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ABSTRACT
The Genetics of Cancer in Pharmacological Drug Development
Benjamin Hoffman
Doctor of Philosophy
Temple University, 2012
Doctoral Advisory Committee Chair: Scott K. Shore, PhD.

The field of cancer therapeutic development has been dominated by two research
and discovery paradigms, the cytotoxicity-based or phenotype driven strategy and the
target-based rational approach.

This thesis describes the standardization of novel assays

used in both approaches and the discoveries made using these processes. Rational drug
design or the target-based approach to discovering novel anti-cancer agents requires a
basic understanding of the oncogenic signals that induce uncontrolled cellular
proliferation. c-MET is a proto-oncogene, linked to a number of different cancers, that
encodes a receptor tyrosine kinase. As an oncogene, c-MET has been shown to transform
cells in the laboratory setting and is dysregulated in number of malignancies. Thus, we
sought to discover a small molecule inhibitor of c-MET kinase activity by screening a
novel library of small molecules. In the second part of this dissertation, we describe the
standardization of a high-throughput assay to identify putative c-MET inhibitors and the
results of our screening attempt.
Cytotoxicity-based screening is another validated approach that is used to
discover anti-cancer agents. As a parallel program to our c-MET discovery effort, we
designed a high-throughput cytotoxicity assay to identify a novel small molecule with
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high cytotoxic activity towards tumor cells.

The result of this screen was the

identification of ON015640, a novel anti-cancer therapeutic with tubulin-depolymerizing
activity.
Throughout the course of this project, we tried to discern the advantages and
disadvantages of the two predominant paradigms in cancer therapeutic research. Both
strategies require careful assay design and an acute understanding of the molecular and
genetic underpinnings of cancer. While it is clear that structure-based rational drug
design has its merits and its success stories, it has become increasingly clear that seeking
out a desired biological effect may serve as a more effective staring point when dealing
with cancers for which no clear oncogene addiction phenotype has been observed.
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CHAPTER 1
INTRODUCTION TO CANCER THERAPEUTIC DEVELOPMENT

1.1 Introduction to Cancer Therapeutic Development
Cancer therapeutic development has made significant advances in recent history.
In decades past, cancer therapies were developed as candidates following a paradigm
instituted by the Cancer Chemotherapy National Service Center (CCNSC) in 1955
(Endicott et al., 1958). Selected for their efficacy in killing tumor cells in vitro, drugs
were discovered and developed based upon their initial activity. Drugs discovered in this
manner, such as taxol (Oberlies et al., 2004), as well as many other chemotherapeutics
remain the standard of care for the treatment of most cancers. Although the caveat for
many of these conventional chemotherapies is toxicity, they are highly effective in
treating malignancy a characteristic owed to the soundness of cytotoxicity-based
discovery.
Recent drug discovery has deviated from the cytotoxicity-based strategy. The
successes of targeted small molecules such as Imatinib Mesylate (Druker et al., 1996)
have generated a new paradigm in therapeutic development. This paradigm centers
research and development efforts on the creation of specific inhibitors of druggable
proteins or “cancer targets.”

The targeted research strategy leans heavily on the

identification and validation of basic scientific findings regarding oncogenic proteins.
Moreover, a target is considered druggable once laboratory findings are confirmed or
correlated with clinical outcome.

For example, the fusion protein BCR-Abl was
1

identified and confirmed as an attractive target for therapeutic development because of its
link to (Rowley et al., 1973) Chronic Myelogenous Leukemia (CML). Following this
general concept, research has led to the introduction of a number of targeted therapies to
the clinic over the past two decades. These therapies range in their biological activities
and include not just small molecules but also humanized monoclonal antibodies and
vaccines.
1.1.2 The History of Anti-Cancer Drugs
Cancer is a disease of dysregulated cellular proliferation, although it was not
always recognized as such. For centuries, cancer was treated using herbal remedies
without knowledge of its underlying causes. Formal cancer drug development and the
field of “chemotherapy” began in the early 20th century spawned by the German chemist
Paul Ehrlich (DeVita et al., 2008). Early work was very limited in scope due to the lack
of cancer development models, and the minimal number of clinical testing centers. This
changed in the 1910s when George Clowes developed a system for transplanting tumors
in small rodents (DeVita et al., 2008). The next few decades focused on refining this
technique in an effort to create enough animal models to test a growing library of natural
and synthetic agents putative anti-cancer agents. During this period, efforts were initiated
to create a central testing program for both natural and chemical compounds by a federal
organization (DeVita et al., 2008), which eventually became the National Cancer Institute
(NCI).
A second breakthrough in cancer therapeutics occurred in the 1930’s. In World
War I, an accidental spill exposed troops to toxic doses of sulfur mustard. The spill
indirectly led to the finding that the mustard gases caused bone marrow and lymph node
2

depletion (Krumbhaar et al., 1919).

After this discovery, Milton Winternitz began

studying the therapeutic effects of nitrogen mustards in a lymphoid tumor model. Using
this model system, he was able to demonstrate that nitrogen mustards induced a striking
regression in tumor burden (Gilman et al., 1946). Following the publication of his work
in 1946, physicians began the use of nitrogen mustard, the first chemotherapeutic, in
human lymphomas. Simultaneously, Sidney Farber and other physician-scientists were
conducting research, using animal models, to screen both natural and chemical libraries
for anti-tumor drugs. These highly focused efforts led to the development of anti-folates
such as methotrexate and antibiotics such as actinomycin D for treatment of
hematological malignancies (Farber et al., 1949; Pinkel et al., 1959), making the late
1940’s and early 1950’s a highly prolific and promising period for the field of anti-cancer
therapies.
Although work in the early part of the 1950’s led to the successful development of
agents which treated blood cancers, chemotherapies had yet to be discovered for the
treatment of solid tumors. At the time, physicians employed surgery and radiation
treatment to treat solid localized tumors. By the late 1950’s however, researchers and
clinicians were beginning to conclude that this treatment strategy was not curative.
Around this same time, Charles Heidelberger was developing a drug for the treatment of
solid tumors. Based on a priori knowledge that rat hepatomas required increased uptake
of uracil as compared to non-malignant tissue, he and his team set out to synthesize a
drug to exploit this dependency. His concept led to the development of 5-Fluorouracil
(5-FU) (Heidelberger et al., 1957), an agent that remains the foundation of many
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chemotherapy regimens. 5-FU was the first drug to be used in the treatment of solid
tumors.
Despite the independent successes of Winternitz, Farber and Heidelberger there
was no universal agreement among scientists and clinicians as to how to best develop
novel anti-cancer agents. That changed in 1955 with the organization of the Cancer
Chemotherapy National Service Center (CCNSC) as branch of the NCI. The structure
provided by the CCNSC spawned the industry of anti-cancer agents. In effect, the
organization of the CCNSC was symbolic as well as functional. As a central resource,
the CCNSC not only provided a universal discovery platform, but also a core facility
upon which companies and academic institutions relied to uniformly test newly
discovered chemical entities as anti-cancer agents.
The next great advancement in the field (DeVita et al., 2008) occurred when
researchers unlocked the potential of combination chemotherapy. The rational for
combination chemotherapy was based on the findings of Howard Skipper, who using a
leukemic model that had been standardized at the CCNSC, applied a mathematical
approach to study the proliferation of cancer cells (Skipper et al., 1970). In his seminal
work, Skipper was able to demonstrate that a single leukemic cell implanted into a mouse
was enough to cause the animal’s death. His finding promoted the hypothesis that
current single chemotherapies were only capable of killing a fixed percentage of
cancerous cells rather than a specific number. This implied that single chemotherapies
could only achieve a prolonged remission if treament began when the tumor was
comprised of a very small number of cells. Understanding that the complete eradication
of all cancer cells was imperative to achieving remission, physicians reformulated their
4

clinical strategy employing a much more aggressive approach that relied on the
combination of multiple chemotherapies given in toxic doses. The use of combination
chemotherapy induced striking remission rates in hematological cancers and some solid
tumors (DeVita et al., 2008).
The next iteration in cancer therapy occurred following several tangential
revolutionary discoveries in cancer biology.

First was the discovery of reverse

transcriptase (Baltimore et al., 1970; Temin et al., 1970) and an understanding that viral
oncogenes, inserted into the human genome could capably cause transformation and
neoplastic disease (Brugge et al., 1977). Next, it was discovered that homologues to
these viral transforming sequences could be identified in the genomes of host organisms
(Oppermann et al., 1979) as proto-oncogenes. Additionally, it was found that oncogenes
were truncated or mutated versions of proto-oncogenes (Shih et al., 1982; Reddy et al.,
1982), leading researchers to the shared theory that dysregulated activity of certain
growth control proteins formed the molecular basis for neoplastic transformation. The
culmination of this work created the definition for an oncogenic signal, and while it was
critical in characterizing the basis for neoplastic transformation, it also helped define the
major differences between the cancerous and normal states thereby providing a
mechanism that might be the Achilles heel of the cancer cell.
In the 1980’s, both industry and academia set out to exploit the newly
characterized underpinnings of neoplastic disease, and targeted therapy was born. Unlike
chemotherapeutic discovery, target-based research was highly retrospective and adaptive.
Using the newly discovered oncogenes as putative targets, researchers developed
biological agents, such as the monoclonal antibody Trastuzamab (Hudis et al., 2007) and
5

the small molecule Imatinib Mesylate (Gleevec).

These clinical agents specifically

targeted tumors, by exploiting a central characteristic of many cancer cells, deemed
“oncogene addiction”.
The axiom of oncogene addiction, first presented by Bernard Weinstein in 2002
(Weinstein et al., 2002), refers to a cancer cell’s dependence on certain anti-death or progrowth signals. Although normal cells rely upon the same anti-death and pro-growth
signals, to which cancer cells are addicted, they are tightly regulated and as such their
disruption by an antagonist does not affect cellular mortality.

Therefore, oncogene

addiction not only provides a methodology for targeting cancer specific signals, but also a
mechanism to preferentially eradicate cancer cells while sparing normal cells. This
principle has allowed for the development of targeted therapies, which limit the toxicities
associated with chemotherapeutics, the prior standard of care.
Recent efforts have focused on the development of many more agents that target
the increasing number of newly identified oncogenes. In addition, researchers have
continued to refine their approaches in developing novel targeted therapies, in order to
avert resistance mechanisms and demonstrate improved pharmacological properties while
limiting side effects.
Targeted therapeutic development represents the newest iteration of anti-cancer
drug development. Much the way that chemotherapeutic discovery evolved, this strategy
will likely be modified as our understanding of the cancer cell improves. Overall, cancer
deaths have declined continually since 1990 (Jemal et al., 2010). This decline is directly
attributable to anti-cancer therapeutics, both chemotherapies and targeted agents, and as
the therapeutic field continues to advance, these rates are likely to recede even further.
6

CHAPTER 2
CYTOTOXICITY-BASED SCREENING IN THE DISCOVERY OF NOVEL
ANTI-CANCER AGENTS

2.1 Introduction to Cytotoxicity-Based Therapeutic Development
The concept of Cytotoxicity-Based Therapeutic Development was born from the
CCNSC (DeVita et al., 2008). Under the initial guidelines of the CCNSC routine
compound screenings were offered free of charge. Agents were tested using three in vivo
models: solid subcutaneous sarcoma 180, adenocarcinoma 755 and ascitic leukemia
L1210 (DeVita et al., 2008). The endpoint of these models was tumor regression. At a
work capacity of 40,000 compounds a year, this government service single handedly
spawned the organized field of anti-cancer drug development. Although it cannot be
fully documented, the formal cytotoxicity-based approach, via the CCNSC or other
related research efforts, has contributed to the discovery and development of nearly every
anti-cancer compound available to clinicians today. Moreover, this approach has led to
the discovery of some of the most important and widely used chemotherapeutics (DeVita
et al., 2008). Hence, this discovery paradigm has been and continues to be a successful
principle effort to identify anti-cancer agents. As a field, cytotoxicity-based screening has
revolutionized the treatment of cancer over the last half-century and helped lay the
groundwork for many of the divergent approaches and technologies that are currently
employed to characterize novel anti-cancer agents. Moreover, cytotoxic screening is as
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relevant and critical to the field of cancer therapeutic development today as it was nearly
60 years ago.

2.1.2 Strategy
The research paradigm of the CCNSC progressed in the decades that followed the
birth of the institution in 1955 (Endicott et al., 1958).

Today, the Developmental

Therapeutics Program (DTP), as it is now known, utilizes an in vitro screen with 60
distinct human tumor cell lines (DeVita et al., 2008). The screening system is adapted
for high-throughput with an endpoint of growth inhibition (Figure 1). In cytotoxicitybased screening, synthetic or natural compounds are tested at single concentrations for
their ability to kill rapidly dividing tumor cells. When hits, or compounds that kill cancer
cells are identified, they are re-screened to determine the range of effective doses. A
numerical value, which represents the concentration at which 50% of cells are growth
inhibited (GI50), is assigned to indicate the activity of a particular compound. This value
is then compared to the values of other compounds within a set, allowing for the next step
in the process, lead selection.
Although GI50 is the principal determinant in lead selection, other factors
including known mechanism and druggability, potency, and tumor selectivity are all
considered.

Often, a series of compounds undergoes secondary analyses before

determining a lead. Once a lead has been selected it is subsequently analyzed for acute
toxicity in rodents and larger animals and followed by efficacy tests. For this, xenograft
models are critically important and the advancement of a compound into clinical trials
must be supported by well-structured animal studies.
8

Figure 1 A general strategy for the discovery of
anti-cancer agents using a cytotoxicity based
screening platform.
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2.1.3 Cytotoxicity Screening and the Discovery of Tubulin Poisons
Cytotoxicity-based screening has a very strong clinical track record. Many of the
most important chemotherapeutics were discovered using this methodology and include
tubulin poisons such as the vinca alkaloids and taxol (DeVita et al., 2008). However,
colchicine holds the distinction as the first tubulin poison to be discovered (Borisy et al.,
1967).
Colchicine is a natural product isolated from the Colchicum autumnale (Borisy et
al., 1967), and the plant extract had been used for centuries for the treatment of a number
of different maladies before the active component was isolated in the early 19th century
(Eigsti et al., 1949). The first evidence of colchicine’s molecular mechanism is dated to
1890 when scientists noticed that colchicum extract demonstrated strong anti-mitotic
effects (Eigsti et al., 1949) by destabilizing mitotic spindles. This effect was pronounced
in dividing cells, and in 1967, using colchicine as a purifying reagent, researchers
identified the major protein component of mitotic spindles as a colchicine-binding protein
that they termed tubulin (Borisy et al., 1967).
Although the purification of tubulin as the colchicine binding partner and major
component of microtubules was a critical finding, it did not promote colchicine use in
cancer therapy. The first breakthrough for tubulin targeting agents as chemotherapeutics
was made in 1958 while researchers were studying a plant called the white-flowered
periwinkle or Vinca rosea (Johnson et al., 1960). The discovery of this plant extract as a
potent anti-tumor agent was facilitated by use of a CCNSC cytotoxicity model. Initially
researching the effects of Vinca rosea in rats, scientists found that the extract induced a
10

type of neutropenia (Johnson et al., 1960). Additionally, when they used Vinca rosea in
the CCNSC 755 adenocarcinoma model it demonstrated a remarkable carcinostatic
effect. Yet, the mechanism by which Vinca rosea extract, and the active components
later termed vinca alkaloids, exerted these effects remained a mystery until the
purification of tubulin protein. In 1976, researchers established vinca alkaloids (Owellen
et al., 1976), as microtbule-destabilizing agents, work which helped explain the anticancer properties of Vinca rosea.
During the characterization and development of vinca alkaloids into
chemotherapeutics, researchers continued screening natural and synthetic libraries in a
systematic in vitro cytotoxicity-based approach. In their search, they discovered a potent
natural product from the extracts of the pacific yew tree or Taxus brevifolia. The active
component of the extracts was isolated in 1966 and then characterized in 1971 (Oberlies
et al., 2004). The active component of the extract was termed taxol and considered at
that time to be a potential chemotherapeutic.

During the development, researchers

noticed that taxol potently arrested cells in mitosis (Oberlies et al., 2004), a phenotype
that was very similar to that caused by colchicine and the vinca alkaloids. Upon closer
observation, taxol seemed to affect dynamics in a much different manner than previously
isolated tubulin-binding agents.

Shortly thereafter, research led by Susan Horwitz

identified taxol as an agent that hyperstabilized tubulin polymers (Schiff et al., 1979).
This work showed that taxol worked to stall rapidly dividing cells in mitosis thereby
preventing microtubule breakdown and the recycling of tubulin monomers (Schiff et al.,
1979).

11

The identification of tubulin poisons as anti-cancer agents served as a landmark in
cancer therapeutic development.

First, their discovery validated the organizational

planning of the NCI and CCNSC and their cytotoxicity-based approach. Second, tubulin
poisons had identified a critical target in cancer therapy. Tubulin polymerization and the
mitotic spindle were vital, targetable components of the cancer cell.

2.1.4 Microtubules
2.1.4.1 Structure and Regulation
The classic microtubule structure is an association of protofilaments, and the basic
component of protofilaments are α and β tubulin heterodimers. In the cellular millieu, α
and β tubulin monomers always exist as heterodimers and in a dynamic process associate
with other heterodimers to form ~ 13 parallel protofilaments (Chretien et al., 1991) that
serve as the basic building blocks of the familiar lattice like microtubule structure. It is
now recognized that there are 6 different isotypes of α tubulin and 7 isotypes for β
tubulin (Verdier-Pinard et al., 2003). The isotypes and variance in cell specific
expression patterns is thought to contribute to the functional diversity of microtubules
(Hammond et al., 2008). Additionally, tubulins are subject to post-translational
modification including polyglutamylation, polyglycylation, phosphorylation, and
acetylation (Verdier-Pinard et al., 2003). However, most tubulin functions are regulated
through microtubule associated proteins (MAPs) which are thought to bind to assembled
microtubules. To date, researchers have identified multiple MAPs including survivin,
stathmin, TOG, MCAK, RAC1, dynactin 1, FHIT, as well as the dyenin and kinesin
motor proteins (Jordan et al., 2004). Moroever, evidence suggests that the expression
12

level of MAPs is critical to the function or role of microtubules in different cell types by
modulating the nature of tubulin dynamics.

2.1.4.2 Function
Microtubule structure and function is dictated by tubulin dynamics. Microtubules
arrange and rearrange themselves constantly from heterodimer into protofilament into
microtubule. This process occurs by a nucleation-elongation mechanism. The first step
in microtubule formation occurs as α and β heterodimers assemble to form a short
nucleus (Jordan et al., 2004). Nucleation is followed by a rapid elongation process from
both ends of the newly formed nucleus by the additon of soluble α and β heterodimers.
The additon of these heterodimers to both ends occurs in a reversible manner resulting in
a dynamically unstable growing polymer. Moreover, it is important to note that tubulin
polymerization is not passive and is in fact endothermic. The energy needed to drive
polymerization is provided in the form of GTP (Muller-Reichert et al., 1998), which is
bound to free tubulin heterodimers and then hydrolyzed into GDP after inclusion in the
growing polymer.
Microtobules generally demonstrate two types of non-equilibrium dynamics.
First, both in cells and in vitro, microtubule ends switch between growth and then
shortening phases. Independent of the free concentration of α and β heterodimers,
microtubule ends undergo long periods of slow lengthening, short periods of rapid
shortening, and then periods of pause in between during which microtubule dynamics
stagnate and are most likely controlled by the second type of non-equilibrium behavior.
In the end, this process, called dynamic instability (Mitchison et al., 1984) results in
13

either a net lengthening or shortening of the tubulin polymer. The second type of
dynamic activity is called “treadmilling” (Margolis et al., 1978). Microtubules are
polarized structures. At one end of the microtubule lattice, the β tubulin monomer
projects out into space creating a + end, while at the other end α tubulin faces the solvent
as the - end. In the treadmilling process, α and β heterodimers dislodge from the the end to then be added to the + end. Unlike dynamic instability, treadmilling results in no
net growth in the microtubule, but rather growth at the + end balanced by concomitant
loss at the - end. It is important to note that these behaviors are not mutually exclusive of
each other. In fact, populations of tubulin can exist in mostly a treadmilling state, mostly
a dynamically unstable state, or in a mix of the two (Wilson et al., 1999). However, it is
believed that there is extremely tight cellular regulation over these behaviors and that
they are closely coordinated with the expression level of different tubulin isotypes, types
of post-translational tubulin modifications, and MAP activities.

2.1.4.3 Microtubules and Mitosis
The dynamic nature of tublin polymerization and microtubule function is
critically important in the mitotic process. Mitosis itself is a relatively rapid series of
events (approximately 1 hour), and microtubules or spindles are required at all stages of
the mitotic process. Microtubules are crucial for the attachment of chromosomes at their
kinetochores (Mitchison et al., 1988). This step in the mitotic cascade occurs during
prometaphase as spindles sprout from newly formed microtubule organizing centers,
growing rapidly in search of DNA. Next, microtubules must arrange sister chromatids
into alignment at the metaphase plate (Jordan et al., 2004). Finally, spindles retract with
14

attached chromatids towards the nucleated microtubule organizing centers, thereby
ensuring proper segregation of parental DNA into newly formed daughter cells (Jordan et
al., 2004). All of this growth and retraction must occur within a short time period. Thus,
it is imperative that spindles arrange and rearrange rapidly. The ability of the spindle
apparatus to control and coordinate mitotic events can only occur because of the dynamic
flexibility of microtubules.

2.1.5 Tubulin-Drug Interactions
Microtubule interfering drugs, as reviewed earlier, are well established
chemotherapeutic agents (DeVita et al., 2008). The discovery and development of this
drug class implies an extreme sensitivity of cancer cells to agents that interfere with the
mitotic process.
There are two major types of anti-microtubule drugs, categorized by the ability to
alter the overall stability of microtubules (Downing et al., 2000). Anti-microtubule drugs
can be classified as either stabilizing agents (Schiff et al., 1979) or destabilizing agents.
In general, stabilizing agents increase polymer mass while destabilizers decrease this
mass. However, classification of these agents can be misleading as their ascribed
activites only occur at severely high non-physiological concentrations (Yvon et al., 1999;
Jordan et al., 1991). At relevant clinical concentrations both types of agents still induce a
potent mitotic block (Jordan et al., 1996), suggesting that the both classes of agents act
similarly. (Yvon et al., 1999; Jordan et al., 1991) by slowing down the dynamic
transformations of microtubules that are required during mitosis.
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To alter or suppress tubulin dynamics, all anti-microtubule agents associate
directly with microtubules and their building blocks, the α-β tubulin heterodimers. As
such anti-microtubule agents are most easily stratified by considering the manner in
which they associate with the microtubule.

2.1.6 The Colchicine Binding Site
As previously mentioned colchicine was the first drug that was discovered to bind
tubulin (Borisy et al., 1967). Colchicine is a classical destabilizing agent at micromolar
concentrations, and crosslinking experiments have helped characterize the exact binding
site for colchicine and β-tubulin and strongly suggests that colchicine interacts with
tubulin (Downing et al., 2000) at Cys356 on the β monomer which lies near the point of
interaction between tubulin monomers. At physiologically relevant concentrations,
colchicine inhibits polymerization by binding to soluble tubulin. As the colchicinetubulin heterodimers are incorporated into the growing microtubule polymer,
conformational shifts occur which fortify the colchicine-tubulin binding (Downing et al.,
2000) thereby pulling incorporated heterodimers even closer together. Eventually, there
are enough colchicine molecules assimilated into the growing lattice that normal
dynamics like treadmilling are suppressed (Hastie et al., 1991).

2.1.7 The Vinca Binding Domain
Unlike colchicine and its analogs, which are far too toxic for use as anti-cancer
agents, the vinca alkaloids, vinblastine and vincristine, have been developed into potent
chemotherapeutics. Although the vinca alkaloids affect tubulin dynamics and destabilize
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tubulin in a manner similar to colchicine, their mode of action is different. Vinca
alkaloids bind at the + end of the growing polymer at residues 177-215 (Rai et al., 1996)
on the exposed surface of β-tubulin. Like colchicine, the vinca alkaloids ultimately
function to stabilize tubulin dynamics in rapidly dividing cells (Jordan et al., 1991).
Vinblastine binding is reversible (Wilson et al., 1982), yet like colchicine, vinblastine
decreases the overal dynamicity of growing microtubules (Jordan et al., 2004).
Interestingly, there are a number of vinblastine/vincristine like analogs which have been
tested for clinical use in a number of different cancers (Dumontet et al., 2010), and
although these analogs seem to affix to the same region in β-tubulin, their binding sites
do not completely overlap (Downing et al., 2000). This suggests a conserved domain,
rather than specific site, to which all of these agents affix, and may help to explain why
so many analogs exist. This flexibility, along with the reversible binding of vinca
alkaloids, may help to account for the clinical advantage of the vinca alkaloids over
colchicine and its analogs.
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2.1.8 The Taxol Binding Site
Taxol functions at high concentrations to hyper-stabilize microtubule polymers
(Schiff et al., 1979). The interaction of taxol and tubulin demonstrates the remarkable
diversity with which tubulin interfaces with different molecules. Taxol does not bind to
soluble tubulin heterodimers and instead preferentially associates with tubulin that has
already incorporated into the polymerized lattice, binding to a portion of β-tubulin which
sits in the interior of the lattice itself (Nogales et al., 1995).
Taxol acts similarly to colchicine and the vinca alkaloids, at relevant
physiological concentrations, to reduce tubulin dynamics. Reduction in the dynamics of
tubulin polymerization induces mitotic arrest in dividing cells, and leads to the induction
of apoptosis (Yvon et al., 1999; Bhalla et al., 2003). Taxol is used in the clinic under the
trade name Paclitaxel and its clinical success has led to the discovery and development of
other taxol domain binding agents such as the epothilones (Bollag et al., 1995), and the
recently approved Cabazitaxel (Dumontet et al., 2010).
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2.2 Results
2.2.1 Rationale
Our strategy for developing anti-cancer agents has adhered to the guidelines of
cytotoxicity-based discovery. Using a medicinal chemistry core, we have synthesized a
library of approximately 10,000 compounds and screened them for their activity in killing
tumor cells in culture, with leads chosen for their selectivity and eventually evaluated in
preclinical assays that seek to correlate observable phenotypes associated with the drug
and altered cellular processes. These types of experiments answer very basic questions
regarding the general mechanism(s) by which novel agents adversely affect cancer cells.
Although these general mechanistic assays are critical to the development of a drug they
fail to address a major pitfall of cytotoxicity-based drug discovery. As aforementioned,
leads are chosen by their killing activity and toxicity profile, which is often independent
of the molecular mechanism of action. As molecules progress through developmental
stages the protein or target(s) upon which they act on is disregarded for other factors
including activity, toxicity and bioavailability. Thus, molecular mechanism of action
remains undefined until answering this question becomes absolutely imperative in the
development of a drug.
An unidentified mechanism of action makes it nearly impossible to predict side
effects or cross-reactivity with other medications. Additionally, a defined mechanism of
action is a significant hurdle in the federal approval process, and at the chemical level
mechanism is critical in developing more effective but less toxic analogs.

Most

importantly, identifying the mechanism of a novel and effective anti-cancer agent is
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critical for the advancement of science in further understanding the underpinnings of
cancer and therefore must be undertaken at some point in the drug development process.

2.2.2 Development and Standardization of a High-Throughput Cellular Screen
To initiate this project, we chose to work with a small compound library, which
had been shown previously, by Dr. Steven Cosenza, to contain several active molecules
all containing a core 3,5 Dimethyl-4-ethoxy carbonyl chemical unit (Figure 2). This
small set was a sub-library from a much larger series of sulfur containing compounds
referred to as the “01 Series” of styryl benzyl sulfones. For the 11 structurally related
molecules, Dr. Cosenza had performed 96-hour viability tests in two cell lines, K562
(Chronic Myelogenous Leukemia) and DU145 (Prostate Cancer). Although this initial
work provided us with a fair amount of information regarding the structural relationship
of these compounds and their individual cell-killing activity, we sought to expand our
knowledge by testing activity in multiple cancer cell types.
Previously, our lab had performed viability assays in duplicate by seeding all
cancer cell types at a density of 2.5x104 cells per/well in 6-well plates. Immediately after
seeding, non-adherent cells were treated with varying concentrations of experimental
chemicals for a period of 96 hours or a period that allowed for approximately 2-3 cellular
doublings. Adherent cells were allowed to re-affix to culture plates overnight and then
treated with experimental compounds for 96 hours. At the end of this treatment period,
adherent cells were detached from their matrix with trypsin, and with PBS before being
stained with trypan blue and manually counted.
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Although the manual method produced reliable and reproducible results, we
thought that it could be replaced by a higher capacity and more streamlined system. To
this end, we searched the literature for a viability assay, which could be adapted into a
high-throughput format.

In the end we chose the commercialized CellTiter Blue

System®. CellTiter Blue® is a reagent that is commercially available through Promega
Corporation. The principle behind this assay system is the conversion of a dye called
resazurin into resorufin by actively metabolic cells.

Because resazurin is a non-

flourescent blue dye, the cellular reduction to the highly fluorescent pink resorufin can be
quantified and correlated as a measure of metabolic activity. With resorufin measured by
excitation at 579 nm and emission read at 594 nm, this reagent can be easily utilized to
measure differences in active versus static cell populations. Moreover, this assay system
is highly reproducible and can be streamlined to measure multiple experiments in a single
96-well plate using a fluorescent plate reader.
Although there are many advantages to a high-throughput system, including the
consolidation of time and resources, limitations do exist and can be amplified without
proper standardization. To properly standardize our high-throughput system we began by
considering an important aspect of assay development, which had not been standardized
in the manual counting method. Cancer cells with different genetic backgrounds and
tissue origins often exhibit markedly dissimilar morphological features and also variable
doubling times or growth rates. In the previous viability assay, all cancer cell lines were
plated at the same density without consideration of their individual growth rates. While
this choice probably did not affect the outcome of the experiment, as 2.5x104 cells/well
always remained subconfluent at the end of 96 hours, the constraints of the smaller area
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in a 96-well plate required us to standardize for the optimal growth of each cell line.
We chose to standardize the growth of 20 different cell lines each representing a
distinct tissue type and genetic background (Table 1). Given the individual doubling
times and growth characteristics of these cells, we selected a standard series of seeding
densities to test for optimal growth conditions in 96 hours. As such, both suspension and
adherent cells were seeded in triplicate at densities of 0, 1130, 2260, 4520, 9040 and
18,080 cells per well of a 96-well plate in 100 µl of appropriate growth medium.
Suspension cells were immediately treated with 0.25% DMSO, the universal
solvent for our experimental compounds, and allowed to proliferate for an additional 96hours. Adherent cells were allowed to affix themselves to plates overnight. The next
day, these cells were treated with 0.25% DMSO and left to proliferate for 96 hours. At
the end of the 96-hour growth period both suspension and adherent cells were treated
similarly by adding 20 µl of room temperature CellTiter Blue Reagent® to the 100 µl of
medium in each well using a multi-channel pipette. Plates were subsequently returned to
the incubator for an additional 3 hours to allow for reduction of the dye. After this 3-hour
period plates were read using a 96-well fluorescent plate reader and results were
quantified and graphed.
The standardization experiment demonstrated the drastic differences among cell
lines with regard to doubling time. While most cell lines seemed to reach 80%
confluence or optimal growth at 96 hours when plated at densities of ~4,500 cells/well,
some cell lines grew much more rapidly and achieved optimal growth when seeded at
~1,000 cells/well. Moreover, there were other cell lines which grew much more slowly
than average and required starting seeding densities of >15,000 cells/well. These results
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not only demonstrated a range of growth characteristics for our selected cell lines but also
reinforced the importance of optimization for this assay system.

Table 1 Determination of growth characteristics for
cultured cell lines: Growth conditions and seeding densities
were optimized for cell lines in 96-well plates. Cells were
seeded at densities of 0, 11,300; 22,600; 45,200; 95,400 and
180,800 cells/mL in 100 µL of appropriate growth medium.
The optimal seeding density was selected by extrapolation for
the initial seeding density which correlated with 80%
confluence at 96 hours.
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2.2.3 High-Throughput Screening of an 01
Series Sub-Library
Having standardized the growth of each cell
line, we set out to characterize the activity of our
sub-library. Each compound was tested in
triplicate in 10-16 of the standard cell lines. We
chose to include 6 test conditions for each
molecule. As such, each compound was tested at
0-1.0 µM concentrations. Experiments were
averaged to create 88 viability curves. GI50 values
for individual experimental compounds and cell
lines were calculated by extrapolation from these
curves.
The results of this study were very

Figure 2 Chemical structure of 01
series sub-library: Structure of the 3,5
Dimethyl-4-ethoxy carbonyl chemical
core of 01 series sub-library and the
representative variable groups of the 11
analogs in the series.

informative. As is evident from Table 2 most if not all cell lines were sensitive to the 01
series, however those cell lines that grew fastest were the most sensitive to the library,
and cell lines which seemed to be less sensitive to the series, such as BT474 and PANC1, were in general less metabolically active and grew more slowly. Although there was
no direct correlation between structures, groups of the small molecules in the library and
the activity of the compounds, it did seem that overall, molecules with one or fewer
variable groups linked to the benzene ring of the core molecule seemed to be most active
while the addition of multiple functional groups, in many cases, rendered the compound
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less cytostatic (Figure 2 and Table 2).

Table 2 GI50 values calculated for 01 series compounds: The proliferation of most tumor cell lines was impaired by 01 series
compounds. Following treatment with 01 series compounds at varying concentrations for 96-hours, % viability was determined by
dividing the number of viable cells remaining in individual treatment groups by the same value in control groups. The % viability was
plotted against compound concentration and GI50 values were extrapolated from these curves. ON015640, ON014770, and ON015690 were
found to be the most cytostatic compounds in the series. (NA=Not Assessed)
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2.2.4 Characterization of General Mechanisms for 01 Series Compounds
Using the expanded biological data provided by our viability screen we began
advancing the development of our sub-library by focusing on the 3 most active analogs in
all cell lines: ON014770, ON015640, and ON015690. As a general outline for the rest of
the project, we chose to perform all future experiments in A549 cells, which
demonstrated sensitivity to these experimental agents. Briefly, A549 cells are a nonsmall cell lung cancer (NSCLC) isolated from a 58 year old male and are epithelial in
origin making them an adherent cell line (Giard et al., 1973). This cell line grows very
rapidly, with a doubling time of close to 24 hours.

2.2.5 01 Series Compounds are Mitotic Inhibitors
Next, we set out to characterize the anti-proliferative activity of the 01 series agents
by examining their effect on the cell cycle. For this we treated 1.0x106 exponentially
growing A549 cells with 1.0 µM of each experimental compound for a period of 24hours, enough time for one cellular doubling. Experimentally treated cells were
noticeably rounded and detached from the bottom matrix whereas DMSO treated cells
remained unchanged (data not shown). Moreover, this phenotype was remarkably similar
to that of nocodazole treated cells suggesting a general mechanism of mitotic arrest for
the three 01 series compounds. To expand on these findings and to confirm that the
rounding phenotype was indeed a mitotic arrest, we performed a series of independent
assays all aimed at further characterizing the molecular changes associated with our
phenotype.
As cells progress through the G1/S cell cycle checkpoints and into the G2/M phases
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they duplicate their chromosomes thereby becoming tetraploid. To monitor this change
in treated cells we used a fluorescent stain to label genomic DNA, and then counted
diploid and tetraploid cells using FACS. Under similar treatment conditions to those
imposed in our initial phenotypic analysis, we were able to confirm a major shift towards
a 4N population in 01 series compound-treated A549 cells when compared to control
(Figure 3). This suggests that all three compounds capably induced a G2/M arrest.
To determine whether the observed mitotic block occurred in the G2 verse M
phase, we performed a mitotic index. To do this, we assayed for the phosphorylation of
two proteins via immunoblot. Both Histone H3 (Goto et al., 1999) and BubR1 (Chan et
al., 1999) are hyperphosphorylated during the mitotic phase of the cell cycle rather than
at G2, and thus make excellent markers to assay mitotic arrest. We therefore sought to
measure the phosphorylation of these two proteins using A549 cells treated for 24 hours
with varying concentrations of 01 series compounds. The resulting immunoblot revealed
elevated phosphorylation levels of HistoneH3 and BubR1, commensurate with increases
in compound concentration (Figure 4A).
Additionally, we performed a FACS analysis of mitotic index, measuring DNA
content (PI) and phosphorylation of HistoneH3. Using this technique to analyze A549
cells that had been treated for 24 hours with 01 series compounds, we observed a
significant increase in the number of 4N DNA phospho HistoneH3+ staining cells
(Figure 4B). This analysis, taken together with the molecular indexing, strongly
suggested that all three 01 series compounds arrested cells in the M phase of the cell
cycle rather than G2.
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Figure 3 01 series compounds induce a G2/M cell cycle arrest: A549 cells were
blocked in the G2/M phases of the cell cycle by ON015640, ON014770, and ON015690
in a dose-dependent manner. FACS analysis of DNA content was performed following
24-hours of treatment with varying concentrations (0.1, 1.0, and 10.0 µM) of 01 series
compounds, revealing a potent G2/M block by all 3 compounds.

Figure 4 01 series compounds induce a mitotic rather than G2 block: A) The mitotic
index of 01 treated A549 cells increased in a dose-dependent manner. The phosphorylation of
two important mitotic markers were measured by western blot analysis. Phosphorylated
BubR1 (upper panel) and HistoneH3 (middle panel) increased demonstrably following 24hours of treatment with varying concentrations of 01 series compounds (0.1, 0.25, 0.5, 1.0 and
10.0 µM) or the mitotic arresting agent, nocodazole (1.0 µM). B) FACS analysis of mitotic
index confirmed our findings by immunoblot, that 01 compounds markedly increased the
number of mitotic A549 cells. The phosphorylation of HistoneH3 and DNA content were
measured by FACS to determine the number of cells that were either in the G2 or M phases of
the cell cycle. 01 (0.5 µM) or Nocodazole (0.5 µM) treatment caused a significant increase,
+
when compared to control (DMSO), in the mitotic (4N/pHisH3 ) population with no notable
increase in the number of G2 (4N/pHisH3 ) cells.
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Given the results of the indexing experiments, we decided to characterize the
disruption of mitosis by 01 series compounds and analyzed spindle dynamics in treated
A549 cells. To this end, A549 cultured on glass coverslips, were treated for 24-hours
with 0.1 µM of the 01 compounds or nocodazole. Cells were then fixed with
paraformaldahyde and stained with FITC-conjugated anti-α Tubulin. DNA was
counterstained with DAPI and cells were imaged with a confocal microscope to reveal
spindle features.
All three 01 series compounds disrupted the spindle structure, while DMSO-treated
cells demonstrated normal spindle dynamics in all of the mitotic phases (Figure 5). The
hallmark of 01series treatment seems to be the formation of multiple spindle poles, most
likely during early prophase. Of note, we found very few treated cells in the latter stages
of mitosis, which was likely due to improper chromosome segregation during early
prophase. Additionally, comparable concentrations of nocodazole induced a similar but
not identical phenotype to that of the 01 series compounds suggesting the possibility of a
shared mechanism for mitotic arrest.

Figure 5 01 series compounds induce gross spindle abnormalities in cancer cells: Fluorescent
microscopy revealed major spindle abnormalities in 01 and nocodazole treated cells. Staining for αTubulin with a FITC conjugated antibody and DNA with DAPI allowed for the visualization of proper
mitotic phases in control cells. Identical staining in A549 cells treated with nocodazole or 01
compounds (0.1 µM) for 24 hours revealed mitotically arrested cells with multi-polar rather than bipolar spindles.
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2.2.6 01 Series Compounds Activate the Apoptotic Pathway
To further characterize the 01 series compounds, we chose to investigate the
general mechanism of cell death. Given the nature of these molecules as mitotic
inhibitors, we hypothesized that these compounds, once in cells, activated the apoptotic
pathway. To confirm this hypothesis, we performed a series of independent assays.
First, we assayed for the activation of effector caspases 3 and 7 in conjunction with a
measure of cellular metabolism (Figure 6A). Caspase activity was measured using a
luminogenic substrate of effectors 3/7. After 24 hours of treatment with various
concentrations of 01 series compounds, we determined that all 3 molecules activated the
apoptotic pathway through caspases 3 and 7. Notably, this activation peaked for all 3
compounds at ~ 0.5 µM in 24 hours and occurred concomitantly with a decrease in
overall metabolic activity or cellular viability. To continue this line of investigation we
measured a downstream event in the apoptotic pathway, PARP cleavage (Lazebnik et al.,
1994). We observed a dose-dependent increase in fragmented PARP after treatment with
01 series compounds (Figure 6B). Notably, pretreatment of cells for 1 hour with the pancaspase inhibitor, ZVAD-FMK (Garcia-Calvo et al., 1998), reversed this phenotype and
reduced PARP cleavage (Figure 6C).
This experimental evidence clearly suggested that 01 series compounds capably
activated the apoptotic pathway in addition to mitotically arresting cells. To determine if
these mechanisms were separate or coordinated, we performed a FACS experiment.
Using PI and phospho Histone H3, we set out to monitor the progression of mitotically
arrested A549 cells over the course of treatment. Following treatment with 0.5 µM of 01
series compounds for 16 hours, we noticed a peak in 4N/phospho-HistoneH3 positive
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staining cells (Figure 7). Within the next 8 hours, this mitotically arrested population
significantly diminished and the double negative population, representative of the cellular
debris from dying cells, increased. We considered this to be evidence that mitotic arrest
likely initiated the apoptotic program, a result of mitotic catastrophe. To prove this, we
pretreated A549 cells with ZVAD-FMK for 1 hour and then exposed cells to 01 series
agents before performing the same FACS analysis. Notably, pretreatment with the
caspase inhibitor markedly reduced the number of measureable events for the double
negative population while simultaneously protecting a significant percentage of the
double positive population from programmed cell death (Figure 7). We considered this
to be supporting evidence for our hypothesis, that mitotic arrest temporally preceded
activation of caspase-dependent apoptosis in 01 treated cells.

31

A

B

C

Figure 6 01 series compounds induce a caspase-dependent apoptotic mechanism: A) Parallel
measurements of viability and caspase activation indicated a dose dependent increase in effector
caspase activity concomitant with a decrease in viability after treatment with 01 series compounds.
Effector caspase activity (luminescence) and viability (fluorescence) were measured in A549 cells after
24-hours treatment with 01 series compounds. B) Western blot analysis of PARP cleavage confirmed
that activation of effector caspases by 01 series compounds led to downstream apoptotic events in
A549 cells treated for 24-hours. C) 01 induced PARP cleavage was potently reversed by the pancaspase inhibitor, ZVAD-FMK. Pretreatment of A549 cells for 1 hour with 100 µM ZVAD-FMK led
to a significant decrease in the amount of cleaved PARP following treatment with ON015640,
ON014770 and ON015690.
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Figure 7 01 series compounds induce mitotic arrest to activate a caspase-mediated
apoptotic mechanism: Analysis by mitotic index revealed that the pretreatment of A549
cells with ZVAD-FMK increased the number of mitotic cells and decreased the amount of
cellular debris, extruded from cells during apoptosis. A549 cells, pretreated for 1 hour with
100 µM ZVAD-FMK and then dosed with 01 series compounds for 16 and 24 hours, were
processed and stained for mitotic index markers. Mitotic indexing was performed via FACS,
+
and %G1 events (no staining) and % mitotic events (4N/pHisH3 ) were calculated, revealing
that inhibition of the apoptotic mechanism resulted in a higher mitotic index for all 3
compounds.
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2.2.7 ON015640 has Tubulin Depolymerizing Activity
We chose to focus on ON015640 as a lead for further development, primarily
because of this compound’s high cytotoxic activity in all cancer cell types, and initiated
efforts to characterize a molecular mechanism of action for this molecule. Given the prior
experimental evidence, which suggested that ON015640 disrupted the mitotic machinery,
we decided to investigate microtubule dynamics in response to treatment with this agent.
To this end, we employed a published protocol (Lieuvin 1994), which was capable of
assessing cellular levels of monomeric and multimeric forms of tubulin. After 24 hours
of treatment with 1.0 µM ON015640 we observed a significant shift in tubulin dynamics.
The shift, characterized by a decrease in insoluble (multimeric) tubulin and an increase in
the soluble (monmeric) fraction (Figure 8A), mimicked the cellular tubulin profile
following treatment with classical depolymerizing agents.
Primed by this result, we sought to test for ON015640’s ability to destabilize and
prevent tubulin elongation in vitro using an assay system, which had been standardized to
measure de novo polymerization. Briefly, this assay quantifies the polymerization of
tubulin monomers into tubulin polymers by measuring the changes in scattered light
during the polymerization process (Shelanski et al., 1973). For the assay, standard
concentrations of taxol (1.0 µM) and nocodazole (1.0 µM) were used to control for
hyperpolymerization and depolymerization. ON015640 was tested at 1.0 µM as well.
The results of this in vitro test affirmed our previous observation in cells that ON015640
demonstrated tubulin depolymerization (Figure 8B).
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Figure 8 ON015640 acts as a tubulin destabilizing agent both in cells and in vitro: A) Treatment of
A549 cells with ON015640 caused a major shift in intracellular tubulin dynamics. Western blot analysis
(upper panel) and quantification of β-Tubulin in A549 cells, treated with 1 µM ON015640 for 24-hours,
demonstrated a significant increase in the overall level of soluble (monomeric) protein and a concomitant
decrease in the insoluble (polymeric) form, suggesting that ON015640 prevented tubulin polymerization in
cells. B) In vitro testing confirmed that ON015640 acted as a tubulin destabilizing agent. MAP-rich
tublin, in buffer containing 1 mM GTP was incubated briefly with DMSO, nocodazole, taxol, or ON015640
before reactions were transferred to a heated spectrophotometer where polymerization was measured by
monitoring absorbance at 340 nm. ON015640, much like nocodazole, prevented nucleation and elongation
of tubulin polymers (n=3).
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2.2.8 ON015640 Binds Directly to β-Tubulin
Based on our findings from the in vitro polymerization assay, we set out to
characterize the binding of ON015640 and tubulin protein. To achieve this, we followed
a published approach (Li et al., 2010), which employed mass-spectrometry to identify
binding between purified tubulin and its binding ligands. To utilize this technique, we
first characterized the spectra of ON015640 and confirmed the spectra of known tubulin
binders, colchicine and vinblastine. For this, we diluted all 3 compounds in DMSO and
analyzed their spectra using HPLC and a triple-quadruple mass spectrometer. Using this
methodology, we were able to create a detection window or profile for colchicine (data
not shown), vinblastine (data not shown) and ON015640 (Figure 9). These distinct
detection windows allowed for the direct quantitation of each compound in buffer.

Figure 9: The spectrum of ON015640 is identifiable by mass-spectrometry: Mass spectrometry
identified the spectrum of ON015640 diluted in DMSO. This profile was characterized by one quantifiable
peak at 378.7 (representing the molecular mass of the full version of ON015640) and a second quantifiable
peak at 121.0 (representing a fragmented version of the molecule). This distinct pattern was different from
the patterns for colchicine and vinblastine (data not shown).
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Following the published protocol, we attempted to confirm the binding between
known tubulin ligands, and purified β-tubulin. Briefly, varying concentrations of βtubulin (0, 0.65, and 1.3 mg/mL) were mixed with a fixed concentration of (1.2 µM)
colchicine or vinblastine. Next, complexes of tubulin-ligand were extracted using a 30kDa filter, allowing free ligand to pass without restraint into the analyte. Then, free
ligand was quantified. Tubulin-ligand binding was calculated using the following
equation:

([1.2 µM] ligand – [µM] free ligand / [1.2 µM] ligand) x 100
Using this method, we confirmed the binding of colchicine and vinblastine to β-tubulin
(Figure 10A).
Next, we attempted to confirm binding between ON015640 and β-tubulin. To do
this, we fixed the concentration of β-tubulin in the reaction to 1.3 mg/mL and varied the
concentrations of ON015640 (0, 1.0, and 5 µM). Because of the insoluble nature of
ON015640, we were unable to achieve reproducible binding following filtration (data not
shown). To resolve this issue, we eliminated filtration and calculated the amount of free
compound following a 1-hour incubation at 37°C by measuring, via mass spectrometry,
the shift in free to tubulin bound ON015640. Under these conditions, we achieved
maximum ON015640-tubulin binding at 1.0 µM, and reduced binding with 5.0 µM,
which was most likely due to the crystallization and precipitation out of solution at this
higher concentration (Figure 10B).
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Figure 10 ON015640 is a β-tubulin ligand: A) Mass spectrometmetric analysis properly identified the
binding of known tubulin ligands with β-tubulin. Colchicine (1.2 µM) and vinblastine (1.2 µM) were
incubated with increasing concentrations of β-tubulin (0, 0.65 and 1.3 mg/mL) for 1 hour at 37°C.
Following a filtration step the amount of free ligand was quantitated using mass spectrometry and binding
was calculated. B) Mass spectrometry confirmed that ON015640 was a high-affinity ligand for β-tubulin.
β-tubulin (1.3 mg/mL) was incubated with increasing concentrations of ON015640 (0, 1 and 5 µM) for 1
hour at 37°C. The amount of free ligand was quantitated using mass spectrometry and the pre-determined
detection window for ON015640. Calculations for binding demonstrated that ON015640 interacted
directly with tubulin (n=3).
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2.2.9 ON015640 Competes Directly with Colchicine for Binding to β-Tubulin
In addition to direct binding, we set out to determine the physical characteristics of this
interaction. To accomplish this we measured competition between 2 known tubulin
destabilizing agents and ON015640. As previously described, both colchicine and
vinblastine, bind to β-tubulin at distinct sites on the protein. To determine if ON015640
interacted with either of these sites, or a potentially novel binding site, we incubated fixed
concentrations of β-tubulin (1.3 mg/mL), colchicine (1.2 µM), and vinblastine (1.2 µM),
with increasing concentrations of ON015640 (0,1,10 and 100 µM). Free ligand was
quantitated using mass-spectrometry, as previously described, and the ability of
ON015640 to compete or prevent ligand binding was calculated using the following
equation:

([1.2 µM] ligand – [µM] ligand in analyte after competition / [1.2 µM] ligand) x 100
With increasing concentrations of ON015640, we were able to observe a concomitant
decrease in colchicine binding, while vinblastine binding was not altered under the same
conditions (Figure 11) suggesting that ON015640 and colchicine interact with tubulin at a
common binding site.
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Figure 11 ON015640 competes with colchicine for binding to β-tubulin: Mass spectrometry established
the competition between ON015640 and colchicine. β-tubulin was incubated with increasing
concentrations of ON015640 (0, 1, 10 and 100 µM) and colchicine (1.2 µM) or vinblastine (1.2µM) for 1
hour at 37°C. Following a filtration step the amount of free ligand was quantitated using mass
spectrometry and competition was considered as a decrease in the affinity of colchicine or vinblastine to βtubulin (n=3).
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2.2.10 ON015640 is Efficacious in a NSCLC Xenograft Model
For efficacy, we chose to test ON015640 in an A549 xenograft model. Briefly, 1.0 x 107
A549 cells were injected into the right flank of 5-6 week old female nude mice. Tumor
take was monitored for 10-14 days and animals were injected with ON015640 (25
mg/kg) or DMSO subcutaneously after tumor volumes reached approximately ~100 mm3.
Injections were performed every other day for a period of 21 days. Animal body weights
and tumor burden were recorded before each injection of 30 mg/kg ON015640 or DMSO.
Compared to DMSO, ON015640 reduced the tumor growth over the 21-day period
(Figure 12) without significantly decreasing the average weight of the animals (data not
shown). The observed side effects of ON015640 administration were minimal and
limited to a brief partial paralysis of animal hind legs, and no overt signs of toxicity were
otherwise observed.

Figure 12 ON015640 inhibits tumor growth in vivo: The average tumor burden in a
xenograft model of NSCLC was reduced by treatment with ON015640 (25 mg/kg) every
alternating day. Tumor volume (mm3) was recorded on injection days over a 21-day period.
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2.3 Discussion
Cytotoxicity-based discovery, as evidenced by our characterization of a novel
synthetic molecule, is a viable strategy for the discovery of anti-cancer therapeutics. Cell
proliferation assays serve as the foundation of this strategic paradigm. While
proliferation can be measured manually via trypan blue exclusion, many high-throughput
systems are available, allowing for a rapid determination of GI50 values. In this research
dissertation, we have outlined the standardization and use of a high-throughput
proliferation assay in the identification of 3 active anti-cancer agents.
ON015640, ON014770 and ON015690 are sulfur-based molecules that share a core
3,5 Dimethyl-4-ethoxy carbonyl chemical unit. We have determined that all 3 molecules
prevent tumor cell proliferation, with sub-micromolar efficacy. In addition to their
cytostatic activity, these 01 series compounds activate mitotic arrest during the metaphase
to anaphase transition. This arrest is characterized by gross spindle abnormalities and
increases in the mitotic index. Like many other mitotic inhibitors (Dumontet et al.,
2010), we have concluded that mitotic block is the principal growth arrest mechanism for
the 01 compounds, and that this primary mechanism leads to the temporal activation of
caspase-driven apoptosis.
From the 01 series compounds, we chose ON015640 as a primary lead for further
development. Unlike the other 2 compounds, this molecule contains a 4-OCH3 group,
which most likely contributes to its increased cytotoxicity. To address the pressing issue
of mechanism of action, we followed a line of evidence and determined that ON015640
acts as a tubulin-destabilizing agent. In addition, we have demonstrated that ON015640
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interacts with β-tubulin in a similar manner to colchicine and nocodazole.
The major limitation to such compounds is their significant toxicities. The critical
toxicities, which have been linked to all tubulin-targeting agents, are neuropathy and
myeloid toxicity (Dumontet et al., 2010). Neuortoxicity is cumulative and can be
extremely painful, often leading to the discontinuation of treatment. Colchicine is
extremely neurotoxic, and although it is not known exactly why this drug class seems to
be more toxic than other tubulin antagonists, it is likely (Garland et al., 1978) the nearly
irreversible binding of colchicine to tubulin, as compared with the rapid and reversible
binding of other agents such as vinblastine (Jordan et al., 1990), that creates the
differential toxicities between drug types.
Although colchicine, and those agents that interact with the colchicine binding-site
have yet to be formally approved for the treatment of cancer, a number of colchicine-like
agents are currently being evaluated for use in neoplastic diseases (Dumontet et al.,
2010). Many of these colchicine-like compounds have been classified as vasculardisrupting agents (Tozer et al., 2005) and are thought to kill tumors, at physiologically
relevant concentrations, inhibiting angiogenesis. Independent of the mechanism of tumor
death, vascular disrupting agents share the same molecular mechanism of action as
colchicine, and the emergence of these agents suggests that there is a clinical space for
colchicine-like drugs despite the major toxicities that are associated with this drug class.
Microtubule destabilizing agents have achieved significant clinical responses in a
number of different neoplasms including non-small cell lung cancer. NSCLC makes up
close to 85% of all lung cancer cases (Herbst et al., 2008) and is generally associated
with a poor prognosis, owed to late onset of the disease and diagnosis. Although there
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are a number of genetic abberations underlying the pathology of NSCLC, current targeted
agents have not achieved significant clinical results (Janku et al., 2010). Moreover,
classical tubulin binding agents, such as Paclitaxel and Docetaxel, combined with
cisplatinum have long been the standard of care for NSCLC and have demonstrated some
efficacy (Chu et al., 2005) suggesting that tubulin is an excellent target for treating this
neoplastic condition.
Building on this rationale and the mechanistic studies in A549 cells, we chose to
test ON015640 in the A549 pre-clinical model of NSCLC. ON015640 was well tolerated
at lower doses and acted in animals to stagnate tumor growth. However, dosing regimens
were limited due to major toxic events that included neurotoxicity and impaired motor
function as well as death (data not shown). Additionally, ON015640 was only soluble in
DMSO. Taken together, these two factors are major barriers to the development of
ON015640 into a clinical grade agent. However, ON015640 is part of a sub-library of 01
series compounds, and it may be possible to develop other compounds, using ON015640
as a template, into agents that ultimately prove to be relevant in the clinical setting.
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CHAPTER 3
THE DEVELOPMENT OF c-MET KINASE ASSAYS
3.1 Introduction to Target Based Therapeutic Development
The two decades spanning the early 1970’s into 1990 marked a prolific period of
basic discovery in cancer research. Although a series of independent reports had argued
for a genetic component in the causation of cancer, it was not until the alignment of three
seminal discoveries, highlighted by the identification of the human homologue of v-SRC,
that genetic aberrations were characterized as the underlying cause of neoplastic disease.
With this critical insight, researchers began an exhaustive campaign to find all of the
mutated genes in cancer. Unfortunately, the therapeutic field lagged behind this furious
pace of discovery, and it would take more than a decade before a new field of targetbased therapies emerged from the discoveries of the 70’s and 80’s.
The first targeted cancer therapy was introduced into the clinic in the early 1990’s
(Hudis et al., 2007). Through a series of observations, scientists were able to identify a
specific oncogene, HER2/neu (Schechter et al., 1984), which is over-expressed on the
surface of a subset of breast cancers (Slamon et al., 1987). Employing monoclonal
antibody technology, thus group developed an antibody capable of binding to the
extracellular portion of the her-2/neu protein (Hudis et al., 2007). Once bound they
found that this antibody, called Trastuzamab, induced cell cycle arrest and death in her2/neu over-expressing cells (Hudis et al., 2007).

This strategy was a fundamental

example in the field of cancer therapeutics and was the first in a series of findings, which
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validated a strategic approach towards developing drugs that suppress the function of
dominantly acting oncogenes.
The second, and arguably more significant discovery in the field came via the
combined efforts of scientists at the Oregon Health & Science University and Novartis.
Imatinib Mesylate was synthesized in a strategic chemical discovery platform at CibaGeigy (later Novartis) in the late 1980’s (Druker et al., 1996). This discovery platform
was aimed at identifying novel synthetic molecules which would act as inhibitors of
cellular kinases. In particular, the focus was on the development of a synthetic kinase
inhibitor of BCR-Abl, the transforming oncogene in a relatively rare blood cancer, CML.
CML is a highly homogenous cancer, which originates from the bone marrow and is
dependent upon the dysregulated Abl kinase to drive transformation and proliferation
(Rowley et al., 1973). It thus represented the perfect disease model to demonstrate
specificity by a targeted agent. In fact, when scientists tested Imatinib Mesylate in
preclinical assays, it showed selectivity for cultured CML cells (Druker et al., 1996).
When Imatinib moved into the clinic, the results matched preclinical findings with treated
patients demonstrating remarkable remission rates and few associated toxicities (Druker
et al., 1996).
Taken together, Trastuzamab and Imatinib Mesylate transformed the field of
cancer drug discovery. In addition to the efficacy of these drugs and selectivity towards
cancer cells, they were also minimally toxic. Ultimately, both drugs became highly
successful clinical agents. However, more than their clinical successes, Trastuzamab and
Imantinib Mesylate provided validation for the strategy behind rational drug design.
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3.1.2 Strategy
At the core of target based therapeutic development are the realized differences
between cancerous and normal cells.

These differences can be summarized by

enumerating the capabilities of a cancer cell. In a landmark series of review articles,
Robert Weinberg (Hannahan et al., 2000 and 2011) summarized the functional roles of
all cancer- causing genes into six physiological alterations, that characterize malignant
growth:
1) Self sufficiency in growth signals
2) Insensitivity to anti-growth signals
3) Evasion of apoptosis
4) Limitless replicative potential
5) Sustained angiogenesis
6) Tissue invasion and metastasis
Current target based therapeutic development, aided in part by the classification
of oncogenic proteins into one or more of these six “hallmarks of cancer,” is an organized
research effort to find both natural and synthetic antagonists of the cellular proteins or
processes that contribute to the malignant phenotype. However, target based therapeutic
development involves much more than finding antagonists of transforming oncogenes.
As a field, targeted therapy aspires to find antagonists to one or more of the six hallmarks
of cancer.
Targeted therapeutic development is rooted in the identification of those ratelimiting modulators of cell fate, whose deregulation is tied to disease. As such, plasticity
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within research organizations is critical and there is a deep-seated dependence on the
successful interface between basic and clinical science. Although there is no single
unifying strategy for target discovery, cancer targets have and continue to be discovered
through molecular biology approaches.
Molecular biology is employed at all levels in the discovery process (Lindsay
2003). For example laboratory research using a forward genetics approach, in which
tumor tissues are probed with siRNA or chemical libraries, can lead to the discovery of
intracellular proteins that maintain a cancer cell’s immortality. Forward genetics also
covers the study of certain cancer types by genomic, proteomic and cytological means.
These strategies, when employed in a systematic manner, can reveal central neoplastic
mechanisms.

Opposing forward-genetics is the reverse-genetics approach, which is

carried out using model organisms that can be genetically modified to conditionally alter
expression of genes either in development, or in the adult organism. Such strategies
serve to recapitulate the critical steps in the oncogenic process.
Discovery is the first stage in targeted drug development and is immediately
followed by validation. Novel target validation attempts to connect basic findings with a
particular clinical phenotype. In the context of cancer target validation, basic findings are
confirmed by examining the modulation of newly identified targets at both protein and
DNA levels in clinical cohorts. During the validation process, researchers also begin to
assess a novel target for its “druggability.” The term druggability is a predictive measure
of how well a small-molecule drug or antibody might modify a novel target protein
(Cheng et al., 2007). Often, druggability is determined by predictive structural studies
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that model the affinity between a target protein and an amorphous drug-like molecule or
antibody.
Antagonists for validated targets can be identified by a number of different
means. The molecular modeling of a chemical library with a crystallized version of the
target can be an informative tool for predicting the structure of a good antagonist. In this
mode, chemists are challenged to design small molecules or antibodies that are predicted
to bind with high affinity at desirable clefts within the target structure. Alternatively,
functional screens can be employed in which a large and diverse chemical library is
tested for antagonistic activity or binding against the selected target.

Using this

approach, which can be formatted to high-throughput in cells or in vitro, researchers can
identify chemical scaffolds with high antagonistic or binding activity.

Then, in a

stepwise progression, researchers can begin to modify novel inhibitors in an attempt to
improve selectivity and drug-like characteristics. This approach obviously relies upon a
strong biochemical platform and the ability to purify the protein version of a dysregulated
gene.
As previously mentioned, targeted therapy is more than a direct effort to produce
antagonists of specific gene products. In recent years, scientists have also come to focus
on the design of molecules and biologics, which interfere with one or more of the
malignant processes outlined in the hallmarks of cancer. This shift in thinking, from
micro to macro, is a result of the shared realization among scientists that oncogene
addiction has limited application in describing the behavior of a cancer cell. It is now
commonly accepted that while most cancer cells seem to rely upon a single signaling
pathway to activate one or more of the hallmark capabilities described by Hannahan and
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Weinberg, they often maintain a level of functional redundancy, using parallel pathways
and a variety of modules to activate those same hallmarks. This suggests that the
selective targeting of a single protein in a signaling cascade only temporarily stuns a
tumor before it reorganizes its signaling networks to lean on a parallel pathway or
pathways to assume the workload. This realization has pushed industry and academia to
refocus their developmental efforts on disrupting the global cancer network by focusing
on the shared signaling partners and endpoints of the redundant pathways (Altieri et al.,
2008) that contribute to hallmark capabilities.
Independent of approach, targeted therapy uses a priori knowledge regarding the
underpinnings of neoplastic disease, and aims at generating new chemical or biological
entities that increase the survival of cancer patients while limiting the physical disabilities
often associated with the previous standards of care. To achieve this, targeted therapeutic
development relies upon a myriad of molecular techniques and the careful coordination
of clinical and basic research.
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3.2. Targeting c-MET in Cancer
3.2.1 c-MET Structure and Signaling
c-MET is an important oncogene which has been extensively studied and
represents an excellent target for anti-cancer therapy (Birchmeier et al., 2003;
Christensen et al., 2005). c-MET encodes a Receptor Tyrosine Kinase (RTK) of the
RON subfamily (Christensen et al., 2005). As such the c-MET protein is composed of α
and β chains and contains an ectodomain, a transmembrane domain and a cytoplasmic
tail (Gherardi et al., 2003). The highest affinity ligand for c-MET is Hepatocyte Growth
Factor or Scatter Factor (HGF/SF) (Bottaro et al., 1991). The binding of receptor and
ligand leads to receptor multimerization and transphosphorylation at critical tyrosine
residues within the kinase domain (Y1234/1235) and the non-catalytic c-terminus
(Y1349/1356) (Ponzetto et al., 1994) thus reflecting an active state. Moreover, this latter
phosphorylation event creates a bi-dentate docking site, which allows for the recruitment
of adaptor proteins to facilitate the transmission of an activation signal (Figure 13).
Of the major adaptors, recruited to the cytoplasmic membrane, the most critical is
GRB-2 associated binding protein 1 (Gab1) (Holgado-Madruga et al., 1996; Sachs et al.,
2000). Gab proteins are a family of adaptors that are stimulated by multiple RTK’s
(Birchmeier et al., 2003). Specificity for c-MET is conferred on Gab1 via a unique
sequence that recognizes the c-MET binding site (Lock et al., 2000). This high affinity
interaction between Gab1 and c-MET must occur to sustain signal transduction.
Recruitment and interaction are initiating events in the transduction process. cMET induced propagation requires Gab1 transphosphorylation (Y627/659).

This
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phosphorylation event creates a recognition site for Src Homology 2 (SH2) containing
proteins, which bind and activate (Gu et al., 2003).

The phosphorylation of these

tyrosine residues on Gab1 leads to the recruitment and activation of proteins such as
Shp2, PI3K, phospholipase C and Crk.
The attenuation of the c-MET signal occurs via ubiquitin-dependent endocytosis.
During

the

process

of

positive

signal

transduction

there

is

concurrent

autophosphorylation of Y1003 in the juxtamembrane domain of the receptor.

This

phosphorylated residue serves as a recognition site for the E3 ubiquitin ligase, Cbl
(Jeffers et al., 1997; Peschard et al., 2001). Cbl binds to Y1003-phosphorylated c-MET
and ubiquitylates the receptor leading to endocytosis and transport to the proteasome for
targeted degradation. This ensures a rapid, well-regulated termination signal.

3.2.2 The Role of c-MET Signaling in Cellular Processes
The HGF/c-MET signaling node elicits a series of cellular responses. Although
the responses may vary depending upon cell type and culture conditions, the general
signal stimuli initiate proliferation, motility, and an anti-apoptotic program (Birchmeier et
al., 2003). This set of physiological responses occurs via activation of the Ras/Raf/MEK
and PI3K-Akt modules (Ridley et al., 1995; Potempa et al., 1998; Xiao et al., 2001). The
combined activation of all of these pathways is the formation of tubule epithelial
structures, termed branching morphogenesis (Montesano et al., 1991).
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3.2.3 Dysregulation of c-MET Signaling in Cancer
Alterations in the c-MET signaling pathway have been well characterized in
cancer and may occur exclusively or concomitantly at different steps in the c-MET
signaling cascade.
It is now well documented that HGF and c-MET protein levels increase in cancers
of the lung, breast, intestine, colon, prostate, bladder, head and neck, liver and blood
(Birchmeier et al., 2003). The up-regulation of HGF can be attributed to either autocrine
signaling in which tumor cells secrete ligand (Christensen et al., 2005), or by a
sustainable paracrine mechanism during which tumor cells induce surrounding fibroblasts
to secrete soluble HGF (Jiang et al., 1999). In addition to increases in soluble HGF,
many tumors begin to over express c-MET on their cellular surface. Although tumors
often amplify the copy number of the c-MET gene to increase expression (Wang et al.,
2001), up-regulation of c-MET signaling can occur in the absence of gene amplification.
Ligand independent activation of c-MET can also occur in tumors. This aberrant
activation can be attributed to a number of mechanisms including genetic truncations or
translocations (Prat et al., 1991; Park et al., 1986), hypoxic conditions (Pennacchietti
2003), and the activation of other oncogenes (Follenzi et al., 2000). However, the best
understood mechanism of activation occurs at the genetic level. Some of the wellcharacterized genetic alterations in c-MET include mutations in the portions of the gene
encoding the kinase (Park et al., 1999), juxtamembrane (Lee et al., 2000), and ectodomains (Christensen et al., 2005).

Moreover, recent hereditary analysis has

demonstrated that a c-MET missense mutation in the germ line of hereditary papillary
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renal cell carcinoma patients is the causative lesion for this familial cancer syndrome,
making a compelling case for c-MET dysregulation as a major cause of cancer (Schmidt
et al., 1997). In addition to mutation, c-MET is also found to constitutively dimerize
even in the absence of ligand, meaning that overexpression, in some cases, can lead to the
hyperactivation of the receptor (Christensen et al., 2005). Overall, many mechanisms can
contribute to aberrant c-MET signaling, and the loss of regulation at multiple levels in
almost every type of human tumor make it an important oncogenic target.
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Figure 13 c-MET signaling: The activation of c-MET by HGF binding leads to
transphosphorylation of in the kinase domain and the phosphorylation of two tyrosine
residues (1349/1356) in the c-terminal tail of the receptor. These phosphorylated residues
serve as a binding site for Gab1, the adaptor protein that propagates the activation signal.
Depending on cell type, c-MET acts as a mitogen by initiating RAS/MAPK signaling
cascade, a motogen through induction of FAK and PAK, or a pro-survival signal via
activation of mTOR, which negatively regulates Bad and Caspase 9. The combined
activation of all of these pathways results in the formation of tubules, termed branching
morphogenesis.
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3.3 Results of Primary Assay Standardization
3.3.1 Rationale
Considering the importance and prevalence of aberrant c-MET signaling in
malignant transformation, we set out to discover a small molecule capable of inhibiting
MET kinase activity. To this end we attempted to develop a primary high- throughput
assay to screen a proprietary small molecule library, synthesized by our medicinal
chemistry core. We chose to develop an in cell screen, rather than an in vitro system
using recombinant proteins, because an in cell screen identifies kinase inhibitors and also
imposes the stringency of cellular permeability on positive hits. To develop the highthroughput in cell screen, we first standardized a number of variables including the test
cell line, mode of detection, positive control and mechanism of reproducibility.

3.3.2 Choice of Cell Line
First we addressed the variable of cell line. Due to the prohibitive expense of
HGF, we required a cell line with constitutive activation of the c-MET receptor in the
absence of ligand. We selected the gastric cancer cell line SNU-5, which was reported to
be highly active for c-MET signaling (Smolen et al., 2006), an effect caused by an
amplification of the c-MET gene (Figure 14), which leads to a clustering of the receptor
on the cell surface causing multimerization and constitutive activation.
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Figure 14 Selection of SNU-5 cells as a suitable cell line: Following a search, the SNU-5 cell
line, a gastric carcinoma was selected to be the model cell line for c-MET inhibitor screening.
SNU-5 cells highly express c-MET on their cellular surface leading to ligand-independent receptor
dimerization and hyperactivation of the signaling node.

3.3.3 Antibody Standardization
After selecting a cell line, we set out to develop an assay for c-MET activation.
As previously mentioned, HGF binding leads to c-MET autophosphorylation in the
catalytic domain (Y1234/Y1235) and transphosphorylation in the carboxy terminus
(Y1349 and Y1356). Taken together, these phosphorylation events reflect the active state
for the c-MET receptor and signal transduction. To choose the optimal phosphorylation
event for use as a metric in our assay, we performed an immunoblot using total cell lysate
from exponentially growing SNU-5 cells. Protein separation was performed using a 10%
poly acrylamide gel, and following membrane transfer, we probed for the
abovementioned phosphorylation events. Two commercially available antibodies were
used. The first antibody tested was raised against phosphotyrosines in the kinase domain
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(Y1234/Y1235). The second tested was specific for phosphotyrosines in the C-terminus
(Y1349/Y1356).
The immunoblot shown in figure 15 suggests that of the 2 antibodies tested, the
first yielded the cleanest most discrete band (Figure 15). Because unambiguous detection
was of the highest priority, the antibody recognizing phosphorylated Y1234/1235 was
chosen for use in the high-throughput assay.
Protein Ladder

SNU-5 Lysate

Protein Ladder

SNU-5 Lysate

Figure 15 Standardization of a phospho c-MET antibody: Antibodies to phosphorylated tyrosines in
the kinase domain and cytoplasmic tail of c-MET were tested to determine optimal assay conditions for the
screening of c-MET antagonists. Non-stimulated SNU-5 cells were used to test for the most specific
antibody, which was deemed to be anti-phospho c-MET Y1234/1235.

3.3.4 Optimization of the Positive Control
For a positive control we used a well established c-MET inhibitor, PHA-665752
(Smolen et al., 2006), that was synthesized by our medicinal chemistry core for testing
and standardization in SNU-5 cells (Figure 16A). To confirm that the in-house PHA665752 was as active as the commercially available version, we made an attempt to
repeat the published 96-hour cell killing activity for this molecule.
In 96 hours, the GI50 of in house PHA-665752 was measured at ~30 nM (Figure
16B). This value was very close to the published GI50 of 25 nM (Smolen et al., 2006).
Next, we attempted to determine if in house PHA-665752 retained its anti-c-MET
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activity. To confirm this, we tested c-MET phosphorylation in SNU-5 cells treated with
PHA-665752 for 2 hours. Lysate was harvested and immunobloted for phosphorylated cMET, total c-MET and GAPDH (Figure 16C) Using this approach, we found that
treatement with increasing concentrations of PHA-665752 led to a decrease in phosphoMET. Moreover, at concentrations higher than 50 nM, we observed complete inhibition
of c-MET phosphorylation. Taken together with the confirmation of GI50, our results
suggest that in-house PHA-665752 retained all of the potent anti-c-MET activities of the
comercially available molecule and was suitable for use as a positive control in the
development of a high-throughput screen.
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Figure 16 Optimization of a positive control for a c-MET inhibitor screen: A) A published chemical
structure of the c-MET antagonist PHA-665752. B) The published GI50 of PHA-665752 in SNU-5 cells
was confirmed to be ~ 30 nM. Cell viability was measured via trypan blue exclusion and calculated as a %
of control (DMSO). C) The anti-proliferative activity of PHA-665752 correlated with c-MET inhibition.
SNU-5 cells were treated for 2 hours with varying concentrations of PHA-665752. Protein was isolated
and immunoblot analysis of phosphorylated c-MET revealed a dose-dependent inhibition in
phosphorylation by PHA-665752.
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3.3.5 Translation into a High-Throughput System
Next, we set out to translate previous experimental results into a high-throughput
system. To achieve reproducibility and to maximize the number of compounds that could
be tested in a single assay, we chose to employ a spot blot technique. Briefly, we
extracted lysate from cells treated with DMSO, PHA-665752, and experimental
compounds and then directly spotted them onto nitrocellulose membrane using a vacuum
manifold. After the membranes were dried, they were probed using antibodies to detect
gross changes in c-MET expression level or phospho-MET. This technique is highly
reproducible and requires small amounts of cell lysate for an individual test. As such, a
96-well matrix can be designed, allowing for high-throughput testing using a template for
the seeding, treatment, harvesting, and spotting steps.
For our high-throughput screen we chose a 96-well plate as our matrix to which
we seeded 5.0x104 SNU-5 cells/well. Of note, only 60 wells were used per assay so as to
prevent evaporation effects in outer wells. Additionally, the seeding density was deduced
empirically by performing a titration experiment to determine when phospho-c-MET
signal strength was maximized (data not shown). After seeding, cells were placed back in
incubators for 16 hours. Next, cells were treated in duplicate for 2 hours with control and
test compounds. After treatment cells were lysed and then spotted onto nitrocellulose
using a vacuum manifold. The spotted membrane was processed like an immunoblot and
probed for total and phosphorylated c-MET.
We performed a pilot experiment to establish a dynamic range of inhibition using
our positive control, PHA-665752 (Figure 17A). Red spots, representing phospho-cMET signals in individual wells, were transformed into numerical values in an effort to
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determine the dynamic range of the spot blot assay. An IC50 value was calculated and
compared to an IC50 which had been similarly determined by immunoblot (Figure 17B).
When directly compared, the IC50 value for the spot blot was notably higher, indicating
that this method lacked the sensitivity of the immunoblot. However, the spot blot did
demonstrate a dynamic range of sensitivity for PHA-665752, suggesting that as a primary
screen it could identify novel c-MET inhibitors, while also measuring their level of
antagonism.

Figure 17 Standardization of a high-throughput c-MET inhibitor
screen: A) A dose dependent inhibition in c-MET phosphorylation
was achieved in a high-throughput format. Eight replicate experiments
were performed using SNU-5 cells seeded in a 96-well plate and
treated for 2 hours with varying concentrations of PHA-665752. B)
The comparison between dose-responses, as measured by western blot
and dot blot techniques, revealed slight differences in the sensitivities
between assays.
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3.3.6 Results of the Initial Screen
With our high-throughput assay standardized, we began the screen.

Test

compounds from our novel library were screened at a standard concentration of 20 µM,
2X the concentration PHA-665752, used in the assay. Up to 43 compounds were tested
per assay. In total 2,200 novel small molecules were tested and none were found to be
inhibitors of c-MET.
Although discouraged by this result, we speculated that the lack of hits might be
due to a limitation in the assay. In effect, our screening system was only designed to
identify molecules which interfered with c-MET autophosphorylation, an upstream event
in the receptor signaling cascade, leaving the possibility that we had missed the
identification of novel antagonists of the c-MET pathway which acted downstream.

3.3.7 Restandardization of the High-Throughput Screen using a Gab1 Antibody
Our newly formed hypothesis forced us to reconsider the metric that we had
chosen to use in the screen. Rather than measuring c-MET autophosphorylation, we
hypothesized that we needed to assay for a further downstream event that would assess
signal transduction in the context of a general pathway antagonist. As previously
mentioned, c-MET transduces its signal through adaptor proteins GRB2 and Gab1.
While both are recruited to the plasma membrane in response to MET phosphorylation,
only one of these proteins, Gab1, is subject to posttranslational modification.
Gab1 is phosphorylated on Tyrosines 627 and 659 in response by c-MET (Sachs
et al., 2000). As a downstream event, we considered the phosphorylation of Gab1 as an
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extrememly reliable measure of c-MET activation and thus made it our goal to reengineer
our screen to measure Gab1 phosphorylation. Although the phosphorylation of Gab1 by
c-MET is highly selective, Gab1 can be recruited to the plasma membrane and
phosphorylated by the activation of one other RTK, Epidermal Growth Factor Receptor
(EGFR) (Mattoon et al., 2004). To quantitate the contribution of EGFR activation to
phosphorylation of Gab1 in SNU-5’s we treated cells with the EGFR inhibitor Gefitinib
and then measured phospho-Gab1 (Y627). We found that the treatment of SNU-5 cells
for two hours with 10 µM Gefitinib only partially reduced phospho-Gab1. However, a
10 µM dose of PHA-665752 completely ablated the phospho-signal, suggesting that the
bulk of phosphorylation of Gab1 (Y627) in SNU-5 cells is through c-MET (Figure 18A).
This finding implied that in SNU-5 cells Gab1 phosphorylation would be highly
sensitive to a specific c-MET antagonist. Moving forward, we attempted to verify that
phospho-Gab1 could be used as a reproducible measure in our screen. After performing
a pilot study - in which all previous conditions were maintained, except the detection
antibody, which was changed from anti-phospho-c-MET to anti-phospho Gab1 Y627 we were able to easily adapt the previously standardized assay to our new readout (Figure
18B).
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Figure 18 Standardization for a Gab1 screen: A) Phosphorylated Gab1 is specifically inhibited by a c-Met
antagonist. SNU-5 cells treated for 2 hours with both PHA-665752 and Gefitinib confirmed that the majority of
phospho-Gab 1 (Y627) occurs through c-Met transphosphorylation. B) Phosphorylation of Gab1 was
amenable to translation into the high-throughput screen. SNU-5 cells seeded in 96-well plates were treated with
DMSO or PHA-665752.
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3.4 Results of Secondary Assay Standardization
3.4.1 Rationale
In addition to a primary screen, we have also standardized a secondary approach
that measures and confirms positive hits. Some secondary assays rely upon western blot
analysis and specific phospho antibodies. Immunoblots can be time consuming and often
require multiple technical replicates to attain a complete understanding of the altered
dynamics in a signaling cascade following treatment with a putative antagonist. To
circumvent these issues, we sought to create a protein or antibody array capable of
assaying the phosphorylation state of multiple proteins involved in the c-MET signaling
cascade. Although such technology has been well characterized and developed for other
protein(s) or signaling cascades (Kopf et al., 2007), there has yet to be a protein array
develeoped specifically for assaying inhibitors of the c-MET node. As this was our first
attempt to design a protein array we performed a series of pilot experiments to prove that
the technology was adaptable and repeatable.

3.4.2 Proof of Principle for an Antibody Array
Our initial pilot experiment set out to prove that a specific antibody spotted on a
matrix was stable and capable of immunoprecipitating a given target protein.

To

demonstrate this concept, we chose to work with a familiar protein-antibody system, Lyn
kinase. Lyn kinase is an intracellular src-family kinase which has a role in cytokine
signaling, and has also beeen shown to have a critical function in the resistance to BCRAbl inhibitors such as Imatinib (Donato et al., 2003).
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To perform our pilot experiment we spotted anti-Lyn antibody onto a nitrocellulose
membrane. Next, we hybridized this membrane with a recombinant activated form of
Lyn kinase to determine if an antibody-antigen complex would form.
During the experimental set up, we manually spotted Lyn-specific rabbit
polyclonal rabbit antibody in duplicate onto nitrocellulose allowing it to air dry for one
hour at room temperature. In additon to Lyn antibody we also spotted 1 µl of antibody
buffer (PBS+1mM DTT) as well as 1 µl of rabbit Immunoglobulin G onto the membrane,
which served as a negative control for non-specific immunoprecipitation. Next, we
incubated recombinant Lyn kinase, with γ32ATP to achieve autophosphorylation.
Autophosphorylated Lyn kinase was added to the spotted membrane for an overnight
incubation and then exposed to x-ray film the next day. The resulting autoradiogram
(Figure 19) demonstrated that antibody spotted on a matrix was stable and capable of
immunoprecipitating a phosphorylated recombinant protein.

Figure 19 Proof of principle for an antibody-based array: Spotted anti-Lyn antibody capably
immunoprecipitates γ-labeled phosphorylated Lyn kinase. Membranes were spotted with anti-Lyn antibody
in dubplicate (A), 1 µL of PBS + 1mM DTT (B), or 1 µL Rabbit IgG (C). Spotted arrays were incubated
with γ-labeled phosphorylated Lyn kinase overnight and exposed to x-ray film to reveal
immunoprecipitation of radioactively labeled Lyn.
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3.4.3 Standardization of a Secondary Antibody for use in Detection
Building on this concept, we set out to establish a non-radioactive approach, to
measure actived Lyn kinase using an “antibody ladder” (Figure 20). To this end, we
performed

an

autophosphorylation

reaction

with

recombinant

Lyn

kinase.

Autophosphorylated kinase was then hybridized to the same spotted antibody blot, used
in the previous experiment. Next, arrays were incubated with the murine panphosphotyrosine antibody, PY-20, an effort to assure that a murine infrared tagged
detection antibody could be used to exclusively bind with PY-20 and not anti-Lyn.

Figure 20 Schematic outline for the detection of autophosphorylated Lyn kinase by an antibody array:
Autophosphorylation of Lyn kinase readily measured by an array that relies upon secondary and tertiary
antibodies to detect binding.
Cold ATP was incubated with recombinant Lyn kinase to induce
autophosphorylation. Next, phosphorylated kinase was conjugated to membranes spotted with anti-Lyn (rb)
and then incubated with anti-phosphotyrosine (ms). Finally, infrared-tagged anti-mouse IgG was added to
complete the detection ladder. Completed antibody ladders were detected by infrared scanning.
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B

Figure 21 Detection of in vitro and cellular Lyn autophosphorylation using an antibody array: A)
Autophosphorylated recombinant Lyn was measured using an antibody ladder detection scheme.
Recombinant Lyn was incubated with cold ATP to induce autophosphorylation. Phosphorylation was
specifically detected using the scheme outlined in figure 20 . B) Phosphorylation of cellular Lyn was
detected using an antibody ladder. Lysate (325 µg total) isolated from the constitutively active Lyn
expressing cell line, K562R, was incubated with Lyn antibody arrays. Phosphorylated Lyn was measured
following the scheme outlined in figure 20.

The results from this non-radioactive experiment demonstrated that using an
antibody ladder was a feasible means for detecting immunoprecipitated phosphoproteins
(Figure 21A). To further develop our concept, we attempted to standardize an approach
that would immunoprecipitate phosphoproteins from a cellular mileu. To this end, we
hybridized our antibody array with lysate from the Lyn overexpressing cell line K562R
(Donato et al., 2003). This approach allowed for the immunoprecipitation and detection
of active phospho-Lyn from cellular lysate (Figure 21B), thereby demonstrating the
feasability of standardizing an antibody array to measure the phosphorylation status of
proteins.
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3.4.4 Translation from Proof of Priniciple into a c-MET Array
Although Lyn is an important kinase, we were most interested in applying the
antibody array technique to assay the c-MET signaling node. To develop a c-MET
signaling antibody array, we focused on inducers and effectors in the pathway. c-MET
phosphorylation was included as a measure in the array, in addition to Gab1 and Focal
Adhesion Kinase (FAK). FAK is an intermediate effector and is directly involved in
branching morphogenesis. The array also included STAT3, a transcription factor known
to be tyrosine phosphorylated following c-MET activation, and an extremely downstream
event in the signaling cascade.
To begin testing conditions for the array, we spotted membranes in duplicate with
polyclonal antibodies to c-MET, Gab1, FAK, and STAT3. In addition to these antibodies,
1 µl of PBS/DTT (serving as a negative control), and 1 µl of .5 mg/mL of murine IgG
(serving as a positive control) were spotted in duplicate to complete the array (Figure
22A) to allow for normalization and direct comparison across experimental conditions.
After spotting arrays, membranes were air dried and stored in sealed plastic bags that
were kept at 4° C.
Empirically, we were able to determine that 500 µg of SNU-5 lysate was optimal
for a consistant signal with the array (data not shown.) Using this amount of lysate, we
easily demonstrated the immunoprecipitation of phosphorylated c-MET, Gab1, to some
extent FAK, but not STAT3 (Figure 22B).
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B

Figure 22 Measurement of cellular c-MET pathway activation using an antibody array:
A) Diagram of antibody spotted membranes. Each antibody and appropriate control was spotted in
duplicate. B) c-MET pathway phosphorylation was measured using a customized antibody array. Lysate
(500 µg total) from SNU-5 cells was incubated overnight with arrays. The phosphorylation of c-MET,
Gab1, FAK, and STAT3 was measured with an antibody ladder.
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3.4.5 Practical use of a c-MET Antibody Array as a Secondary Assay for the
Confirmation of Novel Pathway Inhibitors
As previously mentioned, our interest in developing an antibody array was for use
as a confirmatory screen following the primary identification of novel c-MET inhibitors.
To demonstrate that the c-MET antibody array capably measured for c-MET antagonism,
lysate (500 µg) from SNU-5 cells treated with 10 µM PHA-665752 was hybridized with
MET/Gab1/FAK arrays and in parallel with lysate from untreated SNU-5 cells. Both
arrays were developed under previously standardized conditions, and the results indicated
that at the qualitative level our array was capable of discerning between constitutive MET
signaling

and

antagonism

by

a

c-MET

specific

inhibitor

(Figure

23).

Figure 23 Antagonism of the c-MET pathway as detected by a customized antibody array: Baseline
phosphorylation (upper panel) and antagonism (lower panel) of c-MET and its effectors was measured by
an antibody array. Lysate (500 µg total) from SNU-5 cells treated with DMSO or 10 µM PHA-665752 was
incubated with antibody arrays overnight. Antagonism of the c-MET pathway was observed as a decrease
in the amount of phospho-protein signal.
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Our initial goal was to develop a rapid secondary assay system aimed at replacing
the less expedient immunoblot. As such, we went about comparing the two systems for
their sensitivity and specificity to c-MET antagonists. We, thus, compared three different
experimental groups. In addition to DMSO and 10 µM PHA-665752, cells were treated
with 10 µM Gefitinib to demonstrate that minor changes in the phosphorylation of cMET and its effectors could be measured by the array. Lysate (500 µg) from SNU-5
cells under these 3 treatment conditions was used to compare phosphorylation changes
measured in the array and immunoblot.
Notably, this experiment proved that both the array (Figures 24C and D) and
immunoblot (Figures 24A and B) capably distinguished between specific c-MET
pathway inhibitors and non-specific antagonists. When compared directly to the
immunoblot, the array lacked the sensitivity to detect a phosphorylation change in FAK,
although we have posited that this resulted from poor immunoprecipitation by the FAK
antibody, and we believe that a proper standardization of FAK antibodies would
eventually yield an array, that could measure this downstream phosphorylation event.
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Figure 24 Utility of the c-MET antibody array. A) The phosphorylation of all c-MET pathway
proteins is sensitive and specific to c-MET antagonists as measured by western blot analysis. Lysate
from SNU-5 cells was isolated following 2 hours of treatment with 10 µM PHA-665752, 10 µM
Gefitinib, or DMSO. Immunoblot analysis revealed a significant and specific decrease in the
phosphorylation of c-MET pathway proteins in response to PHA-665752 but not Gefitinib. B)
Quantification of c-MET pathway phososphorylation as measured by western blot. C) The
phosphorylation of most c-MET pathway proteins is sensitive to antagonism by PHA-665752 as
measured by antibody array. Lysate from SNU-5 cells was isolated following 2 hours of treatment with
10 µM PHA-665752, 10 µM Gefitinib, or DMSO. Antibody arrays measured a specific decrease in
phospho-c-MET and phospho-Gab1, but not phospho-FAK. D) Quantification of c-MET pathway
phosphorylation as measured by antibody array.
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3.5 Discussion
As demonstrated by our efforts to develop a c-MET inhibitor, there are many
hurdles in the process of discovering targeted agents. Obviously, assay development is
critical and the careful selection of endpoints can lead to both successes and failures.
Time and resources can often be devoted in vain unsuccessfully screening compound
libraries should the wrong assay metric be chosen, thus underlining the importance of
experimental design. Moreover, our attempts only highlight the difficulty of the initial
step in target-based drug discovery, and once an inhibitor is discovered multiple
confirmatory assays must be performed and the complete mechanism of action described.
Often, these preclinical efforts are not enough to advance a small molecule to lead
candidate status, and reformulation, together with methodical animal experimentation
must proceed before a small molecule can be considered sufficiently well-tested to enter
the clinic.
Clearly, we did not reach our primary end point of discovering novel c-MET
inhibitors. Despite this failure, there is hope that as our library of small molecules
expands we will eventually synthesize and identify a potent MET antagonist. Given this
optimism, we intend to continue, as a lab, to use the primary and secondary screens
outlined in this thesis in the hopes of discovering novel c-MET inhibitors.
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CHAPTER 4
OVERALL CONCLUSION AND FUTURE DIRECTIONS

Anti-cancer drug discovery is an iterative process that requires careful experimental
design and adherence to an appropriate discovery platform. In this dissertation, we have
outlined the rationale for the two predominant discovery paradigms, and their practical
utility in the discovery of novel anti-cancer therapeutics.
Using a phenotype-based discovery strategy, we identified a novel anti-tumor
agent, ON015640, and determined its molecular mechanism of action. These findings
were made possible through a priori knowledge regarding the chemical structure of the
molecule and through careful study of the phenotypic responses of cancer cells to
treatment. When tested in vivo, this novel agent seemed to display an overall anti-tumor
effect, although this was not found to be statistically significant. Animal experimentation
also revealed the relative insolubility of ON015460 as well as an undesirable toxicity
profile. A series of developmental experiments are underway to characterize ON015640
before clinical testing. These experiments include a repetition of the efficacy study, a
complete analysis of the pharmacokinetics and pharmacodynamics, and reformulation
studies aimed at increasing the bioavailability and tumor targeting potential of
ON015640.
Our practice of target-based discovery provided a very different set of obstacles.
Our initial assay, designed to identify novel antagonists of the c-MET oncogene, failed to
identify an inhibitor within our 2,200 member chemical library. Consequently, we
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reengineered our screen to allow for the identification of a broader type of c-MET
antagonist. Currently, this assay is being employed to test the previously screened set of
small molecules as well as recent additions to this compound library. We are optimistic
that this project will eventually yield a c-MET pathway antagonist. Additionally, we
designed an antibody-based assay that measured multiple signaling events within the cMET pathway. We found that this assay was sensitive to c-MET pathway inhibition and
capable of detecting partial antagonism of the pathway by non-targeted c-MET inhibitors.
The sensitivity of our antibody array and its ability to assess quantitative inhibition of
Gab1, FAK and STAT3 phosphorylation, led us to conclude that further modification to
this platform is required. Antibody standardization experiments have been planned to
correct these particular problems.
The use of both anti-cancer discovery platforms in this research project allowed for
a direct comparison of the milestones and hurdles. For a target-based platform, we found
that the rate-limiting step was assay design. By comparison the primary hurdle for
phenotype-based discovery was determining a mechanism of action. For both of the
approaches, we learned that a significant amount of work is required to develop a drug
after discovery, and while these developmental steps were outside of the scope of this
research program we were forced to consider such difficulties during the early discovery
stages. Overall, we believe that each of the paradigms holds merit. At the moment,
target-based discovery is very popular among discovery organizations; however,
phenotype-based platforms have delivered in the past and hold significant potential for
delivering in the future as the field of mechanistic deconvolution evolves. In practice, the
platforms differ in their methodology for discovering novel anti-cancer medications, but
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in the end, each will eventually aid us in both our understanding of the neoplastic
process, and our ability to affect significant change in the lives of cancer patients.
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CHAPTER 5
MATERIALS AND METHODS

5.1 Primary c-MET/Gab1 Assay Standardization
5.1.1 Immunoblot
For all immunoblot analysis, exponentially growing SNU-5 cells were seeded at a
density of 1.0x106 cells/100 mm dish in RPMI supplemented with 10% Fetal Bovine
Serum and 1% Penicillin/Streptomycin. Cells were allowed to adhere overnight in an
incubator and treated the next day with anti-tumor agents for 2 hours. Following
treatment, cells were harvested and centrifuged for 10 minutes at 1500 RPM and 4°C.
Supernatant was aspirated and cells were lysed with detergent containing buffer (0.5 mM
DTT, 0.4 mM β-glycerophosphate, 0.2 mM Na3VO4, 0.15% Tween-20, and 1 Complete
Protease Inhibitor) on ice for 1 hour. Next, lysates were centrifuged at 14,000 RPM and
4°C for 30 minutes. Afterwards, the supernatant was kept and protein quantified using a
Lowery assay. For western analysis, 40 µg of protein was loaded on a 10% SDSPolyacrylamide gel and transferred to a nitrocellulose membrane for immunoblotting.
Membranes were then blocked in 20 mL of a 1:1 PBS:Licor Blocking buffer and rocked
for 1 hour at room temperature. Next, blots were probed overnight at 4°C in blocking
buffer containing 0.1% Tween-20 and 1:1000 dilutions of the following antibodies: AntiFAK Rabbit (Millipore Cat# 04-591), Anti-phospho FAK Rabbit (Cell Signaling Cat#
3281), Anti-c-MET Mouse (Cell Signaling Cat #3127), Anti-phospho c-MET (Millipore
Cat# 07-810), Anti-Gab1 Rabbit (Millipore Cat# 06-579), Anti-phosphoGab1 Rabbit
(Cell Signaling Cat# 3233), Anti-GAPDH Rabbit (Cell Signaling Cat# 2118), and Anti-β
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Actin Mouse (Sigma Cat# A2228). The next day, primary antibodies were removed and
blots were washed 3X with PBS containing 0.1% Tween-20 at room temperature. Then,
secondary antibody (LiCor Goat Anti-Rabbit IR 680 and Goat Anti-Mouse CW 800)
diluted to 1:10,000 in blocking solution containing 0.2% Tween-20 was added to the
blots and allowed to conjugate by rocking at room temperature for 2 hours. Finally, blots
were washed 3X with PBS containing 0.1% Tween-20 and then scanned using an
Odyssey LiCor scanner.

5.1.2 High-Throughput Screening Assays
SNU-5 cells were cultured in T-75 flasks in RPMI supplemented with 10% Fetal
Bovine Serum and 1% Penicillin/Streptomycin. Once these cells reached ~85%
confluence, they were harvested and counted via trypan blue exclusion. SNU-5 cells
were then plated using a multi-channel pipette at a density of 5.2 x 104 cells/well in
growth medium in a 96-well plate. After seeding, plates were placed back into an
incubator. Twenty-four hours later, plates were removed from the incubator and
experimental compounds, diluted in medium, were added to appropriate test wells in
duplicate. Plates were then placed back in an incubator for 2 hours. After the 2-hour
treatment, plates were removed and centrifuged for 10 minutes at 1500 RPM and room
temperature. Medium was then carefully aspirated and replaced with lysis buffer (0.5
mM DTT, 0.4 mM β-glycerophosphate, 0.2 mM Na3VO4, 0.15% Tween-20, and 1
Complete Protease Inhibitor) and plates were placed on ice for 20 minutes. After lysis,
plates were centrifuged at 2100 RPM for 20 minutes and 4°C. Following the 20-minute
spin, lysate was carefully spotted onto nitrocellulose membranes using a Millipore Spot
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Blot Apparatus. Spotted blots were then allowed to air dry. Next, blots were blocked in
20 ml of a 1:1 dilution of PBS and LiCor blocking solution for 1 hour at room
temperature. Then, Anti-phospho c-MET (Millipore Cat# 07-810 1:1000), Anti-c-MET
(Cell Signaling Cat #3127 1:1000 dilution), Anti-phospho Gab1 (Cell Signaling Cat#
3233 1:1000), or Anti-β Actin (Sigma Cat# A2228 1:1000) were added to the blocking
buffer along with 40 µL of Tween-20 and rocked at 4°C overnight. The next day,
primary antibodies were vacuated and blots were washed 3X with PBS containing 0.1%
Tween-20 at room temperature. Then, secondary antibody (LiCor Goat Anti-Rabbit IR
680 and Goat Anti-Mouse CW 800) diluted at 1:10,000 in blocking solution containing
0.2% Tween-20 was added to the blots and allowed to conjugate at room temperature for
2 hours. Finally, blots were washed 3X with PBS containing 0.1% Tween-20 and
scanned using an Odyssey LiCor IR scanner.

5.2 Secondary c-MET Pathway Assay Standardization
5.2.1 Lyn Antibody Array with Radioactivity
First, 1 µL of Anti-Lyn Rabbit (Upstate Cat# 06-207) was spotted onto dry (0.2 µM)
nitrocellulose along with 1 µL of PBS/1mM DTT and 1 µL of Rabbit Immunoglobulin G.
After a 30-minute drying period, membranes were carefully sealed and stored at 4°C. On
the day of use, membranes were removed from bags and blocked at room temperature for
2 hours in PBS+3% BSA. After the 2-hour blocking period, membranes were washed 3X
with TBST. Then, 20 ng of His-tagged Lyn kinase was incubated with 20 µM 32P-ATP
and 1 µg of GST-Sam68 substrate for 20 minutes at room temperature. The reaction was
stopped by dilution in TBST, and then incubated with the pre-blocked membranes for
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overnight conjugation at 4°C. The next day, the kinase/TBST mixture was removed and
the membrane washed 3X with TBST. Finally, membranes were exposed to x-ray film
and the autoradiogram was developed.

5.2.2 Lyn Antibody Array with Secondary Antibody
First, 1 µL of Anti-Lyn Rabbit (Upstate Cat# 06-207) was spotted onto dry 0.2 µM
nitrocellulose along with 1 µL of PNS/1mM DTT and 1 µL of Rabbit Immunoglobulin
G. After a 30-minute drying period, membranes were carefully sealed and stored at 4°C.
On the day of use, membranes were removed from bags and blocked at room temperature
for 2 hours in PBS+3% BSA. After the 2-hour blocking period, membranes were washed
3X with TBST. Then, 20 ng of His tagged Lyn kinase was incubated with 20 µM ATP
and 1 µg of GST-Sam68 substrate for 20 minutes at room temperature. The reaction was
stopped by dilution in TBST, and then incubated with pre-blocked membranes for
overnight conjugation at 4°C. The next day, the kinase/TBST mixture was removed and
the membrane washed 3X with TBST. After the washes, the membrane was incubated
with 4G10 Anti-Phosphotyrosine Mouse (Millipore Cat# 05-1050) at a dilution of 1:1000
in TBST overnight at 4°C. The next day, membranes were washed 3X with TBST and
incubated with Licor Goat Anti-Mouse IR 680 diluted 1:10,000 in TBST for 1 hour at
room temperature. Membranes were again washed 3X with TBST and then imaged using
an Odyssey LiCor IR scanner.
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5.2.3 c-MET Pathway Antibody Array
To make the antibody array, 1 µL of Anti-c-MET (Cell Signaling Cat #4560), 1 µL AntiGab1 Rabbit (Millipore Cat# 06-579), 1 µL Anti-FAK Rabbit (Millipore Cat# 04-591), 1
µL Anti-STAT3 Rabbit (Cell Signaling Cat #4904), 1 µL PBS + 1 mM DTT, and 1 µL of
0.5 mg/mL Murine IgG were spotted onto dry nitrocellulose (.2 µM pore). Membranes
were then allowed to dry for 30 minutes at room temperature. Once dried, membranes
were sealed in plastic bags and stored at 4°C. On the day of use, membranes were
removed from bags and blocked for 2 hours at room temperature in PBS + 3% BSA by
gentle rocking. After blocking, membranes were washed 3X with TBST. Following
washes, blots were incubated with protein lysate isolated from SNU-5 cells (500 µg total)
diluted in TBST overnight at 4°C. The next day, diluted lysate was aspirated and
membranes washed 3X with TBST. After washes, membranes were incubated with 4G10
Anti-Phosphotyrosine Mouse (Millipore Cat# 05-1050) diluted 1:1000 in TBST
overnight at 4°C. The next day, antibody was removed and blots were washed 3X with
TBST. After washes, membranes were incubated with Licor Goat Anti-Mouse IR 680
diluted 1:10,000 in TBST for one hour at room temperature. Membranes were washed
3X with TBST and then imaged using an Odyssey LiCor IR scanner.

5.3 High-Throughput Growth Standardization
All cell lines were grown in 150 mm dishes in appropriate growth medium. When cells
were deemed to reach ~85% confluence they were trypsinized and counted before being
plated in triplicate in 100 µL of growth medium in individual wells of a 96-well plate at
the following densities: 1.808x105 cells/ml, 9.04x104 cells/ml, 4.52x104 cells/ml, 2.26x104
83

cells/ml, 1.13x104 cells/ml, and 0 cells/ml.
Non-Adherent Cells: Immediately after plating, non-adherent cells received 0.5
µL of DMSO. Ninety-six hours after treatment with DMSO, 20 µL of CellTiter-Blue
Reagent® (Promega Corporation Cat# G8081) was added to each well. Plates were
shaken carefully for 30 seconds at room temperature and then returned to incubators for
an additional 3 hours. Following the 3-hour incubation, fluorescence was measured by
excitation at 579 nm with an emission wavelength of 594 nm.
Adherent Cells: Immediately after plating, cells were returned to the incubator.
Sixteen hours later, wells received 0.5 µL of DMSO and were returned to incubators.
Ninety-six hours later plates were removed from incubators and 20 µL of CellTiter-Blue
Reagent® (Promega Corporation Cat# G8081) was added to each well. Plates were
shaken carefully for 30 seconds at room temperature and then returned to incubators for
an additional 3 hours. Following the 3-hour incubation, fluorescence was measured by
excitation at 579 nm with an emission wavelength of 594 nm.

5.4 High-Throughput GI50 Determination
All cell lines were plated at pre-determined optimal growth densities in appropriate
growth medium in a 96-well plate. Next, 01 series compounds were added in triplicate to
achieve final test concentrations of 0, .025, .05, 0.1, 0.5, and 1 µM. Non-adherent and
adherent cells were treated in the same manner as described during high-throughput
growth standardization. Ninety-six hours after addition of 01 series compounds, plates
were removed from incubators and 20 µL of CellTiter-Blue Reagent® (Promega
Corporation Cat# G8081) was added to each well. Plates were shaken carefully for 30
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seconds at room temperature and then returned to incubators for an additional 3 hours.
Following the 3-hour incubation, fluorescence was measured by excitation at 579 nm
with an emission wavelength of 594 nm.

5.5 Analysis of 01 Treated Cells
5.5.1 Morphological Analysis
A549 cells were grown to ~85% confluence, trypsinized and then plated at a density of
1.0x105 cells/ml in 100 mm dishes containing DMEM supplemented with 10% Fetal
Bovine Serum and 1% Penicillin/Streptomycin and then returned to incubators overnight.
The next day, plates were removed and 01 series compounds and nocodazole were added
individually to achieve final concentrations of 1 µM. Plates were then returned to
incubators. Twenty-four hours later plates were removed and the morphological changes
were documented by taking phase contrast images with an Olympus 1X71 Fluorescent
Microscope.
5.5.2 Immunoblot
A549 cells were grown to ~85% confluence and counted for plating at a density of
1.0x105 cells/ml in 100 mm dishes containing DMEM supplemented with 10% Fetal
Bovine Serum and 1% Penicillin/Streptomycin and then returned to incubators overnight.
The next day, cells were treated with varying concentrations of 01 series compounds or
nocodazole. Following 24 hours of treatment, cells were harvested and centrifuged for
10 minutes at 1500 RPM and 4°C. Supernatant was aspirated and cells were lysed in
buffer (0.5 mM DTT, 0.4 mM β-glycerophosphate, 0.2 mM Na3VO4, 0.15% Tween-20,
and 1 Complete Protease Inhibitor) on ice for 1 hour. Lysates were then centrifuged at
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14,000 RPM and 4°C for 20 minutes. Afterwards, supernatant was retained and protein
quantified using a Lowery assay. For western analysis, 40 µg of protein was loaded on a
10% SDS-Polyacrylamide gel and transferred to a nitrocellulose membrane for
immunoblotting. Membranes were then blocked in 20 mL of a 1:1 PBS:Licor Blocking
buffer and rocked for 1 hour at room temperature. Next, blots were probed overnight at
4°C in blocking buffer with 0.1% Tween-20 and 1:1000 dilutions of the following
antibodies: Anti-BUBR1 Mouse (BD Transduction Laboratories Cat # 612503), AntiphosphoHistone H3 (Cell Signaling Cat# 9706), Anti-β Actin Mouse (Sigma Cat#
A2228), and Anti-PARP Rabbit (Cell Signaling Cat# 9532). The next day, primary
antibodies were vacuated and blots were washed 3X with PBS containing 0.1% Tween20 by rocking at room temperature. Then, secondary antibody (LiCor Goat Anti-Rabbit
IR 680 and Goat Anti-Mouse CW 800) diluted to 1:10,000 in blocking solution
containing 0.2% Tween-20 was added to the blots and allowed to conjugate by rocking at
room temperature for 2 hours. Finally, blots were washed 3X with PBS containing 0.1%
Tween-20 by rocking at room temperature and scanned using an Odyssey LiCor IR
scanner.
5.5.3 FACS Analysis
A549 cells were grown to ~85% confluence and trypsinized before plating at a density of
1.0x105 cells/ml in 100 mm dishes containing DMEM supplemented with 10% Fetal
Bovine Serum and 1% Penicillin/Streptomycin and then returned to incubators overnight.
The next day, cells were treated with varying concentrations of 01 series compounds or
nocodazole. Twenty-four hours later medium was removed and placed in a 15 mL
Falcon tube. Then cells were washed with 1 mL of PBS. Afterwards, the PBS was
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retained and cells were trypsinized with 0.5 mL Trypsin/EDTA. Cells were then
centrifuged for 2 minutes at 2000 xg at room temperature and the remaining supernatant
was removed. Pellets were then washed with 5 mL of PBS and centrifuged once again
following the previous step. Supernatant was aspirated and pellets fixed in 1 mL of PBS
containing 0.5% paraformaldehyde for 10 minutes at 37°C. After fixation, cells were
centrifuged and washed once more with PBS. After this wash and another centrifugation,
cells were resuspended in 1 mL of ice cold 90% methanol added dropwise and transferred
to microcentrifugation tubes for storage at -20°C. The next day, cells were thawed and
centrifuged at 2000 xg for 2 minutes. Next, pellets were suspended in blocking solution
(200 µL of 2% BSA in PBS) and shaken vigorously for 1 hour at room temperature.
Then, 1 µL of Anti-phosphoHistone H3 (Cell Signaling Cat# 9706) was added to samples
along with a final concentration of 25 µg/mL RNAseA. Samples were incubated at room
temperature overnight and shaken vigorously. The next day, samples were washed 3X
with blocking solution and resuspended in 200 µL. Afterwards, 2 µL of DyLight649conjugated Anti-Mouse IgG (Jackson Immuno Research Cat# 115-495-164) was added to
each sample for incubation for 2 hours at room temperature with vigorous shaking. Then,
samples were washed 3X with blocking solution and resuspended in a final volume of 1
mL of PBS. Propidium Iodide was added to each sample to achieve a concentration of 25
µg/mL. Finally, samples were transferred to flow cytometry tubes and analyzed via
FACS.
5.5.4 Caspase 3/7 Assay
A549 cells were grown to ~85% confluence, trypsinized and then plated in white walled
96-well dishes at a density of 2.8x104 cells/mL and allowed to transfix to plates
87

overnight. The next day, cells were treated with varying concentrations of 01 series
compounds. Twenty-four hours later, CellTiter-Blue Reagent® was added at a ratio of
1:4 and placed back into incubators for 3 hours. At the end of the 3-hour period,
fluorescence was read following procedures outlined in section 4.4. At the end of the
reading, plates were allowed to adjust to room temperature for 15 minutes and then
Caspase-Glo 3/7 Reagent® (Promega Corporation Cat# G8090) was added individually
to wells in a 1:1 dilution. Plates were then shaken for 30 seconds and placed at room
temperature to develop for a period of 2 hours. Finally, luminescence was read using a
luminometer.
5.5.5 Immunohistochemistry and Confocal Microscopy.
Exponentially growing A549 cells were trypsinized and then plated at 1.0 x 105 cells/ml
in 100 mm dishes contining sterilized glass microscope cover slips and allowed to
transfix overnight. The next day, cells were treated with DMSO, 01 series compounds or
nocodazole for 24 hours. Next, coverslips were gently washed with PBS and then fixed
with 4% paraformaldehyde for 15 minutes. Coverslips were again washed with PBS 2X
and stored at 4°C. On the day of staining, coverslips were washed 1X with PBS and then
permeabilized using 10%FBS/0.1% Triton X-100 in PBS for 1 hour at room temperature.
After another PBS wash, coverslips were incubated with Anti-α-tubulin-FITC (Sigma
cat# 2168) diluted 1:200 in blocking buffer for 1 hour at 37°C. Afterwards, coverslips
were again washed with PBS and treated with 1 mL of 1 µg/mL DAPI solution for 5
minutes before being washed 2X with PBS. Finally, coverslips were mounted onto glass
slides using ProLong® Gold Antifade Reagent (Invitrogen Cat# P36930) and dried
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overnight in the dark before being imaged using a Leica Sp5 Confocal Microscope with a
100X objective.
5.6 In Cell Tubulin Polymerization Assay
A549 cells were grown to ~85% confluence, trypsinized and then plated in 6-well dishes
at a density of 3.0x105 cells/mL and allowed to transfix to overnight. The next day, cells
were treated with DMSO, ON015640, taxol, or nocodazole. After 24 hours of treatment,
cells were washed with PBS and the soluble tubulin was collected by adding 0.5 mL of
pre-warmed lysis buffer [80 mM PIPES-KOH (pH 6.8), 1 mM MgCl2, 1 mM EGTA,
0.2% Triton X-100, 10% glycerol, and 0.1 % protease inhibitor cocktail (Pierce)] to cells
without mixing. After an incubation of 3 minutes at 30°C, lysis buffer was removed and
mixed with 0.5 mL of 2X Laemmli’s sample buffer (125 mM Tris-HCL pH 6.8, 10%
glycerol, 10% SDS, and 130 mM DTT). Samples were then heated for 3 minutes at
95°C. To collect the insoluble fraction, 1 mL of 1X Leammli’s sample buffer was added
to each well. Samples were then collected and heated for 3 minutes at 95°C. Analysis
was performed by running samples on a 10% SDS-Polyacrylamide gel with 25 µL of
sample per lane and transferring to a nitrocellulose membrane. Blots were then probed
with 1:1000 Anti-β tubulin (Cell Signaling Cat# 2128) overnight at 4°C. The next day,
primary antibodies were vacuated and blots were washed 3X with PBS containing 0.1%
Tween-20 by rocking at room temperature. Then, secondary antibody (LiCor Goat AntiMouse IR 680) diluted 1:10,000 in blocking solution containing 0.2% Tween-20 was
added to the blots and allowed to conjugate by rocking at room temperature for 2 hours.
Finally, blots were washed 3X with PBS containing 0.1% Tween-20 by rocking at room
temperature and scanned using an Odyssey LiCor IR scanner.
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5.7 In Vitro Tubulin Polymerization Assay
First, 1 mg lyophilized MAP-rich tubulin (Cytoskeleton Cat#ML113) was reconstituted
in 200 µL of general tubulin buffer with GTP (80 mM PIPES pH6.9, 2 mM MgCl2, 0.5
mM EGTA and 1 mM GTP). Next, reactions were performed in 1.5 mL tubes tubes by
adding 62.5 µL of ice-cold general tubulin buffer, 27 µL of 5 mg/mL MAP-rich tubulin
in buffer, and 0.5 µL of either DMSO, 0.18 mM vinblastine, 0.18 mM taxol, or 0.18 mM
ON015640. Reactions were immediately transferred into UV-cuvettes and placed on ice.
Then cuvettes were placed in a spectrometer, which had been preheated to 37°C.
Absorbance at 340 nm was used to measure polymerization, and readings were taken
every 2 minutes over a period of 20 minutes.

5.8 In Vitro Tubulin Binding and Competition Assay
Binding:

First, lyophilized bovine tubulin (Cytoskeleton Cat# TL238) was

prepared in general tubulin buffer (80 mM PIPES pH6.9, 2 mM MgCl2, and 0.5 mM) and
kept on ice. Next, 0.5 µL of 0.24 mM vinblastine or 0.24 mM colchicine were mixed
with either 0, 0.65 mg/mL, or 1.3 mg/mL of soluble tubulin. Then, reactions were
brought up to a final volume of 100 µL using general tubulin buffer in 1.5 mL tubes.
Next, reactions were incubated for 1 hour in a 37°C water bath. Afterwards, reactions
were transferred into fresh 1.5 mL microcentrifuge tubes containing 0.5 mL Amicon
Ultra 30 K filters (Millipore Cat# UFC503096). After transfer, samples were collected
by centrifugation at 14,000 xg for 30 minutes. The filtrate or analyte was analyzed using
a high performance liquid chromatography (HPLC) Pump (1505µ, Waters Co., Milford,
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MA), and triple-quadruple mass spectrometer (QuattroLC, Waters Co., Milford, MA),
with an electrospray source were used to develop this method. The autosampler was a
model Waters 717 plus. The C18 trap column (Optimize technologies, Inc., Oregon City,
OR), was used to eliminate the buffer and remaining DMSO in samples system. Samples
were introduced to trap column via loading pump (515 , Waters Co., Milford, MA). The
eluent of 100% water with 0.1 % formic acid was used to load and to flush the trapping
column at a flow rate of 0.25 mL/min. After 3 min of washing step, isocratic elution of
75%/25% (v/v) acetonitrile/H2O containing 0.1% formic acid at a flow rate of 0.3
mL/min to deliver the analytes to mass spectrometer.
Multiple reaction monitoring (MRM) mode, the transition of m/z 400 → 310
(colchicine), m/z 406 → 272 (vinblastine), m/z 378 → 121 (ON 015640), and m/z 474 →
216 (internal standard, IS, a derivative of ON 015640), was used to obtain the most
sensitive signals for these tubulin ligands. The Collision energy was set 30 eV for
colchicine, 25 eV for vinblastine, 20 eV for ON 015640, and 27 eV for IS. The source
and desolavtion temperatures were at 80°C and 250 °C, respectively. For ON015640,
vinblastine and colchicine, cone was set 15 V and 27 V for internal standard. Data
acquisition and quantitative processing were accomplished using MasslynxTM software,
ver. 4.0 (Waters Co., Milford, MA).
Competition: Competitive binding was conducted following similar conditions
outlined in the previous section. First, lyophilized bovine tubulin (Cytoskeleton Cat#
TL238) was prepared in general tubulin buffer (80 mM PIPES pH6.9, 2 mM MgCl2, and
0.5 mM) and kept on ice. Next, a fixed concentration of colchicine and vinblastine (1.2
µM) was incubated with 1.3 mg/mL tubulin diluted in 99 µL of general tubulin buffer.
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Additionally, 0.5 µL of 0.2, 2, and 20 mM ON015640 were added to reactions to achieve
a final volume of 100 µL for each sample. Next, reactions were incubated for 1 hour in a
37°C water bath. Afterwards, samples were transferred into fresh 1.5 mL
microcentrifuge tubes containing 0.5 mL Amicon Ultra 30 K filters. After transfer,
samples were collected by centrifugation at 14,000 xg for 30 minutes. The filtrate or
analyte was analyzed as previously described.

5.9 A549 Xenograft Efficacy
~1.0x107 A549 cells were injected into the right hind leg of 5-6 week old female
nude mice. Tumors were allowed to grow 10-14 days to roughly 100 mm3. Animals
were injected ip every other day over a period of 21 days with DMSO or 25 mg/kg
ON015640 solubilized in DMSO. Tumor volumes and animal weights were measured on
the day of injections.
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