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CHAPTER |

INTRODUCTION

Overview

Lung cancer remains the leading cause of cancer related deaths in the United
States despite a significant number of advancements in the molecular diagnosis and
treatment of this disease. Although some aberrant gene products have been readily
actionable using targeted therapeutics, intrinsic and acquired resistance to these
inhibitors inform the necessity of identifying novel targets to mitigate the limitations of
these drugs. Recent genome wide expression analyses of human lung cancer has
identified a number of receptor tyrosine kinases (RTKs) as overexpressed and
potentially representing molecular drivers of lung cancer. Among these RTKs identified
was EPHAZ2, which belongs to the largest family of RTKs, the EPH family. Although
previous studies have provided correlative data linking high EPHA2 expression to poor
clinical outcomes in lung cancer, the role of EPHA2 in lung cancer, specifically in distinct
molecular subtypes of lung cancer, had not been investigated. Herein we dissected the
role of EPHAZ2 in a variety of molecular subtypes of lung cancer and discovered that
KRAS and EGFR'®™ mutant lung cancers were most vulnerable to EPHA2 inhibition by
either genetic or pharmacological methods. We demonstrated the first functional
evidence in vivo that the EPHA2 receptor is required for tumor growth and survival in
both Kras®?® and EGFR"®*8**T7%0M mytant transgenic mouse models of lung cancer. We
also showed that EPHA2 controls viability in lung cancer through regulation of apoptosis,
specifically by controlling activation of components of the PI3BK/mTOR signaling
pathway. Additionally, we identified a novel ATP competitive, EPHA2 RTK inhibitor,

ALW-II-41-27, which was capable of inhibiting KRAS and EGFR mutant lung cancer cell



viability both in vitro and in vivo. Overall, we have provided genetic, functional,
mechanistic, and pharmacologic evidence that EPHA2 signaling promotes the
progression and survival of lung cancer. These studies suggest that EPHA2 may be a

promising therapeutic target for both KRAS and EGFR'®™ mutant lung cancer.

Lung Cancer

Lung cancer is the leading cause of cancer related deaths in the United States
with a 5 year survival rate of 18% (1). Cancers of the lung are responsible for
approximately 160,000 deaths per year, more deaths than the next three most deadly
cancers (colon, breast, and pancreatic) combined (1). Although approximately 80-90%
of malignant transformation observed in the lung epithelium can be traced back to a
history of smoking (2), other environmental exposures (e.g. asbestos, radon, mustard
gas, polycyclic hydrocarbons, chloromethyl ethers, chromium, nickel, and arsenic) as
well as a host of aberrant genetic factors are known to contribute to lung cancer as well
(3-10). Itis also well established that lung cancer is a disease of the middle-aged and
elderly with the odds of developing lung cancer starting at approximately 1 in 560
between ages of 1-49 and growing to 1 in 17.5 by age 70 (1). Although simply defined,
lung cancer can be viewed as a malignant neoplasm of the pulmonary epithelium, it is
clear that lung cancer is not a single disease but is rather represented by a variety of

histological appearances as well as molecular characteristics.

Histological Classification

There are two main histological subtypes of lung cancer: small cell lung cancer
(SCLC) and non-small cell lung cancer (NSCLC). SCLCs comprise about 15% of all
lung cancers and boast the highest association to smoking history of any type of lung

cancer (11). Histologically, SCLC is defined by the presence of a large nuclei, a small



rim of cytoplasm, and neuroendocrine features (Figure 1.1A) (11, 12). NSCLC is the
most common histological subtype of lung cancer accounting for approximately 85% of
lung cancer cases. NSCLC can be further divided into three large subsets:
adenocarcinoma, squamous cell carcinoma, and large cell carcinoma.
Adenocarcinomas account for 41% of NSCLCs and are defined as neoplasias arising
from bronchial mucosal glands or cells occupying the surface epithelium of the lung,
specifically the alveoli (Figure 1.1B) (11, 12). Histologically, adenocarcinomas are
frequently heterogeneous, displaying a variety of growth patterns including acinar,
papillary, bronchioloalveolar as well as solid, mucin producing structures (11).

Assessment of adenocarcinoma in the lung can be accomplished by positive staining for

Adenocarcinoma; top inset shows thyroid transcription factor 1 (TTF-1) (C) Squamous
cell carcinoma; arrows show keratinization (D) Large cell carcinoma (Adapted from
Robbins and Cotran Pathologic Basis of Disease, 9" Edition, (13)).



cytokeratin 7, thyroid transcription factor 1 (TTF-1), and surfactant apoprotein A;
however, metastatic adenocarcinomas at secondary sites are typically negative for TTF-
1 (12). Squamous cell carcinomas, also known as epidermoid carcinomas, arise in the
proximal bronchi and are identified histologically by the presence of keratinization and
intercellular bridges (Figure 1.1C) (11). This tumor type, which accounts for 34% of
NSCLCs, has the highest association with a history of smoking compared to other forms
of NSCLC (12). Large cell carcinomas, which account for 8% of NSCLCs, arise in the
bronchi and are defined by their large nuclei as well as the absence of glandular or
squamous differentiation, features of adenocarcinoma and squamous cell carcinoma,
respectively (Figure 1.1D) (11, 12). Historically, lung cancers have largely been treated
based upon their histological presentation at the time of diagnosis due to a determination
that different histological subtypes had varying responses to chemotherapeutic agents

(14).

Molecular Classification

Over the past decade through efforts to assess the sequence of the human
genome and subsequently the cancer genome, it has become evident that tumors often
harbor recurrent, oncogenic mutations, amplifications, or rearrangements in genes that
“drive” growth and survival. These driver alterations are rarely found concurrently in the
same tumor. Tumor cells can become addicted to the signaling from oncogenic, mutant
proteins, thereby becoming vulnerable to specific, targeted therapeutic interventions
(15). These principles have led to a paradigm shift in lung cancer classification and
treatment which is now focused on molecular criteria rather than histology. A myriad of
genetic alterations have already been discovered to drive tumorigenesis in NSCLCs,
including those in AKT1, ALK, BRAF, DDR2, EGFR, FGFR1, HER2, KRAS, MEK1,

MET, NRAS, NTRK1, PIK3CA, PTEN, RET, and ROS1 (Table 1.1) (16).



AKT1
ALK
BRAF
DDR2
EGFR
FGFR1
HER2
KRAS
MEK1
MET
NRAS
NTRK1
PISKCA
PTEN
RET
ROS1

Mutation
Rearrangement
Mutation
Mutation
Mutation
Amplification
Mutation
Mutation
Mutation
Amplification
Mutation
Rearrangement
Mutation
Mutation
Rearrangement
Rearrangement

1%
3-7%
1-3%

4%

10-35%
20%
2-4%

15-25%

1%
2-4%

1%

3%
1-3%
4-8%

1%

1%

Table 1.1 Frequency of mutations in non-small cell lung cancer (NSCLC)

(Adapted from (16)).

Two of these aberrant protein products driven by mutations in the epidermal growth

factor receptor (EGFR) and the anaplastic lymphoma kinase (ALK), already have FDA-

approved small molecule inhibitors developed for use in NSCLC. A number of other

alterations such as those in BRAF, DDR2, HER2, MEK1, and RET have existing FDA-

approved drugs in other cancer types that may be transferable to lung cancer in the near

future.

It is important to note that in lung cancer a number of recurrent mutations have

also been observed in tumor suppressors, such as p53 and LKB1, contributing to

tumorigenesis. Additionally, genetic analysis of tumors from both smoker and

nonsmoker patients has revealed distinct molecular differences. For example, KRAS

mutations have positively correlated with lung tumors of patients with a history of



smoking, while EGFR mutations are more closely associated with lung tumors from

individuals without a history of smoking (17-21).

Mutant KRAS

RAS, a member of the RAS superfamily of proteins, is a GTPase that regulates
intracellular signaling by acting as a molecular switch to turn on and off downstream
signaling. In its inactive form, RAS is bound to guanosine diphosphate (GDP). In
response to upstream signaling, RAS can be activated by binding of guanine nucleotide
exchange factors (GEFs), which release GDP and allow guanaosine triphosphate (GTP)

loading (Figure 1.2) (22, 23).

® GTPase activating
protein (GAP)

GTP hydrolysis

Ras

Guanine nucleotide o
exchange factor GTP binding

(GEF)

Figure 1.2 RAS GDP/GTP cycle. Inactive, GDP-bound RAS is activated by a GEF that
induces the release of GDP and thereby permits GTP to bind. GTP binding induces a
marked conformational change in RAS that allows it to bind effectors via their RAS
binding domains (RBD). (Adapted from (24))

Binding of GTP to RAS prompts a structural change in RAS permitting it to bind to
downstream effector proteins by their RAS-binding domain (RBD) (24). Classically, RAS
binds to RAF (MAPKKK), which activates MEK (MAPKK), which activates ERK (MAPK)

(25). Activated ERK can phosphorylate a variety of downstream proteins including p90-



RSK (subsequently controlling the phosphorylation of Fos, SRF, and CREB) (26-28),
MNK (subsequently controlling the phosphorylation of elF4E) (29), MSK (subsequently
controlling the phosphorylation of CREB, ATF1, Histone H3, and HMG-14) (30-33),
ELK1 (34), MYC (35), BRF1 (36), and UBF (37). It is also known that RAS proteins can
activate the PI3K, RalGDS, TIAM1, PLCg, and RIN1 pathways as well (Figure 1.3) (22,
38, 39). Ultimately, RAS activation is associated with phenotypes of cell growth,
survival, differentiation, and migration (40). In addition to GTP binding to promote its
activity, RAS also requires modification via isoprenylation to efficiently transmit signals to
effector proteins (41). In this post-translational modification a farnesyl group is added to
the C-terminal tail of the protein allowing it to anchor in the cell membrane thereby

facilitating its interactions with the appropriate effector molecules (24, 42, 43).
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Figure 1.3 RAS signaling pathways. The GTPase, RAS, functions as a molecular
switch based on binding of GTP and GDP. RAS is located at the apex of many signaling
pathways and regulates many essential cellular functions including proliferation and
survival (44).



Mutations in RAS, which inhibit guanine nucleotide exchange factor (GAP)-
mediated GTP hydrolysis lock RAS in its activated form resulting in constitutive growth
and survival signals. Mutations in RAS have been shown to have transformative
potential in both cell culture and animal models (45-47). Although there are three major
RAS isoforms expressed in humans (H, K, and N), mutations in KRAS are by far the
most common, occurring in 33% of all cancers and 20% of NSCLCs (45, 47, 48). In lung
cancer KRAS mutations are classically missense and occur most frequently at codon 12
although mutations are also known to occur at codons 13 and 61. KRAS®*?¢ mutations
are the most common in lung cancer and strongly correlate to tobacco smoke exposure
as well as activation of the RalGDS pathway (49). KRAS®*P mutations on the other
hand have been more closely associated with activation of the mitogen activated protein
kinase (MAPK) and phosphatidylinositol 3 kinase (P13K) pathways (50).

Mutant KRAS proteins present a unique challenge for small molecule inhibition
by conventional nucleotide competition due to the high affinity of GTP to KRAS,
demonstrated by its sub-nanomolar dissociation constant (51). In recent years various
targeted inhibition methods have attempted to block oncogenic RAS signals including
the use of RNA interference (52, 53), farnesyltransferase inhibitors (54-56),
combinations of farnesyltransferase/ geranylgeranyltransferase inhibitors (57),
immunotherapies (58, 59), and blockade of various downstream effectors such as RAF,
MEK, and mTOR (60, 61). Unfortunately these attempts have resulted in minimal

success often associated with significant toxicities.

Mutant EGFR
The epidermal growth factor receptor (EGFR) or ERBBL1 is a receptor tyrosine
kinase belonging to the ERBB family of RTKs which also includes HER2 (ERBB2),

HER3 (ERBB3), and HER4 (ERBB4) (22). Structurally, EGFR is composed of three



main domains: an extracellular ligand-binding domain, a transmembrane domain, and an
intracellular domain. Upon ligand binding (e.g. EGF or TGFa), EGFR monomers
undergo a conformational change that facilitates dimerization either with another EGFR
monomer (homodimerization) or with another ERBB family member (heterodimerization)
(22). The receptor complex is then autophosphorylated on tyrosine residues through the
acquisition of adenosine triphosphate (ATP) in the intracellular kinase domain of the
receptor. Activated EGFR then recruits a variety of adaptor and signaling molecules
with SRC homology 2 (SH2) domains as well as tyrosine binding domains to bind the
phosphotyrosines on its C-terminal end and activate downstream effector molecules
(22). EGFR most notably activates the MAPK and the PI3K/AKT pathways which
together support multiple cellular processes including proliferation and survival (22, 62).
Overexpression of EGFR has been observed in many cancer types including

breast, colon, lung, and prostate, which led to the development of targeted agents

Figure 1.4 Treatment response to the EGFR TKI, erlotinib. A female patient with no
smoking history presented with a primary lung adenocarcinoma which was determined
to have a deletion in exon 19 of EGFR. The pre-treatment CT shows the primary lung
tumor prior to erlotinib (A); CT imaging after 4 months of erlotinib therapy revealed a
significant response (B) (Adapted from (12)).



against wild-type EGFR in the 1990s (63). These included two ATP-competitive, small
molecule tyrosine kinase inhibitors (TKIs), erlotinib (Tarceva; Genetech/OSI
Pharmaceuticals) and gefitinib (Iressa; AstraZeneca), and one human-murine chimeric
IgG1 monoclonal antibody therapeutic, cetuximab (Erbitux; ImClone/Merck/Bristol-Myers
Squibb) (Figure 1.6A and 1.6B) (64). Upon introduction of the EGFR targeted therapy
(gefitinib) in lung cancer, few patients responded. Interestingly, the patients that did
respond had some similar, informative features including East Asian ethnicity, a non-
smoking history, and tumors of adenocarcinoma histology (21, 65). In 2004, the
laboratories of Haber, Meyerson, and Varmus independently published that the
presence of oncogenic EGFR mutations in lung cancer correlated to increased tumor
sensitivity to the EGFR tyrosine kinase inhibitors gefitinib and erlotinib (Figure 1.4) (66-
68). EGFR mutations are found in 10-35% of lung cancer patients, and 85-90% of these
mutations occur in exons encoding the kinase domain (exons 18-21) particularly
manifesting as a deletion in exon 19 of the amino acids LREA or a point mutation in
exon 21 (L858R) (Figure 1.5) (69). These mutations are activating and enhance EGFR

kinase activity leading to constitutive activation of its downstream effector molecules.

EGFR

G719X LREA deletion L858R L86IQ
Exon 18 : Exon 19 1 Exon 20 [ Exon 21 ’ Exon 22 ‘ Exon 23 [ Exon 24 }
|
L747S D761Y T790M T854A

Figure 1.5 EGFR TKI sensitive and TKI resistance mutations. Activating drug-
sensitive mutations are shown on the top of the epidermal growth factor (EGFR) kinase
domain (exons 18-24). Mutations associated with TKI resistance are depicted on the
bottom of the kinase domain schematic (Adapted from (63)).

10



In 2009 the Iressa Pan-Asia Study (IPASS) and WJTOG3405 trials unequivocally
demonstrated that patients with EGFR-mutant tumors on gefitinib had a significantly
longer progression free survival than patients receiving chemotherapy
(carboplatin+paclitaxel or cisplatin+docetaxel for the respective studies) (70, 71). It was
determined that successful cell death by these EGFR TKIs was dependent on the
upregulation of pro-apoptotic, BCL-2 family member, BIM, and downregulation of the
anti-apoptotic protein, MCL-1 (72-76). Unfortunately, all patients treated with EGFR
TKIs acquire resistance to these therapies approximately a year after commencing
treatment (77, 78). Sequencing efforts have revealed that tumors with acquired
resistance to EGFR TKIs commonly gain an additional mutation in exon 20, T790M, in
the gatekeeper position of the kinase domain of EGFR (79, 80). Biochemical analysis
has revealed that this mutation confers resistance by sterically hindering drug-kinase

interactions as well as by increasing the affinity of the mutant receptor for ATP (81, 82).
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Figure 1.6 Structure of EGFR tyrosine kinase inhibitors. (A) Gefitinib (Iressa) and
(B) Erlotinib (Tarceva) are reversible, 1% generation EGFR TKiIs. (C) Afatinib (Gilotrif) is
an irreversible, 2" generation EGFR and HER2 inhibitor. (D) AZD9291 is a 3"
generation EGFR™™ mutant specific inhibitor that is EGFR wild-type sparing.
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Currently, there are limited options for the treatment of acquired resistance to
first-generation, EGFR TKis (e.qg. gefitinib, erlotinib), although some success has been
observed with administration of second (e.g. afatinib) (Figure 1.6C) (83, 84) and third
(Figure 1.6D) (e.g. AZD9291) (85, 86) generation EGFR TKIls or by combining afatinib
and cetuximab (87). Molecular analysis of EGFR TKI resistant tumors has suggested a
role for the mammalian target of rapamycin (mTOR) activation in the maintenance of the
acquired resistance phenotype (88, 89). mTOR is a serine/threonine kinase that
regulates a myriad of cellular processes including cellular growth, survival, and
metabolism by signaling in two distinct complexes (MTORC1 and mTORC2) (90, 91).
Canonically, mMTORC1 is activated downstream of PI3K and AKT (T308 phosphorylation)
(92), and it is capable of phosphorylating p70 S6K1 (and subsequently S6) (93), BAD
(94, 95), and 4E-BP1 (and subsequently elF4E). mTORC2 most notably signals through
AKT (S473), SGK1, and PKCa (91, 96-98). While mTOR has been implicated in EGFR
TKI resistance (88), to date mTOR inhibitors have had limited success clinically due to a
disruption of feedback mechanisms between the two complexes as well as dose limiting
toxicities.

Risks of persistent and/or mutation-specific targeting of EGFR include the likely
development of alternative mechanisms of TKI resistance distinct from further mutations
in EGFR (85), including oncogene addiction to other kinases. Such “bypass” RTK
signaling has been a well-documented mechanism of EGFR TKI resistance as
evidenced by compensatory activation of MET, HER2, AXL, IGF1R, and FGFR in the
context of EGFR TKI acquired resistance (99-105). Identifying bypass pathways
responsible for mediating EGFR TKI resistance may provide novel targets needed for

therapeutic intervention.
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Apoptosis

Genetic or pharmacological inhibition of a genetically activated kinase to which a
cell displays signaling addiction often results in proliferative arrest and in many cases
induces a program of cell death called apoptosis. At a cellular level this process
includes steps of chromatin condensation and fragmentation, cell shrinkage, and
formation of intact apoptotic bodies that contain nuclear and cytoplasmic material.
Molecularly, there are two distinct pathways that lead to apoptosis. The first which is
initiated through the mitochondria is called the intrinsic apoptosis pathway, and the
second which is initiated by pro-apoptotic receptors on the cell surface is called the
extrinsic apoptosis pathway. The intrinsic apoptosis pathway, a known regulator of
apoptosis induced by DNA damage (106-108) has emerged as a key regulator of
apoptosis induced by molecularly targeted therapy (109-111). Intrinsic apoptosis occurs
by inducing a rearrangement of pro-apoptotic (e.g. BAX, BAK, BID, BAD, BIM, and BIK)
and anti-apoptotic (BLC-2, BLC-xL, and MCL1) protein interactions to regulate the
balance between survival and death (112). As apoptosis commences, inhibition of
upstream PI3K/AKT/mTOR signaling decreases phosphorylation of BAD (113) and
increases expression of BIM (75, 111, 114), allowing these proteins to bind and
sequester the anti-apoptotic family members, BCL-2, BCL-xL, and MCL-1 (111). In
addition to these new interactions, anti-apoptotic proteins often exhibit decreased
expression upon kinase inhibition further decreasing the anti-apoptotic protein’s
functional abilities in response to targeted therapy (112). In the absence of suppression
from anti-apoptotic family members, the pro-apoptotic, BCL-2 family members, BAX and
BAK, are liberated and capable of association with the mitochondrial membrane where
they oligomerize and form pores to initiate the release of cytochrome C into the
cytoplasm (115, 116). Cytochrome C then binds to the apoptotic protease activating

factor (APAF1) to facilitate the formation of the apoptosome and the activation of the
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initiator caspase, caspase 9 (117, 118). Caspase 9 is then able to bind and activate
caspase 3 through a cleavage event at aspartate residue 175 (119), which is responsible
for activation of the caspase activated DNase (CAD) (120), cleavage of the nuclear
enzyme poly (ADP-ribose) polymerase (PARP) (121, 122), and induction of apoptotic

body formation (115).

EPH receptors and ephrin ligands
The EPH family of receptors are the largest family of receptor tyrosine kinases
comprised of 15 receptors (EPHA1-EPHA10, EPHB1-EPHB4, and EPHB6) although
only 14 receptors (excluding EPHA9) are encoded in the human genome (Table 1.2)

(123-125). EPH receptors and their ligands, called ephrins (EPH family interacting

A CLASS
EPHA1 EphrinAl
EPHA2 EphrinA2
EPHAS3 EphrinA3
EPHA4 EphrinA4
EPHAS EphrinA5
EPHAG EphrinA6
EPHA7Y
EPHAS
EPHA10

B CLASS
EPHB1 EphrinB1
EPHB2 EphrinB2
EPHB3 EphrinB3
EPHB4
EPHB5

Table 1.2 EPH receptor tyrosine kinases and ephrin ligands encoded in the human
genome (Adapted from (126)).
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proteins), are divided into two classes, A and B, which differ based on the EPH receptor
sequence homology and ligand binding affinities. Unlike many classical RTK ligands,
ephrins are unique in that they are membrane bound. A class ephrins (ephrinAl-
ephrinAB) are tethered to the membrane by a glycosylphosphatidlinositol (GPI) anchor,
while B class ephrins (ephrin B1- ephrin B3) are transmembrane in nature and include a
small cytosolic region (125, 127). EPH receptors typically interact with ephrins of the
same class (e.g. A class EPH RTKs bind A class ephrin ligands) although promiscuous
binding has been described with some receptors including EPHA4 and EPHB2. EPH
receptors consist of an extracellular portion, containing a highly conserved N-terminal
ligand binding domain, a cysteine-rich region (including an epidermal growth factor-like
motif), and two fibronectin type-Ill repeats. A transmembrane region connects to the
intracellular portion which is composed of a tyrosine kinase domain, a sterile-a-motif
(SAM) domain, and a PSD95/DIg/Z01 (PDZ)-binding motif (128) (Figure 1.7).
Structural analysis of EPH-ephrin interactions has contributed significantly to the
understanding of the signaling properties of this family of receptors and ligands.
Classically, a monomeric interaction is mediated between a receptor and ligand in trans
by insertion of the hydrophaobic loop of an ephrin ligand into a cleft of the N-terminal
domain of an EPH RTK (129-131). Ligand binding is known to initiate a conformation
change in these interacting partners enabling the EPH-ephrin complexes to oligomerize
and commence autophosphorylation of the intracellular portion of the EPH receptor
(132-134). Two highly conserved tyrosine residues in the juxtamembrane domain of the
EPH receptor are phosphorylated in response to ligand binding (135, 136), which
prompts an additional structural rearrangement further exposing the kinase domain
(135). This allows for a cascade of phosphorylation events involving the EPH receptors
fourteen conserved, cytosolic tyrosine residues (130, 131, 134) preparing the kinase for

docking of signaling effector molecules with SRC homology 2 (SH2) domains (137, 138).
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Figure 1.7 EPH receptor and ephrin ligand structure. Schematic diagram of EPH
receptors and ephrin ligands. The top of the figure shows an ephrin expressing cell and
the bottom half of the figure shows and EPH RTK expressing cell (Adapted from (126)).
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EPH-ephrin signaling is often complicated by the co-expression of a variety of
EPH and ephrin family members that can co-cluster and co-signal both in cis and in
trans (139). In addition, signaling can be variable dependent on EPH receptor and

ephrin ligand densities, which differ based on tissue type and pathology (140).

Signaling mechanisms

EPH receptor and ligand complexes are capable of binding to a variety of
proteins thereby activating signaling pathways with diverse functions including adhesion,
bone remodeling, cell morphology, invasion, immunity, migration, proliferation, and
synaptic plasticity (123, 124). To date a number of proteins have been found to interact
with EPH receptors directly including: Ephexin, FAK, GRB2, LMW-PTP, the p85
regulatory subunit of PI3K, SHP2, SRC family members, VAV GEFs, EGFR, and HER2
(137, 141-149). The wide spectrum of binding partners is informative of the phenotypic

variety that can results from this family of RTKSs.

Forward signaling versus reverse signaling

One unique feature of EPH-ephrin complexes is their ability to signal
bidirectionally through both the receptor (forward signaling) and ligand (reverse
signaling) (124). Because both EPH receptors and ephrin ligands are tethered to the
cell membrane these interactions often require cell-cell contact. “Forward” or receptor-
mediated signaling is stimulated by the phosphorylation of tyrosine residues in the
kinase domain of the EPH receptor and successive downstream activation of signaling
molecules. EPH receptors have been most notably associated with forward signaling
through the RAS/MAPK (149-151), PI3K/AKT/mTOR (152, 153), ABL/CRK (154, 155),
and the RHO/RAC/CDCA42 (149, 156-158) pathways. Signaling pathways utilized by

EPH receptors and ligands are often specific to tissue and pathological condition, as
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evidenced by divergent pathways used by EPHA2 in breast and lung cancers,
RAS/MAPK and PISK/AKT/mTOR, respectively (149, 153).

“‘Reverse” or ligand-mediated signaling differs depending on the ephrin class, A
or B. “B” class ephrins are able to signal by tyrosine phosphorylation of their C-terminal
tails through interactions with SRC family proteins as well as a variety of other RTKs and
effector proteins (159). “A” class ephrins are also able to engage in reverse signaling,
although in a more enigmatic way, as they lack the cytoplasmic tail region of B class
ligands. It is thought that A class ephrin ligands mediate signal transduction through
acquisition of signaling partners, such as has been described with integrins and the p75
neurotrophin receptor (160-162). The functional significance of reverse signaling is still
being uncovered although existing data suggests it provides an important function in
axonal guidance for the organization of the nervous system particularly during

embryogenesis (163-165).

Ligand independent versus ligand dependent signaling

Another unique aspect of EPH receptor signaling is its ability to occur both in the
presence (ligand dependent) and absence (ligand independent) of an ephrin ligand.
Ligand dependent activation of EPH receptors is accompanied by rapid internalization
and degradation of the receptors (163, 166), which has been associated with inhibition of
EPH related signaling pathways including ABL/CRK (155), integrins (142), RAS/MAPK
(167), RHO/RAC (141), and PI3K/AKT/mTOR (168) pathways. As these pathways are
regulators of cell proliferation, survival, and migration, ephrin stimulation is often
associated with the inhibition of these cellular processes.

In addition to ligand stimulated forward signaling, EPH receptors can also
activate downstream signals in the absence of a ligand by interacting with a host of other

cellular proteins as demonstrated by the binding of A class EPH receptors with ERBB
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family members EGFR and HER2 (147, 149, 169). Other reports have identified a direct
interaction with EPHA4 and FGFR (170, 171) as well as interactions with EPHB
receptors and CXCR4 (172, 173), which have resulted in an activation of downstream
signals responsible for cell proliferation in glioma and T cell stimulation, respectively. A
more complete list of known EPH RTK interacting receptors can be found in Table 1.3.
Ephrin dependent activation and suppression of EPH receptors illuminates
seemingly conflicting data from the field which report the same EPH receptors having
diametric signaling properties. For example, EPHA2 has been shown to regulate
integrin signaling both positively and negatively (142, 163, 174, 175). This was shown to

be due to the ability of EPHAZ to interact with FAK, a component of integrin signaling, in

EPHA CXCR4 CDC42 inhibition (176)
EPHA Integrins RACL1 inhibition a77)
EPHA2 EGFR and HER2 Modulate cell motility (147, 149)
EPHA2 Claudin4 Claudin4 phosphorylation (178)
EPHA2 Integrins FAK inhibition (142)
EPHA2 E-Cadherin EPHAZ2 activation (179)
EPHA4 Integrins Integrin activation (180)
EPHA4 FGFR MAPK activation (170)
EPHA4 EGFR EGFR phosphorylation (169)
EPHAS8 Integrins PI3K activation (181)
EPHB NMDA receptor NMDAR phosphorylation (182)
EPHB E-Cadherin E-Cadherin redistribution (183)
EPHB2 Syndecan2 Syndecan2 phosphorylation (184)
EPHB2 L1 L1 phosphorylation (185)
EPHB2 an B4 CXCRA4 receptor AKT activation (A73)
EPHB2 and B3 RYK receptor Tyrosine phosphorylation (186)
EPHBG6 T cell receptor T cell activation (172)

Table 1.3 Crosstalk between EPH receptors and other receptors.

19



a ligand independent manner to promote integrin signaling (142). In the presence of the
preferential ligand for EPHA2, ephrinAl, the phosphatase SHP2 is recruited to the
EPHA2-FAK-integrin complex, where FAK is subsequently dephosphorylated and
inactivated (142). An additional example involves the interaction between EPHA2 and
AKT. Ligand stimulated EPHA2 downregulates AKT phosphorylation as a downstream
signaling effector, while in settings of EPHA2 overexpression (which equates to a lower
intrinsic dependency on the ephrin ligand) AKT can directly phosphorylate EPHA2 at site
S897 in turn regulating the receptor’s activity (168). The basis for the regulation of this
ligand dependent “switch” in signaling remains to be elucidated, but evidence suggests
that the composition and concentration of receptors and ligands on opposing cell
surfaces as well as the receptor and ligand avidity strongly contribute to the signaling

consequences observed.

Role in normal physiology

EPH receptors are expressed in many tissues throughout the body and tend to
be expressed at a higher level in the nervous system during development and in certain
pathological conditions such as cancer. EPH receptors were first described for their role
in axon guidance and subsequently tissue patterning, topographic mapping, and
morphogenesis during embryonic development, where concentration gradients of
receptors and ligands support motile behaviors through a series attractive and repulsive
interactions (133, 163). In regard to tissue patterning, EPHA3 expression has been
observed to inhibit the growth of the temporal retinal axon past the anterior tectum due
to low ephrin expression there (187). Additionally, EPHB2 has been observed to be
expressed at the ventral border of the pars posterior (acP), an axonal tract connecting
the two temporal lobes of the brain, guiding axons along this track against an ephrinB1

gradient (164). EPHB2 also appears to be important in patterning of the peripheral
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nervous system due to its overexpression in neural crest cells (188). Segmental
patterning of the hindbrain has been attributed in part to EPHA2, EPHA4, EPHB2 and
EPHB3 expression (189-192), while EPHA4 has been attributed to patterning of the
forebrain (193).

In addition to the nervous system, EPH RTKs and ephrin ligands have also
demonstrated a role in vascular biology. Expression of ephrinAl and ephrinB1 have
been detected in embryonic endothelial cells, suggestive of a role in endothelial cell
segregation and vascular development (194-197). EphrinAl has also been observed to
participate in aortic and mitral valve formation as well as angiogenesis in normal and
tumor tissue (133). Additionally, EPHB2, EPHB3, EPHB4, ephrinB1, and ephrinB2 have
also been implicated in vascular development in mice with ephrinB2 demonstrating a
particularly important role in embryonic vascular remodeling (194, 195, 198).

EPH RTKs and ephrins also have implications in epithelial tissue development
particularly in branched organs such as the intestines (e.g. EPHB2, EPHB3, and
eprhinB1) (199), kidney (e.g. EPHA2 and ephrinAl) (200, 201), mammary gland (e.g.
EPHA2, EPHB4, and ephrinB2) (202), and thymus (e.g. EPHA4) (203). Additionally, our
lab has shown that EPHAZ2 can regulate branching and penetration of the mammary
gland into the fat pad during development and puberty (202).

Lastly, EPH receptors have been associated with both embryonic and adult stem
cells, particularly in the brain and intestine (154, 204, 205). EphrinA2 has been
observed to be expressed on neural progenitor cells regulating the proliferation and
migration of neuroblasts to the olfactory bulb by the expression of EPHA7 on ependymal
cells (206). Additionally, B class ephrins have been observed to be expressed in the
subventricular zone guiding progenitor cell proliferation in that region by the presence or
absence of B class EPH RTK forward signaling (207). In the intestines, high EPHB2 and

EPHB3 expression is observed in stem cells at the base of the intestinal crypts, and this
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expression progressively decreases as the cells differentiate and move to the top of the
intestinal crypts (199). Interestingly, a gradient of B class ephrin expression is observed
in a reverse and complimentary fashion to the B class EPH RTKs demonstrating the
highest expression in the most differentiated cells at the top of the intestinal crypts

(Figure 1.8) (199).

Ephrin-B

Differentitaed
cells

*

Progenitor
cells

f

Stem cells

Table 1.8 EPHB signaling in adult intestinal stem cells. Stem cells residing at the
bottom of the intestinal crypt express high levels of EPHB receptors (green) while more
differentiated cells express high levels of ephrinB ligands (red) (Adapted from (208)).
Role in cancer

Overexpression and mutations in EPH RTKs have implicated this family of
receptors in tumorigenesis for over 25 years (209, 210). EPH RTKs, particularly EPHA2,
EPHB2, and EPHB4, have been observed to be overexpressed in a variety of malignant
tissues including those of the brain, breast, lung, and skin. Additionally, the expression
of many EPH receptors has positively correlated to a more aggressive tumor phenotype

(211-214). Conversely, not all EPH RTKs are considered oncogenic, and there is
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evidence of some EPH RTKs inhibiting tumorigenicity. Furthermore, the elevated
expression of some EPH RTKs on tumor blood vessels has also suggested a role for
EPH RTKs in the tumor microenvironment, particularly in the regulation of tumor
angiogenesis (215, 216). Lastly, mutations have been detected in EPH RTKs, most
notably EPHA3 and EPHAS in lung cancers and EPHB2 in prostate, gastric, colorectal,
and skin cancers although the functional consequences of these mutations is still being

uncovered (217-223).

Tumor promotion

Genome-wide expression analysis has revealed EPH RTKs as overexpressed in
many tissue types as compared to adjacent normal tissue with the degree of
overexpression positively correlating to the level of malignancy (216). This has been
observed for EPHAZ2 in lung cancer (224-226), breast cancer (227), pancreatic cancer
(228), and esophageal cancer (229) as well as EPHB4 in breast cancer (227) and
EPHB2 in brain cancer (230). Interestingly, EPH RTKs can be even further
overexpressed in tumors as a mechanism of resistance to targeted therapies. This has
been evidenced by EPHA2 overexpression in trastuzumab resistant breast cancer cells
(231), tamoxifen insensitive breast cancer cells (232), vemurafenib resistant melanoma
cells (233), and erlotinib resistant lung cancer cells (Chapter 3). Additionally, EPHB4
overexpression has been related to Imatinib resistance in Philadelphia chromosome
positive acute lymphoblastic leukemia (ALL) (234).

The causal role of EPH RTKSs in tumor promotion has been evidenced by the
transforming potential of these receptors when overexpressed in vitro. This has been
evidenced by the malignant transformation of normal-like, MCF-10A breast cancer cells
(e.g. anchorage-independent growth) by EPHA2 overexpression (235) and the increased

malignancy observed from overexpression of EPHAZ2 in pancreatic carcinoma cells
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(228). Conversely, RNAi-mediated silencing of EPH RTKs has impaired cell viability and
malignant progression in numerous cancer types. This has been evidenced by the
decreased cell viability and migratory potential upon knockdown of EPHAZ2 in lung (153,
236), breast (149), skin (237), ovarian (238), and pancreatic (228) tumor cell lines and
EPHB4 in breast cancer cell lines (239).

A tumor promoting role for EPH RTKs has also been observed in vivo using
transgenic animal models. EPHA2 knockout mice crossed with any of the following
oncogenic promotors, MMTV-Neu, KRAS®?P or EGFR8%8R*T790M (149 153) and
Chapter 3), led to decreased tumor progression and decreased tumor burden overall.
Additionally, a model of EPHB4 overexpression crossed with MMTV-Neu accelerated
tumor development and progression among these animals (239). These studies further
support a role for EPH RTKSs in tumor promotion.

A universal molecular mechanism by which EPH RTKs promote tumorigenesis
remains elusive and may be a product of the highly dynamic and diverse nature of this
family of RTKs. In tumor tissues it is hypothesized that EPH RTK overexpression drives
tumor promotion by both amplifying survival signaling (e.g. RAS/MAPK, and
PISK/AKT/mTOR), migratory signaling (e.g. RHO/RAC), and increasing interactions with
additional co-oncogenic receptors (e.g. EGFR, HER2, FGFR) (147, 149, 171). ltis also
possible that the loss of cellular organization in tumors exhibiting an epithelial to
mesenchymal transition (EMT) phenotype can decrease the likelihood of EPH-ephrin
interactions due to the requirement of cell-cell contact for bidirectional signaling (179,
205). Collectively, EPH RTK signaling is thought to promote tumorigenesis through a

combination of receptor overexpression and ligand independent signaling.
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Tumor angiogenesis and metastasis

Tumor cells require oxygen and nutrients for sustained proliferation and growth.
In an effort to obtain these vital factors, tumors secrete proteins (e.g. VEGF and FGF) to
stimulate vessel growth in the tumor microenvironment, a process called angiogenesis
(22). This process is critical for tumor cell dissemination and malignant progression to
distant sites as the vessels provide entry points into the circulatory system (240).
Interestingly, EPH RTKs are often highly expressed in tumor vascular endothelial cells
and inhibition of particular EPH family members, EPHA2 and ephrinB2, has successfully
decreased tumor mediated vessel growth in vivo (241, 242). Elevated expression of
EPH RTKs and ephrin ligands on tumor cells as well as the tumor vasculature may
provide a dual therapeutic advantage when targeting this family of proteins as they hold
the potential of inhibiting both cell viability and angiogenesis.

EPHAZ2 is not highly expressed in the developing or adult quiescent vasculature,
however its expression has been found distinctly in tumor vessels. EphrinAl, however,
has been found to be expressed in both developing and tumor vasculature with the
ability to promote angiogenic responses in vitro and neovascularization in vivo (196, 243,
244). Notably, although ephrinAl appears to be sufficient to support the development of
the vasculature in embryogenesis, it does not appear to be essential. This is evidenced
by the viability of ephrinAl knockout mice which display few detectable vascular
pathologies in addition to mild heart valve defects (197). Ligand dependent signaling via
ephrinAl is credited for the activation of EPHA2 (at Y587 and Y593) on endothelial cells
resulting in downstream activation of RAC1 via interaction with the guanine nucleotide
exchange factors, VAV2 and VAV3, which results in the regulation of endothelial cell
migration and assembly (137, 245, 246). In vivo studies utilizing an EPHA2 knockout
mouse or treatment with EPHA2-Fc fusion proteins on xenografted tumor cells have

demonstrated significantly decreased breast cancer angiogenesis and metastatic
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progression to the lung (245, 247-249). Additionally, EPHA2 has demonstrated a unique
role in regulating angiogenesis induced by VEGF (250). This effect has been further
suggested by the overexpression of ephrinAl in the context of resistance to VEGF
inhibitors in late stage pancreatic tumors in mice (251).

In contrast to EPHA2, ephrinB2 expression is detectable in the developing
vasculature (195, 252). The role of ephrinB2 in angiogenesis is linked to the effects of
its reverse signaling capabilities triggered by EPHB4 expression in both vascular and
tumor cells. EphrinB2 mediated reverse signaling has been identified as contributing to
vessel assembly, maturation, and maintenance of tumor-related vessels both in vitro and

in vivo (253-255).

Tumor suppression

Although in cancer, EPH RTKs are largely considered to have an oncogenic role,
there are many reports of this protein family also inhibiting tumor progression (139, 216).
These conflicting data may be attributed to a host of factors including tissue type,
disease stage, concentration gradients of EPH receptors and ephrin ligands, availability
for receptor-ligand engagement, and the presence or absence of mutations in these
receptors. By far the most documented context of EPH RTKs in tumor suppression has
been in the presence of ligand-receptor engagement (155, 168, 256). This has been
evidenced by decreased MAPK signaling in prostate epithelial cells, mouse embryonic
fibroblasts, bovine endothelial cells, lung cancer cells, and breast cancer cells as a result
of ephrinAl-Fc treatment (151, 167). In addition, decreased PI3K/AKT signaling
following ephrinAl-Fc treatment has been observed in glioma cells (168) and decreased
ABL/CRK signaling has been observed following ephrinB2 treatment in breast cancer
(155). Evidence from our lab has also indicated that EPH RTK’s tumor suppressive

functions can be modulated by deletions or mutations in EPH receptors, as
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demonstrated by loss-of-function mutations and the deleted focal locus 3p11.2 of
EPHAZ3 in lung cancer (257). Others have also reported mutations that alter EPH RTK’s
tumor suppressive functions, such as an ephrin binding mutant (E53K) found in EPHAS
(258) and a kinase domain mutant (G787R) found in EPHB2 (259). Increased
expression or activity of phosphotyrosine phosphatases such as LMW-PTP and PTPRO

can also decrease EPH RTK signaling and transformation potential (144, 260).

EPH-based therapeutics in cancer

Despite the complexity of signaling properties of EPH RTKSs, their role in tumor
promotion has made them attractive targets for therapeutic intervention. A variety of
strategies are being tested to target this family of receptors including agonistic
monoclonal antibodies, soluble EPH and ephrin fusion proteins, inhibitors of EPH RTK
expression, small molecule inhibitors, cytotoxic drug conjugates, and vaccine based
immunotherapy. These novel therapeutics currently span a wide range of therapeutic

development from early preclinical trials to phase 1l clinical trials.

Monoclonal antibodies

Due to the unique ligand mediated repression of EPH RTK signaling, agonistic
monoclonal antibodies (mAb) were among the first therapeutics considered for use in
targeting EPH RTKs (261). Mechanistically, these antibodies bind to their respective
EPH RTK and induce receptor activation followed by receptor degradation (261). For
EPHAZ2, two humanized mAb antibodies, 3F2-3M and 1C1-maleimidocaproyl-auristatin
phenylalanine (mcMMAF) (Medimmune) (231, 262) were developed, the latter is
conjugated to a potent tubulin polymerization inhibitor. Due to the overwhelming
success of 1C1-mcMMAF in preclinical studies boasting limited toxicity and significant

inhibition of tumor growth, it was promoted to phase | clinical trials (NCT00796055).
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Unfortunately, due to drug related bleeding and coagulation complications the trial was
discontinued (263). Additionally, mAbs against EPHB2 (2H9, Genetech) and EPHAS

(KB004, KaloBios Pharmaceuticals) have been developed for use in colon cancer and
hematological malignancies, respectively (264). Phase | clinical trials are underway to

test the safety and dosing of KBOO4.

Soluble EPH and ephrin fusion proteins, peptides, and siRNAs

Similar to mAb therapies, soluble EPH receptors and ephrin ligands have been
suggested as possible therapeutics working as competitive agonists for the receptor-
ligand complex. Preclinical studies have shown successful delivery of these soluble
receptors and ligands as fusion constructs composed of segments of the EPH RTK or
ephrin proteins fused to the Fc portion of a human immunoglobulin. EphrinB1-Fc and
ephrinAl-Fc fusion proteins have been shown to inhibit proliferation of breast cancer
(155, 253) and glioblastoma xenografts (265), respectively. It is possible that antibody-
dependent cell-mediated cytotoxicity (ADCC) may be contributing to the success
observed in vivo due to Fc fragment recognition from the immune system (266). In
addition to peptide-Fc fusion fragments, antagonistic peptides have also been identified
to inhibit EPH-ephrin engagement in both A and B classes (267-269).

Many reports using RNAi-mediated efforts to silence EPH RTK expression have
shown dramatic inhibition of cell growth and survival in vitro although issues of RNA
stability have directly limited the delivery of SIRNAs against EPH RTKSs in vivo.
Promising studies using the neutral lipid 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC) to package siRNAs have demonstrated an ability to reduce tumor growth in vivo

utilizing this strategy (238, 270).
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Anilipyrimidine derivatives

Benzenesulfonamide
derivatives

XL-647
Xanthine derivative
LDN-211904
Pyrido[2,3-d]pyrimidine
PD173955

Nilotinib
Dasatinib

JI-101
ALW-11-41-27
Bosutinib

Bafetinib

NVP-BHG712

Liposomal siRNA
delivery

Oligonucleotides
EPHA2-Fc and EPHA3-Fc
sEPHB4

KYL, SNEW, or TNYL-
RAW peptides

Dimethyl-pyrrole derivative

2H9 antagonistic mAb

EAl1l.2, EA2, B233, 3F2-
WT, EA5, Ab20, 1G9-H7,
mAB208
Dimerized I11A4 mAb
(KB004)

EphrinAl-Fc
EphrinB2-Fc
1C1 mAb-mc-MMAF
conjugate
bscEPHA2xCD3 mAb

YSA modified adenovirus

EphrinA1-PE38QQR
Pseudomonas exotoxin A

EPHB4
EPHB4

EPHB4
EPHB4
EPHB3

EPH RTKs

EPHB1, EPHB2, and

EPHB4
EPHA2, EPHBL,

EPHB2, and EPHB4

EPHB4
EPHA2
EPHB4 and EPHB1

EPHA2, EPHA5, and

EPHAS
EPHB4

EPHA2 and EPHB4
EPHA2 and EPHB4
EphrinA
EphrinB

EPHA4, EPHB2, or
EPHB4

EPHA2 and EPHA4
EPHB2

EPHA2

EPHA3

EPHA
EPHB4

EPHA2
EPHA2
EPHA2

EPHA

29

Kinase inhibitor
Kinase inhibitor

Kinase inhibitor
Kinase inhibitor
Kinase inhibitor

Kinase inhibitor
Kinase inhibitor

Kinase inhibitor

Kinase inhibitor
Kinase inhibitor
Kinase inhibitor

Kinase inhibitor
Kinase inhibitor
SiRNA
Oligonucleotides
Soluble receptors
Soluble receptor

Ephrin blocking
peptide
Ephrin blocking
compounds
Agonistic antibody

Agonistic antibody

Agonistic antibody

Soluble ligand

Soluble ligand
Cytotoxic
conjugate

Bispecific antibody
Cytotoxic
conjugate
Cytotoxic
conjugate

(271, 272)
(273)

(274)
(275, 276)
(277)

(278)
(279, 280)

(280-282)
(283)
(153, 233)
(282)
(284)

(285)
(238, 256,
286-290)

(287-291)

(248, 292-
294)
(295-297)
(255, 268,
269, 298-
301)

(298, 302)
(264)

(261, 266,
303-306)

(307)

(308)
(254)

(262, 309)
(310)
(311)

(312)



conjugate

EphrinAl gold coated EPHA Cytptoxm (313)
nanoshells conjugate
2H9 mAB—vc—MMAE EPHB2 Cyt_otoxm (264)
conjugate conjugate
Dendritic cell
EPHAZ2g33.801 EPHA2 vaccine (306)

Table 1.4 EPH receptor and ephrin ligand based therapeutics. Molecules in bold
have been or are currently being evaluated in clinical trials (Adapted from (216)).

Small molecule inhibitors

A variety of small molecule inhibitors exist to inhibit EPH-ephrin binding and
tyrosine kinase function (Table 1.4). The compounds 2,5-dimethylpyrrolyl benzoate
(298), salicylate (314), lithocholic acid derivatives (315), and azurin (316) have been
investigated for their abilities to inhibit EPH-ephrin interactions and reduce cell survival.
Additionally, ATP-competitive small molecule multi-kinase inhibitors have been
developed with potent EPH RTK inhibition of a spectrum of EPH RTKs (Table 1.4). XL-
647, a second generation EGFR TKI inhibitor in phase 11l clinical trials (NCT0147174)
and has been shown to inhibit ERBB2, VEGFR2, and EPHB4 (1.4nM) (274). Dasatinib,
a SRC, BCR, ABL, PDGFR, KIT, EPHA2, EPHB1, EPHB2, and EPHB4 inhibitor, is in
phase Il clinical trials for advanced stage melanoma (280, 282, 317). Other TKIs with
EPH-related inhibition include nilotinib (inhibits EPHB1, EPHB2, EPHB4) (280), bosutinib
(inhibits EPHB4 and EPHB1) (282), bafetinib (inhibits EPHA2, EPHAS5, EPHAS) (284),

NVP-BHG712 (inhibits EPHB4) (285), and ALW-II-41-27 (inhibits EPHAZ2) (153).

Immunotherapy

Because of the prominent overexpression of various EPH RTKs on the surface of
tumor cells, this family of receptors has been suggested as a candidate for vaccine

based therapy. To date successful preclinical and phase I/l clinical trials
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(NCT01876212) have demonstrated the utility of using dendritic cell vaccines loaded
with EPHA2 and EPHBG6 peptides to induce T cell activation and inhibit growth of glioma
and renal cell carcinoma (318, 319). In addition to EPH targeted cancer vaccines, a hi-
specific single-chain antibody construct has also been developed to simultaneously bind

EPHAZ2 on tumor cells and CD3 on T cells (310).

EPHAZ2 receptor

EPHA2 was discovered in 1990 in a HelLa cell screen to identify novel proteins
with tyrosine kinase activity, and it was originally called the epithelial cell kinase (ECK)
due to its ubiquitous expression in epithelial cells (320). This transmembrane receptor
tyrosine kinase is located on chromosome 1p36.1 and displays approximately 90%
sequence conservation between mouse and human (321). In terms of size, it is 976
amino acids in length and has a molecular weight of approximately 130 kDa (322). High
expression levels of EPHAZ2 can be observed in development, particularly in the distal
region of the primitive streak, the hindbrain, the brachial arches, the ventricular zones,
and also the developing bones (323). After development, EPHA2 expression is largely
lost, although its expression is still maintained in tissues with proliferating epithelial cells
such as the lung, ovaries, skin, and small intestines (320). Little is known about the
functions of EPHAZ2 in non-malignant, adult tissues, but evidence from its role in

malignancy indicate it as a key regulator of proliferation, survival, and migration.

EPHAZ2 expression in cancer

EPHAZ2 is overexpressed in a large number of cancer tissue types including
breast (151, 235, 324), ovary (325, 326), prostate (327), pancreas (228, 328), brain
(329-332), kidney (333), lung (225), melanoma (334), bladder (335), gastric (336),

esophageal (229), colorectal (337), and cervix (338). In addition to being overexpressed
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in many tumor tissues, the degree of EPHA2 overexpression has been observed to
correlate with a tumor’s aggressiveness and to the survival outcomes of patients. This
was observed in a cohort of lung cancer patients (h=105). Patients that had high
EPHAZ2 expression had a lower probability of cumulative survival, while patients with low
EPHAZ2 expression had better survival outcomes (224) (Figure 1.9A). Similar results
were seen when stratifying breast cancer patients based on EPHA2 expression using
the Van de Vijver dataset (Figure 1.9B). It is therefore suggested that EPHA2 may serve
as a prognostic marker for these two tumor types (211-214). In addition to prognosis,
EPHAZ2 expression has been observed to positively correlate to increased angiogenesis
and metastasis in a variety of cancer cell types. Specifically, this has been observed in
HERZ2 driven breast cancer (149) as well as ovarian cancer (339), melanoma (334), and

squamous cell carcinoma of the tongue (340).
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Figure 1.9 Survival analysis for EPHA2 expression in lung cancer and breast
cancer. (A) Kaplan-Meier analysis of EPHA2 expression vs. survival with lung cancer
patients stratified by EPHA2 expression levels, where low and high indicate expression
relative to the mean (n=105) (Adapted from (224)). (B) Kaplan-Meier analysis of EPHA2
expression vs. survival in breast cancer (Van de Vijver dataset), where high EPHA2
expression was defined as tumors with the highest quartile of EPHA2 expression and
low EPHA2 expression was defined as the lowest EPHA2 expressing quartile of tumors.
Overall survival was defined as death due to any cause (n=295) (Adapted from (227)).
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Overexpression of EPHA2 has been shown to be sufficient to transform cells,
and it is the principle mechanism by which EPHA2 drives tumorigenesis (235). Although
mutations in EPHA2 have been reported in cancer, they are rare in patient samples.
EPHAZ2 has been found to be further overexpressed in tumor cells with resistance to
molecularly targeted therapies (e.g. trastuzumab, vemurafenib, and erlotinib ((231, 233)
and Figure 3.1D). EPHA2 has also been observed to be highly expressed in cancer
stem-like cells both in malignant glioma and lung cancer (236, 265). In glioblastoma
stem cell populations, EPHA2 was found to regulate both the cancer stem cell’s ability to
self-renew as well as their ability to be motile and invasive (265, 341). In lung cancer,
EPHAZ2 expression was observed to positively correlate with the expression of the stem
cell marker, aldehyde dehydrogenase (ALDH). In addition, EPHA2 expression was
found to contribute to the formation of tumor spheroids in suspension and promote

tumorigenicity in a limiting dilution xenograft model (236).

Regulation of EPHA2 expression

The molecular mechanisms which regulate EPHA2 expression in tumor cells are
still not well understood. It is known, however, that EPHAZ2 is a transcriptional target of
p53, EGFR, and RAS/MAPK pathway activation (147, 151, 342). EPHA2 expression
levels are increased by the presence of p53, p63, or p73, which can bind to the p53
response element in the promoter region of EPHAZ2 to regulate its expression in addition
to cell survival (342). Another transcription factor that has been found to regulate
EPHAZ2 expression is C-MYC. Together with estrogen, MYC was observed to negatively
regulate EPHA2 expression in breast cancer cells (343).

EPHAZ2 expression has also been observed to positively correlate to EGFR
activation. Activation of EGFR by EGF was shown to increase both mRNA and protein

expression of EPHA2 (147, 344). Conversely, treatment with an EGFR tyrosine kinase
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inhibitor, was able to decrease EPHA2 expression after 2 hours in 1uM gefitinib or
erlotinib (345). This regulation of expression was specific to EPHA2, as EGFR TKI
treatment had no effect on the expression of other A class EPH family members, such
as EPHAL, EPHAS, and EPHAG (345). Additionally, recent work from our lab has
demonstrated that cells with acquired resistance to erlotinib, demonstrate a time
dependent increase in EPHA2 expression post removal of erlotinib from the culture
medium (Figure 3.1E). Similarly, RAS transformed cells have been observed to have
high levels of EPHA2 expression in vitro as well as in mouse models of HRAS mutant
breast cancer and KRAS mutant lung cancer (153, 346). RAF activation has been found
to positively regulate EPHA2 mRNA and protein expression, while MEK inhibition by the

compound U0126 has been shown to conversely inhibit EPHA2 expression (151).

EPHAZ2 receptor signaling in cancer

EPHAZ2 shares a degree of signaling similarity to other A class EPH RTKSs in its
ability to propagate forward signaling in both a ligand dependent and a ligand
independent fashion. EPHAZ2 preferentially binds to the ephrinAl ligand, although it can
also bind to ephrinA2, ephrinA4, and ephrinA5 at a lower affinity (163). Upon ligand
binding the EPHA2-ephrinAl complex can oligomerize and initiate an
autophosphorylation event starting with two tyrosine residues (Y587 and Y593) in the
juxtamembrane domain of the receptor. This is followed by activation of two additional
tyrosine residues in the kinase domain (Y734 and Y771) (137). Following these
phosphorylation events a number of adaptor and signaling effector proteins such as
SHC, SHP2, and GRB2 can bind to EPHAZ2 via the phosphorylated tyrosine residues.
VAV GEFs can bind to EPHA2 at sites Y587 and Y593, and PI3K can bind to EPHA2
directly at sites Y734 and Y771 (137, 145). Internalization and degradation of EPHA2

typically follow its ligand mediated activation (166). Of note, EPHAZ2 also signals in a
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ligand independent fashion, which is often the case in the disordered epithelium of tumor
cells exhibiting EPHA2 overexpression. In these instances, EPHA2 often mediates
signaling through interaction with another RTK, as has been evidenced by direct
interactions with EGFR and HER2 (147, 149).

It appears that EPHAZ2 is capable of inducing signals through multiple effector
pathways, and although it is not clear what drives EPHAZ2’s pathway preference in a
given tumor, it is possible that ephrin expression, tissue type, microenvironmental
factors, and mutation status may contribute to the pathway selection process. Similar to
the ERBB family member, EGFR, EPHA2 has been observed to signal through the
RAS/MAPK, PISK/AKT/mTOR, and RAC/RHO pathways. In concert with its ability to
control cellular proliferation, EPHA2 has been shown to control MAPK signaling as
measured by phosphorylation of ERK1/2 in breast cancer (143, 149, 151), prostate
cancer (167), and mesothelioma (347). Additionally, work from our lab has indicated
alternative cellular survival signaling pathways for EPHA2 in lung cancer, including
regulation of the PISBK/AKT/mTORC1 pathway culminating in phosphorylation and
inactivation of the pro-apoptotic protein, BAD, (153) as well as regulation of the JNK/C-
JUN pathway (236). Inlung cancer, EPHA2 has also been observed to modulate
phosphorylation of a downstream component of the MAPK pathway, p90-RSK (153),
which has been observed to not only regulate transcription but also regulate components
of the PIBK/mTORC1 signaling axis through phosphorylation of TSC2, S6, and BAD
(348-351).

In promotion of a migratory and invasive phenotype, EPHA2 has also been
observed to regulate RHOA and RAC1. Activation of RHOA by EPHA2 has been noted
in the context of its interactions with FAK (157, 158) as well as the HER2 receptor (149).
Ligand stimulation of EPHA2 was found to activate RAC1 contributing to EPHA2

receptor endocytosis in a PI3K dependent manner (352).
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Pharmacological inhibition of EPHA2

Because of its prominent overexpression and oncogenic profile in a large range
of tumors, efforts to pharmacologically inhibit EPHA2 have been attempted for many
years. Due to the ligand mediated signaling repression displayed by EPHA2, agonistic
monoclonal antibodies were among the first therapeutics tested. Among the antibodies
developed, a fully humanized mAb from Medlmmune, 1C1, was able to induce EPHA2
phosphorylation and degradation although it was not able to reduce cell viability (262).
Subsequent efforts to use this antibody conjugated to a chemotherapeutic payload (1C1-
mc-MMAF) blocked tumor growth in vivo, but unfortunately did not pass phase | clinical
trials due to drug related toxicities (263). Other studies have assessed the therapeutic
potential of treating tumors with liposomes bearing EPHA2 siRNAs (238). Additional
studies have assessed the efficacy of treating tumors with an infusion of soluble
ephrinAl fused to an Fc portion of an immunoglobulin (ephrinAl-Fc) (308) to silence
EPHAZ2 by inducing receptor internalization and degradation. Issues of RNA and protein
stability have made these various methods difficult, although currently the use of
liposome encapsulated EPHA2 siRNAs is in phase | clinical trials.

Additionally, small molecule tyrosine kinase inhibitors have been developed for
EPHA2. Due to a high level of conservation of EPHA2’s kinase domain with the kinase
domains of other EPH family members as well as other receptor tyrosine kinases,
specific inhibition of EPHAZ2 has been challenging. Dasatinib has demonstrated potent
activity against EPHA2, although it is a pan-kinase inhibitor also inhibiting SRC, ABL,
PDGFR, KIT, EPHB1, EPHB2, and EPHB4 (280, 282). Another pan-kinase inhibitor,
bafetinib, was shown to inhibit EPHA2 in addition to ABL, LYN, EPHA5, and EPHAS8
(284). More recently, a type Il EPHA2 kinase inhibitor, ALW-II-41-27, was developed
with ability to bind to both to the ATP binding region of the kinase domain and also a

secondary allosteric location to increase specificity for EPHA2 (153). This drug has
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been tested in KRAS and EGFR mutant lung cancer in vitro and in vivo, and it will be

discussed further in Chapters 2 and 3.

Thesis projects

Although a significant amount of progress has been made in the molecular
diagnosis and treatment of lung cancer, this disease still accounts for approximately
160,000 deaths per year in the United States. Due to innate and acquired resistance to
therapeutics as well as the lack of therapeutics available for even the most commonly
observed mutations in lung cancer (e.g. KRAS), it is essential to evaluate novel targets
for therapeutic intervention. The EPH family of receptor tyrosine kinases has long been
implicated in cancer with the EPHA2 receptor overexpressed in many different tumor
types including the lung. While previous studies have provided correlative data linking
high EPHA2 levels to poor clinical outcomes in human lung cancer populations, the
biology underlying these observations and translational potential of these correlations
remained underexplored. This dissertation set out to determine the functional and
mechanistic role of EPHAZ2 in lung cancer, particularly in relation to different genetic
subtypes of lung cancer. To this end we integrated genetically engineered mouse
models, RNAi-mediated silencing techniques, characterization and implementation of a
small molecule inhibitor, data mining of clinical specimens, and staining of lung cancer
patient tissue to systematically investigate the function of EPHAZ2 in lung cancer. The
thesis projects presented here include several significant findings. We demonstrated
that EPHA2 promotes cellular survival in a large panel of lung cancer cell lines most
notably in those harboring activating KRAS and EGFR™"*™ mutations. We provided the
first functional evidence that EPHA2 promotes tumor growth in vivo as evidenced by
human lung cancer xenografts as well as two independent transgenic mouse models of

lung cancer, Kras®*P (LA2) and Tet-O-EGFR"*8R*T790M = Mechanistically, we identified
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that S6K1-dependent BAD phosphorylation is a key signaling event mediating the
EPHA2-regulated cell survival pathway in lung cancer. Furthermore, we identified a
selective EPHAZ2 kinase inhibitor, ALW-II-41-27, that suppressed cell viability in vitro and
reduced tumor growth of both KRAS and EGFR™™ mutant lung cancer xenografts in

vivo, demonstrating the translational potential of targeting EPHAZ2 in lung cancer.
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CHAPTER I

GENETIC AND PHARMACOLOGIC INHIBITION OF EPHA2 PROMOTES
APOPTOSIS IN NSCLC
The work presented in this chapter is published with the same title in the Journal of
Clinical Investigation, May 2014 [Volume 124, Number 5].
Reproduced with permission of the American Society for Clinical Investigation, order

license ID: 3561431359501, order detail ID: 66125579.

Abstract

Genome-wide analyses determined previously that the receptor tyrosine kinase
(RTK) EPHA2 is commonly overexpressed in non—small cell lung cancers (NSCLCs).
EPHAZ2 overexpression is associated with poor clinical outcomes; therefore, EPHA2 may
represent a promising therapeutic target for patients with NSCLC. In support of this
hypothesis, here we have shown that targeted disruption of EphA2 in a murine model of
aggressive Kras-mutant NSCLC impairs tumor growth. Knockdown of EPHA2 in human
NSCLC cell lines reduced cell growth and viability, confirming the epithelial cell
autonomous requirements for EPHA2 in NSCLCs. Targeting EPHA2 in NSCLCs
decreased S6K1-mediated phosphorylation of cell death agonist BAD and induced
apoptosis. Induction of EPHA2 knockdown within established NSCLC tumors in a
subcutaneous murine model reduced tumor volume and induced tumor cell death.
Furthermore, an ATP-competitive EPHA2 RTK inhibitor, ALW-11-41-27, reduced the
number of viable NSCLC cells in a time-dependent and dose-dependent manner in vitro
and induced tumor regression in human NSCLC xenografts in vivo. Collectively, these

data demonstrate a role for EPHAZ2 in the maintenance and progression of NSCLCs and
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provide evidence that ALW-II-41-27 effectively inhibits EPHA2-mediated tumor growth in

preclinical models of NSCLC.

Introduction

Genome-wide expression analyses of human lung cancer have identified a
number of receptor tyrosine kinases (RTKs) as overexpressed and potentially
representing drivers of non—small cell lung cancer (NSCLC) (217, 353-355). Among
these RTKs was EPHA2, which belongs to the largest family of RTKs, the EPH family.
EPH family proteins have been recognized increasingly as key regulators of both normal
development and disease (reviewed in refs (123, 124, 126)). EPH molecules contain a
single transmembrane-spanning domain and distinct domains for ligand binding,
receptor clustering, and signaling. Binding of EPH receptors to their ligands, known as
EPHRINS, induces receptor clustering and activation. In addition to ligand-induced
receptor activities, EPH receptors can also be activated by other cell-surface receptors,
such as EGFR and ERBB2 (147, 149). Multiple intracellular signaling pathways have
been linked to EPH receptors, including RAS/RAF/MAPK, PI3K/AKT/mTOR, SRC, FAK,
ABL, and RHO/RAC/CDCA42 (reviewed in refs. (123, 124, 126)). An oncogenic role for
EPHAZ2 has been suggested due to its overexpression in lung cancer as well as the
correlation of high levels of EPHA2 with smoking, brain metastasis, disease relapse, and
overall poor patient survival (224-226). However, the biological and clinical relevance
underlying these observations remains poorly understood.

Similar to what is seen in lung cancers, EPHA2 is overexpressed in a number of
other cancers, including breast cancer. Preclinical models provide compelling evidence
that EPHA2 overexpression increases breast tumor formation, malignant progression,
and therapeutic resistance to antitumor therapies (149, 231). Large-scale expression

profiling for EPHA2 transcript levels in relation to clinical outcome revealed a negative
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association between EPHAZ transcript levels and overall survival in breast cancer (227).
These findings are consistent with preclinical studies in genetically engineered mouse
models of breast cancer, which revealed distinct roles for EPHA2 in the tumor epithelia,
in which EPHAZ signaling drives tumor cell proliferation and survival, and in the tumor
microenvironment, in which EPHAZ2 is required for tumor angiogenesis (149, 157, 249).
Thus, therapeutic inhibition of EPHA2 in breast cancers may provide a dual benefit to
the patient, targeting both the tumor cells and the tumor microenvironment. The role of
EPHAZ2 in lung tumor growth and/or angiogenesis is not yet clear.

In this study, we used a genetically engineered mouse model of NSCLC driven
by mutant Kras to demonstrate that gene targeting of EphA2 decreased growth and
progression of spontaneous NSCLCs. We found that RNAi-mediated silencing of EPHA2
inhibited the number of viable tumor cells in a panel of human NSCLC cell lines in vitro.
Targeting EPHA2 in KRAS mutant NSCLCs decreased S6K1-mediated BAD
phosphorylation and induced apoptosis. Using human NSCLC xenografts, we found that
inducible loss of EPHAZ2 from preexisting tumor cells decreased tumor growth.
Furthermore, an ATP-competitive, small-molecule tyrosine kinase inhibitor for EPHA2
decreased tumor cell viability in vitro and tumor growth in vivo. Collectively, these

studies identify EPHAZ2 as a promising therapeutic target for NSCLCs.

Methods

Tumor studies in mutant Kras knockin mice

G12D

Kras™*? mice harboring the Kras®?® mutation (47) were provided by Ambra Pozzi

(Vanderbilt University). Kras**2

mice were crossed with EphA2 heterozygous mice (245)
on the C57BL/6 background to generate Kras®?°EphA2*"* and Kras®*?°’EphA2~~ mice.
Age-matched Kras®?PEphA2*"* and Kras®*PEphA2~" littermates were sacrificed at 3

different time points: 15, 20, and 25 weeks of age. Genotypes were confirmed for each
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animal in the study 2 independent times by analyzing genomic DNA of both tail and ear
tissues, respectively. EphA2 primers were 5-GGGTGCCAAAGTAGAACTGCG-3'
(forward), 5-GACAGAATAAAACGCACGGGTG-3' (Neo), and 5'-
TTCAGCCAAGCCTATGTAGAAAGC-3' (reverse) (245). Kras primers were 5'-
TGCACAGCTTAGTGAGACCC-3' (common forward), 5-GACTGCTCTCTTTCACCTCC-
3' (wild-type reverse), and 5'-GGAGCAAAGCTGCTATTGGC-3' (mutant reverse). Lungs
removed for analysis were first perfused with 1x PBS followed by 10% buffered formalin
(Fisher). Lungs were weighed after 24 hours of fixation in formalin. Lung tumor surface
area was calculated by measuring a length (I) and width (w) of each surface tumor

nodule and using the area calculation ([l + w]/4)? x .

MRI

Mice were anesthetized via inhalation of 2%:98% isoflurane:oxygen. Animals
were secured in a prone position in a 38-mm inner diameter radiofrequency coil and
placed in a Varian 7T horizontal bore imaging system (Varian Inc.) for data collection.
For each animal, multi-slice scout images were collected in all 3 imaging planes (axial,
sagittal, and coronal) for subsequent localization of the lungs, using a gradient echo
sequence with repetition time = 75 ms, echo time = 4 ms, slice thickness = 2 mm, flip
angle = 30°, and an average of 4 acquisitions. Additional parameters include field of
view = 32 mm x 32 mm and data matrix = 128 x 128. Following localization of the lungs,
a respiratory-triggered T2-weighted fast-spin echo imaging sequence was used to
acquire image slices in the axial plane, with field of view = 25.6 mm x 25.6 mm, slice
thickness = 1 mm, repetition time = 2 seconds, effective echo time = 36 ms, data matrix
=256 x 256, and an average of 16 acquisitions, with a total acquisition time of
approximately 25 minutes per animal. Following image acquisition, lung tumor volume

measurements were performed using Matlab 2012a (The MathWorks Inc.). A region of
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interest encompassing the entire lung was manually drawn for each slice, and a signal
intensity threshold of 25 times the noise level (defined as the standard deviation of signal
intensities in a region of the image background) was used to segment voxels within that
region of interest as positive for tumor. Total lung tumor volume was then calculated as
the sum of the number of voxels within the segmented tumor region multiplied by the

volume of each voxel.

Immunohistochemistry

Whole lungs and tumors were harvested at the indicated time points and fixed in
10% buffered formalin (Fisher). Immunohistochemical staining for EPHA2 and PCNA
was performed as described previously (248). A proliferation index was calculated as the
average percentage of PCNA+ nuclei relative to total nuclei (4 fields of at least 5 tumors
per genotype or treatment condition were assessed). Apoptosis assays were performed
using the Apoptag Red In Situ Apoptosis Detection Kit per the manufacturer’s protocol
(Millipore). An apoptosis index was measured as the percentage of TUNEL+ nuclei
relative to total nuclei (4 fields of at least 5 independent tumors per genotype or
treatment condition were assessed). Immunofluorescence staining for VWWF was
performed as described previously (249). Tumor vessel density was determined by
assessing the VWF+ vessels (pixels) in 4 fields per sample of at least 5 independent
tumors per genotype or treatment condition. Antibodies against the following proteins
were used: EPHA2 (Invitrogen; 347400), PCNA (BD Biosciences), VWF (Dako
Cytomation), biotin goat anti-rabbit (BD Pharmingen), and anti-rabbit Cy3 (Jackson
ImmunoResearch). Additionally, retrievagen A (pH 6.0) (BD Pharmingen, 550524),
streptavidin peroxidase reagents (BD Pharmingen, 51-75477E), and the liquid 3,3'-

diaminobenzidine tetrahydrochloride substrate kit (Zymed Laboratories) were used.
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Cytoseal XYL (Richard Allan Scientific) or ProLong Gold antifade reagent with DAPI (Life

Technologies) were used to mount slides.

Cell culture

The human NSCLC lines were provided by David Carbone, William Pao, and
Pierre Massion (Vanderbilt University). 293T cells were purchased from the ATCC. All
NSCLC cells were maintained in RPMI 1640 medium (Corning/Cellgro) supplemented
with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 pug/ml), and 10% fetal
bovine serum (Thermo Scientific, HyClone Laboratories Inc.). 293T cells were
maintained in DMEM (Corning/Cellgro) supplemented with L-glutamine (2 mM), penicillin
(200 U/ml), streptomycin (100 ug/ml), and 10% fetal bovine serum (Thermo Scientific,
HyClone Laboratories Inc.). Authenticity of the cells was verified by DNA profiling, flow
cytometry, or immunohistochemistry. Cells were grown in a humidified incubator with 5%
CO; at 37°C. Stable cell lines generated with the pLKO.1 and pTRIPZ vectors were
maintained in 1 to 2 ug/ml of puromycin containing complete media. For cells transduced
with the pTRIPZ vector, production of shRNA was initiated with addition of 1 ug/ml DOX
(Sigma-Aldrich) to the media, which was refreshed every 3 days. EPHA2 ON-
TARGETplus Human SMARTpool siRNA (L-003116-00-0005) and ON-TARGETplus
Non-Targeting pool siRNA (D-001810-10-05) (Dharmacon/Thermo Scientific) were used
at a concentration of 12.5 nM in conjunction with Lipofectamine RNAIMAX transfection
reagent (Invitrogen) according to the manufacturer’s protocol. Stable EPHA2 knockdown
cells lines were created by lentiviral transduction of a pLKO.1 vector containing EPHA2-
specific ShRNA constructs (ShEPHA2 no. 1 mature sense 5'-
CGGACAGACATATAGGATATT-3' or shEPHA2 no. 2 mature sense 5'-

GCGTATCTTCATTGAGCTCAA-3'). Plasmids were obtained from Open Biosystems.
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Inducible shEPHA2 (5-AAGGAGACTTTCAACCTCT-3') and scrambled control plasmid

constructs (pTRIPZ) from Open Biosystems were also used.

Cell viability assays

MTT assay. Cells were seeded in 100 ul media in 96-well plates at a density of 4,000
cells per well. On the final day of the assay, 20 pl of 5 mg/ml of thiazolyl blue tetrazolium
bromide (MTT) (Sigma-Aldrich) in PBS was added and incubated at 37°C for 2 hours.
The MTT solution was aspirated, and an isopropanol solution with 4 mM HCIl and 0.1%
Nonidet P-40 was added and incubated at room temperature for 10 minutes. The
absorbance was read on a spectrophotometer (BioTEK) at 590 nm. All experimental
points were set up with at least 6 replicates and were performed at least 2 independent
times. Cell viability was presented as a percentage of cells transduced with an empty

vector, transfected with scrambled siRNA, or treated with a vehicle alone.

Cell death ELISA. Cells were seeded along with RNAIMAX transfection reagent and

appropriate siRNAs (12.5 nM final concentration). At 72 hours after transfection, cells
were washed once with PBS and lysed as per the manufacturer’s instructions (Cell
Death Detection ELISA PLUS kit, Roche). Detection of histone-associated DNA
fragments in the lysate was measured using biotin labeled anti-histone and peroxidase-
conjugated anti-DNA antibodies. Signal was detected upon the addition of the

peroxidase substrate ABTS, and the absorbance was measured at 405 nm wavelength.

TUNEL assay. TUNEL was used to assess apoptosis. Cells were seeded on 8-well
chamber slides (Lab-Tek), and the Apoptag Red In Situ Apoptosis Detection Kit
(Millipore) was used according the manufacturer’s instructions. Four representative

images were taken of the TUNEL staining, with corresponding DAPI staining, and the
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number of TUNEL-positive nuclei relative to total nuclei per image was counted and

calculated. Data are representative of at least 2 independent experiments.

Antibodies and immunoblotting

Antibodies against the following proteins were used: EPHA2 (D7, mouse
monoclonal, 1:1,000, Millipore); phospho-tyrosine pY20 and pY99 (mouse monoclonal,
1:1,000, Santa Cruz Biotechnology); B-tubulin (mouse monoclonal, 1:2,000, Sigma-
Aldrich); p-AKT (S473 and T308), AKT, p-ERK (T202/Y204), ERK, p-P90RSK (S380),
RSK, p-S6K1 (T389), S6K1, p-S6 (S235/6), S6, p-BAD (S112), BAD (all rabbit
monoclonal, 1:1,000, Cell Signaling Technology); cleaved caspase-3, caspase-3, and
cleaved PARP (all rabbit, 1:500, Cell Signaling Technology). HRP-conjugated anti-
mouse and anti-rabbit antibodies were used, respectively. For immunoblotting, cells
were washed with 1x PBS and lysed on ice with RIPA buffer supplemented with a
protease inhibitor cocktail (P8340) (Sigma-Aldrich) and phosphatase inhibitors (Roche
Diagnostics). Lysates were subjected to SDS/PAGE followed by blotting with the
indicated antibodies. Signal detection was achieved using Clarity Western ECL substrate

(Bio-Rad).

Tumor xenograft

H358 cells (15 x 10° cells) containing a DOX-inducible scrambled or EPHA2
knockdown sequence (pTRIPZ) were injected with Matrigel into opposing hind flanks of
6-week-old athymic nude mice (Foxn1™) (Harlan). When tumors reached approximately
150-250 mm?, animals were randomized to receive either a DOX-containing diet
(TD.00426, Harlan) or a standard mouse diet. Tumors were measured every 2 days
using digital calipers. Volumes were calculated using the following formula: volume =

length x width? x 0.52.
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For inhibitor studies, 15 x 10° H358 cells were injected with Matrigel into the hind
flanks of 6-week-old athymic nude mice (Foxnl1l™) (Harlan). Once tumors reached 150—
250 mm3, animals received either 15 mg/kg (Figure 2.11A) or 30 mg/kg (Figure 2.111) of
ALW-II-41-27 or NG-25 in 10% 1-methyl-2-pyrrolidinone and 90% PEG 300 or the
vehicle alone. Mice were treated 2 times daily via intraperitoneal injection, and tumors
were measured daily with digital calipers. Volumes were calculated using the following

formula: volume = length x width? x 0.52.

Kinase inhibitor screen and analysis of drug-target interaction in vivo
ALW-11-41-27 and NG-25 were synthesized in the lab of Nathanael Gray. The
inhibitors were dissolved in DMSO for all in vitro studies. In situ drug-target interaction in
tumor xenografts was analyzed by a chemical proteomics platform, KiNativ, at ActivX
Inc., as described previously (356, 357). Tumor lysate was incubated with ATP-biotin
labeled probes to assess which kinases received protection from the drug binding via
MS analysis. Based on the resulting data set, parent ions corresponding to each kinase
were selected for targeting and were assembled into a time-segmented target list using
the instrument control software XCalibur 2.2. All MS data were analyzed using custom
software that was designed to extract and normalize signals from relevant probe-labeled
peptides. Signals were normalized based on the average signal ratios of major parent
ions throughout the run. For signal extraction/quantitation, typically up to 4 ions were
selected based on their presence, intensity, and correlation to the reference MS/MS
spectrum. The resulting chromatographic peaks from each run were then integrated, and
the integrated peak areas were used to determine percent inhibition values relative to
control runs. Enzymatic ICso data in Supplemental Table 2 were generated by in vitro
kinase assays that were conducted at Life Technologies using the SelectScreen Kinase

Profiling Service.
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Statistics

For animal studies, linear mixed models were used to estimate the effects of
treatment and genotype on tumor volume change over time and to account for potential
correlation of within subject measurement. Possible values of the variable are from
round 1 or round 2 of the duplicated experiment. In addition to estimated effect sizes and
information criteria, P values for fixed-effects terms were calculated for a better
understanding of findings by performing a likelihood ratio test for each term and model.
These analyses were performed using R 2.15.1. For other studies, 2-tailed Student’s t
test was used for comparisons between 2 groups, and ANOVA or Kruskal-Wallis tests
were used for analysis with multiple comparisons. All tests of statistical significance were

2 sided, and P values of less than 0.05 were considered to be statistically significant.

Study approval

All animal experiments were conducted under guidelines approved by the

AAALAC and Vanderbilt University Institutional Animal Care and Use Committee.
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Results

EphA2 promotes tumor growth in a transgenic mouse model of spontaneous
NSCLC.

Under physiological conditions, EphA2-deficient mice produced by gene targeting
are viable, fertile, and healthy. However, previous studies demonstrated that EphA2 loss
decreases growth of transgenic mouse mammary tumors and decreases tumor
angiogenesis (149, 249). We therefore used the EphA2-deficient mouse model to
determine whether EPHAZ2 is required in a transgenic mouse model of NSCLC, encoding
a latent Kras®'?" allele knocked in at the endogenous Kras locus (47). In this model, lung
cancers driven by the active mutant Kras®?® develop spontaneously within the innate
tissue microenvironment, recapitulating human lung cancer pathology. To assess tumor
burden in Kras®*?PEphA2** and Kras®**°EphA2~~mice, we measured total lung wet
weight over a time course. We found that Kras®**P tumor-bearing lungs were heavier

than tumor-free lungs lacking Kras®*?°

expression (Figure 2.1A), suggesting that lung
weight correlates with tumor burden. A reduction in lung wet weight was observed in
Kras®*?PEphA27~ mice compared with that in Kras®*?°?EphA2*"* controls. Importantly,
tumor-free lungs harvested from EphA2~~ mice were similar in weight to those harvested
from tumor-free EphA2*"* mice, indicating that the decreased lung weight seen in
Kras®*?PEphA2~~ mice was due to reduced tumor burden. It is possible, however, that
lung weight could be altered as a result of changes in interstitial fluid volume in the lung
because of the known role of EPHAZ2 in angiogenesis. To distinguish between these
possibilities, tumor burden was assessed by two additional methods. First, we measured
the area of tumors on the surface of lungs harvested at 3 time points (Figure 2.1B),

demonstrating a decreased burden of surface lung tumors in Kras®*?°?EphA27~ mice

compared with that in Kras®**°EphA2*"* mice. Additionally, lung cancer progression in
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Kras®?PEphA2*"* and Kras®*?PEphA2~~ mice was monitored using MRI, beginning at 15
weeks of age, when tumors were evident in both groups of mice (Figure 2.1C).

Kras®*PEphA2~"~ lung tumors were smaller than tumors in Kras®**°EphA2*"* mice at 15
weeks of age, and this difference became more pronounced at 20 and 25 weeks of age

(Figure 2.1D).
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Figure 2.1 Loss of EphA2 results in decreased tumor burden in a Kras®?® knockin
mouse model of spontaneous NSCLC. (A) Lungs of wild-type and EphA2-deficient
mice were collected, and the total lung weight was measured at 15, 20, and 25 weeks of
age to assess the additional mass contributed to the lungs by the tumor burden. Average
lung weight + SEM is shown (n = 10 per genotype). (B) Tumor area on the lung surface
was measured by a digital caliper and presented as average lung tumor surface area *
SEM (n = 8 per genotype). (C) Wild-type and EphA2-deficient Kras®*?® mice were
subjected to MRI at 15, 20, 25 weeks of age. T2-weighted MRI images were taken in the
axial plane with slice thickness of 1 mm. Representative images at 15, 20, and 25 weeks
are shown. White arrows indicate tumor tissue. H, heart; S, spine. (D) Tumor volumes
were quantified as a composite of 10 serial MRI slices of the lung per mouse using
Matlab software and were graphed as a tumor burden index relative to 15 weeks = SEM
(n =5 per genotype). *P < 0.05.
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Histological analysis of the lungs demonstrated the presence of tumors in
both Kras®*?PEphA2** and Kras®**°EphA27~ mice and the absence of EPHA2
expression in EphA2-knockout mice (Figure 2.3, A and B, and Figure 2.2A). Tumors
were less frequent and smaller in size in Kras®*?PEphA2~~ mice compared with those in
Kras®?PEphA2*"* mice. Tumor cell apoptosis, as measured by TUNEL staining, was
significantly higher in Kras®*?°EphA2~~ tumors compared with that in Kras®*?°EphA2**
tumors (Figure 2.3, C and D), whereas tumor cell proliferation, as measured by PCNA

immunohistochemistry, was unchanged in Kras®**°EphA2~"~ tumors (Figure 2.3, E and
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Figure 2.2 EPHA2 expression and activity in NSCLC. (A) EPHA2 expression was
assessed in the lung tissue of a mutant Kras model of NSCLC by western blot analysis
of paired tumor and normal lung tissue. Two representative mice were used per
condition (Kras®**?EphA2**, A and B, and Kras®**’EphA2™", C and D). EPHA2
expression levels in mouse tumors were compared with those in human NSCLC lines.
(B) Cells were serum starved overnight and stimulated with EPHRIN-A1
(EFNA1,100ng/mL) for 15 minutes before lysis. EPHA2 was immunoprecipitated,
followed by immunoblotting for phospho-tyrosine (pY). (C) Total cell lysates of cells
starved and stimulated with 10% FBS were probed for phosphorylated EPHA2 (S897).
Relative levels of EPHA2 expression across the various cell lines are shown. 3-
TUBULIN expression was used as a loading control.
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Figure 2.3 EphA2 deficiency results in increased apoptosis in Kras®?® tumors. (A)
H&E-stained lung sections (25 weeks) showing tumors derived from Kras®*?°PEphA2~~
mice relative to those derived from Kras®*??EphA2*"* mice. Scale bar: 200 ym. (B) Loss
of EPHA2 protein expression in tumors was confirmed by immunohistochemistry (IHC).
Scale bar: 50 um. (C) Apoptosis in tumor sections was measured by the TUNEL assay.
TUNEL+ nuclei (red) are indicated with arrowheads. Scale bar: 50 um. (D) Apoptosis
was quantified as a percentage of TUNEL-positive nuclei relative to the total nuclei.
Apoptosis index is presented as average percentage of TUNEL-positive nuclei per total
nuclei £ SEM (n = 6 per genotype). (E) Tumor cell proliferation was assessed by PCNA
immunohistochemistry. Arrowheads indicate representative proliferating nuclei. Scale
bar: 50 um. (F) Proliferation was quantified by assessing the total number of PCNA+
nuclei (brown) compared with the total nuclei. Proliferation index is presented as
average percentage of PCNA-positive nuclei per total nuclei + SEM (n = 6 per
genotype). (G) Tumor vasculature was assessed by vVWF immunofluorescence (green).
Arrowheads indicate tumor microvessels. Scale bar: 50 ym. (H) Microvessels in the
tumor were quantified by measuring VWF+ pixels in each tumor field £+ SEM (P = 0.07) (n
= 6 per genotype). **P < 0.01.
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F). Because EPHAZ2 is known to promote tumor angiogenesis in breast cancer models
(249), we assessed tumor microvessels in situ using immunofluorescence detection of
VWF to visualize endothelial cells. These studies revealed a modest decrease in VWF-
positive tumor vessels in Kras®*?°?EphA2~"~ tumors compared with that in
Kras®*?PEphA2*"* tumors (Figure 2.3, G and H). Collectively, these results show that
EPHA2 promotes progression of NSCLCs within their native microenvironment, such
that genetic ablation of EphA2 limited progression of this aggressive NSCLC tumor

model.

Epithelial EPHAZ2 is required to maintain viable NSCLC cells.

EPHAZ2 is overexpressed across all major histological subtypes of human
NSCLC, and this overexpression is associated with poor clinical outcomes (224-226).
Using a lentiviral-based shRNA strategy to silence EPHA2 expression in a panel of 14
human NSCLC cell lines (Table 2.1), we assessed the number of viable cells in culture 3
days after plating in media supplemented with 10% serum (Figure 2.4A). In 8 of 14 cell
lines tested, EphA2 shRNA (shEphA2) reduced the number of viable tumor cells by
more than 25% compared with cells treated with control shRNA (shControl). Of these 8
NSCLC cell lines, 6 harbored activating KRAS mutations, 1 harbored an activating
NRAS mutation, and 1 harbored an oncogenic EGFR mutation, highlighting EPHA2 as a
potential therapeutic target across several NSCLC genetic subtypes, even the difficult-
to-treat KRAS subtype. Western blot analysis performed in parallel with the MTT assays
showed a substantial loss of EPHA2 protein expression in ShEPHA2-infected cells
(Figure 2.4B). By 5 days after plating, shEPHAZ2-infected cells that showed initial
sensitivity to EPHAZ2 inhibition demonstrated a further reduction in the number of viable
tumor cells, with decreases ranging from 50% to 80% compared with that in shControl-

infected cells (Figure 2.4C, top 6 graphs).
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Cell Line KRAS EGFR Other Mutations
A549 G128

H2009 G12A

H2030 G12C

H23 G12C

H358 G12C

H460 Q61H

H1975 L858R; T790M

H3255 L858R

HCC827 A19

PC-9 A19

H1299 NRAS
H1437 MEKT
H1781 HERZ2
H3122 EML4-ALK

Table 2.1. Lung cancer cell lines with respective driver mutations.

Cell lines most sensitive to EPHAZ2 inhibition demonstrated higher EPHA2
receptor phosphorylation upon stimulation with either EPHRIN-A1 or serum (Figure 2.2,
B and C), suggesting that EPHA2 receptor activity drives an increase in viable NSCLC
cells. While these data do not rule out the contribution of EPHA2 in the NSCLC
microenvironment, this observation supports the hypothesis that targeting EPHA2 may
be a feasible therapeutic approach for NSCLCs with heightened EPHA2

phosphorylation.
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EPHAZ2 increases NSCLC tumor cell survival.

To determine whether EPHAZ2 is required for NSCLC cellular survival, we assessed
apoptosis in cells transfected with EPHA2 siRNA (siEPHA2) sequences compared to
that in those transfected with scrambled siRNA sequences. At 3 days after transfection,
EPHAZ2 expression was reduced in the 6 cell lines transfected with SiEPHA2 as
compared with that in those transfected with a scrambled siRNA sequence (Figure 2.5D
and data not shown). Increased frequency of tumor cell death was observed in all 6
NSCLC cell lines transfected with sSiEPHA2, as measured by TUNEL analysis (Figure
4A) and cleavage of caspase-3 and PARP (Figure 2.5B). These results were confirmed
using a cell death ELISA to detect histone-associated DNA fragmentation (Figure 2.5C),
again revealing that sSiEPHAZ2 increased apoptosis in each of the 6 cell lines. At the
same time point, we collected cell lysates from serum-starved H2009 and H358, 2 cell
lines with high EPHAZ2 receptor phosphorylation levels. Signaling studies in these cells
revealed decreased basal phosphorylation levels of S6 kinase and its substrate
ribosomal protein S6 (Figure 2.5D), while many pathways, including AKT and ERK, were
not significantly affected by EPHAZ2 loss in the absence of serum. EPHA2-deficient cells
stimulated for 10 minutes with 10% serum showed no alteration in the phosphorylation of
ERK. However, serum-induced phosphorylation of p90-RSK, and AKT at a lesser extent,
was reduced in sSiEPHA2 cells, suggesting that EPHAZ2 is required to stimulate acute
growth factor signaling from p90-RSK to S6 kinase and S6. Phosphorylation of the pro-
apoptotic BH3-only protein BAD, which results in BAD inhibition and tumor cell survival,
is another target of the p90-RSK/S6 kinase signaling pathway (358, 359). Interestingly,
loss of EPHAZ2 in siEPHA2-transfected cells caused a decreased level of BAD
phosphorylation in serum-stimulated conditions, consistent with the increased levels of

cell death seen in sSiEPHA2-transfected cells. Together, these data indicate that

55



120 120
100 1
N 21004 2100
£80 & 801 AN 8 80
260 3 404 3 40 =
3
Q40 * 201 asa * 201 Ha030
~ O 24 48 72 9 120 0 24 48 72 96 120
20 Time (h) Time (h)
o P
Y228 BeR88RLRNEE B e
eagesdgrasizgr 29 2 %0
P ITE228 T = 60 = 60
B & 40 o 404
T o T o # 20)ass # 201 Haoo
Y ¥ B 0 24 48 72 9% 120 0 24 48 72 9% 120
T I3 Time (h) Time ()
T a S a 12 120
wow O w W > 3N
B 55 3 E8& g1 Z100F=%
‘E’, < 801 ~
® S
L] EOCEEEEE = & So
g-TUBULIN & S 401
A549 H2030 & 2 R 22‘ H1975
- o 0 24 48 72 9% 120 0 24 48 72 96 120
TUBLLIN Time (h) Time (h)
B-TUBULI 1207 1 +
%‘1000-—;% %1@@ e~
g 801 M g 801
4 Z 60 - 604
B-TUBULIN & 401 S 40
H23 H1975 * Zg' H3122 ¥ 28' H1781
[T B 0 24 48 72 9% 120 0 24 48 72 9 120
Time (h) Time (h)
Sewemaw (-TUBULIN @ shControl ShEPHA2#1 A ShEPHA2 #2

H3122 ~ H1781

Figure 2.4 Effects of knockdown of EPHA2 on a panel of NSCLC cell lines. (A) 14
NSCLC cell lines were transduced with lentiviruses containing either shEPHA2 or a
pLKO.1 vector control. The resulting cell populations were selected in 1 to 2 ug/ml
puromycin for 5 days. Cell viability was analyzed by the MTT assay at 72 hours after
puromycin selection. Experiments were repeated twice with 6 replicates per experiment.
Data were pooled and are presented as viability of ShEPHA2 knockdown cells relative to
that of the vector control cells + SEM. (B) Immunoblotting for EPHA2 expression
confirmed knockdown in 8 NSCLC cell lines. B-Tubulin expression was used as a
loading control. (C) Cells were treated as in A, and cell viability was assessed over 5
days. Experiments were repeated twice, and data were pooled and are presented as
shRNA knockdown relative to the vector control cells + SEM.
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EPHAZ2 signaling is required within the tumor epithelial compartment of NSCLCs to

maintain tumor cell survival.

EPHA2 knockdown in the tumor epithelial compartment decreases NSCLC growth
in vivo.

To assess the therapeutic potential of targeting EPHA2 in the context of pre-
existing NSCLC tumors, we transduced H358 cells with a lentivirus encoding
doxycycline-inducible (DOX-inducible) shRNA sequences against EPHA2 or a
scrambled control sequence. DOX treatment of H358-shEPHAZ2 cells in culture resulted
in decreased EPHAZ2 protein expression compared with that in untreated H358-
shEPHAZ2 cells and DOX-treated H358-shSCRAMBLED cells (Figure 2.6A). Similar to
what was seen with stable shRNA-mediated EPHA2 knockdown, DOX-induced
knockdown of EPHA2 decreased the number of viable cells by 70% of the number seen
in untreated H358-shEPHAZ2 cells or DOX-treated H358-shSCRAMBLED controls after 9
days in culture (Figure 2.6B). H358-shEPHA2 and H358-shSCRAMBLED cells were
injected into the left and right flanks of each mouse, respectively, to generate matched
pairs of subcutaneous tumor xenografts. Once the tumor volume reached 200 mm?3,
DOX was delivered in the mouse chow ad libitum. DOX-treated H358-shEPHA2 tumor
growth was significantly inhibited compared with what was seen in DOX-treated H358-
shSCRAMBLED xenografts (Figure 2.6C), resulting in a 30% decrease in tumor volume
after 35 days of DOX treatment (P < 0.0001). Western blot analysis using tumor lysates
derived at the end of the study revealed a persistent decrease of EPHAZ2 protein levels
in DOX-treated tumors (Figure 2.6D). Similar to previous data, a significant increase of
apoptosis was observed in DOX-treated H358-shEPHA2 cells compared with that in
untreated H358-shEPHA2 cells and DOX-treated H358-shSCRAMBLED cells (Figure

2.6, E and F). PCNA immunohistochemical analysis of tumor sections indicated no
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Figure 2.5 EPHA2 knockdown leads to an increase in apoptosis in NSCLC cell
lines. (A) Cells were treated with scrambled or EPHA2-specific SiRNA for 72 hours.
Apoptosis was detected via the ApopTag TUNEL assay. Graph represents 3
independent experiments, and data are presented as the percentage of TUNEL-positive
nuclei of total nuclei + SEM. (B) Western blotting of H2009 and H358 cells treated with
scrambled or sSiEPHA2 for 72 hours with 5 ug/ml TRAIL added during the final 24 hours
after transfection. Cl. cleaved (caspase-3 or PARP). (C) Apoptosis was measured by
guantifying histone-associated DNA fragments using a Cell Death ELISA Kit. Cells were
treated with scrambled or sSiEPHA2 for 72 hours before the assay. All 6 cell lines
exhibited a statistically significant increase in apoptosis in the cells treated with siEPHA2
compared with the scrambled controls. Experiments were repeated 3 times, and data
are presented as average absorbance unit (AU) £ SEM. (D) H2009 and H358 cells were
treated with scrambled or SIEPHA2 for 72 hours. Cells were starved for 24 hours and
stimulated with 10% serum for 10 minutes before lysis. Shown are representative
immunoblots in which phosphorylation levels of signaling molecules were detected using
anti-phospho antibodies and EPHA2 expression was detected by an anti-EPHA2
antibody. *P < 0.05, **P < 0.01.
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change in the proliferation of H358-shEPHAZ2 cells relative to H358-shSCRAMBLED
cells (Figure 2.6, G and H). No statistically significant change was observed in tumor
blood vessels in any of the treatment conditions (Figure 2.6, | and J). These results
demonstrate that inhibition of EPHA2 within the established tumor epithelium is capable

of decreasing growth of NSCLCs in vivo.

An EPHAZ2 kinase inhibitor suppresses growth of NSCLC in vitro and in vivo.

We tested more than 50 small molecules predicted to inhibit EPHAZ2 tyrosine
kinase activity, revealing that the compound ALW-II-41-27 had the most potent effect on
tumor cell viability (data not shown). ALW-11-41-27 is a type Il small-molecule inhibitor
that targets the ATP-binding pocket of the kinase domain as well as an allosteric site
next to the “DFG” motif in the receptor (refs (279, 360) and Figure 2.7A). A compound
with similar structure, NG-25 (361), was used as a control, because it possessed a very
similar profile of kinase targets as that of ALW-11-41-27, with EPHA2 being a notable
exception. ALW-11-41-27 inhibits EPHA2 with an enzymatic ICso of 11 nM compared with
an ICso of 770 nM for NG-25, as measured by an in vitro kinase assay (Table 2.2). In
lung cancer cells, 1 yM ALW-II-41-27 impaired tyrosine phosphorylation of the EPHA2
receptor in H358 cells within 15 minutes and continued to inhibit EPHA2 tyrosine
phosphorylation through 6 hours of treatment (Figure 2.7B). In contrast, NG-25 showed
no effect on EPHA2 phosphorylation at the same concentration. ALW-11-41-27 also
inhibited ligand-induced EPHA2 phosphorylation in a dose-dependent manner (Figure
2.7C). Furthermore, depletion of EPHA2 by RNAi rendered NSCLC cell lines much less
sensitive to the effects of ALW-11-41-27 relative to undepleted controls, consistent with

EPHAZ being a functionally important target of the compound (Figure 2.7, D and E).
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Figure 2.6 Inducible knockdown of EPHA2 reduces cell viability in vitro and
mitigates tumor growth in vivo. (A and B) Cells were transduced with lentiviruses
carrying either DOX-inducible shEPHA2 or scrambled shRNA (ShSCRAM). (A) Cells
were treated with 1 ug/ml DOX for 9 days. Expression of EPHA2 was determined by
immunoblotting, and (B) cell viability was determined by enumerating live cells over a
time course. Shown are average cell numbers + SEM. (C) H358 cells containing DOX-
inducible EPHA2 or scrambled shRNA were injected into the left or right flank in the
same nude mouse subcutaneously. Tumors were allowed to grow to 200 mm? before
administering DOX-containing food pellets or regular mouse chow. Data are presented
as the mean tumor volumes + SEM (n = 5 per group). Differences among the 4
treatment groups were analyzed statistically using linear mixed model fit by REML. (D)
Loss of EPHA2 expression was confirmed in mice fed DOX via immunoblotting of whole
tumor lysates harvested at the end of experiment. S, shScrambled; E, shEPHA2. (E and
F) Apoptosis was determined by TUNEL staining. Apoptosis index is presented as
average percentage TUNEL+ nuclei (arrowheads) per total nuclei + SEM (n = 5 tumors
per condition). (G and H) Proliferation was measured by PCNA staining. Proliferation
index is presented as the average percentage of PCNA+ nuclei (arrowheads) per total
nuclei £ SEM (n = 5 tumors per condition). (I and J) Tumor vasculature was quantified
and presented as the mean of VWF+ pixels (arrowheads) per section + SEM. (h=5

tumors per condition). Scale bar: 50 um. *P < 0.05, **P < 0.01. n.s., not significant.
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Figure 2.7 Structure and properties of ALW-I1-41-27, a small-molecule kinase
inhibitor of EPHA2. (A) Chemical structures for ALW-11-41-27 and its structural analog,
NG-25. (B) H358 cells were treated with 1 yM NG-25 or ALW-II-41-27 over a time
course, and cells were stimulated with EPHRIN-AL ligand (EFNA1, 100 ng/ml) for the
last 15 minutes of treatment. EPHA2 was immunoprecipitated, and tyrosine
phosphorylation of EPHA2 was determined by Western blot analysis. (C) Dose-
dependent effect of ALW-11-41-27 on EPHA2 phosphorylation. Cells were treated with
inhibitors for 72 hours, including a 15-minute stimulation with EFNA1 at the end of the
incubation. Tyrosine phosphorylation of EPHA2 was determined as in B. (D and E) H358
or H2009 cells transduced with lentiviruses containing an empty vector or an EPHA2-
specific ShRNA were treated with ALW-II-41-27, NG-25, or DMSO, and the percentage
of viable cells was assessed at 72 hours via the MTT assay. Cells with wild-type levels
of EPHAZ2 exhibited a marked loss of cell viability in the presence of ALW-II-41-27, while
EPHA2 knockdown cells displayed minimal decrease in cell viability upon ALW-11-41-27
treatment. Data are presented as average percent of cell viability £+ SEM.
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Next, we assessed cell viability in NSCLC cells treated with ALW-II-41-27. H358
cells treated over a 72-hour time course with 1 yM ALW-11-41-27 displayed a time-
dependent decrease in the number of viable tumor cells compared with cells treated with
1 MM NG-25 (Figure 2.8A). Five additional NSCLC lines were also tested, and a 40%-—
80% reduction in the number of viable tumor cells after 72 hours in the presence of 1 uyM
ALW-II-41-27 as compared with treatment with 1 yM NG-25 was observed (Figure 2.9A,
top 6 graphs). Two cell lines (H3122 and H1781) that were resistant to EPHA2
knockdown were also less sensitive to ALW-11-41-27. Cell death was increased in
response to ALW-II-41-27 in H358 cells (Figure 2.8B), suggesting that pharmacologic
EPHAZ2 inhibitors reproduce the effects obtained using genetic methods of EPHA2
inhibition and may be therapeutically advantageous in the treatment of NSCLC. To
assess the intracellular consequences of targeting EPHA2 by ALW-11-41-27, cell lysates
were collected from serum-starved H2009 and H358 cells treated with ALW-I1-41-27 or
DMSO for 6 hours. Western signaling analysis revealed decreases in both the basal and
serum-stimulated phosphorylation of S6K1, S6, and BAD (Figure 2.9B), which is similar
to the results seen in EPHA2 knockdown experiments. These data suggest that ALW-II-
41-27 inhibits EPHAZ2 signaling pathways necessary to maintain cell survival in NSCLC.

To assess the efficacy of the EPHA2 inhibitor in vivo, we treated 200 mm?® H358
xenograft tumors with ALW-11-41-27, NG-25, or the vehicle alone. Initial pharmacokinetic
analysis of ALW-II-41-27 following intravenous (1 mg/kg) and oral administration (10
mg/kg) revealed a relatively short half-life (t1» = 0.83 hour), low plasma exposure (AUC =
333.7 nM/l), and low oral bioavailability (bioavailability = 24.6%). To compensate for this
poor pharmacokinetic profile, mice were treated twice daily with 15 mg/kg ALW-II-41-27

via intraperitoneal injection.
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Figure 2.8. ALW-I1-41-27 inhibits cell viability and promotes apoptosis. (A) H358
cells were treated with 1uM NG-25 or ALW-II-41-27 over a time course and cell viability
was determined via the MTT assay. Experiments were repeated three times and data
are presented as the percentage of viable cells after NG-25 or ALW-11-41-27 treatment
relative to DMSO treatment + SEM. (B) Cells were treated with 1uM of indicated drug for
6 hours, and apoptosis was assessed by quantifying the histone associated DNA
fragments via a cell death ELISA Kit (Roche). Data was normalized to respective DMSO
controls. * p<0.05, **p<0.01.

Administration of ALW-11-41-27 to tumor-bearing animals for 14 days significantly
inhibited tumor growth of H358 tumors (Figure 2.11A). Toxicity was assessed by
weighing the mice daily and by histopathologic examination of vital organs (hearts,
kidneys, and livers) at the end of the studies. Mice treated with ALW-11-41-27 did not
experience significant weight loss during the course of the study, and no significant
histopathologic differences were seen in the heart, liver, or kidney tissue among the

various treatment groups (Figure 2.10 and Figure 2.11B).

63



A 1 B 112000 H3s8
gmﬁ 21 DMSO ALW DMSO ALW
z g‘ hd = T -+ Serum (10"
b SO~ e W e o
% * % ————— _
3 20 A549 T 2 9] H2030 EPHA2 (IP)
0 02 04 06 08 10 0 02 04 06 08 1.0 [ — , p-AKT (T308)
Concentration [uM] Concentration [uM] I.— -
1581 1203 e S = KT (8473)
2 21 e —
< = T~ @S e o crk (1202/¥204)
3 . & = .- > eugpeell
® Dn3se % 202000 R .
050z 04 06 08 10 0 02 04 06 08 1.0 S B o-090RSK (S380
; Concentration [uM] Concentration [uM] —.—- - ;q_..:.‘pp (5300)
: S —
21000~ ——— & ——— -
8 2 - -
p-S6K1 (T389)
‘_5" — . & \ ————
3 i —  —eess -SsK1
® “H23 ® 2H1975 == == s6(s2350)
80z 07 06 08 10 0 02 04 06 08 10 — |
Concentration [uM] 5 Concentration [uM] - ————
216 Zioer——"—* [ S o0 512
2ol —=_ = 3 e
g — —--o _ —— D
3 3 SRS - -TUBULIN
8 2 H3122 £ DVfyizs
05 —02 04 06 08 10 0O 02 04 06 08 1.0
Concentration [uM] Concentration [uM]
@ NG-25 ALW-I1-41-27

Figure 2.9 ALW-11-41-27 treatment leads to decreased cell viability in NSCLC cell
lines. (A) NSCLC cell lines were treated with ALW-11-41-27, NG-25, or DMSO for 72
hours, and cell viability was assessed by the MTT assay. Shown are percentages of cell
viability £ SEM in drug treatment groups relative to a DMSO control group. (B) H2009
and H358 cells were treated with 1 yM ALW-11-41-27 or DMSO for 6 hours. Cells were
starved 24 hours and stimulated with 10% serum-containing media 10 minutes before
lysis. EPHA2 was pulled down in immunoprecipitation and immunoblotted for pY99 and
pY20 (represented here as p-EPHAZ2 [pY]). Phosphorylation of other signaling molecules
was determined by Western blot analyses using anti-phospho or anti-total protein
antibodies as indicated. Shown are blots representative of 2 to 3 independent
experiments for each signaling molecule.
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ALW-11-41-27

Figure 2.10. Histopathologic analysis of vital organs in mice treated with ALW-II-
41-27, NG-25, or the vehicle. H358 cells were engrafted in nude mice and treated with
15mg/kg of ALW-11-41-27, NG-25, or the vehicle twice daily for 14 days, as in Figure
2.11A. Heart, liver, and kidney were harvested at the end of studies and tissue sections
were stained with H&E. Scale bars indicate 100 pum.

Histological analysis of tumors treated with ALW-II-41-27 showed a significant
increase in apoptosis compared with tumors treated with NG-25 or the vehicle alone
(Figure 2.11, C and D), similar to what was seen upon genetic ablation of EPHA2. No
significant differences were observed in proliferation or tumor vessel density in ALW-II-
41-27—treated tumors compared with NG-25—- or vehicle-treated tumors, as measured by
PCNA and VWF staining, respectively (Figure 2.11, E-H). Remarkably, administration of

an increased dose of ALW-II-41-27 (30 mg/kg) to tumor-bearing animals resulted in
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tumor regression (Figure 2.111), although some toxicity was observed at this
concentration. These data suggest that efforts in further development of EPHA2
inhibitors should focus on increasing efficacy and selectivity while preventing off-target
side effects.

To investigate the drug-tumor interaction in vivo, tumors from drug-treated
animals were analyzed for an interaction between ALW-11-41-27 and EPHAZ2 in situ using
the chemical proteomics platform, KiNativ (356), wherein the extent to which a
biotinylated ATP probe covalently binds to the kinase’s ATP-binding pocket is measured
by mass spectrometry (MS). These studies revealed that the majority of the ATP probe
(>95%) was unable to bind EPHAZ2 in tumors from mice treated with 30 mg/kg ALW-II-
41-27, suggesting that the majority of the EPHAZ2 receptor located on the tumor cells
was bound by the EPHAZ2 inhibitor in vivo. In contrast, other EPH family receptors, such
as EPHB2 and EPHB3, retained the ATP probes, leaving 52% and 45% of the ATP
probe unbound, thus confirming specificity of ALW-II-41-27 for EPHA2 above other EPH
family RTKs. Additionally, ALW-II-41-27 had a low affinity in vivo for other kinases, such
as EGFR, ERK, HER2, and PIK3CA (Figure 2.11J and Table 2.2).

ALW-11-41-27 can potently bind to several intracellular kinases, including ABL,
p38, ZAK, and several SRC-family kinases, but these targets were also engaged by the
structural analog, NG-25, which did not inhibit tumor growth in vivo (Table 2.2).
Collectively, EPHA2 is the most dramatically distinct target engaged by ALW-I1-41-27 as
compared with NG-25, which is consistent with EPHA2 being a functionally important

target of ALW-11-41-27 in NSCLC.
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Figure 2.11 ALW-II-41-27 inhibits NSCLC tumor growth in vivo. (A) 15 x 10% H358
cells were injected subcutaneously into the dorsal flanks of nude mice. Tumors were
allowed to grow to 200 mm? before administration of 15 mg/kg NG-25, ALW-II-41-27, or
vehicle alone via intraperitoneal injection twice daily. Tumor size was measured every
day with a digital caliper, and tumor volumes were calculated. Data are presented as the
fold change of starting tumor volumes £ SEM (n = 5 per condition). (B) No statistical
difference in body weight was detected among any of the treatment groups during the
course of treatment. Data are presented as average body weight £+ SEM. (C and D)
Tumors were harvested at the termination of the study, and apoptosis was assessed via
TUNEL staining. An apoptosis index of the tumor sections is presented as TUNEL-
positive nuclei (arrowheads) per total nuclei + SEM. (E and F) Proliferation in tumors
treated with NG-25, ALW-II-41-27, or vehicle alone was quantified as the total number of
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PCNA-positive nuclei (arrowheads) relative to the total nuclei £ SEM. (G and H) No
change in tumor vessel density (arrowheads) was detected by VWF staining. Data are
presented as average endothelial cell pixel area £ SEM. (I) Tumor regression was
observed when H358 xenografts (as in A) were treated with an increased dose of ALW-
11-41-27 (30 mg/kg) over 5 days (n = 5 per condition). Data are presented as percent of
change in tumor volume + SEM. (J) Drug-target interaction in xenograft tumors in situ
was determined by the chemical proteomics platform KiNativ (see Methods). Shown are
percentages of drug targets unoccupied by ALW-II-41-27 relative to vehicle control. Data
are presented as percent of unoccupied drug target + SEM. **P < 0.01, Student’s t test
(n =5 tumors per group). Scale bar: 50 pm.
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Kinases Sequence Labeling O P
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ABL.ARG LMTGDTYTAHAGAKFPIK ACT =95 =95 > 98 > 98 77 | 75.2
ABL.ARG YSLTVAVKTLKED TMEVEEFLK Lys1 =90 >90 86.8 855

GAK DLKVENLLLSNQGTIK Lys2 E | ND | ND |

LYN VAVKTLKP GTMSVQAFL EEANL MK Lys1 > 95 90.5 08 12.9
ZAK WISQDKEVAVKK Lys1 >98 >98 98.1 930 40.2 | 698
p38a QELNKTIWEVPER Other 97.7 98.1 533 | 519 | 556 | 102
EPHA2 VLEDDPEATYTTS GGKIPIR ACT 3 98.3 97.5 57.7 11 773
p3sb QELNKTVWEVPQR Other g 387 138 194
FRK HEIKLPVK ACT N.D | n~ND | 173 | 144
CSK VSDFGLTKEAS STADTGKLPVK ACT 99.4 95.0 139 56.4
FYN,SRC,YES QGAKFPIKWTAPEAALYGR ACT 934 854 14.4 113
p38a DLKPSNLAVNEDCELK Lys2 556 | 102
EPHB4 FLEENSSDPTYTSSLGGKIPIR ACT 131 999
HER3/ErbB3 GVWIPEGESIKIPVCIKVIEDK Lyst

EPHB2 FLEDDTSDP TYTSALGGKIPIR ACT 144 | 672
EPHB3 FLEDDP SDPTYTSSLGGKIPIR ACT 119 | 3710
BRAF DLKSNNIFLHEDL TVK Lys2 1280 |>10000
BTK YVLDDEYTS SVGSKFPVR ACT

JAK1 domain2)] IGDFGL TKAIETDKEYYTVK ACT

PRP4 CNILHADIKPDNILVNESK Lys2

YSK1 EVVAIKIDLEEAEDEIEDIQQEITVL SGCDSPYITR Lysi

EPHA1 LLDDFDGTYETQGGKIPIR ACT

EPHAT VIEDDPEAVYTTTGGKIPVR ACT

EGFR LLGAEEKEYHAEGGKVPIK ACT

PI3KCA RPLWL LFC RQDMLTLQIR| ATP

ERK1 DLKPSNLLINTTCDLK Lys2
HER2/ERBB2 GWIPDGENVKIPVAIKVLR Lus1

Table 2.2 Drug-target interaction in xenograft tumors in situ. *H358 xenograft
tumors treated with 30mg/kg ALW-II-41-27 for five days (n=5/group) (as in Figure 8l)
were analyzed for drug-target interaction by chemical proteomics platform, KiNativ.
Tumor lysate was incubated with ATP-biotin labeled probes to assess which kinases
received protection from the drug binding. Percent inhibition of kinase labeling by the
ATP-biotin probes is shown with the larger numbers representing a stronger interaction
between the inhibitor and the kinase. Additionally, A375 cells were tested in a similar
manner in vitro by treatment with 5uM and 0.5uM ALW-11-41-27 or NG-25 (control
compound). Colors indicate the level of inhibition of ATP binding to the respective
kinase: Brown (90% inhibition), Red (90-75% inhibition), Orange (75-50% inhibition),
Yellow (50-35% inhibition), and Green (no change). ACT = Activation loop; Lysl =
Conserved Lysine 1; Lys2 = Conserved Lysine 2; Other = Labeling of residue outside of
the protein kinase domain; N.D. = Not detected. ** The in vitro ICso of ALW-II- 41-27 and
NG-25 was determined by in vitro kinase assay using the SelectScreen™ Kinase
Profiling Service (Life Technologies).
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Discussion

Genome-wide analyses identified overexpression of the RTK EPHA2 in NSCLCs.
While previous studies have provided correlative data linking high EPHAZ2 levels to poor
clinical outcome in human lung cancer populations (224-226), the biology underlying
these observations and translational potential of these correlations remain
underexplored. Here, we show the first functional evidence that EPHA2 promotes tumor
growth and survival in a large panel of NSCLC lines, in human tumor xenografts, and in
a transgenic mouse model of aggressive Kras-mutant lung cancer. We show that S6K1-
dependent BAD phosphorylation is one of the key signaling events mediating the
EPHAZ2-regulated cell survival pathway. We also identified an EPHAZ2 kinase inhibitor,
ALW-11-41-27, that suppresses cell viability in vitro and induces tumor regression of
human NSCLC xenografts in vivo, demonstrating the translational potential of targeting
EPHAZ2 in lung cancer.

To assess the subtypes of lung cancer most sensitive to EPHAZ2 inhibition, we
analyzed a panel of 14 NSCLC cell lines carrying the 6 most common mutations present
in patients with lung cancer. Knockdown of EPHA2 expression inhibits tumor cell viability
in the majority of cell lines tested, most dramatically affecting cell lines bearing KRAS
mutations. However, sensitivity to EPHA2 inhibition does not correlate strictly with KRAS
mutation status. Rather, EPHA2 receptor phosphorylation levels appeared to be
important in determining whether a given tumor cell line is sensitive to EPHA2
knockdown (Figure 2.2, B and C). Therefore, although targeting EPHAZ2 is effective in
KRAS mutant NSCLC, it is not exclusive to KRAS mutant NSCLC. The utility of targeting
EPHA2 in KRAS mutant NSCLC is further supported by our in vivo data, which show
that either genetic or pharmacologic inhibition of EPHAZ2 in KRAS mutant lung tumors

promotes apoptosis and inhibits tumor growth. Because there is currently no effective
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targeted therapy for treating KRAS mutant lung cancer, EPHA2 provides a promising
alternative target for this subtype of lung cancer.

Previous studies have shown that RAS/MAPK signaling induces EPHA2
expression and ligand-stimulated EPHAZ2 forward signaling in turn attenuates growth
factor—induced RAS activity, forming a negative feedback loop in normal epithelial cells
(151). An escape from the negative effects of this interaction has been suggested to be
important in the development of cancer (151). Indeed, our lab and others demonstrated
that ligand-independent EPHAZ2 signaling and cross-talk with other oncogenic pathways
serve to promote tumor cell proliferation and motility in breast cancer and glioma (147,
149, 168). Consistent with these findings, the tumor promotion role of EPHA2 in lung
cancer appears to be ligand-independent, as exogenous EPHRIN-A1L stimulation inhibits
tumor cell proliferation (362). In this study, we showed that genetic and pharmacologic
inhibition of EPHA2 induces apoptosis in lung cancer. Interestingly, loss of EPHA2 does
not appear to significantly affect the activities of ERK but rather inhibits cell survival by
modulating mitochondrial apoptosis through p90-RSK/S6K1-induced inactivation of the
pro-apoptotic protein BAD. These studies suggest that EPHA2 could serve as an
attractive target for therapeutic intervention in lung cancer.

The effect of systemic loss of EPHA2 through gene targeting on tumor growth
may be due to loss of EPHAZ in the tumor epithelia and within the tumor
microenvironment. In support of an epithelial-autonomous role for EPHA2 in NSCLCs,
inducible shRNA-mediated EPHA2 knockdown in NSCLC xenografts showed reduced
tumor progression but to a lesser extent than systemic genetic knockout (Figures 2.1
and 2.3) or systemic pharmacologic inhibition (Figure 2.11). These studies are
consistent with previous reports that EPHA2 expressed in endothelial cells promotes

tumor angiogenesis (248, 249, 363). Because EPHAZ2 is important in both tumor cells
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and their microenvironment, inhibition of EPHA2 may provide a dual benefit toward
eradicating cancers.

This study identified a type |l kinase inhibitor, ALW-I1-41-27, that inhibits EPHA2
kinase activity and causes NSCLC tumor regression in vivo. As is true for most kinase-
targeted drugs, ALW-11-41-27 also inhibits other targets. Four lines of evidence indicate
that EPHA2 is a functionally important target of ALW-I1-41-27. First, NG-25, a structural
analog with a similar target spectrum as ALW-II-41-27, but which does not inhibit the
EPHA2 RTK, displayed limited effects on cell viability in vitro and tumor growth in vivo.
Second, signaling studies in cells treated with ALW-II-41-27 recapitulated what was
observed in EPHA2 knockdown cells, suggesting that EPHAZ2 is a major target of the
compound. Third, depletion of EPHA2 by RNAIi rendered NSCLC cells much less
sensitive to the effects of ALW-11-41-27, relative to the undepleted controls, consistent
with EPHAZ2 being a functionally important target of the compound. Finally, in situ drug-
tumor interaction studies using “KiNativ’ MS demonstrated the selectivity of ALW-II-41-
27 for EPHAZ2 within the EPH receptor family as well as among other kinases.

To assess whether EPHAZ2 inhibition has the potential to affect patient outcomes,
we compared the effectiveness of ALW-II-41-27 with erlotinib in 4 cell lines carrying
mutant KRAS (H2009 and H358), EGFR (PC-9), or MEK-1 (H1437). As expected,
erlotinib is only efficacious in PC-9 cells expressing mutant EGFR, whereas ALW-I1-41-
27 also inhibits cell viability in 2 cell lines carrying KRAS mutations (Figure 2.12). In PC-
9 cells, erlotinib is approximately 5-fold more potent than ALW-11-41-27. However, the
approximately 500 nM anti-proliferative 1Cso of ALW-II-41-27 represents a good starting
point for further medicinal chemistry efforts to yield a compound with suitable properties

for clinical evaluation.
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Figure 2.12 Comparison of the efficacy of tyrosine kinase inhibitors relative to
ALW-11-41-27 in NSCLC cell lines. Cells were treated for 72 hours with the indicated
TKIs before measuring viability by the MTT assay. H2009 and H358 cells contain a
mutation in KRAS. PC-9 and H1437 cells carry a mutation in EGFR and a mutation in

MEK-1, respectively.

In addition, although targeting EPHA2 does not exclusively affect mutant KRAS tumors,
EPHAZ inhibitors provide promise for treating KRAS mutant lung cancer, as there is
currently no effective targeted therapy for treating this subtype of lung cancer.

In summary, we have provided genetic, functional, mechanistic, and
pharmacologic evidence that EPHAZ2 signaling promotes the progression and survival of
NSCLC. Furthermore, this study identified a new category of EPHAZ2 kinase inhibitors
that hold promise for therapeutics in NSCLCs, even for those driven by activating KRAS

mutations.
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CHAPTER Il

EPHAZ2 INHIBITION OVERCOMES ACQUIRED RESISTANCE TO EGFR TYROSINE
KINASE INHIBITORS IN LUNG CANCER

Abstract

Despite the success of treating EGFR mutant lung cancer patients with EGFR
tyrosine kinase inhibitors (TKIs), all patients eventually acquire resistance to these
therapies. Although various resistance mechanisms have been described, there are
currently no FDA-approved therapies to treat lung tumors with acquired resistance to
first-line EGFR TKI agents. Here we found that EPHA2 is overexpressed in EGFR TKI
resistant tumor cells. Loss of EPHA2 reduced the viability of erlotinib resistant tumor
cells harboring EGFR™™ mutations in vitro and inhibited tumor growth and progression
in an inducible EGFR"#*8R*T79M mytant lung cancer model in vivo. Targeting EPHA2 in
erlotinib resistant cells decreased S6K1-mediated phosphorylation of cell death agonist
BAD, resulting in reduced tumor cell proliferation and increased apoptosis. Furthermore,
pharmacologic inhibition of EPHA2 by the small molecule inhibitor, ALW-II-41-27,
decreased both survival and proliferation of erlotinib resistant tumor cells and inhibited
tumor growth in vivo. Collectively, these data define a role for EPHAZ2 in the
maintenance of erlotinib resistant EGFR mutant lung cancer and indicate that EPHA2

may serve as a useful therapeutic target in TKI resistant tumors.

Significance
In this study we demonstrate that EPHAZ2 regulates cell viability in lung cancers
with acquired resistance to selective EGFR inhibitors, and we show that both genetic

and pharmacologic inhibition of EPHAZ2 is effective in mitigating erlotinib resistant cell
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survival. These studies demonstrate the promise and utility of targeting EPHA2 in EGFR

TKI resistant lung cancer.

Introduction

Lung cancer remains the leading cause of cancer-related deaths in the United
States despite a significant number of advancements in the molecular diagnosis and
treatment of this disease (364). One of the most extensively studied molecular subset in
lung cancer is those harboring activating mutations in the epidermal growth factor
receptor (EGFR) gene. These mutations, most commonly a point mutation in exon 21
(L858R) or a deletion in exon 19 (LREA) (365), are activating mutations that result in
enhanced EGFR kinase activity (366) as well as exquisite sensitivity to first-generation
EGFR-specific tyrosine kinase inhibitors (TKIs), such as erlotinib (66-68). Unfortunately,
approximately a year after commencing treatment all patients treated with EGFR TKIs
acquire resistance to these therapies (77, 78). Sequencing efforts have revealed that
tumors with acquired resistance to EGFR TKIs commonly gain an additional mutation,
T790M, in the gatekeeper position of the kinase domain of EGFR (79, 80). Currently,
there are limited options for the treatment of first-generation EGFR TKI (erlotinib)
resistant tumors, although some success has been observed with administration of
second (83, 84) and third (85, 86) generation EGFR TKIls or combining antibody therapy
targeting EGFR with second generation inhibitors (87). Risks of persistent and/or
mutation-specific targeting of EGFR include likely development of alternative
mechanisms of TKI resistance distinct from further mutations in EGFR (85), including
oncogene addiction to other kinases. Such “bypass” RTK signaling is a well-
documented mechanism of EGFR TKI resistance as evidenced by compensatory

activation of MET, HER2, AXL, IGF1R, and FGFR in the context of EGFR TKI acquired
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resistance (99-105). Identifying bypass pathways responsible for mediating TKI
resistance may provide novel targets needed for therapeutic intervention.

EPHAZ2 is overexpressed in lung cancer, correlating to poor patient outcomes
(224-226). EPHAZ2 belongs to the largest family of RTKs, the EPH RTKs, which have
been implicated in the regulation of a wide array of pathological conditions including
cancer (123, 124, 126, 216, 367). Upon binding to their ligands, EPHRINS, EPH RTKs
oligomerize and are capable of activating multiple downstream signaling pathways
including RAS/MAPK, PI3K/AKT, and RHO/RAC (123, 124, 126). We previously
reported that targeting EPHA2 in ERBB2 driven murine mammary tumor models resulted
in impaired tumor initiation and metastatic progression, and that heightened levels of
EPHAZ2 were sufficient to mediate resistance to ERBB2 TKI therapy in human breast
cancer cell lines (149, 231). In lung cancer, genetic and pharmacologic inhibition of
EPHA2 results in increased tumor cell death in vitro and decreased tumor burden in vivo
(224). However, the role of EPHAZ in resistance to EGFR TKiIs in lung cancer remains
undefined.

Because targeted inhibition of EPHA2 has proven useful in lung cancer subtypes
with constitutive MAPK signaling and because EPHA2 expression positively correlates to
TKI resistance of a known ERBB family member in breast cancer, we hypothesized that
it would be an effective target for the treatment of EGFR TKI resistant lung cancer. In
this study, we found that EPHAZ2 is overexpressed in erlotinib resistant lung cancer cells
compared to erlotinib sensitive lung cancer cells. Genetic ablation of EPHAZ in
EGFR™ mutant, erlotinib resistant cells led to both increased apoptosis and
decreased proliferation. Gene targeting of EphA2 in an inducible, genetically engineered
mouse model of EGFR TKiI resistance led to decreased tumor growth and progression.
Treatment of erlotinib resistant cells with an ATP-competitive, small molecule tyrosine

kinase inhibitor of EPHA2, ALW-II-41-27, decreased cell viability in vitro and tumor
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growth in vivo. Collectively, these studies demonstrate the promise and utility of

targeting EPHA2 in EGFR TKI resistant lung cancer.

Methods
Microarray analysis

Data from 58 matched lung tumor specimens and adjacent normal lung (116 total
samples) with annotated mutation status were downloaded from Gene Expression
Omnibus (GSE32863) (368). Normalized gene expression data for EPHA2 were
extracted and compared between normal and tumor tissue in all patients or by the
presence or absence of the EGFR genotype. A paired-sample student’s t-test was used
to compare normal versus tumor for each group, using patient-specific matching.

For microarray experiments, RNA was extracted from erlotinib sensitive and
resistant cell lines in the absence of erlotinib for 72 hours (369). Microarray profiling was
performed using U133 Plus chips (Affymetrix). Normalized expression data were
analyzed in R3.1.1. Hierarchical clustering was performed using the complete linkage
algorithm. Distances for clustering were calculated as 1-r, where r represents the
correlation coefficient value. All tests are significant at two-sided 5% level, false-

discovery-rate (FDR) corrected p-values were reported for multiple comparisons.

Tumor biopsy samples

All patient tumor biopsy samples were obtained under Institutional Review Board
(IRB) approved protocols (Vanderbilt University IRB# 050644). Written informed
consent was obtained from all patients. All samples were de-identified and protected
health information was reviewed according to the Health Insurance Portability and

Accountability Act (HIPAA) guidelines.
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Cells and cell culture

EGFR mutant PC-9 and HCC827 (AE746-A750) and PC-9/ER, PC-9/ERC15,
PC-9/ERC16, and HCC827/ER (AE746-A750; T790M) cells were provided by Dr.
William Pao (Vanderbilt University). EGFR TKI resistant cells were derived as described
and characterized (370). Cell lines were authenticated and sequenced for signature
mutations (370). EGFR TKI resistant lines were maintained in the presence of 1uM
erlotinib (Cell Signaling Technology) throughout the study (refreshed every 72 hours)
although experiments were routinely conducted after a 72 hour drug holiday. ALW-I1-41-
27 and NG-25 were generously provided by Nathanael Gray (Dana-Farber Cancer
Institute, Harvard Medical School). 293T cells used for lentivirus production were
purchased from ATCC.

All lung cancer cell lines were cultured in RPMI-1640 medium (Corning/Cellgro)
supplemented with L-glutamine (2mM), 10% fetal bovine serum (FBS) (Thermo
Scientific, HyClone Laboratories Inc.), penicillin (100U/mL), and streptomycin
(100pg/mL). 293T cells were grown in DMEM (Corning/Cellgro) supplemented with L-
glutamine (2mM), and 10% FBS. All cells were grown in a humidified incubator with 5%
CO; at 37°C.

EPHA2 knockdown cell lines were created by lenti-viral transduction of a pLKO.1
vector containing EPHA2 specific ShRNA constructs (ShEPHA2 #1 mature sense 5’-
CGGACAGACATATAGGATATT-3 or shEPHA2 #2 mature sense 5'-
GCGTATCTTCATTGAGCTCAA-3’) obtained from Open Biosystems. Cell lines
generated with pLKO.1 vectors were selected for 5 days in 1.5ug/mL of puromycin
containing complete RPMI-1640 media before initiation of the assay.
EPHA2 ON-TARGETplus Human SMARTpool siRNA (L-003116-00-0005) and ON-
TARGETplus Non-Targeting pool siRNA (D-001810-10-05) (Dharmacon/Thermo

Scientific) were used at a concentration of 12.5nM in conjunction with Lipofectamine
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RNAIMAX transfection reagent (Invitrogen) according to the manufacturer’s protocol. 72

hours after transfection, cells were subjected to western blot analysis.

Cell viability assays

MTT assay. Cells were seeded at a density of 1,500 cells per well in 100 pl media in 96-
well plates. Upon conclusion of the experiment, 20 pl of 5 mg/ml of thiazolyl blue
tetrazolium bromide (MTT) (Sigma-Aldrich) in PBS was added and incubated at 37°C for
2 hours. After incubation the MTT containing media was aspirated, and an isopropanol
solution containing 4 mM HCI and 0.1% Nonidet P-40 was added to each well and
maintained at room temperature for 10 minutes. The absorbance was read at 590nm on
a spectrophotometer (BioTEK). Each assay was designed to include at least 6
replicates and was repeated at least 3 independent times. Cell viability was presented as

a percentage of cells transduced with an empty vector or treated with a vehicle alone.

BrdU incorporation assay. Proliferation was assessed by labeling cells with 5-bromo-2’-

deoxyuridine (BrdU) and assaying the level of incorporation of this pyrimidine analog into
the cellular DNA per the manufacturer’s instructions (BrdU Cell Proliferation Assay Kkit,
Cell Signaling Technology). In short, cells were seeded (~1500 cells/well). Two hours
prior to the conclusion of the study 10uM BrdU was added to each well of cells for a final
concentration of 1uM BrdU. Cells were then fixed and DNA was denatured. Detection
of BrdU incorporation was measured using a mouse mAb against BrdU followed by a
peroxidase linked anti-mouse secondary antibody. Signal was detected by using the

substrate TMB, and the absorbance was measured at 450 nm wavelength.

Cell death ELISA. To assess the level of apoptosis in a given cell population, treated

cells were washed once with PBS and lysed as per the manufacturer’s instructions (Cell

79



Death Detection ELISA PLUS kit, Roche). Biotin labeled anti-histone and peroxidase-
conjugated anti-DNA antibodies were used to detect histone-associated DNA fragments
in the lysate. Signal was detected upon the addition of the peroxidase substrate ABTS,

and the absorbance was measured at 405 nm wavelength.

Murine tumor studies

TetO-EGFRM8R*T79M gnd CCSP-rtTA mice were provided by Dr. William Pao
(Vanderbilt University) and have been described previously (371, 372). Genotypes were
confirmed twice for each animal by analyzing genomic DNA isolated from both tail and
ear tissues. TetO-EGFRM%R*T79M nrimers were 5-ACTGTCCAGCCCACCTGTGT-3’
and 5-GCCTGCGACGGCGGCATCTGC-3'. CCSP-rtTA primers were 5'-
ACTGCCCATTGCCCAAACAC-3 and 5-AAAATCTTGCCAGCTTTCCCC-3'. EphA2
primers were 5-GGGTGCCAAAGTAGAACTGCG-3' (forward), 5'-
GACAGAATAAAACGCACGGGTG-3' (Neo), and 5'-
TTCAGCCAAGCCTATGTAGAAAGC-3' (reverse). Doxycycline was administered at the
time of weening (3 weeks old) by feeding the mice doxycycline containing food pellets
(625 ppm) (Harland-Tekland) to induce lung specific expression of mutant
EGFRL858R+T790M.

Lungs removed for gross and histological analysis were first perfused with 1x
PBS followed by 10% buffered formalin (Fisher). After 24 hours of fixation in formalin
lungs were weighed to determine a total wet weight. MRI imaging analysis was
performed at both 10 and 15 weeks of age following the initiation of doxycycline
administration at weening as described previously (153). Tumor volumes were

calculated using Matlab 2012a (The MathWorks Inc.) as described previously (153).
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All animal experiments were conducted under guidelines approved by the

AAALAC and Vanderbilt University Institutional Animal Care and Use Committee.

Immunohistochemistry

Immunohistochemical staining (IHC) on tumor sections was performed as
described previously (248, 249, 373), using antibodies against EPHA2 (Life
Technologies; #347400), EGFR'8%R (Cell Signaling Technology, #3197S), PCNA (BD
Pharmingen, #555567), and vVWF (DakoCytomation, #A0082). PCNA+ staining was
guantified as the average percentage of PCNA+ nuclei relative to total nuclei
(proliferation index). Four fields of at least 5 tumors per genotype or treatment condition
were assessed. Apoptosis assays were performed using the Apoptag Red In Situ
Apoptosis Detection Kit per the manufacturer’s protocol (Millipore). TUNEL+ staining
was quantified as the percentage of TUNEL+ nuclei relative to total nuclei (apoptotic
index). Four fields of at least 5 independent tumors per genotype or treatment condition
were assessed. Tumor vessels were quantified by assessing the VWF+ vessels (pixels)
in 4 fields per sample of at least 5 independent tumors per genotype or treatment
condition. Biotin goat anti-rabbit (BD Pharmingen), anti-rabbit Cy3 (Jackson
ImmunoResearch), retrievagen A (pH 6.0) (BD Pharmingen, #550524), streptavidin
peroxidase reagents (BD Pharmingen, #51-75477E), and the liquid 3,3"-
diaminobenzidine tetrahydrochloride substrate kit (Zymed Laboratories) were used for
IHC. Cytoseal XYL (Richard Allan Scientific) or ProLong Gold antifade reagent with

DAPI (Life Technologies) were used to mount slides.

Antibodies and immunoblotting
Antibodies against the following proteins were used: EPHA2 (D7, mouse

monoclonal, 1:1,000, Millipore); B-tubulin (mouse monoclonal, 1:2,000, Sigma-Aldrich,
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T4026); p-AKT (S473 and T308), AKT, p-ERK (T202/Y204), ERK, p-P9ORSK (S380),
RSK, p-S6K1 (T389), S6K1, p-S6 (S235/6), S6, p-BAD (S112), BAD, (all rabbit, 1:1,000,
Cell Signaling Technology); cleaved caspase-3, caspase-3, and cleaved PARP (all
rabbit, 1:500, Cell Signaling Technology). Secondary antibodies used were HRP-
conjugated anti-mouse and anti-rabbit antibodies (Promega). For immunoblotting, cells
were washed with 1x PBS and lysed on ice with RIPA buffer supplemented with a
protease inhibitor cocktail (P8340) (Sigma-Aldrich) and phosphatase inhibitors (Roche).
Clarified lysates were subjected to SDS-PAGE and transferred onto nitrocellulose
membranes. Membranes were blocked for 30 minutes in 5% nonfat dry milk in TBS-T
buffer followed by incubation with the indicated primary antibodies. Horseradish
peroxidase conjugated secondary antibodies were used subsequently. Clarity Western

ECL substrate (Bio-Rad) was used for signal detection.

Tumor xenograft

HCCB827/ER (2.5x10°) were injected with Martigel into the hind flanks of 6-week-
old athymic nude mice (Foxnl1l™) (Harlan). Once tumors reached approximately 200
mm?, mice were randomized by body weight and tumor volume into treatment groups
(n=5 per group) to receive 15mg/kg of either erlotinib, ALW-II-41-27, or the vehicle alone
(10% 1-methyl-2-pyrrolidinone and 90% PEG 300) twice daily via intraperitoneal
injection. Tumors were measured daily with digital calipers and tumor volumes were
calculated by using the formula; volume = length x width? x 0.52. Additionally, to monitor

the toxicity of the given drugs, body weight was measured daily.
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Results

EPHAZ2 is overexpressed in EGFR mutant lung cancer with further overexpression
upon development of acquired resistance to EGFR TKis.

EPHAZ2 is overexpressed in lung cancer patient tumor samples irrespective of the
histological subtype (224). To investigate whether EPHA2 expression correlates with
any molecular subtypes of lung cancer, we analyzed a dataset of 58 matched normal
and lung tumor tissue samples. In all patients (n=58), levels of EPHA2 expression were
significantly higher (p=0.003) in the tumor tissue compared to the adjacent normal lung
tissue (Figure 3.1A), consistent with previous studies (224-226). In EGFR mutant lung
cancer, EPHA2 expression was also markedly increased compared to adjacent normal
tissue (Figure 3.1A).

Given the known role of EPHA2 in promoting lung cancer growth and survival
(153, 224) and its contribution to drug resistance in breast cancer (231), we investigated
if EPHAZ is upregulated in EGFR mutant lung cancer cells with EGFR'"**™ mediated,
acquired resistance to erlotinib. The erlotinib resistant, EGFR mutant lung cancer cell
lines, PC-9/ER and HCCB827/ER, were generated post completion of a drug escalation
protocol (370). The resulting resistant cell lines tolerated erlotinib concentrations more
than ten times the ICso of their parental, TKI sensitive counterparts (Figure 3.1B).
Microarray analysis of PC-9 and PC-9/ER cells revealed that three EPH receptors,
EPHA2, EPHB2, and EPHB4, were overexpressed in the erlotinib resistant PC-9/ER

cells, compared to erlotinib sensitive PC-9 parental cells (Figure 3.1C).
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Figure 3.1 EPHA2 expression in erlotinib sensitive and resistant EGFR mutant
lung cancer. (A) Comparison of EPHA2 expression in 58 paired lung cancer patient
samples between tumor and adjacent normal tissue (GSE32863) (368). Statistical
analysis with patient-specific matching was performed using a paired student’s t-test.
ALL, all tumor samples; EGFR, tumor samples harboring EGFR mutations; N, normal
(green); T, tumor (red). **p < 0.005. (B) PC-9 erlotinib resistant cells (PC-9/ER), erlotinib
resistant clones (PC-9/ERC15 and PC-9/ERC16), and HCCB827 erlotinib resistant cells
(HCCB827/ER) were assessed for resistance to erlotinib. (C) Heatmap showing the
MRNA expression profiles of EPH RTKs and EPHRIN ligands comparing PC-9 and PC-9
cells with acquired resistance to erlotinib (PC-9/ER). (D) EPHA2 protein expression
levels were assessed via western blot analysis in erlotinib resistant cell lines (ER) and
afatinib resistant cell lines (BR) harboring EGFR™°™ and their parental cells. (E) EPHA2
expression in PC-9/ERC16 cells was measured over time after erlotinib was removed
from culture media. (F) Immunohistochemistry showed increased EPHA2 levels in EGFR
TKI resistant tumor samples compared to pre-treatment tumor specimens from 3
patients.
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To validate these findings, we assessed EPHA2 protein levels in the same
isogenic, paired cell lines (PC-9 and PC-9/ER) as well as an independent erlotinib
sensitive and resistant cell line pair, HCC827 and HCC827/ER. EPHA2 was
overexpressed in all of the erlotinib resistant cell lines (Figure 3.1D), as well as in two
independent single-cell EGFR™"®™ containing clones derived from the PC-9/ER cell line
(Figure 3.1D) confirming observations from our gene expression analysis. Interestingly,
we found that EPHA2 expression could be regulated by the presence of erlotinib, and
EPHAZ2 expression increased in a time-dependent manner post erlotinib withdrawal in
PC-9/ERC16 cells (Figure 3.1E), consistent with a previous observation that EPHA2
expression is regulated by MAPK signaling (151).

Lastly, we assessed the EPHA2 expression in samples from patients with EGFR
mutations pre- and post-development of resistance to EGFR TKiIs. In 4 samples with
matched pre-treatment and post-relapse tumor sections, we detected higher EPHA2
protein levels by immunohistochemistry in 3 of the post-relapse tumor samples (Figure
3.1F). Overall, we determined that EPHAZ2 is overexpressed in EGFR mutant lung
cancer cells harboring EGFR™° mediated resistance to erlotinib compared to EGFR
mutant lung cancer cells with sensitivity to EGFR inhibitors, suggesting a possible
correlation between EPHA2 expression and EGFR TKI sensitivity both in vitro and in the

clinical setting.
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Figure 3.2 EPHA2 is required for cell viability in erlotinib resistant lung cancer
cells. Erlotinib sensitive and resistant cell lines were transduced with lentiviruses
containing either shEPHAZ2 or a pLKO.1 vector control. The resulting cell populations
were selected in 1.5ug/ml puromycin for 5 days. Shown are immunoblots for EPHA2
expression in PC-9 cells and PC-9 cells with acquired resistance to erlotinib (PC-9/ER)
and erlotinib resistant clonal cell populations (PC-9/ERC15 and PC-9/ERC16) (A), as
well as HCC827 cells and HCC827 cells with acquired resistance to erlotinib
(HCC827/ER) 3 days after completion of puromycin selection (B). B-Tubulin expression
was used as a loading control. (C) Erlotinib sensitive and resistant cell lines were treated
as in (A&B), and cell viability was analyzed by the MTT assay at 72 hours after
puromycin selection. Experiments were repeated three times with 6 replicates per
experiment. Data is presented as the mean viability of shEPHA2 knockdown cells
relative to that of the shControl cells £+ SEM. *p < 0.05 (D) Cells were treated as in C,
and cell viability was assessed over 5 days. Experiments were repeated three times,

and the mean shEPHA2 knockdown relative to the vector control cells + SEM was
presented.
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EPHA2 promotes the cell viability of erlotinib resistant lung cancer.

To determine if EPHA2 was required for cellular survival in EGFR TKI resistant
lung cancer, we knocked down the expression of EPHA2 using a lenti-viral based
shRNA strategy in four erlotinib resistant and two erlotinib sensitive lung cancer cell
lines. Both of the two independent shRNAs against EPHA2 (ShEPHAZ2) silenced EPHA2
protein expression and reduced cell viability when tested three days after puromycin
selection (Figure 3.2A and 3.2B). Although shEPHAZ2 reduced cell viability in both
erlotinib sensitive and resistant cell lines, erlotinib resistant cells displayed a greater
dependence on EPHAZ2 for cell survival compared to erlotinib sensitive cell lines. For
example, 72 hours after puromycin selection, EPHA2-deficient, erlotinib resistant PC-
9/ER and HCCB827/ER cells displayed 20% and 40% cell viability, respectively, while
erlotinib sensitive PC-9 and HCC827 cells maintained 45% and 90% cell viability (Figure
3.2C). We next performed a time course to monitor cell viability after EPHA2 knockdown
in these cells. The results showed that by five days post puromycin selection, EPHA2-
deficient, erlotinib resistant cells displayed a further reduction in the number of viable
tumor cells, in some cases with only 10% overall cell viability (Figure 3.2D). These data
suggests that TKI resistant lung cancer cells are dependent upon EPHA2 RTK for

survival.
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Figure 3.3 Loss of EphA2 results in decreased tumor burden and increased
survival in a TKI resistant EGFR88R*T79M transgenic model. (A) Lungs of
EGFR“8R*T90M mice from wild-type (EphA2*"*) or knockout (EphA2™) of EphA2 were
collected, and total lung wet weight was measured at 10 and 15 weeks of age to assess
the additional mass contributed to the lungs by the tumor burden. Average lung weight
+ SEM is shown (n = 10 per time point per genotype). (B) Wild-type and EphA2 deficient
mice were subjected to MRI analysis at 15 and 20 weeks of age. T2-weighted MRI
images were taken in the axial plane with slice thickness of 1mm. Representative
images at 15 and 20 weeks are shown. White arrows indicate tumor tissue. H, heart; S,
spine. (C) Tumor volumes were quantified as a composite of 10 serial MRI slices of the
lung per mouse using Matlab software and were graphed as an average tumor volume
(mm?®) + SEM (n > at least 5 mice per genotype). (D) Kaplan-Meier survival curves for
EGFR"8R*T790M mjce with or without EphA2. Mutant EGFR gene expression was
induced by doxycycline at 3 weeks of age. *p < 0.005
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EPHA2 promotes tumor growth in an inducible transgenic model of EGFR-858R+T790M
mutant lung cancer in vivo.

To assess the contribution of EPHA2 to EGFR TKI resistant lung cancer in vivo,
we crossed EphA2 deficient animals with an inducible EGFR%8R*T°M mpytant lung
cancer transgenic model (87, 245). In this model, expression of the mutant EGFR
(TetO-EGFR“R*T790M- cCSP-rtTA) is induced upon doxycycline administration and
resulting tumors are resistant to erlotinib. To assess tumor burden in lungs of
EGFR“S8RTIOOM/Enh A2+ and EGFRM"S8R*TOM/ERnh A2~ mice, we measured the lung wet
weight over a time course as described previously (153, 374). A significant reduction in
lung weight was observed in doxycycline-treated, EGFR™-8R*T70M/Eph A2 - mice
compared to doxycycline-treated, EGFR"88R*T70M/Eph A2*"* mice or compared to tumor-
free mice not fed doxycycline (Figure 3.3A). Because no changes in lung weight were
observed between EGFR"R*TOM/EnhA27- and EGFR“S8R*T790M/Eph A2*"* mice that
were not fed doxycycline, we attribute the differences seen in mice fed doxycycline to a
reduction in tumor burden. To further quantify tumor burden, we monitored mice by MRI
imaging when tumors had developed in both groups at 10 weeks of age and again at 15
weeks of age (Figure 3.3B). As expected, tumors did not develop in any of the mice not
fed doxycycline. Quantification of the MRI images revealed that doxycycline-fed
EGFR'“SR*TTOM/EphA27- mice had a lower overall tumor burden than
EGFR'“SRTTOM/Eph A2 mouse counterparts, which became more evident as the mice
aged (Figure 3.3C). EphAZ2 deficiency also correlated to significantly longer overall

RU8S8RATT9OM mytant lung cancer. EphA2*"*

survival in this model of TKI resistant EGF
mice did not surviving more than 25 weeks of age, whereas more than 25% the EphA2"
mice surviving greater than 1 year on doxycycline (Figure 3.3D).

Histological analysis of the lungs confirmed the presence of tumors and

EGFR"8R*T790M axnression in doxycycline treated animals as well as the absence of
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Figure 3.4 EphA2 deficiency results in decreased proliferation and increased
apoptosis in EGFR88R*TTM tymors. (A) H&E stained lung sections (20 weeks) from
EGFRUSERHTIOOME QWA and EGFRMJBR*TOMERRW A2 mice in the presence or absence
of doxycycline. Scale bar: 200um. Loss of EPHA2 protein expression and the presence
of EGFR"8R*T790M mytant protein expression were confirmed by immunohistochemistry.
Scale bar: 50um. (B) Apoptosis in tumor sections was measured by the TUNEL assay.
TUNEL positive nuclei (red) are indicated with arrowheads. Scale bar: 50um. (C)
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Apoptosis was quantified as a percentage of TUNEL positive nuclei relative to the total
nuclei. An apoptosis index is presented as average percentage of TUNEL positive
nuclei per total nuclei + SEM. (n = 5 per genotype). (D) Tumor cell proliferation was
assessed by PCNA immunohistochemistry. Arrowheads indicate representative
proliferating nuclei. Scale bar: 50um. (E) Proliferation was quantified by assessing the
total number of PCNA positive nuclei (brown) compared with the total nuclei. A
proliferation index is presented assessed as PCNA positive nuclei per total nuclei +
SEM. (F) The presence of tumor microvessels was assessed by vVWF
immunofluorescence staining (red, indicated by arrowheads). Scale bar: 50um. (G)
Microvessels in the tumor were quantified by measuring VWF positive pixels in each
tumor field + SEM (n = 5 per genotype). *p<0.05

EPHAZ2 expression in EphA2 knockout animals (Figure 3.4A). In doxycycline fed, tumor-
bearing mice, relative levels of apoptosis, proliferation, and tumor microvessels were
quantified. Apoptosis was significantly higher in the tumors of EGFR-858R*T7SM/Epn AR -
mice, compared to tumors of EGFRS8RT0M/ERnA2** mice, as measured by TUNEL
staining (Figure 3.4B and 3.4C). Tumor cell proliferation was measured by staining
tumor sections for proliferating cell nuclear antigen (PCNA) (Figure 3.4D). Proliferation
was significantly decreased in EGFR™"8R*T0M/Enn A2 - tumors compared to tumors of
mice with wild-type levels of EPHA2 (Figure 3.4E). Because previous murine studies in
breast cancer have indicated that EPHAZ2 can function to support tumor vasculature
(249), we assessed tumor microvessels by Von Willebrand factor (VWF)
immunohistochemistry. No significant differences in VWF staining were seen in the
tumor tissue between EGFR"SR* M/ Eph A2 and EGFR“*R*TTM/Eph A2 mice
(Figure 3.4F and 3.4G). Together, these data indicate that EPHAZ2 is required for the
maintenance and progression of EGFR TKI resistant lung cancer in their intrinsic setting

and microenvironment, such that deletion of EphA2 limited proliferation and induced

apoptosis in this tumor model.
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EPHAZ2 regulates cell viability in erlotinib resistant cells through up-regulation of

proliferation and inhibition of apoptosis.

To dissect the mechanism by which EPHA2 is required for cell viability in erlotinib
resistant lung cancer cells, we quantified both proliferation and apoptosis after silencing
EPHA2 (shEPHA2) by using a BrdU incorporation assay and a Cell Death ELISA,
respectively. Upon EPHA2 knockdown, we observed a decrease in proliferation of
approximately 73.5 percent compared to shControl cells, while cell lines sensitive to
erlotinib displayed only a 22.4 percent decrease in proliferation (Figure 3.5A).
Consistent with this effect, loss of EPHA2 in erlotinib resistant cells resulted in a 3.4 fold
increase in cellular apoptosis, compared to an only 2.0 fold increase in cells undergoing
apoptosis from EPHA2 knockdown in erlotinib sensitive cells (Figure 3.5B). Knockdown
of EPHAZ2 also increased cleavage of caspase 3 and PARP (Figure 3.5C), confirming
elevated apoptosis in erlotinib resistant cells. Signaling analysis from two independent
cell lines that contain EGFR™™ mediated erlotinib resistance (PC-9/ERC16 and
HCCB827/ER) revealed that loss of EPHA2 decreased phosphorylation of p90-RSK, S6
kinase 1, and the pro-apoptotic BH3-only protein BAD, whereas other effector proteins,
including AKT and ERK, were not significantly affected by EPHA2 loss (Figure 3.5D).
These results consistently suggest a mechanism by which EPHA2 expression maintains
cell viability in cells with acquired resistance to erlotinib by promoting both survival and

proliferation pathways.

92



8 sh Control B3 sh EPHAZ | BB hEPHAZH#2

D.
§ PC-9/ HOC827/
N PC-9 ERC16 HCC827 ER
<
£ 393 iFE
: FEY 382
3 SGSW SWSW
= | , 4 ; [ B pEPHA2 (S897)
PCO/ PCA PC9/ HCC827 HCCB2T/ = —
ER ERC15 ERC16 (R -,
B - p-EGFR (Y1062)
Emes e EGFR

B <h Control B shEPHAZ 1 GRsh EPHAZH#2

50« . '; ————— D-AKT (S473)
3 4.0+ Pp—— m p-AKT (T308)
i 3.0+  ———— - — — AKT
8 2.0- - p-ERK
a
< 1.0+ ERK

i : , _ | W p-P90-RSK

PCO PC-9% PC9/ PC9/ HCCB27 HCCB27/ -
ER  ERC15 ERC16 ER
PC- HCCB27/ P56kt
PC-9 ERC16 HCC827 ER S6K1
-~ = - ~ »
C. £ % £ 3 $ 3 g 3 e eetmes e pS6
S S a S 0 ¢ Q
2450 §23) a—
I N N e
- _— —n——_—
R = Gl Caspases S I o
- - [ Semames Caspase 3 S s—s—s——— [-TUBULIN
=
e — — — -TUBULIN

Figure 3.5 EPHAZ2 regulates cell signaling that promotes proliferation and survival.
(A) Erlotinib sensitive and resistant cell lines were transduced with lentiviruses
containing either shEPHAZ2 or a pLKO.1 vector control. The resulting cell populations
were selected in 1.5ug/ml puromycin for 5 days. Proliferation was measured by
guantifying incorporation of BrdU into the cellular DNA using the BrdU Cell Proliferation
Assay kit. Experiments were repeated 3 times, and data are presented as a proliferation
index relative to the shControl + SEM. (B) Apoptosis was measured by quantifying
histone-associated DNA fragments using a Cell Death ELISA kit (Roche). Experiments
were repeated 3 times, and data are presented as an apoptotic index relative to the
shControl + SEM. (C) Western blot analysis for cleaved (Cl.) caspase 3 or PARP in
lysates from erlotinib sensitive or resistant cells that had been treated with control
(shControl) or EPHAZ2 specific (ShEPHA2) shRNA. Lysates were collected 72 hours
post-puromycin selection. (D) Signaling analysis on cell lysates from two pairs of
isogenic erlotinib sensitive and resistant cell lines were treated with siControl or
SIEPHA2 for 72 hours. Shown are representative immunoblots in which signaling
molecules were detected with the indicated antibodies.
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Pharmacologic inhibition of EPHA2 decreases cell survival of erlotinib resistant
lung cancer cells in vitro and tumor growth in vivo.

To assess the value of pharmacological inhibition of EPHA2 in lung cancer
subsets with acquired resistance to first-generation EGFR TKIs, we treated cells with an
EPHA2 small molecule inhibitor, ALW-1I-41-27, that was recently characterized for
EPHAZ2 target engagement and specificity in the context lung cancer and melanoma
both in vitro and in vivo (153, 233). NG-25, a structural analog that possesses a similar
profile of kinase targets but does not inhibit EPHA2, was used as a control. We first
assessed the effects of pharmacological inhibition of EPHA2 via ALW-11-41-27 on four
cell lines with acquired resistance to erlotinib. TKI resistant cells treated with 1uM ALW-
11-41-27 displayed a time-dependent decrease in the number of viable tumor cells with
an average reduction of cell viability of 60% at 72 hours after drug treatment, whereas
there was no significant change in the viability of cells treated with NG-25 at the same
dose (Figure 3.6A). Additionally, treatment with 1uM ALW-I1I-41-27 decreased cell
proliferation (Figure 3.6B) and increased apoptosis (Figure 3.6C) in erlotinib resistant
cell lines. ALW-II-41-27-induced apoptosis was accompanied by the cleavage of
caspase 3 and PARP as well as decreased expression of anti-apoptotic proteins BCL-xL
and MCL-1 (Figure 3.6D). To assess the acute signaling consequences of targeting
EPHAZ2 via ALW-11-41-27 treatment, cell lysates were collected from erlotinib sensitive
and resistant lung cancer cells after treatment with 1uM ALW-11-41-27 for 6 hours.
Signaling studies revealed decreased phosphorylation of key effector proteins such as
p90-RSK, S6K1, S6, and BAD (Figure 3.6E), recapitulating the effects observed in
EPHA2 knockdown experiments. These data suggest that ALW-II-41-27 inhibits EPHA2
signaling pathways necessary to maintain proliferation and survival in erlotinib resistant

EGFR mutant lung cancer cells.
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Figure 3.6 A selective EPHA2 small molecule inhibitor decreases cell survival of
erlotinib resistant lung cancer cells in vitro and tumor growth in vivo. (A) Four cell
lines with acquired resistance to erlotinib were treated with ALW-11-41-27, NG-25,
erlotinib, or DMSO for 72 hours, and cell viability was assessed by the MTT assay.
Shown are percentages of cell viability in drug treatment groups relative to a DMSO
control group. (B) Cells were treated with 1uM ALW-II-41-27, NG-25, or erlotinib for 72
hours, and BrdU was added 2 hours prior to the commencement of the assay.
Proliferation was measured by quantifying incorporation of BrdU into the cellular DNA
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using the BrdU Cell Proliferation Assay kit. Experiments were repeated 3 times, and data
are presented as a proliferation index relative to DMSO + SEM. (C) Cells were treated
as in B and apoptosis was measured by quantifying histone-associated DNA fragments
using a Cell Death ELISA kit. Experiments were repeated 3 times, and data are
presented as an apoptotic index relative to the DMSO + SEM. (D) Immunoblotting for
proteins involved in the apoptosis pathway from lysates of cells treated with 1uM ALW-II-
41-27, 1pM erlotinib, or DMSO for 24 hours. (E) Pairs of erlotinib sensitive and resistant
cells were treated with 1uM ALW-11-41-27, 1uM erlotinib, or DMSO for 6 hours.
Phosphorylation of signaling molecules was determined by western blot analysis using
anti-phospho and anti-total protein antibodies as indicated. (F) 2.5x10® HCC827/ER
cells were injected into the dorsal flanks of nude mice subcutaneously. Tumors were
allowed to grow to ~100mm? before administration of 15mg/kg ALW-11-41-27, erlotinib, or
vehicle alone via intraperitoneal injection twice daily. Tumors were measured every day
with a digital caliper, and tumor volumes were calculated. (n = 5/treatment group). Data
is presented as the mean body weight + SEM.

To assess the utility and efficacy of ALW-11-41-27 on tumors with acquired
resistance to erlotinib in vivo, we treated xenografted tumor cells (HCC827/ER) with
ALW-II-41-27, erlotinib, or the vehicle alone twice a day at 15mg/kg via intraperitoneal
injection. After 14 days of the treatment regimen, ALW-I1-41-27 significantly inhibited the
growth of the erlotinib resistant tumors (Figure 3.6F). Toxicity as measured by body
weight was not significantly changed by any of the drugs compared to the vehicle over
the course of this study (data not shown). These data indicate that pharmacological
inhibition of EPHA2 may be advantageous in lung cancers with acquired resistance to
erlotinib as inhibition of this receptor is able to mitigate key survival signaling pathways

and induce an apoptotic phenotype.

Discussion
EGFR mutant lung tumors acquire resistance to TKIs through a variety of
mechanisms, including secondary mutations within EGFR at position T790 (80),
mutations in EGFR effector proteins (99, 375), histologic transformation (99), and
upregulation of parallel RTKs (e.g. MET, HER2, and AXL) (101, 102, 105, 376). Here

we have demonstrated that EPHAZ2 overexpression serves as an additional novel
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mechanism of drug resistance particularly in EGFR™9M

mutant lung cancer. We found
that knockdown of EPHAZ2 resulted in decreased proliferation and increased apoptosis in
erlotinib resistant cells with EGFR™**™ mutations. Genetic targeting of EphA2
significantly inhibited EGFR"8%8R*T7 mytant lung tumor progression and prolonged
overall survival in vivo. Furthermore, an EPHA2 small molecule inhibitor, ALW-11-41-27,
mitigated viability of erlotinib resistant cells and reduced tumor growth in a xenograft
model. These data suggest that pharmacological inhibition of EPHA2 may represent a
viable, alternative strategy for treating EGFR™"°™ mutant lung cancers harboring
resistance to first-line EGFR TKI therapies.

The ability of EPHA2 to maintain cell viability in the context of tumorigenesis
does not go without precedence. EPHA2 overexpression has been observed to
contribute to tumorigenesis in a variety of tissues including breast, ovary, skin, brain, and
lung (226, 227, 237, 377). Studies from our lab have demonstrated that EPHA2 has a
distinct role in tumor promotion in the epithelial component of both breast and lung
tumors as evidenced by targeted inhibition of EPHA2 in murine models of these tumor
types (149, 153). Although the EPHAZ2 receptor has previously been shown to regulate
RAS/MAPK signaling in breast cancer cells (149, 151), in EGFR™"* mutant lung cancer
loss of EPHA2 does not appear to significantly affect the activities of ERK, but rather
modulates phosphorylation levels of p90-RSK, S6K1 (a known signaling component of
mTORC1), and the pro-apoptotic protein BAD. These results are consistent with the
recent findings that activation of mMTORC1 is associated with acquired resistance of
EGFR mutant lung cancer to combined EGFR inhibition via a TKI and cetuximab (88).
MTORC2 has also been implicated in the maintenance of EGFR TKI resistant lung
cancer (89), however the degree to which mTORC2 plays a role in EPHA2-mediated

maintenance of cell viability in erlotinib resistant cells remains to be determined.
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Targeting EPHAZ2 in EGFR TKI resistant lung tumors represents a unique
opportunity for mitigating cell viability, as our studies have demonstrated that erlotinib
resistant cells are more dependent on EPHA2 for cell viability than erlotinib sensitive
cells (Figure 3.5A and 3.5B). Knockdown of EPHAZ2 induced a greater than 3 fold
increase in cell death and greater than 3 fold reduction in proliferation in erlotinib
resistant cells relative to their parental, erlotinib sensitive counterparts. These data
indicate a distinct addiction of EGFR™"*° mutant lung tumors to EPHA2 for survival, and
it may illuminate why RNAi-mediated EPHA2 knockdown experiments as well as
pharmacologic inhibition of EPHA2 appear to be remarkably effective without the
combination of other inhibitors. It is, however, possible that combination of an EPHA2
inhibitor in this context with inhibitors of other kinases such as EGFR, MEK, ERK, or
IGF-1R, could further diminish cell survival. Additional investigation is needed to assess
whether the EPHAZ2 signaling addiction observed is specific to the erlotinib-mediated
development of EGFR™ or if it is a universal feature of EGFR™ M resistance acquired
in the presence of any EGFR TKI. Preliminary data from our lab indicates that cells with
acquired resistance to two, unique second generation EGFR inhibitors, afatinib or XL-
647, also display overexpression of EPHA2 compared to cells sensitive to these
inhibitors and are highly sensitive to EPHAZ2 inhibition (Figure 3.1D and data not shown).
Studies to characterize the role of EPHAZ2 in viability maintenance of EGFR mutant cells
with acquired resistance to second and third generation EGFR TKiIs is currently under
investigation.

Although strategies to overcome EGFR™ mediated TKI resistance are rapidly
evolving, including but not limited to the development of EGFR'"**™ mutant-specific
EGFR inhibitors (85) and the combination of second generation EGFR TKIs with
antibodies against EGFR such as cetuximab (87), persistent treatment of a single target

(e.g. EGFR) may make tumors more likely to engage in alternative, non-EGFR-related
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bypass escape mechanisms (85). Recent studies indicate that optimizing the dose and
sequence of TKI treatment may be an essential component in the effective treatment of
EGFR™M disease (370, 378). We have observed that EPHA2 expression in EGFRT"M
mutant cells increases in a time-dependent fashion after being withdrawn from erlotinib
(Figure 3.1E). Interestingly, there have been several clinical reports of patients with
EGFR™M mutant lung tumors that exhibited a flare of tumor growth post TKI withdrawal
(379-382). This could be due in part to the surge in EPHA2 expression we observe
upon EGFR TKI withdrawal. It is quite possible that EPHA2 inhibition may be most
efficacious in EGFR'"*®™ mutant tumors during an EGFR TKI “holiday”, when EPHA2
levels are at their highest. Because EPHAZ2 inhibition preferentially eliminates EGFR
TKI resistant cells over EGFR TKI sensitive cells (Figure 3.5A), it is reasonable to
hypothesize that after a regimen of EPHAZ2 inhibition the tumor may be repopulated with
more EGFR TKI sensitive cells and may re-respond to first-line EGFR TKIs. Thus, it
may be possible in the future to treat EGFR™°™ mutant tumors with cycles of sequential
EGFR TKiIs followed by EPHAZ2 inhibitors with the ultimate goal of eradicating the both
EGFR TKI sensitive and TKI resistant disease. Although the specificity and functional
importance of the EPHA2 pharmacological inhibitor, ALW-II-41-27, has already been
characterized previously in the context of lung cancer (153), further compound iterations
are in development to enhance target specificity and pharmacodynamics in vivo.

In summary, we show that EPHA2 overexpression is required for survival of
erlotinib resistant lung cancer, and that both genetic and pharmacologic inhibition of

RT7°M mediated,

EPHAZ2 results in decreased survival and proliferation of cells with EGF
erlotinib resistance. These studies not only present evidence for the utility of EPHA2
inhibitors in the treatment of erlotinib resistant tumors, but also provide rationale for

optimizing the sequence of treatment with existing first-generation EGFR inhibitors to

maximize patient benefit.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

In the last decade, considerable progress has been made to identify and
characterize mutations, amplifications, deletions, and rearrangements that function to
drive tumorigenesis in the lung epithelium. Although advancements have been made in
translating these findings into therapeutic interventions, challenges still remain in
developing effective and sustainable pharmacological inhibition in tumors with the most
commonly observed mutations in lung cancer, KRAS and EGFR. To address these
concerns and to identify novel targets for treatment, genome-wide expression analyses
were completed to identify RTKs that were overexpressed and could represent potential
drivers of lung cancer. Among the targets identified was the receptor tyrosine kinase,
EPHA2. EPHAZ2 belongs to the EPH family of receptor tyrosine kinases which have
been implicated in both normal and neoplastic development. In cancer, the role of EPH
RTKs is variable and is largely dependent on the specific EPH receptors and ephrin
ligands expressed, their relative concentrations on the cell surface, as well as the cell,
tissue, and organ contexts. Therefore investigating EPH RTKs in specific tissue and
disease contexts is essential for an informed understanding of the functional and
mechanistic contributions of these receptors. EPHA2 has been found to be
overexpressed in a large variety of cancers, including that of the lung. Although
correlative data exists linking high EPHA2 expression with lower overall survival in lung
cancer patients, a functional and mechanistic understanding underlying this relationship
was nonexistent. The data in this thesis represents a step forward in understanding the

contribution of EPHAZ2 in malignancies of the lung epithelium. Using a combination of in
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vitro and in vivo models, we have demonstrated that EPHA2 promotes tumor cell
survival and progression of both KRAS and EGFR™ ™ mutant lung cancers. Moreover,
we demonstrated the efficacy of a first-in-class, ATP competitive, small molecule EPHA2
tyrosine kinase inhibitor, ALW-11-41-27, both in vitro and in vivo. Together our finding
have provided genetic, functional, mechanistic, and pharmacological evidence to define
the role of EPHA2 in lung tumorigenesis. This work provides a basis for the continued
investigation of EPHAZ2 in lung cancer in order to ultimately facilitate the translation and

development of EPHAZ2 targeted therapeutics for clinical use.

Future Directions

Completion of the work described herein has contributed significantly to the
understanding of the role of EPHAZ2 in lung cancer, particularly those harboring KRAS
and EGFR™™ mutations. At the same time it has raised many new questions regarding
the mechanistic properties of EPHA2 and the therapeutic potential of using it as a drug
target in cancer. A selection of these questions will be discussed below as a starting

point for new avenues of discovery in the future.

How is EPHAZ2 signaling requlated by the presence of different driver mutations in lung

cancer?

Previous studies have identified that EPHAZ2 is often overexpressed in tumor
cells with ERBB pathway mutations (e.g. HER2, EGFR, RAS, and RAF), and that tumor
cells of these genetic subtypes are often extraordinarily sensitive to EPHA2 inhibition
(Chapter 3, (149, 153, 233)) as evidenced in breast, lung, and skin cancers,
respectively. In these tumors, EPHA2 was found to regulate cell viability through
modulation of the MAPK or PI3K/AKT pathways in a ligand independent manner. Itis

apparent that not all molecular subtypes in lung cancer maintain the same level of
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dependency on EPHAZ for cell viability as evidenced by a lack of sensitivity to EPHA2
silencing in lung cancer cell lines with HER2 mutations and EML4-ALK rearrangements
(Figure 2.4A). Understanding the underlying molecular mechanisms that confer
dependency on EPHA2 expression and signaling will be essential for the effective use of
EPHAZ as a therapeutic target and for effectively predicting clinical responses to EPHA2
targeting agents. The spectrum of dependency on EPHA2 for cell survival across known
molecular subtypes of lung cancer is indicative of the diversity of signaling networks that
these subtypes represent.

One mechanism by which EPHA2 acquires enhanced control of cell viability in
certain genetic subtypes of lung cancer is through direct interaction with the oncogenic
drivers. This has been evidenced by the ability of EPHA2 to directly interact with HER2
and amplify its signaling pathway in breast cancer (149). Although EGFR and EPHA2
have been observed to interact in previous studies (147), a direct interaction has not
been assessed in EGFR mutant lung cancer cells. It is possible, however, that EPHA2
may interact directly with EGFR to promote and amplify its signaling in EGFR mutant
lung tumors to enhance proliferation and survival. The ability of EPHAZ2 to interact with
other common molecular drivers of lung cancer such as KRAS, FGFR, ALK, HER2, and
MET is also an area which requires further investigation.

Another mechanism by which the dependency on EPHA2 may be controlled in
the various molecular subtypes of lung cancer is through regulation of EPHA2
expression. It has been previously demonstrated that high EPHA2 expression correlates
to poor overall survival outcomes in patients with lung cancer, although the means by
which EPHA2 expression is regulated in the presence of various different genetic driver
mutations in lung cancer is not entirely known. EPHA2 can be transcriptionally regulated
by a number of factors such as EGFR, C-MYC, and p53 as has been evidenced

previously (147, 151, 342, 343). In support of these findings, our lab has demonstrated

102



that EPHA2 expression increases in the presence of constitutive EGFR activation as
evidenced by EGFR TKI resistance in lung cancer (Figure 3.1D). Additionally, another
group found a similar phenomenon of elevated EPHA2 expression in the presence of
BRAF TKI resistant melanoma (233). We also demonstrated that the removal of EGFR
TKIs from erlotinib resistant cells could enhance EPHA2 expression in a time dependent
manner, further corroborating the role of this pathway in regulating EPHA2 expression
(Figure 3.1E). Further studies are needed to identify additional mechanisms by which
EPHAZ2 expression can be regulated in different genetic subtypes of lung cancer to

better define its role mechanistically and clinically in these contexts.

How does EPHAZ2 control cell viability in KRAS and EGFR mutant lung cancer?

As previously mentioned, although overexpression of EPHA2 had been
established previously in lung cancer, its function and signaling capabilities in lung
tumors were largely unstudied. Utilizing both RNAi-mediated silencing techniques and
pharmacological inhibition, we determined that EPHA2 promotes signaling of both KRAS
and EGFR™™ mutant lung tumors by promoting the activation of mTORC1 signaling
pathway effectors such as p70-S6K1, S6, and BAD, which are known regulators of
protein synthesis and cell survival (153). Although the contribution of mMTORCL1 signaling
has been defined in KRAS and EGFR™™ mutant lung cancer, it is well established that
the serine/threonine kinase, mTOR, can function in two distinct complexes, mMTORC1
and mTORC?2 to propagate signals (90, 91). Both mTOR complexes have been
implicated in tumorigenesis and are known to regulate distinct activities and effectors.
The predominant effectors of mTORC2 are AKT (S473), SGK1, and PKCa, which are
known regulators of cell proliferation, survival, and cytoskeletal organization (91, 96-98).
Although the work of this thesis has established the contribution of MTORC1 in KRAS

and EGFR™™ mutant lung cancer, the relative contribution of mMTORC2 to EPHA2
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signaling remains to be investigated. Preliminary data reported in this thesis
demonstrates that upon RNAi-mediated silencing of EPHA2, AKT phosphorylation at
S473 is not significantly decreased in KRAS or EGFR™*® mutant lung cancers (Figure
2.5D and Figure 3.5D). It remains to be investigated whether SGK1 or PKCa contribute
to the EPHA2 mediated cell survival phenotype. To more clearly assess the relative
influences of both mTOR complexes on EPHA2 mediated cell survival in KRAS and
EGFR™M mutant lung cancer, studies silencing the mTORC1 subunit (Raptor) and the
MTORC2 subunit (Rictor) may be useful.

In addition to the mTORC1 pathway, we also determined as a part of this thesis
that EPHA2 could control phosphorylation of p90-RSK, a direct downstream effector of
ERK, in both the KRAS and EGFR™®™ molecular subtypes of lung cancer. Currently,
the mechanism by which EPHA2 regulates p90-RSK phosphorylation has not been fully
elucidated, as its classical upstream effector, ERK, displayed no decrease in
phosphorylation upon EPHAZ2 silencing (Figure 2.5D and Figure 3.5D). One possibility
for this effect is that although p90-RSK may be primed for activation by ERK
phosphorylation at Ser-369 and Thr-577, it is not able to be fully activated by subsequent
PDK1 phosphorylation due to abrogated signals that result from EPHAZ2 inhibition (383).
Determining the mechanism by which p90-RSK signaling is regulated downstream of
EPHA2 would illuminate another key piece of this signaling network.

An additional signaling mechanism that remains to be explored involves the
contribution of wild-type RAS isoforms to EPHAZ2 signaling particularly in RAS mutant
lung cancer. Previous studies in rhabdomyosarcoma and bladder cancer identified that
ligand mediated EPHAZ2 stimulation reduced GTP loading of wild-type RAS isoforms,
while no change was detected in the GTP loading of mutant RAS (384). Additionally, the
same study demonstrated that mutant, oncogenic RAS preferentially controlled basal

MAPK signaling, while wild-type RAS proteins were primarily responsible for growth
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factor induced signaling (384). Currently, it is not evident whether these signaling
observations are universal to all RAS mutant cancers or RAS mutant cancers of the
lung. Although these studies were performed in a ligand dependent model system,
EPHAZ2 signaling is thought to occur in a ligand independent fashion in the endogenous
lung tumor environment (362). It is therefore possible that the RAS signaling effects
observed from these studies may not accurately represent relevant contributions of the
RAS isoforms in EPHAZ2 signaling as displayed in lung tumors. Inducible, RNAi
mediated silencing or pharmacological inhibition of EPHA2 may provide a more precise
depiction of the extent to which EPHAZ2 regulates the activation of the various RAS
isoforms in the context of lung tumorigenesis. To test this experimentally, RAS activity
can be measured in various RAS mutant lung cancer cell lines by assessing the relative
GTP loading in both wild-type and mutant RAS isoforms after EPHAZ2 inhibition.
Understanding how EPHA2 regulates the activation and distinct roles of wild-type and
mutant RAS isoforms may reveal novel vulnerabilities useful for enhancing the efficacy

of EPHA2 targeted therapy in this difficult-to-treat molecular subset of lung cancer.

How does EPHAZ2 inhibition affect the lung tumor architecture?

A unigue feature of EPH-ephrin signaling complexes is the necessity of cell-cell
contact for ligand mediated receptor activation due to the membrane bound nature of
both the receptor and ligand. In lung cancer, a combination of cellular disorganization
and EPHAZ2 receptor overexpression, greatly limits the interactions between EPHA2 and
its preferential ligand, ephrinAl, making the majority of EPHA2 signaling that occurs
ligand independent. Currently, the extent to which inhibiting EPHA2 either genetically or
pharmacologically can restore cellular adhesion, polarity, and organization of lung tumor
cells has not been studied, although transgenic animal models of lung cancer with

EPHA2** and EPHA2' would be ideal for this investigation. As mentioned above a key
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component in EPHA2 mediated cellular organization involves proximity of the ligand,
ephrinAl, to the EPHA2 receptor. Future studies should include investigation of the
contribution of ephrinAl expression and reverse signaling in lung tumorigenesis and

tissue organization both in the presence and absence of EPHA2 expression and activity.

How does EPHAZ inhibition affect the lung tumor microenvironment?

The studies described in this dissertation have largely focused on the role of
EPHAZ2 in the tumor epithelium, but the contribution of this receptor in the
microenvironment should not be overlooked. Although EPHA2 has been found to be
expressed at low levels in the developing and quiescent adult vasculature, studies
performed in breast cancer discovered that EPHA2 was highly expressed in the tumor
vasculature and could contribute to angiogenesis. To investigate the role of EPHA2 in
lung tumor vasculature, we assessed the tumor microvasculature in two independent
murine models of lung cancer (e.g. Kras®*?® and EGFR"*8R*T7%0M) jith EPHA2 depletion
(EphA2™") as measured by von Willebrand factor staining. Although a mild decrease in
tumor microvessels was observed in the context of EPHAZ2 silencing, this result was not
statistically significant in either murine model of lung cancer.

Other components of the tumor microenvironment such as the immune cells
have not been assessed in the context of EPHAZ2 inhibition in lung cancer. As inhibitors
are further developed to target EPHAZ in the clinical setting, it will be important to
understand the immunological consequences of blocking this receptor on both epithelial
cells and immune cells. It is well established that CD8" T cells are critical in regulating
the host immune response to tumor malignancies. Furthermore, immune evasion by
tumors is achieved through an intrinsic mechanism to downregulate T cell effector
functions in a process termed exhaustion (385-390). This impairment of the CD8* T cell

response is driven by the presence of multiple inhibitory receptors expressed on the
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surface of T cells and their interaction with ligands on tumor tissue as well as in the
tumor microenvironment. Upon EPHAZ2 inhibition, either genetically or
pharmacologically, the expression of T cell inhibitory ligands such as PD-L1 and PD-L2,
CD80, and MHCII on tumor cells as well as on antigen presenting cells (APC) at the
tumor site, should be assessed to determine the extent to which EPHA2 signaling is
capable of regulating the expression of these proteins (391, 392).

In addition to measuring the expression of inhibitory ligands on the surface of
tumor cells, the effects of inhibiting EPHA2 on tumor-infiltrating CD8" T cells should also
be investigated. Initially, EPHA2 expression and activity in CD8* T cells should be
assessed upon treatment with a specific EPHA2 inhibitor to determine this cell type’s
level of dependency on EPHA2. Next, the effect of EPHAZ2 inhibition on CD8* T cell
proliferation should be quantified using proliferative markers, such as Ki67. Additionally,
tumor-specific CD8" T cell quantity and functionality could be measured by using
fluorescently conjugated MHC class | tetramers loaded with peptides specific for tumor
tissue (393, 394) in tandem with intracellular cytokine staining to assess the expression
of effector molecules, such as IFNy and TNFa (395), as well as markers of
degranulation, like CD107a, in these cells (396). In a clinical setting, treatment with an
EPHAZ2 inhibitor will occur after priming and maturation of a tumor-specific CD8* T cell
response, so even if EPHA2 negatively affects T cell proliferation an increase in T cell
functionality could still significantly impair tumor progression. In addition to assays to
test T cell functionality as mentioned above, it will also be useful to determine the level of
T cell exhaustion in the context of EPHAZ inhibition, by measuring expression of
markers such as PD1, CTLA4, TIM3, LAG3, and 2B4. These markers of exhaustion
progressively increase in expression as chronic stimulation with tumor antigens
continues, and they actively induce negative signals to inhibit T cell receptor activation

(392). The expression of these markers on tumor antigen specific as well as bulk CD8*
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T cells can be measured over the course of EPHA2 inhibition using flow cytometry.
Depending on the contribution of EPHAZ in the regulation of the T cell exhaustion
phenotype, it may be advantageous to use sequential or combination treatment of an
EPHAZ2 inhibitor with blockade of these inhibitory receptors to enhance T cell

functionality and increase the efficacy of EPHAZ2 targeted agents.

Can better biomarkers be defined to predict sensitivity to EPHAZ2 inhibition?

Although this dissertation has focused exclusively on targeting EPHA2 in lung
cancer, overexpression of EPHAZ is found in a variety of other tumor types and may be
a useful target for inhibition in those cancer types as well. As discovered in lung cancer,
total EPHA2 expression does not directly correlate with sensitivity to EPHAZ2 inhibition,
therefore other markers are essential in predicting sensitivity (Figure 2.2B and Figure
2.2C). ltis possible that sensitivity to EPHA2 may positively correlate to specific genetic
subtypes both in lung cancer and other cancers. As we discovered in lung cancer,
EPHAZ2 sensitivity positively correlated to phosphorylated levels of EPHA2 as well as
KRAS mutations and EGFR™*°™ mutations. Sensitivity to EPHA?2 inhibition should be
evaluated in tumors of other tissue types that also harbor high levels of EPHA2
phosphorylation, KRAS mutations, or EGFR mutations to assess if these dependencies
are universal or if they are genotype or tissue specific. If sensitivity to EPHA2 targeting
is genotype specific, it is likely that other tumors harboring constitutive MAPK signaling
may benefit from EPHAZ inhibition such as KRAS mutant pancreatic and colon cancers.

Additionally, EPHA2 overexpression in a variety of TKI resistant tumor tissues
including those resistant to trastuzumab, vemurafenib, and erlotinib, correlates with
sensitivity to EPHAZ2 inhibition. Identifying if EPHA2 overexpression is a universal

mechanism contributing to acquired resistance to TKIs or if is a MAPK-centric
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mechanism of acquired resistance will help predict sensitivity by determining which

molecular subtypes of cancer will be sensitive to EPHAZ inhibition.

Can the efficacy of the EPHA2 inhibitor, ALW-1I-41-27, be enhanced?

Although the development of a first-in-class, type Il, ATP-competitive, small
molecule inhibitor of EPHA2 (ALW-11-41-27) has been developed, pharmacokinetic
analysis of ALW-II-41-27 following intravenous (1 mg/kg) and oral administration (10
mg/kg) revealed a relatively short half-life (t1> = 0.83 hour), low plasma exposure (AUC =
333.7 nM/l), and low oral bioavailability (bioavailability = 24.6%). Efforts to overcome
these challenges have begun with the development of new iterations of this inhibitor to
try to improve the pharmacokinetics. Compound development is currently underway.

In addition to drug development, combining therapy with ALW-11-41-27 may be
useful in enhancing the efficacy of this small molecule inhibitor. In lung cancer
combination of MEK (trametinib) or EGFR (erlotinib, afatinib, AZD9291) inhibitors with
the EPHA2 inhibitor (ALW-11-41-27) may be useful in promoting an additive or synergistic
therapeutic response in the most common molecular subtypes of lung cancer, KRAS
and EGFR mutant, respectively. Alternatively, because MAPK pathway activation is
known to transcriptionally regulate EPHA2 expression, co-treatment with an EGFR TKI
or RAS pathway inhibitor may also limit therapeutic potential as these compounds
downregulate EPHA2 expression theoretically shifting the dependence away from
EPHAZ2 for viability and survival. Future studies are needed to assess the effects of
EPHAZ2 therapy combinations.

Recent studies indicate that optimizing the dose and sequence of TKI treatment
may be an essential component in the effective treatment of EGFR™*™ disease (370,

378). We have observed that EPHA2 expression in EGFR™*™ mutant cells increases in
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a time-dependent fashion after being withdrawn from erlotinib (Figure 3.1E).
Interestingly, there have been several clinical reports of patients with EGFR™"** mutant
lung tumors that exhibited a flare of tumor growth post TKI withdrawal (379-382). This
could be due in part to the surge in EPHA2 expression we observe upon EGFR TKI
withdrawal. It is quite possible that EPHAZ inhibition may be most efficacious in
EGFR™M mutant tumors during an EGFR TKI “holiday”, when EPHA2 levels are at
their highest. Because EPHAZ2 inhibition preferentially eliminates EGFR TKI resistant
cells over EGFR TKI sensitive cells (Figure 3.2C), it is reasonable to hypothesize that
after a regimen of EPHA2 inhibition the tumor may be repopulated with more EGFR TKI
sensitive cells and may re-respond to first-line EGFR TKIs. Thus, it may be possible in
the future to treat EGFR™*™ mutant tumors with cycles of sequential EGFR TKils
followed by EPHAZ2 inhibitors with the ultimate goal of eradicating both EGFR TKI

sensitive and TKI resistant disease.

Concluding remarks

The results reported in this thesis have made a significant step forward in the
understanding of the functional and mechanistic contributions of EPHA2 in KRAS and
EGFR™M mutant lung cancer. At the same time, much work still remains in the
understanding of how this receptor is regulated by different genetic drivers and in the
development and optimization of EPHAZ2 inhibitors for clinical use. With emerging
technology and the accumulation of knowledge regarding the role of EPH family
members as well as genetic drivers in lung cancer, further mechanistic understanding of

EPHAZ2 along with clinical translation of these findings are imminent.
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