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ABSTRACT

Integrin-linked kinase (ILK) is a serine/threonine kinase that has been shown to be involved or
implicated in diverse disease processes ranging from Alzheimer’s disease to cancer. The
involvement of ILK in cancer has been associated with its uncontrolled activation within cells
due to the loss of its regulator, the tumor suppressor gene PTEN. Cellular events are tightly
regulated by the actions of PTEN which can inhibit ILK activity. The focus of my thesis is to
evaluate the role of ILK in glioblastoma cell lines and in vivo models derived from these cell
lines. Three key questions were addressed: (i) Does ILK play a role in cancer progression in
PTEN null glioblastoma cell lines? (Chapter 3) (ii) Given that combination therapy will provide
optimal therapeutic results, what rationally chosen agents could be used in combination with an
ILK inhibitor? (Chapters 4) And (iii) Is ILK a possible therapeutic target for the treatment of
glioblastoma multiforme? (Chapters 5). It was hypothesizd that ILK is constitutively active in
glioblastoma multiforme due to the high frequency of PTEN loss within this cancer and that
targeting ILK alone and in combination would result in either tumor growth delay or cell death.

Results from Chapter 3 indicate that ILK activity is elevated with loss of PTEN and verify ILKs
role as an intermediate between PTEN regulation and‘ PKB/Akt activation in glioblastoma
cancer cells. Targeting ILK with an antisense oligonucleotide in vivo resulted in a significant
tumor growth delay or stable disease (<7% increase compared to a 100% increase of the saline
treated control). Chapter 4 reveals that targeting ILK in combination with one other therapeutic
agent (i.e. U0126) not only resulted in better therabeutic activity but that a synergistic
combination could be achieved. Chapter 5 examined the effect of ILK targeting on tumor

growth and the tumor micro-environment, suggesting that ILK inhibition may have anti-

angiogenic, chemo and radiosensitizing effects.




These studies demonstrated the potential of ILK targeting in glioblastoma cancer, an
important finding, given that this target had not been previously explored in GBM progression.
In addition, the results offer key insights into the anti-tumor effects of targeting ILK alone and
in combination as well as its role in the cell signaling pathogenesis in GBMs. These results also
lay the foundation for pre-clinical data supporting the further exploration of ILK targeting for

clinical use.
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CHAPTER 1

OVERVIEW
The ability of living cells to sense, process, respond and adapt to their surroundings is
achieved by intricate cellular communication ranging from extracellular to intracellular to
intercellular. Despite what is a complicated network of communication, these cell signals that
are essential for movement, thought, behavior, development, and response to disease or injury
are tightly regulated. This is no more evident than within the central nervous system. The brain
is responsible for everything from movement to cognition and all of these activities require cell
communication. It has been well established that cells are not only self sufficient entities, but
they also function as “microsocieties” that require group coordination to elicit and emit precise
cellular signals. Dysregulation of cell signaling pathways within the brain can ultimately result
in brain cancer and death. To this end, it has become important to decipher cell signaling
pathways in brain cancer to provide better insight into this disease process. Decoding the
molecular basis for cell signals not only improves our fundamental understanding of normal
biological functions, but also has the potential to offer new treatment options for diseases

resulting from improper cell signal communication.

1.1.  Brain Cancer

Brain cancer can exists in two forms, primary brain tumors or secondary brain tumors.
Primary brain tumors originate de novo from central nervous system cells such as glioblastoma
multiforme (GBM) with an overall incidence rate of gliomas per 100,000/year adjusted for the
world population being higher in men (3.32) than women (2.24) [1]. In the US alone

approximately 15,000 patients will die from primary brain tumors (CBTRUS 2002) per year.



Grade I or grade II astrocytomas classified by the World Health Organization (WHO), are
primary brain tumors. Secondary brain tumors are the product of metastasis from a primary
cancer elsewhere within the body (e.g. lung, breast cancer). Malignant astrocytomas (GBM), the
most common subtype of primary brain tumors, are highly invasive and destructive tumors
which can lead to significant neurological impairments such as paralysis, changes in cognition,
visjon, seizures and stroke. Signs and symptoms associated with a brain tumor largely depend
on their location, size and biological growth rate. The symptoms are usually progressive unless
~ the first symptom is a seizure. Patients with a primary brain tumor rarely undergo symptoms
such as weight loss, fever, chills and night sweats common of other tumor types such as
lymphoma [2]. Prognosis also appears to get worse with increasing age at time of onset (see
Figure 1.1).

Initially, the field of neuro-oncology appeared hopeful with the first brain tumor surgery
performed in the 19" century in 1884 by Rickman Godlee [3]. However, this quickly dissipated
after it became clear that patients were not cured by surgery and survival was only marginally
prolonged. In an attempt to improve patient outcome to surgery, Harvey Cushing, proposed a
histological grading system, based on morphological differences between cancerous and normal

cells within the central nervous system. Dr. Cushing, was able to correlate histological grade to

clinical outcome [3].




Figure 1.1

Median Survival Time (MST) of Glioblastoma Multiforme Patients by Age.

Bar graph showing a study involving 677 patients diagnosed with glioblastoma multiforme that
the MST (expressed in months) declines with increasing age from diagnosis.
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At present, the most widely used classification and grading system is that of the WHO [4].
Gliomas are classified by the degree to which they display astrocytic, oligodendritic or chod
plexus epithelium (cells that secrete cerebral spinal fluid for the brain and spinal cord) which
are then graded on a scale of I to IV based on malignancy which is judged by histological
features such as pleomorphism, high mitotic activity, microvascular proliferation and necrosis.
Grade 1 tumors (i.e. pilocytic astrocytomas) are non-malignant tumors that can be removed
completely if necessary. Grade II tumors are considered “low-grade” tumors that are malignant
and, although can be deemed appropriate for surgical resection, do not generally lead to a cure.
In addition, seventy percent of grade II gliomas ultimately turn into grade III and IV tumors
within 5-10 years of diagnosis (reviewed in [5]). Grade III and IV tumors are defined by
whether the tumor has necrosis which indicates a Grade IV astrocytoma (glioblastoma
multiforme). However, due to tumor heterogeneity found within malignant astrocytomas
sampling issues can make determinations of tumor grade for the pathologist difficult.. New
molecular profiling techniques for tumor grading should allow for improved categorization of

malignancy, as well as being helpful in guiding treatment options [6] (see section 1.3).

1.1.1. Origin of Gliomas

The etiology of gliomas is still in debate. Unlike other tumors such as retinoblastomas in
which there is strong evidence of an inheritance pattern [7]. In glioma a familial pattern of
inheritance is low. Similar to diseases that are associated with certain tumors such as Von
Hippel Lindau’s syndrome (hemangioblastoma) and tuberose sclerosis. The origin of gliomas
may be rooted in the general mechanisms of cancer. One of the earliest concepts of cancer

genesis was proposed by Cohnheim in 1889 who observed that the cells of malignant tumors



were very similar in appearance to developing cells. Cohnheim later suggested that malignant
tumors arose from pools of embryonic cells [9]. However, the loss of embryonic cells after the
age of 4 suggested that this was an unlikely source from which adult tumors arose [10]. Willis in
1967 suggested that cells were infected with cancer due to a carcinogenic stimulus of some kind
and that this infection spread from the centre of the tumor mass to the periphery, where those
cells at the periphery were less affected by the cancerous stimuli [11]. The debate of the origin
of gliomas is now purely centred around whether glioblastoma multiforme’s like other cancers
are derived from transformed differentiated cells which are mature cells [12-13] or from
transformed undifferentiated which are cancer stem cells [14-19]. Of the two theories of
gliomagenesis the major theory has been that gliomas arise from adult differentiated cells [20].
This was largely due to the thought that glial cells were the only dividing cells, and therefore
these cells would logically be the cells with transforming ability. Since the discovery of neural
stem cells which are multipotent and self-renewing, in addition to glial progenitor cells, this has
re-opened the possibility that gliomas arise from undifferentiated cells to become cancer stem
cells [21]. Given the pluripotent nature of neural stem cells and the finding by Shoshan and
colleagues that glial progenitor cells expressed antigens found in gliobastomas and other brain
cancers, this has given further support for the undifferentiated cell transformation origin of

gliomas, shifting the paradigm [22].

1.1.2. Brain Cancer and Viruses
Currently there is no definitive evidence that viruses are directly responsible for human
brain tumors, and there is no comprehensive model [23]. Tadaro and Huebner [24] proposed

that vertebrate DNA would contain viral genetic information which would only be activated in



light of environmental stimuli such as ionizing radiation, carcinogens or other viruses [24]. The
interaction would result in brain tumors, and this is known as the viral oncogene hypothesis
[24]. Suggestive evidence indicates that viruses are at least involved in causing neurological
disorders such as progressive multifocal leucoencephalopathy (PML) which is a demyelinating
disease and is seen in about 4% of AIDS or immunosuppressed patients, and is frequently
associated with Hodgkin’s disease and leukaemia [25]. Evidence in support of a viral etiology
comes from the isolation of viruses from oligodendrocyte nuclei and JC virus isolated from
polymonuclear lymphocytes of brains and then injected into hamsters which resulted in
malignant gliomas [26]. More compelling evidence was obtained in a study conducted by
Barbanti-Brodano et al., (1987) in which 40 human brain tumors and five normal human brains
were analyzed for DNA sequences homologous to BK virus (this virus has already been shown
experimentally to cause brain cancer). Recently, 225 brain tumor specimens in 2 independent
laboratories were investigated for JC, BK and SV40 polyomaviruses and indicated that only 4%
contained virus suggesting that a viral component is not the major cause of gliomas [27].
Although there have been isolated links between viruses and several brain tumor subtypes in

addition to astrocytomas, the link is not confirmative.

1.1.3. Immune Surveillance and Privilege

It has been suggested that there is a significant latent period before tumor development
due to the continuous elimination of malignant cells by the immune system [28]. Thus it has
been proposed that when the immune system can no'longer effectively handle tumor cell
removal, tumor formation will occur [29]. Further investigation is needed to explore the possible

roles of other immune cells and their involvement in immune surveillance. Immunologically




privileged sites were first recognized as such in light of their delayed response or lack of
response from the immune system to tissue grafting compared to immune responses seen in
non-privileged immune sites [30] this included the brain [31]. However, several transplantation
studies for diseases such as multiple sclerosis, Parkinson’s and Hunington’s disease, have
indicated that the brain does not enjoy absolute immune cell free status as lymphocytes can
cross the blood-brain barrier (see section 1.4). The brain does however, enjoy and modified
immune response such as deviance (re-direction of the immune response to another site),
ignorance (absence of the immune response activation) or tolerance (acceptance or a threshold
level before immune cell stimulation) [32]. It appears that the role of the immune system within
the brain when a brain tumor is present is not well known, an approach to determining the extent
of potential mechanisms of brain tumor formation may lie in the diagnosis or more specifically
the tests used to determine malignant glioma. For example, a local increase in white blood cells
in the early stages of a malignant glioma, may lend evidence to an immune surveillance
mechanism. Diagnosis of brain tumors is not only important for possibly providing information

on the etiology of brain tumors but also is a necessity for the treatment of malignant gliomas.

1.2 Diagnosis of Brain Tumors

The accuracy of diagnosis is critical to defining treatment options, where time may be
the most critical factor in the effective treatment of glioblastoma cancer. In very rare cases
glioblastoma tumors in conjunction with other tests can be diagnosed by spinal tap and
subsequently identified by the cerebrospinal fluid (CSF) marker. Ideally, a brain scan followed

by tissue biopsy where a frozen section is prepared and examined intraoperatively by a

neuropathologist is used in making a diagnosis [2]. It is important to note that diagnosis through




biopsy material may be confounded by non-malignant cells causing a sampling error, resulting
in a lower grade tumor diagnosis. Histological sections prepared from tumor samples give
diagnostic information such as necrosis, endothelial cell proliferation and although rarely done
mitotic index evaluation using MIB-1 (marker for determining cell proliferation) . Strong MIB-1
staining is an indicator of an aggressive tumor [2].

Diagﬁostic imaging is one of the most definitive methods and has ad?anced the ability to
diagnose gliomas. Computed tomography (CT) and magnetic resonance imaging (MRI) are the
common diagnostic imaging methods and less commonly used is positron emission tomography
(PET). CT or MRI (see Fig. 1.2) are immediately considered in response to neurologic
symptoms or in response to patient complications [2]. It is important to note that although there
are several imaging modalities which detech gliomas, none of them can with absolute accuracy
define the subtype or grade of the glioma. The origins of malignant gliomas are not well defined
thus prevention strategies will be difficult to define. For this reason, it is critical to determine the
biology of high grade gliomas and although biopsied material provide some information the
molecular aspects of high grade glioma should also be considered consistent with the focus of

this thesis, better treatment options are needed for patients burdened with brain cancer [33].



Figure 1.2
Diagnosing a Brain Tumor
Glioblastoma multiforme; axial CT scan of a mass the tumor regresses (scans from top left
| to right bottom) following treatment with Procarbazine, Lomustine (CCNU) and Vincristine,
collectively called PCV. Initial tumor is seen in top left and treatment begins in top right
panel with complete remission by the lower right panel.
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1.3. Conventional Treatment of Glioblastomas

Surgical Intervention

Surgery is the principal means of treatment for accessible brain tumors particularly for
high grade gliomas that can be approached without severe damage to the rest of the brain [34].
Surgery can achieve many things depending on the tumor type including (i) a definitive
diagnosis, (ii) symptom relief and improve quality of life and (iii) reduce the amount of tumor
that has to be treated. However, surgery is often hindered by tumor location, size and
characteristics (tumor borders not well defined), which is especially true for GBM. Although
GBMs do not spread beyond the brain, GBM is locally very invasive leaving these tumors
surgically incurable [35]. This is when radiotherapy becomes useful and recently improved
efficacy in the treatment of brain tumors has been seen with radiotherapy in combination with

chemotherapy [34].

Radiotherapy

The most common form of radiotherapy is ionizing radiation. This type of radiotherapy
is high frequency, short wavelength as opposed to visible light which is low frequency, long
wavelength, essentially as energy is imparted to radiation the wavelength decreases resulting in
greater penetration of biological material [35]. At the cellular level, ionizing radiation results in
deoxyribonucléic acid (DNA) damage. The use of radiation can result in reactive oxygen
species causing DNA damage [36], single and double strand breaks [37] and DNA-protein
cross-linking [38-40]. DNA cross linking due to ionizing radiation also results in DNA

replication arrest [38].



Radiotherapy encompasses many methods of using radiation to treat gliomas.
Teletherapy involves using an external-beam from a source located at a distance from the
patient, this is done using a machine known as an orthovoltage or supervoltage machine. A
supervoltage machine is very useful for the treatmént of gliomas because of its interaction with
biological material. The maximum amount of energy is able to penetrate tissue to a specific
depth depending on the energy of the photon [35][41]. Brachytherapy radiation is placed within
close proximity of the patient, usually in the form of seeds or wafers. Brachytherapy usually
involves the placement of seeds containing 1'*! which decays and kills the tumor. The criteria
for the use of brachytherapy as a treatment option is deper;dent én tumor size, geometry and
location of the tumor. Brachytherapy is however, rarely used currently because of evidence
suggesting it is no more effective than other treatments and because of patient risk associated
with the treatment. Approximately half the patients develop brain necrosis due to radiation
(reviewed in [2]).

Although radiation therapy is a proven treatment for several cancers including brain
tumors [42] there are or can be serious complications with the use of radiation therapy,
particular with respect to how aggressively to treat the tumor. The tumor margins (where the
tumor ends and the normal tissue begins) are at times hard to define even with today’s advanced
imaging methods (see section 1.2). The result of going beyond the tumor margins can lead to
affects on the normal neurological structures. Even patients who do well with radiation
treatment, may ekperience acute side effects during treatment such as fatigue and alopecia.
Similarly, patients who do well during treatment may experience serious side effects sometime
after the treatment has ended (see Table 1.2) that can affect various parts of the central nervous

system, such as the cranial nerves [43]. Some of the major side effects of radiation therapy are

11



somnolence syndrome which is a disruption in the sleep-wake cycle. Patients with somnolence
experience sleepiness, headache and sometimes anorexia. In some cases patients experience a
severe sleep disorder, sleeping for 20hrs a day [44]. As early as two weeks after the end of
radiation treatment patients may develop acute encephalopathy with symptoms ranging from
nausea, headache, fever to herniation and death [45-46]. An unfortunate side effect of focal

ra(}iation treatment that commonly occurs in the treatment of primary brain tumors such as

¢

gli:omas is a transitory loss of cognitive function [47]. A prospective study revealed five patients
receiving focal cranial radiation for primary brain tumors all displayed memory deficits within
the first six months of treatment [47]. Another study revealed that 17 patients treated with focal
cranial radiation also had neurological deficits [48], in both studies the loss of cognitive function
did resolve within a year. In addition to the side-effects of radiation therapy, which hinder its
effectiveness, the two major reasons why radiation is not curative are (1) radiation resistance
where radiation induced radicals which would damage DNA are converted to sulthydrils due to
the donation of hydrogen to the radical in the absence or low levels of oxygen resulting in less
DNA damage. The power of hypoxia can not be understated as even a fraction of cells that are
hypoxic can lead to radioresistance, simply because radiation would kill the radiosensitive
tumor cells leaving the hypoxic fraction behind. [49]. (2) Radiation is less likely to be effective
regardless of the modality i.e. brachytherapy or teletherapy) because of the deep penetration that
would be required into the brain due to the infiltrative nature of high grade gliomas. In addition,
there is apparently no real difference in patient survival between the radiotherapy approaches

[50].
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Table 1.1

Complications Associated with Radiation Therapy of a Neurological Nature

Region of CNS

Complications during Radiation
Treatment

Complications after
Radiation Treatment

Brain

-Loss of cognitive function
-Solmnolence syndrome
-Acute brain inflammation

-Exacerbation of pre-existing
symptoms

-Cerebral radionecrosis

-Dementia
leukoencephalopathy

-Radiation induced Brain
tumors

Cranial Nerves

-Hearing loss
-Loss of smell (Anosmia)

-Loss of taste (Ageusia)

-Visual loss

-Cranial nerve paralysis

Adapted from Behin et al., 2004 Sem Neurol




Chemotherapy

The goal of treating cancer is cure. Although chemotherapy has had an impact on some
cancers in which cures are possible such as testicular cancer and Hodgkin’s disease it is clear
that chemotherapy of malignant intracranial lesions such as glioblastomas is viewed as an
adjunct to other treatment options such as radiation (see previous section) or surgical
intervention (section 1.3). Several reasons account for the poor performance of chemotherapy.
Primarily, factors related to drugs crossing the blood-brain barrier and to mechanisms of drug
resistance are of greatest concern. Like radiation therapy, there can be serious side effects
associated with chemotherapy (see Table 1.2) and like radiation, there is chemoresistance with
respect to gliomas, resistance is also associated with hypoxia where chemotherapeutic drugs are
ineffective simply because of a lack of blood-flow and therefore a lack of transport of
chemotherapeutic agents to the tumor. In addition, hypoxia has a significantly decreased
metabolic rate, which makes chemotherapy less effective on hypoxic and essentially dormant
cells than on highly proliferating cells [51-53]. Chemotherapy can also be employed where there
is evidence suggesting recurrence of a tumor after previous tumor surgery or radiotherapy.
Recurrence can occur within a few months after initial treatment [54-56]. Thus chemotherapy
remains an important component of glioblastma treatment. Ideally such chemotherapy would be
relatively non-toxic and, as indicated in section 1.4, it would be ideal if such chemotherapy
targeted key molecular defects known to be associated with glioblastoma progression, resistance
and tumor cell survival.

For chemotherapy to be effective, drug efficacy is of major concern, however, there are

several variables that play an important role in determining if chemotherapy will be effective.
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Table 1.2

Main Complications Associated with Chemotherapy for the Treatment of Brain Tumors

Agent Route of Side Effects Drug Brain Tumor Type
Admistration Considerations
Carmustine LV. Nausea Cumulative Malignant glioma
(BCNU) Myelosuppression | Myelosuppression
Pulmonary fibrosis | Leukemogenesis
Lomustine P.O. Nausea Cumulative Malignant glioma
(CCNU) Myelosuppression | Myelosuppression | Oligodendroglioma
Pulmonary fibrosis | Leukemogenesis
Temozolomide P.O. Nausea Malignant glioma
Fatigue
Headache
Constipation
Myelosuppression
Vincristine LV. Peripheral Blisters (vesicant) | Malignant glioma
neuropathy Oligodendroglioma
Constipation
Cisplatin LV. Nausea Nephrotoxicity Malignant glioma
Renal insufficiency PNET
Peripheral Ototoxicity
neuropathy
Myelosuppression
Irinotecan LV. Severe diahrrhea Malignant glioma
Nausea
Myelosuppression

Adapted from Mcallister et al., 2002 Practical Neuro-Oncology
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Such factors include age, neurologic status and the extent of disease at diagnosis [57]. As
indicated above, chemotherapeutic response rates on average are low for patients with brain
tumors and this seems to correlate with neurologic status and elderly patients (reviewed by
LaSala [58]). Aside from clinical variables to drug efficacy, there are also biological variables

such as the blood-brain barrier.

1.4. Biological Barriers to Brain Tumor Treatment

The Blood Brain Barrier (BBB), as recently as 5 years ago, has been a point of
controversy with regards to its importance in achieving effective treatment of brain tumors [59].
Despite this, most reports suggest that the BBB is a inajor obstacle in the delivery of various
drugs identified for use in the treatment of brain tumors [60]. The BBB inhibits the delivery of
greater than 98% of all therapeutics that target the brain, including anti-cancer agents [61]. The
BBB essentially separates the brain from circulating blood. The BBB consists of 3 major cells,
pericytes, astrocytes and endothelial cells. The endothelial cells are the major road block
presented by the BBB due to expression of numerous tight junctions [62]. In addition, there is a
lack of pinocytosis in the capillary endothelium inhibiting solutes from crossing the BBB
unlike what is observed in other tissues. The only access to the brain is restricted to a lipid-
mediated pathway (i.e. lipid-soluble molecules), carrier-mediated transport, or receptor-
mediated transport. The latter two pathways are associated with nutrient and peptide transport,
respectively.

In addition to the BBB, the existence of a blood-tumor barrier (BTB) exacerbates the
problem of effective delivery. The BTB is comparable to the BBB, except that this barrier is

found within the tumor. The BTB is a microvascular network consisting of  either

16



nonfenestrated or fenestrated capillaries or interendothelial gaps, the presence of these
microvessel properties is dependent upon tumor grade [63]. Similar to other tumors,
glioblastoma growth is dependent on stimulating blood vessel formation (angiogenesis) in order
to provide sufficient nutrients for the tumor cells to proliferate.

The constant metabolic demands of tumor cell proliferation and survival result in a
tumor microenvironment that is both hypoxic and pro-angiogenic. This tumor
microenvironment is important in brain tumor formation and is associated with high grade
gliomas. Low-grade astrocytomas can hijack the blood supply of normal tissues in their
surrounding environment without instigating angiogenesis making them non-angiogenic tumors,
even though these tumors can grow to sizes that rival angiogenic tumors [64]. As tumor grade
increases, from a grade II to a grade III or IV GBM the presence of hypoxia becomes apparent
and significant necrosis is typically observed [64]. A possible explanation into how hypoxia and
necrosis develop, is that a highly proliferative tumor cell population eventually outgrows or
exhausts the existing blood supply resulting in hypoxic and necrotic conditions [65]. Another
proposed mechanism is a blockage of blood-vessels or a degeneration of blood vessels leading
to discreet areas of hypoxia and necrosis [66]. It is a treatment dilemma knowing that hypoxia is
associated with radiation resistance and the lack of blood vessels or blockage of blood vessels,
along with the BTB act in a coordinated fashion to limit the effectiveness of systemic treatment
options. Two approaches have been proposed to address these concerns, including the use of
regional chemotherapy (e.g. wafers containing cytotoxic drugs or infusion pumps) and strategies
designed to effect the stability of the BTB, through the use of anti-vascular agents.

One of the key markers of hypoxia is hypoxia inducible factor 1 (HIF-1), which is a

transcription factor consisting of a HIF-la and HIF-1B subunit. HIF-1 expression has been
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correlated with tumor grade [67] and can be activated or upregulated with loss of such tumor
suppressors as TP53 and PTEN molecular markers corhmonly associated with glioblastomas
[68] (see Chapter 5). HIF-1 expression has been shown to be under the control of the PI3-
kinase/Akt pathway, key pathways associated with tumor cell survival, proliferation and
invasion [69]. The presence of hypoxia ultimately leads to angiogenesis as does changes in
developmental anci physiological states [70]. This involves vascular endothelial growth factor
(VEGF) which is a principle mediator in angiogenesis. HIF-1 can mediate the activation of
VEGF through binding to a hypoxia responsive element (HRE) located within the VEGF
promoter region to increase VEGF transcription [71-72]. VEGF appears to be vital as even the
loss of one allele in mice led to embryonic lethality [73-74]. Both hypoxia and angiogenesis
have been associated with tumor cell invasion [75-76]. Although these features have been well
studied and have long been understood to adversely affect treatment options, basic research into
the factors that regulate hypoxia and angiogenesis will aid in the development of targeted agents
where hypoxia and angiogenesis are considered in the treatment of cancer. This will prove to be
particularly important in the development of effective treatment options for malignant glioma

where hypoxia and angiogenesis are prominent.

1.5. Brain Cancer and Targeted Therapy: The New Strategy- ILK Targeting

Cancer, in general, is a complex multi-step process involving the activation and/or
abrogation of signal transduction pathways resulting in a variety of cellular activities. ‘Cancer, in
effect, is the loss or disregard of normal cell communication, which engenders unregulated cell
proliferation, migration, and an inhibition of apoptotic arrest. Although the complexity of

cellular communication is intimidating, knowledge of cell signal communication is at a stage
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where strategies designed to specifically augment or inhibit these pathways in a reasonably
specific manner can be considered. At the root of this effort is knowledge that cellular
communication is dictated by protein kinases, and the possibility that small molecules can be
identified to block kinase activity and/or molecular strategies can be used to block or elicit
production of these enzymes. While chemotherapy remains one of the primary ways to treat
cancer, conventional chemotherapeutic agents are rather blunt instruments that are easily
circumvented by rapid drug metabolism and tumor drué resistance. This problem is further
exacerbated by the lack of specificity of chemotherapy and the associated systemic toxicity on
the cancer patient. Specific and selective inhibitors of kinases offer a more “surgical” approach
to management of cancer, particularly when the role of the enzyme is well understood in normal
and diseased cells. For these reasons there has been a concerted effort into gaining a better
understanding of protein kinases, not only for the intimate role they play in proliferative
diseases, but also as molecular targets in cancer therapy. The PI-3-kinase pathway protein
Int’egrin-linked kinase (ILK) defines such a molecular target and its potential as a therapeutic
tar'get can be highlighted by the observation that with loss of PTEN , overexpression of ILK

leads to tumorigenicity [77].

1.5.1. ILK and its Importance in Brain Cancer

Integrin linked kinase (ILK), was first discovered by yeast two hybrid screening trying
to identify proteins that interact with the cytoplasmic domains of the cell surface receptors
known as integrins [78]. Co-immunoprecipitation studies verified that ILK interacts with the 1
integrins and was later found to interact with the 3 components of integrins [78]. Integrins are

a large family of receptors that exist as heterodimers composed of o and B subunits that can
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interact with extracellular matrix proteins such as collagen and fibronectin [79]. The result of an
integrin-ILK interaction identifies not only how signaling proteins connect and communicate
with the extracellular matrix, but also how intracellular cytoskeletal proteins are connected.
Evidence of intracellular cytoskeletal activity can be seen with several proteins that interact with
ILK and connect to the actin cytoskeleton (Fig. 1.3). Yeast two hybrid analysis with ILK as bait
led to the identification of CH-ILKBP also known as a-parvin (found in mice) and actopaxin.
CH-ILKBP, which contains two calponin homology (CH) domains, and mediates ILK
association through its CH2 domain, at ILKs COOH terminal domain, [80] and also connects to
the actin cytoskeleton. Similarly, two other proteins, affixin (the human orthologue of mouse [3-
parvin) which shares significant sequence similarity to CH-ILKBP within the CH2 domain, can
interact with ILK at ILKs COOH terminal domain and paxillin, which interacts with ILK at
ILKs COOH terminal domain through an LD1 motif can, like CH-ILKBP, connect to the actin
cytoskeleton [81-82]. This new class of ILK binding proteins which consists of CH-ILKBP-
actopaxin-o.-paxin, affixin-B-parvin and paxillin are thought to act as one of the major bridging
molecules, linking ILK to the actin filaments. Overexpression of the CH2 binding domain of
CH-ILKBP-actopaxin-o-parvin in cells results in loss of actin stress fiber formation and cell
shape change [82]{80]. In addition, C. elegans with mutations in either ILK or CH-ILKBP-
actopaxin-a-paxin show defects in the assemblage of muscle dense bodies that attach actin
filaments to sarcolemma (Lin, X., and B.S.Williams. 2000. 40™ American Society for Cell
Biology Annual Meeting. 2666 [Abstr.]). The regulated interaction of these proteins with ILK
mediates the dynamic interaction of integrins with the actin cytoskeleton during cell attachment,

spreading and migration.
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ILK can initiate a signal transduction cascade from its interaction with integrins, and it is more
than likely that ILKSs ability to phosphorylate B1 integrins at Ser790 regulates localization of $1
integrins to focal adhesions [83]. ILK has also been shown to localize to fibrillar adhesions [84].
ILKs involvement in both focal adhesions and fibrillar adhesion is consistent with é role of ILK
in cell adhesion, spreading and fibronectin matrix assembly [77][85]. In addition, ILKs
interaction with integrins at its C-terminus leading to cell signaling is only part of ILKs ability
to initiate cell communication. The N-terminus of ILK, along with having a phosphoinositide-
binding motif, contains four ankyrin repeats that allow for protein-protein interactions [86-87].
PINCH is a LIM domain-only protein, that can interact with ILK at the ILK N-terminus,
through the LIM1 domain of PINCH [88]. The adaptor protein Nck-2 (also known as Nckf3 or
Grb4), interacts with PINCH through the PINCH LIM4 domain and the Nck-2 SH3 domain,
Nck-2 can then be recruited by growth factor receptors such as EGFR [89]. Moreover, Nck-2
could conceivably bring other components of the growth factor and small GTPase signaling
pathways into proximity [89]. The coupling of ILK to integrins and growth factor receptors
indicates that ILK has a role in both integrin and growth factor receptor signaling, making ILK
very versatile and potentially able to initiate other cell signaling cascades. ILK appears to be
deeply rooted in the PI3K pathway, as ILK is positively regulated by PI3K and negatively
regulated by the protein phosphatase PTEN [90]. Specifically, through its phosphoinositide
binding motif at its N-terminus, ILK can bind PIP; resulting in ILK activation, PTENs ability to
dephosphorylate PIP; can therefore inhibit ILK activity. Similarly, PKB/AKT is known to be an
important regulator of cell cycle progression and cell survival, which is also affected by PIP;
levels regulated by PTEN [91]. ILK has been shown to regulate the cell cycle by increasing

expression of cyclin D1 and cyclin A [92-93], and increased ILK activity corresponds with
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increased PKB/AKT expression in a PI3K dependent manner [94][95]. Full activation of
PKB/AKT is dictated by phosphorylation of PKB/AKT at two sites: Thr-308 and Ser473. The
phosphorylation of Thr-308 is carried out by phosphatidylinositol 3-kinase dependent kinase-1
(PDK1) and for complete activation of PKB/AKT, ILK stimulates phosphorylation at the
Serd73 site [96]. It should be noted that several other kinases can phosphorylate PKB/AKT on
Ser473 such as DNA protein dependent kinase [97], at least 9 other kinases have been identified
[98] There is little doubt that ILK can regulate PKB/AKT phosphorylation however, the precise
mc?chanism remains unclear. Lynch et al., [95] have suggested that ILK causes PKB/AKT
phosphorylation via an indirect mechanism. On the other hand, ILK has been shown to directly
phosphorylate several proteins in vitro including PKB/AKT and myosin phosphatase [96][99].
Recently, RNA interference (siRNA) targeted at ILK resulted in a significant decrease in
phosphorylation on Ser473 of PKB/AKT that could be rescued by kinase-active ILK. Further,
conditional knock-out of ILK wusing the Cre-Lox system resulted in inhibition of
phosphorylation on Ser473 of PKB/AKT [100]. Since the activity of ILK and PKB/AKT is
positively regulated by PI3K and is negatively regulated by PTEN, and ILK mediates
PKB/AKT activity, ILK appears to occupy a nodal position in the regulation of PKB/AKT
activity (see Fig 1.4). In the context of this thesis, given ILK’s critical role in regulation of
several cell signaling pathways, it was anticipated that ILK expression and activity would play a

role in cancer development and progression. This would be particularly true in tumors where

PTEN is frequently mutated, such as GBM.

22



Figure 1.3
Structure of ILK and its relationship to various interacting molecules in the PI3K cell
signaling pathway
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Adapted from Wu & Dedhar J Cell Biol. 2001 155(4):505-10
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1.5.2. The Role of ILK in Tumorigenesis and Invasion

The downstream targets of ILK, the most prominent being PKB/AKT, appear to be involved in
several oncogenic related processes including anchorage-independent growth, invasion,
migration and prolonged cell survival when ILK is overéxpressed or constitutively active. Wu
and colleagues showed that ILK can act as a proto-oncogene by demonstrating that
overexpression of ILK in epithelial cells induces tumorigenicity in nude mice [101]. Reduced
sensitivity to anoikis is also observed when ILK is overexpressed in anoikis-sensitive SCP2
cells causing inhibition of apoptosis in these cells. On the other hand, downregulation of ILK
activity by dominant-negative ILK or dominant negative PKB/AKT reverses anoikis sensitivity
in SCP2 cells, indicating again ILKs role in the regulation of PKB/AKT [102]. Prolonged cell
survival results from ILKs activation of PKB/AKT leading to the inactivation of downstream
pro-apoptotic factors such as BAD [103] and caspase-9 [104]. ILKs ability to induce an invasive
phenotype is observed with ILK overexpression in mammary and intestinal epithelial cells
(IECs). ILK overexpression is associated with increased expression of matrix metalloproteinase
(MMP-9). Soft agar studies of IECs with ILK overexpression revealed cell growth, essentially
promoting anchorage-independent growth [105]. Further, ILK overexpression leads to the loss
of cell-cell adhesion due to suppression of E-cadherin expression via activation of the E-
cadherin repressor Snail, again promoting a migratory/invasive phenotype [106]. The activities
of ILK in tumorigenesis and cell invasion are not limited to just the in vitro setting. Transgenic
mice that overexpressed ILK via a mouse mammary tumor virus (MMTV/ILK) were associated

with the development of papillary adenocarcinomas and spindle cell tumors [107].

24



Figure 1.4

ILK Signaling: Cell signaling pathways activated by ILK. ILK is a major effector
serine/threonine kinase that links integrins and receptor tyrosine kinases to the cytoskeleton and

downstream signaling molecules.*
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As summarized in section 1.4.3. ILK expression is becoming increasingly identified with
patient survival and is a potential prognostic indicator of cancer [92]. Tissue microarray and
immunohistochemistry of 67 primary melanomas, for example, showed that ILK expression was
found to increase with melanoma invasion and progression and that 5-year patient survival was

inversely correlated to ILK expression [108].

1.5.3. Relevance of Integrin-linked kinase to human cancer

Evaluation of ILK in primary prostate tumor tissue revealed that ILK expression increased in
high grade tumors (i.e. prostatic adenocarcinoma) but did not increase in benign prostatic
hyperplasias and low-grade prostatic adenocarcinomas [110]. Importantly, ILK expression was
also inversely related to 5-year patient survival, 81% of patients whose tumors overexpressed
ILK failed to survive beyond 5 years [110]. This suggests that ILK could be a prognostic marker
for prostate cancer. The consistency of ILK expression and its potential as a prognosﬁc marker
is even greater in Ewing’s Sarcoma and primitive ectodermal tumors, as 100% of the cases
analyzed showed ILK expression that indicated 100% mortality beyond 5 years [108]. The
activity of ILK in several cancers and its potential as a prognostic marker is further seen in
ovarian cancer where recently seventy-three tissue samples (10 normal, 10 benign, 14
borderline, 17 grade I/Il, and 22 grade III) were analyzed for ILK expression by
immunohistochemistry. Immunoreactive ILK was detected in 53 specimens where intensity of
ILK staining correlated with tumor grade. Normal ovarian tissue showed no immunoreactive
ILK [109]. In addition, peritoneal tumor fluid increased ILK expression in ovarian cancer cell
lines, but had no effect on normal ovarian surface epithelial cell lines, indicating that peritoneal

tumor fluid may contain factors that sustained ILK expression in ovarian cancer cell lines [109].
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Although interest in ILK activity has been focused on PKB/AKT, ILK is involved in the
phosphorylation of other cell signaling proteins that are associated with a cancerous phenotype.
One such cell signaling protein is glycogen synthase kinase-3 (GSK-3). ILK overexpression
regulates a phosphorylation mediated inhibition of GSK-3. Inactivation of GSK-3 results in a
loss of cell-cell adhesion due to loss of E-cadherin expression. Since metastasis requires the
separation of tumor cells from the bulk tumor this evidence suggests the involvement of ILK,
GSK-3 and E-cadherins in metastatic activity. Further, loss of E-cadherin expression is highly
correlated with breast cancer invasion and metastasis [111]. ILK expression has also been
demonstrated to be highly elevated in precancerous colon polyps from patients with familial
adenomatous polyposis and colon carcinomas [112]. Mutations in proteins that act in a PI3K
dependent manner could potentially, like PTEN, be associated with cancer progression.

Recently, besides PTEN, two potential tumor suppressor proteins, disabled homolog
2/differentially expressed protein 2 (DOC-2) and stomach cancer-associated protein-tyrosine
phosphatase-1 (SAP-1) have been shown to negatively regulate ILK activity and are associated
with breast and stomach cancer respectively [113-114]. Another negative regulator of ILK has
been identified, ILKAP, a protein phosphatase which selectively inhibits ILK activity on the
Whnt signaling pathway [115], however, evidence of tumor activity has yet to be associated with
[LKAP mutation. An increased understanding of the cellular pathways controlling cancer cell
proliferation, survival and metastasis has opened new avenues for cancer treatment. However,
the pathways that govern the features of cancers are complex as revealed by ILK signaling.
Thus, efforts in this thesis are concerned with glioma treatment strategies that target ILK

sigaling, but there is an understanding that optimal therapeutic results will depend on agents

27




targeting ILK used in combination with existing anticancer drugs as well as combination with

‘ |
otk;er targeted agents.

1.6. Rationale for Combination Approaches
The increased genetic instability typically exhibited by cancer cells predisposes them to acquire
numerous molecular alterations or mutations, and indeed the vast majority of cancers contain
multiple molecular alterations. Consequently, therapies directed against a single cellular or
molecular target are unlikely to result in a significant response. Combinations of conventional
chemotherapy drugs have been used as one approach; however, the emergence of drug
resistance remains a considerable limiting factor. Since cell signaling is largely responsible for
the apoptotic and cytostatic effects of conventional chemotherapy and radiation-based
therapeutics, the addition of molecular target inhibition to these established treatment
| approaches has the potential to enhance the effectiveness of both established and emerging
| therapies. Combination strategies that attack multiple cellular targets and/or signaling in parallel
or sequential pathways known to contribute to the overall transformed state will likely yield the

most dramatic therapeutic benefit.

1.6.1. Why Molecular Targeting Involving ILK?

ILK has been identified as a plausible target for the treatment of cancer in which the PI3K
pathway is involved. In addition, the Ras/RaffMAPK pathway has also been shown to be
involved in several cancers. Although these pathways in cancer are typically presented as

separate entities, the reality is that there is a great deal of cross-talk between these pathways,

including at the level of ILK regulation. Molecular combination therapy could exploit




approaches that target specific pathways in conjunction with established treatment practices or
approaches that target multiple independent pathways each known to influence cancer
progression and survival. Before any attempt can be made to discuss molecular drug
combinations however, it is reasonable to test whether the combinations have the potential to
interact in a synergistic, additive or antagonistic manner as judged by cell based screening
assays. These data provide evidence that support further evaluations of selected drug
combinations but typically provide no information on mechanisms governing the combined
drugs or, importantly, how to use the drugs in vivo in a manner that insures optimal synergistic
effects are maintained. The Chou and Talalay median-effect approach [116] is one of the most
prevalent methods to assess drug combination effects. The median effect principle (approach)
allows for an easy to use method of analyzing dose-effect relationships in in vitro and in vivo
systems with single or multiple drug agents, which can then be used to determine the drug-drug
interactions (e.g. synergy). Other methods include the use of isobolograms, the fractional
product method and the parametric response surface approach. The isobologram has been the
longest running method to determine additivity, synergy and antagonism [117], it allows for the
evaluation of a drug combination at a desired effect level. Problems with this method arise in
having to make a large number of measurements in order to have accurate analysis of single and
drug combination effects and analysis is only accurate for drugs with a similar mode of action.
The fractional product method is an equation that determines the additive value of a drug
combination. If the value calculated from the equation is larger or smaller than the equation then
the drug combination is synergistic or antagonistic respectively. Unfortunately, this method is
only valid if the two drugs used in combination have completely different mechanisms of action.

The parametric response surface approach uses highly sophisticated models and calculations and
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is not widely used most likely because of the complicated nature of this model [118]. For a
comprehensive review of approaches to assess drug interaction effects, please refer to the

excellent review by Greco et al.[117].

1.6.2. The Evaluation of Targeted Molecular Drug Combinations (in vitro)
To evaluate drug combinations the multiple drug effect equation (Eq 1) of Chou was introduced
[119-120]. The multiple drug effect equation that defines the additive effect only, indicates that

any effect greater than the additive effect is a synergistic one.

£,/f,=(D/Dy)" Eq 1

From equation 1, where D= the dose of drug, D= the median-effect dose indicating the potency
(determined from the x-intercept of the graph of the median effect plot), f;=the fraction
affected by the dose, f,=the fraction unaffected, where f,=1-f; and finally m=an exponent
representing the shape of the dose-effect curve determined by the median effect plot.
The median effect plot determines the slope of the line from a plot of the log f./f, (y-
axis) and the log D (x-axis) to determine the Dy,. In otherwords the median effect plot
determines the median dose e.g. ICso or LDsg. From equation 1 the combination index
(CI) equation was formed [116]. The benefit of the CI equation for drug combinations
in the treatment of cancer is that the CI gives a quantitative determination of synergy,
antagonism and additivity (see Eq 2). Chou and Talalay proposed that a CI value of 1
represents an additive effect, CI < 1 indicates a synergistic effect and that a CI > 1

indicates an antagonistic effect [116].
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CIl= (D)/(D)1 + (D)2/(Dx)2 Eq2

For each combination dose, and single drug alone the data can be plotted as the percent of cells
inhibited (i.e. the fraction affected-Fa) and the CI value determined for each combination (D),
using the single drug alone (Dyx) (Eq 2) which results in a Fa versus a CI plot. Equations 1 and 2
and the graphs that can be generated from drug combination data have been used in the
development of a user friendly software program CalcuSyn (BioSoft, Ferguson MO, USA). A
representative graph generated by CalcuSyn is shown using the conventional chemotherapy
combination of BCNU and Carboplatin, which are used in the treatment of malignant glioma
The results shown in Fig. 1.5 suggest that these agents exhibit a synergistic relationship (Fig
1.5). These data illustrate an important point when considering combination effects by this
approach. CI varies as a function of the fraction of affected cells, a parameter that is obviously
related to the drug dose (Eq 1). Thus CI values indicating antagonism are estimated at doses
inducing a measured effect (e.g. % cytotoxicity) of less than 20% while the CI is indicative of
synergistic interactions when these drug doses used achieve effect levels of >0.5.

The point of molecular targeted drug combinations is not only to limit monotherapy
failure, as has been indicated in some Gleevec ™ hatients [121-122], but also to increase the
therapeutic benefit of the drug combination. This can occur at dose levels less than that required
by either one of the agents used alone. Provided that toxicity to normal cells is not enhanced by
the use of the combination, then the synergistic combination should achieve improved
therapeutic results. In addition, a multi-targeted attack on cell signaling proteins should reduce

or limit the emergence of drug resistance [123]. Although in vitro assays can be used to define
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synergistic interactions, these assays provide little information as to how this synergy can be

obtained in vivo.
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Figure 1.5

Representative plot showing a synergistic effect of the conventional chemotherapeutic
alkylating agents BCNU and Carboplatin on U87MG glioblastoma cells exposed for 48 h. Note
that each data point (open circles) moving from left to right is an increasing ratio of the drug
combination of BCNU and Carboplatin the drug to drug ratio used was 3.9 to 6.9 for BCNU and
Carboplatin respectively. The data points that fall below the dotted horizontal line which
represents the CI value 1 indicates a synergistic relationship the line running through most of the
points is generated by Calcusyn, and only runs through points that are synergistic. *
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* Published in Cancer Treat Rev Edwards et al., 2004 119:59-75
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It can be argued that an approach to achieving synergy in vivo could be developed on the basis
of the EDsq concentration of each drug and in combination and then relating this information to
pharmacokinetic parameters. Moreover, it should be noted that in any drug combination
approach there will b¢ a balance between efficacy and toxicity. For example, targeting ILK and
MEK1/2 protein may provide a good response with an acceptable level of toxicity, while
targeting ILK and the EGFR may give a better efficacy response with comparable toxicity. The
importance of choosing the “right” targets will, therefore, be only one of the parameters that
must be considered when developing drug combinations for clinical use. Other issues such as
those effecting biodistribution, metabolism and toxicity must also be considered to define

effective means to prevent cancer cells from circumventing the targeted pathways.

1.6.3. Rationalized Molecular Drug Combinations

Cell signaling gone awry in cancer allows not only for the unregulated cellular activities that
define cancer, but also allow cancer cells to evade or escape attempts at single agent therapy.
For example, the G-protein Ras stimulates the Ras/Raf/MAPK pathway, (a cell proliferation
pathway) however, this stimulation can be inhibited by wortmannin, which is a PI3K pathway (a
cell survival pathway) inhibitor. In contrast, stimulation of the Ras/Raf/MAPK pathway via
receptor tyrosine kinases such as EGFR is insensitive to wortmannin [124]. However this is
subjective as the effects of wortmannin may be cell type dependent. Further, EGFR
overexpression which has been implicated in breast and ovarian cancer, was inhibited by the
EGEFR inhibitor CI-1033 in MDA-MB-435 breast cancer cells. Even though reduced levels of

PKB/AKT were seen in the MDA-MB-453 breast cancer cells, this was not sufficient to induce
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apoptosis in these cells. In addition, exposure of gemcitabine to MDA-MB-453 cells resulted in
the activation of Erk1/2 with low levels of apoptosis. However, the combination of CI-1033 and
gemcitabine 24hrs later in the MDA-MB-435 cells resulted in the suppression of PKB/AKT and
Erk1/2 with a significant increase in apoptosis over either of the two agents alone [125]. These
examples illustrate the importance of knocking out multiple targets especially in light of the
cross-talk that can exist between intracellular pathways. In the context of drugs targeting ILK,
studies have demonstrated that the combination of the EGFR inhibitor PD153035 and an ILK
inhibitor (KP392) and the combination of PD153035 and the ILK inhibitor (KP307-2) [108]
can result in an additive and synergistic drug combination effect on SF-188 and U87MG
glioblastoma cells respectively (see Fig 1.6). Interestingly, studies have also shown a synergistic
interaction can be obtained with an ILK inhibitor and the EGFR inhibitor PD153035 when
tested in vitro against US7MG cells. This is illustrated in Figure 1.7 through the use of a dose
reduction index (DRI) plot obtained from data generated by CalcuSyn. The dose reduction index
determines how much of each drug in a synergistic combination may be reduced at a given
effect level versus the doses for each agent alone. In this case the plot was generated at an effect
level in which 90% cell kill is achieved i.e. Fa=0.9 (see Fig 1.7). The same level of cytotoxicity
can be achieved by using a drug combination at a dose that is 5-fold lower for the ILK inhibitor
and 6-fold lower for the EGFR inhibitor. The DRI really highlights one of the primary outcomes
associated with use of a synergistic drug combination; where reduced amoun;[s of drug in
combination will achieve the same effect (an affect on cell viability) but at a lower dose. It can
be argued that this synergy may, in turn, lead to effective control of tumor growth at dose levels

that would exhibit reduced toxicity.
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Figure 1.6

(A) Fraction affected (Fa) versus combination index (CI) plot where the dotted horizontal
line represents CI=1, indicating an additive effect of the EFGR inhibitor PD153035 and the ILK
inhibitor KP392 in combination against SF-188 glioblastoma cells exposed to drug(s) for 48 h.
The drug to drug ratio was 1 to 5 for KP392 and PD153035 respectively (B) dose-effect curve
showing that the effect of the two drugs is equal to the effect of the greatest single agent,
PD153035. The doses used are as follows PD153035 (0,5,7.5.10,12,14,16,18,20uM) KP392
(0,30,40,50,60,70,80,90,100uM) CI, combination index, Effect (x-axis) Fraction effect, Effect
(y-axis) cell viability. Both graphs were generated using the software program CalcuSyn. *
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Figure 1.7

The DRI of the ILK inhibitor KP307-2 and the EGFR inhibitor PD153035 that results in a
synergistic drug combination upon exposure (48 h) to the U87MG glioblastoma cells. The drug
to drug ratio was 1 to 1 for KP307-2 and PD153035 respectively. *

Dose Reduction index (DRI):A measure of Synergistic
combination reduction to achieve 90% cell kill

0.9)
5
|

5-fold KP307-2
Reduction

Drug Concentration required
to achieve 90% cell kill (UM @ Fa
I

. 6-fold PD153035
* reduction

KP307-2 alone PD153035 alone  KP307-2 1:1 PD153035 1:1

Comparison between required drug
and dose reduction index
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1.7.  Thesis Rationale and Hypothesis

It is clear that overexpression of ILK results in malignant progression [106][112]. In
nogmal cells, overexpression leads to tumorigenicity, anchorage-independence, cell cycle
prsgression and tumor invasiveness [77][92][93]. Inhibition of ILK activity has also been shown
to .:suppress the growth of human colon carcinoma cells in SCID mice [106]. In human colon
cancer, increased ILK activity has been associated with effects on downstream cell signaling
molecules such as GSK-3 and as much as a 9-fold increase in myelin basic protein (MBP)
phosphotransferase activity [126]. In addition, ILK overexpression is observed in malignant
crypts from both primary and metastatic lesions. Marotta and colleagues relate that selective
inhibition of ILK alone or in combination would be an effective means of treating this cancer
[127]. Studies in prostate cancer have demonstrated a critical role of ILK in tumor angiogenesis,
whereby ILK regulates VEGF expression in tumor cells and VEGF mediated vascular
morphogenesis [128]. Since the function of ILK surrounds the activation of key downstream
PI3K regulators such as PKB/AKT, GSK-3 [102][126] and various cellular functions including
angiogenesis, apoptosis, and cell proliferation, (see Fig 1.3) and given that inactivation of ILK
by dominant negative ILK, kinase deficient ILK, and ILK siRNA can block ILK activity and
cell transformation, ILK is a very good candidate for drug targeting. ILK activity and the
subsequent downstream activity of PKB/AKT has been associated with the loss of PTEN. It has
further been shown that the loss of PTEN 1is frequently observed in the brain cancer
glioblastoma multiforme on the order of 80% [129]. Furthermore, PKB/AKT expression has

been correlated to poor prognosis in glioma patients [130-131]. It is therefore proposed that

targeting ILK in glioblastoma cancer would result in a thérapeutic effect. In addition it would be
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anticipated that targeting ILK in combination with another agent that is involved with a cell

signaling pathway apart from ILK may enhance this therapeutic benefit.
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CHAPTER 2
MATERIALS AND METHODS

2.1. Tumor Cell Lines and Transfections

In vitro experiments were perfomed with glioblastoma cancer cell types. PTEN negative U251,
U87MG glioblastoma cells and PTEN positive SF-188 glioblastoma cells were obtained from
ATCC repository. Cells were cultured in Dulbecco’s Modified Eagle medium (DMEM)
containing 10% fetal bovine serum with 1% L-glutamine and 1% penicillin/streptomycin at
37°C in a humidified atmosphere containing 5% CO,. For all experiments cells were used in
exponential growth phase. US87MG cells were transiently transfected with ILK antisense
(ILKAS) using Lipofectamine 2000 ™ reagent (Invitrogen, MD, USA) according to the
manufacturer’s guidelines using 1-4 pg (optimally 2 pg) antisense, and 12 pl Lipofectamine
2000 ™ reagent in 10 cm’ tissue culture dishes. Retroviral constructs with either PTEN empty
vector (US7EVG) or with an inducible PTEN construct (U87.23) were generously provided by
Dr. Michael Wigler (Cold Spring Harbour). U87 cells with the various vector constructs were
maintained with hygromycin selection at 50 pg/ml. Muristirone A (Invitrogen, Burlington, Ont)
was reconstituted in 100% ethanol prior to adding to cells for induction. Cells were harvested

24-48 hrs later.

Drugs and Antisense Sequences
3-(3,5-Dibromo-4-hydroxy-benzylidene)-5-iodo-1,3-dihydro-indol-2-one ~ (GW5074)  was
purchased from Sigma-Aldrich (St. Louis, MO, USA). The raf-1 inhibitor GW5074 was

prepared fresh by dissolving in sterile 100% DMSO at a stock concentration of 1038 uM and
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protected from light. The drug was diluted with serum free DMEM prior to use. MEK inhibitor
U0126, purchased from Promega (Madison, WI, USA), was prepared by dissolving in sterile
100% DMSO to a stock concentration 10 mM. In all of the in vitro experiments, the final
DMSO concentration did not exceed 0.3%. A patented library of over 80 antisense sequences
affecting ILK was obtained from ISIS Pharmaceuticals Inc (Carlsbad, CA, USA). Sequence ID
no 37 (5>-GAGATTCTGGCCCATCTTCT-3’) was used and is designated here as ILKAS.
ILKAS is a 20mer antisense oligonucleotide (ODN) with a phosphothioate backbone, 5’-
methylcytidines with the first 5 nucleotides (at the 5’-end) 2°O-methyls and the last 5
nucleotides (at the 3> —end) 2°O-Methyls. The ILKAS affects the 635 “coding region” or open
reading frame (ORF) which lies between the translation initiation codon and the translation
termination codon of human ILK. A non-silencing antisense sequence was also obtained,
designated SCRAM2, and a reverse polarity antisense (RILK) was also used with the same
modifications as those of ILKAS. Note that all transfection experiments were done in serum-
free media using the Lipofectamine 2000 ™. Growth factors contained in serum refeeding were
added exogenously, however, EGF was added 20 min prior to transfection in serum-free media.
after transfection Antisense sequences for in vitro use were generated at the University of
British Columbia Nucleic Acid Protein Service Unit (Vancouver, BC, Canada). Antisense
sequences were ammonia-butanol purified. Antisense sequences for in vivo use were generated

at Eurogentec (Philadelphia, PA USA).

2.2.  Cell Viability/Cytotoxicity Assays

MTT assay and drug combination effects with U0126, GW5074, ILK antisense, QLT0254 and
OLT0267
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Growth inhibition of U87MG, U251 and SF-188 cells was determined by the colorimetric (3-
[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) MTT assay [132]. In brief, cells
were plated at 3000/100 ul in 96-well plates and allowed to adhere overnight before exposure to
antisense and/or inhibitors were incubated for 24 or 48hrs at 37°C, ILKAS (1-16 uM), GW5074
(2-32 uM) and U0126 (10-80 puM). Plates were assessed using the microtiter plate reader
(Dynex Technologies Inc, Chantilly, VA), measuring absorbance at a wavelength of 570nm.
The percentage of viable cells following treatment was normalized to untreated controls. All
assays were performed in triplicate at least two times. The MTT data obtained following
treatment of cells with the indicated agents alone or in combination, was combined so that the
number of samples analyzed for each drug or drug ratio concentration was equal to or greater
than 6. Effective concentrations were analyzed using the CalcuSyn software (Biosoft, Freguson,
MO). CalcuSyn program provides a measure of the combined drug interaction by the generation
of%qé combination index (CI) value. The CI value is based on the multiple drug-effect equation of
¢

Chou and Talalay [119-120], and defines the drug interactions as synergistic, (which is more
than the expected activity effect or greater than an additive interaction) or antagonistic, (which
is less than the expected activity effect or less than an additive interaction). Chou and Talalay
defined the CI value as <1 for synergism, =1 for additive, >1 for antagonism.

Growth inhibition of U87MG, U251 and SF-188 cells was determined by the colorimetric MTT
assay [132]. In brief, cells were plated at 10,000/100 pl in 96-well plates and allowed to adhere
overnight before exposure to the ILK inhibitor QLT0254 or QLT0267 and incubated for 24 or
48hrs at 37°C. Plates were read using the microtiter plate reader (Dynex Technologies Inc,

Chantilly, VA) at a wavelength of 572nm. The percentage of viable cells following treatment

was normalized to untreated controls. All assays were performed in triplicate.
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Clonogenic Assay

Colony formation was evaluated using a soft agar colony forming assay. Briefly, cells were
exposed to drug for 5 hrs. Cells were washed with serum free DMEM. Subsequently, 2000
cells/well were mixed with DMEM containing 15% FBS and 0.5% agar and plated on 6-well
plates (three wells/condition). The plates were then transferred to a 37°C incubator with 5%
CO,. After 12-14 days of incubation, colonies were scored in 2 colony grids (Epicentre,
Madison, WI) per well using a Zeiss ID02 microscope (Don Mills, Ontario). Colony formation

for each condition was calculated in relation to values obtained for untreated control cells.

Nuclear Morphology

Untreated and treated cells were incubated a minimum of 12 hrs in medium at 37°C without
additional drug treatment. Cells were then harvested and stained with 0.10pg/ml DAPI (4°,6-
diamidino-2-phenylindole) for 30 min at room temperature. Cells were cytospun onto a glass
slide, and viewed with a Leica microscope (Germany) with a 40X objective lens under UV
fluorescent illumination. Images were captured using DC100 digital camera and Image database

V. 4.01 Software (Leica, Germany).

Flow Cytommetric Assay of Apoptosis following treatment with QLT0254 and QLT0267

5 X 10’ cells were cultured with or without drug treatment and later incubated for a minimum of
12 hrs in culture media at 37°C without additional drug treatment. Control cells were untreated
or treated with the vehicle control PTE (PEG300/Ethanol/Tween 80/citrate (63:29:7.8:0.2
w/v/w/w). Cells were then harvested and fixed with cold 70% ethanol stored overnight at -20°C

and stained with propidium iodide (PI) staining buffer (1mg/ml RNase A, 0.1% Triton X-100,
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50 pg/ml PI in PBS) to determine the apoptotic/necrotic cell population (the sub G/Go cell

fraction).

Flow Cytometric Assay of Apoptosis following treatment with ILK antisense.

5 X 10° cells were cultured with or without antisense and later incubated for a minimum of 12
hrs in culture media at 37°C without additional drug treatment. Cells were treated with ILKAS.
Control cells were untreated or treated with reverse ILK antisense sequence (RILK) and these
data were compared to cells treated with ILKAS. Note, a liposomal vector controi was also
included in the experiment which had no effect. Cells were then harvested and fixed with cold
70% ethanol stored overnight at -20°C and stained with propidium iodide (PI) staining buffer
(1mg/ml RNase A, 0.1% Triton X-100, 50 pg/ml PIin PBS) to determine the apoptotic/necrotic
cell population (the sub G/Gy cell fraction). In order to evaluate the early stages of apoptosis,
treated cells were stained with Annexin V-FITC (CALTAG) in Annexin V staining buffer for
15 min at room temperature and counter stained with 50 ug/ml propidium iodide in Hank’s
Balanced Salt Solution (Stem Cell Technologies) with no phenol red and analyzed with a

FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) for the induction of apoptosis.

Flow Cytometric Assay of Apoptosis following use of specified drug Combinations

Cells (5 X 10°) were cultured with or without drug and later incubated for a minimum of 12 hrs
in culture media at 37°C without additional drug treatment. Camptothecin (32 uM) was used as
a positive control for induction of apoptosis which was measured by Annexin V-FITC/PI
staining. Cells were treated with ILKAS, GW5074 or the combination of YILKAS and GW5074.
Control cells were untreated or treated with RILK in combination with GW5074. A liposomal

vector control was also included in the experiment. Cells were then harvested and fixed with
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cold 70% ethanol stored overnight at -20°C and stained with propidium iodide (PI) staining
buffer (Img/ml RNase A, 0.1% Triton X-100, 50 pg/ml PI in PBS) to determine the
apoptotic/necrotic cell population (the sub Gi/Gq cell fraction). In order to evaluate the early
stages of apoptosis, treated cells were stained with Annexin V-FITC (CALTAG) in Annexin V
staining buffer for 15 min at room temperature and counter stained with 50 pg/ml propidium
iodide in phenol red-free Hank’s Balanced Salt Solution (Stem Cell Technologies) and analyzed
with a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA) for the induction of

apoptosis.

2.3.  Protein Analysis

Preparation of Cell Extracts

Adherent cells (5§ X 106) were plated in 100 x 20mm tissue culture treated plates. Cells were
washed initially with Hanks’ Balanced Salt Solution (HBSS) and then trypsinized with Trypsin-
EDTA (1X) (Invitrogen, Gibco, Burlington, Ont). Cells were then collected in Dulbecco’s
modified Eagel’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% L-
glutamine with 1% penicillin/streptomycin. Cells were centrifuged at 10, 000 rpm for 5
minutes and the pellet resuspended in 10ml of phosphate buffered saline (PBS) and centrifuged
again at 10, 000 rpm and the pellet resuspended in 1ml of PBS and transferred to
microcentrifuge tubes. PBS was removed and the cell pellets were placed on ice where they
were treated with 1ml of ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 2.5 mM EDTA,
0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, and 0.02% sodium azide) containing

protease inhibitors (Complete-Mini protease inhibitor tablets: Boehringer Mannheim GmBH,
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Mannheim, Germany). Lysates were centrifuged for 10 min at 15,800 x g at 4°C. Supernatant

was then aliquoted into new microcentrifuge tubes and stored at -70°C until further analysis.

Western Blot
The following antibodies were used: anti-ILK (affinity purified rabbit polyclonal, Upstate
Biotechnology, Virginia, USA); anti-ILK, anti-P-Akt-Ser-473, anti-P-Akt-Thr-308, anti-Akt,
anti-MAPK, anti-P-MAPKp42/p44, anti-MEK1/2, anti -P-MEK1/2-Ser217/221 (New England
Biolabs, Canada); anti-human B-actin (Sigma St. Louis, MO); anti-HA (Roche, Mannheim,
Germany); Anti-HIF-1a (Santa Cruz Biotechnology, CA); and anti-VEGF (Calbiochem, CA).
The secondary antibodies used were horseradish-conjugated anti-mouse or anti-rabbit IgG
(Promega, Madison, WI). Densitometric analysis was done and then normalized to control or
time 0 samples.

For in vivo ODN treated and untreated tumors, the tumor tissue was homogenized (using
a mortar and pestle) with ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 2.5 mM EDTA,
0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, and 0.02% sodium azide) containing
protease inhibitors (Complete-Mini protease inhibitor tablets: Boehringer Mannheim GmBH,
Mannheim, Germany). After incubation for 30 min on ice, samples were centrifuged at 10,000
rpm for 15 min, and stored at -20°C. Protein content in the lysed extracts was determined using
a detergent-compatible Bio-Rad assay (Bio-Rad Labs, Hercules, CA). Similarly, for in vitro
studies, involving ODN treated cells and untreated cells, protein content was determined using
Bio-Rad assay. Cell lysates samples were incubated for 15 min on ice, samples were
centrifuged at 5,000 rpm for 10 min. Samples were loaded with 2X SDS buffer-(2 X 0.064 M

Tris-HC1 pH 6.8, 1.28% SDS, 12.8% glycerol, 1.28% 2-mecaptoethanol, 0.25% bromophenol
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blue) and then boiled. Cell lysates were size fractionated through SDS-PAGE and transferred
onto nitroceullulose membranes as described [133]. Proteins were detected by enhanced
chemiluminescence (ECL; Amersham- Pharmacia Biotech, Buckinghamshire, England) and
visualized after exposure to Kodak autoradiography film. Equivalent amounts of protein (30 pg
determined by Bradford assay) were resolved by 12% SDS-polyacrylamide gels or 4-15%

gradient SDS-polyarcylamide pre-made gels (BioRad).

ILK Kinase Assays.

ILK kinase activity was determined in cell extracts by immunoprecipitation in vitro kinase
assays, as detailed elsewhere [90] [126]. In brief, myelin basic protein (MBP) was used as a
substrate for ILK, [*’P]-ATP was used as the phosphate donor in the kinase assay and [**P]-

MBP was detected by phosphoimage analysis of the gels.

VEGF ELISA

US7MG glioblastoma cells transfected with a retroviral construct with a PTEN inducible
promoter (designated here as U87.23 ) were seeded into 60-mm dishes at a density of 2 X 10°
cells/dish and incubated in regular media overnight and then placed in serum-free media for 24
h. 24 hrs later, control untreated U87.23 cells or cells treated with Muristirone A to induce
PTEN, were treated with LY294002 or QLT0254 or QLT0267. The conditioned media was
removed 24 h later and stored at -70°C until VEGF concentration was determined by ELISA
(R&D Systems). US7MG glioblastoma xenograft tumors were homogenized using a mortar and

pestle in NP-40 lysis buffer containing complete-mini protease inhibitor cocktail tablet (Roche,
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Mannheim, Germany) and the tumor lysate removed and stored at -70°C until VEGF

concentration was determined by ELISA (R&D Systerhs) as described above.

2.4. Animal Xenograft Models and Anti-Tumor Activity

Male Rag-2M mice (7-9 weeks old, 20-27g) were obtained from British Columbia Cancer
Agency Joint Animal Facility breeding colony, and housed in an aseptic environment. A solid
tumor model of SF-188, US7MG and U251 cells in Rag-2M mice was established by
subcutaneous injection of 5 X 10° cells derived from tissue culture, resulting in tumor formation
on the back of mice. All of the animal protocols were approved by the University of British
Columbia Animal Care Committee and the studies were conducted in accordance with the
guidelines of the Canadian Council of Animal Care. Efficacy experiments were conducted in
male Rag-2M mice bearing US7MG tumors (6 mice per group). Treatments were initiated on
day 22-post cell inoculation. Saline control, ILKAS or scrambled control (SCRAM2)
oligonucleotides (ODNs) were administered using a treatment schedule of i.p. injections given
(QD) for 5 days, followed by two days off, for a 3 week period at a dose of 5 mg/kg. Mice
were observed daily and body weight measurements and signs of stress (e.g. lethargy, ruffled
coat or ataxia) were monitored. Having previously determined the maximum tolerated dose
exceeded 20 mg/kg in Rag-2M mice none of the mice treated with ILK antisense showed any
indication of toxicities at the 5 mg/kg dose of the ILK antisense. Electronic calipers (Mitutoyo
corp., Japan) were used to measure tumors and the mean tumor size (mm®) was determined
using the formula ‘%[length (mm)] x [width (mm)]z. The tumor size per mouse was used to

calculate the group mean tumor size +SE (n=6 mice) the results are a representative graph of at

least three experiments.
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Animal Xenograft Models and Antitumor Activity of QLT0254 or QLT0267.

Male Rag-2M mice (7-9 weeks old, 20-27g) were housed in an aseptic environment. Efficacy
experiments were conducted in male Rag-2M mice bearing U87MG tumors (6 or 18 mice per
group). Note that groups containing 18 mice were designated as harvesting groups and mice
were sacrificed and tumor tissue was taken for various analysis (i.e. tissue microarray, western
blot, immunhistochemistry and ELISA). Treatments were initiated when tumors reached at least
15 mg. Saline control, or a vehicle control of PTE or the ILK inhibitor QLT0254 or QLT0267
were administered by oral gavage given (QD) for 7 days, for a 4 week period at a dose of 100
or 200 mg/kg. Mice were observed daily and body weight measurements and signs of stress
(e.g. lethargy, ruffled coat or ataxia) were monitored. Having previously determined the
maximum tolerated dose did not exceed 200 mg/kg in Rag-2M mice none of the mice treated
with either ILK inhibitor showed any indication of toxicities at the 100 or 200 mg/kg dose.
Electronic calipers (Mitutoyo corp., Japan) were used to measure tumors and the mean tumor
size (mm”) was determined using the formula %[length (mm)] x [width (mm)]*. The tumor size
per mouse was used to calculate the group mean tumor size +SE (n=6 mice). The results are a

representative graph of at least two experiments.

2.5.  Analysis of Isolated Tumor Tissues

No":te that for BrdUrd, Hoechst and EF5 labelling mice were injected either i.v., or i.p. either 20
miinutes, 1.5 or 3 hrs before sacrifice. Mouse tumors were collected at the indicated time points
(e.’g. 1 day after the final treatment) approximately 1/4 of the tumor was fixed in formalin.

Paraffin-embedded tissues (1/4 of the tumor) were sectioned using a microtome and were

stained using hematoxylin & Eosin (H&E). The other half was used for TUNEL (see next
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section), and/or tissue microarray (TMA) analysis (Dr. Huntman, Ashish Rajput) and/or
immunohistochemistry (Criterion labs) for floating sections was performed using anti-ILK, anti-
phospho-PKB/Akt Ser473 and anti-PTEN, anti-IgG was used as a negative control (New
England Biolabs, Canada) antibodies according to the manufacturers instructions. All tissue

sections and subsequent staining was carried out by Criterion Laboratories (Vancouver, BC).

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling

(TUNEL)

For the terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) experiments, a Promega in situ Apoptosis kit was used according to the

manufacturer’s instructions and immunocytochemical analysis was performed.

Tissue Microarray (TMA) Construction.

Formalin-fixed, paraffin-embedded U87MG xenograft glioblastoma cancer tissue blocks were
used to construct a TMA as described previously [134-135]. Briefly Core cylinders (0.6 mm
diameter) were punched from initial formalin-fixed paraffin embedded blocks of US7TMG
xenograft tumors and deposited into smaller “microarray” paraffin blocks using a specific
arraying device (Beecher Instruments, Silver Spring, MD) to create TMA blocks. Sections from
the TMA blocks were then transferred onto glass slides for immunohistochemical analysis.
TMAs contained, on average, 28 tissue cores per slide, with a total of 3 slides, 1 slide per

marker.
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TMA Immunohistochemistry, Scoring, and Analysis.

TMA sections were blocked with 3% hydrogen peroxide and incubated with mouse monoclonal
or rabbit polyclonal antibodies against human integrin-linked kinase (ILK), vascular endothelial
growth factor (VEGF) and hypoxia inducible factor-1 alpha (HIF-1a) followed by detection
with the Envision system (Dako, Carpinteria, CA) and hematoxylin counterstaining. Note that

TMA construction and staining were performed by Dr. David Huntsman.

CD31 and EF5 Immunohistochemistry.

Tumor cryosections (10 um thick) were cut with a Cryostar HM560 (Microm International
GmbH, Walldorf, Germany), and either air dried for 24 hours, then fixed in a 1:1 mixture of
acetone-methanol for 10 minutes at room temperature, and blocked with 3% H,0,. Vasculature
was stained using a platelet/endothelial cell adhesion molecule/CD31 antibody (1:100 dilution;
BD PharMingen, San Diego, CA). An Alexa 546 goat anti-rat secondary (1:50 dilution;
Molecular Probes) was used to detect CD31. Serial sections of tumors were fixed with ice-cold
acetone for 5 minutes, air-dried, and stained with ELK3-51-CY3 antibody to detect EF5 adducts
according to procedures described elsewhere [136]. Slides then were mounted with PBS and

imaged (see Image Acquisition).

BrdUrd Immunohistochemistry.

After the slides were imaged for Hoechst and CD31 they were rinsed in PBS, placed in distilled
water for 10 minutes, and then treated with 2 mol/L HCI at room temperature for 1 hour,

followed by neutralization for 5 minutes in 0.1 mol/L sodium borate. Slides then were washed in

distilled water and transferred to a PBS bath. Subsequent steps were each followed by a 5-




minute wash in PBS. Incorporated BrdUrd was detected using a monoclonal mouse anti-BrdUrd
(1:200 dilution, clone BU33; Sigma), followed by an anti-mouse peroxidase conjugate antibody
(1:100 dilution; Sigma) and a metal enhanced DAB substrate (1:10 dilution; Pierce, Rockford,
IL). Slides then were counterstained with hematoxylin, dehydrated, and mounted using

Permount (Fisher Scientific, Hampton, NH) before imaging.
Image Acquisition.

A motorized stage allowed for tiling of neighboring microscope fields of view. Images were
captured with a fluorescence microscope (III RS; Zeiss, Oberkochen, Germany) with a cooled
monochrome charge-coupled device video camera (model 4922; Cohu, San Diego, CA), frame
grabber (Scion, Frederick, MD), a custom-built motorized x-y stage, and customized NIH Image
software (http://rsb.info.nih.gov/nih-image/) running on a G4 Macintosh computer (Apple,
Cupertino, CA). Serial sections were imaged for Hoeschst, and labeled with EF5 and
Hematoxylin , whereas all other sections were stained with CD31, Hoechst and BrdUrd. Once
im}nunostained for CD31, slides were imaged under PBS using a 510- to 555-nm excitation
filter and a 575- to 640-nm emission filter. The slides then were immunostained for BrdUrd, and
bright field images of BrdUrd positive staining were obtained. Once the images were acquired,
the layers were stacked; the CD31 and Hoeschst and BrdUrd layers were thresholded; and a

composite color image was produced with the grayscale BrdUrd/tissue layer.

Image Analysis.

Using the NIH Image software application and algorithms which were generously provided by

Dr. Andrew Minchinton, images of EF5 fluorescence, CD31 fluorescence, and BrdUrd/tissue
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staining from each tumor section were overlaid, and areas of necrosis and staining artifacts were
removed. Hoeschst 33442 positive regions were identified by selecting all pixels that were 12
SD above the tissue background. For CD31 and BrdUrd images positive staining were selected
for all of the pixels that were 5 and 2.5 SD above background levels respectively. Threshold

levels were kept constant for all sections. CD31-positive regions that were <5 pm? in size were

“considered artifacts and removed from the analysis. The fraction of perfused vessels was

determined by comparing CD31 and Hoeschst labeling of vasculature, CD31-positive vessels
were considered perfused if >2% pixels of each CD31 positive object were also Hoechst 33342

positive.

2.6.  Statistical Analysis

All of the statistical analyses were performed using the STATISTICA software program. For
multiple comparisons, Post-hoc analysis using the Tukey-Kramer test was performed. Data were
considered significant for P value < 0.05. The in vivo experiments were performed using an n of
6 mice per group and represent the mean £SEM._Outcome variables such as tumor size, semi-

quantitative analysis involving immunhistochemistry were in some cases expressed as 95%

confidence intervals.




CHAPTER 3

INHIBITION OF ILK IN PTEN-MUTANT HUMAN GLIOBLASTOMAS INHIBITS
PKB/AKT ACTIVATION, INDUCES APOPTOSIS, AND DELAYS TUMOR GROWTH*

3.1. Introduction

Glioblastoma multiforme (GBM) is the most common malignant brain tumor of adults, and has
the distinction of being one of the most lethal with a median survival of 9 to 12 months [71].
The poor prognosis associated with GBM are due in large part to a lack of treatment options that
consider the basic cancer biology that make GBM resistant to current therapies. In recent years,
more attention has been given to signal transduction pathways that play key roles in the
molecular pathogenesis of low grade astrocytomas in their progression to GBM.

PTEN/MMAC (phosphatase and tensin homologue on chromosome 10/mutated in multiple
advanced cancers) is a tumor suppressor gene located on chromosome 10q23 [137-138] that is
mutated at a high frequency in glioblastomas [139] and is known to regulate the
phosphatidylinositol-3’-kinase (PI3K)/AKT pathway [140]. A homozygous disruption of PTEN
results in embryonic lethality in mice, and germ-line mutations in PTEN are associated with the
development of Cowden’s disease and Bannayan-Zonana syndrome_[141-143]. The frequency
of PTEN mutation in glioblastomas, which has been shown to be as high as 80% [113], results
in constitutive activation of PKB/AKT. PKB/AKT is a cell survival protein kinase that mediates
its activity through various downstream effectors resulting in cell migration, cell cycle
progression and an inhibition of apoptosis. In addition, PTEN mutation and increased PKB/AKT

activity have been correlated with poor prognosis in glioma patients [144-145].

* A version of this chapter has been published. Edwards, L., Thiessen, B., Dragowska, V., Bally, M., Dedhar, S.
(2005) Inhibition of ILK in PTEN-mutant human glioblastomas inhibits PKB/Akt activation, induces apoptosis,
and delays tumor growth. Oncogene 24: 3596-3605. All work presented here is my work with indicated
contributions.
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Integrin linked kinase (ILK) is a serine -threonine protein kinase containing four
ankyrin-like repeats [86] vwhich are found at the NH, terminus of ILK with a pleckstrin
homology (PH)-like motif, and a catalytic kinase domain at its COOH terminal domain. ILK is a
key component of cell-extracellular matrix (ECM) adhesion and has been shown to anchor to
integrins by interacting at its C-terminal domain to the cytoplasmic domain of 1 and B3
integrin subunits [86]. ILK also appears to interact with growth factor receptors via an adapter
protein called PINCH (particularly interesting new cysteine-histidine-rich protein) which binds
to Nck-2, a Src homology 2(SH2) and SH3 domain-containing adapter protein [146]. Since ILK
can mediate signal transduction activity through its binding to Bl and B3 integrins, and the
bridging of growth factor receptors via PINCH, ILK plays a key role in facilitating various cell
signaling pathways. For example, ILK is involved in cell migration [147], cell cycle progression
[92], growth and inhibition of apoptosis [90]_-_essentially the same cellular activities mediated
by PKB/AKT. ILK therefore serves as an intermediate between PTEN regulation and PKB/AKT
activation. ILK has also been shown to have a potential oncogenic role giving rise to mammary
tumors in transgenic mice [101], to be expressed in neuroblastoma cells, and may play a role in
Alzheimer’s disease by controlling tau phosphorylation [148]. Knock-down of ILK protein by
dominant-negative ILK and wild type PTEN has resulted in the inhibition of PKB/AKT activity
and apoptosis in prostate cancer cells [90]. Recently, ILK regulation by PTEN has been shown
in glioblastomas in vitro [149]. Studies here confirm that ILK and PKB/AKT are constitutively
activated in human glioblastoma cells lacking PTEN expression. In addition, transfection of ILK
antisense or wild-type PTEN into these cells dramatically inhibits serum independent
PKB/AKT-Ser-473 phosphorylation as well as PKB/AKT kinase activity, and leads to apoptosis

or apoptosis sensitivity. Inhibition of ILK activity by a small molecule ILK inhibitor also
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inhibits serum-independent PKB/AKT-Ser-473 phosphorylation. Treatment of U887MG
xenograft tumors with an antisense oligonucleotide that targets ILK results in tumor growth
delay. These data demonstrate that ILK is critical for the PTEN-sensitive regulation of
PKB/AKT-dependent cell cycle progression and cell survival, and is likely a valuable molecular

target for the treatment of glioblastoma multiforme.

3.2. Hypothesis

Loss of PTEN has been associated with several cancers [150]. The molecular pathway that is, in
part, responsible for this is the PI3-kinase pathway, where loss of PTEN results in cohstitutively
active ILK which facilitates PKB/AKT phosphorylation at Ser473. This pathway has been
shown to exist in prostate cancer. Due to the high rate of PTEN loss in the brain cancer
glioblastoma multiforme, we propose this pathway is important in glioblastoma progression and

inhibiting ILK activity will decrease cancer progression.

The research objectives are the following:
1) To examine the regulatory role of ILK in glioblastomas with respect to PTEN
2) To investigate the relationship between ILK and PKB/AKT activation
3) To determine the effects of ILK inhibition in vitro and in vivo on tumor growth and cell
death

4) To investigate ILK as a potential therapeutic target in glioblastoma multiforme
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3.3. Results
3.3.1. ILK Activity and PKB/Akt-Ser-473 Phosphorylation in PTEN-Mutant Human
Glioblastoma Cells

There is now extensive evidence that mutational inactivation of the tumor suppressor
PTEN occurs frequently in glioblastomas [130][131][144]. PTEN mutation leads to elevated
levels of the PI3-kinase product phosphatidylinositol-3,4,5 triphosphate [PI(3,4,5)P3] and
increased phosphorylation of PKB/AKT on both Thr-308 and Ser-473 [91]. The purpose of
these studies was to examine whether ILK regulates PKB/AKT in glioblastoma cells. Three
glioblastoma cell lines were used, two PTEN negative, U251 and U87MG, and a PTEN positive
cell line, SF-188, as shown in Fig 3.1A. PKB/AKT-Ser-473 phosphorylation levels are high in
glioblastoma cell lines [151], in association with PTEN inactivation. In order to determine if |
ILK, in accordance with its role as an upstream regulator of PKB/AKT activation was also
highly active with PTEN mutation, we examined ILK activity in these cell lines. This was
measured by an ILK kinase assay which used myelin basic protein (MBP) as a substrate. [LK
activity was assessed in the PTEN positive cell line SF-188 (Fig. 3.1B) and the PTEN negative
cell line U251 (Fig. 3.1C) cultured under serum starved and serum re-feeding conditions.
Incorporated
[ *’P]-ATP on MBP was detected by phosphoimaging and quantified by densitometry (Fig. 3.1B
and 3.1C), IgG controls for each cell line (first column) are provided for comparisons. ILK
activity was elevated in the PTEN positive SF-188 cells when cultured in serum containing
media (Fig. 3.1B). This increase in ILK activity was associated with PKB/AKT phosphorylation

(gel, Fig 3.1B). ILK activity was low in the absence of serum
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Figure 3.1
(A) Expression of endogenous PTEN in SF-188, U87MG and U251. Evaluation of ILK
activity and PKB/AKT-Ser473 phosphorylation under serum starved and serum refeeding
conditions in SF-188 (B), U251 (C) glioblastoma cells. To evaluate stimulation of ILK
activity, cells were serum starved for 24 hrs, re-fed with serum for the indicated time period,
and then analyzed for ILK activity by using myelin basic protein (MBP) (B & C bar graphs).
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and there was no measurable PKB/AKT phosphorylation as determined by Western blot
analysis. Total ILK and PKB/AKT levels did not change regardless of whether cells were
cultured in the absence or presence of serum (Fig. 3.1B). ILK activity is rapidly stimulated by
serum and then starts to decrease after 40 minutes to basal levels, consistent with previous
studies showing rapid ILK activation and decreasing activity to basal levels after 40 min while
maintaining the cell survival activity of PKB/AKT [87] (Fig. 3.1B). In contrast, ILK activity
was high in the PTEN-negative U251 cells obtained from cultures in the presence or absence of
serum (Fig. 3.1C). High ILK activity was associated with the presence of phosphorylated
(Serine473)AKT (Fig. 3.1C). Consistent with the SF-188 cells, total ILK and PKB/AKT were
not affected by the culture conditions. These data demonstrate that with the loss of PTEN,
regulation of ILK and PKB/AKT activity is independent of the culture conditions (starved vs re-
feeding). To determine the causal relationship between the regulatory loss of PTEN and the
resulting ILK activity and subsequent PKB/AKT activity, PTEN negative US8TMG cells
transfected with an ecdysone-inducible [152] wild-type-PTEN retroviral construct (designated
here as U87.23) were obtained. The ecdysone-inducible expression system allows the
expression of the PTEN gene in the presence of muristirone A. Consistent with previous reports,
a concentration of 0.5 uM of muristirone A allows for the full expression of PTEN (Fig. 3.2).
The ILK and PKB/AKT activity of U87.23 with inducible PTEN was compared to that of the
empty vector US7EVG retroviral construct in the presencé and absence of muristirone A. When
evaluating ILK activity (histogram), the vector control exhibited increased activity relative to
the IgG control. Assessing the ILK activity in the PTEN transfected cell line in the absence of

muristirone showed an increase in ILK activity, albeit not as high as that observed in the vector

control.




Figure 3.2
The affects of PTEN induction on U87 cells transfected with various PTEN constructs.
U87 empty vector (U87EV) and U87.23 (with wild-type PTEN) were induced with
muristirone A where full PTEN expression (48 h) was achieved at 0.5 uM. Decreasing
ILK activity (see bar graph) corresponds to increasing HA-tagged PTEN expression
and decreasing PKB/AKT activity(see Western analysis). Total PKB/AKT, actin and
ILK were also measured as loading controls. It should be noted that ILK levels appear
to vary somewhat and may affect ILK and PKB/AKT activity. This may be due to

retroviral transfection.
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Th?;is may be due to a low level of expression of PTEN, which was not detected using the
imbmunoblot analysis methods described. The ILK activity was reduced significantly in U87.23
cells cultured with 0.5 pM muristirone. Decreasing ILK activity engendered by muristirone was
associated with increased PTEN expression and decreased AKT phosphorylation expression
(Fig. 3.2 gels). Total AKT protein levels did not change significantly regardless of whether
PTEN was expressed or not. It should be noted that ILK levels appear to vary somewhat and
may affect ILK and PKB/AKT activity. This may be due to retroviral transfection.

These data demonstrate the regulatory effects of PTEN on ILK activity and subsequently on

PKB/AKT activity in glioblastoma cells.

3.3.2. The effect of ILK inhibition on glioblastoma cell survival

Since PKB/AKT is constitutively phosphorylated on Ser-473 in PTEN-mutant cells
[90][151], and having shown that ILK activity correspondingly -decreases with AKT
phosphorylation with or without PTEN induction (Fig. 3.2) the next step was to determine if
inhibiting ILK activity would result in inhibition of AKT phosphorylation. Two strategies were
used to achieve ILK inhibition. A small molecule inhibitor QLT0267 (QLT, Vancouver, BC,
Canada) was used and previous generations of this inhibitor have shown therapeutic activity in a
variety of tumor models [123][128][153]; alternatively, an antisense molecule was used that we
have shown to down regulate ILK expression effectively in glioblastoma cells [154]. As shown
in Fig. 3A, increasing concentrations of the ILK inhibitor QLT0267 (i.e. 0-100 uM) resulted in
decreased AKT phosphorylation on Ser473 in U87MG glioblastoma cells. We also assessed the

impact of US7MG cells treated with an ILK targeted antisense oligonucleotide (ILKAS). The
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first studies evaluated the impact of the ILKAS on ILK expression in comparison to various
controls including untreated cells (Fig 3.3B; CNT), liposomal vector alone (Fig 3.3B; VEC) and
a reverse ILK antisense sequence (Fig 3B; RILK). These data demonstrate that treatment with
the ILK antisense (Fig 3.3B; ILKAS) inhibits ILK protein expression, as judged by ILK protein
levels determined 24 hours post-transfection. A time course study suggested that ILKAS
mediated suppression of ILK was greater at 24 hrs than at 12 hours and thét ILK down
regulation was associated with decreased (~60%) phospho-AKT at Ser-473 activity (Fig. 3.3C).
Importantly, transfection of the U87MG cells (PTEN negative) with the ILK targeted antisense
did not affect phospho-Akt at Thr-308, consistent with the conclusion that ILK specifically

phosphorylates PKB/AKT at Ser473.

3.3.3. Inhibition of ILK induces apoptosis in PTEN-negative glioblastoma cells

It has previously been shown that ILK activity can be suppressed by non-steroidal anti-
inflammatory drugs (NSAIDs), such as a COX-2 inhibitor, which can result in decreased
glioblastoma cell viability [149]. Given that ILK inhibition leads to decreased activity of the cell
suryival kinase AKT, an examination into whether ILK inhibition would induce apoptosis was
carried out. For this purpose, Annexin V-FITC/PI staining of ILKAS treated glioblastoma cells
(US7MG and U251) was completed (Fig. 3.4A). US7MG cells were treated with ILKAS.
Camptothecin, a known inducer of apoptosis, was used as a positive control. The results
indicated that there were very few PI positive and Annexin-V positive cells in the U87TMG
control cultures (Fig. 4A, Top 1* panel). Our positive c.ontrol (Fig. 4A top 4™ panel),
camptothecin treated U87MG cells indicated 56% labeling (lower right and upper right

quandrants representing early and late apoptosis respectively).
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Figure 3.3
(4) USTMG cells exposed to increasing concentrations (0, 5, 20, 50100 pM) of the
ILK kinase inhibitorQLT0267 resulted in decreased PKB/Akt phosphorylation at
Ser473 as detected by Western blot analysis. (B) Western blotanalysis of US7MG
cells untreated (CNT, lanel) or transfected with liposomal vector (VEC, lane 2) or
transfected with reverse ILK antisense (RILK, lane 3) or with ILKAS (ILKAS, lane
4) (C) Transfection of ILKAS into U87MG cells abrogated ILK protein levels over
24 h, with decreased phospho-PKB/AKT at Ser473 levels. Numbers indicated below
each band represent a densitometric analysis where the proteins under investigation
were normalized against the time 0 treated samples.
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Figure 3.4

(A) In vitro assessment of apoptosis in US7MG (top panels) and.U251 (bottom panels)
glioblastoma cells. FACs analysis via Annexin V-FITC/PI staining was used to observe the
induction of apoptosis. Camptothecin was used as a positive control for Annexin V-FITC and PI
staining. The induction of apoptosis was determined by flow cytometric analysis of Annexin V-
FITC and Pl-staining. Cells in the lower right quadrant indicate Annexin-positive, early
apoptotic cells. The cells in the upper right quadrant indicate Annexin-positive/Pl-positive, late
apoptotic cells. Cells in the upper left quadrant PI-positive-necrotic cells, cells in lower left
quadrant are Annexin/PI negative-live cells. Untreated cells (Control), reverse polarity ILK
antisense treated cells (RILK), ILK antisense treated cells (ILKAS). (B) Flow
cytometric/propidium iodide analysis revealed transfection of ILKAS into U87MG cells
induced a greater degree of apoptosis than the RILK or the untreated U87MG cells. (C)
Morphological changes associated with U87MG cells treated with ILKAS, reverse polarity
antisense or untreated controls. Cells showing characteristic apoptotic morphology, nuclear
DNA condensation or fragmentation can be seen (arrows) in the ILKAS treated cells and fewer
cells are in the field than for the untreated and reverse polarity ILK antisense as shown by
arrows. Note that US7MG cells were exposed to antisense oligonucleotides for a minimum of

12 h.
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In comparison, approximately 21% of the U87MG cells treated with ILKAS were positive for
Annexin-V labeling (Fig. 3.4A top 3" panel). Less than 12% labeling was observed for the
reverse polarity ILK (RILK) antisense treated U87MG cells (Fig. 3.4A top 2"’ panel). Annexin
V-FITC/PI staining was also completed for the U251 glioblastoma cells with 1.4% and 8.8%
positive cells observed for untreated (Fig. 3.4A bottom 1 panel) and RILK (Fig. 3.4A bottom
2™ panel) treated cells respectively, while greater than 25% positive cells were noted for U251
cells treated with the ILKAS (Fig. 3.4A bottom 3™ panel), greater than our camptothecin
positive control 14.3% (Fig. 3.4A bottom 4™ panel).

To determine what the effects of antisense-mediated ILK inhibition were on the
glioblastoma cells, we also examined U87MG cells by propidium iodide (PI) and DAPI staining
(Fig. 3.4B-C). PI was used to stain the nuclear DNA content of control and ILKAS treated
U87MG cells. Cells undergoing apoptosis and necrosis were identified as a population with
decreased DNA content (the sub G1/Go population). The sub G,/Gy U87MG treated with ILK
antisense (Fig. 3.4B, far right panel) was compared to U87MG cells treated with a reverse
antisense (Fig. 4B, middle panel) and U87MG untreated control cells (Fig. 3.4B, far left panel).
The ILK antisense showed a 70% sub Gi/Gy cell fraction of DNA by PI staining which is
indicative of apoptosis, compared to a 15.7% sub G;/Go population observed in untreated
U87MG control cells. The sub G;/Gg cell fraction observed folloWing treatment with the reverse
antisense was higher than the untreated cell fraction (31.1% vs 15.7%). This is likely due to
toxicity associated with the transfection method used. Regardless, the sub Gi/Go cell fraction
observed when cells were treated with the reverse antisense was still substantially lower than

that observed following treatment with of the ILK antisense.



To confirm whether transfection of glioblastoma cells with ILK antisense resulted in apoptotic
cell death, we assessed the morphological changes of DAPI-stained U87MG cells (Fig. 3.4C).
Nuclear fragmentation and chromatin condensation was seen in U87MG cells treated with the
reverse antisense (Fig. 3.4C, middle panel) and to a lesser extent in untreated U87MG control
cells (Fig. 3.4C, far left panel). Substantially more cells with fragmented nuclei and condensed
chromatin were observed in US7MG cells treated with ILK antisense, indicative of late

apoptosis (Fig 3.4C far right panel).

3.3.4. Antitumor efficacy of ILK antisense on PTEN negative glioblastoma U87MG tumor
Xenografts

Although the small molecule ILK inhibitor is of interest, and in vivo studies assessing the
activity of the small molecule inhibitor QLT0267 in murine models of glioblastoma are
ongoing, we report here on the in vivo efficacy studies on ILKAS. Prior to initiating in vivo
studies on PTEN negative glioblastoma tumors, we examined by immunohistochemistry the
expression of PTEN and phospho-(Ser473)AKT in tumors generated following subcutaneous
injection of the 3 glioblastoma cell lines in this study (Fig. 3.5). Tumors grown in Rag-2M mice
were derived from the PTEN negative glioblastoma cell lines U87MG and U251 and the PTEN
positive cell line SF-188. Similar to the Western blot analysis (Fig. 3.1A), PTEN staining
(orange-red stain) was clearly seen in the PTEN positive' SF-188 tumor section (Fig. 3.5A) but

not in the PTEN negative U87MG (Fig. 3.5B) or U251 tumor sections (Fig. 3.5C).
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Figure 3.5
Immunohistochemistry of SF-188, U87MG and U251 tumors generated in Rag-2M
mice stained for PTEN (orange-red stain) and phosphorylation of PKB/AKT-Ser473
(orange-red stain) expression. PTEN expression was seen in the PTEN positive cell
line SF-188 (4), and not seen in U87MG (B) or U251 (C) glioblastoma cells.
PKB/AKT phosphorylation at Ser473 cannot be seen in thePTEN positive SF-188
glioblastoma cell line (D) but is seen in the PTEN negative glioblastoma cell lines
U87MG (E) and U251 (F). 1gG controls for PTEN (G) and phospho-PKB/AKT (H)
IgG controls are shown above. Magnification 200X.
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In addition, AKT phosphorylation staining specific for Ser473 was observed in the PTEN
negative tumors U87MG (Fig. 3.5E) and U251 (Fig. 3.5F), but very little was observed in the
PTEN positive SF-188 tumor section (Fig. 3.5D). This suggests that PTEN and PKB/AKT
expression levels are consistent when comparing the in vitro and the in vivo results. Figs. 3.5G
& H are representative negative IgG controls.

The antitumor effects of the ILK antisense were tested in_Rag-2M mice bearing established
(~100mg) subcutaneous (s.c.) xenografts of US7MG (PTEN negative) glioblastoma tumors.
Saline treated control tumors grew reproducibly to an average size of 0.32 cm’® (Fig. 3.6A).
Treatment (qdx5 every week for 3 weeks) with a scrambled antisense (SCRAM 2) did not cause
any significant change in tumor growth rate when compared to the saline control. When
comparing the control animals to the ILKAS treated animals, the tumor size in the ILKAS
treated group was significantly lower (p<0.05) at all measured time points. None of the mice
treated with the ILKAS displayed signs of toxicity, and the ILKAS dose uséd was consistent
with previous studies from our laboratory using antisense therapeutics [155-156]. To confirm
the activity of ILKAS in vivo, western blots were carried out on harvested tumors from control
and treated mice where tumors were harvested at the end of the 3 week treatment period (Fig.
3.6B). ILK protein levels were decreased in ILKAS treated mice (5 mg/kg) in contrast to
untreated control tumors which showed no decrease in ILK protein levels. Mice treated with
scrambled ODNs (5 mg/kg) exhibited no loss of ILK protein. To further evaluate ILKAS
mediated therapeutic activity, ILK protein suppression and AKT phosphorylation were assessed
using immunohistochemistry. Sections derived from isolated U87MG tumors were stained for

ILK and phospho-AKT at Ser473 (Fig. 3.7).
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Figure 3.6

(4) Representative study of tumor growth delay by ILKAS in Rag-2M mice bearing
established U87MG xenograft tumors. ILKAS or a SCRAM control sequence were
injected subcutaneously into Rag-2M miceand the resulting tumor growth curves were
compared to saline treated control animals over a 3 week period. Bars: pretreatment
(horizontal hatched bars),week 1 (grey bars), week 2 (black bars), week 3 (white bars).
The tumor inoculation and treatment schedules are described in “Materials and
Methods.” All data are expressed as mean +SE (n=6 mice/group) p < 0.05 for treatment
groups compared with controls (saline) and these are indicated with an *. (B) Western
blotting analysis of ILK and actin protein levels of harvested tumors from untreated,
SCRAM?2 and ILKAS treated Rag-2M mice were quantitated by densitometry. ILK and
actin protein levels are normalized to untreated control tumors and values are shown
below.
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Figure 3.7
In vivo ILKAS affects on ILK and PKB/AKT-Ser473 expression in US§7MG
tumors. Immunohistochemistry of U87MG tumor tissue from Rag-2M mice day 41
post-inoculation. Untreated tumors stained for ILK and PKB/AKT-Ser473 expression
(B-E) show heavy staining (brown) compared to treated ILKAS tumors stained for ILK
and PKB/AKT-Ser473 expression (C-F).ILKAS (4) and phospho-PKB/AKT (D) 1gG
controls are shown above. Magnification 100X.

Control Tumors Treated Tumors
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U87MG control tumors (saline treated) showed staining for ILK and PKB/AKT phosphorylated
at Serd473 (Fig. 3.7B and 3.7E respectively). U87MG tumors obtained from ILKAS treated
animals revealed a significant loss of ILK and phospho-(Ser473)AKT staining (Fig. 3.7C and
3.7F respectively). Figs 3.7A & D are representative IgG controls. These results indicate that the
ILKAS used in these studies can mediate in vivo decreased tumor growth rates, decreased ILK

expression and decreased phospho-(Ser473)AKT.

3.4. Discussion

PTEN mutation in glioblastomas has been shown to influence the PI3-kinase pathway
[130] and more specifically PKB/AKT levels and activity [144], VEGF levels [128], cellular
invasion [157] and cell cycle regulation [158]. Similarly, integrin-linked kinase has been shown
to regulate PKB/AKT [100] in a PI3-kinase dependent manner [126]. This ILK regulated
pathway affects cellular invasion [106] and cell cycle regulation [92]. Despite the parallel in
cellular regulation between PTEN and ILK and the subsequent downstream PKB/AKT activity
in glioblastomas, the role of ILK in glioblastoma cells has not been well described. The present
study sought to characterize the role of integrin-linked kinase in glioblastoma cells in vitro and
the potential for modulating constitutive ILK protein expression and activity by treatment with
an ILK targeted antisense sequence. Preliminary results with a small molecule inhibitor of ILK
are also provided. The in vivo data suggest ILK suppression, induced by treatment with
antisense targeting ILK causes a tumor growth delay; It is possible that this approach will be
sufficient to stabilize diseases but will not be able to promote tumor regression based on these

results with well-established tumors (Fig. 3.6A). Consistent with other studies from this
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laboratory [123][159], it is anticipated that molecularly targeted drugs need to be combined with
other agents in order to obtain optimal therapeutic results such as tumor regression. The use of
ILKAS for treatment of the brain cancer glioblastoma multiforme may for example, be most
effective in combination with conventional drugs used in treating this disease (e.g.
Temozolimide) or with other drugs targeting parallel pathways capable of compensating for ILK
inhibition. Our approach involves targeting cell signaling pathways known to be involved in the
progression of brain cancer and targeting via small molecule inhibitors or antisense in drug
combinations that would ideally be synergistic. To this end, previous studies have shown that
PD153035, an inhibitor of the highly expressed EGFR in glioblastomas, in combination with a
small molecule inhibitor targeting ILK yielded a synergistic interaction and resulted in increased
cell death [123]. However, in our previous study and in the current study it is important to note
that in dealing with molecularly targeted drugs alone or in combination, it is critical to assess
many therapeutic endpoints, particularly in defining drug efficacy and drug interactions which
appear to be synergistic. Our lab is currently pursuing how to translate drug efficacy and drug
interactions measured on the basis of cell based screening assays to preclinical studies of drug
combinations and, eventually, to clinical trials. The later point is obviously critical, since use of
the antisense against ILK may only result in patients with stable disease and this effect may not
be sufficient to warrant further clinical development as a single agent. Yet the same drug may
show substantial therapeutic effects in a combination setting. Regardless of how ILK inhibition
is achieved, it is clear that it is an important therapeutic target and strategies assessing ILK
inhibitors require serious consideration.

Integrin-linked kinase has been shown to be important in oncogenesis and is a principal

mediator of cell signaling activity within the PI3- kinase cell signaling pathway. Integrin-linked
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kinase has been associated with cell proliferation in ovarian cancer cells [160], ILK expression
has also been shown to increase with prostate tumor grade [110], and is a potential diagnostic
marker for Ewing’s sarcoma and primitive ectodermal tumors [108]. It is clear that ILK plays a

major role in cancer progression and glioblastomas are part of ILK’s oncogenic repertoire.
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CHAPTER 4

COMBINED INHIBITION OF THE PI3K/AKT AND RAS/MAPK PATHWAYS
RESULTS IN SYNERGISTIC EFFECTS IN GLIOBLASTOMA CELLS*

4.1. Introduction

Two key cell signaling molecules have been implicated in glioblastoma multiforme (GBM)
pathogenesis (due to their mutation, gene amplification or overexpression); the epidermal
growth factor receptor, (EGFR) [161] and the gene for phosphatase and tensin homologue
(PTEN) [150]. EGFR mutation can result in increased levels of p21-Ras, leading to constitutive
activation of the Ras/MAPK pathway, which is functionally important in glioma proliferation.
Mutations of PTEN in glioblastomas have been observed in as few as 15% to as many as 70% of
cases [162-164]; and loss of this tumor suppressor gene has been shown to result in ﬁigh levels
of PKB/AKT activation in GBM [151].

Integrin-linked kinase (ILK) is a serine/threonine kinase that is regulated in a PI3K
dependent manner and can phosphorylate PKB/AKT in vitro [126]. Conditional knock-out of
ILK with the Cre-Lox system indicated ILK is vital in PKB/AKT activation [100]. GW5074 is
an inhibitor of Raf-1, such that Raf-1 cannot phosphorylate and thereby activate, MEK [165].
Similarly, U0126 inhibits MEK preventing MAPK phosphorylation [166-167]. This activity
halts further signal transduction along the Ras/MAPK pathway. ILK antisense (ILKAS) can
inhibit ILK protein production and should therefore reduce ILK activity. This will in turn reduce
phosphorylation and hence activation of PKB/AKT and further signaling along the PI3K/Akt

pathway.

* A version of this chapter has been provisionally accepted. Edwards, L., Thiessen, B., Hu, Y., Dragowska, WH.,
Hu, Y., Yeung, JHF,, Dedhar, S., Bally, M. (2005) Combined Inhibition of the PI3K/Akt and Ras/MAPK pathways
results in synergistic effects in glioblastoma cells. Mol Can Ther. All work presented here is my work with
indicated contributions.
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Since the Ras/MAPK and PI3K/AKT pathways have both been implicated in glioblastoma
progression [168], it would be anticipated that therapies that target both of these cell signaling
pathways may lead to an effective treatment option.

Drug combinations are not new to GBM treatment, but drug combinations which yield
specific drug effects, i.e synergism, additivity or potentiation through the use of small molecule
inhibitors and/or antisense for the treatment of glioblastoma multiforme to our knowledge have
not been studied extensively. This study sought to investigate such drug interactions with ILK as

a primary target for combination therapy of GBM.

4.2. Hypothesis

Targeting ILK in vitro and in vivo leads to cell cycle arrest, cell death and tumor growth delay.
Although the inhibition of ILK has led to stable disease in vivo, combination molecular targeting
involving ILK and another cell signaling target known to be involved in glioblastoma
progression, should improve upon a mono-therapeutic approach, especially when synergy is

achieved with a drug combination of interest.

The research objectives are the following:
(1) To evaluate anticancer targeting of the PI3-kinase regulated ILK alone and in
combination therapy.
(2) To determine if combinations targeting specific cell signaling pathways involved in
glioblastoma multiforme can result in a synergistic effect.
(3) To determine whether ILK in combination is more effective than a mono-therapeutic

approach
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4.3. Results

Disruption of the PI3K/AKT pathway was achieved by using an ILK targeted antisense
oligonucleotide sequence (ILKAS), which was transfected into SF-188 cells. Results, shown in
Figure 4.1A, indicate that ILKAS transfection resulted in knock-down of ILK protein and
decreased PKB/AKT phosphorylation on Ser-473, but not Thr-308 (Fig. 4.1A, lanes 3 and 4).
Transfection with the reverse ILK antisense (RILK) did not decrease ILK or phospho-
PKB/AKT protein levels (Fig. 4.1A, lane 3), nor did the vector control affect ILK or phospho-
PKB/AKT levels (Fig. 4.1A, lane 2). These data demonstrate, in vitro, that the selected ILK
targeted antisense can suppress ILK protein levels and decrease phospho-PKB/AKT activity.
Treatment of SF-188 and U87MG cells with ILKAS, at doses ranging from 1 to 10 pM,
decreased cell viability (Fig. 4.1B). At the highest concentrations tested (8 and 10 uM), the data
suggested >80% decrease in cell viability. To determine whether the cytotoxic/cytostatic effects
of ILKAS against glioblastoma cells could be enhanced when used in combination with
GWS5074, the effects of which have been previously described [165], a fixed-ratio of this
combination (ILKAS/GW5074=1:2 mol:mol) was analyzed at and above the ICso values of
these individual agents. The Chou & Talalay median-effect method [116][169] was used to
determine drug efficacy and the nature of the drug interaction. The dose-effect plot for US7MG
cells, provided in Fig. 4.1C, showed that the combination of ILKAS (1-8 uM) with GW5074 (2-
16 pM) exhibited an enhanced drug combination effect (decreased cell viability-labeled
“effect”, on the y-axis) relative to ILKAS and GW5074 used alone. The interactions were
judged to be synergistic, with combination index (CI) values less than 0.25 (Fig. 4.1D).

Similarly, the dose-effect plot and CI values for SF-188
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Figure 4.1

Effects of ILK antisense (ILKAS) and the Raf-1 inhibitor GW5074 on SF-188 and U8S87TMG
glioblastoma cells. (4), Immunoblot analysis of SF-188 cells transfected with the indicated
antisense, vector or untreated control. Equivalent amounts of protein (30pg/lane determined by
Bradford assay) were resolved by 12% SDS-polyacrylamide gels. Cells were harvested 12-14 h
post-transfection (B), Cell viability of SF-188 and U887MG glioblastoma cells treated with
ILKAS (1-10 uM) was determined by the colorimetric (3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide) MTT assay. (C-F), Dose effect and combination index plots to
determine drug efficacy and interaction between ILKAS and GWS5074. All assays were
performed in triplicate at least two times. MTT data were obtained following treatment of cells
with the indicated agents alone or in combination. Effective concentrations were analyzed using
the CalcuSyn software (Biosoft, Freguson, MO) Cells were analyzed 24 h post-drug treatment.
(G), Colony forming assay showing U87MG glioblastoma cells treated with ILKAS (5uM),
GW5074 (15uM) as single agents or in combination (ILKAS 1pM/GW5074 2uM). All data are
expressed as a mean =SEM 6-well plates (three wells/condition) * p<0.05.
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cells (Figs. 4.1E and 4.1F, respectively) indicate that the combination of ILKAS (1-8 pM) and
GW5074 (2-16 uM) also resulted in synergy, with CI values less than 0.4 (Fig. 4.1F).

The data summarized thus far suggest a greater than additive effect on US7MG and SF-183
glioblastoma cells treated with ILKAS in combination with GW5074. These results were
assessed on the basis of a MTT assay endpoint. It was important confirm that these effects
would also occur when a different assay endpoint was used. A clonogenic assay was, therefore,
used to determine the impact of the drugs, alone and in combination, against U§7MG cells.
U87MG cells were treated with ILKAS, GW5074 or the combination of the two and subsequent
examination of clonogenic survival was analyzed (Fig. 4.1G). In these studies, the ILKAS added
at a dose of 5 uM resulted in a 22% reduction in colony formation (3" bar graph Fig. 4.1G).
GW5074, when added alone, resulted in approximately 25% colony formation inhibition when
added at 15 uM (2" bar graph, Fig 1G). Addition of both ILKAS and GW5074 at a fixed drug
ratio (1 pM-ILKAS/2 uM-GW5074) that was shown to be synergistic when measured using the
Chou and Talalay median effect method [169] engendered a 92% reduction in colony formation
(4™ bar graph Fig. 4.1G) . These results are consistent wifh the dose reduction effects associated
when using agents that interact synergistically to achieve a defined effect level. In order to
further evaluate the effect of this combination, apoptosis induction was assayed by measuring
Annexin-V labeling of externalized phosphatidylserine (PS). The combination added at

synergistic fixed-ratio doses was used and the effects achieved.
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Figure 4.2

Apoptosis assessment in ILKAS and combination treated cells. (4), SF-188 glioblastoma
cells were isolated and exposed to 2uM GW5074 + 1pM ILKAS or left untreated for a
minimum of 8hrs, where Camptothecin was used as a positive control for Annexin V-FITC and
PI staining. The induction of apoptosis was determined by flow cytometric analysis of Annexin
V-FITC and Pl-staining. Cells in the lower right quadrant indicate Annexin-positive, early
apoptotic cells. The cells in the upper right quadrant indicate Annexin-positive/PI-positive, late
apoptotic cells. (B), SF-188 cells were treated with 2uM GWS5074 + 1uM ILKAS or left
untreated and harvested and the percentage of cells with sub G/Gy (apoptotic/necrotic) DNA
content was measured by flow cytometric analysis of propidium iodide (PI) staining for 20,000
events. The percentages indicate dead cells. (C), Nuclear morphology of SF-188 cells treated
with 2uM GW5074 + 1uM ILKAS or left untreated following stained with DAPI and cytospun
preparations. Arrows indicate where cell fragmentation, DNA condensation and apoptotic
morphology is in response to treatment. Cells were viewed under fluorescence microscopy at
100X magnification.
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were compared to those measured with the single agents added at higher concentrations (Fig.
4.2). SF-188 glioblastoma cells were treated with the single agent ILKAS at 5 pM or the single
agent GW5074 atl5 uM in comparison to the drug combination of ILKAS at 1uM and GW5074
at 2 uM. Results for SF-188 are summarized in Figure 4.2. Annexin V-FITC staining (Fig.
4.2A), PI profile (Fig. 4.2B) and DAPI staining data (Fig. 4.2C). Camptothecin, a known
inducer of apoptosis, was used as a positive control and untreated cells served as the negative
control (Fig. 4.2A). Results of studies assessing SF-188 cells treated with ILKAS and/or
GW5074 indicated that there were very few PI negative and Annexin-V positive cells in the
control cultures (Fig 4.2A). Camptothecin treated cells exhibited 87.0% Annexin V labeling.
Cells treated with ILKAS in combination with GW5074 showed a substantial amount of
apoptosis observed by Annexin-V labeling. Cells treated with the combined drugs exhibited
75.5% Annexin-V labeling versus 51.2% and 33.7% measured for cells treated with the single
agents ILKAS or GW5074, respectively. To further characterize the effects of ILKAS and
GW5074 on glioblastoma cells, PI was used to stain nuclear DNA. Cells undergoing apoptosis
and necrosis were identified as a population with reduced DNA content (the sub G/Gg
population). The sub G1/Gq cell population of SF-188 cells treated with the ILKAS/GW 5074
(1:2 pM) combination was significantly higher than that observed when treating cells with
ILKAS (5 uM) or GW5074 (15 uM) alone. This effect was achieved at a lower combined

concentration than the single agents (Fig. 4.2B), a result that is again consistent with data |
suggesting that this might be a synergistic combination. To confirm whether transfection of
glioblastoma cells with ILKAS alone and in combination with GW5074 resulted in apoptotic

cell death, we examined the morphological changes of SF-188 cells by DAPI staining (Fig.
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4.2C). No nuclear fragmentation or chromatin condensation in SF-188 control cultures was

observed. Substantially more cells with fragmented nuclei and condensed chromatin, indicative

of late apoptosis, were observed in cultures treated with ILKAS and the ILKAS/GW5074 -~

combination (Fig. 4.2C see arrows). Having assessed the effects of targeting ILK in
combination with the Raf-1 inhibitor GW5074, a relatively infrequently used inhibitor, we
wanted to determine if a synergistic interaction could be achieved further downstream within the
Ras/MAPK pathway with a- well known small molecule inhibitor, U0126 which targets MEK.
Synergistic interactions were seen with ILKAS in combination with U0126 in U251MG and SEF-
188 glioblastoma cells (see Fig. 4.3). The dose-effect plot of U251MG cells in Fig. 3A showed
that the combination of ILKAS (1-4 uM) with U0126 (10-40 uM) exhibited an enhanced drug
combination effect (decreased cell viability-labeled “effect”, on the y-axis) relative to ILKAS
and U0126 used alone. Data analysis indicated combination index (CI) values ranging from 0.5
to less than 0.1 (Fig. 4.3B). The dose effect plot for SF-188 cells treated with ILKAS in
combination with U0126 (Fig. 4.3C) in the same fixed ratio as U251MG glioblastoma cells also
result in strong .synergy (CI values were below 0.4) (Fig 4.3D). As a control, a combination of
RILK and GW5074 and a combination of RILK and U0126 were used at the same
concentrations as that of the ILKAS and GWS5074 or U0126 in combination. For these
combinations the CI values exceeded 10, suggesting that combination with the control antisense
sequences actually inhibited any measured therapeutic effects due to GW5074 or U0126.In
order to determine if ILKAS and U0126 were inhibiting their specific targets in the PI3K/AKT
and the Ras/MAPK pathways at the same concentrations at which synergistic combination
effects were seen, ILK, PKB/AKT, and MAPK levels/activity were assessed by western blot

analysis in SF-188 and U251MG glioblastoma cells.
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Figure 4.3

Dose effect and combination index plots to determine drug efficacy and interaction between
ILKAS and U0126. MTT data were obtained following treatment of cells with the indicated
agents alone or in combination. Effective concentrations were analyzed using the CalcuSyn
software (Biosoft, Freguson, MO). (4), U251MG and (C), SF-188 cells were exposed to a range
of ILKAS (1-10uM) and U0126 (10-100puM) concentrations alone and in combination at a fixed
mole to mole ratio (i.e. 1:10) for 36 hrs. The results are visualized as a dose-effect curve and a
combination index (CI)/fraction affected plot as described in figure 4.1. (E-F), Disruption of cell
signaling pathways by single agent and combination therapy. SF-188 (E) and U251MG (F) cells
respectively, were incubated in the presence or absence of 4uM ILKAS + 40uM of U0126
Equivalent amounts of protein (30pg/lane determined by Bradford assay). Note EGF was added
exogenously 12 h prior to drug treatment.
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These studies were completed using cells cultured in the presence of epidermal growth factor
(EGF) added exogenously to determine if the effects of this mitogen could be abrogated by drug
treatment. The results of these studies have been summarized in Figures 4.3E and F. SF-188
cells transfected with ILKAS alone resulted in loss of ILK protein (lane 4 Fig. 4.3E). When the
ILKAS was used in combination with the MEK inhibitor U0126, U0126 did not interfere with
ILKAS targeting as judged by ILK protein inhibition measured in the presence of U0126 (lane
5 Fig. 4.3E). Transfection of ILKAS alone or in combination with U0126 also resulted in
decreased phosphorylation of PKB/AKT Ser473 (lanes 4 and 5 Fig. 4.3E). Interestingly, ILKAS
also resulted in decreased MAPKp44/p42 phosphorylation (lane 4 Fig. 4.3E) even though the
ILKAS targets the PI3K/AKT pathway. SF-188 cells exposed to the MEK inhibitor U0126 in
the presence and absence of ILKAS resulted in loss of MAPKp44/p42 phosphorylation (lanes 3
and 5 Fig. 4.3E). Total Akt and MAPK levels were unaffected by the ILKAS/U0126
combination. Similar results were seen for the glioblastoma cell line U251MG (Fig. 4.3F). Loss
of ILK and decreased phosphorylation of PKB/AKT were seen following ILKAS transfection
and this was also observed when ILKAS was used in combination with U0126 (lanes 4 and 5
Fig. 4.3F). In addition, ILKAS resulted in loss of MAPKp44/p42 phosphorylation (lane 3 Fig.
4.3F). Treatment of U251MG cells with U0126 resulted in MAPKp44/p42 loss. Total AKT and
MAPK levels were unaffected as measured relative to actin levels as a loading control.
Treatment of U251MG cells with U0126 and ILKAS alone and in combination promoted
apoptosis (Fig. 4.4). The percentage of PI negative and Annexin-V positive cells in single agent

treated cultures was 98.3% and 57.8% for U0126 and ILKAS, respectively.
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Figure 4.4

(A), Apoptosis assessment in ILKAS and combination treated cells. U251MG
glioblastoma cells were isolated and exposed to 40uM U0126 + 4uM ILKAS or left untreated
for a minimum of 24 h, where Camptothecin was used as a positive control for Annexin V-FITC
and PI staining. The induction of apoptosis was determined by flow cytometric analysis of
Annexin V-FITC and PI-staining. Cells were harvested 24-36 h later for analysis. Cells in the
lower right quadrant indicate Annexin-positive, early apoptotic cells. Y axis indicates PI
fluorescence intensity, the X axis indicates Annexin V-FITC intensity. The cells in the upper
right quadrant indicate Annexin-positive/PI-positive, late apoptotic cells. (B), U251MG cells
were treated with 40pM U0126 + 4uM ILKAS or left untreated and harvested and the
percentage of cells with sub Gi/Go (apoptotic/necrotic) DNA content was measured by flow
cytometric analysis of propidium iodide (PI) staining for 20,000 events. Y axis indicates # of
events and X axis indicates PI fluorescence. The percentages indicate dead cells. (C), Nuclear
morphology of U87MG cells treated with 40uM U0126 + 4uM ILKAS or left untreated were
stained with DAPI and cytospun preparations were obtained. Arrows indicate where cell
fragmentation, DNA condensation and apoptotic morphology is in response to treatment. Cells
were viewed under fluorescence microscopy at 200X magnification.
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There was a high proportion (98.0%) of cells expressing phosphatidyl serine (PS) in cells treated
with the combination of ILKAS and U0126 (Fig. 4.4A). Please note that this effect level was
achieved at a drug concentration of the agents which were 1.75 and 2.5 fold lower then that used
for single agents ILKAS and U0126, respectively. Also note that in U251MG cultures treated
with ILKAS and U0126 in combination (Fig. 4.4A) there were more double positive (Annexin
V-FITC, PI stained) cells than in either of the single agent treated U251MG cells. This is
consistent with faster progression to late stage cell death with the combination. Despite using
lower drug doses, similar levels of Annexin-V positive labeling were obtained. In addition, PI
analysis indicates that there was an increase in the number of cells with sub G,/Go DNA content
when the cells were treated with the drugs in combination (Fig. 4.4B). Analysis of DAPI stained
U251MG cultures confirm the presence of cells with fragmented nuclei and condensed

chromatin in single agent treated samples and the combination treated samples (Fig. 4.4C).
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4.4. Discussion

The present study examines the role of drug combinations selected to affect distinct
aberrant cell signaling pathways known to play a role in glioblastoma cell proliferation and
survival. These in vitro studies provide a rationale for the preclinical development of targeted
drug combinations in animal models of glioblastoma multiforme and hopefully clinical testing
of an effective combination of drugs affecting these pathways. We have demonstrated that
treatment of U87MG, U251MG and SF-188 glioblastoma cells with ILKAS can decrease ILK
protein levels and downstream phosphorylation of the cell survival protein PKB/AKT at Ser473,
the site specifically phosphorylated by ILK. This ILKAS specific effect and the associated
decrease in the PKB/AKT cell survival activity likely led to increased cell death in this cell
population treated with the selected ILKAS. Furthermore, when ILKAS was combined with the
MEK inhibitor U0126 the measured therapeutic effects were judged to be synergistic.
Synergistic interactions, in this context, means that the therapeutic effects can be achieved at a
much lower concentration of the ILKAS and U0126 when used in combination as compared to
doses required to achieve the same effect level when used as single agents. The concentrations
used in this study were 4 pM ILKAS and 40 pM U0126 and at these concentrations the
therapeutic activity, as determined by the percentage of apoptosis, were equal or greater to that
achieved using 7 uM ILKAS or 100 pM UO0126 singly. This dose reduction, due to drug
combination synergism, has potential advantages clinically as optimal therapy may be achieved
at lower dose levels and, perhaps with reduced toxicity [170].

It has been reported that there is low expression of EGFR associated with glioma cells in
vitro [171], which may result in a lower activity of the Rass/MAPK pathway. To combat this

problem we stimulated treated and untreated cells with EGF to increase EGFR expression
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and/or activation prior to assessing the effects of the targeted agents. It has also been reported
that EGFR is upregulated in malignant glioma [172] and this could be due to the 3-D
arrangement of the tumor in vivo which may engender EGFR expression due to poor tumor
perfusion and associated stress effects of starvation and hypoxia. This would not be seen in a
monolayer culture. The monolayer culture condition may therefore limit the ability of GW5074
to act effectively due to artificially reduced EGFR expression and subsequent low Ras/MAPK
pathway activity. An indirect method to address this relied on plating the glioblastoma cells in
soft agar (Fig. 1G), in anticipation that EGFR expression would be enhanced. Although
enhanced EGFR expression was not demonstrated, our results suggest that the therapeutic
effects of the drugs alone and in combination were comparable to results generated using the
MTT assay.

The activity of ILKAS not only had an affect on the PI3K/AKT pathway but also on the
Ras/MAPK pathway in which phospho-MAPK activity was decreased (see Figs 3E and 3F).
This was not unexpected as other groups have shown that inhibition of the PI3K pathway can
result in a decrease in the activity of Rass/MAPK pathway [173]. Regardless, the in vitro data
does suggest that the combination of ILKAS and U0126 or GW5074 can result in more than
additive effects. The flow cytometry and DAPI staining results support this conclusion. There
was equal or greater cell death when ILKAS and U0126 or GW5074 were used in combination
and this effect was seen at lower concentrations than required to see the same effect when using
either of the agents alone (Figs. 2A-C, 4A-C). It is hoped that the in vitro cell based screening
assays can be used to confirm whether agents targeting specific cell signaling pathways act in
coi;lcert and, perhaps, synergistically. Such data will help preclinical investigators to rationally

choose agents for combination studies in animal models. At the moment, one of the most
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sighiﬁcant challenges that we are attempting to address concern the translation of interesting in
vitro drug combination effects into meaningful in vivo treatment strategies. To this end, our lab
is developing strategies which will define combination products (a single dosage form that is
comprised of two or more active agents), taking into consideration the pharmacodynamic
properties of the individual agents as well as toxicity endpoints established for the individual

agents in preclinical animal models.
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CHAPTER S
. SUPPRESSION OF VEGF SECRETION AND ASSOCIATED CHANGES IN THE
TUMOR MICRO-ENVIRONMENT BY SELECTIVE INHIBITION OF INTEGRIN-
LINKED KINASE (ILK) IN GLIOBLASTOMA MULTIFORME

5.1. Introduction
Conventional chemotherapeutic agents are ultimately a trade-off between therapeutic response
and toxicity, and while novel approaches such as siRNA are in the making, the success of
Gleevec™ (STIS71) initally defined the prdtotype for selective kinase inhibition, however has
since been found to be not as specific. Consequently, there has been a concerted effort into
producing a new class of selective molecular targeted agent. Although some of the initial results
have been encouraging, the perceived therapeutic expectations have not yet been fully realized.
Targets, which impact cell growth, proliferation and apoptotic pathways are certainly important
but, direct effects on the cancer cell often do not consider how therapy influences the tumor
micro-environment. The tumor micro-environment is represented by a collage of attributes
encompassing variations in pH, blood vessel density, hypoxic and perfused regions. This, in
addition to the mixed tumor cell and host cell populations that typify tumor heterogeneity, make
it easy to understand why cancer has been so difficult to treat effectively. Hypoxia inducible
factor 1 alpha (HIF-1c¢) and vascular endothelial growth factor (VEGF) are key factors that are
known to affect the tumor micro-environment and can be induced in response to hypoxia which

in turn, can lead to angiogenesis. Thus the environmental crisis triggered by hypoxia can be

mitigated by cellular pathways designed to promote cell survival. The tumor micro-environment
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allows the cancerous process to progress (promoting cell survival and adaptation) as well as
enhancing the likelihood of metastatic spread (due to pro-stimulatory angiogenic factors) while
at the same time creating conditions that foster development of resistance to traditional
chemotherapeutic treatment [174-176].

It has been argued that targeting the tumor micro-environment may be an effective treatment
option [177] due to the relatively simple nature of processes governing the micro-environment
compared to the cellular processes that contribute to a tumor cell’s ability to adapt to the
environment that it is exposed to [178]. Approaches to targeting the tumor micro-environment
have involved direct targeting of factors such as VEGF through antibodies that bind VEGF
and/or small molecules that inhibit VEGF signaling through the VEGF receptor. Here we
propose an alternative approach that considers central pathways within cells that lead to multiple
effects, including inhibition of tumor cell proliferation, induction of apoptosis as well as
inhibition of VEGF secretion. Targeted anticancer agents that achieve such effects will be
particularly attractive when used in combination with conventional treatment modalities such as
radiation or cytotoxic chemotherapy.

Integrin-linked kinase can be used as an example target that is capable of producing
pleiotropic effects. It has been shown that a key molecular marker of hypoxia in the tumor
micro-environment, HIF-1a, is upregulated in a PI-3 kinase dependent manner and can be
stimulated through the activity of PKB/AKT which in turn activates VEGF [179-180]. Integrin-
linked kinase (ILK) can stimulate VEGF expression by stimulating HIF-1a via a PI-3 kinase
dependent stimulation of PKB/AKT {128]. ILK has also been shown to stimulate cell growth
and cell cycle progression [69] and inhibit apoptosis [76]. Recently, we and others have shown

the regulatory role of ILK in glioblastoma progression [149][181]. Loss of the tumor suppressor



PTEN; which has been shown to be as high as 80% [129] in glioblastomas, results in
constitutive activation of ILK leading to tumor progression. Here we demonstrate that targeting
ILK with small molecule inhibitors, inhibits, cell proliferation and cell survival leading to cell
death in vitro as well as facilitating decreases in HIF-la and VEGF expression. In vivo
therapeutic effects of these novel agents correlate to drug mediated decreases in hypoxia and

angiogenesis.

5.2. Hypothesis

ILK inhibition has been associated with inhibiting cell prolilferation and increasing apoptosis in
cancer. Evidence of ILK mediating micro-environmental effects such as angiogenesis through
the regulation of VEGF in cancer, led to investigating the possibility of targeting ILK to
examine the effects on the tumor micro-environment. Given ILKs role in regulating
angiongenesis, inhibition of ILK should result in decreased angiogenesis (in addition to

inhibition of cell proliferation and promotion of cell death.).

The research objectives are the following:
(1) To evaluate two small molecule inhibitors QLT0254 and QLT0267 for their ability to
inhibit cell proliferation, increase apoptosis and decrease angiogenesis.

(2) To determine if these ILK inhibitors are potential anti-cancer agents.

(3) To verify that ILK is a viable therapeutic cancer target.
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5.3. Results

5.3.1. QLTO0254 and QLT0267 Reduces Glioblastoma Cell Viability

SF-188 (PTEN positive) U25IMG (PTEN negative), and US87MG (PTEN negative)
glioblastoma cells were treated with increasing concentrations of the ILK inhibitor QLT0254
[182] or QLT0267 [183] for 48 hrs and an MTT assay was used to determine cell viability. As
shown in Table 5.1, treatment with either ILK inhibitor for 48 hrs reduced MTT labeling,
indicative of cell cytotoxicity and/or cell cytostasis of all cell lines tested. The values from the
MTT assay were analyzed by the software program Calcusyn to determine the ICsqo values for
the individual agents and these ranged from 6.7-38 uM for QLT0267 and 27-58 uM for

QLT0254).

5.‘3.2. QLTO0254 and QLT0267 inhibit PKB/AKkt cell survival activity in Selected
Glioblastoma cells

Several studies have shown that transfection of PTEN or a dominant negative /LK or an
antisense targeting ILK affects the phosphorylation and activation of PKB/AKT at serine 473, a
well known cell survival signaling protein [90][159]. Therefore we investigated if two small.

molecule inhibitors of ILK from the K15792 class of the pharmacophor family (Fig. 5.1A),

QLT0254 and QLT0267, could decrease phosphorylation of PKB/AKT.




Table 5.1: ICso values of QLT0254 and QLT0267 for the viability of glioblatoma cancer cell
lines.

SF-188 QLT0267 6.7+ 0.7

SF-188 QLTO0254 51+£11.2
USTMG QLTO0267 23+ 1.5
U8'TMG QLT0254 27+1.3
U251IMG QLTO0267 38+2.2
U251IMG QLT0254 58 +£ 8.5

Note cells were plated in 96-well plates and treated with QLT0254 or QLT0267 for 48 hours.
Cell viability was determined using the MTT assay and subsequently analyzed by Calcusyn to
estimate the ICsq values. Each point is the mean for 6 replicate wells and is reprentative of two

independent experiments performed.
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The results are summarized in Figs. 5.1(B-D). In all glioblastoma cells exposed to QLT0267
there was complete loss of phospho-PKB/AKT at Ser473 at the highest concentration tested 50
uM (Figs. 5.1B-D top panels). In the case of SF-188 and US7MG glioblastoma cells significant
loss of phospho-PKB/AKT at Ser473 was noted at concentrations of 5 pM (Figs. 5.1B and 1D
top panels). SF-188 cells treated with QLT0254 exhibited partial loss of phospho-PKB/AKT at
Ser473 at 50 uM (Fig. 5.1B, bottom panel), U251MG (Fig. 5.1C, bottom panel) and US87TMG
(Fig. 5.1D, bottom panel). Note that treatment with the ILK inhibitors (QLT0254 and QLT0267)
did not effect ILK protein expression. Total PKB/AKT was also unaffected by the inhibitors and

actin was used as a loading control.
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Figure 5.1
Structure of the K15792 class of the pharmacophor family (4) which were
used to synthesize QLT0254 and QLT0267 ILK inhibitors. The effects of
QLT0254 and QLT0267 on the phosphorylation of the cell survival protein
PKB/Akt in (B-D) Glioblastoma SF-188 (B), U251 (C) and U87MG (D) cells
(2 x 106). The cells were plated on 100 mm dishes and incubated with either
QLT0267 (top row) or QLT0254 (bottom row) at drug concentrations of
0,5,20,50 uM for 48 h. Protein lysates were prepared and 30 pg of each lysate
was resolved by electrophoresis, transferred to membranes, and probed with

the indicated antibodies. R
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5.3.3. Effect of the QLT0254 and QLT0267 on Cell Cycle Regulation in the Selected
Glioblastoma cell lines

To determine the possible cell cycle effects of ILK inhibition in U251MG, SF-188 and US7MG
cells, the cells were treated with QLT0254 or QLT0267 at concentrations ranging from 0-50
uM for a maximum of 24 h. Propidium iodide (PI) staining of glioblastoma DNA cell content
was assessed by flow cytometry as described in the Materials and Methods. The results, shown
in Figure 5.2, indicated that the glioblastoma cells treated with QLT0254 or QLT0267 (Figs.
5%A and 2B) exhibited a strong, dose dependent, Go/M cell cycle block. For example, in
U§7MG cells 10%, 29% and 44% of the cells appeared in Go/M following treatment with
QLTO0254 at 5, 20 and 50 uM (Fig. 5.2A left column and 2B top panel), respectively. Similar
results were observed for PI stained U87MG cells treated with QLT0267 (Fig. 5.2A muddle
coiumn). Treated SF-188 glioblastoma cells also showed a dose dependent increase in Go/M cell
cycle block [40%, 45% and 68% of cells in the G2/M phase following exposure to QLT0254 at
5, 20 and 50 uM (Fig. 5.2B middle panel), respectively]. U251MG cells treated with QLT0254
exhibited a high secondary peak by flow anlaysis of PI stained cells (Fig. 5.2A right column)
and U251MG cells treated with QLT0267 showed 14%, 25% and 35% of cells in the Gy/M
phase, when treated with these drug concentrations (Fig. 5.2B bottom panel). These data
indicate that the mechanism of action of the ILK inhibitors is comparable for the glioblastoma
cell lines evaluated. Regardless of PTEN status, untreated and PTE (vehicle) treated cells
responded in a comparable fashion when evaluated uéing this method. These results were

interpreted by Visia Dragowska
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Induction of Apoptosis following treatment with QLT0254 and QLT0267

To assess whether ILK inhibition by QLT0254 and QLT0267 could induce apoptosis and
subsequent cell death, the activity of caspase-3 and -7 were assessed via a fluorescence assay.
The different cell lines were exposed to 20 pM QLT0254 or QLT0267, drug concentrations that
were typically < the ICsq (see Table 5.1). Since cell cycle arrest was observed within one day
following treatment with QLT0254 and QLT0267, apoptosis was assessed following longer
incubation times (e.g. 72 h). Representative data for SF-188 and U251MG cell lines treated with
QLT0267 and the US7MG cell line treated with QLT0254 are provided in Fig. 5.2C. Caspase
activity increased for SF-188 (Fig. 5.2C, far left), U251MG (Fig. 5.2C, middle) and US7TMG
(Fig. 5.2C, far right) following exposure to the ILK inhibitors. No significant changes in caspase
activity were observed for cells treated with PTE (vehicle control) or when using the ILK
inhibitors at 5 uM. These data suggest that QLT0254 and QLTO0267 can induce caspase
activation.

To assess cell death following drug exposure cellular DNA of treated glioblastoma cells
was stained with -4’,6-diamidino-2-phenylindole (DAPI). Cells were exposed to QLT0254 or
QLT0267 for 72 h. Cell fragmentation and loss of DAPI staining within the cells was observed
(Fig. 5.2D, micrographs) and cell death was recorded and expressed as a fold increase, relative
to cell death found in untreated control glioblastoma cells.(Fig. 5.2D bar graphs). SF-188 cells
treated with QLT0267 exhibited an increase of 25-fold in the measure of apoptosis (Fig. 5.2D,
far left bar graph). Similarly, U251MG cells treated with QLT0267 exhibited an increase in

apoptosis of 17-fold (Fig. 5.2D, middle bar graph). At least a 10-fold increase was observed in
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U87MG treated with QLT0254 (Fig. 5.2D, far right bar graph). Glioblastoma cells treated with

the PTE vehicle alone did not exhibit significant differences when compared to the control cells
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Figure 5.2

In vitro assessment of cell cycle (4-B), caspase induction (C) and apoptosis (D) following
treatment with the ILK inhibitors QLT0254 and QLT0267.. (A) Cells were plated onto 100 mm
culture dishes and incubated with QLT0254 or QLT0267 at the indicated concentrations for 48
h. Fluorescence activated cell sorter (FACS) analysis of propidium iodide stained cells was used
to determine cell cycle characteristics. These data revealed a G/M cell cycle block for
representative glioblastoma cell lines U87MG and U251MG regardless of the ILK inhibitor
used. (B) A breakdown of the cell cycle phases indicates a dose-dependent G»/M block for
U87MG (B top panel), SF-188 (B middle panel) and U251 (B bottom panel). (C) Caspase
activation was seen in SF-188 (C left panel-254), U251 (C middle panel-267) and US7MG (c
right panel-254) with increasing concentrations of ILK inhibitors incubated with glioblastoma
cells for 72 h. Each point is the mean +SE for 6 replicates and is reprentative of two independent
experiments performed. Data is expressed relative to PTE treated control cells. (D)
Glioblastoma cells were plated onto 100 mm culture dishes and untreated or incubated with PTE
(vehicle), or 20 uM of QLT0254 or QLT0267 for 72 h and then stained with DAPI (see photo
micrographs). Morphological features of cellular apoptosis were observed with a fluorescence
microscope. Fold increase was determined by looking at five random fields for each condition
and the observations were collected in a blinded fashion. The results are the mean +SE of data
obtained from five randomly chosen fields.
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5.3.4. Regulation of VEGF Secretion by ILK in U87.23 Glioblastoma cells

It has been shown that vascular endothelial growth factor (VEGF) in glioblastomas is
regulated in a phosphatidylinositol 3’-kinase (PI3K) dependent manner‘ [184][185]. To
determine if ILK inhibition could inhibit VEGF secretion, we used PTEN negative US87TMG
glioblastoma cells, transfected with an ecdysone-inducible [152] wild-type-PTEN retroviral
construct (designated here as U87.23). The ecdysone-inducible expression system allows the
expression of the PTEN gene in the presence of muristirone A. A concentration of 0.5 uM of
muristirone A allows for the full expression of PTEN (Fig. 5.3, gel). An ELISA assay was used
to assess secreted VEGF levels in these cells exposed to rﬁuristirone A or the ILK inhibitors and
these data are summarized in Fig. 5.3. Uninduced U87.23 glioblastoma cells (PTEN negative)
showed high secreted VEGF protein levels (Fig. 5.3 histogram). Upon induction of PTEN by
exposure to 0.5 uM muristirone A, secreted VEGF levels decreased 3-fold. Exposure of
uninduced U87.23 glioblastoma cells to the ILK inhibitors QLT0254 or QLT0267 also
engendered significant decreases in secreted VEGF levels. In addition, exposure of U87.23
glioblastoma cells to 1.Y294002 which affects PI3K also resulted in a similar decrease in VEGF

secretion. This experiment was done by Gigi Chiu.
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Figure 5.3
ILK inhibition results in suppression of VEGF secretion. U87.23 cells were seeded
into 60 mm dishes at a density of 2 x 106 cells/dish and incubated in regular media for
24 h. After 24 h, PTEN was induced or QLT0254, QLT0267 (20 uM), LY294002 (20
uM) was added. 24 h later supernatant were collected and VEGF protein levels were
determined by ELISA. The graph is the product of experiments done four times on
four separate occasions and the data represent the mean +SEM.
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5.3.5. Antitumor efficacy of QLT0254 and QLT0267 on PTEN negative glioblastoma
U87MG tumor Xenografts

We tested the antitumor effects of the ILK inhibitors QLT0254 and QLTO0267 in_Rag-
2M mice bearing subcutaneous (s.c.) xenografts derived following injection of U87MG
glioblastoma cells. Mice were treated with either saline, QLT0254 or QLT0267 or the vehicle
PEG300/Ethanol/Tween 80/citrate (63:29:7.8:0.2 w/v/w/w) (PTE); The drugs were given orally
at 200 mg/kg (qdx7 every week for 3 weeks) and PTE was administered at a dose equivalent to
that used in the formulated drug product. Treatment commenced 32 days after initial tumor
injection when the tumor size was measurable. Saline or vehicle alone treated animals exhibited
tumors that grew reproducibly to an average size 0.55cm”. Treatment with vehicle alone did not
cause any significant change in tumor growth rate when compared to the saline control (Fig. 5.4,
inset). Comparing the saline treated animals to the QLT0254 and QLTO0267 treated animals, the
tumor size in the ILK inhibitor treated groups were significantly smaller. On day 14 for

3 versus 131 mm®) difference = 178

example, tumors from mice treated with QLT0267 (309 mm
mfn3, 95% CI = 48 mm’ to 308 mm’; P<0.01 post-treatment. Significant decreases in tumor
vo}ume were noted on day 16 for tumors in treated mice compared to controls (Fig. 5.4).
AI;imals treated with QLT0267 exhibited mean tumor volume of 213 mm’® compared to tumors
from control animals which were on average 549 mm® (difference = 336 mm’, 95% CI = 66 to
606 mm’; P<0.012). Similar results were seen with QLT0254 treatment where QLT0254 treated
animals had a mean tumor volume of 232 mm® compared to tumors from control animals with

an average tumor volume of 549 mm’> (232 mm? versus 549 mm’, difference = 317 mm3, 95%

CI = 66 to 568 mm’: P<0.012). Animals treated with PTE (vehicle) gave similar results to the



saline treatment group with a mean tumor volume of 530 mm’ compared to QLT0254 treated
tumors with an average tumor volume of 232 mm® (232 mm’ versus 530 mm®, difference = 298
mm’, 95% CI = 205 to 391 mm’; P <.001) or QLT0267 treated tumors with a mean tumor
volume of 213 mm®. (213 mm® versus 530 mm?, difference = 317 mm’, 95% CI= 186 to 448
mm?; P<.001). Neither ILK inhibitor was able to eliminate tumor growth, rather the dose
administered caused a delay in tumor growth. None of the mice treated with either ILK inhibitor
displayed signs of toxicity in general and, specifically, the 200 mg/kg dose given QD resulted in

less than 5% body weight loss.



Figure 5.4

A comparison of tumor volume among the three treatment groups and control The
entire course of treatment is also shown (inset). Rag-2M mice bearing U§7MG
xenograft tumors were orally dosed with either saline, PTE (vehicle) or QLT0254 or
QLT0267 at 200 mg/kg, QD x 7 for 3 weeks. The symbols represent the values
determined for each animal (n=6) receiving the indicated treatment, and the horizontal
bars indicate the mean tumor volumes. * P < 0.012 for control versus QLT0254 and
QLT267 and **P <0.01 for PTE vehicle versus QLT0254 and QLT0267; statistical
significance was determined using the one-way ANOVA tukey test.

1000
900 -
800-
700-
600-
500 -
400-
300
200
100+

Tumor Volume (cm’)

*

' *

2 s

Tumour Size (mm®)
8

)
25

[ |
>

+ S 33

T T T T 1

Control PTE QLT0254 QLT0267

110



5.3.6. Effect of QLT0254 and QLT0267 on Apoptosis in vivo

Glioma tumor tissue was harvested two days after the final treatment from U87MG
tumor bearing mice treated with either saline, QLT0254 or QLT0267. TUNEL staining of
sections derived from these tumors were used to assess apoptosis (Fig. 5.5A). TUNEL staining
was not as prominent in tumors from saline treated animals compared to these tumors from
animals treated with  QLT0254 and QLT0267 (Fig. 5.5A middle and far right
photomicrographs, before and after counter staining with hematoxylin respectively). Semi-
quantitative analysis of TUNEL positive cells indicated a significant proportion of DNA
frai;gmentation in tumors from QLT0267 treated animals éompared to saline control (Fig. 5.5B).
An increase in TUNEL positive cells was also observed in tumors from animals treated with
QLTO0254, but this difference was not statistically significant. A second approach to evaluate the
activity of the ILK inhibitors in vivo involved assessing the fraction of BrdUrd labeled cells (a
measure of cell proliferation) within the U87MG tumors as judged by labeling of sections using
an anti-BrdUrd antibody (see Materials and Methods) (Fig. 5.5C, inset, blue arrows show
BrdUrd labeling in black). Analysis of this BrdUrd labeling revealed that tumors from animals
treated with QLT0267 exhibited significant (p<0.01) decreases cell proliferation compared to
saline control treated animals. Tumors from animals treated with QLT0254 also exhibited

decreased BrdUrd labeling, albeit not a statistically significant decrease.
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Figure 5.5

(4) Tumor tissue taken from U87MG xenografts from indicated groups tissue was
assessed for cell death by TUNEL (A top photomicrograph) two days after final
treatment. To discriminate apoptosis from necrosis, tissue was counterstained with
hemotoxylin (bottom panel). (B) Quantification and percentage of TUNEL-positive
tumor tissue was done by examining at five random fields for each condition, the
results are the mean +SE of data obtained from five randomly chosen fields and the
observer was blinded to the study groups. TUNEL reveals a significant increase in
apoptosis in QLT0267 treated tumors compared to control. (C) BrdUrd was injected
in U$7MG xenograft bearing mice prior to tumor harvesting. Inset shows BrdUrd
labeling as represented by black dots (arrows), and is measure of cell proliferation.
These data suggest an inverse correlation with TUNEL positive staining (n=6).
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5.3.7. Analysis of Hypoxia and Vascularization in Glioblastoma Tumors

Hypoxia was detected using the nitroimidazole EFS [136] which is metabolized and
bound in viable hypoxic cells only. CD31 staining and Hoechst33342 was used to evaluate
tumor vasculature. Serial sections were generated from tumor tissue harvested from US7MG
tumor bearing mice treated with either saline, QLT0254 or QLT0267. The sections were stained
with ELK3-51-CY3 antibody (anti-EF5-CY3 used to stain for cell labeled with EF5) or CD31
(tumor vascular endothelial cells) or Hoechst33342 (as a perfusion marker). Representative
photomicrographs are shown in Fig. 5.6A. Control tumors from saline treated mice show a
substantial amount of CD31 staining (shown in red) and Hoechst33342 staining (shown in blue).
There is also significant EF5 labeling, indicative of hypoxia in these control tumors (Fig. 5.6A)
It is notable that intense EF5 labeling was most frequently observed in regions that show
reduced Hoechst33342 labeling. Tumors from QLT0254 treated animals also showed significant
CD31 staining and Hoescht33342 staining, hypoxia as méasured by the presence of EF5 was not
detectable. This is consistent with the Hoescht33342 labeling data which suggest all regions
within the tumor were well perfused. (Fig. 5.6A). Tumors from QLT0267 treated animals
showed CD31 staining comparable to controls but, reduced Hoechst33342 labeling. In these
tumors, Hoechst33342 appears primarily localized to the periphery of the section. Hypoxia was
observed in the tumors from QLT0267 treated animals and the level of staining was similar to
that seen in control tumors. Semi- quantitative analysis of EF5 staining in sections from animals
treated with saline, QLT0254 and QLT0267 indicate a significant decrease in hypoxia in tumors
from QLT0254 treated animals (Fig. 5.6B); 0.5% versus 8.7% difference = 8.2%, 95% CI =
3.2% to 13.2%; P<0.027. Staining and cryosectioning were done with the aid of Maite

Verreault, Jessica Karle, Janet Woo and Lynsey Huxam.
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Suppression of HIF-1a, VEGF expression by ILK inhibition Ex vivo

To further verify that ILK inhibition affects VEGF protein in vivo we assessed by an ELISA
VEGEF levels in U87MG tumor lysate prepared from tumors isolated from Rag-2M mice treated
with QLT0254 or QLT0267 or saline. As shown in Figure 6C, higher VEGF levels were
measured in saline treated animals versus animals treated with the ILK inhibitors. A 50%
deérease in measurable VEGF was observed in tumors obtained from animals treated with
QLT0254 or QLT0267 at 200 mg/kg. These data are consistent with the in vitro data shown in
Table 5.3 and clearly indicate that the ILK inhibitors used here inhibit VEGF production.

It is known that GBM undergoes molecular changes caused by hypoxia [186-189]
including the induction of VEGF [190]. Therefore, tumor lysates were also used for western blot
analysis of HIF-1a and VEGF, where actin was used as a loading control (Fig. 5.6C, gel).
Western blot analysis revealed that both HIF-1a and VEGF both decreased in tumor lysates
prepared from tumors obtained from mice treated with the ILK inhibitors. These data support
the ELISA results (see histogram) and suggests ILK inhibition can result in decreased HIF-1a as

well as VEGF expression or ILK decreases oxygen consumption.

Tissue Microarray Analysis (TMA) of Microenvironmental Markers, ILK and phospho-
PKB/AKT

The expression of HIF-1o and VEGF were also analyzed by immunohistochemistry. To show
that ILK protein was not affected by the ILK inhibitors, a TMA was prepared for ILK staining
of the three treatment groups: saline, QLT0254 and QLT0267 treated animals. TMA allows us

to investigate tumors from the entire treatment groups where different tumor samples could be
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stained with the same antibody, under the same conditions at the same time. These results
provided supplemental information to support our tumor ELISA and western blot analysis. ILK
staining suggested a uniform stain throughout control and ILK inhibitor treated tumors. This
was expected given ILK inhibitors should inhibit ILK kinase activity and should not affect ILK
protein levels. HIF-1a staining appeared to be less in tumors from animals treated with the ILK
inhibitor as compared to control tumors (Fig. 5.6D). A semi-quantitative scoring of HIF-la
TMA indicated a significant (P<0.036) decrease in QLT0267 treated sections compared to
control (Fig. 5.6D). Consistent with our ELISA and western analysis VEGF staining of the
TMA suggested a decrease in VEGF levels in tumor tissue obtained from animals treated with
QLT0254 and QLT0267 as compared to saline treated controls. TMA preparation and staining

was done with the aid of Ashish Rajput.
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Figure 5.6

(A) Examination of hypoxia in glioblastoma xenografts. Representative serial sections of
U87MG xenograft tumors stained with PECAM/CD31 antibody (left photomicrographs) or
Hoescht33342 (middle photomicrographs) or with anti-EF5-CY3 antibody (right
photomicrographs). Frozen tumor sections taken from tumors obtained from saline treated
(control-top) or QLT0254 (middle) or QLT0267 (bottom) treated animals show CD31 (red),
Hoescht33342 (blue) and EF5 (orange/yellow-gold) which staining; the latter is used to assess
the hypoxic fraction of the tumor. (B) Quantitative analysis of EF5 labeling reveals QLT0254
treated tumors show a significant decrease in hypoxia compared to control tumors (8.7% versus
0.5%) difference = 8.2%, 95% CI = 3.2% to 13.2%; P<0.027. (C) Suppression of HIF-la and
VEGF by QLT0254 and QLT0267. Tumor lysates were collected from saline treated, QLT0254
(200 mg/kg) or QLT0267 (200 mg/kg) treated animals. VEGF protein levels were determined
by ELISA after normalization by Bradford assay. The graph is the mean (+SE) of three
experiments done 3 times with 3 separately produced tumor lysates (top graph). Western
analysis using tumor lysate showed decreased HIF-la and VEGF protein levels in tumors
obtained from treated as compared to control animals (gel). (D) Scoring of HIF-1a staining in
control and QLT0254 and QLT0267 treated tumors. Scoring of all tissues were performed by a
pathologist blinded to the treatment groups. Strong staining score 3 to 4, moderate staining score
2, weak staining score 0 to 1. Magnification 400X.
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5.3.8. The Effects of QLT0254 and QLT0267 Treatment on the Tumor Micro-evironment
The results thus far suggest that the selected ILK inhibitors delay tumor growth, a result that is
supported by immunohistochemistry data showing an increase in apoptosis and a decrease in
tumor cell proliferation. In addition, further analysis of tumors from treated animals suggest that
ILK inhibition is associated with decreases in VEGF levels. The remaining evaluations
therefore, focused on establishing whether these changes had an impact on tumor micro-
environment as assessed by vascular density and vascular perfusion.

It should be noted that the micro-environment of glioblastomas with respect to hypoxia
and human-vascularization has been characterized previously [136][185]. These reports,
however, do not address how the microenvironment changes following treatment. Since
therapeutic outcomes may be influenced by tumor micro-environmental factors [191-192] we
believed it was important to evaluate the effects of ILK inhibition on the micro-environment.
These studies characterized by qualitative and quantitative analysis of the tumor vasculature
using image analysis are described in the Materials and Methods section. The tumor vascular
endothelium was stained with CD31 (Fig. 5.7A enlarged box, red stained regions as indicated by
purple arrow). Tumor sections obtained from U87MG isolated from animals, treated with saline
(Fig. 5.7A), QLT0254 (Fig. 5.7B) or QLT0267 (Fig. 5.7C). Repfesentative images are shown
and semi-quantitative analysis of all images is summarized in Fig. 5.7D. CD31 staining results
indicate that microvessels decrease with QLT0267 compared to saline treated control tumors
(Fig. 5.7D). These data are summarized in Fig. 5.7D, and these analysis suggest that there 1s a
significant decrease in tumor blood vessel density in tumors from animals treated with |

QLT0267. (6.8% versus 3.2%, mean difference = 3.6%, 95% CI = 0.5 to 6.7; P <0.023).
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However, saline treated (n=6) or QLT0254 treated tumors (n=6) showed no differences. These
data are consistent with what Yau and colleagues have shown in pancreatic tumors from animals
treated with QLT0254 [182]. CD31/Hoechst33342; an indicator of perfused blood vessels (Fig.
7A enlarged box, shown by costains of red and blue indicated by the green arrow); indicated
that tumors from animals treated with QLT0267 (n=6) had less than half the number of
CD31/Hoechst 33342 functional blood vessels when compared to tumors treated with QLT0254
(n=6) and saline treated tumors (83% versus 35%, difference = 48%, 95% CI = 13% to 83%;

P<0.01). These data are summarized in Fig. 5.7E.
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Figure 5.7

Analysis of vascularization of U87MG tumors isolated from treated mice. 4-C. Images of
frozen tumor tissue sections from representative saline treated (4), QLT0254 (B) and QLT0267
(C) US7MG tumor bearing mice which wer perfused in vivo with Hoechst33342 (shown in light
blue) and subsequently stained with PECAM/CD?31 (shown in red) antibody. (D) Percentage of
CD31-stained (purple arrow) tumor tissue as measured by pixel intensity. Columns, mean (n=6
tumors +SD). Total CD31-stained vessels is significant in QLT0267 treated animals compared
to control. (6.8% versus 3.2) difference = 3.6%, 95% confidence interval [CI] = 0.4 to 6.8%,
P<0.028. (E) Percentage of CD31 positive and Hoechst33342 perfused blood vessels (green
arrow) as measured by pixel intensity. (mean n=6 tumors £SD). Total CD31/Hoechst33342 is
significantly lower in tumors from QLT0267 treated animals compared to control. (83% versus
35%) difference = 48%, 95% CI = 13% to 83%; P<0.01. Scale bar 150 pm.
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5.4. Discussion

Integrin-linked kinase (ILK) in addition to regulating cell proliferation [93] and apoptosis [102]
has been shown to regulate HIF-1a and VEGF in prostate cancer [128]. Both HIF-1a and VEGF
are important factors that influence the development of angiogenic processes in response to
hypoxia. Given that hypoxia and angiogenesis have been associated with glioblastomas [193-
194], the potential of agents targeting ILK is clear: to inhibit cell growth and proliferation, to
induce apoptosis and to inhibit VEGF secretion and associated angiogenic effects. Further, if
ILK inhibition can inhibit production of HIF-la that occurs in response to hypoxia, the
inhibitors of ILK should provide multiple therapeutic effects via targeting a key regulatory
kinase. This study gives a comprehensive assessment of the impact of targeting ILK, a kinase
involved in a variety of cell signaling activities that are fundamental to cancer. In addition, the
development of oral bio-available small molecule inhibitors targeting ILK is a novel approach to
the treatment of cancers in which PTEN mutation or ILK expression are important. This is
exemplified by a large proportion of glioblastomas.

QLT0254 and QLT0267 treatment was associated with inhibition of in vitro growth of
several glioblastoma cell lines, however, this was achieved at high concentrations and these
compounds may not be the generation of ILK inhibitor for clinical application, but do support
the rationale for targeted therapy of GBM. These agents also mediated in vivo tumor growth
delay when tumor bearing animals were treated orally at a dose of 200 mg/kg per/day. Although
encouraging, these data are not sufficient in*defining a potential cancer drug. Importantly,
however, the efficacy of ILK inhibition was extended beyond these endpoints. In particular we

investigated BrdUrd labeling to look at cell proliferation, EF5 labeling to examine hypoxia, and
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Hoechst33342 to examine perfused blood vessels in US7MG glioblastoma tumors obtained from
treated Rag-2M mice. Tumors can be imaged for these markers within the same tumor section
and the staining quantified with image analysis software. It should be noted that the rationale for
looking at the tumor micro-environment is important, however, the subcutaneous model used
may not entirely reflect the intracranial model which would improve the analysis of tumor
microenvironmental effects. This analysis gives a much more complete assessment of drug
effects. Through this analysis it was determined that ILK inhibition by QLT0267 is associated
with a decrease in CD31 staining, indicative of a decrease in microvessel density (Fig. 5.7D),
and a decrease in Hoechst33342/CD31 staining, indicative of a decrease functional blood
vessels (Fig. 5.7E). QLT0267 acts as an anti-vascular agent as well as a cytotoxic/cytostatic
drug. QLT0267 treatment was not associated with significant changes in hypoxia as detected by
EFS5 labeling. This is not surprising if one assumes that decreasing tumor vasculature would
maintain if not induce formation of hypoxic regions. Surprisingly, QLT0254 did not affect
micro-vessel density or functional blood vessels, yet this inhibitor did affect significant
reductions in hypoxia. Since blood vessel perfusion or microvessel density were not affected,
reduced hypoxia must be explained by other results. An assessment of Fig. 5.6A, middle
photomicrograph, suggest that total Hoechst33342 staining is enhanced. This may be indicative
of enhanced perfusion, that is not detected when measuring CD31/Hoechst positive regions.

Perhaps most interesting, both inhibitors resulted in suppression of the angiogenic factor VEGF
from cells and loss of VEGF and HIF-la protein in tumor tissue (Figs. 5.3 and 5.6A). The in
vitro data suggest that decreased VEGF secretion mediated by the inhibitors is compérable to
decreases associated with induction of normal PTEN levels. The fact that both inhibitors are

able to inhibit PKB/AKT, VEGF secretion, as well as HIF-1la and VEGF protein levels in
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tumors, indicate a similar mechanism of action. Yet the effects on tumor hypoxia seem to
differentiate the two drugs. When considering the data as a whole it does appear that QLT0267
is a superior drug in terms of decreasing cell proliferation (Fig. 5.5E), apoptosis (Fig. 5.5D) and
tumor growth delay (Fig. 5.4). Whether this translates into clinically meaningful effects in
patients can only be determined in the clinical setting. Regardless, this study highlights the
benefit of analyzing multiple endpoints and the therapeutic potential of using a targeted agent
that inhibits a kinase within a central pathway known to effect cell survival, cell proliferation
and angiogenesis as well as metastasis. Analyzing several molecular end points such as tumor
activity (e.g. cell proliferation, apoptosis), and drug induced changes in tumor micro-

environment will improve the veracity of treatment approaches based on rational drug targets.
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CHAPTER 6

SUMMARIZING DISCUSSION

6.1. Introduction

The treatment of brain cancer, particularly high grade gliomas such as glioblastoma multiforme
has not significantly altered disease progression as judged by quality of life or overall survival
due to resistance to treatment and lethality of these cancers [195-196]. The past two' decades
have not seen an improvement in quality of life or survival. In 1990 the life expectancy of a
patient with GBM would not exceed 12 months from diagnosis [197]. In 2005 the expected
survival time is still 12 months [198]. This thesis tested the hypothesis that Integrin-linked
kinase (ILK) plays a key role in the progression of GBM and that inhibition or suppression of
ILK would lead to a therapeutic effect. The studies were pursued in light of our basic
understanding that effective chemotherapy of cancer requires the use of drug combinations, thus
the studies assessed strategies that targeted ILK in combination with other agents (e.g. other
targeted agents or conventional chemotherapy). The pre-clinical data obtained provides strong
evidence that ILK is not only a relevant cancer target, but strategies targeting ILK merit futher
. investigation to demonstrate safety and efficacy in patients.

The importance of cell signaling pathways in determining cancer progression has led to
the investigation of several targets in glioblastomas, agents targeting growth factor receptors,
such as epidermal growth factor receptor (EGFR), platelet derived growth factor receptor
(PDGFR), as well as the intracellular target Ras which have been evaluated in patients. More
recently, other targets have emerged that may prove to be important molecular targets in GBM
e.g. Rac [199]. The loss of PTEN in glioblastomas is well known and it is clear that this loss

leads to the subsequent downstream activation of PKB/AKT. The results summarized in Chapter
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3 are the first to document in detail ILK as an intermediate in PTEN regulation and PKB/AKT
activation in glioblastoma cancer cells. This study also detailed the use of an antisense
oligonucleotide to target ILK in glioblastoma cancer cell lines leading to decreased
phosphorylation of PKB/AKT and tumor growth delay. In addition, Chapter 3 confirms the
relationship bet;)veen PTEN, ILK and PKB/AKT through the use of an inducible PTEN
promoter. The strategy targeting ILK with antisense oligonucleotides clearly suggested that ILK
suppression promotes a tumor growth delay in pre-clinical animal models, but not tumor
eradication (Chapter 3). This result was confirmed when using small molecular inhibitors of
ILK, as summarized in Chapter 5. ILK inhibition by either antisense or small molecule inhibitor
result in a cell cycle arrest in vitro, over time this may lead to an apoptotic event, however, in
vivo, decreased cell proliferation is more prevalent than apoptosis and may be responsible for a
tumor growth delay effect.

ILK is thus a prime candidate to be used in a combination approach to achieve optimal
treatment of GBM. The studies performed here with ILK as one target within a combination was
focused on identification of agents that interacted in a manner that achieves additive or
synergistic effects. The rationale behind the combination studies was to look for pathways that
were dysregulated in glioblastomas and to seek out other targets in addition to ILK that may be
critical to cancer cell survival in the context that inhibition of one pathway may be necessary,
but not sufficient, to achieve optimal therapeutic effects. Given that EGFR is overexpressed in
glioblastomas, targeting the EGFR in combination with agents that target ILK could potentially
provide ideal therapeutic effects. Evidence to support this was provided in Chapters 1 where the
EGFR inhibitor PD153035 resulted in synergy, as measured by an in vitro assay. Since EGFR

expression results in activation of downstream targets which could be highly overexpressed as
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well, targeting of the downstream targets Raf-1 and MEK in combination with ILK should also
result in drug combination synergy. These results, summarized in Chapter 4, demonstrate
combinations of ILK targeting (using antisense oligonucleotides) with small molecule inhibitors
for the treatment of glioma resulted in synergy in vitro. Drug combinations that appear strongly
synergistic can be defined on the l:;asis of a cell based screening assay, however it is critical to
demonstrate that the combinations are effective in vivo [170]. The ultimate test in glioma patient
populations is beyond the scope of this thesis, but it is in patients where the efficacy of these
combinations needs to be shown.

To exemplify how such combinations could be defined for patients preliminary studies
provided here show that the drug combination of Gleevec™ and the ILK inhibitor QLT0267
result in a synergistic combination as judged by a cell based assay. Although the drug
combination showed synergy over Fa values between 0.2 and 0.45 (Fig. 6.1), these data provide
the indication of drug combination interactions that support further studies. In a U87MG
xenograft tumor model, this combination appeared to cause a decrease in the viable but hypoxic
tumor cell population and using this as a therapeutic endpoint suggested that the effects were
gréater than that which could be achieved with these agents administered separately. These
results are summarized in Figure 6.2, where EF5 positive cells (Chapter 5) were assessed using
a flow cytometric procedure. Interestingly, an analysis of tumor volume with this combination
(summarized in Fig. 6.3) indicated that there was no synergistic effect at the dose used. These

preliminary data highlight an important problem with combination studies.
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Figure 6.1
Representative plot showing a synergistic effect of an ILK inhibitor (QLT0267) and
Gleevec™ in U87MG glioblastoma cells exposed for 48 h. Note that each data point (square
boxes shown in black) moving from left to right is an increasing ratio of the drug combination
of ILKAS and Gleevec™. The data points that fall below the dotted horizontal line which
represents the CI value 1 indicates a synergistic relationship. Please refer to Chapter 2 for detail
on drug combination analysis.
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It is essential that multiple therapeutic endpoints are considered when analyzing drug
combinations if statements regarding synergistic interactions are to be made. The work
presented here gives insight into using various assays to determine if a desired drug combination
is in fact a synergistic interaction (Chapter 4). Characterization of a drug combination or a
single drug for that matter with multiple endpoints will provide important information on the
viability of a cancer target and a more realistic picture of the clinical utility of the selected drug.
In the analysis of the ILK inhibitors QLT0254 and QLT0267, endpoints included cell viability
assays against multiple glioblastoma cell lines, as well as assessments of cell death, colony
formation and modulation in the activation of molecular markers (Chapter 5). When developing
the in vivo studies to support further development of these ILK inhibitors, endpoints considering
tumor growth rates were combined with endpoints derived from image analysis, to assess drug
mediated changes. The objective of such studies was to investigate effects of ILK inhibition on
hypoxia and angiogenesis in addition to measures of apoptosis and cell proliferation (Chapter
5). These data suggest that these agents can produce multiple effects on glioblastoma tumor
progression, effects that are consistent with the role of ILK singaling in cell proliferation and

regulation of VEGF secretion.
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Figure 6.2

Glioblastoma Tumor Hypoxia Decreases with ILK inhibition in Combination with Gleevec™
Rag-2M mice bearing U87MG xenograft tumors were treated with saline, antisense targeting
ILK (ILKAS), Gleevec™ or the combination of Gleevec™ and ILKAS. To measure hypoxia
Rag-2M mice with U§7MG xenograft tumors were injected with EFS which labels hypoxic cells
3 h prior to tumor harvesting of the treated groups and the saline treated group. Tumors (n=4)
| were disaggregated and flow cytommetry was used to visualize and quantify hypoxic tumor
‘ cells to non-hypoxic tumor cells. The combination of ILKAS and Gleevec™ suggests a synergy
in decreasing tumor hypoxia compared to using either ILKAS or Gleevec™ alone.
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Figure 6.3
Effect of Gleevec™ and ILKAS on Rag-2M mice bearing U87MG xenograft tumors (n=5).
Subcutaneous xenografts were established by injecting 5 X 10° U87MG glioblastoma cells.
Mice received saline, ILKAS (20 mg/kg) or Gleevec™ (100 mg/kg) or the combination of
ILKAS and Gleevec™ (20/100 mg/kg) for 14 days. Graph shows day 52 post tumor cell
inoculation. Averag,e mean tumor volume is shown with circle with line through the middle.
Control = 764 mm’, [LKAS = 652 mm’, Gleevec™ = 480 mm’ and ILKAS/Gleevec™ = 480

mm3.
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The ILK inhibitors QLT0254 and QLT0267 both resulted in inhibition of PKB/AKT activity,
decreased cell viability, a dose dependent cell cycle arrest in the Go/M phase of the cell cycle
and caspase induction on all the glioblastoma cell lines tested. Further, both resulted in
decreasing tumor size relative to control and vehicle control tumors (greater than 50% on day 16
post treatment). However, an examination of tumor micro-environment effects showed distinct
differences. QLT0267 appeared to have anti-vascular effects with decreased micro-vessel
density as determined by CD31 staining and a decrease in perfused blood vessels as measured
by Hoechst33342 used to visualize perfused blood vessels (Chapter 5). In contrast, QLT0254
did not show any significant decrease in micro-vessel density or perfused blood vessels relative
to saline treated tumors. Interestingly, QLT0254 significantly decreased hypoxia, whereas
QLT0267 showed a decrease in hypoxia when compared to the effects of QLT0254. This would
suggest that QLT0254 may be a useful chemo or radio-sensitizing agent and, although less
potent as judged by cell based assay, this may be the most appropriate agent to develop in a
combination setting. The benefit of assessing various endpoints allowed the clucidation of
separate roles for these ILK inhibitors that would not have been uncovered with drug studies
where tumor size was the only measured endpoint.

The rationale for the development of cancer drugs that target cell signaling pathways
known to be critical to GBM progression is solid, however, it is unlikely that heterogenous cell
populations consisting of cells with multiple dysregulated pathways will be effectively managed
by an agent targeting one pathway. Thus it is the understanding that agents targeting ILK will be
most useful in combination with other drugs. It is also important to note that there will also be
an advantage to using agents that target pathways that control multiple processes. Although,

single and combination studies have shown promise. It is believed that in vitro and in vivo
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analysis using several therapeutic endponts along with established dose-response relationships
are required to fully characterize combination effects. This is particularly true in light of the
work from Chou and Talalay [119-120][169-120] and others that indicate that a synergi>stic drug
combination at one dose level may not exhibit synergy at other dose levels. This indicates that
there may be a finite dosage “window” to which optimum therapeutic effect (in the form of an
additive or synergistic interaction) may be achieved. With this in mind the question for future
investigation is how to translate interesting results obtained for drug combinations collected in
pre-clinical models to the clinical setting.

This thesis has shown that ILK is involved in GBM progression and is a relevant cancer
target. The therapeutic effects achieved through ILK targeting can be enhanced by _deﬁning
combinations that yield synergistic interaction. ILK inhibitors combined with other agents that
target appropriate cell signaling pathways involved glioblastoma progression/maintenance are of
particular interest. Several molecular and therapeutic endpoints beyond tumor growth aid in the
interpretation of a relevant cancer target and are useful in determining the therapeutic potential
of these targeted agents. It is hoped that the data prévided in this thesis, along With the
associated publications that arose from this research, provide compelling evidence in support of

developing treatment strategies that involve use of one agent that targets ILK.
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