INHIBITION OF PHOSPHATIDYLINOSITOL 3-KINASE (PI3K) SIGNALLING
LEADS TO RESISTANCE TO CHEMOTHERAPEUTIC AGENTS IN HUMAN
CANCER CELLS

by
Gail Theresa McDonald

A thesis submitted to the Department of Anatomy and Cell Biology
in conformity with the requirements for the
degree of Master of Science

Queen’s University
Kingston, Ontario, Canada
September, 2008

Copyright © Gail Theresa McDonald, 2008

ABSTRACT
One of the major challenges associated with cancer therapy is the acquisition of
chemoresistance by tumour cells. Many novel therapeutic approaches to overcome
chemoresistance have involved targeting specific signalling pathways such as the
phosphatidylinositol 3-kinase (PI3K) pathway, a stress response pathway known to be
involved in the regulation of cell survival, apoptosis and growth. The present study
sought to determine the effect of PI3K inhibition on the resistance of human cancer cells
to various chemotherapeutic agents. Treatment with the PI3K inhibitors LY294002 or
Compound 15e resulted in resistance to doxorubicin, etoposide, 5-fluorouracil, and
vincristine in breast (MDA-MB-231) carcinoma cells as determined by clonogenic
assays. Increased survival following PI3K inhibition was also observed in prostate (DU145), colon (HCT-116) and lung (A-549) carcinoma cell lines exposed to doxorubicin.
Drug resistance mediated by LY294002 was correlated with a decrease in cell
proliferation, which was linked to an increase in the proportion of cells in the G1 phase of
the cell cycle. Inhibition of PI3K signalling also resulted in higher levels of the cyclindependent kinase inhibitors p21Waf1/Cip1 and p27Kip1. Knockdown of p21Waf1/Cip1
expression with siRNA resulted in a significant decrease in LY294002-induced
resistance. However, the effect of p27Kip1 knockdown on LY294002-induced resistance
was inconclusive because of high inter-experimental variability. Furthermore,
knockdown of either p21waf1/cip1 or p27Kip1 did not overtly prevent LY294002-induced cell
cycle delay. Incubation in the presence of LY294002 after exposure to doxorubicin
resulted in decreased cell survival. These findings provide evidence that PI3K inhibition
leads to chemoresistance in human cancer cells by causing a delay in cell cycle.
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However, the timing of PI3K inhibition (either before or after exposure to anti-cancer
agents) is a critical determinant of chemosensitivity. Since the efficiency of most
chemotherapeutic agents depends on the rate of cell proliferation, delays in cell cycle
progression may be an important mechanism of chemoresistance.
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CHAPTER ONE: INTRODUCTION
1.1 OVERVIEW
Cancer is a disease characterized by the uncontrolled growth of abnormal cells that can
invade and often colonize surrounding tissues within the body. A succession of genetic
alterations must transpire in order for a normal cell to transform into a cancerous one (1).
However, it is the subsequent mutations and clonal expansion of these abnormal cells that
eventually lead to the formation of a cancerous tumour. These mutations are categorized
into either a loss of function (inactivating) or gain-of-function (activating) mutation (2).

In 2008 alone, it is estimated that 166,400 Canadians will be diagnosed with cancer and
that 73,800 will die from this disease 1 . Moreover, it is expected that nearly one in four
Canadians will ultimately die of cancer, with men contributing to more then half of these
deaths. There are over 100 different types of cancers (2), the most commonly diagnosed
being skin, lung, colon, breast and prostate. Although death rates have remained stable
over recent years, cancer remains the 2nd leading cause of death among Canadians,
illustrating the urgent demands for innovative and efficient treatments1.

At present there are numerous treatment options available for cancer patients. These
include conventional treatments such as surgery, chemotherapy and radiation, as well as
immune-, hormone- and molecular-based therapies, which have emerged as promising
1
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new strategies. Although new alternatives for therapy are constantly being developed, the
overall rates of cancer-related deaths have not decreased substantially over the last 30
years1. This may be attributed, at least in part, to the emergence of tumour cell
populations that are resistant to these therapies. For example, tumour resistance to
chemotherapy is believed to be the primary reason for treatment failure in over 90% of
patients with metastatic cancer (3). The clinical benefit associated with overcoming drug
resistance would be highly consequential; translating to significant decreases in relapse,
morbidity and mortality rates in patients.

1.2 CHEMOTHERAPY

The first recorded use of chemotherapy dates back to 2000 BC with the discovery of plant
remedies or “Herbals”. Materia Medica was one of the first recorded herbal concoctions,
produced by the Romans, for treating cancer systemically and remained in use for 15
centuries (4). However, significant advancements were not made until the 20th century.
It was during the First World War that pharmacologists Louis S. Goodman and Alfred
Gilman discovered, through autopsy examinations, that soldiers who died from mustard
gas poisoning had both lymphoid and myeloid growth suppression (5;6). This
observation later resulted in the use of nitrogen mustards in the treatment of NonHodgkin’s lymphoma. It was this discovery of Goodman and Gilman that began the era
of developing more efficient chemotherapeutic agents (6). Currently there are four major
classes of chemotherapeutic drugs that are commonly used. These include alkylating
agents, plant-derived alkaloids, anti-metabolites and antibiotic anthracyclines.
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ALKYLATING AGENTS

Alkylating agents, one of the oldest classes of chemotherapeutic drugs, act by directly
targeting and damaging DNA. These include drugs such as the nitrogen mustards (e.g.
chlorambucil and bendamustine), platinum complexes (e.g. carboplatin, and cisplatin) and
hydrazines (e.g. procarbazine) (7). Alkylating agents result in cell damage primarily by
adding alkyl groups to DNA, which subsequently cause DNA strand breaks and abnormal
base pairing. Such alternations result in the inability of cells to replicate, eventually
leading to cell death (8).

PLANT ALKALOIDS

Plant-derived alkaloids are anticancer agents defined by their ability to block cellular
division by preventing microtubule function (9). This drug class consists mainly of vinca
alkaloids (e.g. vincristine), which are derived from the periwinkle plant, and taxanes (e.g.
paclitaxel), which are extracted from the needles of the pacific yew tree (7;10;11).
Though vinca alkaloids and taxanes have different modes of action against microtubule
function they both result in permanent mitotic arrest (7;12). Another group of plant
alkaloids consist of the epipodophyllotoxins (e.g. etoposide) which are derived from the
root of the mandrake. Unlike vinca alkaloids and taxanes, epipodophyllotoxins inhibit
topoisomerase II activity (a DNA unwinding protein), thus hindering DNA synthesis
(7;13).
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ANTI-METABOLITES

Anti-metabolites block cell replication by inhibiting the synthesis of DNA and RNA (14).
For instance, 5-fluorouracil (5-FU) is a common anti-metabolite that functions as a
pyrimidine analogue. 5-FU causes DNA damage not only by blocking the formation of
pyrimidine nucleotides but also through misincorporation of its pyrimidine analogue into
DNA (15;16). In addition to 5-FU, other drugs classified as anti-metabolites include
methotrexate, gemcitabine and cytarabine (7).

ANTHRACYCLINES

Some of the most effective chemotherapeutic agents used in the treatment of cancer
belong to the class of anthracyclines (17). Anthracyclines exert their cytotoxic effects
through a number of mechanisms (18). Primarily they act by inducing DNA strand
breaks through the inhibition of topoisomerase II (18;19). In addition, there is also
evidence that anthracyclines (e.g. doxorubicin) are also involved in the intercalation of
DNA, formation of DNA adducts, and generation of reactive oxygen species (18;20-22).
Both doxorubicin and daunorubicin are classical anthracyclines that are commonly used
in the treatment of breast cancer. In fact, despite new advances in drug development they
are still considered to be some of the best chemotherapeutics currently available (17).
However, the clinical use of anthracyclines is limited by associated cardiotoxic effects
and by the development of tumour cell resistance to these particular drugs (23).
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Many chemotherapeutic agents require rapidly proliferating cells to be effective. This is
mainly because the potency of these drugs requires a cell to be in a specific phase of the
cell cycle (24). For instance, drugs such as anthracyclines are most effective during the
synthesis phase (S) of the cycle when DNA is fully accessible and the activity of targeted
enzymes (e.g. topoisomerase II) is particularly critical (25). Many of these
chemotherapeutic agents can be used alone but also in combination with other drugs
depending on the type of cancer and treatment regime (26).

1.3 CHEMORESISTANCE

Resistance to chemotherapy is one of the main problems associated with treatment
failure. Drug resistance encountered during therapy is generally described as being either
intrinsic (i.e. tumour cells were resistant to drug prior to treatment) or acquired (i.e. cells
developed resistance during treatment) (3). Usually, in the early stages of treatment,
chemotherapy is quite effective. However, through multiple mechanisms, tumour cells
can subsequently acquire resistance to chemotherapy. As a consequence, a cell
population that is unresponsive to treatment is selected for, resulting in treatment failure
(27;28).

Frequently tumour cells will not only become resistant to the specific drug used for
therapy but may also simultaneously become resistant to a broad range of different
classes of drugs. This phenomenon is commonly referred to as multi-drug resistance
(MDR) (29). The development of a MDR phenotype is a serious problem in cancer
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therapy since it enables tumour cells to survive exposure to many structurally unrelated
anti-cancer agents and thus limits the effectiveness of combination therapy (30).

Resistance to chemotherapeutic agents can be achieved through a variety of mechanisms.
These mechanisms can occur at the level of individual tumour cells as well as due to
aspects of the entire tumour itself and the dynamic microenvironment in which it is found
(31). Several cell-specific mechanisms can occur at different steps of cytotoxic action
that can lead to increased tolerance. These include reducing intracellular drug
accumulation, altering drug targets, repairing damaged DNA and evading cell death (31).
The microenvironment can also confer resistance through factors such as the threedimensional structure (i.e. cellular contact) and physiology (hypoxia/pH) of the tumour
(32-34). These factors can contribute to drug resistance either independently or in a
multi-factorial manner, adding further to the complexity of resistance.

1.4 PHOSPHATIDYLINOSITOL 3-KINASE (PI3K) SIGNALLING AND
CANCER
Regulation of the various mechanisms of drug resistance outlined above involves the
coordinated activities of a variety of signalling pathways. One important pathway that has
been identified is the phosphatidylinositol 3- kinase (PI3K) pathway, a cell survival
pathway that is also believed to decrease the sensitivity of tumour cells to chemotherapy
by inhibiting apoptosis (35-37). Accordingly, PI3K signalling has been regarded as a
barrier to successful chemotherapy and current therapeutic efforts are focused on
targeting this pathway in attempts to overcome drug resistance (38;39).
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In the early events of tumourigenesis, tumour cells undergo a series of molecular
alterations that eventually result in an competitive growth advantage (40). Recent
evidence has identified the PI3K signalling pathway as an important molecular player in
this process (38), since its deregulation is known to contribute to increased metastasis,
survival and uncontrolled growth (41-43). Permanent activation of PI3K signalling is
commonly observed in cancer (44) and is believed to contribute to tumourigenesis by
simultaneously promoting proliferation and inhibiting cell death (43;45).

The PI3K family of kinases is divided into three main classes (I, II and III) depending on
their structure and function. Class I PI3Ks are further divided into Ia and Ib (46). Class Ia
PI3Ks are heterodimeric proteins composed of two subunits, an adaptor/regulatory (p85)
and a catalytic (p110) subunit (47). These subunits have several different isoforms which
vary from one another in their expression pattern and biological function (48). For
instance, the well known isoforms of p110 consists of p110α, p110β and p110δ.
Similarly, there are several isoforms of the p85 subunit, all of which are able to bind to
the isoforms of p110 (48). Out of the three classes of PI3Ks, class Ia seems to be of
utmost importance since malfunctions in these particular kinases are associated with the
development of several pathological disorders. These include cancer and cardiovascular
diseases as well as inflammatory and autoimmune disorders (48;49). In fact, p110α and
p85α are specifically linked to cancer progression since they have been shown to be
mutated in a number of cancers such as ovarian, lung and colon cancer (50-52).
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PI3K signalling can be activated by several mechanisms. Activation of the pathway by
receptor tyrosine kinases (RTKs) or G protein-coupled receptors (GPCR) is considered
one of the more classical methods of PI3K activation (Figure 1.1). However, cell
adhesion molecules (i.e. integrins) and oncogenes (e.g. Ras) are also known to initiate
PI3K signalling. Upon activation, PI3K phosphorylates membrane-bound
phosphatidylinositol (4,5) biphosphate (PI(4,5)P2) to generate phosphatidylinositol (3,4,5)
trisphosphate (PI(3,4,5)P3). PI(3,4,5)P3 acts as a second messenger and mediates the
activation of the downstream protein Akt/protein kinase B (53). The interaction of
PI(3,4,5)P3 with Akt, a serine/threonine kinase, translocates Akt to the plasma membrane
(via its pleckstrin-homology (PH)-domain) where it is subsequently activated through the
dual phosphorylation of the Akt residues, Thr308 and Ser473 (54;55). Full activation of
Akt is mediated by phosphoinositide-dependent kinase 1 (PDK-1) and an undefined
kinase (typically referred to as phosphoinositide-dependent kinase 2 (PDK-2)) (56;57).
Phosphatase and tensin homolog (PTEN) is a common antagonist of the PI3K pathway in
that it indirectly prevents the activation of Akt by dephosphorylating PI(3,4,5)P3 to
PI(4,5)P2 (58).

PI3K signalling is constitutively active in many types of cancer; mainly due to a loss of
function mutation in tumour suppressor protein PTEN or through the amplification of Akt
(59). Loss of PTEN expression (either through mutation, deletion or epigenetic silencing)
is a common characteristic in a number of aggressive human cancers and is considered a
negative prognostic indicator for most patients since it correlates with an increase in
metastatic potential (60;61). Constitutively-active Akt is also a common feature in
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Figure 1.1 Overview of the PI3K/Akt pathway. Activation of the PI3K pathway can be
initiated by receptor tyrosine kinases and G protein-coupled receptors (GPCR). Upon
activation PI3K converts membrane bound PI3K phosphatidylinositol (4,5) biphosphate
(PI(4,5)P2) to phosphatidylinositol (3,4,5) trisphosphate (PI(3,4,5)P3). PI(3,4,5)P3 acts
as a second messenger and mediates the activation of the downstream protein Akt. Full
activation of Akt requires the dual phosphorylation of Akt residues, Thr308 and Ser473,
which occurs by phosphoinositide- dependent kinase 1 (PDK-1) and phosphoinositidedependent kinase 2 (PDK-2). Once activated, Akt regulates important cellular process
such as cell proliferation and survival. PTEN is a common antagonist of the PI3K
pathway in that it prevents the activation of Akt through PI(3,4,5)P3 dephosphorylation.
Arrow heads indicate stimulation while perpendicular lines indicate inhibition.
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human cancer and has been observed during the early events of carcinogenesis (46).
Constitutive activation of Akt can occur through gain-of-function mutations in upstream
activators of Akt (e.g. PI3K), Akt gene amplification or Akt overexpression (62). Since
Akt is a key mediator in the regulation of a variety of proteins involved in cell survival
and proliferation, deregulation of this protein is also considered important in
carcinogenesis (63).

INHIBITORS OF PI3K

Owing to the role of PI3K in cancer progression and drug resistance, research into the
therapeutic potential of inhibitors of the PI3K pathway has increased. Approximately 15
years ago a small fungal metabolite by the name of Wortmannin was discovered to have
potent inhibitory properties against PI3K (64). Soon after this discovery came the
development of the PI3K inhibitor LY294002 (64). Similar to Wortmannin, LY294002
(a flavonoid derivative) was found to be a competitive and reversible inhibitor of the ATP
binding site of PI3K. However, unlike Wortmannin, LY294002 did not have the high
toxicity issues associated with its use (65).

Wortmannin and LY294002 are considered classical inhibitors of the PI3K pathway
and are still commonly used today (64). However, both of these small molecule
inhibitors are considered “dirty” compared to the new generation of PI3K inhibitors that
are currently under development (64). Wortmannin and LY294002 have both been
shown to have poor selectivity in that they can interact with, and inhibit many
intracellular targets that are related to PI3K. Their inability to target specific isoforms of
10

the PI3K family is also considered another limitation in their use (65). The new
generation offers a wide range of different acting inhibitors with promises of better
selectivity and potency. These include inhibitors such as Compound 15e, a potent and
specific inhibitor of the PI3K isoform p110α (66).

1.5 PI3K CONTRIBUTES TO TUMOURIGENESIS AND MALIGNANT
PROGRESSION

The PI3K/Akt signalling pathway is a survival pathway with a central role in
development and progression of cancer. As mentioned above, PI3K signalling is
constitutively active in many types of cancer; mainly due to a loss of function in the
tumour suppressor protein PTEN or through an amplification or mutation in PI3K and/or
Akt (59). PI3K regulates many of important biological processes within the cell such as
proliferation, growth, survival, and motility (67). Deregulation of these processes can
specifically contribute to tumour progression by promoting cell survival (through the
inhibition of cell death), proliferation, angiogenesis and metastasis (Figure 1.2). The
contribution of PI3K to tumourigenesis makes this molecule an attractive target for cancer
therapy since inhibition may hinder these malignant properties.

INHIBITION OF CELL DEATH

Defects in pathways regulating programmed cell death can provide tumour cells with an
intrinsic advantage with respect to surviving drug treatment. Following
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↓ Apoptosis

↑ Protein synthesis
- ↑ mTOR

- ↓ Bad
- ↓ procaspase 9

↑ Cell cycle progression

- ↑ NF-κB
- ↓ p53

- ↓ CDKI’s p21 and p27
- ↑ cyclin D

PI3K
- ↑ eNOS

- ↑ MMPs
- ↓ anoikis
- ↑ integrin β1-subunit

- ↑ VEGF
- ↑ HIF-1α

Figure 1.2 PI3K play a central role in the process of tumourigenesis. PI3K regulates a
number of important biological processes within the cell such as proliferation, growth,
survival, and motility. Deregulation of these processes can specifically contribute to
tumour progression by promoting cell survival, proliferation, angiogenesis and metastasis.
Contributors to these cellular processes and how they are regulated by the PI3K pathway
are included above.
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chemotherapy-induced damage (typically in the form of DNA damage), a cellular stress
response is triggered and propagated both intra- and extra-cellularly, resulting in the
activation of caspases (i.e. the effectors of apoptosis) (68). The PI3K/Akt pathway
contributes to the survival phenotype by interacting with several components of the
programmed cell death pathway. For instance, it is well established that Akt-mediated
phosphorylation inhibits the activity of Bad, a pro-apoptotic member of the Bcl-2 family
of proteins (69). The negative regulation of Bad by Akt prevents the interaction between
Bad and Bcl-XL (an anti-apoptotic protein). Since this interaction normally inhibits BclXL , the anti-apoptotic function of Bcl-XL is restored resulting in the suppression of
apoptosis (70).

Akt is also known to suppress cell death through several other mechanisms. For instance,
NF-κB, a transcription-factor complex that promotes cell survival to apoptotic stimuli is
also indirectly regulated by Akt activity (71). Additionally, Akt can inhibit p53, a tumour
suppressor protein that promotes apoptosis and cell cycle arrest in response to genotoxic
stress (72). These observations are suggestive that the role of Akt in cell survival is a
multi-factorial one since Akt can mediate and control multiple components of the
apoptotic pathway (Figure 1.2).

PROMOTION OF CELL PROLIFERATION
The cell cycle plays an essential role in cell proliferation and loss of cell cycle control can
facilitate oncogenic transformation (26). The cell cycle consists of four phases, G1 (Gap
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1), S (DNA synthesis), G2 (Gap 2), and M (mitosis) phase (Figure 1.3). G1 and G2 are
resting phases and are positioned before the S and M phases, respectively. Significant
increases in protein synthesis occur during these two phases in order to prepare the cell
for synthesis and mitosis. The S phase, or the synthesis phase, is where DNA replication
occurs. However, it is not until the M phase (mitosis phase) that cell division is finally
completed, resulting in the formation of two daughter cells (7). Progressions through the
phases of the cycle are controlled by the actions of both cyclin-cyclin-dependent kinase
(CDK) complexes as well as CDK inhibitors (CDKI) (59).

Due to the focus of the PI3K/Akt pathway in tumour survival, its role in promoting cell
proliferation is often overlooked. The PI3K/Akt pathway drives cell proliferation through
the regulation of both protein synthesis and cell cycle progression. Activation of
PI3K/Akt pathway has been shown to initiate cell cycle entry into the S phase by
simultaneously up-regulating cyclin D as well as CDK4 and CDK2 (49;73-75). In
particular cyclin D and CDK4 are required to form the cyclin-CDK complexes necessary
for the G1 to S transition (Figure 1.2) (75;76). Furthermore, the suppression of CDKIs
p27Kip1 and p21Waf1/Cip1 by Akt phosphorylation is also thought to contribute to this
progression since both p27Kip1 and p21Waf1/Cip1 mediate cell cycle arrest in G1 (Figure 1.3)
(59). Other downstream targets regulated by Akt include E2F, forkhead transcription
factor, S6 protein kinase and glycogen synthase kinase 3 (GSK3), all of which are
involved in cell cycle control (77).
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Complete cell division

cyclin D:
CDK4

CDKIs:
Kip1

p27

and p21waf1/cip1

PI3K

DNA synthesis

Figure 1.3 Overview of the cell cycle. The cell cycle is divided into four successive
phases: G1 (Gap 1), S (DNA synthesis), G2 (Gap 2), and M phase (mitosis). Progression
from one phase of the cell cycle to the next is controlled by the actions of both cyclincyclin-CDK complexes as well as CDKI. CDKIs such as p27Kip1 and p21Waf1/Cip1 are
specifically involved in preventing cell cycle progression from G1 into S phase by
inhibiting cyclin-CDK complexes, as shown here. PI3K is known to inhibit p27Kip1 and
p21Waf1/ Cip1 CKDIs. R represents the restriction point, once cells have proceeded pass
this point they are committed to completing the entire cycle.
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PROMOTION OF ANGIOGENESIS

The survival and growth of a tumour depends on its ability to provide itself with adequate
nutrients and oxygen. This is facilitated by the process of angiogenesis - the formation of
new blood vessels from pre-existing ones. Recently the PI3K pathway has been
implicated as an important player in angiogenesis (77;78). For instance, PI3K activity is
required for expression of vascular endothelial growth factor (VEGF), which is critical
for endothelial cell proliferation and angiogenesis (79;80). Inhibition of PI3K signalling
has been shown to reduce VEGF expression as well as inhibit both tumour growth and
neovascularization (Figure 1.2) (81).

PROMOTION OF INVASION AND METASTASIS

The PI3K/Akt pathway promotes invasion and metastasis by influencing a broad range of
factors that contribute to cell motility (Figure 1.2). For example, the regulation of RhoB
expression by PI3K/Akt is of particular importance. RhoB is a tumour suppressor protein
that is known to inhibit both invasion and metastasis. Jiang et al. (82) demonstrated that
PI3K/Akt activity down-regulated RhoB expression in vivo, and stimulated cell
migration, invasion and metastasis. This effect was completely blocked following ectopic
expression of RhoB. These results suggest that down-regulation of RhoB expression by
the PI3K/Akt pathway may be necessary for a tumour to acquire an invasive and
metastatic phenotype.
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RATIONALE AND HYPOTHESIS

Due to the association of PI3K signalling with tumour progression, novel therapies
targeting this pathway are currently being evaluated in clinical trials (38;39). The
rationale for these trials is supported by the findings that inhibition of PI3K signalling, by
small molecule inhibitors such as LY294002, can sensitize tumour cells to chemotherapy
by increasing drug-induced apoptosis (35-37). However, as indicated in the Introduction,
inhibition of PI3K signalling also decreases cell proliferation by preventing cell cycle
progression. This consequence of PI3K inhibition has the potential of impairing
chemotherapy as the efficiency of most chemotherapeutic agents is dependent on cell
proliferation (83-85). Thus, the present study sought to determine the effect of PI3K
inhibition on the survival of human cancer cells treated with various chemotherapeutic
agents. The hypothesis of the studies described here is that inhibition of PI3K
signalling will lead to tumour cell resistance to chemotherapeutic drugs.
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OBJECTIVES

1. To determine the effect of PI3K inhibition on resistance of human cancer cells to
various chemotherapeutic drugs
a) Does PI3K inhibition result in resistance to doxorubicin in human cancer cell lines?
b) Does PI3K inhibition result in MDR?
c) Is PI3K inhibition associated with changes in cell proliferation?
d) Is there an accumulation of cells delayed in G1 phase of the cell cycle?

2. Elucidate the mechanisms of PI3K-mediated drug resistance
a) Is there accumulation of CDKI’s p21waf1/cip1 and p27kip1?
b) Does knockdown of p21waf1/cip1 and p27kip1 attenuate LY294002 induced drug
resistance?
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CHAPTER 2: MATERIALS AND METHODS
2.1 Cell Culture
Human breast (MDA-MB-231) and prostate (DU-145) carcinoma cells were obtained
from the American Type Culture Collection (Manassas, VA, USA). Human colon
carcinoma (HCT-116) and lung carcinoma (A-549) cells were kindly provided by Dr.
Xiaolong Yang (Department of Pathology and Molecular Medicine, Queen’s University)
and Dr. Susan Cole (Departments of Pathology and Molecular Medicine and
Pharmacology and Toxicology, Queen’s University), respectively. Cells were maintained
in monolayer culture in either RPMI 1640 medium supplemented with 5% fetal bovine
serum (FBS) (MDA-MB-231, DU-145 and A-549) or McCoy’s 5A medium
supplemented with 10% FBS (HCT-116) (all tissue culture media were purchased from
Invitrogen, Burlington, ON, CAN). Cells were cultured under standard conditions in a
Thermo Forma CO2 incubator (5% CO2 in air at 37 ºC).

2.2 Inhibition of PI3K signalling
Inhibition of PI3K signalling was achieved by incubating cells with freshly prepared
medium containing LY294002 (Calbiochem/VWR Scientific of Canada Ltd.,
Mississauga, ON, CAN) or Compound 15e (Alexis Biochemicals, San Diego, CA, USA).
Both compounds were diluted in 0.1% of dimethyl sulfoxide (DMSO, Sigma-Aldrich
Canada Ltd, Oakville, ON, CAN). Cells incubated with medium containing DMSO were
used as a control.
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2.3 Western Blot Analysis
Following incubation under various conditions the media were removed, cells were
washed once with PBS, and cells were then rapidly frozen by placing culture plates in a
liquid nitrogen bath. Cells were lysed in either Akt lysis buffer [20 mM Tris HCL pH
7.4, 150 mM NaCl, 1mM EDTA, 1% Triton X-100, Protease Inhibitor Cocktail (Roche
Diagnostics, Indianapolis, IN, USA)] or RIPA lysis buffer (150 mM NaCl, 50 mM Tris
HCl, 1% Trition X-100, 0.5% sodium deoxycholate, 0.1% SDS, Protease Inhibitor
Cocktail). Lysates were briefly sonicated (one 10-sec. burst at 50 Hz) followed by
centrifugation (5 minutes at 14,000 x g) and determination of protein content using a
modified Lowry assay (Bio-Rad DC Protein Assay, Bio-Rad Laboratories, Mississauga,
ON, CAN). Lysates were stored at -80ºC until use. Protein samples (20 – 35 μg) were
resolved on 6 – 12% SDS-polyacrylamide gels and transferred onto Immobilon-P
membranes (Millipore Corporation, Bedford, MA, USA) using a wet transfer apparatus.
Membranes were incubated with TBS (140 mM NaCl, 50 mM Tris HCl pH 7.2)
containing 5% dry milk powder in a hybridization incubator for 2-3 hrs at room
temperature in order to block non-specific binding. The membranes were then incubated
with primary antibody in TBS/0.5% milk overnight at 4ºC. Primary antibodies used
include phospho-Akt (Ser 473) antibody, 1:500 (Cell Signaling/New England Biolabs,
Mississauga, ON, CAN); Akt antibody, 1:500 (Cell Signaling); p27 Kip1 antibody, 1:5000
(Calbiochem); p21waf1/cip1 antibody, 1:3000 (Calbiochem); β-actin antibody, 1:5000
(Sigma-Aldrich Canada Ltd.). The overnight incubation in primary antibody was
followed by six 5-minute washes in TBS containing 0.1% Tween 20. Membranes were
then incubated with a peroxidase (HRP) coupled goat anti-rabbit (1:2500; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or goat anti-mouse (1:2500; Biorad, Hercules, CA,
20

USA) secondary antibody in TBS/0.2% milk for 1 hr followed by six 5-minute washes in
TBS/Tween. Secondary antibodies were detected by enhanced chemiluminescence
(Amersham Biosciences, Baie D’Urfe, QC, CAN) and exposure to Kodak X-Omat Blue
Film.

2.4 Clonogenic (Colony Formation) Assay
PI3K inhibition prior to drug exposure. Cells were cultured for 24 hrs in the presence or
absence of LY294002 (or Compound 15e). Culture media were replaced with either
complete medium (for non-treated controls) or complete medium containing doxorubicin,
etoposide, vincristine or fluorouracil (Sigma-Aldrich Canada Ltd.) as indicated in the
figure legends. Cells were exposed to drug for 1 hr under standard culture conditions (or
24 hrs in the case of 5-FU). After drug treatment cells were washed with PBS, collected
by trypsinization, and counted using a hemocytometer. Fifty or 500 cells/well (for nontreated and drug-treated groups, respectively) were re-seeded into each well of a 6-well
tissue culture plate. After 7 to 14 days the colonies were fixed with Carnoy’s fixative (1
part acetic acid: 3 parts methanol) stained with dilute crystal violet (0.33% w/v) and
counted.

PI3K inhibition after drug exposure. MDA-MB-231 cells were exposed to doxorubicin
for 1 hr under standard conditions. After treatment, cells were washed with PBS,
collected by trypsinization, and counted using a hemocytometer. Fifty or 2500 cells/well
(for non-treated and drug-treated groups, respectively) were re-seeded into each well of a
6-well tissue culture plate with freshly prepared medium containing LY294002 or
DMSO. Cells were incubated in LY294002 and DMSO containing medium for 24 hrs.
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After treatment, culture media were discarded, cells were washed with PBS and fresh
untreated medium was added. After 7 to 14 days the colonies were fixed, stained and
counted as described above.

2.5 Cell Cycle Analysis
Flow cytometry analysis by propidium iodide (PI) staining is a direct way to determine
the distribution of a population of cells in different phases of the cell cycle. This
technique is based on the measurement of DNA content within each cell (86). PI is a
fluorescent compound that is commonly used to determine DNA content since it
intercalates double stranded nucleic acids (87). Following treatment of cells in the
presence or absence of LY294002, cells were washed once with PBS and collected by
trypsinization. Cells were then fixed in 70% ethanol for 30 minutes in order to
permeabilize the cell membrane for PI incorporation. After ethanol treatment, cells were
stained with PI (100 µg/mL; Sigma-Aldrich) in the presence of RNase (100 µg/mL) at
37ºC for 30 minutes. DNA content in cells was analyzed by use of a Coulter Elite Flow
Cytometer (Beckman-Coulter Corp., Miami, FL, USA) and Expo32 v1.3 software
package (Beckman-Coulter Corp).

2.6 Colorimetric (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) Assay
The MTT assay is based on the ability of the mitochondrial dehydrogenase enzyme from
viable cells to convert MTT, resulting in the accumulation of formazan. Therefore,
measuring absorbance by a spectrophotometer determines cell growth since the amount of
formazan is directly proportional to the number of cells (88). In this study, cells were
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seeded into 96-well plates with specific condition replicates of 8 (in the presence or
absence of LY294002) within each column and incubated under standard culture
conditions. Cells were allowed to proliferate for up to 72 hrs (a proliferation reading was
measured every 24 hrs in order to establish a cell population growth curve). After 72 hrs
of proliferation, medium containing either 0.1% DMSO or LY294002 was added to cells
for an additional 24 hrs. After treatment, cells were treated with 2 mg/ml of MTT
(Sigma-Aldrich) and were incubated for 2 hrs at 37° C. Following incubation, the
supernatant was removed, 200 μl DMSO was added to each well and the plate was then
incubated for another 5-10 minutes. The absorbance was measured at 570 nm by a
SOFTmax ® PRO multi-well spectrophotometer plate reader (Molecular Devices
Corporation Sunnyvale, CA, USA). To measure the effect of chronic exposure of
LY294002 on cell growth, cells were continuously exposed to medium containing 10 μM
of LY294002 by replenishing the treated medium every day for 5 days. Absorbance
measurements were taken every 24 hrs.

2.7 Annexin V-FITC Assay
An early event in apoptosis is the loss of plasma membrane asymmetry (89). Alterations
in the plasma membrane are marked by the translocation of phosphatidylserine (PS) from
the inner to outer leaflet of the plasma membrane, thus resulting in PS exposure on the
external surface of the cell (90). Annexin V is a phospholipid binding protein with a high
affinity for surface exposed PS and has been used to identify cells undergoing apoptosis
(89). Briefly, cells are co-treated with fluorescein isothiocyanate (FITC)-labelled
Annexin V and a membrane impermeable DNA stain such as PI (90). Analysis of
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fluorescence intensities are then used to distinguish between viable cells (cells neither
stained nor labelled with PI or Annexin V – FITC), apoptotic cells (Annexin V – FITCpositive and PI-negative) and non-viable cells (both Annexin V – FITC- and PI-positive)
(90). In this study, cells were treated with LY294002 for 24 hrs prior to assay. After
treatment, cells were collected, washed twice with PBS and then re-suspended in 100 μl
of 1x Binding Buffer (10 nM Hepes/NaOH, pH. 7.4, 140 mM NaCl and 2.5 NM CaCl 2).
Five μl of Annexin V-FITC (BD Bioscience Pharmingen, San Jose, CA, USA) and 10 μl
of PI were added to cells and incubated in the dark for 15 minutes at room temperature.
After incubation, 400 μl of binding buffer were added to cells and were then immediately
analyzed by flow cytometry.

2.8 Small Interfering RNA (siRNA) Transfection
Knockdown of p21 Waf1/Cip1 and p27Kip1 expression was achieved by small interfering
RNA (siRNA). Silencer siRNAs targeting human p21Waf1/Cip1 and p27Kip1 (siRNA ID #
14072 and 1621, respectively) were purchased from Ambion, Inc (Houston, TX, USA).
Cells transfected with Silencer Negative control #1 siRNA (Ambion) were included to
assess the potential of non-specific effects. A reverse transfection reagent, siPORT™
NeoFX™ was use to introduce siRNA into cells according to the manufacturer’s
instructions. After a 48 hr transfection in normal culture conditions, cells were treated
with LY294002 as described above.
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2.8 Calculations and Statistical Analyses
For clonogenic assays, plating efficiency was calculated by the mean number of colonies
divided by the total number of cells seeded. Surviving fraction was determined by
dividing the plating efficiency of the drug-treated group by the plating efficiency of their
respective control group. Clonogenic data are reported as the mean surviving fraction
from replicates of six ± the standard error (SE). Statistical analyses were performed using
GraphPad Prism software version 4.0 (GraphPad Software, Inc. San Diego, CA, USA).
Unpaired, two tailed t-test were used to determine statistical significance when comparing
two groups. When more than two groups were compared, statistical significance was
determined by one-way ANOVA, followed by a Dunnett’s Multiple Comparison post hoc
test. All statistical tests were two-sided and differences were considered to be significant
at P < 0.05.
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CHAPTER 3: RESULTS
3.1 Treatment with the PI3K inhibitor LY294002 prevented the phosphorylation of
Akt, a downstream target of PI3K.
To address the role of the PI3K signalling in the survival of human cancer cells treated
with chemotherapeutic agents, LY294002 was used to inhibit PI3K-mediated
phosphorylation of Akt. To first determine the appropriate concentration of LY294002
required to inhibit Akt phosphorylation MDA-MB-231, DU-145, HCT-116 and A-549
cells were treated with 1 – 40 μM of LY294002 for 6 hrs. Cell lysates were then
subjected to Western blot analysis using monoclonal antibodies against phospho-Akt or
total Akt. Results revealed that 5 -10 μM of LY294002 was sufficient to inhibit the
phosphorylation of Akt in MDA-MB-231 cells (Figure 3.1A). However, higher
concentrations of LY294002 (20 - 40 μM) were required for inhibition of Akt
phosphorylation in DU-145, HCT-116 and A-549 cells.

Two bands of about 62 kDa were detected using both phospho- and total Akt antibodies;
a top non-specific band and a bottom phospho- or total Akt band (Figure 3.1B). Personal
correspondence with technical support at Calbiochem (provider of the Akt antibodies)
confirmed the occurrence of this particular banding pattern. Two explanations given for
the presence of the non-specific band include a cell specific effect as well as the possible
detection of bovine serum albumin (BSA) from the tissue culture medium by the
secondary antibody. Since the detection of BSA is in close proximity to the target Akt
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Figure 3.1 Inhibition of Akt phosphorylation in MDA-MB-231, DU-145, HCT-116 and A-549
by the PI3K inhibitor LY294002 (A). Human cancer cells were treated with LY294002 (1 – 40
μM) for 6 hrs. Cell lysates were analyzed by Western blotting using indicated phospho-Akt
(Ser 473) or Akt antibodies. A non-specific band directly above phospho- and total Akt was
present in all cell lines analyzed (B). For the sake of simplicity the non-specific band was
removed in Figure 3.1A. Figure 3.1B shows a Western blot of MDA-MB-231cells extracts
that includes the non-specific bands.
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band (66 kDa and 62 kDA, respectively), this is suggestive that BSA may be responsible
for the non-specific banding pattern. For the sake of simplicity the non-specific bands
were removed from the Western blots in Figure 3.1A. Figure 3.1B shows a Western blot
of MDA-MB-231 cells extracts that includes the non-specific bands.

3.2 Exposure to LY294002 induced resistance to doxorubicin in multiple cancer cell
lines.
To assess the effect of PI3K inhibition on the sensitivity of cancer cells to doxorubicin,
survival was assessed using clonogenic (colony formation) assays on cells pre-treated
with LY294002 for 24 hrs. Compared with cells maintained in regular medium, exposure
of MDA-MB-231, DU-145, HCT-116 and A-549 cancer cells to LY294002 lead to an
increase in doxorubicin resistance (Figure 3.2). A 24-hr treatment with LY294002 was
used for clonogenic assays, instead of 6 hrs, because the highest degree of survival
following doxorubicin exposure was achieved after a 24-hr exposure to the PI3K inhibitor
(data not shown). Both MDA-MB-231 and HCT-116 cells showed a dose-dependent
increase in resistance to doxorubicin. Relative to controls, the highest dose of LY294002
significantly increased survival by 2.3 to 11.5 fold (mean ± SE: 7.3 ± 2.7, P < 0.01, n = 4)
in MDA-MB-231 cells and 2.5 to 11.9-fold (mean ± SE: 8.3 ± 2.3, P < 0.01, n = 3) in
HCT-116 cancer cells. Treatment of DU-145 and A-549 cells with LY294002 did not
result in a complete dose-dependent response. However, treatment of DU-145 and A-549
cells with the highest doses of LY294002 still lead to significant increases in survival,
with inductions of 1.5 to 4.6-fold (mean ± SE, 2.5 ± 0.5, P < 0.01, n = 5) and 33.0 to
108.0-fold (mean ± SE, 72.8 ± 21.9, P < 0.01, n = 3) respectively.
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Figure 3.2 Effect of PI3K inhibitor, LY294002, on resistance to doxorubicin in various cell
lines. MDA-MB-231, DU-145, HCT-116 and A-549 cells were treated with LY294002 (1 – 40
μM) for 24 hrs, followed by a 1 hr treatment with doxorubicin (7.5, 12.5, 10 and 10 μM,
respectively) as described in the Material and Methods section. Results are representative of
a minimum of three independent experiments and are presented as the mean surviving
fractions ± the standard error. Statistically significant differences in survival relative to
controls incubated with vehicle alone are indicated (*P<0.01).
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3.3 Exposure to LY294002 induced resistance to various chemotherapeutic agents in
multiple cancer cell lines.
To determine whether the induction of drug resistance by LY294002 was specific for
doxorubicin, clonogenic assays were also performed on cancer cells pre-exposed to
LY294002 and subsequently treated with etoposide, 5-FU or vincristine. Similar to
results obtained using doxorubicin, pre-exposure of multiple cancer cell lines to
LY294002 lead to increased resistance against etoposide, 5-FU and vincristine
(summarized in Table 3.1). Exposure of MDA-MB-231 cells to LY294002 resulted in a
significant 13.9-fold increase in resistance to etoposide (mean ± SE: 13.9 ± 2.0, P <
0.001, n = 3), 4.7-fold increase in resistance to 5-FU (mean ± SE: 4.7 ± 1.8, P < 0.05, n =
2) and 3.0-fold increase in resistance to vincristine (mean ± SE: 3.0 ± 0.81, P < 0.001, n =
2). Similarly, pre-treatment of HCT-116 colon carcinoma cells with LY294002 lead to
significant increases in resistance to 5-FU (mean ± SE: 6.9 ± 2.9, P < 0.01, n = 2) and
doxorubicin (mean ± SE: 8.3 ± 2.3, P < 0.01, n = 3). Treatment with LY294002 also
increased doxorubicin resistance in DU-145 cells (mean ± SE: 2.5 ± 0.5, P < 0.01, n = 5)
and A-549 cells (mean ± SE, 72.8 ± 21.9, P < 0.01, n = 3) (Table 3.1).

3.4 Treatment of MDA-MB-231 cells with the PI3K Compound 15e increased
resistance to doxorubicin.
To confirm the findings made with LY294002, a second inhibitor of PI3K activity
(Compound 15e) was evaluated. The concentration of Compound 15e required to inhibit
Akt activity was established by Western blot analysis. Figure 3.3A reveals that treatment
of MDA-MB-231 cells with 3 and 30 μM of Compound 15e for 1 hr inhibited the
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Table 3.1 - Induction of resistance to chemotherapeutic drugs after a 24 hr exposure
to the PI3K inhibitor LY294002.
CHEMOTHERAPEUTIC AGENT
CELL LINE

TUMOUR TYPE

Doxorubicin

Etoposide

5-FU

Vincristine

FOLD INDUCTION IN RESISTANCE BY LY294002*

MDA-MB-231

Breast
carcinoma

7.3 ± 2.7

13.9 ± 2.0

4.7 ± 1.8

3.0 ± 0.81

(P<0.01)**
(n = 4)

(P<0.001)
(n = 3)

(P<0.05)
(n = 2)

(P<0.001)
(n = 2)

DU-145

Prostate
carcinoma

2.5 ± 0.5

ND

ND

ND

HCT-116

Colon carcinoma

A-549

Lung carcinoma

(P<0.01)
(n = 5)

8.3 ± 1.1

ND

(P<0.01)
(n = 3)

72.8 ± 21.9

ND

(P<0.01)
(n = 3)

6.9 ± 2.9
(P<0.01)
(n=2)

ND

ND

ND

*Fold induction was calculated by dividing LY294002-induced survival by the survival of the
control group. Concentration of LY294002 used ranged from 10 – 40 μM. Results are
represented as the mean surviving fractions ± standard error of a minimum of two
experiments.
** Statistical analysis performed as described in the Material and Methods section.
ND = Not determined
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Figure 3.3 Effect of the PI3K inhibitor Compound 15e of MDA-MB-231 cells treated with
doxorubicin. (A) Treatment of MDA-MB-231 cells with the PI3K inhibitor Compound 15e (0.3
– 30 μM) prevented Akt phosphorylation. MDA-MB-231 cells were treated with Compound
15e (0.3 – 30 μM)) for 1 hr. Cell lysates were collected and subjected to Western blot
analysis to determine phospho- and total Akt levels. (B) Cells were treated with Compound
15e (0.3 – 30 μM) for 24 hrs, followed by a 1-hr treatment with doxorubicin (5 μM). Results
are representative of a minimum of three independent experiments and are presented as
the mean surviving fractions ± standard error. Statistically significant differences in
proliferation relative to the non-treated control are indicated (*P<0.001).
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phosphorylation of Akt. Clonogenic assays demonstrated that exposure to Compound
15e for 24 hrs prior to doxorubicin treatment replicated the effects of LY294002 on
survival (Figure 3.3B). Treatment of MDA-MB-231 cells with Compound 15e also
resulted in a dose-dependent increase in survival compared to the vehicle-treated group,
with the highest dose of Compound 15e causing a significant 9.9 to 13.4-fold increase in
resistance (mean ± SE, 12.4 ± 1.3, P < 0.001, n = 3).

3.5 Treatment with the PI3K inhibitor LY294002 decreased cell proliferation.
PI3K signalling has been established as an important pathway regulating cell proliferation
(91). To investigate whether PI3K inhibition was associated with changes in cell
proliferation, an MTT assay was performed. MDA-MB-231 cells were plated in 96-well
plates and incubated for 72 hrs. Throughout this time period an MTT assay was
performed every 24 hrs in order to generate a standard growth curve (Figure 3.4A). At 72
hrs cells were then treated with medium containing LY294002 or 0.1% DMSO for an
additional 24 hrs. A final MTT assay was performed following treatment with LY294002
or 0.1% DMSO. Treatment with LY294002 resulted in a dose-dependent decrease in
proliferation (Figure 3.4A). Specifically, treatment with both 5 and 10 μM of LY294002
showed significant decreases in proliferation compared to the non-treated control (P <
0.05 and P < 0.001, respectively). Similar results were seen in DU-145 cells (data not
shown).

To measure the effect of chronic exposure of LY294002 on cell growth, cells were
continuously exposed to medium containing 10 μM of LY294002 (Figure 3.4B).

33

A
Untreated Control
0.1% DMSO

0.4

1 μM LY294002

Absorbance @ 570nm

LY294002

5 μM LY294002

0.3

10 μM LY294002

*
**

0.2
0.1
0.0
0

24

48

72

96

Time (hrs)
Untreated Control

B

0.1% DMSO
10 μM LY294002
continuous

Absorbance @ 570nm

1.4
1.0
0.7
0.3

**

0.0
0

24

48

72

96

Time (hrs)
Figure 3.4 Changes in cell proliferation induced by treatment with the PI3K inhibitor
LY294002 was measured by an MTT assay. (A) Cell growth analysis of MDA-MB-231 cells
treated with (1 – 10 μM) LY294002 for 24 hrs after incubation in standard (20% O2) culture
conditions for 72 hrs. (B) 96 hr cell growth analysis following a 24 hr treatment with 10 μM
LY294002. LY294002 was replenished every 24 hrs for the continuous treatment condition.
Results shown are representative of three experiments with a mean of either 8 or 4 wells.
Significance relative to non-treated controls are indicated (*P<0.05 and ** P<0.001).
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Continuous treatment with LY294002 for 96 hrs substantially suppressed cell growth
compared to the non-treated controls (P < 0.001).

3.6 Inhibition of PI3K signalling increased the proportion of cells in the G1 phase of
the cell cycle and correlated with an increase in both p21waf1/cip1 and p27Kip1 levels.
To determine the effect of PI3K inhibition on cell cycle progression, the proportion of
cells in the various phases of the cell cycle was determined by propidium iodide (PI)
staining for DNA content. Flow cytometric analysis revealed that treatment with
LY294002 resulted in a dose-dependent increase in the percentage of cells in the G1 phase
of the cell cycle (Figure 3.5A). Significant increases in the proportion of cells in G1
phase were highly reproducible amongst three independent experiments (P < 0.05)
(Figure 3.5A and Table 3.2). Western blot analysis showed that this change in cell cycle
status correlated with an increase in the levels of two CDKIs, p21Waf1/Cip1 and p27Kip1
(Figure 3.5B). Similar results were seen in DU-145 cells (data not shown).

3.7 Treatment with LY294002 increased the percentage of cells undergoing
apoptosis.
Previous studies have linked inhibition of PI3K signalling with the induction of apoptosis
in some forms of human cancer (35-37;92;93). To investigate whether PI3K inhibition
induces apoptosis in the MDA-MB-231 cell line, cells were stained with Annexin-V and
PI immediately following a 24 hr-treatment with LY294002. Results revealed that
treatment with LY294002 (10 μM) caused a decrease (~ 14.9 - 23.1%) in the number of
viable cells within the population compared to the untreated control (Figure 3.6). A slight
increase (~1.03 to 2.1-fold) in the proportion of cells displaying features of
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Figure 3.5 Effect of LY294002 treatment on cell cycle and CDKIs p21Waf1/Cip1 and p27Kip1
protein levels. (A) Cell cycle analysis of MDA-MB-231 cells following treatment with
LY294002 (1 – 10 μM) for 24 hrs. Results are represented as the mean proportion of cells in
the G1 phase of the cell cycle ± the standard error (n = 3). Significance relative to the vehicle
control are indicated (*P < 0.05). (B) MDA-MB-231 cells were treated with LY294002 (10 μM)
for 24 hrs. Cell lysates were subjected to Western blotting using p21Waf1/Cip1 and p27Kip1
antibodies.

Table 3.2 Percentage of cells in the G1 phase of the cell cycle. Results are
from three independent experiments.

Experiment

Conditions
DMSO

1 μM LY294002

5 μM LY294002

10 μM LY294002

1

42.3

45.3

62.9

69.7

2

47.4

56.5

62.1

72.9

3

46.9

38.2

44.9

60.1
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1.8%

7.7%

1.7%

7.9%

86.0%

4.4%

84.1%

6.3%

1 μM LY294002

DMSO

2.7%

9.0%

1.6%

12.4%

83.5%

4.8%

76.7%

9.2%

5 μM LY294002

10 μM LY294002

Figure 3.6. Annexin V- FITC analysis of MDA-MB-231 cells after treatment with the PI3K
inhibitor LY294002 for 24 hrs. Results indicate that treatment with LY294002 increases
Annexin V- FITC staining in MDA-MB-231 cells. Cells neither stained nor labelled with PI or
Annexin V- FITC indicate a viable cell population (lower left quadrant), while cells stained
Annexin V- FITC-positive and PI-negative (lower right quadrant) are associated with cells
undergoing apoptosis. Non-viable cells stained positive for both Annexin V- FITC and PI
(upper right quadrant). Cells that are damaged but not undergoing apoptosis stained only
with PI (upper left quadrant). Results are representative of three independent experiments.
Quantitative analysis can be found in Table 3.3.
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Table 3.3 Percentage of cells stained with Annexin V-FITC and/or PI after treatment with the
PI3K inhibitor LY294002 (1-10 μM) for 24 hrs. Results are from three independent experiments.
Classification

DMSO

1 μ M LY294002

5 μ M LY294002

10 μ M LY294002

R1

Annexin V-/PI+ (damaged)

1.8%

1.7%

2.7%

1.6%

R2

Annexin V+/PI+ (non-viable)

7.7%

7.9%

9.0%

12.4%

R3

Annexin V-/PI- (viable)

86.0%

84.1%

83.5%

76.7%

R4

Annexin V+/PI- (apoptotic)

4.4%

6.3%

4.8%

9.2%

R1

Annexin V-/PI+ (damaged)

9.1%

7.9%

12.5%

16.6%

R2

Annexin V+/PI+ (non-viable)

14.8%

11.4%

21.3%

22.5%

R3

Annexin V-/PI- (viable)

66.4%

72.5%

52.4%

50.9%

R4

Annexin V+/PI- (apoptotic)

9.8%

8.2%

13.8%

10.1%

R1

Annexin V-/PI+ (damaged)

1.0%

1.0%

1.9%

1.1%

R2

Annexin V+/PI+ (non-viable)

8.5%

8.5%

9.1%

12.9%

R3

Annexin V-/PI- (viable)

80.5%

77.9%

79.6%

68.6%

R4

Annexin V+/PI- (apoptotic)

9.9%

13.0%

9.3%

17.4%

QUADRANT

Experiment 1 Quadrant

QUADRANT

Experiment 2

QUADRANT

Experiment 3
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apoptosis (i.e. elevated Annexin+ staining and exclusion of PI) partially accounted for this
change. Results of Annexin-V FITC staining from three independent experiments are
summarized in Table 3.3.

3.8 Changes in cell cycle status induced by LY294002 correlate with changes in
resistance to doxorubicin.
To investigate if cell cycle changes induced by PI3K inhibition were reflective of
LY294002-induced resistance to doxorubicin, cell cycle analysis and colony formation
assays were performed in parallel at various time points (0, 24 and 48 hrs) following a 24
hr-treatment with LY294002 as described in the Materials and Methods.

Cell cycle analyses revealed that immediately following treatment with LY294002 (0 hr),
there was a 1.3 to 1.9-fold (mean ± SE, 1.6 ± 1.7, P < 0.05, n = 3) increase in the
proportion of cells delayed in the G1 phase of the cell cycle compared to the untreated
control (Figure 3.7A). Twenty- four hrs after the inhibitor was removed, the effect of
LY294002 on cell cycle status (i.e. the increase in G1) was no longer evident. In fact,
compared with cell cycle analysis immediately after treatment with LY294002, cell cycle
analysis of cells at 24 and 48 hrs post-treatment revealed a significant reduction in the
proportion of cells delayed in G1 (1.4 to 1.8-fold decrease (mean ± SE, 1.5 ± 0.15, P <
0.05, n = 3) and 1.4 to 1.8-fold decrease (mean ± SE, 1.5 ± 0.15, P < 0.05, n = 3),
respectively) and subsequently a larger accumulation of cells in S-phase (1.6 to 1.8-fold
increase at 24 hrs (mean ± SE, 1.7 ± 0.05, P < 0.05, n = 3) and a 0.9 to 2.8-fold increase at
48 hrs (mean ± SE, 1.7 ± 0.39, P < 0.05, n = 3)) (3.7A and Appendix 1). Clonogenic
assays revealed that when the same population of cells were treated with doxorubicin
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Figure 3.7 Changes in cell cycle induced by the PI3K inhibitor LY294002 correlates with
changes in survival of doxorubicin-treated MDA-MB-231 cells. (A) Cell cycle profile of MDAMB-231 cells at 24 hr intervals post-treatment with LY294002. After a 24 hr treatment with
LY294002 (10 μM), the inhibitor was removed and fresh medium was added to cells. Results
are represented as the mean of three experiments. Statistically significant differences in the
percentage of cells in G1 relative to DMSO condition and 0 hr post LY294002 treatment are
indicated (*P<0.05 and **P<0.05 respectively). (B) Surviving fraction of MDA-MB-231 cells
treated for 1 hr with 5 µM of doxorubicin at 0, 24 or 48 hour time points post-treatment with
LY294002 (10 μM). Results are representative of three independent experiments and are
presented as the mean surviving fractions ± standard error. Statistically significant
differences in survival relative to 10 μM LY294002 condition at 0 hrs are indicated (*P<0.001
and **P<0.05).
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immediately after LY294002 treatment, there was a significant increase in survival
compared with cells pre-treated with the vehicle alone (mean ± SE, 14.3 ± 5.1, P < 0.001,
n = 4) (Figure 3.7B). However, clonogenic assays performed at both 24 and 48 hrs after
LY294002 removal revealed that this induction of resistance was no longer evident (1.3
to 31.4 fold- (mean ± SE, 14.4 ± 6.5, P < 0.05, n = 4) and a 1.2 to 6.4 fold-decrease in
resistance (mean ± SE, 3.4 ± 0.6, P < 0.05, n = 4), respectively). These findings are
consistent with the restoration of the cell cycle distribution at these time points.

3.9 Effect of knockdown of p21Waf1/Cip1 and p27Kip1 expression on LY294002-induced
G1 delay and induction of doxorubicin resistance.
There is evidence that delays in cell cycle progression are mediated, at least in part,
through activation of CDKIs such as p21Waf1/Cip1 and p27Kip1 (94). To address the
potential involvement of these proteins in the LY294002-induced G1 delay MDA-MB231 cells were transfected with siRNA targeting p21Waf1/Cip1 or p27Kip1. As shown in
Figure 3.8A treatment of MDA-MB-231 cells with 10 μM LY294002 resulted in an
increase in the levels of p21Waf1/Cip1 detected by Western blot analysis. Transfection of
MDA-MB-231 cells with validated p21Waf1/Cip1 siRNA resulted in a complete knockdown
of LY294002 induced p21Waf1/Cip1 expression (Figure 3.8A, Lane 3). However,
knockdown of p21Waf1/Cip1 had no effect on LY294002-induced G1 delay (Figure 3.8B and
Table Appendix 2). Cells transfected with p21waf1/cip1 siRNA showed a small but
significant decrease in LY294002-induced resistance to doxorubicin when compared to
the negative control siRNA (P < 0.01, n = 3) (Figure 3.8C).
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Figure 3.8 Effects of p21Waf1/Cip1 siRNA on p21Waf1/Cip1 accumulation, LY294002- induced cell
cycle delay and resistance in MDA-MB-231 cells. MDA-MB-231 cells were transfected with
either p21Waf1/Cip1 siRNA or a negative control siRNA. Untransfected cells were also used as
an additional control. Cells were then treated with 10 μM of LY294002 for 24 hrs and
analyzed by Western blot, cell cycle analysis and colony formation assay. (A) p21Waf1/Cip1
protein accumulation in the presence of LY294002 was determined by Western blot analysis
using a p21Waf1/Cip1 antibody (β-actin was used to control for sample loading). (B) Cell cycle
analysis of cells transfected with p21Waf1/Cip1 siRNA and then exposed to LY294002 for 24
hrs. Results are representative of two experiments. (C) After exposure to LY294002,
p21Waf/Cip1 siRNA-transfected cells were treated with doxorubicin (5 μM) for 1 hr and
clonogenic survival was assessed. Results are representative of three independent
experiments and are presented as the mean surviving fractions ± standard error. Statistical
significance relative to cells transfected with the negative control siRNA and treated with
LY294002 are indicated (*P<0.01).
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Knockdown of p27Kip1 expression in cells transfected with p27Kip1 siRNA resulted in a
more variable response with respect to the effect on doxorubicin resistance. Two
concentrations of p27Kip1 siRNA (10 and 20 nM) were found to be effective at preventing
LY294002-induced p27Kip1 expression in MDA-MB-231 cells (Figure 3.9A). Similar to
findings following treatment of cells with p21waf1/cip1 siRNA, knockdown of p27Kip1 did
not have a significant effect on LY294002-induced G1 delay (Figure 3.9B and Appendix
3). However, clonogenic assays using p27Kip1 siRNA were inconclusive, as there was a
lack of consistency between the four experimental repeats. Figure 3.9C represents one of
the four experiments.

3.10 Doxorubicin treatment resulted in an immediate increase in phosphorylated
Akt levels.
To address the role of the PI3K pathway in the survival of MDA-MB-231 cells exposed
to doxorubicin, phosphorylation of Akt was measured following drug treatment.
Compared with untreated control cells, treatment with doxorubicin for 1 hr resulted in an
immediate increase in the levels of phospho-Akt detected by Western blot (Figure 3.10A,
Lane 2). Though this increase in Akt phosphorlyation subsided within 6 hrs after
doxorubicin exposure, treatment with LY294002 further inhibited phosphorylated Akt
(Lane 3 and 4).

3.11 Treatment of MDA-MB-231 cells with LY294002 following doxorubicin
exposure decreased drug resistance.
Clonogenic assays were performed on MDA-MB-231 cells treated with LY294002 after a
1 hr-doxorubicin treatment (Figure 3.10B). Compared with cells cultured in drug-free
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Figure 3.9 Effects of p27Kip1 siRNA on p27Kip1 accumulation, LY294002-induced cell cycle
delay and resistance in MDA-MB-231 cells. MDA-MB-231 cells transfected with either
p27Kip1 siRNA or a negative control siRNA. Cells were also left untransfected as an additional
control. After a 48 hr transfection, cell were treated with 10 μM of LY294002 for 24 hrs and
analyzed by Western blot, cell cycle analysis and colony formation assay. (A) p27Kip1 protein
accumulation in the presence of LY294002 was determined by Western blot using a p27Kip1
antibody (β-actin was used to control for sample loading). (B) Cell cycle analysis of cells
transfected with p27Kip1 siRNA and then exposed to LY294002 for 24 hr. (C) After exposure
to LY294002, p27Kip1 siRNA-transfected cells were treated with doxorubicin (5 μM) for 1 hr
and clonogenic survival was assessed. Results are representative of a minimum of three
independent experiments and are presented as the mean surviving fractions ± standard
error.
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Figure 3.10 Doxorubicin-induced PI3K signalling and the effect on cell survival of LY294002
administration after doxorubicin exposure. Characterization of Akt activity in response to
doxorubicin is shown in Figure 3.10A. Following a 1 hr exposure to doxorubicin, MDA-MB231 where treated with DMSO or LY294002 for either 6 or 24 hrs. Cell lysates were
subjected to Western blotting using indicated phospho-Akt (Ser 473) or Akt antibodies. (B)
After a 1 hr exposure to doxorubicin (5 μM), MDA-MB-231 cells were treated with LY294002
(1 – 5 μM) for 24 hrs, as described in the Materials and Methods. Statistically significant
differences in survival relative to the vehicle-treated controls are indicated(*P<0.01).
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medium, treatment with LY294002 for 24 h following doxorubicin exposure resulted in a
significant dose-dependent decrease in survival (P < 0.01, n = 3).

46

CHAPTER FOUR: DISCUSSION
The present study demonstrates that inhibition of PI3K signalling increases resistance of
human cancer cells to chemotherapeutic agents by hindering cell proliferation. This
conclusion is based on results showing that inhibition of the PI3K pathway by LY294002
and Compound 15e increased resistance to various chemotherapeutic agents in human
breast, prostate, colon and lung carcinoma cells. In addition, resistance mediated by
LY294002 was associated with a significant decrease in proliferation. Further
investigation showed that the decrease in cell proliferation was likely a consequence of an
increased proportion of cells delayed in the G1 phase of the cell cycle. These findings are
consistent with previous studies that have showed that LY294002 treatment inhibits cell
proliferation and progression specifically by causing G1 delay (95;96).

The effect of PI3K inhibition on drug resistance was highly reproducible in a variety of
human cancer cell lines. Treatment of MDA-MB-231, DU-145, HCT-116 and A-549 cells
with LY294002 all resulted in significant increases in resistance to doxorubicin compared
to the untreated controls. Furthermore, treatment with LY294002 resulted in resistance to
a broad range of chemotherapeutic agents such as vincristine, etoposide and 5-FU. Use of
a second PI3K inhibitor, Compound 15e, replicated the effects of LY294002 on
resistance, suggesting that the resistant phenotype induced by PI3K inhibition was not
just specific to LY294002 treatment. These findings are novel in that they strongly
indicate a detrimental effect of PI3K inhibition in the context of drug resistance.
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Previous studies have shown that inhibition of PI3K signalling leads to inhibited growth
in a number of human cancer cell lines by preventing cell cycle progression (83). In this
study, pre-treatment of MDA-MB-231 cells with the PI3K inhibitor LY294002 increased
the proportion of cells in the G1 phase of the cycle and subsequently resulted in resistance
to various chemotherapeutic agents. Comparison of doxorubicin toxicity with the
percentage of cells in either G1 or S-phase is suggestive of a correlation between cell
cycle status and drug resistance. Analysis of MDA-MB-231 cells at 24 and 48 hrs after
the removal of LY294002 revealed not only a reduction in the proportion of cells delayed
in G1, but also a subsequently larger accumulation of cells in S-phase. These changes in
cell cycle correlated with a significant decrease in LY294002-induced resistance,
implying that cells were more susceptible to chemotherapeutic agents because a higher
sub-population was undergoing DNA synthesis. Since most chemotherapeutics agents act
by affecting DNA synthesis, treatment of tumour cells with anti-cancer drugs are most
effective during S phase of the cycle when DNA is fully accessible (25).

The notion that PI3K inhibition promotes resistance by decreasing tumour cell
susceptibility to chemotherapeutic agents is supported by observations from a recent
clinical trial for acute myelogenous leukemia (AML) (97). In this study, patients that
presented with constitutive PI3K activation (PI3K+) had significantly higher overall
survival (56%) and a higher relapse-free survival (72%) compared with patients that
presented no PI3K activity (PI3K-, 33% and 41%, respectively) (97). A possible
explanation given for the higher survival and lower relapse rates of PI3K+ patients was
that PI3K signalling may actually drive cells into the S-phase and thus increase their
susceptibility to cell cycle-dependent chemotherapies (97). These findings are suggestive
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that constitutive PI3K activity can be a favourable prognosis factor and may actually
increase sensitivity to chemotherapy.

Activation of the PI3K/Akt pathway is known to regulate proliferation by mediating key
molecular players involved in cell cycle progression (98-100). In particular, these include
the CDKIs p21waf1/cip1 and p27Kip1, both of which are suppressed by PI3K/Akt activity (4).
The findings in this study were consistent with recent studies revealing that that inhibition
of PI3K signalling by LY294002 resulted in increased levels of p21waf1/cip1 and p27Kip1
(101;102). Since p21waf1/cip1 and p27Kip1 are known to contribute to G1 delay (59) and
p27Kip1 has been implicated as a possible enhancer of drug resistance in solid tumours
(103), the potential involvement of these particular CDKIs as mediators of resistance
induced by LY294002 was investigated. Knockdown of p21waf1/cip1 by siRNA resulted in
a significant decrease in LY294002-induced resistance. However, this decrease in
resistance was small and unlikely to fully account for the large increase in resistance
caused by PI3K inhibition. Experiments in which p27Kip1 was knockdown did not provide
conclusive data due to excessive inter-experimental variability. However, knockdown of
either p21waf1/cip1 or p27Kip1 did not overtly prevent LY294002-induced cell cycle delay.
Together these observations are suggestive that neither p21waf1/cip1 nor p27Kip1 can be fully
accountable for the LY294002-induced resistance.

It is generally accepted that the PI3K pathway is involved in the development of drug
resistance by increasing the capacity of tumour cells to survive treatment (59). Since
PI3K plays an integral role in survival, many researchers have targeted this pathway in
efforts to enhance the efficacy of chemotherapeutic agents (54). In fact, several studies
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have shown that small molecule inhibitors of PI3K such as LY294002 and Wortmannin
are effective in sensitizing tumour cells to chemotherapy by increasing drug-induced
apoptosis (35-37;92;93). These findings are in concordance with the results of the present
study, which revealed that treatment with LY294002 increased the percentage of MDAMB-231 cells undergoing apoptosis. However, despite a modest increase in the
percentage of cells undergoing apoptosis, the delay in cell cycle progression had a more
substantial effect at enhancing resistance to chemotherapeutic agents, resulting in a net
increase in surviving cells.

The delay in the cycle of tumour cells following PI3K inhibition had a subsequent
protective effect against various chemotherapeutic agents (Figure 4.1). Based on this
observation, the hypothesis that inhibition of PI3K after exposure to anti-cancer drugs
increases the sensitivity of the tumour cells was proposed. This hypothesis was
supported by the concept that the anti-proliferative and pro-apoptotic effects of PI3K
inhibition should enhance the cytotoxic effects of the chemotherapeutic agents after
damage to DNA has already been inflicted. Indeed, exposing MDA-MB-231 cells to
LY294002 after doxorubicin treatment resulted in a significant, dose-dependent decrease
in resistance (Figure 4.1). Together these findings emphasize the importance of timing in
the context of chemotherapy in the clinical setting.

Something as simple as changing the treatment regime (i.e. treating tumour cells with
PI3K inhibitors either before or after chemotherapy) could be highly consequential in
regards to overall survival. However, the type of cancer treatment may be partially
responsible for the differences in resistance observed in tumour cells treated with
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Figure 4.1 Proposed model of how differences in timing of LY294002 exposure
alters resistance to doxorubicin. Treatment of tumour cells with LY294002 before
doxorubicin treatment results in a increase in resistance. This response is likely due to the
decrease in cell proliferation caused by treatment with LY294002. Treatment of tumour
cells with LY294002 after doxorubicin exposure results in an decrease in resistance. Cell
damage and permanent cell cycle arrest caused by doxorubicin treatment may be further
heighten when followed with LY294002 treatment.
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LY294002 prior to or following exposure to anti-cancer drugs. For instance, treatment
with LY294002 prior to radiation therapy has been reported to decrease clonogenic
survival in both human prostate and cervical cancer cell lines (96;104). This is suggestive
that it may be the nature of how cells are damaged that influences the outcome of
inhibiting the PI3K pathway. Therefore, use of PI3K inhibitors as adjuvants to cancer
therapies may be more suitable with treatments such as radiation, which do not require
rapidly proliferating cells to be effective, as opposed to chemotherapy where the
inhibition of cell proliferation would have undesired effects.

PI3K/Akt is a cell survival signalling pathway that can be activated in response to cellular
stressors such as DNA damage, UV irradiation and oxidative stress (105-107).
Specifically, Akt has been proposed to act as a compensatory protective mechanism
which is activated by cells during periods of cellular stress in order to escape death (46).
Therefore, it is likely that this form of defense is predominantly initiated in response to
other forms of cytotoxic insult (i.e. chemotherapeutic agents) and that tumour cells utilize
this cytoprotective effect in efforts to survive treatment. Exposure to doxorubicin has
been shown to result in a robust increase in phospho-Akt activity (92;108). Furthermore,
attenuating this response with Wortmannin can increase the sensitivity of tumour cells to
chemotherapeutic agents (92). Our data also showed that doxorubicin induced phosphoAkt levels and that this increase could be completely abrogated by PI3K inhibition.
These observations may explain the decrease in resistance in cells treated with PI3K
inhibitors after doxorubicin treatment. It is likely that once Akt is activated (in this case
in response to doxorubicin), complete abrogation of Akt-dependent signalling would not
only eliminate the PI3K/Akt survival pathway but would also promote cell death (92).
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Therefore, PI3K inhibition after doxorubicin may act in a synergistic manner with
chemotherapeutic agents to order to enhance tumour cell killing (Figure 4.1).

In summary, this thesis provides evidence that the use of PI3K inhibitors in cancer
therapy can be detrimental when the PI3K signalling pathway is inhibited prior to anticancer drug administration. This study demonstrates that it is imperative that a detailed
knowledge of the benefits and risks associated with the interference of the PI3K
signalling pathway be established before proceeding clinically with treatments. The
findings presented here highlight the complex role of PI3K signalling in drug resistance
and reveal that subtle differences in timing of PI3K inhibition can drastically alter the
survival outcome to chemotherapeutic agents. While there may be some direct benefits
associated with the use of PI3K inhibitors, the risks - at least in the context of drug
resistance - may overshadow these advantages.
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CHAPTER 5: FUTURE DIRECTIONS

To determine the breath of the present observations, as well as to understand the exact
mechanisms behind PI3K-mediated drug resistance, additional studies are warranted.
Furthering the knowledge of the risks and benefits associated with the use of PI3K
inhibitors will be advantageous, and may lead to re-evaluation of therapeutic strategies
that involve targeting the PI3K pathway.

There are three well-known members of the Akt family: Akt1, Akt2 and Akt3. Though
all three Akt members are encoded by different genes, they are highly homologous (109).
While there is no clear evidence that these kinases differ in substrate specificity (110),
several studies are suggestive they may function in distinct manners from one another
(111-113). Fully understanding the distinct roles that each Akt isoform plays in
regulating cancer progression and promotion may be greatly beneficial for cancer therapy.
For instance, solely targeting the Akt isoform that may be primarily responsible for
suppressing cell death may enhance chemotherapy without the risk associated with
decreasing cell proliferation.

An in vivo mouse model would also provide additional strength to this study by further
highlighting the caution associated with the clinical application of PI3K inhibitors.
Several in vivo studies have begun to investigate the use of PI3K inhibitors as adjuvants
to chemotherapy (37;114-116). Though the effects of combination therapy in regards to
PI3K inhibition has been shown to be useful in reducing tumour burden in mice, (e.g. co-
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treatment of LY294002 and paclitaxel has been shown to significantly reduce tumour
growth in vivo ) (37), the administration of PI3K inhibitors prior to chemotherapy has not
been well characterized. Therefore, investigating the use of PI3K inhibitors prior to
chemotherapy could further strengthen the in vitro work shown here. The use of the PI3K
inhibitor PX-886, which is currently being used in clinical trials, would be important to
evaluate as well.

In addition to p21waf1/cip1 and p27Kip1 there are several other CDKIs (e.g. p16, p18
and p57) that are known to contribute to regulating the cell cycle. In particular p16, a
CDKI that is also involved in regulating G1 delay, has gained widespread importance in
cancer therapy due to its role as a cell cycle regulatory protein (117). Investigating the
effects of PI3K inhibition on the expression of p16 may provide useful information as to
why knockdown of p21waf1/cip1 and p27Kip1 did not seem to have much effect on
LY294002-induced cell cycle delay. It may be possible that knockdown of both
p21waf1/cip1 and p27Kip1 may have been compensated by an up-regulation of other CDKIs.
Additionally, since p21waf1/cip1 and p27Kip1 were never inhibited simultaneously it is also
possible that one of these CDKIs always compensated for the lack of the other.
Therefore, investigating whether the simultaneous knockdown of p21waf1/cip1 and p27Kip1 is
sufficient to abrogate LY294002-induced resistance, as well as looking at the effect of
PI3K inhibition on other CDKIs, may further our understanding of the mechanisms
behind PI3K-mediated drug resistance.
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APPENDICES

Appendix 1. Cell cycle distribution of MDA-MB-231 cells 0, 24 and 48 hrs after the
removal of the PI3K inhibitor LY294002. Results are from three independent experiments.
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Appendix 2. Cell cycle distribution of MDA-MB-231 cells transfected with either p21Waf1/Cip1 or
negative control siRNA following a 24 hr treatment with LY294002.
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Appendix 3. Cell cycle distribution of MDA-MB-231 cells transfected with either 10 or 20
nM of p27Kip or negative control siRNA. After transfection cells were treated with LY294002
for 24hrs and cell cycle was assessed.
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