1.v.) experienced toxicities that precluded data collection. At the
end of the study, tumour masses from control versus AL776 treated groups were weighed

and there was no difference observed (Fig. 3.10D).
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Figure 3.10: Pharmacodynamics in 4T1 tumours. (A, B) Female Balb/c mice (n = 4)
bearing 4T1 tumours were treated with 40 mg/kg of AL776, 20 mg/kg each of gefitinib +
dasatinib or vehicle and sacrificed 1h and 24h after drug administration (intravenous, 1.v).
Tumours were collected and western blot analysis was used to detect inhibition of
phosphorylation of EGFR, c-Src and ERK1/2 by the drug, at different time points. The
bands were quantified and represented as histograms and as a ratio of phospho-
protein/total protein. Statistical significance was determined using multiple t-test and p <
0.05 was considered significant. (C) Efficacy study was carried out in female Balb/c mice
(n=6) bearing 4T1 tumours and treated with 40 mg/kg of AL776 or vehicle administered

IV (once/day) for 5 consecutive days. Tumour growth was monitored for two weeks by
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measuring tumour volume on alternate days. Graphs representing the average tumour
volumes + SEM of the two groups are shown. (D) On the last day of the study, tumours
were collected and their average + SEM weight (g) from AL776 treated and the control

groups (n = 6) are plotted as histograms.

3.5. DISCUSSION

Over the past decade, while targeted therapy focused on single-drug-single-gene
strategies, the field of polypharmacology emerged with a new paradigm shifting approach
towards tumour targeting that consists of a one-drug-multiple gene approach (33, 34).
Within the same context, we initiated a concept termed “combi-targeting” that sought to
rationally design molecules to either degrade to generate multiple bioactive species (type
I) or to hit two targets without any requirement for hydrolytic cleavage (type II). While
we demonstrated the feasibility of these two approaches with molecular prototypes
targeting DNA and EGFR (7, 10), their application to the targeting of two different
kinases (e.g. Kin-1 and Kin-2) remained a challenge. Molecular prototypes designed to
induce a tandem inhibition of EGFR and c-Src lacked inhibitory potency against either
kinase as an intact molecule (11, 12). Therefore it was not possible to prove the principle
that consists of designing the K1-K2 molecule to hit the two targets without the
requirement for hydrolysis and to be further hydrolyzed to release two potent inhibitors
of Kin-1 and Kin-2 (see figure 3.1). Here, we sought to synthesize a potent dual EGFR-c-
Src targeting prototype by introducing the thiazolylaminopyrimidine moiety as the c-Src
tyrosine kinase inhibitor (TKI) while retaining the quinazoline head as the EGFR TKI

and by altering the linkers (structures I-VII). It is important to mention here that the c-Src
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TKI dasatinib induces significant off-target inhibition of kinases including Bcr-Abl,
members of the c-Src family of kinases and certain receptor tyrosine kinases including c-
Kit, PDGFR-0, B and vascular endothelial growth factor receptor 2 (35, 36) which may
advantageously enhance the spectrum of potency of our combi-targeting compound in
cells that harbor multiple compensatory pathways. Within the series of combi-targeting
molecules (K1-K2) synthesized, we identified AL776 with 1Csy values of 0.12 uM for
EGFR and 3 nM for c-Src as an intact molecule, both ICsy concentrations being known to
be associated with clinically active drugs (37, 38). Thus, AL776 was selected as a

prototype to verify the type III combi-targeting postulates.

Hydrolysis studies have indeed shown that in cells, a fraction of the molecule remained
intact (type II), as long as 48h post-treatment, while another portion was converted to
EGFR and c-Src TKI (type I). These results indicate that indeed, up to 48h post-
treatment, at least three major species were present, AL776 (K1-K2), AL621 (K1) and
dasatinib (K2) in the cells. Evaluation of the biological impact of this multi-species
milieu showed that a 2h drug exposure could induce both EGFR and c-Src blockade in
whole cells. The presence of multiple hydrolytic products of AL776 in the cells indicate
that dual inhibition of EGFR and c-Src in cells could primarily result from both type-I
and type-II like mechanism, as highlighted in figure 3.1C. Evidence that the intact
structure could induce strong EGFR and c-Src targeting potency in an ATP-competitive
manner, is given by the enzyme assay in which the exposure time was only 8 minutes
(assay time) at room temperature. Furthermore, molecular modeling confirmed the ability

of AL776 to anchor in the ATP site of each kinase as an intact molecule. Also, the
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relative stability of AL776 in the intracellular milieu suggests that it can modulate its
targets by a type II targeting mechanism (i.e. it does not require hydrolysis for generating
its dual targeting properties). These results in foto confirmed AL776 as the first type 11
molecular probe of the combi-targeting postulates.

It is important to outline the fact that AL776, our K1-K2 prototype, could release the
EGFR TKI AL621 (K1) with published ICsy value for EGFR kinase inhibition of 3 nM
[ca. 40-fold more potent than the intact AL776 (K1-K2)] (12). This property further
strengthens the EGFR inhibitory potency of the parental K1-K2. Likewise, the potency of
dasatinib (K2) remained in the nanomolar range (Fig. 3.2B). Thus, AL776 behaves like a
prodrug of potent EGFR and c-Src inhibitors. Interestingly, analysis of the biological
consequences of this property in isogenic cells expressing EGFR and c-Src (NIH3T3-
EGFR transfected) showed that of all the binary targeting molecules tested, AL776 was
the most potent on the EGFR transfectant (supplementary figure S3.2), indicating high
levels of EGFR selectivity. More importantly, the growth inhibitory potency of AL776
was 2-4 fold stronger than that of gefitinib (a nanomolar inhibitor of EGFR) and dasatinib
(a low nanomolar inhibitor of c-Src). This superior effect of AL776, as evidenced by its
ability to strongly block EGFR and c-Src phosphorylation in the cells, may be due to its
ability to disrupt the synergistic interaction between EGFR and c-Src required to promote
growth (19). Interestingly, AL776 exhibited cytotoxic effects evidenced by its ability to
induce high levels of apoptosis. Perhaps this may be secondary to the inhibition of EGFR
and c-Src in the cells, two kinases that are known to activate the anti-apoptotic PI3K/Akt

pathway (39-43).
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EGFR and c-Src are known to promote motility and invasion in cells (44-46). However
our results showed that targeting c-Src alone with dasatinib was sufficient to induce anti-
invasive and anti-motility effects in the same range as AL776. We believe that this is due
to the fact that c-Src is the main driver of invasion in these cells, thereby leading to a
non-consequential contribution of the strong EGFR inhibitory potency of AL776 and its
released potent EGFR TKI, AL621. In corroboration, gefitinib alone showed 2-3-fold
weaker anti-invasive effects than dasatinib.

Having proven the feasibility and potency of type Il targeting in vitro, we subsequently
tested our hypothesis in vivo. Interestingly, the metabolism of AL776 in vivo mimicked
its intracellular degradation but with significantly faster kinetics and detectable levels of
multiple species resulting from its partial hydrolysis or metabolism. The formation of the
latter metabolites (AL621-L, Dasatinib-L and other unknown structures) may
significantly enhance the multispecies dynamics in vivo. The rapid cleavage of AL776,
which could only be detected at the early time points following i.v. injection may be
mediated by the elevated levels of esterases known to be present in mouse plasma (47,
48). However it is important to note that following its complete disappearance (30 min),
abundant levels of the two major metabolites (AL621 and dasatinib) were still present in
the plasma. While the rapid degradation of AL776 in vivo does not support its ability to
induce significant type II targeting in tumours in vivo, its dual targeting properties may
still be supported by the major metabolites (e.g. AL621 and dasatinib) that it releases in
the plasma. Indeed 1h after injection of AL776 both c-Src and EGFR phosphorylation
were significantly inhibited in the tumours in vivo (p < 0.05) but these effects were

reversed 24h post-injection and this did not translate into tumour growth inhibition.
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These results together with our in vitro data suggest that in order for type III targeting to
be achievable in vivo, the rate of hydrolytic cleavage of AL776 must be slower. Further,

structural modifications of the linker are required to achieve this goal.

In summary, here we described the first prototype of multi-targeted molecule of type III
and our results suggest that it was a suitable probe for the demonstration of this novel
targeting mechanism in vitro. Briefly, as depicted in figure 3.11. K1-K2 penetrates the
cells by passive diffusion where, through its ability to behave like a type II molecule, it
can induce a tandem inhibition of EGFR and c-Src as an intact structure, or as a type |
molecule whereby its intracellular hydrolysis leads to K1 targeted to EGFR and K2,
targeted to c-Src. A fraction of K1-K2 could be hydrolyzed through a type I mechanism
extracellularly, in which case, the released K1 and K2 could freely diffuse into the cells.
Similarly, in vivo, the K1-K2 molecule and its metabolites were observed after i.v.
injection. These multiple species are capable of inhibiting the two targets in a dose-
dependent manner and modulate their phosphorylation status both in vitro and in vivo.
Further work is required to ameliorate the in vivo potency of this novel type III combi-

targeting approach.
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Figure 3.11: Schematic representation of type III combi-targeting mechanism with
EGFR (K1) and c-Src (K2) as the kinase targets. Upon entering the cells, K1-K2 binds
and inhibits its targets, EGFR and c-Src, both as an intact molecule and as a prodrug
whose hydrolysis leads to the release of inhibitors of EGFR (K1) and c-Src (K2). The
multiple bioactive species generated inside the cells inhibit both the targeted receptor and
non-receptor tyrosine kinases, ultimately leading to inhibition of downstream signaling

pathways associated with tumour growth and progression.

3.6. CONLCUSION

It is now increasingly recognized that the overall attrition rate in the development of
multi-targeted kinase inhibitors is significantly low when compared with other types of
drugs. This is believed to be due to the ability of such drugs to modulate multiple targets
in the tumour cell. Here we demonstrated a novel approach to rationally design inhibitors

to block two different kinases. We conclusively showed that a molecule could be
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designed as K1-K2 to block the two tyrosine kinases (Kin-1 and Kin-2) as an intact
structure (K1-K2) and upon undergoing hydrolysis to release two potent inhibitors (K1 +
K2) of Kin-1 and Kin-2, respectively. We showed that the two targets (EGFR and c-Src)
were modulated in vitro and in vivo by our first prototype. While amenable in vivo,
further work is required to overcome the bioavailability hurdles posed by the rapid
hydrolysis of the resulting molecule. Our novel approach referred to as “type III combi-
targeting” is the first targeting model to lead to a “prodrug-like” molecule with dual
kinase activity, which is further “programmed” to generate even more potent inhibitors of

these kinases (Kin-1 and Kin-2), upon hydrolysis.
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3.9.

Figure S3.1: High performance liquid chromatography (HPLC) analysis of the
hydrolysis of AL776 inside the cells. The intracellular hydrolysis of AL776 was studied
by treating NIH3T3-Her14 (EGFR transfected) cells with 25 uM of AL776 for 1, 2, 6, 24
and 48h. The HPLC spectra show the slow internalization and degradation products

(AL621 and dasatinib) obtained from AL776 hydrolysis mediated by intracellular
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WT (uM) HER14 (EGFR) (LM)

1 >10 >10

2 >10 0.37+0.01

3 1.4+0.4 0.36 £ 0.00

4 17.5+2.2 0.37 £ 0.06

5 >100 0.3+0.03

6 54.1+6.4 0.6 +0.01
7 (AL776) 7.6%3.0 0.18 £0.03
Gefitinib 126+2.1 0.35+0.04
Dasatinib 16.4+5.2 0.8+0.3

Figure S3.2: Growth inhibition in NIH3T3 wild type and Her14 (EGFR-transfected)
cell lines. The growth inhibitory property of each EGFR-c-Src targeting molecule in the
sertes was determined using the sulforhodamine B (SRB) assay. Gefitinib and dasatinib

were used as control drugs for comparison, and the IC,  values for growth inhibition were

determined using the GraphPad Prism 6.0 software.
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Figure S3.3: Toxicity of AL776 in vivo. The toxicity of (A) AL776 (40 mg/kg) and the
combination of (B) gefitinib + dasatinib (20 mg/kg each) was determined in CD-1 mice
(n = 3) treated with the drug (intravenous, 1.v.) for 4 consecutive days. The effect of
toxicity was determined by monitoring the average body weight (g) of each treated group

compared with the vehicle control. Greater than 15% weight loss was considered toxic.
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Control ALTT6-1h ALT76-24h Control Das + Gef-1h Das + Gef-24h

Figure S3.4: Pharmacodynamics of AL776. Female Balb/c mice (n = 4) with 4T1
mammary tumours were treated with (A) 40 mg/kg of AL776 or the combination of (B)
gefitinib + dasatinib (20 mg/kg each) compared with the vehicle control. Mice were
sacrificed 1h or 24h after drug exposure and the tumours were collected, processed and

inhibition of phosphorylated proteins (EGFR, c-Src, ERK1/2) was assessed using western

blots.
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CONNECTING TEXT

The previous chapter highlighted the design and development of Kinl-Kin2 targeting
combi-molecules engineered to induce tandem blockade of two kinases overexpressed in
cancer cells. Optimization and synthesis of compounds I - VII (AL776), led to the first
“type III” combi-molecule, AL776, that could not only induce blockade of Kinl (EGFR)
and Kin2 (c-Src) as an intact structure, but also hydrolyzed to generate potent inhibitors
of the two kinases (AL621 or K1 targeting EGFR and dasatinib or K2 targeting c-Src),
inside the cells. This study successfully demonstrated the feasibility of developing combi-
molecules capable of inducing tandem blockade of two different kinases (e.g. EGFR and
c-Src) overexpressed in cancer cells. Importantly, it led to the development of a novel
targeting principle (i.e., type III) that is further applicable in the context of inhibiting
other receptor and non-receptor tyrosine kinases driving tumour growth and progression
through a complex network of signal transduction pathways. One such signaling crosstalk
is known to occur between EGFR and another receptor tyrosine kinase (RTK), c-Met,
which is often co-expressed with EGFR in several cancers driving synergistic growth,
proliferation, invasion and survival as well as mediating resistance to EGFR inhibitors.
Furthermore, c-Src, which has been previously demonstrated to synergize with EGFR, is
known to play a role in the signaling crosstalk between the two receptors promoting
tumour progression and mediating drug resistance. Thus, in the upcoming chapter, we
wished to further dissect the signaling interplay between EGFR, c-Met and c-Src using
their respective clinical kinase inhibitors (small molecules inhibitors) as pharmacological
probes, prior to designing and evaluating the potency of Kinl-Kin2 targeting combi-

molecules (e.g. EGFR-c-Src, EGFR-c-Met) on these cancer cells. Our purpose was also
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to identify the key kinases to be targeted in order to abrogate the signaling interplay

between RTKs EGFR and c-Met and the non-RTK c¢-Src.
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4.1. ABSTRACT

In a selected subset of advanced prostate cancer cells, we sought to identify a targeting
modality for abrogating tumour resistance due to the complex interplay between c-Met,
EGFR and c-Src. Our strategy was to block c-Met, EGFR and c-Src tyrosine kinase
functions with their respective clinical kinase inhibitors in vitro and in vivo. Referring to
the c-Met-related pathways as target pathway 1 "T1", EGFR "T2" and c-Src "T3", we
analyzed the ability of two or more drug combinations to modulate their corresponding
target phosphorylation and induce growth inhibition in prostate cancer cells. The results
showed that dual targeting of c-Met (T1) and EGFR (T2) with crizotinib + gefitinib,
abrogated signaling redundancy between the two receptors and led to sustained inhibition
of c-Src phosphorylation, cell growth and invasion. By contrast, direct inhibition of c-Src
(T3) by adding dasatinib to the crizotinib + gefitinib modality (3-drug combination),
resulted in strong and delayed re-phosphorylation of c-Src, and did not significantly
enhance growth inhibitory and anti-invasive potency. All targeting modalities (2- or 3-
drug combinations) induced STAT3 phosphorylation. However, additional blockade of
JAK1/2-STAT3 (T4) with ruxolitinib (4-drug combination), although leading to sustained
blockade of STAT3 phosphorylation, did not significantly enhance growth inhibitory
potency (p > 0.05). Despite the multiplicity of targets involved in signaling redundancy
and compensatory signaling, targeting two key signaling proteins (e.g. c-Met-EGFR,
EGFR-c-Src or c-Met-c-Src) may suffice to induce potent growth inhibition, thereby

representing the Achilles' heels of these refractory tumours.
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4.2. INTRODUCTION

Solid tumours are characterized by the overexpression of several receptor tyrosine
kinases (RTKs) including EGFR, HER2, c-Met, PDGFR and VEGFR (1-5). Interaction
of these receptors with other downstream signaling proteins including GTPases,
serine/threonine and lipid kinases (e.g. Ras, Raf, MEK, ERK1/2, PI3K, Akt), non-
receptor tyrosine kinases or non-RTKs (e.g. c-Src, c-Abl, JAK1/2), transcription factors
(STAT3, B-catenin, c-Myc) lead to a complex interplay that drives tumour progression
and reduces tumour sensitivity to treatment. Over the past decade, several kinase
inhibitors designed to target and block signaling mediated by RTKs and non-RTKs have
been introduced in the clinical management of solid tumours (6, 7). In many cases, their
effects have been mitigated not only by gatekeeper mutations at the target ATP binding
site, but also by compensatory signaling (8, 9). The phrase “compensatory signaling”,
which is now commonly used in signaling studies, refers to a situation where in response
to the inhibition of one pathway, the cells activate one or more pathways leading to its
survival (10). A typical example includes activation of the STAT3 pathway, a
transcription factor overexpressed in several solid tumours mediating survival, in
response to kinase inhibitors and other chemotherapeutic agents (11-15). Another type of
compensatory mechanism involves the co-expression of receptors that activate signaling
through identical pathways. This phenomenon termed “‘signaling redundancy” is known
to induce resistance to kinase inhibitors. A typical example is resistance to EGFR
tyrosine kinase inhibitors (TKIs) gefitinib and erlotinib, in non-small cell lung cancer
(NSCLC), which is associated with the overexpression of c-Met that can activate the

MAPK and PI3K/Akt pathways despite strong blockade of EGFR functions by these
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inhibitors (16). Other examples of signaling redundancy leading to EGFR TKI resistance
include the co-activation of the insulin receptor IGF-1R in squamous carcinoma cells and
HER2 in colorectal cancer cells (17, 18). However, despite our increasingly clear
understanding of compensatory signaling, scant attention has been paid to the design of
targeting modalities to block their adverse effects. Recently, we reported on a novel
molecular strategy to abrogate the deleterious interactions between c-Src and EGFR
using a kinase inhibitor engineered to induce a tandem blockade of these two proteins
(19). Furthermore, the involvement of c-Src in the signaling crosstalk between c-Met and
EGFR has been previously indicated (20-22). Given the involvement of c-Met in
signaling redundancy with EGFR and taking into account our own work on targeting
crosstalks between EGFR and c-Src, we surmised that blocking c-Src concomitantly with

EGFR and c-Met might enhance growth inhibitory and anti-invasive properties.

The intricate nature of the interplay between c-Met, EGFR and c-Src and associated
pathways a priori, inspires the use of multiple inhibitors to block the network of
signaling that they evoke. However, we surmised that a detailed analysis of the
modulation the EGFR-c-Met-c-Src axis with kinase inhibitors might lead to a clinically
achievable therapeutic modality. Thus, this study sought to identify critical pathways to
be targeted with a minimal number of drugs, to effectively abrogate the adverse effects of
c-Met-, EGFR- and c-Src-mediated signaling. As depicted in Figure 4.1, to define the
Achilles’ heels of this complex interplay, we analyzed four canonical pathways
designated herein as T1 for c-Met-, T2 for EGFR-, T3 for c-Src-, and T4 for the JAK1/2-

STAT3 pathway. The latter has been shown, in many studies, to be activated in response
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to a large number of kinase inhibitors (15). Here using kinase inhibitors as probes, we
first sought to identify cell types with signaling redundancy associated with c-Met and
EGFR. Superior activity of drug-combination versus drug alone was used as an indirect
insight into signaling redundancy in these cells. Among the cell lines chosen, breast
cancer and prostate cancer cells responded to the dual targeting of EGFR and c-Met.
Given the paucity of studies on the signaling redundancy between c-Met and EGFR in
prostate cancer, this work focused exclusively on the subset of prostate cancer cells
(DU145 and PC3) that showed enhanced growth inhibition upon treatment with a
combination of c-Met and EGFR inhibitors. Within the clinical limit of the number of
drugs for combination therapy, our search for the Achilles’ heels to be targeted, focused
on analyzing the single targeting of T1, T2, T3, T4, the dual targeting of T1 + T2, T1 +
T3, T1 + T4, T2 + T3, T2 + T4, T3 + T4, the triple targeting of T1 + T2 + T3, T1 + T2 +
T4, T1 + T3 + T4, T2 +T3 + T4, T1 + T2 + T3 and the 4-drug combinations targeting T1
+ T2 + T3 + T4. c-Src being our primary non-RTK target of the signaling interplay, our
approach was to study signaling responses associated with dasatinib (a c-Src TKI)
treatment alone and in multi-drug combinations. We found that targeting one or more of
the pathways (e.g. T1, T2, T3) resulted in activation of T4 (STAT3 pathway). However,
compensatory induction of T4 had no effects on cell viability. By contrast, targeting T1 +
T2 + T3 did evoke compensatory signaling via T3 (c-Src activation) and T4 (STAT3),
but did induce strong growth inhibitory potency. Further blockade of T4 in addition to T1
+ T2 + T3 did not lead to any significant enhancement of activity. Importantly, tandem
blockade of the two receptors (i.e., T1 + T2) did not induce compensatory signaling via

T3 (i.e. no c-Src reactivation) and resulted in strong growth inhibitory and anti-invasive
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properties. In vitro, tandem targeting of multiple pathways (1.e., T1 + T2 + T3, T1 + T2 +
T3 + T4) appeared to be equieffective with dual RTK-RTK and RTK-non-RTK targeting
(1e., T1 + T2, T2 + T3, T3 + T4). Thus the effects of the three dual targeting modalities
were compared in vivo where they were found to induce equipotent and significant
antitumour activities. These results indicate that the signaling redundancy between c-Met
and EGFR or the crosstalks between these two receptors with c-Src (i.e, EGFR-c-Src, c-
Met-c-Src) are the Achilles’ heels to be targeted for effective growth inhibitory and anti-

invasive potency in these cells that co-express EGFR, c-Met and c-Src.

CRIZOTINIB DASATINIB RUXOLITINIB GEFITINIB
c-Met Pathway c-5rc Pathway STAT3 Pathway EGFR Pathway

T1 T3 T4 T2

! -~
B gt =
& o o =y

Figure 4.1: Targeting the signaling interplay between c-Met, EGFR, c-Src and
STAT3 using pharmacological inhibitors. Scheme showing the signaling crosstalk
between receptor and non-receptor tyrosine kinases promoting growth, proliferation,
invasion and survival in cancer cells. Clinically approved tyrosine kinase inhibitors

including crizotinib, gefitinib, dasatinib and ruxolitinib were used to target the c-Met
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(designated as T1), EGFR (T2), c-Src (T3) and JAKI1/2-STAT3 (T4) pathways,

respectively.

4.3. MATERIALS AND METHODS

4.3.1. Cell culture

Breast cancer (MDA-MB-231, BT549, MDA-MB-468), non-small-cell lung cancer
(A549, H2170) and prostate cancer cells (DU145, PC3 and 22RV1) were used. PC3 and
22RV1 cells were a generous gift from Dr Amina Zoubeidi (University of British
Columbia, Canada), while the remaining cell lines were purchased from ATCC (USA).
Cells were maintained in DMEM supplemented with 10% FBS, 10mM HEPES, 2mM L-

glutamine, gentamycin sulfate and fungizone (Wisent Inc., Canada).

4.3.2. Drug treatment

Clinical inhibitors crizotinib (PharmaBlock, USA), gefitinib (Royal Victoria Hospital
pharmacy, Montreal, Canada), dasatinib (Ark Pharm Inc., USA) and ruxolitinib
(Selleckchem, USA) were used and dissolved in DMSO to obtain a concentration of

40mM and lower. DMSO in media never exceeded 1% v/v.

4.3.3. Growth inhibition assay
Cells were plated and treated with drugs (single, equimolar or equieffective
combinations) for 5 days. Growth inhibition was carried out using the sulforhodamine B

(SRB) assay (23). Plates were read using a microplate reader ELx808 (Biotek, USA) at
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492nm. Combination index values (CI) were calculated according to the Chou-Talalay

method (24) and the average CI from three independent experiments were reported.

4.3.4. Boyden chamber invasion assay

Cells were plated onto polycarbonate transwell inserts (§um pore size, BD Biosciences)
coated with matrigel (6%) (BD Biosciences, USA) in serum-free media with the bottom
chamber containing 10%-FBS media. Cells were treated with drugs for 24h and fixed in
formalin, stained with 0.1% crystal violet (Sigma-Aldrich Canada Co., Canada) and five
non-overlapping images of the invading cells were captured using the Leica DFC300FX
camera and quantified using the Image] 1.46r software (National Institute of Health,

USA).

4.3.5. Apoptosis
Cells were plated and treated with drugs for 48h and apoptosis analysis was carried out

according to the protocol previously described by Rao S ef a/ (19).

4.3.6. Western blot

Cells were plated and then treated under basal (10% FBS) or starvation-stimulation (EGF
+ HGF, 20ng/ml each) conditions. Western blot analysis was carried out according to the
protocol previously described by Rao S ef al. (19). All antibodies were purchased from

New England Biolabs, Canada except total EGFR and B-actin (Santa Cruz, USA).

4.3.7. In vivo
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Male Swiss Nude mice, Jackson model (Charles River laboratories, France) were used
after approval from Claudius Regaud Institute animal ethics committee and housed
according to the European Laboratory Animal Science Association standards. Mice were
implanted with DU145 prostate cancer cells, 15 million cells on each flank,
subcutaneously. At 200 mm® tumour size, mice were randomized into groups of 8 and
treated once/day (orally) with vehicle (20% cremophor + 20% ethanol + 60% dextrose,
10% w/v) or the following drug combinations: crizotinib (50mg/kg) + gefitinib
(50mg/kg), crizotinib (50mg/kg) + dasatinib (10mg/kg) or gefitinib (50mg/kg) +
dasatinib (10mg/kg). Tumour volume was calculated according to the formula,

[(LA2*W)/2].

4.3.8. Statistical Analysis
One-way ANOVA or student t-test (unpaired, one-tailed) analysis was used to calculate

significance. All results were analyzed using GraphPad Prism 6.0 (GraphPadSoftware,

Inc., USA).

4.4. RESULTS

4.4.1. Screening for signaling redundancy by pharmacological probing of cancer cell
lines

In order to identify cell lines responding to the dual inhibition of EGFR and c-Met, we
screened a panel of advanced cancer cell lines using kinase inhibitors as probes in a
growth inhibition assay. Crizotinib was used to inhibit c-Met and gefitinib EGFR. Cell

lines co-expressing EGFR and c-Met including breast cancer cells (MDA-MB-231,
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MDA-MB-468 and BT549), prostate cancer cells (DU145, PC3 and 22RV1) and non-
small-cell lung cancer cells (A549 and H2170) were evaluated (25-31). The results
showed that amongst all the cell lines screened in the panel, MDA-MB-468, DU145 and
PC3 were the only ones found to exhibit 2-3 fold greater sensitivity to dual c-Met and
EGFR targeting when compared with single drug alone (Fig. 4.2A). Given the paucity of
data available on c-Met and EGFR redundancy in prostate cancer, the subset of prostate
cancer cell lines DU145, PC3 and 22RV1 were selected for further investigation. Within
this subset, the androgen-receptor positive 22RV1 cells did not respond to the dual
targeting of c-Met + EGFR and was analyzed for comparison only. The androgen
receptor negative castrate resistant prostate cancer (CRPC) cell lines, DU145 and PC3
were moderately sensitive to crizotinib alone (DU145: 6.5 + 1.0uM, PC3: 4.9 + 1.6uM)
and gefitinib alone (DU145: IC50 = 9.3 + 1.1uM, PC3: 22.1 + 5.2uM). However, dual
inhibition of c-Met and EGFR using an equimolar combination of crizotinib + gefitinib
significantly enhanced potency by 2-3-fold (DU145: 2.3 + 0.4uM and PC3: 2.0 + 0.3uM)
(Fig. 4.2A). These results stimulated our interest in performing a molecular analysis of
the signaling redundancy mediated by c-Met and EGFR in these cells and their interplay

with c¢-Src.

4.4.2. Abrogation of the redundancy mediated by EGFR and c-Met and the
interplay with c-Src kinase: signaling analysis in prostate cancer cells

Through the use of kinase inhibitors as pharmacological probes, we obtained indirect
evidence of the potential signaling redundancy between EGFR and c-Met in the CRPC

cell lines. In order to gain direct evidence of this redundancy, we inhibited the two
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receptors (T1 + T2) upstream and probed for signaling pathways downstream using
western blot analysis. Our results showed that treatment with crizotinib alone led to
blockade of c-Met and c-Src phosphorylation without affecting EGFR, ERK1/2 and Akt
phosphorylation (Fig. 4.2B). Likewise, gefitinib did not inhibit c-Met or Akt but blocked
EGFR, c-Src and ERK1/2 phosphorylation. However, treatment with the equieffective
combination of crizotinib + gefitinib, led to potent inhibition of EGFR, c-Met, c-Src,
ERK1/2 and Akt phosphorylation. These results suggest that EGFR and c-Met are
engaged in signaling redundancy in these cells and that c-Src participates in the signaling
interplay between the latter two receptors (Fig. 4.2B).

c-Src (T3) activation being common with signaling associated with the two receptors, we
sought to modulate its effect using the IC50 dose of dasatinib obtained from a growth
inhibition assay (Fig. 4.S1) in order to determine whether it participates in the signaling
redundancy. The results showed that while dasatinib alone induced potent inhibition of c-
Src, this did not lead to inhibition of c-Met, EGFR, ERK1/2 or Akt phosphorylation.
However, when dasatinib was added to the combination of crizotinib + gefitinib, (i.e.
tandem blockade of T1 + T2 + T3), there was complete and potent inhibition of c-Met,

EGFR, c-Src, ERK1/2 and Akt phosphorylation in both cell lines (Fig. 4.2B).

4.4.3. Growth factor-dependent activation of c-Src and reversibility of inhibition
under conditions where signaling redundancy between c-Met and EGFR was
inhibited

As mentioned earlier, blockade of c-Met and EGFR led to downregulation of c-Src

phosphorylation. In order to determine whether c-Src remained continuously or
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transiently activated, we monitored its kinetics of phosphorylation downstream of EGFR
and c-Met stimulation with their respective ligands, EGF and HGF. The results showed
that c-Src phosphorylation peaked at 6h and gradually decreased over time in both cell
lines, indicating that perhaps c-Src activation increased in response to growth factor-
activated EGFR and c-Met (Fig. 4.2C). Thus, we surmised that biological response
associated with the modulation of c-Met and EGFR may have some dependence on c-Src
activation. Therefore, we sought to study the effects of blocking EGFR and c-Met using
the dual-combination of crizotinib + gefitinib (Fig. 4.2D) on c-Src phosphorylation. The
results showed that upon EGF + HGF stimulation and treatment with the equieffective
combination of crizotinib + gefitinib, there was gradual and sustained inhibition of c-Src,
which was maintained up to 24h with concomitant blockade of c-Met and EGFR
phosphorylation up to 24h (Fig. 4.2D). While the dual blockade of c-Met and EGFR led
to sustained inhibition of c-Src, the effect of direct inhibition of c-Src under these
conditions remained to be evaluated. Thus, we analyzed the kinetics of c-Src inhibition
upon treatment with dasatinib alone and dasatinib in combination with crizotinib +
gefitinib. Surprisingly, under both conditions, c-Src remained transiently inhibited (up to
2h) with delayed reactivation between 6-24h. This effect was particularly pronounced in
DU145 cells (Fig. 4.2D) and indicates that perhaps some compensatory signaling is

activated in response to c-Src inhibition.
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Figure 4.2: (A) IC50 (uM) values of growth inhibition carried out on a panel of breast,

prostate and lung cancer cell lines using crizotinib (targeting c-Met), gefitinib (targeting

EGFR) and the equimolar combination of the two drugs. Each value represents the

average of at least two independent experiments. (B) Western blot analysis of the
blockade of signaling redundancy between c-Met and EGFR and evaluating the role of c-
Src in the receptor interplay using single or equieffective combinations of drugs. (C)
Western blot analysis of the kinetics of activation of ¢-Src under EGF (20ng/ml) or HGF
(20ng/ml) stimulatory conditions. (D) Western blot analysis of the kinetics of c-Met,
EGFR and c-Src mhibition under conditions of EGF + HGF (20ng/ml each) stimulation

and treatment with single and equieffective combinations of drugs. C = crizotinib, G =

gefitinib and D = dasatinib.
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4.4.4. Growth inhibitory, anti-invasive and apoptotic properties mediated by
tandem targeting of signaling pathways

4.4.4.A. Growth inhibitory potency

Thus far, we have demonstrated using signaling analysis that dual inhibition of c-Met +
EGEFR (T1 + T2) led to potent blockade of signaling pathways downstream, including the
MAPK, PI3K/Akt and c-Src, which are known to promote growth, invasion and survival
in cells. We thus evaluated the growth inhibitory, anti-invasive and apoptotic properties
mediated by the dual-blockade of T1 + T2. Furthermore, due to the activation of c-Src
downstream of c-Met and EGFR and its ability to synergize with both receptors to
promote growth and invasion (32-35), we analyzed the effects of blocking T1 + T3 (c-
Met + c¢-Src) and T2 + T3 (EGFR + c-Src). The Chou-Talalay method was used to
calculate the combination indices (CI) and determine whether drug combinations were
synergistic (CI < 1), additive (CI = 1) or antagonistic (CI > 1) (24). The results showed
that the equieffective combination of crizotinib + gefitinib synergistically blocked the
growth of DU145 (CI = 0.5) and PC3 cells (CI = 0.2). Likewise, the dual combinations of
crizotinib + dasatinib and gefitinib + dasatinib were also synergistic (Fig. 4.3A).

Given the surprising reactivation of c-Src observed in the triple combination designed to
target T1 + T2 + T3, we sought to determine the growth inhibitory potency induced by
the combination of crizotinib + gefitinib + dasatinib. The CI values for the three-drug
combination were also synergistic in both cell lines (CI = 0.3 in DU145 and CI = 0.2 in
PC3) (Fig. 3A). More importantly, there was no significant difference between the IC50
values of the equieffective combinations of drugs targeting T1 + T2 (DU145: 3.7 +

0.7uM, PC3: 2.8 + 0.9uM), T2 + T3 (DU145: 1.7 + 0.5uM, PC3: 1.8 = 0.7uM), T1 + T3
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(DU145: 1.8 £ 0.4pM, PC3: 0.9 £ 0.05uM) or T1 + T2 + T3 (DU145: 1.4 + 0.2uM, PC3:
1.3 £ 0.5uM), indicating that reactivation of c-Src in the triple combination was perhaps

inconsequential (Fig. 4.3A).

4.4.4. B Anti-invasive properties

Besides driving growth and proliferation, EGFR and c-Met are also known to promote
invasion and metastasis (36, 37). We thus evaluated the anti-invasive properties of
blocking the two receptors, T1 + T2, in prostate cancer cells using the Boyden chamber
invasion assay (38). Furthermore, c-Src being a major player in driving motility and
invasion in cells, we evaluated the anti-invasive outcome of blocking c-Src alone (T3) as
well as in combination with c-Met and EGFR, leading to the blockade of T1 + T3 and T2
+ T3.

The results showed that the equieffective combination of crizotinib + gefitinib targeting
T1 + T2, resulted in 2-3 fold stronger anti-invasive properties in DU145 (p < 0.0001)
when compared with either single drug alone. No significant difference was seen in PC3
cells, indicating that this effect is cell specific (p > 0.05). Blockade of T1 (c-Met) alone
did not lead to inhibition of invasion, but blockade of T2 (EGFR) alone led to moderate
anti-invasive properties in both cell lines. Furthermore, while inhibition of c-Src (T3)
induced equal potency as dual receptor blockade (T1 + T2), tandem inhibition of c-Met
and c-Src (T1 + T3) or EGFR and c-Src (T2 + T3), resulted in even stronger anti-invasive
properties when compared with T1, T2, T3 or T1 + T2 (e.g. DU145: p < 0.01) (Fig.
3B,C). In order to determine whether signaling reactivation associated with the triple

combination had an effect on inducing potent anti-invasive properties, we evaluated the
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triple drug combination of crizotinib + gefitinib + dasatinib targeting T1 + T2 + T3 in this
assay. The results showed that the triple combination exhibited similar activity as the dual
combinations of crizotinib + dasatinib targeting T1 + T3 and gefitinib + dasatinib
targeting T2 + T3 (Fig. 4.3B,C), indicating that like their growth inhibitory potency,

blockade of c-Src reactivation did not significantly enhance anti-invasive potency.

4.4.4.C. Induction of apoptosis

Given the role of EGFR, c-Met and c-Src in activating the PI3K/Akt pathway, we thought
it of relevance to analyze the level of apoptosis induced upon tandem inhibition of all
three kinases (39-41). The results showed that in PC3 cells, blockade of T1 (c-Met), T2
(EGFR), T3 (c-Src) or T1 + T2 did not induce significant levels of apoptosis compared
with the control (Fig. 4.3E). In DU145 cells, blockade of T1 + T2 induced 2-3 fold
greater levels of apoptosis compared with the control (p = 0.02) (Fig. 4.3D). Furthermore,
in both cell lines, blockade of T1 + T2 + T3 induced significantly higher levels of
apoptosis compared with the control (DU145: p = 0.03, PC3: p = 0.006). Importantly,
there was no significant difference (p > 0.05) in apoptotic activity between crizotinib +
gefitinib or crizotinib + gefitinib + dasatinib (Fig. 3D, E), indicating that blockade of c-
Src, in addition to modulating the signaling redundancy between c-Met and EGFR did

not enhance the apoptotic potency in cells.
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Figure 4.3: (A) IC50 (uM) and combination index (CI) values of growth inhibition assay
using equieffective drug combinations targeting c-Met, EGFR and c-Src. CI values were
calculated using the Chou-Talalay method where CI < 1 indicates synergy, CI =1 is
additive and CI > 1 is antagonistic. Each value represents the average of at least three
independent experiments. Boyden chamber invasion assay in (B) DU145 and (C) PC3
cells using equieffective doses of drugs. Each value represents the average of at least
three independent experiments. Statistical significance between treated groups was

calculated one-way ANOVA (**** indicates p < 0.0001, ** p < 0.01 and p > 0.05 1s not
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significant). Characterization of apoptosis in (D) DU145 and (E) PC3 cells after
treatment with equieffective doses of drugs. Each value represents the average of at least
three independent experiments. Statistical significance was calculated using one-tailed
student t-test (* indicates p < 0.05 and ** p < 0.001). C = crizotinib, G = gefitinib and D

= dasatinib.

4.4.5. STAT3 activation and compensatory signaling

It is now known that STAT3 can be activated downstream of c-Met, EGFR and c-Src (35,
42). Moreover, given the role of STAT3 compensatory signaling in response to kinase
inhibitors, we thought it of interest to investigate its role in the c-Met, EGFR and c-Src
interplay, following exposure to crizotinib, gefitinib, dasatinib and their corresponding
combinations. As depicted in Figure 4.1, the STAT3 pathway is designated as T4. The
results showed that exposure of cells to crizotinib, gefitinib or dasatinib targeting T1, T2
and T3 respectively, primarily inhibited STAT3 phosphorylation at 30 min post-
treatment. However, a delayed reactivation began 2h later, indicating the possible
activation of a compensatory signaling pathway. It is noteworthy that exposure to the c-
Src inhibitor, dasatinib, led to massive reactivation of STAT3, which represents further
evidence of the marked propensity of inhibition of T3 (c-Src) to induce compensatory
signaling (Fig. 4.4A).

In order to challenge the role of STAT3 activation in the signaling interplay between c-
Met, EGFR and c-Src, we targeted JAK1/2, which is a key activator of STAT3 in the
JAK/STAT pathway. This was performed with a known clinical inhibitor of JAK1/2,

ruxolitinib. The results showed that STAT3 phosphorylation was inhibited in a dose
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dependent manner with maximum inhibition seen at the 1uM concentration in both cell
lines (Fig. 4.4B).

Having demonstrated that inhibiting the JAK1/2 kinases upstream led to potent inhibition
of STAT3 downstream, we further determined whether ruxolitinib could block STAT3
reactivation under crizotinib + gefitinib + dasatinib treatment. This led to combination
patterns T1 + T2 + T3 + T4, which was compared with T1 + T2 + T3 using signaling
analysis. The results showed that crizotinib + gefitinib + dasatinib potently blocked
STAT3 phosphorylation up to 6h with reactivation seen between 24-48h. When
ruxolitinib (1uM) was added to this combination, there was potent and sustained
inhibition of STAT3 phosphorylation with no reactivation even after 48h, in both cell
lines (Fig. 4.4C). This indicated that JAK1/2 was the pathway through which STAT3 was
reactivated when cells were exposed to gefitinib, crizotinib, dasatinib or a corresponding

combination.

Having successfully identified JAK1/2-STAT3 as being the compensatory signaling
pathway activating STAT3, we evaluated the growth inhibitory potency of blocking it in
addition to the two and three-drug combinations targeting T1, T2 and T3. The results
showed that while ruxolitinib alone (targeting T4) was a poor inhibitor of growth in cells
(DU145: 36.4 + 4.5uM, PC3: 46.6 + 15.4uM, Fig. 4.S2A), its equieffective combination
with crizotinib + gefitinib and crizotinib + gefitinib + dasatinib was synergistic (CI50
values < 0.3) (Fig. 4.4D). However, the CI for a 4-drug combination and the IC50 values
were not significantly different from those obtained previously for 2-drug combinations

crizotinib + gefitinib targeting T1 + T2 or the 3-drug combination crizotinib + gefitinib +
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dasatinib targeting T1 + T2 + T3 (Fig. 4.4E, F, G). This indicates that the additional
blockade of JAK1/2-STAT3 (T4) that led to a four-drug combination did not significantly
enhance growth inhibitory activity (p > 0.05). Furthermore, the addition of ruxolitinib to
dasatinib was antagonistic (CI = 1.5) in DU145 and resulted in significantly higher IC50
values when combined with crizotinib + dasatinib (DU145: p < 0.001, PC3: p < 0.01) or

gefitinib + dasatinib (DU145: p <0.01, PC3: p > 0.05) in both cell lines (Fig. 4.S2B-D).
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Figure 4.4: (A) Western blot analysis of the kinetics of STAT3 inhibition and
reactivation in DU145 and PC3 cells treated with equieffective doses of drugs under
basal growth conditions. (B) Western blot analysis for the dose-dependent inhibition of
STATS3 phosphorylation upon treatment with ruxolitinib, a JAK1/2 inhibitor. (C) Western

blot analysis showing the kinetics of STAT3 inhibition and reactivation upon triple

213



targeting of T1 (c-Met) + T2 (EGFR) + T3 (c-Src) and quadruple targeting of T1 + T2 +
T3 + T4 (JAK1/2/STAT3). (D) Combination index (CI) and (E) IC50 (uM) values of
growth inhibition assay using equieffective drug combinations targeting c-Met, EGFR, c-
Src and the JAK1/2/STAT3 pathway. Each value represents the average of at least three
independent experiments. (F) Histograms representing average IC50 (uM) values of
growth inhibition assay using equieffective drug combinations. Each value represents the
average of at least three independent experiments. Statistical significance was calculated
using one-way ANOVA and p > 0.05 implies no significance. C = crizotinib, G =

gefitinib, D = dasatinib and R = ruxolitinib.

4.4.6. In vivo activity of two-drug combinations targeting c-Met, EGFR and c-Src

Thus far, our results indicated that in a two-drug combination, inhibition of c-Met and
EGEFR led to a sustained downregulation of c-Src. In contrast, direct inhibition of c-Src
by adding dasatinib to the dual crizotinib + gefitinib combination led to initial inhibition,
followed by strong reactivation of c-Src and STAT3. Despite the activation of
compensatory signaling, the two- and three-drug combinations were equipotent in
inducing growth inhibitory, anti-invasive and apoptotic properties. Furthermore, the 4-
drug combination blocking the compensatory signaling activated by JAKI1/2 did not
enhance growth inhibition. Thus, it appears that the blockade of compensatory signaling
added to the number of drugs to be combined, without significantly improving growth
inhibitory outcomes. Thus, the two drug combinations, crizotinib + gefitinib, crizotinib +
dasatinib and gefitinib + dasatinib, were compared in vivo (Fig. 4.5A). Indeed, all three

showed significant tumour growth inhibitory activity in vivo in a DU145 xenograft model
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(p <0.01) (Fig. 4.5B). Interestingly, all three combinations showed nearly the same level
of growth inhibitory activity with no significant difference between them (p > 0.05).
These results indicate that dual targeting of RTK-RTK and RTK-non-RTK may be the

optimal targeting modality both in vitro and in vivo.
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Figure 4.5: (A) Tumour growth curves representing in vivo efficacy in a DU145
xenograft model. Male Swiss nude mice (n = 8) bearing tumours on each flank (2
tumours/mouse) were treated with combinations of crizotinib + gefitinib (50mg/kg each),
gefitinib (50mg/kg) + dasatinib (10mg/kg), crizotinib (50mg/kg) + dasatinib (10mg/kg)
or vehicle administered once daily, orally, for a period of 10 days. (B) Histograms
represent the average tumour volume + SEM at the end of the study (day 15) for each

group. Statistical significance was calculated using one-way ANOVA (** p < 0.01, ***p
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< 0.001, ****p < 0.0001 and p > 0.05 indicates no significance). C = crizotinib, G =

gefitinib and D = dasatinib.

4.5. DISCUSSION

A complex network of signaling pathways driven by RTKs and non-RTKs characterizes
advanced solid tumours and the direct relationship between these pathways and growth or
proliferation has made these kinases ideal candidates for selective tumour targeting (43,
44). However, the complexity of these signaling pathways is such that inhibition of one
kinase pathway does not suffice to induce sustained growth inhibition. This is believed to
be due to several phenomena involving compensatory signaling that have begun to be
identified. One such event is signaling redundancy. Here we have not only analyzed
signaling redundancy associated with c-Met and EGFR, but also drug-induced
compensatory signaling evoked by non-RTKs (e.g. c-Src and JAK1/2) in metastatic
CRPC cells (i.e., DU145 and PC3). Although blockade of these mechanisms, i.e.
compensatory signaling, appears to require the combinations of multiple kinase
inhibitors, we hypothesized that some key signaling pathways, which we refer to as
Achilles’ heels, could be targeted to induce sustained growth inhibition and this might
deter from the use of complex drug cocktails to block the deleterious effects of these
networks of signaling. Thus, we analyzed signaling responses associated with key
kinases, using their corresponding clinical inhibitors as probes to modulate their
interactions. We found that DU145 and PC3 cells responded to the dual blockade of c-
Met and EGFR, which was required for complete inhibition of both the MAPK and

PI3K/Akt pathways associated with the two receptors. However, previous work by
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Parsons and our group have shown that c-Src can synergize with EGFR to promote
growth and invasion (19, 45-47). We thus thought it of interest to analyze its role in the
signaling redundancy mediated by c-Met and EGFR. Indeed, activation of both receptors
led to a time-dependent increase in c-Src phosphorylation and dual blockade of c-Met
and EGFR led to potent and sustained inhibition of c-Src. However, downregulation of
the signaling redundancy, concomitant with direct blockade of c-Src (triple targeting)
revealed interesting dynamics around its phosphorylation. While temporarily inhibited,
there was a delayed reactivation of c-Src 6-24h later, especially in DU145 cells,
indicating that some compensatory signaling is at play in the process. Negative feedback
loops are known to play a crucial role in the reactivation of signaling pathways, which
could potentially explain the reactivation of c-Src upon inhibition with dasatinib, both as
a single drug and in combination with crizotinib + gefitinib (48). Further analysis
revealed that STAT3 was another compensatory pathway activated upon treatment with
all kinase inhibitors (as single drug or in combination), with anomalously strong
induction of STAT3 phosphorylation seen when cells were treated with dasatinib.
Previous reports in the literature suggest that inhibition of c-Src can activate STAT3 via
the JAK1/2 pathway (11). It was proposed that c-Src inhibition led to downregulation of
SOCS2, a negative regulator of JAK1/2, thus leading to activation of JAK1/2 and
subsequent activation of STAT3 (49). A similar feedback mechanism has been implicated
in the reactivation of STAT3 upon inhibition of EGFR (50). Thus, this can provide a
rational explanation for the activation of STAT3 under conditions where c-Src and EGFR

are inhibited.
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Given the importance of the JAK1/2-STAT3 pathway in survival, we thought it of
interest to determine whether blockade of the latter pathway would further sensitize the
cells to the abrogation of the c-Met-EGFR-c-Src interplay. This led to a 4-drug cocktail,
which surprisingly, did not further enhance growth inhibitory activity, indicating that
perhaps despite its activation, the JAK1/2-STAT3 pathway does not play an effective role
in the survival of these cells following kinase inhibition. This result is in agreement with
a similar observation by Lee et al. (15) who suggested that the inconsequential effect of
STAT3 activation might be related to a competitive kinetics between cell death and
survival. They suggest that the cells may be engaged in a death pathway that is activated
at a faster rate than the compensatory STAT3 survival pathway. While we do not have
experimental evidence to support their proposed mechanism, these observations allowed
us to question the use of complex cocktails to downregulate multiple signaling pathways
as a therapeutic strategy. Furthermore, the strong antagonism observed with the tandem
targeting of c-Src and the JAK1/2-STAT3 pathway suggests a complex crosstalk between
the two and deters us from using their respective inhibitors in combination. Indeed, in this
study, we analyzed the effect of blocking several targeting pathways (T1, T2, T3, T4)
using single, dual, triple and 4-drug combinations of kinase inhibitors. Abrogation of the
signaling redundancy between c-Met and EGFR with two drugs seemed to lead to
sustained inhibition of the MAPK, PI3K/Akt and c-Src pathways. Furthermore, despite
induction of compensatory c-Src phosphorylation by its direct inhibitor dasatinib, all the
2-drug combinations including crizotinib + dasatinib (T1 + T3), gefitinib + dasatinib (T2
+ T3) and crizotinib + gefitinib (T1 + T2) led to potent inhibition of growth and invasion

in CRPC cells, and they were equipotent with the 3-drug combination of crizotinib +
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gefitinib + dasatinib (T1 + T2 + T3). This led to the conclusion that modulating the c-
Met-EGFR signaling redundancy was a more clinically amenable approach than the 3-
and 4-drug combinations. Thus, we evaluated its effect in vivo with other 2-drug
combinations such as crizotinib + dasatinib (targeting T1 + T3) or gefitinib + dasatinib
(targeting T2 + T3). Indeed significant in vivo activity was observed with all the two-drug
combinations in blocking tumour growth in a DU145 xenograft model. This provides
further evidence that dual targeting of two key elements of the interplay can be
therapeutically useful.

In summary, as depicted in Figure 4.6, using kinase inhibitors as probes, we identified the
signaling redundancy between c-Met and EGFR (T1 + T2) as well as the crosstalk
between c-Met and c-Src (T1 + T3) or EGFR and c-Src (T2 + T3) as the Achilles’ heel of
the CRPC cells. Further attempt to enhance the effect of targeting c-Met-EGFR by
additional blockade of c-Src using its direct inhibitor (dasatinib) led to activation of
compensatory signaling via c-Src and STAT3. While the true biological significance of
these compensatory signaling pathways remains to be elucidated, they do not affect
growth inhibitory or anti-invasive potency associated with the blockade of signaling
redundancy between c-Met and EGFR or the crosstalk between c-Met and c-Src or EGFR
and c-Src. This suggests that the use of complex cocktails for abrogating signaling
interplay might not be a requirement for therapeutic outcomes. Our results led to the
conclusion that the limitation of the number of targeted pathways to two may be the most
recommended therapeutic strategy in castrate resistant prostate tumours co-expressing c-

Met, EGFR and c-Src.
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Figure 4.6: Snapshot of signaling crosstalk between receptor and non-receptor tyrosine
kinases and the compensatory signaling pathways activated upon treatment with kinase
inhibitors in castrate resistant prostate cancer (CRPC) cells. Targeting A (i.e., signaling
redundancy between c-Met and EGFR when c-Met is amplified) or B (synergistic
crosstalk between c-Met and c-Src or EGFR and c-Src) 1s the “Achilles’ heel” of this
interplay. Additional blockade of C (negative feedback activation of c-Src in the presence
of dasatinib) or D (reactivation of STAT3 through JAK1/2 compensatory signaling) did

not enhance the overall potency.
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Figure 4.S1: Growth inhibition assay with dasatinib and its IC50 values (UM) in prostate

cancer cell lines.
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Figure 4.S2: (A) IC50 (uM) values of growth inhibition assay on prostate cancer cells
using ruxolitinib (JAK1/2 inhibitor). (B, C) Average histograms representing IC50 (uM)
values (= SEM) for equieffective combinations of drugs in a growth inhibition assay.
Statistical significance was calculated using one-way ANOVA and p > 0.05 indicates no
significance. (D) Table summarizing the IC50 (uM) and CI values for single, dual, triple
and quadruple combinations with ruxolitinib in growth inhibition assay. Each value
represents the average of at least three independent experiments in A-D. C = crizotinib, G

= gefitinib, D = dasatinib and R = ruxolitinib.
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CONNECTING TEXT

In the previous chapter, we uncovered the signaling redundancy between c-Met and
EGEFR as well as their ability to synergize to promote growth, proliferation, invasion and
survival in castrate resistant prostate cancer cells. Furthermore, we also demonstrated
their synergistic crosstalk with c-Src in driving growth and proliferation of prostate
cancer cells, both in vitro and in vivo. Finally, we also elucidated the activation of the
compensatory JAK1/2-STAT3 pathway and showed that complex cocktails of drugs
involving 3 or 4 inhibitors are not required for optimum growth inhibitory potency.
Targeting two of the kinases involved in adverse signaling (e.g. EGFR-c-Src, EGFR-c-
Met or c-Met-c-Src) seem to be sufficient and these targets were designated as the
Achilles’ heels of these advanced metastatic prostate cancer cells.

Overall, through the use of equimolar and equieffective combinations of clinical
inhibitors, we demonstrated the strong antitumour potency associated with dual targeting
of kinases, further lending support to the design and development of combi-molecules
targeting EGFR-c-Src or EGFR-c-Met. While median-effect calculations proposed by
Chou and Talalay determines the potency of equieffective drug combinations, little is
known about methods to evaluate the potency of equimolar drug combinations, or their
unimolecular analogs such as hybrid or combi-molecules. Thus, in the next chapter, we
not only designed novel EGFR-c-Met targeting combi-molecules, but also developed
simple models to predict the potency of equimolar drug combinations and their
unimolecular analogs on a given cell system. We discovered new relationships that

allowed to better describing the notion of “balanced targeting” and we established
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quantitative parameters to validate the use of a single combi-molecule instead of a simple

equimolar 2-drug combination.
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5.1. ABSTRACT

The median-effect principle proposed by Chou and Talalay has proven the most effective
approach to parameterize interactions between two or more agents given in combination.
However, this method cannot be used to evaluate the effectiveness of equimolar drug
combinations, which are now comparative references for dual targeting molecular design.
Here, using data acquired through the development of a novel class of hybrid molecules
termed “combi-molecules” designed to block two kinases (e.g. EGFR-c-Src, EGFR-c-
Met), we discovered new relationships that can be derived to establish potency indices for
equimolar and dual targeted molecules. We found that if the fold-difference (defined as
k) between the IC50 of the two individual kinase inhibitors was > 6, the IC50 of their
corresponding equimolar combinations resembled that of the more potent inhibitor.
Hence, the “combi-targeting” of the two kinases was considered “imbalanced” and the
combination “ineffective”. However, if k was < 6, the IC50 of the combination fell below
that of each individual drug. Hence, the combination was considered “effective” and the
targeting “balanced”. Effectiveness could be parameterized using a potency index &g,
which linearly increased with k (R?=0.95). The observed data allowed to establish that ¢
< 5 indicated balanced targeting and > 5 imbalanced targeting. We also established that
hybrid or combi-molecules should be compared with equimolar combinations only under
balanced conditions and proposed a new parameter € for validating their effectiveness.
A given multi-targeted drug is said to be effective if Q, defined as a fraction of its IC50

over that of its corresponding balanced equimolar combination, is less than 1.
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5.2. INTRODUCTION

The implication of several signaling proteins in a complex network of signal transduction
pathways is a commonly occurring event in advanced cancers. These signaling
interactions between growth factor receptors including the epidermal growth factor
receptor (EGFR), hepatocyte growth factor receptor (c-Met), platelet derived growth
factor receptor (PDGFR), vascular endothelial growth factor receptor (VEGFR), etc. and
cytoplasmic non-receptor tyrosine kinases and transcription factors (c-Src, c-Abl, JAKSs,
STAT3, B-catenin, etc.) not only synergize to promote tumour growth, survival and
metastasis, but also mediate resistance to targeted therapies through the activation of
compensatory signaling pathways (1-3). Thus in recent years, strategies designed to
overcome resistance mediated by compensatory signaling have involved the use of a
multi-targeted approach (4, 5). Within this context, over the past decade, we developed a
novel approach termed ‘“combi-targeting” that sought to design agents designated as
“combi-molecules” capable of inducing tandem blockade of two divergent biological
targets (e.g. EGFR and DNA) (6-9). Further work on the concept led to the synthesis of
molecules rationally designed to target two oncogenic tyrosine kinases involved in
adverse signaling (10, 11). More specifically, we demonstrated the feasibility of combi-
molecules capable of blocking c-Src and EGFR as intact molecules and further degrading
to two intact inhibitors of the two targets. Such types of molecules capable of behaving as
dual targeting agents, while being a prodrug of two active inhibitors, were designated as
type III targeting molecules. This designation was chosen to distinguish them from their
type I and type II predecessors (12). Type I combi-molecules are designed to block only

one target as an intact molecule and require hydrolysis to be able to block their secondary
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target (8, 13-15). Type II combi-molecules are dual targeting molecules that do not
require hydrolysis to hit their two targets (16, 17). The targeting mode that is referred to
as type II is the most commonly used approach in the literature and the resulting
molecules are often referred to as hybrid or chimeric molecules (18, 19). Regardless of
how they are referred to, combi- or hybrid molecules are considered to be carriers of two
or more equimolar agents generating two or more distinct effects, each of which being
associated with one of the moieties of the parent molecule. Thus, their potency is often
evaluated in comparison with equimolar combinations of agents acting by the same
mechanisms of action (20-22).

Recent efforts toward inducing a tandem blockade of multiple signaling pathways have
added interest in the use of equimolar combinations. We and others have frequently used
them as reference for studying the biological effects of newly designed hybrid molecules
(11, 15, 22-24). More recently, we used them as pharmacological tools to identify and
block signaling nodes mediated by EGFR, c-Met and c-Src in tumour cells [Rao ef al.
2015, under review (45)]. Despite the extensive use of equimolar combinations as
reference for multi-targeted drugs and current interest in combinations of targeted agents,
little is known about criteria to define the magnitude of potency of mixtures of two drugs
administered in vitro in an equimolar combination modality.

In the past, Chou and Talalay (25) demonstrated that the type of interactions between two
or more drugs combined in an equieffective ratio could be parameterized by the median
effect principle, whereby the combination index (CI) is used to define synergy when the
value is < 1, additivity when the value is 1 and antagonism when the value is > 1 (25-

27). However, such calculations cannot be performed under conditions where the drugs
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are combined in an equimolar ratio, a condition that is best suited for comparisons with
hybrid drugs or combi-molecules (22, 23, 28, 29). In this study, using current and past
data acquired from our kinase-kinase and kinase-DNA targeting programs, we propose a
quantitative model based on simple mathematical equations for determining the degree of
effectiveness of an equimolar drug combination and also exploited their similarity to
hybrid drug and combi-molecules to propose attrition criteria for developing combi-
molecules.

The approach we chose to study was to target tyrosine kinases such as c-Src, c-Met,
EGFR, which are known to be involved in a complex signaling interplay. Here we first
determined the IC50 values for growth inhibition induced by their clinical inhibitors both
as single agents and equimolar combinations against human cancer cell lines of various
histological origins and subsequently analyzed the trends of the IC50 values of these
combinations in comparison with individual drugs. For studying the parameterization of
the potency of combi-molecules in comparison with equimolar combinations of
individual kinase inhibitors, we used the AL-series of EGFR-c-Src targeting molecules
(Fig. 5.5A) (12) and for the newly synthesized EGFR-c-Met targeting, LP121 (Fig.
5.5A). We found a linear correlation between the fold-difference between the IC50 values
of drugs alone and a new proposed parameter for effectiveness referred to as €. Based
upon the analyzed data, we proposed that combinations are considered effective when g <
5, a range under which the two tyrosine kinase inhibitors are considered to be targeted in
a balanced fashion. Likewise, we propose that a hybrid or combi-molecule can be
considered effective in a given cell system when its IC50 for growth inhibition is lower

or equal to that of a combination with g value < 5.
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5.3. MATERIALS AND METHODS

5.3.1. Combi-molecule synthesis

The EGFR-c-Src combi-molecules AL660, AL690, AL692 and AL739 and the EGFR-c-
Met targeting combi-molecule, LP121 were synthesized according to the methods
described in the supplementary section. AL776 was synthesized according to methods

previously described in Rao et al., 2015 (12).

5.3.2. Cell culture

The human cancer cell lines used in the present study include breast (MDA-MB-231,
BT549, MDA-MB-468), prostate (DU145, PC3 and 22RV1), lung (A549, A427, A427-
MGMT, H2170, H1975 and HCCS827), Chinese hamster lung cancer cells (VC8 and
VC8-MGMT), ovarian (IGROV-1, SKOV-3, EFO-21, A2780 and OVCAR-3), head &
neck (UM22A), NIH3T3 wild type (Wt), EGFR (Her14) and Her2 (Neu) transfected
cells, and mouse mammary tumour 4T1 cells. The prostate cancer cells were a generous
gift from Dr. Amina Zoubeidi (Vancouver Prostate Centre, Department of Urologic
Sciences, University of British Columbia). 4T1, U887 and U87-MGMT cells were a
generous gift from Dr. Thierry Muanza (Department of Oncology, Division of Radiation
Oncology, Jewish General Hospital, Montreal, Canada). 4T1 cells were originally
isolated by Dr. Fred Miller (Karmanos Cancer Institute, MI, USA) (30). The NIH3T3
panel of cells was a generous gift from Dr. Moulay Alaoui-Jamali (Lady Davis Institute
for Medical Research Sir Mortimer B. Davis, Jewish General Hospital, Montreal,
Canada). IGROV-1 cells were a generous gift from the Gustave Roussy Institute

(Villejuif, France). A2780 cells were purchased from Sigma Aldrich (France). V79 and
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V79 MGMT were kindly given by Dr. Bernd Kaina (Institute of Toxicology, University
Medical Center, Mainz, Germany). A427-MGMT were obtained from American Type
Culture Collection (ATCC, VA, USA) and transfected with MGMT in our lab (7). The
remaining cell lines were purchased from the ATCC. H1975, HCC827, IGROV-1,
SKOV-3, EFO-21, A2780 and OVCAR-3 cells were maintained in RPMI-1640 medium.
The remaining cell lines were maintained in Dulbecco Modified Eagle’s Medium
(DMEM). Both media were supplemented with 10% FBS, 10mM HEPES, 2mM L-
glutamine, gentamycin sulfate and fungizone (all reagents purchased from Wisent Inc.,

St-Bruno, Canada). Cells were grown in a humidified incubator with 5% CO, at 37°C.

5.3.3 Drug Treatment

Crizotinib was purchased from PharmaBlock USA, Inc. (CA, USA), gefitinib from the
Royal Victoria Hospital (Montreal, Canada) pharmacy and extracted from pills in our
laboratory. Dasatinib was purchased from Ark Pharm Inc., USA. Temozolomide was
extracted form Temodal pills purchased form Merck/Schering Plough, USA. All drugs
were dissolved in DMSO to obtain a concentration of 40mM or lower. Drug dilutions
were carried out under sterile conditions using RPMI or DMEM (10% FBS) medium and

the final concentration of DMSO never exceeded 1% (v/v).

5.3.4. Growth Inhibition Assay
Sulforhodamine B assay was used to measure growth inhibition in cells (31). Cells were
plated (5000-10,000 cells/well) and 24h later treated with a dose range of single or

combinations of drugs. After 5 days of treatment, cells were fixed in 50% trichloroacetic
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acid (TCA) for 2-3h at 4°C, washed 4 times under cold tap water and stained with SRB
(0.4 %) for 2h-overnight at room temperature. Plates were rinsed with 1% acetic acid,
and allowed to dry overnight, stained cells were dissolved in 10mM Tris-Base and the
plates were read using a microplate reader ELx808 (492 nm). GraphPad Prism 6.0
(GraphPadSoftware, Inc., San Diego, CA) was used for data processing. Each experiment

was repeated at least twice, in triplicate.

5.3.5. In Vitro Kinase Assay

EGFR and c-Met in vitro kinase assays were carried out in 96-well plates (Nunc
Maxisorp) coated with PGT (poly L-glutamic acid L-tyrosine, 4:1, Sigma Aldrich, MO,
USA) and incubated at 37°C for 48h. PGT was the substrate to be phosphorylated by
EGFR (Enzo Life Sciences Inc, NY, USA, Signal Chem, Richmond, Canada) or c-Met
(BPS Bioscience, CA, USA) in the presence of ATP (50uM). Drugs (LP121, gefitinib
and crizotinib) were added, followed by 13.3 ng/well of isolated EGFR (0.1ng/pl) or
32ng/well of c-Met (0.75pg/pl). The HRP-conjugated anti-phosphotyrosine antibody
(Santa Cruz Biotechnology, CA) was used for phosphorylated substrate detection. The
signal was developed using 3,3’,5,5’-tetramethylbenzidine peroxidase substrate
(Kierkegaard and Perry Laboratories, Gaithersburg, MD) and assessed using a microplate
reader ELx808 at 450nm (BioTek Instruments). GraphPad Prism 6.0 (GraphPadSoftware,
Inc., San Diego, CA) was used for IC50 determination and each experiment was repeated

at least twice, in duplicate.

5.3.6. Western Blot analysis
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4T1 cells were plated (~ 1x10° cells/well) and 24h later rinsed twice with PBS and
starved overnight using serum-free media. They were next treated with various
concentrations of LP121 and 5uM of crizotinib, gefitinib and the equimolar combination
of crizotinib + gefitinib (5uM each), for 2h, washed with PBS twice and stimulated with
50ng/ml EGF + HGF, each for 30 min at 37°C. Western blot analysis was carried out
according to methods previously described by Rao et al. (12), Phosphotyrosine antibodies
against EGFR (Y1068), c-Met (Y1234/1235) and total c-Met antibodies were purchased
from Cell Signaling Technology, USA. Total EGFR and actin antibodies were purchased
from Santa Cruz Biotechnology, Inc., USA. Immunoblot bands were visualized using

Pierce™ ECL Western Blotting Substrate (Life Technologies Inc., ON, Canada).

5.4. RESULTS
5.4.1. Growth inhibitory potency of single versus equimolar combinations of clinical

inhibitors on a panel of cancer cell lines

5.4.1.A.EGFR-c-Src targeting

In order to profile the responses, we primarily screened a panel of cancer cell lines using
single and equimolar combinations of clinically approved tyrosine kinase inhibitors
(TKIs) targeting kinases engaged in synergistic crosstalk, and further extended the
screening to kinase-DNA targeting drug combinations. The cell lines used in this study
included breast, lung, prostate, ovarian, head and neck and brain cancer cells along with
the NIH3T3 panel of wild type, EGFR and Her2 transfected cell lines. Clinical TKIs
including gefitinib (EGFR inhibitor), crizotinib (c-Met inhibitor), dasatinib (c-Src

inhibitor) and the DNA alkylating agent, temozolomide were used (Fig. 5.1A). In all the
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cell lines, the range of IC50 for dasatinib varied from 0.01 + 0.0003uM to 16.4 + 5.2uM
whereas, those for gefitinib varied from 0.22 + 0.01uM to as high as 73.7 £ 7.7uM,
except in the EGFR TKI sensitive HCC827 cell line with a deletion in exon 19 in the
EGFR kinase domain (Del E746-A750), where it showed an IC50 value in the nanomolar
range (0.003 + 0.0005uM). Importantly, when the two drugs were combined (gefitinib +
dasatinib) in an equimolar manner in this cell line, the IC50 of the combination fell in the
range of that of dasatinib. It is noteworthy that in HCC827 cells that showed an IC50 for
dasatinib 30-fold less than that of gefitinib, the IC50 of the combination was in the same
range as that of the latter. The IC50 values of the gefitinib + dasatinib equimolar
combination fell below that of each individual drug only in MDA-MB-468, 22RV1,
UM22A and A2780 cells wherein dasatinib and gefitinib exhibited IC50 values in the 1-4
fold-difference range (Fig. 5.1A). The overall response profiles are depicted in the
average graphs as shown in figures 5.1B-G, and calculated as the IC50 of the drug in a
given cell line minus the average IC50 of the drug in the entire panel of cell lines.
Response profiles were calculated for gefitinib, dasatinib and the equimolar combination
of the two for cell lines exhibiting IC50 values of gefitinib and dasatinib in different or
similar ranges. As can be seen, the response profile of gefitinib + dasatinib (Fig. 5.1D)
resembled more that of dasatinib (the drug that is 6-fold more potent than gefitinib) (Fig.
5.1B-D). By contrast, in the cell panel in which gefitinib and dasatinib showed response
profiles of similar magnitude, the combination of gefitinib + dasatinib (Fig. 5.1G)
appeared to yield IC50 values in a lower range than that of each individual profile,

indicating enhanced potency when compared with each drug alone (Fig. 5.1E-G). This

237



represents what we define as “balanced targeting”, a sharp contrast with profiles B-D that

clearly exemplify a case of “unbalanced targeting”.
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Figure 5.1: (A) IC50 values of tumour cell growth inhibition on a panel of human cancer

cell lines using gefitinib (EGFR kinase inhibitor), dasatinib (c-Src kinase inhibitor) and

238



their equimolar combination ['Rao S. er al., 2015 (12)]. The fold-difference between the
IC50 values of the two individual drugs is denoted by x and the potency index as
described in equation 1 is defined by €. (B-G) Relative IC50 values (IC50 of individual
drug minus the average IC50 of the drug on the entire panel of cell lines) of gefitinib,

dasatinib and their equimolar combination for (B-D) k > 6 and (E-G) x < 6.

5.4.1.B EGFR-c-Met targeting

Further studies targeting c-Met and EGFR with crizotinib and gefitinib, respectively,
showed a similar trend as described above, with IC50 values for crizotinib ranging from
0.22 = 0.01uM to 13.1 = 4.8uM and generally lower than that for gefitinib (to 0.51 +
0.24uM to 73.7 = 7.7uM) (Fig. 5.2A). The IC50 values for the equimolar combination of
crizotinib + gefitinib resembled that of crizotinib in cell lines wherein the difference
between the IC50 values of gefitinib and crizotinib were 9-fold or higher. However, in
MDA-MB-468, PC3, DU145, UM22A, H2170, IGROV-1, SKOV3, EFO-21 and 4T1
cells that exhibited IC50 values for crizotinib and gefitinib in the less than 6-fold
difference range, the IC50 of the equimolar combination of crizotinib + gefitinib showed
stronger potency than single drug alone (Fig. 5.2A). This is well illustrated by the
average graphs shown in figure 5.2B-G, where the response profile of gefitinib (Fig.
5.2B) was marked by significantly higher IC50 values compared with those of crizotinib
(Fig. 5.2C). Moreover, the response profile for gefitinib + crizotinib (Fig. 5.2D)
resembled that of crizotinib alone. Where differences in IC50 values for gefitinib and

crizotinib were less than 5-fold, the response profile of the combination (Fig. 5.2QG)
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appeared to produce enhanced potency when compared with each drug alone (Fig. 5.2E-
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Figure 5.2: (A) IC50 values of tumour cell growth inhibition on a panel of human cancer
cell lines using gefitinib, crizotinib (c-Met kinase inhibitor) and their equimolar

combination. The fold-difference between the IC50 values of the two individual drugs is
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denoted by x and the potency index as described in equation 1 is defined by €. (B-G):
Relative IC50 values (IC50 of individual drug minus the average IC50 of the drug on the
entire panel of cell lines) of gefitinib, crizotinib and their equimolar combination for (B-

D) « > 6, and (E-G) k < 6. “Rao ef al. 2015, under review (45).

5.4.1.C c-Met-c-Src targeting

The analysis was extended to c-Met and c-Src targeting using crizotinib and dasatinib (a
clinical c-Src/c-Abl inhibitor), respectively. The results showed that the IC50 of dasatinib
ranged from 0.01 £ 0.0003uM to 15.1 + 1.8uM and that of crizotinib ranged from 0.5 +
0.02uM to 6.5 + 1.0 uM (Fig. 5.3A). As previously observed, the IC50 of the equimolar
combination of crizotinib + dasatinib resembled that of dasatinib in cell lines that
demonstrated 9-fold or higher difference between the IC50 of crizotinib and dasatinib. In
contrast, in MDA-MB 468 cell line wherein the difference between the IC50 values of
crizotinib and dasatinib was 6-fold, the equimolar combination of the two drugs
demonstrated 3- and 21-fold superior potency compared with crizotinib and gefitinib,

respectively (Fig. 5.3A).

5.4.1.D EGFR- or c-Met-DNA targeting

The analysis was further extended to a more divergent type of targeting involving one
kinase inhibitor (e.g. EGFR, c-Met) and a DNA damaging agent. We thus analyzed the
growth inhibitory potency of gefitinib (EGFR TKI), temozolomide (DNA alkylating
agent) and their equimolar combination (Fig. 5.3B) or crizotinib (c-Met inhibitor) in

combination with temozolomide and their equimolar combination on a panel of cell lines
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(Fig. 5.3C). The results showed that most of the cell lines were resistant to temozolomide
with IC50 values ranging from 259 + 1.3uM to > 800uM, except in the A427 cell line
(12.4 + 3uM) that does not express the O6-methylguanine DNA methyltransferase
(MGMT), a DNA repair enzyme that removes the cytotoxic O6-methyl group of guanine
by transferring it to its internal cysteine residues. By contrast, all the cell lines
demonstrated sensitivity to gefitinib or crizotinib with IC50 values ranging from 0.3 +
0.1uM to 1.2 = 0.4uM for crizotinib and 5.9 + 0.2uM to 33.3 + 1.3uM for gefitinib. All
cell lines except A427 exhibited more than 18-fold difference in IC50 values between
temozolomide and gefitinib or crizotinib. As for the kinase-kinase imbalanced targeting
combinations, the trend is that the IC50 values for equimolar combination of gefitinib +
temozolomide or crizotinib + temozolomide resembled that of gefitinib alone or

crizotinib alone, respectively (Fig. 5.3B, C).
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Figure 5.3: (A) IC50 values of growth inhibition assay targeting c-Met and c-Src using
crizotinib, dasatinib and their equimolar combination. (B) IC50 values of growth
inhibition targeting EGFR and DNA using gefitinib, temozolomide (DNA alkylating
agent) and their equimolar combination. (C) IC50 values of growth inhibition assay
targeting c-Met and DNA wusing crizotinib, temozolomide and their equimolar
combination. The fold-difference between the IC50 values of the two individual drugs is

denoted by x and the potency index as described in equation (1) is defined by &.

243



5.4.2. Parameterization of the response profiles

Overall, from our results, if we label IC50 values as v, it appears that when the difference
in the IC50 of the less potent drug (y1) and the more potent drug (y2) is higher than 6-
fold, the IC50 value for the equimolar combination referred to as y3 is in the same range
as y2 (the more potent drug). However, if y1 and y2 are less than or equal to 6-fold
different, which we consider to be a similar range of IC50, the equimolar combination
exhibits superior potency, when compared with each drug alone. We categorized the data
into two groups based on the fold-difference calculated as y1/y2 and this term is referred
to as k. As depicted in figure 5.4A, the average distribution of all the IC50 values of
kinase inhibitor-1 (yl), kinase inhibitor-2 (y2) and their equimolar combination (y3)
evaluated on the wide range of cell lines for unbalanced targeting where k > 6 (Fig. 5.4A)
showed a significant difference (p < 0.001) between the average IC50 values for each
drug alone. However the average for y3 (IC50 of the combination) was in the same range
as that y2 (IC50 of kinase inhibitor-2). By contrast, there was no significant difference
between y1 and y2 (p > 0.05) for data with k < 6 (Fig. 5.4B). In an attempt to develop a
mathematical model that will allow to claim effectiveness for a given equimolar
combination, we considered the ratio between the IC50 of the two drugs in combination,
v3, and that of drug alone, y1 or y2 and given the dependence of the effectiveness on the
fold-difference, we used k as a variable, leading to equation (1) and its factorization to
equation (2). Plotting the obtained values gave a straight line with R*=0.95 (Fig. 5.4C),

which could be used to establish threshold for effectiveness.

1) e=x(y3/y1) +x (y3/v2)

244



() =3+ (372

Based on the distribution of the & values for our kinase-kinase targeting data on different
cell lines, we found &€ = 4.1 as the maximum within the group of cell lines showing k <6
(Fig. 5.4D). Consequently, we set € < 5 and k < 6 as the threshold for drugs to be
effectively combined in an equimolar combination (Fig. 5.4D lower left quadrant). Based
upon on our results, we considered equimolar combinations exhibiting € > 5 and k > 6
(upper right quadrant) to be ineffective equimolar drug combinations and indicate

imbalanced targeting in these cells.
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Figure 5.4: Comparing the distribution of IC50 values of kinase inhibitor-1 (y1), kinase
inhibitor-2 (y2) and their equimolar combination (y3) represented for cell lines exhibiting
fold-difference of (A) k > 6 and (B) k < 6. Note that yl > y2 and « represents the fold-
difference, which is calculated as yl/y2. Statistical analysis was carried out using
unpaired two-tailed student t-test. (C) Linear correlation between the potency index, €
[calculated for each cell line using equation (1)] and the fold-difference «, for the entire
panel of cell lines evaluated. R> = 0.95 and slope = 0.92 was generated using the
Graphpad Prism 6.0 software. (D) Inset of the graph in (C) representing the population

of data points showing ¢ values for k < 6, which indicates balanced targeting.

5.4.3. Unimolecular combinations

5.4.3.A EGFR-c-Src targeting combi-molecules

In recent years, as part of our kinase-kinase targeting program, we embarked upon the
design and synthesis of EGFR-c-Src targeting combi-molecules, which led to the
development of a series of compounds, including AL660, AL690, AL692, AL739 and the
optimized combi-molecule AL776 (see Fig. 5.5A) designed to induce tandem blockade of
the two kinases, both as an intact structure and upon undergoing hydrolysis (12). AL660,
AL690, AL692 and AL739 behave as unbalanced kinase inhibitors due to their inherent
ability to inhibit c-Src more potently than EGFR (12). Here we showed that all four
combi-molecules were strong inhibitors of c-Src that blocked its phosphorylation at a
concentration as low as 1uM in whole cells (Fig. 5.5B). In contrast they were poor
inhibitors of EGFR at the same concentration They were unable to induce superior

growth inhibitory potency compared with the equimolar combination of gefitinib +
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dasatinib in the NIH3T3 panel of cell lines (except for AL692 on NIH3T3-wt cells that
showed remarkable potency, which might be due to unspecific kinase binding) (Fig.
5.5C, F). Optimization studies led to the identification of AL776, which not only
exhibited potent EGFR and c-Src inhibitory potency in an in vitro kinase assay, but also
in a whole cell immunoblot assay (12). Consequently, we have a set of non-optimized
and optimized EGFR-c-Src targeting compounds that can be used to define criteria for

predicting potency in comparison with equimolar combinations of gefitinib and dasatinib.

5.4.3.B Design, synthesis and biological potency of LP121, an EGFR-c-Met targeting
combi-molecule

In order to explore situations wherein EGFR and c-Met are co-targeted with a combi-
molecule, we developed LP121, containing a carbonate linker bridging an EGFR and c-
Met inhibitors. The results showed that LP121 could block both EGFR and c-Met, with
an IC50 of 1uM using an in vitro kinase assay (Fig. 5.5D). In the 4T1 cell system, a cell
line expressing both receptors, LP121 induced a dose-dependent inhibition of EGFR and
c-Met phosphorylation following 2h of treatment, indicating that the combi-molecule
possessed dual targeting properties (Fig. 5.5E). Thus we have in hand an EGFR-c-Met
targeting molecule that can be used to develop potency criteria in comparison with

equimolar combinations.

5.4.4. Parameterization of potency of combi-molecules: a new parameter Q as a

potency index.
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While equations (1) and (2) were developed with the purpose of parameterizing the
potency of equimolar drug combinations, it cannot be applied to combi-targeted
molecules since their dual mechanism of action is imprinted in a single chemical entity.
The potency index of combi-molecules can only be defined in the context of a
comparison with balanced equimolar combinations. Thus, as defined by equation (3), if
v4 is the IC50 of the combi-molecule, its potency index € can be calculated as a ratio of

v4 over the IC50 for equimolar combination, y3.

) Q=v4/y3

Thus, combi-molecule can be considered effective only when € < 1 in cells presenting

balanced targeting to the effects of its two arms.

Analysis of the unbalanced combi-molecules AL660-AL739 (except for AL692 in wild
type cells) gave Q values far greater than 1 in cells expressing their target oncogenes,
indicating that these molecules are not adequately targeted (Fig. 5B). Optimization of
their structures gave AL776, which when evaluated in the NIH3T3 panel of cells,
demonstrated superior potency compared with single drug alone, but was unable to
induce superior potency when compared with the equimolar combination of gefitinib +
dasatinib ( > 1) (Fig. 5.5C). However, given the dual inhibitory properties exerted by
AL776, we further evaluated it in a panel of cancer cell lines, which like the NIH3T3
cells have previously demonstrated superior potency with the equimolar combination of

gefitinib + dasatinib [¢ < 5, calculated from equation (1)]. The results showed that in both
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22RV1 (prostate cancer) and A2780 (ovarian cancer) cells, AL776 was superior to or
equal to the combination of gefitinib + dasatinib with Q = 0.4 in 22RV1 cells (IC50 = 3.7
+ 0.5uM) and Q = 1.0 in A2780 cells (IC50 = 2.2 + 0.4uM) indicating that this combi-

molecule is dual targeted in these cells.

Given the potency of LP121 in blocking both c-Met and EGFR tyrosine kinase activity,
we evaluated its growth inhibitory properties in cell lines exhibiting less than 6-fold
difference in IC50 values between gefitinib and crizotinib, as previously determined. The
cell lines chosen included DU145, PC3 (prostate cancer), 4T1 (mouse mammary tumour
cells), IGROV-1, SKOV-3 and EFO-21 (ovarian cancer), which exhibited sensitivity to
the equimolar combination of gefitinib + crizotinib, when compared with drug alone (g <
5). The results showed that among all the cell lines analyzed, LP121 showed superior
activity compared with the equimolar combination in SKOV-3 cells (IC50 = 0.29 +
0.04uM and € = 0.7) and similar potency as the equimolar combination in EFO-21 cells
(IC50 = 0.01 + 0.001pM and Q = 1.0), indicating that LP121 is an effective combi-

molecule against these cells.
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Figure 5.5: (A) Structures of EGFR-c-Src (AL660-AL776) and EGFR-c-Met (LP121)
combi-molecules. E = EGFR targeting head, S = c¢-Src targeting head and M = c-Met
targeting head (structures shown in Fig. 5S2 in the supplementary section). (B)

Immunoblot analysis of inhibition of EGFR and c¢-Src phosphorylation by 1 uM dose of




EGFR-c-Src targeting combi-molecules (i.e., AL660, AL690, AL692, AL739) and the
clinical inhibitors gefitinib (G) and dasatinib (D) in NIH3T3-Her14 (EGFR transfected)
cells stimulated with 50 ng/ml of EGF. (C) IC50 values of growth inhibition and the
combi-targeting effect, Q (calculated using equation 2) for imbalanced targeting combi-
molecule on the NIH3T3-wild type and Her14 (EGFR transfected) cells. (D) EGFR and
c-Met kinase inhibitory potency of LP121 using an in vitro kinase assay. (E) Target
modulation by LP121, crizotinib or C (5 pM), gefitinib or G (5 uM) and an equimolar
combination of crizotinib + gefitinib or C + G (5 uM each) in 4T1 cells using western
blot analysis under conditions of EGF + HGF (50 ng/ml each) stimulation. (F, G) IC50
values of growth inhibition of the balanced targeted combi-molecule, AL776, on cell
lines exhibiting € < 5 and € > 5, determined using equation (1) and the combi-targeting
effect, Q, was calculated for cell lines with € <5 using equation (3). (H, I) IC50 values of
growth inhibition for the balanced targeted combi-molecule, LP121, on cell lines
exhibiting € < 5 and € > 5 determined using equation (1). The combi-targeting effect, €,
was calculated for cell lines showing € < 5 using equation (3). Note that Q < 1 indicates
strong potency exerted by the combi-molecule. 'Rao et al. 2015 (12). *Rao et al. 2015,

under review (45).

5.5. DISCUSSION

The complexity of signaling networks driving advanced cancers has given rise to several
multi-targeted strategies including the use of complex drug cocktails, hybrid or chimeric
molecules (e.g. HDAC-tyrosine kinase inhibitors such as HDAC-EGFR/Her2, HDAC-

PDGFR inhibitors, microtubule disruptors), which are in preclinical/clinical stages of

251



evaluation or currently being used in the clinic (32-36). Within the context of developing
single drugs with multi-targeted properties, our laboratory has specialized in synthesizing
and developing a novel class of compounds termed “combi-molecules” that are designed
to inhibit two distinct biological targets, both as an intact structure and/or to generate
their potent inhibitory arms directed at the two targets upon hydrolysis. These biological
targets (e.g. receptor tyrosine kinases EGFR, c-Met and non-receptor tyrosine kinase c-
Src) are known to synergistically potentiate each other’s effects in driving tumour growth
and provide a strong rationale for developing a multi-targeted approach against their
adverse effects. In theory, combi-molecules are designed to generate molar equivalent of
their two inhibitory arms upon undergoing hydrolysis in cells, thereby mimicking the
effects of an equimolar combination of drugs (9, 11, 37-39). Molar equivalent of activity
is also assumed for hybrid molecules. Indeed, Loedige ef al. (23) recently analyzed the
potency of hybrid anti-malarial drugs in comparison with an equimolar combination of
drugs representing the two moieties. While methods are available to assess the potency of
an equieffective drug combination (i.e., the median-effect principle proposed by Chou-
Talalay) that determines synergy, antagonism and additive nature of drug combinations
based on their combination index values, the same principles are not applicable to the
outcome of equimolar drug combinations or unimolecular entities such as hybrid drugs or
combi-molecules (25). We thus sought to develop simple mathematical equations to
assess the overall potency of an equimolar combination of two drugs and its comparison
with unimolecular analog, using current and past data.

The general trend observed was that when the IC50 value of one drug was 6-fold higher

than that of the other, the IC50 of the equimolar combination of the two drugs resembled
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that of the more potent inhibitor. However, when the difference in IC50 values of the two
drugs was equal to or less than 6-fold, the equimolar combination of the two drugs
showed superior potency compared with single drug alone, thereby exhibiting what we
designate as “balanced targeting”. Simple mathematical equations were thus developed
wherein equations (1) and (2) parameterize the effect of an equimolar combination,
designated as potency index g€, which we defined as a sum of the ratios of the IC50 of the
equimolar combination over that of the individual drug, each multiplied by k, the IC50
fold-difference between the two drugs. Based on the linear correlation between K and &,
we further showed that under conditions where the IC50 of the less potent drug (y1) is 6-
fold greater than that of the other (y2), the potency index € was greater than 5. However,
under conditions where y1 is 6-fold or less different from y2, the potency index € was less
than 5. We thus proposed that in a given cell system, if € > 5, it indicates imbalanced
targeting and if € < 5, the equimolar combination of the two drugs can be claimed
effective (Fig. 5.4C, D).

The biological significance of these observations can be analyzed in light of the dominant
pathways that control cell growth and its ability to undergo apoptosis in human tumour
cells. c-Src being at the crossroad of multiple signaling pathways, its blockade with the
potent inhibitor dasatinib leads to IC50 values in the nanomolar range, which renders the
blockade of an upstream receptor such as EGFR (IC50 in the micromolar range) a minor
contributor to the overall IC50 in combination. In corroboration, in the HCC827 lung
cancer cell line, which expresses activating EGFR mutations (e.g. del E746-A750 and
L859R), with IC50 for gefitinib in the nanomolar range, the IC50 in combination with

dasatinib resembled that of gefitinib (Fig 5.1A). Clearly in the case of unbalanced
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response, equimolecular combinations are ineffective and seem to indicate that the cells
are addicted to a particular pathway.

In cells where balanced targeting is observed, perhaps the two targets synergize to
promote growth and anti-apoptotic effects. Therefore, their tandem modulation leads to
growth inhibitory potency superior compared with that of agents alone. Indeed we
recently observed that in some prostate cancer cell lines, due to signaling redundancy
between c-Met and EGFR, an equimolar combination of crizotinib and gefitinib is
required to suppress the phosphorylation of the two receptors and block downstream
signaling pathways [Rao et al. 2015, under review (45)].

Importantly, because of their balanced response to equimolar combinations, some cells
are more suitable for evaluating the potency of dual targeted hybrid molecules than
others. If a combi-molecule achieved < 1 [the potency index for unimolecular drugs
calculated according to equation (3)] in these cells, it can be considered worthy of further
in vitro analysis and in vivo studies in xenograft models carrying the latter cell lines.
Steps toward defining potency criteria for combi-molecules are schematized in figure 5.6.
In summary, our studies allowed to conclude the following:

1. If two drugs are combined at equimolar ratio, and one drug shows 6-fold greater
IC50 than the other (i.e., kK > 6), the overall effect will resemble the IC50 of the
combination. This principle showed that the potency index € linearly correlates
with K.

2. If two drugs are combined at equimolar ratio, and the IC50 of one drug is 6-fold
or less than that of the other (i.e., Kk < 6), then the overall effect is superior to that

of each individual drug. The threshold is set as € < 5, with a value below that
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considered potent for effective and balanced targeting of an equimolar drug

combination.
3. Under conditions of balanced targeting, a unimolecular combination (e.g. combi-

molecule) is said to be effective if the IC50 of the combi-molecule is equal to or a

fraction of the IC50 of the equimolar 2-drug combination (1.e., Q < 1).

Targeting interactive biological targets
(i.e., EGFR-c-Src, EGFR-c-Met, EGFR-DNA, c-Met-DNA)

U

Screening cancer cell lines using clinical
inhibitors
# Growth inhibition assay
# Single drugs and equimolar combinations

Non-responsive cell lines Responsive cell lines

(1) € =(y3/y1) +x(y3/y2) > 6-fold difference < 6-fold difference in (1) & = k(y3/y1) +x(y3/y2)
in 1C50 values 1C50 values
fk>6,£>5 @ @ fk<6,e<5
Indicates imbalanced targeting Indicates balanced targeting
Effect of drug Effect of drug
combination combination is
resembles that of superior compared
the most potent with single drugs
drug
U O
Cell systems not ideal Cell systems ideal Design and synthesis of
for equimolar drug for equimolar drug unimolecular analogs
combinations combinations (i.e., hybrid or combi-
@ molecules)
Unimolecular analog
potency equal to or (3)=vya/y3
superior compared
with balanced two- Q< 1is favored for
drug combination further evaluation

Figure 5.6: Flow chart summarizing the sequence of events leading to the design and
synthesis of unimolecular analogs (i.e., hybrid drugs, chimeric molecules, combi-

molecules) as predicted on the basis of the fold-difference between individual drugs (k)

and potency index of equimolar combination of drugs (€) calculated using equation (1).

255



vl =1IC50 of drug 1, y2 = IC50 of drug 2, y3 = IC50 of equimolar combination of drug 1
+ drug 2, y4 = IC50 of unimolecular analog (e.g. combi-molecule), k = y1/ y2 where y1>

v2, and Q= combi-targeting effect of unimolecular analog calculated using equation (3).
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5.7. SUPPLEMENTARY DATA

E O\ X =Clor Br
X NH

N’/
g\ M
N
\/\N
1\\1 N
N-—-._

Figure 5.81: EGFR (E), c-Src (S) and c-Met (M) targeting moieties used in the synthesis

of EGFR-c-Src and EGFR-c-Met targeting combi-molecules.

Materials and methods

Chemistry

'"H NMR spectra were recorded on a Varian 300 or 400 MHz spectrometer. Chemical
shifts are given as & values in parts per million (ppm) and are referenced to the residual
solvent proton. Mass spectrometry was performed by the McGill University Mass
spectroscopy Center and electrospray ionization (ESI) spectra were performed on a

Finnigan LC QDUO spectrometer. Data are reported as m/z (intensity relative to base
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peak = 100). All chemicals were purchased from Sigma-Aldrich, methyl 6-
(chlorocarbonyl)nicotinate from Ellanova Laboratories (Hamden, CT, USA), pyrazine-
2,5-dicarboxylic acid from Tyger Scientific Inc. (Ewing, NJ, USA), 5-
methoxycarbonylpyridine-2-carboxylic acid from Oakwood Products, Inc. (West
Columbia, SC, USA), methyl 5-(chlorocarbonyl)picolinate from AB Chem. Inc. (Dorval,
QC, Canada), dasatinib (Sprycel) from Ark Pharmaceutical.

Compound 2a.

To a solution of 1 (0.5 g, 1.86 mmol) with triethylamine (260 pL, 1 eq.) in dry THF (10
mL) at 0 °C, a solution of freshly chlorinated of 5-methoxycarbonylpyridine-2-carboxylic
acid (0.44 g, 1.2 eq.), in dry THF (10 mL) was added dropwise at 0 °C. The mixture was
stirred under argon for 3 h, after which it was evaporated to give a crude powder, which
was triturated water. The precipitate obtained was filtered, washed with ethyl acetate and
ethyl ether. The brown solid was dried under vaccum to give the intermediate compound
(0.76 g) which was used without further purification for the deprotect step. The
intermediate compound (0.76 g, 1.75 mmol) was dissolved in dry THF (20 mL), heated
slowly to help the dissolution, and potassium trimethylsilanoate (2.24 g, 10 eq.) was
added. The mixture was stirred at room temperature under argon for 2h after which it was
evaporated to dryness. The resulting solid was triturated in ethyl ether, collected by
filtration and redissolved in water. The pH of the solution was adjusted to 2 with HCI IN
and the precipitate obtained was filtered to give a pure brown orange solid 2a (0.76 mg,
98%). '"H NMR (400 MHz, DMSO-ds) d ppm 7.39 (d, J=7.83 Hz, 1 H), 7.52 (t, J=7.83
Hz, 1 H), 7.69 (d, J=8.22 Hz, 1 H), 7.89 (br. s., 1 H), 8.01 (d, J=9.00 Hz, 1 H), 8.33 (d,

J=8.22 Hz, 1 H), 8.47 (d, J=8.22 Hz, 1 H), 8.56 (d, J=7.83 Hz, 1 H), 8.95 (s, | H), 9.21
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(br. s., 1 H), 9.24 (br. s., 1 H), 11.35 (s, 1 H), 11.56 (br. s., 1 H), ESI m/z 420.1 (MH"
with *CI).

Compound 3a.

To a solution of 2a (50 mg, 0.12 mmol) and dasatinib (58 mg, 1 eq) in dry DMF (1 mL)
were added 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) (25 pL, 1.2 eq.),
hydroxybenzotriazole (HOBt) (19 mg, 1.2 eq.) and DMAP (1.5 mg, 0.1 eq.). The mixture
was than stirred at room temperature for 24h under argon. The DMF was azeotroped with
heptanes to give a crude solid, which was triturated in water. The precipitate was filtered,
washed with ethyl ether and dried under vacuum. The resulting brown solid (92 mg) was
purified by silica gel chromatography column (THF 100%) to give 3a (AL660) as a pure
powder (40 mg, 38%). '"H NMR (400 MHz, DMSO-ds) d ppm 2.21 (s, 3 H), 2.39 (s, 3 H),
2.55-2.63 (m, 4 H), 2.80 (m, 2 H), 3.46 — 3.56 (m, 4 H), 4.50 (m, 2 H), 6.03 (s, 1 H),
7.11 -7.19 (m, 1 H), 7.21 — 7.31 (m, 2 H), 7.36 — 7.46 (m, 2 H), 7.79 — 7.89 (m, 2 H),
8.03 - 8.13 (m, 1 H), 8.20 (s, 1 H), 8.26 - 8.33 (m, 1 H), 8.36 (d, J=8.21 Hz, 1 H), 8.55 -
8.60 (m, 1 H), 8.61 (s, 1 H), 8.93 (d, J=1.95 Hz, 1 H), 9.22 (d, J=1.56 Hz, 1 H), 9.87 (s, 1
H), 9.94 (s, 1 H), 11.09 (s, 1 H), 11.49 (s, 1 H), ESI m/z 889.23 (MH" with *°Cl, **CI).
Compound 3b.

Compound 3b (18 mg, 28%) light yellow solid, was synthesized using the same method
as compound 3a using compound 2b starting with the commercial methyl 5-
(chlorocarbonyl)picolinate reagent. 'H NMR (400 MHz, DMSO-ds) d ppm 2.22 (s, 3 H),
2.39 (s, 3 H), 2.54 - 2.63 (m, 4 H), 2.73 - 2.84 (m, 2 H), 3.42 -3.62 (m, 4 H), 4.38 - 4.63
(m, 2 H), 6.04 (s, 1 H), 7.11 - 7.18 (m, 1 H), 7.20 — 7.33 (m, 2 H), 7.33 - 7.46 (m, 2 H),

7.77 - 7.84 (m, 1 H), 7.86 (d, J=8.60 Hz, 1 H), 7.98 - 8.04 (m, 1 H), 8.04 - 8.10 (m, 1 H),
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8.20 (s, 1 H), 8.23 - 8.30 (m, 1 H), 8.50 - 8.59 (m, 1 H), 8.62 (s, 1 H), 8.91 (d, J=1.95 Hz,
1 H), 9.29 (d, J=1.56 Hz, 1 H), 9.87 (s, 1 H), 9.99 (s, 1 H), 10.99 (s, 1 H), 11.47 (br. s, 1
H), ESI m/z 911.21 (MNa" with *°Cl, **CI).

Compound 4.

The commercial compound pyrazine-2,5-dicarboxylic acid was firstly chlorinated with an
excess of thionyl chloride and a quantitative amount of DMSO. After 24h of reflux under
argon, the clear orange mixture was evaporated, well dried under high vacuum and kept
under argon at -20°C. Before using it, the solid was dissolved in methylene chloride to
remove the unreacted diacid compound, filtered, and dried.

A solution of 1 (50 mg, 0.18 mmol) with triethylamine (180 pL, 7 eq.) in dry
CH,Cl,/THF (10/2 mL) was added dropwise very slowly via a canula (addition during
around 1 hour) to a solution of bischlorocarbonyl linker (76 mg, 2 eq.) dissolved in dry
CH,CIl,/THF (4/2 mL) at 0 °C. A precipitate appeared within a few minutes and the
mixture was further stirred at room temperature for 1h after the end of the addition, under
argon. The orange precipitate was filtered, washed with THF and with water to hydrolyze
the acyl chloride (small bubbles can be observed), the brown-orange solid obtained was
washed with ethyl ether and dried under vacuum (27 mg). By 'H NMR, mixture of
different compounds was observed: 70% of expected compound 4 with 30% of the dimer
and around 30% for starting material pyrazine-2,5-dicarboxylic acid. Without further
purification, the mixture was used directly for the last coupling step.

Compound 3c

Compound 3¢ was synthesized using the same method as compound 3a, taking into

account the percentage of compound 4 in the mixture estimated by NMR. Compound 3¢
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was purified by preparative TLC (silica plate, CH2CI2/MeOH 9/1) to give a pure yellow
solid (13 mg, 8%). 'H NMR (400 MHz, DMSO-ds) d ppm 2.22 (s, 3 H), 2.39 (s, 3 H),
2.55-2.63 (m,4 H), 2.75 - 2.85 (m, 2 H), 3.45 - 3.60 (m, 4 H), 4.50 - 4.60 (m, 2 H), 6.04
(s, 1 H),7.11-7.19 (m, 1 H), 7.19 - 7.31 (m, 2 H), 7.35 - 7.45 (m, 2 H), 7.80 - 7.90 (m, 2
H), 8.08 (t, J=1.95 Hz, 1 H), 8.20 (s, 1 H), 8.22 - 8.29 (m, 1 H), 8.62 (s, 1 H), 8.95 (d,
J=195Hz, 1 H),9.32 (d, J=1.17 Hz, 1 H), 9.48 (d, J=1.17 Hz, 1 H), 9.87 (s, 1 H), 9.97 (s,
1 H), 11.19 (s, 1 H), 11.47 (m, 1 H), ESI m/z 888.13 (MH" with **Cl, *°Cl).

Compound 6.

To a solution of 7(40) (22 mg, 0.037 mmol) and 1 (10 mg, 1 eq) in dry DMF (1 mL) were
added 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) (7.9 upL, 1.2 eq.),
hydroxybenzotriazole (HOBt) (6 mg, 1.2 eq.). The mixture was further stirred at room
temperature for 18 h under argon. The DMF was azeotroped with heptanes to give a
crude solid which was purified by preparative TLC (silica plate, CH,Cl,/MeOH 93/7)
gave 8 (AL739) as a pure white powder (11 mg, 35%). 'H NMR (400 MHz, DMSO-ds) d
ppm 2.22 (s, 3 H), 2.36 (s, 3 H), 2.55 - 2.60 (m, 2 H), 2.62 - 2.74 (m, 4 H), 3.39 - 4.55
(m, 4 H), 4.08 - 4.20 (m, 4 H), 4.37 - 4.50 (m, 2 H), 5.98 (s, 1 H), 7.12 (dd, J=8.01, 1.37
Hz, 1 H), 7.18 - 7.31 (m, 2 H), 7.32 - 7.43 (m, 2 H), 7.71 - 7.81 (m, 2 H), 7.84 (dd,
J=8.99, 1.95 Hz, 1 H), 8.02 (t, J=1.95 Hz, 1 H), 8.20 (s, 1 H), 8.53 (s, 1 H), 8.71 (d,
J=1.56 Hz, 1 H), 9.86 (s, 1 H), 9.90 (s, 1H), 10.38 (s, 1 H), 11.43 (br s, 1 H), ESI m/z
840.23 (MH" with *°Cl, **CI).

Compound 10.

The amino compound 9 (aminoquinazoline synthesized as described (41) RB10) (1 g)

was dissolved in dry acetonitrile (40 mL) under argon and, cooled to -5°C. Nitrosonium
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tetrafluoroborate (2 eq.) in acetonitrile was added directly. After 30 min at -5°C, the
resulting solution was added dropwise to another solution of 1-piperazineethanol (4 eq.)
in acetonitrile with triethylamine (4 eq.) at 0°C, after which the mixture was extracted
with dichloromethane and brine. The organic layer was dried with magnesium sulfate and
evaporated to provide a brown residue, which was purified by silica gel chromatography
(CH,C1,/MeOH 9/1) to give the compound 12 as a pure product (354 mg, 24.5%). 'H
NMR (300 MHz, DMSO-ds) d ppm 2.51 (m, 2H), 2.63 (br s, 4 H), 3.55(q, J = 6.1 Hz, 2
H), 3.81 (t,J =5 Hz,4 H),4.50 (t, /=5 Hz, 1 H), 7.30 (m, 2 H), 7.77 (d, J = 9 Hz, 1 H),
7.95 (m, 2 H), 8.26 (t,J=1.9Hz, 1 H),847 (d,J=1.8 Hz, 1 H), 8.59 (s, 1 H), 9.89 (s, 1
H).

Compound 11.

To a solution of compound 10 (353 mg) with pyridine (2 eq.) and trimethylamine (3 eq.)
in dry dichloromethane (10 mL) was added dropwise 2-bromorthylchloroformate (2 eq.)
at 0°C. The mixture was further stirred at room temperature for 1h and evaporated. The
crude product obtained was purified by silica gel chromatography (CH,Cl,/MeOH 9/1) to
give the compound 11 as a pure product (161 mg, 34.3%). 'H NMR (300 MHz, DMSO-
ds) d ppm 2.68 (m, 6 H), 3.70 (t, /=6 Hz,2 H),3.82 (t, J=4.8 Hz,4 H), 425 (t, /= 5.4
Hz,2 H),4.39 (t,J =6 Hz, 2 H), 7.30 (m, 2 H), 7.77 (d, J = 8.8 Hz, 1 H), 7.95 (m, 2 H),
826 (t,J=19Hz,1H),847(d,J=18Hz 1H),859 (s,1H),9.89 (s, 1 H).
Compound 12 (LP121).

To a solution of 11 (152 mg) in dry DMF (2 mL) was added potassium iodide (1.5 eq.),
trimethylamine (3 eq.) and commercial crizotinib (1.1 eq.). The mixture was stirred under

argon at 40°C during 4 days. The DMF was azeotroped with heptanes to give a crude
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solid, which was purified by silica gel chromatography (CH,Cl,/MeOH 9/1) to give the
compound 12 as a pure orange powder (93 mg, 38%). '"H NMR (300 MHz, DMSO-d;) d
ppm 1.76 (d, J = 6.7 Hz, 3 H), 1.90 (m, 4H), 2.14 (m, 2H), 2.65 (m, 8 H), 2.95 (d, J =
10.8 Hz,2 H), 3.81 (t,J =5 Hz, 4 H), 4.08(m, 1 H), 4.21 (m, 4 H), 5.63 (m, 2 H), 6.04 (q,
J=69Hz, 1H), 686, J=18Hz, 1 H), 729 (m, 2 H), 7.40 (m, 1H), 7.56 (s, 1H),
7.53 (m, 1H), 7.75 (m, 2 H), 7.95 (m, 3H), 8.26 (t,J = 1.8 Hz, 1 H), 8.46 (d,J = 2.1 Hz, 1
H), 8.59 (s, 1 H), 9.88 (s, I H), HRMS: m/z calcd for C44H46BrCLFN,0,.H" 975.23822;

found 975.23657 (A = -1.69 ppm).

Results

Chemistry

The synthesis of the first series of compounds 3a-b (AL660-690) and 3¢ (AL692)
proceeded according to Scheme 1 and 2 respectively. The aminoquinazoline 1 (42) was
treated with an excess of the appropriate chlorocarbonyl linker to give protected
intermediates, whose methyl ester was removed in the presence of potassium silanoate
base to give acid 2a-b (Scheme 1). After the acid 2a-b was coupled with dasatinib in the

presence of EDCI, HOBt and DMAP gave 3a-b (AL660 and AL690).

265



I
/[ j\ /[ j\ X
cl NH cl NH 7 j)}\OH
H

NH a,b N
N/ 2 N/ \Z
K K 0

N

2, X=Cand Z=N
1 2b,X=Nand Z=C

L (O
cl NH = _/_
N7 N, HN4</
SOR

3a,X=Cand Z =N, AL660
3b,X=Nand Z =C, AL690

Scheme 1. a)  methyl 6-(chlorocarbonyl)nicotinate ~ or  methyl 5-
(chlorocarbonyl)picolinate, EtsN, THF, 0°C, 3 h; b) Me;SiOK, THF, rt, 2 h; c) dasatinib,

EDCI, HOBt, DMAP, DMF, rt, 24 h.

Compound 3¢ was synthesized following the same method (Scheme 2), only the linker
pyrazine-2,5-dicarboxylic acid was commercially available so this diacid reagent was
before chlorinated by refluxing in thionyl chloride with catalytic DMSO during 24h. The
aminoquinazoline 1 was treated with an excess of the bischlorocarbonyl linker and
triethylamine to obtain a not selective coupling reaction, the optimal conditions gave 70%
of expected compound 4 with 30% of dimer and also still a presence of starting reagent

pyrazine-2,5-dicarboxylic acid. This mixture was directly used to be coupled with
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dasatinib in the presence of EDCI, HOBt and DMAP to give the final compound 3c

(AL692) with a very low yield.

O O °
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N7 NH, N7 g\H);N
. <. 0
\ '

L [ O
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N HN%

L o

3c, AL692

z
A
Z
/

Scheme 2. a) pyrazine-2,5-dicarboxylic acid, SOCl,, DMSO, reflux, 24 h and Et;N,

CH,Cl,/THF, 0°C, 1 h; b) dasatinib, EDCI, HOBt, DMAP, DMF, rt, 24 h.

The synthesis of the compounds 6 and 7 proceeded according to Scheme 3 and was
already published in Rao et al. 2015 (12). Briefly, dasatinib was treated with an excess of
succinic anhrydride to give the compound 7, which was coupled with 1 or 8 (AL621) (43)
in the presence of EDCI, HOBt and gave respectively compound 8 (AL739) and 10

(AL776) (40).
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Scheme 3. a) succinic anhydride, DMAP, DMF, 50°C, 18 h; b) compound 1, EDCI,
HOBt, DMAP, DMF, rt, 18 h; c) compound 8 (AL621), EDCI, HOBt, DMAP, DMF, rt,

18 h.
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Scheme 4. a) NOBF41-piperazineethanol, Et;N, ACN, -5°C, 1 h; b) 2-
bromoethylchloroformate, pyridine, Ets;N, CH,Cl,, 0°C to rt, 1 h; ¢) crizotinib, KI, Et;N,

DMF, 40°C , 4d.

The synthesis of the compounds 12 (LP121) proceeded according to Scheme 5. The
aminoquinazoline 9 (44) was diazotized in dry acetonitrile with nitrosonium
tetrafluoroborate to provide the diazonium salt that was coupled with 1-piperazineethanol
in the presence of triethylamine in sifu. The alcohol compound 10 obtained was treated

with the commercial 2-bromorthylchloroformate to give intermediate 11, which was
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coupled with crizotinib in the presence of potassium iodide and trimethylamine to give

the final compound 12.
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CHAPTER 6

GENERAL DISCUSSION AND CONTRIBUTIONS TO KNOWLEDGE
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The past ten years have seen a significant shift towards the design, synthesis and
development of drugs with multi-targeted properties. This has led to the emergence of the
targeted therapy era, which is primarily sustained by continuous discoveries of new
kinase inhibitors and novel biologics. Since 2001, more than 10,000 patents have been
filed on kinase inhibitors (1). This historical investment was inspired by the realization of
the direct relationship between kinase dysfunctions and tumour progression. Several
kinase inhibitors have been targeted with translation into significant antitumour activity
in the clinic. However, despite the smashing success of these new targeted therapies, their
clinical use is plagued by intrinsic and acquired resistance. In tumour types with high
mortality rate (e.g. pancreatic, ovarian, lung, brain), the success of kinase inhibitors is
rather mitigated by resistance associated with mutations, amplifications, structural
alterations and activation of compensatory signaling pathways. Many attribute the failure
of kinase inhibitors to their ability to block pathways that can be bypassed by other
oncogenes in the tumour cells. Thus, approaches whereby single kinase inhibitors
designed to inhibit several pathways are actively being pursued. The common concept of
designing a drug for selectivity in order to avoid toxicity is now being reconsidered.
Nearly two decades of work with this approach has led to the more accepted conclusion
that the more promiscuous is the drug, the more potent it is in the clinic. As an example,
sorafenib, a multi-targeted kinase inhibitor is approved for the treatment of
hepatocellular, thyroid and renal cell carcinoma that can hit several targets including B-
Raf, VEGFR, PDGFR, c-Kit, etc. (2-5). A recent report showed that the attrition rates for
all anti-cancer drugs since 1995 to 2007 was 82%, but dropped to 53% for kinase

inhibitors (6). Such a change is being brought by polypharmacology, which is defined as
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the science of designing or discovering single molecules that can block multiple targets.
Over the past decade, our laboratory has been involved in developing rational
polypharmacology directed at kinases inhibitors, in order to improve their potency
against advanced cancers.

This work sought to develop a novel mode of targeting signaling nodes controlled by
EGFR, c-Src and c-Met. Importantly, two approaches were taken: (1) a unimolecular
approach to block two or more signaling pathways, (2) a small-molecule approach for
pharmacologically probing signaling nodes and defining multi-drug combinations to
abrogate their effects. Ultimately, we sought to develop index of potency that can guide
on the efficacy of both unimolecular and individual kinase inhibitor combination

approaches.

Contribution 1

To our knowledge, when we started our work on combi-targeting signaling pathways,
only one example (SB163) existed that showed imbalanced targeting of EGFR and c-Src
(7). This agent was designed as a hybrid molecule to remain intact inside the cells.
However, the requirement of the molecule to remain intact led to a bulky c-Src and
EGFR inhibitor, a debility that affected both its kinase binding properties. Thus, our
contribution in optimizing the potency of EGFR-c-Src targeting combi-molecules began
with the complete shift in our approach by redesigning the molecule through a type I
strategy. We believed that by designing AL622 to hydrolyze into its two basic sub-
constituents (i.e., an EGFR inhibitor, AL621 and a c-Src inhibitor, intact PP2) would be a

more efficient approach towards the combi-targeting of EGFR and c-Src (8). However,
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despite evidence of release of the two sub-constituents in the cell, AL622 behaved
primarily as an EGFR inhibitor. We rationalized that this was due to the fact that the
released c-Src inhibitor, PP2 was a much less potent agent than the corresponding EGFR
inhibitory moiety. Given the role of EGFR and c-Src in tumour growth, we thought it of
importance to resolve the challenging optimization of combi-molecules directed at these
two targets. The challenge was to combine via a type I strategy, two moieties that could
have strong c-Src inhibitory potency, while retaining submicromolar EGFR inhibitory
potency. The ability to optimize the EGFR inhibitory moiety was well established in our
laboratory, however the search for a c-Src inhibitory moiety was complicated by the fact
that the structure activity relationship for binding to c-Src for many agents was very
sensitive  to  substituent  changes (9-11). We  ultimately chose the
thiazolylaminopyrimidine scaffold associated with dual c-Src/c-Abl activity that was
shown to be one of the most tolerant scaffolds towards substituent changes and clinically
effective (12, 13). Thus, we synthesized a variety of dasatinib-based combi-molecules

that led to the most balanced EGFR-c-Src combi-molecule, AL776 hitherto synthesized.

Contribution 2

Having identified a molecule with optimal EGFR and c-Src targeting potency, we had in
hand the first probe to verify our hypothesis on the balanced targeting of EGFR and c-Src
in vitro and in vivo (14). The significant potency of this molecule has led to the first
model that we termed “type III combi-targeting”. It is to be reminded herein that type I
combi-molecules (I-Tz) can bind to one target (e.g. EGFR) as an intact molecule while

requiring hydrolysis to target the second target (e.g. DNA) (Fig. 6.1). Type II combi-
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molecules were designed to exhibit their dual-targeting potency without a requirement for
hydrolytic cleavage. Here we have demonstrated for the first time that a molecule (K1-
K2) can be designed to hit its two targets (e.g. EGFR and c-Src) as an intact molecule and
to degrade into two species that can further add to the dual targeting of the two targets
(Fig. 6.1). Due to the fact that this type of targeting includes type I, for requiring
hydrolysis to generate the two species and as type Il for being able to hit the two targets
without hydrolysis, we termed this mode of targeting type III targeting. To our
knowledge, this is the first in kind multi-targeted molecule. Importantly, the properties of
this type III combi-molecule were proven in vitro and further analyzed in vivo to bring
new data that allowed us to consider other properties of the type III combi-targeting. In
vivo hydrolysis of the combi-molecule gave rise to novel metabolites that allows us to
conclude that these type III combi-molecules can be cleaved to generate novel
metabolites, each of them tailed to the cleaved linkers. However, we propose that they are
ultimately converted to the intact inhibitory moieties of EGFR and c-Src. Importantly,
despite its sensitivity to hydrolysis, pharmacokinetic analysis in vivo confirmed that
AL776 could be detected as an intact structure in plasma, indicating the accuracy of the
hydrolytic profile observed in vitro, with only two transient metabolites. Overall, the
impact of the study is (a) the discovery and feasibility of type III targeting and (b) the
dependence of the efficacy of such molecules on the hydrolysis of the linker. Further
work in that direction must focus on programming the linker to resist hydrolysis and

deliver the two moieties at reasonable kinetics.
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Figure 6.1: The three modes of combi-targeting including type I, type II and the novel

type III approach; the latter discovered through kinase-kinase targeting studies.

Contribution 3

Our efforts to target adverse signaling mediated by RTKs and non-RTKs were further
directed to the involvement of another RTK, c-Met. Indeed EGFR, c-Met and c-Src have
been known to be involved in a complex signaling interplay that is associated with
resistance to targeted therapies (15-31). In an effort to identify cells in which the two
receptors EGFR and c-Met could be involved in signaling redundancy, we analyzed the
potency of an equimolar combination of an EGFR inhibitor (gefitinib) and a c-Met
inhibitor (crizotinib) with the prospect of considering redundancy when the IC50 of the

combination is lower than that of each drug alone. With this condition, we tested gefitinib
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+ crizotinib on a panel of cell lines that included breast, lung and prostate. The set
condition of potency of equimolar combination of drugs was met in the subset of prostate
cancer cells and a breast cancer cell line. Thus, in order to elucidate the mechanism of
action of the putative redundancy detected by the equimolar combination, we chose to
study prostate cancer cell lines in which little was known about signaling interplay
between EGFR, c-Met and c-Src. This investigation has brought a number of significant
observations that led to further understanding of the complex response mediated by c-Src
and another player, STAT3 in tumour cells. We found that dual targeting of c-Met and
EGFR with crizotinib + gefitinib, abrogated signaling redundancy between the two
receptors and led to sustained inhibition of c-Src phosphorylation, cell growth and
invasion. By contrast, direct inhibition of c-Src by adding dasatinib to the crizotinib +
gefitinib modality (three-drug combination), resulted in strong and delayed re-
phosphorylation of c-Src, and did not significantly enhance growth inhibitory and anti-
invasive potency. All targeting modalities (2- or 3-drug combinations) induced STAT3
phosphorylation. However, additional blockade of JAK1/2-STAT3 using a JAKI1/2
kinase inhibitor ruxolitinib resulted in a four-drug combination that led to sustained
blockade of STAT3 phosphorylation. However, this did not significantly enhance growth
inhibitory potency (p > 0.05). Therefore, we concluded that despite the complexity of the
signaling interplay, tandem blockade with complex cocktail with three or four inhibitors
did not lead to any further enhancement when compared with targeting just only of the
players in the signaling interplay between EGFR, c-Met and c-Src (Rao et al
Pharmacological probing of signaling redundancy mediated by receptor and non-receptor

tyrosine kinases revealed Achilles’ heels in castrate resistant prostate cancer. Molecular
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cancer therapeutics, July 2015, under revision). This is an important discovery
considering that combinations of multiple drugs often lead to enhanced toxicity.

The identification of dual targeting as a sufficient treatment modality when compared
with triple or quadruple targeting lent support to the design and development of dual
targeting combi-molecules (e.g. EGFR-c-Src and EGFR-c-Met). However, reference
standards to the screening of such type of molecules were lacking since little was known
about the criteria of effectiveness of equimolar combinations. Combi-molecules being
mimics of equimolar combinations, our next effort was not only directed at creating
EGFR-c-Met targeting combi-molecules, but also at setting new quantitative potency
parameters that can guide the attrition of combi-molecules (e.g. EGFR-c-Src, EGFR-c-

Met).

Contribution 4
Analyses of drug response profiles of the novel EGFR-c-Src, EGFR-c-Met combi-
molecules in comparison with their corresponding equimolar combination modalities,
shed light on the rules governing their potency (Rao ef al. Quantitative analysis of the
potency of equimolar two-drug combinations and combi-molecules involving kinase
inhibitors against human tumour cells: the concept of balanced targeting. Molecular
cancer therapeutics, July 2015, under submission), which are summarized below:
1. If two drugs were combined at equimolar ratio, and one drug showed 6-fold
greater IC50 than the other, the overall effect was in the same range as that of the

more potent drug. This principle led to the discovery of a new potency index
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termed &, which linearly linear correlated with the fold-difference between the
IC50 values of the two drugs in combination.

. If two drugs were combined at equimolar ratio, and the IC50 of one drug is 6-fold
or less than that of the other, then the overall effect were superior to that of each
individual drug. Indeed the highest potency for the combination (low &) was
found in the linear portion of the curve, which correlated with the lowest fold-
difference in the IC50 values between the two drugs in combination. We thus set
€ < 5 as the threshold for effective potency or balanced targeting for equimolar
combinations.

. Under conditions of balanced targeting, a unimolecular combination, e.g. combi-
molecules, while said to be effective when its IC50 was equal to or a fraction of
that of the combination of two individual drugs, leading to a parameter €2, which

is equal to or lower than 1.

CONCLUSION

Throughout the study, our efforts towards studying multi-targeting modalities to abrogate

signaling interplays in human cancers, have contributed to many novelties: (a) a

completely new type III targeting modality using a unimolecular approach, (b) the

discovery of the advantage of targeting two key kinases considered to be the Achilles’

heels over multiple drug combinations directed at many kinases phosphorylated in the

context of complex signaling interplays, and (c) the parameterization of equimolar drug

combinations as tools to select combi-targeting molecules. Given the current storming

enthusiasm for designing multi-targeted hybrid molecules, we hope that our efforts will
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serve in the future as a guiding light for polypharmacology-based drug discovery for the

treatment of cancers.
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