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Figure 1.1




Thesis Abstract

Glioblastoma multiforme, a high grade malignant astrocytoma, is the most common
and mortal intracranial tumor in adults. The median survival time for glioblastoma patients
remains from 9-12 months despite aggressive treatment programs. These high-grade central
nervous system tumors bear genetic and molecular aberrations that result in innate
chemoresistance to commonly used chemotherapeutic agents.

The main focus of this thesis is on exploring signaling events downstream of
phosphoinositide 3-kinase (PI3-K) in glioblastoma multiforme in attempts to discover
molecular targets that may be highly specific and thus less toxic therapeutic targets. The
PI3-K pathway is constitutively activated in glioblastoma. The Protein Kinase C family of
serine/threonine kinases is activated downstream of PI3-K. Our focus is placed on a
member of the atypical protein kinase C subfamily called, atypical PKC iota. Our lab has
previously shown that inhibition of atypical PKC, with a myristolated pseudosubstrate
inhibitor, induced rapid apoptosis in U§7MG glioblastoma cells. RT-PCR work also
indicated that atypical PKC iota to be the only atypical PKC isoform present in US7MG,
which became our model cell line.

Using RNA interference, a highly specific post-translational gene silencing
mechanism, we found that atypical PKC iota plays a role in U§7MG cells. RNAi of
atypical PKC iota in U87MG glioblastoma cells resulted in a decrease in proliferation with
an increase of the cellular population in GO/G1. Atypical PKC iota RNAi concomitantly

caused an increase in the expression and nuclear localization of the cdk inhibitor, p275%!,



This is the first report of atypical PKC iota negatively mediating p27 Kl activity by
altering its cellular localization. Atypical PKC iota RNAi also chemosensitized UBTMG to
the G1 acting drug cisplatin.

The Akt/PI3-K and ERK signaling pathways are constitutively activated in
glioblastoma allowing for increased proliferation and resistance to apoptosis. Through
western blot analysis of U87MG cells subject to atypical PKC iota RNAi, we showed that
atypical PKC iota RNAI caused a transient decrease in the levels of phosphorylated Erk.
However there was no modulation in the expression of total Erk. Akt is thought to increase
proliferation in part by negatively regulating p275"®! activity by causing its cytoplasmic
sequestration. Interestingly, total Akt and phospho-Akt levels were also unchanged in
these samples. These data further illustrate atypical PKC iota’s role in US7MG
proliferation.

30%-50% of glioblastomas exhibit oncogenic amplification and/or mutations of the
epidermal growth factor receptor (EGFR) gene. The majority of EGFR gene amplification
is also accompanied by rearrangements, the most common of which is the genomic deletion
of exon 2-7 of the 26 exon gene, resulting in a mutated receptor with a truncated
extracellular domain, designated as EGFRvIII. EGFRVIII has been shown to have a critical
role in tumorigenicity, proliferation, cell cycle progression, growth and resistance te
apoptosis. Expression of this mutant receptor however, is lost in tissue culture. Cell lines
therefore must be stably transduced with EGFRVIIL In our studies, the presence of

EGFRVIII in US7MG cell lines prevented both the decrease in proliferation and the
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transient decrease in Erk phosphorylation due to atypical PKC iota RNA1L
U87MGEGFRVIII cells were also resistant to cisplatin-induced toxicity.

We finally began examining the role of atypical PKC iota and invasion in U87TMG
glioblastoma cells using scratch/wound assays. We found no major difference in the
migratory capacities between US8TMG control cells and those with atypical PKC iota
RNAi.

Our results indicate that atypical PKC iota plays a role in U§7MG proliferation,
apoptosis, and chemoresistance. Our data therefore support atypical PKC iota as a possible
ideal therapeutic target in glioblastoma. Further studies are required to determine whether

its inhibition is an effective means of sensitizing glioblastoma multiforme to chemotherapy.
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Chapter 1:
General Introduction
1.1 Glioblastoma multiforme

Glioblastoma multiforme, a high grade malignant astrocytoma, is the most common and
mortal intracranial tumor in adults, and is designated as a Grade IV astrocytoma by the World
Health Organization (WHO) (Kleihues and Sobin 2000). On a worldwide scale, the incidence of
glioblastoma multiforme is relatively similar. In Canada, approximately 2400 primary central
nervous systems tumors are estimated to occur this year alone and approximately 1600 of these
will result in death. 50-60% of these cases are glioblastoma multiforme; these are among the
most aggressive and invasive of all cancers (Kleihues et al. 2002).

Despite advances in treatment for patients with glioblastoma, the survival rate is
invariably poor. Upon diagnosis the median survival time is only 9-12 month and fewer than 5%
of these patients will be alive 5 years after diagnosis (Markert 2003). Aggressive treatment
programs exist consisting of a combination of neurosurgical resection and radiotherapy usually
followed by adjuvant chemotherapy; however the majority of clinical responses to even the most
current forms of treatment are only palliative. Unfortunately, the use of chemotherapy in the
combined treatment programs only has a modest effect in prolonging survival, increasing the
mean survival time to 51 weeks (Botturi and Fariselli 1998; Vives and Piepmeier 1999). The
low response of tumors to most chemotherapeutic agents is partly due to the low penetrance of
these drugs into the central nervous system. In addition, high-grade central nervous system
tumors bear genetic and molecular aberrations that result in innate chemoresistance to commonly
used chemotherapeutic agents (Nagane et al. 1999).

The etiology of glioblastoma is unknown. There are no known diagnostic markers that
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can be used for early detection of glioblastoma multiforme. However, a number of genetic and
molecular aberrations have been characterized in human gliomas that underlie the invasive,
pathogenic and chemoresistant nature of glioblastoma. Multiple genes and proteins implicated in
critical biological events such as signal transduction, cell growth, cell cycle control, proliferation,
apoptosis and differentiation are activated during gliomagenesis (Benjamin et al. 2003). A goal
of current research is to target these molecular aberrations to develop novel therapeutics that will
have increased efficacy with decreased toxicity in glioblastoma patients.

As a gross specimen, glioblastoma multiforme tumors are of irregular shape, consisting
of areas of solid tumor, hemorraghing, and necrosis (Gasparetto et al. 2003) (Figure 1.1A).
Histologically, glioblastoma multiforme is an anaplastic, highly cellular tumor with poorly
differentiated, round, or pleomorphic cells. These tumors are characterized by high levels of
microvascular proliferation.  Glioblastoma multiforme cells are often multinucleated and

characterized by nuclear atypia (Nagashima et al. 1999; Gasparetto et al. 2003) (Figure 1.1B).

1.2 Genetic, molecular, and clinical background of glioblastoma multiforme

A number of signature genetic and molecular alterations have been characterized in
glioblastoma that distinguish it from normal glial cells. The two fundamental cellular processes
involved are signal transduction and cell cycle arrest control. Mutations affecting these two
cellular processes cooperate to give rise to glioblastoma multiforme. Receptor tyrosine kinases
like epidermal growth factor receptor (EGFR) (Strommer, Hamou et al. 1990; Wong, Ruppert et
al. 1992) and platelet derived growth factor receptor (PDGFR) are among the signaling pathways

most frequently modified (Guha et al. 1995; Di Rocco et al. 1998). Mutations



Figure 1.1  Glioblastoma multiforme

A. Gross specimen of glioblastoma multiforme tumor (white) displays the characteristic
bleeding (black) and associated necrosis (brown). B. Histological representation of
glioblastoma multiforme displaying the vascularization with the prominence of endothelial cells
(a), hypernucleated and nuclear atypic tumour cells (b), and the red blood cells caused by the
hypervascularization (c).



affecting cell cycle control involve the INK4A/CDK4/RB pathway and the ARF/MDMZ/P33
pathway (Ivanchuk et al. 2001). Such genetic and molecular abnormalities result in abnormal
activation of signal transduction pathways and disruption of cell cycle arrest pathways.

Receptor tyrosine kinases are often amplified or constitutively activated by mutations in
glioblastoma multiforme. As a result of gene amplification and rearrangements, receptor
tyrosine kinases can become constitutively active. Consequentially, multiple signal transduction
pathways promoting cell survival, proliferation, growth and differentiation are constitutively
stimulated (Benjamin et al. 2003). The phosphatidylinositol-3 kinase (PI3-K) pathway,
RAS/mitogen-activated protein kinase (MAPK) pathway, protein kinase C pathway, JAK/STAT
pathway, and the JNK pathway are among the most commonly stimulated pathways promoting
tumor growth, survival, proliferation and invasion. For example, the epidermal growth factor
receptor (EGFR) has been linked to oncogenicity in glioblastoma. EGFR is a typical receptor
tyrosine kinase that is important in signal transduction cascades mediating growth, proliferation,
survival, and differentiation. As a means to keeping signaling under control and preventing
aberrant cell growth and survival, once activated through dimerization by ligand binding, EGFR
signal downregulation occurs by receptor endosomal internalization. However, 30%-50% of
glioblastomas exhibit oncogenic amplification and/or mutations of the EGFR gene (Strommer et
al. 1990; Wong et al. 1992). Amplification of the EGFR gene can result in up to 100 copies per
cell correlating to increased survival, invasion, and chemotherapeutic resistance (Okada et al.
2003). The majority of EGFR gene amplification is also accompanied by rearrangements, the
most common of which is the genomic deletion of exon 2-7 of the 26 exon gene resulting in a
mutated receptor with a truncated extracellular domain. This mutant receptor has been
designated EGFRvIIL. EGFRVIII has been found in approximately 50% of glioblastoma and
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contributes to their pathogenicity. This tumor specific receptor is ligand independent with weak
but constitutive unattenuated kinase activity remaining at the cell surface for up to 8 hours before
signal downregulation (Lorimer 2002). EGFRVIII has been shown to have a critical role in
tumorigenicity, proliferation, cell cycle progression, growth and resistance to apoptosis
(Nishikawa et al. 1995; Nagane et al. 1998). Introduction of EGFRVIII into cell lines, such as
the US7MG glioblastoma cell line, only has a mild effect on their growth in tissue culture.
However, EGFRVIII significantly enhances their growth as xenografts (Nishikawa et al. 1994).
In addition, tumorigenicity of MCF-7 breast cancer cells in nude mice is significantly enhanced
by EGFRVIII (Tang et al. 2000). In humans, the incidence of EGFRVIII in tumors is high.
EGFRUVIII is also tumor specific, being undetectable in normal tissue (Lorimer 2002). EGFRVIII
has been detected in numerous tumor types including: breast (Luo et al. 2003), ovarian
(Moscatello et al. 1997), non-small cell lung (Okamoto et al. 2003), prostate cancer (Olapade-
Olaopa et al. 2000), as well as glioblastoma multiforme.

EGFRVIII preferentially uses different signal transduction pathways than the wild type
EGFR to induce cellular responses (Lorimer and Lavictoire 2001). EGFRVIII constitutively
activates a myriad of survival responses involved in cell growth and differentiation, two of which
are the PI3-K and RAS/MAPK pathways (Lorimer and Lavictoire 2001). Deletion of the tumor
suppressor PTEN (phosphatase and tensin homologue on chromosome ten) is also a common
event in glioblastoma multiforme. PTEN is an inhibitor of the PI3-K pathway. EGFRvIII
activity and/or loss of PTEN activity result in the constitutive activation of phosphoinositide-
dependent kinase 1 (PDK1) and PKB/Akt to contribute to the malignant phenotype (Stambolic et

al. 1998) (Figure 1.2).
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Figure 1.2 Comparison of EGFR and EGFRUVIII structure and activity



Disruption of cell cycle arrest is caused by the genetic and molecular alterations found in
glioblastoma. The active cell cycle is divided into 4 phases: Gapl (G1), synthesis (S), Gap2
(G2), and mitosis (M). G1 is when growth and preparation for DNA synthesis occurs. The S
phase is when cells replicate their DNA. G2 is the preparatory stage for the cell division.
Finally, M stands for mitosis and is when cell division occurs. Following division, daughter cells
can immediately re-enter another round of growth and division or exit the active cell cycle from
G1. Cells that exit the active cell cycle enter a state of quiescence termed the GO phase of the
cell cycle, where normal cellular functions are carried out. If required, a cell may leave GO and
re-enter the active cell cycle.

Normally, the complex system of events governing the cell cycle is highly regulated.
Cell cycle progression is governed by cyclin dependent kinases (cdks) that are activated by
cyclin binding and inhibited by cdk inhibitors. Cdks regulate biochemical pathways that
integrate mitogenic and growth-inhibitory signals and coordinate cell-cycle transitions. Passage
through G1 into S phase is regulated by cyclin D-, cyclin E-, and cyclin A-associated cdks.
Transition from G2 into M is regulated by cyclin B-associated cdks. The cell cycle is negatively
regulated by cdk inhibitors. Two families of cdk inhibitors can associate with CDK-cyclin
complexes and inhibit their activities. The inhibitors of the cdk4 (INK4) family members that
include p15INK4B, p16INK4A, pl8 and pl19ARF inhibit cyclin D association by directly
binding cdk4 and cdk6é. The kinase inhibitor protein (KIP) family include p21°F, p27 Kl and
p57%%2 which bind and inhibit cyclin D,E,B, and A bound cdks (Slingerland and Pagano 2000)
(Figure 1.3).

Homozygous deletions of the p16/INK4A-ARF locus are common in glioblastoma. This
mutation is found in greater than 50% of glioblastomas and in 80% of gliomas cell lines.
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Figure1.3  The cell eycle

The cell cycle consists of transitions from G1 to S then G2 to M. The process is regulated by a
family of cyclin-dependent kinases (cdks) whose activity is regulated by binding of the cyclins,
by phosphorylation, and by negative regulators, the cdk inhibitors.



Alterations of p16/INK4A-ARF cause disruptions in the G1/S and G2/M checkpoints (Benjamin
et al. 2003; Dai and Holland 2003). The INK4A-ARF locus on chromosome 9p21 encodes two
separate proteins through differential splicing of alternative first exons to produce p16INK4a and
pl4ARF (Nishikawa et al. 1995; Newcomb et al. 2000). p16/INK4a is a tumor suppressor gene
that encodes a specific inhibitor of cyclin D-dependent kinases, cdk4 and cdk-6, thereby
preventing their association with cyclins. In turn, phosphorylation of the retinoblastoma tumor
suppressor gene (pRB) is inhibited. This prevents the transition from G1 to S phase, causing G1
cell cycle arrest. The p14ARF gene product can complex with and cause nuclear sequestration
of murine double minute 2 (mdm?2), thereby preventing mdm?2 from inhibiting p53 tumor
suppressor activity by ubiquitination, nuclear export, and proteosomal degradation of p53
(Newcomb et al. 2000; Zheleva et al. 2003). Therefore, the high frequency of p16/INK4A-ARF
loss and alterations in glioblastoma allows for uncontrolled proliferation. Restoration of
p16/INK4a expression in p16 null glioblastoma cell lines induces growth suppression both in
vitro and in vivo (Lee et al. 2000). In addition, deletions of the Rb gene, deletions or mutations
of the p53 gene, and amplifications of CDK4, CDK6, Cyclin D1 and mdmz2 can also disrupt cell
cycle arrest and lead to uncontrolled cell cycle progression in glioblastoma multiforme. Among
all the described mutations, the genetic loss of INK4A-ARF and p53 function by deletion or
mutation are the most common mechanisms by which cell cycle arrest is prevented. Normal
glial cell function requires these elements of signal transduction and cell cycle control; however
tumorigenesis activates or inhibits these cellular responses to promote survival (Figure 1.4).
Two distinct subsets of glioblastomas, primary and secondary, have been characterized
based on clinical and genetic characterization of tumors (Lang et al. 1994; Ng and Lam 1998).

Primary, or de novo, type tumors occur commonly in patients over 55 years of age. Primary

9



glioblastomas have no clinically evident precursor and harbour epidermal growth factor
receptor (EGFR) gene amplification in 80% of the cases (Wong et al. 1992; Kleihues and
Ohgaki 1999). EGFR amplification is also associated with genetic rearrangement, the most
frequent of which produces the most common EGFR mutant, EGFRVIIL, in 50% of the cases.
Primary glioblastomas are further characterized by the overexpression of the mdm2 gene,
loss of the INK4a/Arf locus, and mutations of PTEN and retinoblastoma (Rb) genes on
chromosome 12, 9, 10, and 13, respectively. In de novo glioblastomas, cooperation between
EGFRVIII expression and the homozygous deletion of the INK4A-ARF locus correlate with
higher proliferation indexes (Jen et al. 1994; Schmidt et al. 1994; Ono et al. 1996; Hayashi et
al. 1997). Alterations in PTEN occur in 30-40% of primary glioblastomas (Kraus et al. 2002).

The secondary type of glioblastoma develops from a low-grade astrocytoma. It is
characterized by a sequential accumulation of various genetic aberrations that contribute to
malignant progression. These tumors tend to have a p53 null background and overexpress
PDGF ligands and receptors, two occurrences that play a pivotal role in the initial steps of the
evolution (Kleihues and Ohgaki 1999). Tumor progression is then promoted by the loss of
chromosomes 1, 9p, 13q, 19q, and then finally 10q (Wooten et al. 1999). The loss of
chromosome 10q, where the PTEN gene is located, is the final genetic alteration required to
transition from anaplastic astrocytoma to secondary glioblastoma (Tohma et al. 1998;
Wooten et al. 1999). The evolution of another form of secondary glioblastoma results from
the losses of chromosome 1p and 19q, by inactivation of PTEN and pl6, and finally by

EGFR gene amplification in pre-existing oligodendroglioma (Behin et al. 2003) (Figure 1.4).
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Although histologically similar, the two subtypes of glioblastoma multiforme may
respond quite differently to therapeutic agents due to their specific molecular differences.
These molecular characteristics may provide avenues for therapeutic intervention with highly

specific novel treatments based on these defined molecular aberrations.

1.3 Glioblastoma multiforme mouse modeis

Genetically defined mouse models of glioblastoma multiforme have given useful
insights into gliomagenesis. Introducing the genetic alterations found in human gliomas in
mouse models produces tumors that are histiologically similar to human gliomas (Holland
2000). Animal model studies provide valuable information on the probable causes of glioma
formation and on novel potential targets for therapy. These mice can also potentially be used
to evaluate molecularly targeted therapeutics.

There are two general approaches used to develop glioma mouse models, based on
germline-modification strategies and somatic cell gene-transfer. These techniques are used
in transgenic mice and knockout mice. Transgenic mice express a gene of interest in all cells
using a cell-type specific promoter to drive expression (Aguzzi et al. 1995). Knockout mice
lose expression of a targeted gene in all cells that normally express it (Macleod and Jacks
1999). In many mouse tumour germline-modification models, the tissue with altered genetic
expression is generally developmentally normal. The tumours that develop require additional

unknown secondary genetic events. This method is informative
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Figure 1.4  Summary of known major genetic alterations in glioblastoma
tumorigenesis

Representation of the genetic alterations affecting signal transduction and cell cycle arrest in
glial differentiation, malignancy, and mouse models. This table has been adapted (Dai and

Holland 2003).
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regarding the induction and progression of tumorigenesis (Holland 2001). Somatic-cell gene
transfer involves the delivery of mutant genes postnatally by retroviral infection. This
method allows for the analysis of multiple mutations. However since the number of cells
used for infection is relatively small, secondary events for tumor initiation are less likely to
occur. However, if there is tumor formation, the initial alteration is likely the causative
factor behind tumor formation (Fisher et al. 1999).

Mouse models also highlight the cooperativity between aberrations in cell cycle arrest
and signal transduction pathways in the induction of gliomagenesis. Aberration to cell cycle
arrest or signal transduction pathways alone cannot induce gliomas. Rather these mutations
together enhance oncogenicity and work in a cooperative manner to induce tumorigenesis.
For example, the constitutive activation of the many survival and proliferative pathways by
EGFRVIIL, like PI3-K and Ras, alone cannot induce gliomagenesis. Rather, for EGFRVIII to
induce glioma formation, it must cooperate with the disruption of G1 cell-cycle arrest
pathways induced by deletions in the INK4A-ARF locus and/or the oncogenic amplification
of cyclin-dependent kinase-4 (cdk-4) (Holland et al. 1998; Uhrbom et al. 2002). Neither an
Ink4A-Arf deficient background nor the gene transfer of constitutively active EGFR alone
causes gliomagenesis in mice. However, when transgenic mice bearing an Ink4A-Arf null
background are infected with retroviral vectors to transfer a constitutively active mutant
EGFR gene, these two components combined cause glioma-like lesions (Holland et al. 1998).

Another example of cooperative effects in glioblastoma is with homozygous deletions
of p53 and Nfl (neurofibrotosis type 1). Nfl encodes a RAS-guanosine triphosphatase

activating protein, which keeps Ras in its inactive state. As in the case of EGFRvIII and the
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deletion of the Ink4 A-Arf locus, homozygous deletion of p53 or Nfl on their own do not
induce gliomagenesis, as seen in mice (Donehower et al. 1992; Bajenaru et al. 2002).
However, the double deletion of p53 and Nf1 can produce glioblastomas in mice (Reilly et
al. 2000).

Animal models are required to distinguish the genetic and molecular alterations that
are responsible for tumor formation and progression. Such models will allow for the

identification of critital targets for therapy and the ability to test them in vivo.

1.4  Molecular targets developed into therapies

Since conventional treatments for glioblastoma multiforme only modestly increase
mean survival, it is important to look for novel, more effective modes of treatment.
Targeting glioblastoma’s molecular aberrations offers the possibility of novel therapeutic
modalities that could act as single agents or could make current therapies more effective.
Advances into the understanding of the molecular characteristics of glioblastoma have
already led to the development of novel and potentially more effective, specific, and less
toxic treatment approaches such as immune and gene therapies.

Tumor suppressor genes like p53 (Tkeda et al. 2001) or Rb (Fueyo et al. 1998) can be
restored by gene therapy and results in a marked reduction in cell proliferation by inducing a

G(1)/S cell cycle block in vivo. In the case of p53, increasing wild-type p53 levels by

adenoviral-mediated gene transfer caused apoptosis in vitro (Ikeda et al. 2001). Although not

useful clinically, the restoration of Rb activity rendered the human glioma cells unable to

form tumors in nude mice (Fueyo et al. 1998).
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An example of progress in the development of molecular cancer therapeutics is the
development of the novel antitumor drug ZD1839, commercially known as Iressa. Iressa is
an orally active, selective EGFR tyrosine kinase inhibitor that prevents signal transduction
pathways promoting cancer cell growth, survival, and proliferation and is currently in clinical
trials (Villano et al. 2003). Aberrant EGFR has also been a tumor specific target for the
delivery of antisense DNA sequences that can abolish its over-stimulation or constitutive
activation (Lorimer 2002). In addition, vaccines derived from the fusion junction in
EGFRVIII have shown potential in animal models as seen by the inhibition of tumor
formation, the regression of existing EGFRVIII expressing tumors, and an antibody response
(Moscatello et al. 1997). Another therapeutic approach is EGFRvIII-specific antibodies
capable of recognizing a secondary structure exclusive to this mutant receptor (Lorimer
2002). These antibodies can be used to target toxins, radioisotopes, and viral vector gene
therapy in EGFRVIII expressing cancer cells. These techniques have been examined both in
tissue and animal models with modest promise (Lorimer 2002).

Other possible treatments are based on anti-angiogenic approaches (Zachary 2003)
and inhibition of matrix metalloproteases that are being examined in tissue culture and
animal models (Bello et al. 2001). Glioblastoma multiforme is one of the most highly
vascularized tumors, and therefore may be particularly sensitive to anti-angiogenic
approaches. For example, the development of vascular endothelial growth factor (VEGF)-
specific or vascular-specific peptides are now being examined as therapeutic molecules
targeted against angiogenesis (Zachary 2003). Glioblastomas are also highly invasive thus

inhibition of matrix metalloproteases is being examined in animal models. Though such
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research has shown that inhibition of MMPs efficiently decreases glioma invasion,
angiogenesis, and tumor growth in xenografts (Bello et al. 2001; Lakka et al. 2003), MMP

inhibition has not yet been clinically successful.

1.5  PI3-K pathway

One of the challenges in the area of glioblastoma research is developing effective
treatments with low toxicity. Both cancerous and non-cancerous cells utilize common
cellular and molecular mechanisms so as with most chemotherapeutic and radiation
treatments, toxicity is a major concern. The potential side effects of targeting molecular
abnormalities in glioblastoma must therefore be carefully examined. Many potential target
genes and molecules play significant roles in normal cellular events. Nonetheless, targeting
such genes involved in tumor initiation, progression and invasion offers the most promise for
glioblastoma patients.

Some of the alterations that occur in glioblastoma, like EGFRVIII and the loss of the
PTEN tumor suppressor, lead to the constitutive activation of the P13-K pathway, which
provides a target for therapy (Choe et al. 2003). The PI3-K pathway lies downstream of
many receptor tyrosine kinases and plays a role in membrane trafficking, cytoskeletal
organization, cell growth and survival (Figure 1.5).

The PI3-K family consists of eight members divided into three classes. These classes

are based in sequence homology and substrate preference (Fruman et al. 1998). The
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Figure 1.5  PI3-K pathway

Divergent signaling may pose a window of opportunity to achieve a highly specific, less
toxic therapeutic target.
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class I PI3-K family consists of four members that are subdivided based on their mechanism
of activation. Class Ia consists of catalytic subunits p110 o, B, and v that individually
associate with a p85 regulatory subunit to form a heterodimeric complex. There are eight
isoforms of p85 encoded by three genes, each containing two SH2 (Src homology) domains
that interact with phosphotyrosine on activated receptor tyrosine kinases or with adaptor
molecules. This results in recruitment of the PI3-K to the plasma membrane and activation
of its enzymatic activity. In addition, activated GTP- bound Ras can activate class Ia kinases
by direct association with the catalytic subunit (Downward 1998). Class Ib PI3-Ks consist of
only a p110 7y catalytic subunit that is activated by the By subunits of the heterotrimeric G
proteins. G proteins are released by transmembrane receptor activation (Pacz and Sellers
2003).

The class II PI3-Ks are comprised of three members, PI3-KC2 a, B, and y. These
members lack a regulatory subunit. A carboxyl-terminal phospholipid-binding domain
characterizes class I PI3-Ks. These enzymes are mainly membrane bound and are activated
by receptor tyrosine kinases and integrins. Finally, the class Il kinase VPS34p produces the
majority of the cellular PtdIns-3-P and is involved in lysosomal protein trafficking (Paez and
Sellers 2003).

In general the basic method of receptor tyrosine kinase activation of the PI3-K
signaling cascade is simple (Figure 1.5). When ligand binding activates receptor tyrosine
kinases, autophosphorylation on their tyrosine residues occurs. This leads to the recruitment
of PI3-K to the plasma membrane by the SH2 domains of the p85 regulatory subunits. PI3-K

is also activated by the interaction of its SH2 domains with phosphotyrosine on the receptor
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tyrosine kinases. PI3K then phosphorylates phosphoinositol lipids on the D3 position of their
inositol ring generating phosphatidyl-3-phosphates. PI3-K thereby transduces signals by
catalyzing the conversion of phosphatidyl-3,4 bisphosphate (PIP2) to generate a secondary
messenger phosphatidyl-3,4,5 trisphosphate (PIP3). These lipids recruit pleckstrin homology
(PH) domain-containing proteins such as phosphoinosotide-dependent kinase 1 (PDK1) to
the plasma membrane. Once PDK-1 is activated by binding to the plasma membrane, it can
activate downstream proteins, like the serine-threonine kinase PKB/Akt, by phosphorylation.
Akt and PDK-1 phosphorylate multiple target proteins thereby carrying out their role as
critical regulators of cellular functions (Narita et al. 2002; Paez and Sellers 2003).

PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a tumor
suppressor gene localized to chromosome 10923 (Myers et al. 1997). PTEN is a protein and
lipid phosphatase. The lipid phosphatase activity allows PTEN to dephosphorylate the D3
position of the lipid products PIP2 and PIP3 produced from PI3-K activity (Maehama and
Dixon 1998). PTEN therefore antagonizes PI3-K signaling. PTEN’s C-terminal tail contains
a PDZ protein-protein interaction module (Adey et al. 2000). Phosphorylation of Serine 380,
Threonine 382 and Threonine 383 within this domain maintains PTEN in a closed
conformation and functionally inhibited (Adey et al. 2000). Only in an unphosphorylated
form can PTEN interacts with other PDZ containing proteins and thereby localize to the
plasma membrane where it can exert its phospholipid phosphatase activity. Targeted
disruption of PTEN in mice leads to embryonic lethality (Di Cristofano et al. 1998). PTEN™"
mice are cancer prone and develop breast, prostate, gastrointestinal, and thyroid cancers (Di

Cristofano et al. 1998).
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PDK-1 stands at a critical point in the PI3-K signal transduction cascade. Activated
by plasma membrane localization (Paez and Sellers 2003), PDK-1 phosphorylates and
activates several kinase substrates namely PKB/Akt, p70S6-kinase, and members of the
classical, atypical and protein kinase C related (PKR) protein kinase C (PKC) family (Toker
and Newton 2000). Two mechanisms exist by which PDK-1 activates its substrates, directly
or indirectly. For PKB/Akt and the atypical PKCs, phosphorylation of their activation loop
leads to catalytic activity (Dutil et al. 1998). PDK-1 indirectly activates the classical PKCs
as phosphorylation of their activation loop only primes them for subsequent catalytic
activation triggered by two C-terminal autophosphorylation events. Even then, the removal
of the classical PKC autoinhibition and subsequent phosphorylation by a pseudosubstrate
sequence must occur by binding to the plasma membrane and diacylglycerol (Dutil et al.
1998).

The serine-threonine protein kinase PKB/Akt mediates many downstream effects of
the PI3-K signal transduction cascade. Three closely related PKB/Akt isoforms, Aktl
(PKBo), Akt2 (PKBf) and Akt3 (PKBY) exist encoded by three different genes. They are
structurally similar, thought to be activated by a common mechanism, and likely have
identical substrate specificities (Okano et al. 2000). The three isoforms are widely expressed
though Akt3 expression is primarily expressed in brain and testis (Konishi et al. 1995).
Activation of PKB/Akt involves both plasma membrane binding and phosphorylation. Upon
PI3-K activation and production of PIP2 and PIP3, PKB/Akt is recruited to the plasma
membrane via its PH domains where it binds to phosphoinositides (Franke et al. 1997).
PKB/Akt activation then involves a conformational change and the phosphorylation of
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threonine 308 in its activation loop by PDK-1(Biondi et al. 2001; Leslie et al. 2001).
Phosphorylation of serine 473 by an unknown kinase is also required for PKB/Akt enzymatic
activity. The phosphorylation of Ser 473 is thought to result from either PDK-1 activity
(Balendran et al. 1999), integrin-linked kinase (Persad et al. 2001), or from Akt
autophosphorylation (Paez and Sellers 2003).

Aberrations to the PI3-K pathway allow it to play a role in tumorigenesis and cell
cycle progression (Narita et al. 2002). PI3-K signaling is one of the most commonly
deregulated pathways in glioblastoma multiforme. This is evident by the inappropriate
activation of PI3-K, PKB/Akt gene amplifications, PKB/Akt protein overexpression and loss
of PTEN (Pacz and Sellers 2003).

Much research has been focused on elucidating and targeting the upstream and
downstream effectors of the PI3-K pathway for the development of possible novel
therapeutic targets. However a problem associated with targeting PI3-K is toxicity. PI3-K
inhibitors such as wortmannin and LY294002 disrupt the ATP binding pockets of PI3K and
PI3-K like enzymes. Both have been widely studied in neurons and induce growth inhibition
at concentrations that inhibit class Ia PI13-Ks (Paez and Sellers 2003). However, targetting
PI3-K with these compounds at such concentrations induces neuronal apoptosis (Yao and
Cooper 1995). The noted toxicity may be due to the broad tissue distribution of all the PI3-K
isoforms regulating a muititude of normal cellular mechanisms (Paez and Sellers 2003). The
class Ja p110 o catalytic subunit is mainly responsible for transmiting mitogenic signals.
However, while p110a seems to be the most attractive target in cancer therapy, its germline

deletion in mice results in embryonic lethality (Paez and Sellers 2003). Therefore, therapies

21



aimed at further downstream targets in the PI3-K pathway may prevent such side effects
thereby providing more highly specific and less toxic clinically relevant therapeutics
(Stambolic et al. 1999). For example, much research has been focused on the role of
PKB/Akt in tumorigenesis. In this case, the viability and phenotypes of PKBo/Aktl
knockout mice have shown that reduced levels of PKBo/Akt1 activity in vivo can be well
tolerated during development and in adult mice (Chen et al. 2001). However, Aktl/Akt2
double-knockout (DKO) mice exhibit severe growth deficiency and die shortly after birth
(Peng et al. 2003). Given the fact that there are three PKB/Akt isoforms that are thought to
be redundant in function, knock out models and inhibition may still pose a problem of
undesirable toxicity and does not necessarily predict toxicity in adults.

PDK-1 is a key enzyme downstream of PI3-K that not only directly activates
PKB/Akt but also activates other enzymes that have been implicated in gliomagenesis, such
as the Protein Kinase C family of serine/threonine kinases (Vanhaesebroeck and Alessi
2000). PDK-1 is known to phosphorylate and activate atypical PKCs. In terms of
glioblastoma, where the PI3-K pathway is constitutively activated in part by growth factor-
mediated signaling, this divergent signaling may pose a window of opportunity to achieve a

highly specific, less toxic therapeutic target (Figure 1.5).

1.6  Area of investigation

Glioblastoma responds poorly to standard chemotherapy. Research on the molecular

basis for their resistance is of utmost importance. To date, research on the molecular
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aberrations characterizing glioblastoma has provided invaluable information yet much still
remains to be elucidated. Therefore, there is still a great need to continue research in this
field in order to develop new therapies, based on currently known or new molecular
aberrations aiming at more specific and clinically relevant therapeutic targets. We are
interested in experimental therapeutic research involving novel molecular aberrations found
in glioblastoma multiforme. Identifying and studying their physiclogical role in glioblastoma
may allow for their exploitation as highly specific therapeutic targets. A better understanding
of glioblastoma multiforme on the molecular level will lead to new and innovative insights
into the cause and treatment of this horrible disease.

Our primary interests lie in exploiting PI3-K downstream signaling in glioblastoma in
attempts to discover molecules that may pose as highly specific less toxic therapeutic targets.
We have focused on a member of a subgroup of the protein kinase C (PKC) family called,
atypical PKC iota. PKCs have been shown to be critically involved in cell proliferation,
transformation, cancer cell survival and invasion, and modulation of the cell cycle (da Rocha
et al. 2002). Atypical PKC iota itself has been shown to protect human leukemia cells
against drug-induced apoptosis (Murray and Fields 1997). However, the specific role of
atypical PKC iota in glioblastoma has never been examined. Chapter 2 therefore describes
the role that atypical PKC iota plays in glioblastoma as a possible target for therapeutic

intervention.
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Chapter 2: Targetting atypical Protein Kinase C iota in Glioblastoma Multiforme
2.1 Introduction
2.1.1 Protein Kinase C family

The protein kinase C (PKC) family consists of a family of homologous
serine/threonine kinases that are involved in a number of cellular functions such as
proliferation, cytokine secretion, invasion, malignant transformation and multidrug resistance
(Nishizuka 1988; Nishizuka 1989; Matsumoto et al. 1995; Brown 2000). PKCs are at the
crossroads of several mitogenic signal transduction cascades. In terms of PKC involvement
in PI3-K signaling, this is an area that is still poorly understood (Moscat and Diaz-Meco
2000).

The PKC family consists of 13 isoforms that are classified into four distinct
subgroups based on their mode of activation. PKC signaling paradigms are conserved
through evolution from yeast to humans, underscoring the importance of this family in
cellular function. The classical PKCs (cPKCs) consists of o, BI, BII, and the vy isoforms
which all require calcium and diacylglycerol (DAG) for activation. The novel PKCs
(nPKCs), 8, €, 1 and 6, only require DAG, not calcium, for their activation. The atypical
PKCs (aPKCs) consists of the § and A (PKCA is the mouse homologue of PKCy) isoforms
and do not require calcium or DAG for their activation. Atypical PKCs are regulated by
other lipid co-factors like phosphstidylinositol 3,4,5-P3 (PIP3) and ceramide (N akanishi and
Exton 1992) which are produced after cell activation by inflammatory cytokines and growth
factors (Kolesnick and Kronke 1998). Finally the fourth and least characterized group is

called the PKC-related kinases, consisting of PRKs 1, 2, and 3. This final group also does
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not require calcium nor DAG for activation (Mellor and Parker 1998).

2.1.2 PKC structure and activity

The different activation requirements among the PKC subgroups are a result of their
structural differences. Every PKC isoform is comprised of an NH,-terminal regulatory and
COOH-terminal catalytic domain with serine-threonine kinase activity. These domains are
comprised of four conserved regions (C1 to C4) and five variable regions (V1 to V5). The
C1 and C2 regions lie within the regulatory domain and the C3 and C4 regions lie within the
catalytic domain (Figure 2.1). Both ¢cPKCs and nPKCs contain a C1 domain with two
cysteine-rich zing fingers, aPKCs contain a C1 domain with only one zinc finger while the
PRKSs do not possess one at all. The two cysteine-rich zinc fingers in the conventional and
novel PKCs are involved in direct binding with DAG and phorbol esters. The function of the
sole zinc finger in the aPKCs is still unknown. Activation of all PKC family members
involves translocation to the plasma membrane where they bind to an activated membrane
receptor (Hurley et al. 1997; da Rocha et al. 2002).

cPKCs, nPKCs, and aPKCs also contain a pseudosubstrate domain that can interact
with the catalytic region maintaining these enzymes in their inactive state (Hurley et al.
1997). The affinity of the pseudosubstrate for the catalytic region must decrease in order for
conversion into the active state. For the classical and novel PKCs, this occurs in response to
co-factor DAG binding to the C1 domain and calcium and membrane-bound
phosphatidylserine binding to C2 regions of the enzymes (Ponting and Parker 1996). The

mechanism of the decrease in affinity of the pseudosubstrate for the catalytic region in the
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Figure 2.1  Comparison of the protein architecture of the 4 different subgroups
of the PKC family
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aPKCs is still unknown (Moscat and Diaz-Meco 2000).

2.1.3 Atypical PKC { and VA

Atypical PKCs are activated through a phosphatidylinositol 3-kinase (PI3-K)/ PDK-1
dependent mechanism (Figure 2.2 D). In addition, atypical PKC activity and function are
modulated by specific scaffolding and adaptor proteins that can bind to and modulate
atypical PKC function (Moscat and Diaz-Meco 2000). A number of proteins contain an
atypical PKC interaction-domain (AID) that allows for the direct interaction with atypical
PKCs. These protein complexes possibly make aPKCs accessible to their substrates by
inducing conformational changes (Moscat and Diaz-Meco 2000). However, the relationship
between these various mechanisms for atypical PKC activation is unclear.

The VI region of aPKCs is a domain to which three different adaptor/effectors can
bind: p62, Mek-5, and Par-6 (Moscat and Diaz-Meco 2000). Therefore specific interactions
can allow aPKCs to participate in distinct signaling complexes where they can interact,
directly or indirectly, with effectors. Such a quality allows specific atypical PKC isoforms to
have unique functions depending on the context of stimulation.

The AID domain of the protein p62 binds to the V1 region of atypical PKCs. p62
also contains a cysteine-rich sequence that forms an atypical zinc finger (ZZ) (Sanchez et al.
1998). p62 provides a scaffold that links atypical PKCs to TNFalpha and IL-1 receptor
signaling through its interactions with RIP and TRAFS, respectively. These interactions
occur through a p62 zinc finger. Atypical PKCs activated in such a manner can directly
interact with and activate IKKf by phosphorylation (Lallena et al. 1999). Such activity leads
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to IxB degradation and the release of NFxB from its inactive state in the cytosol, permitting
its nuclear translocation (Karin 1999). Therefore p62 functions in cytokine signaling by
linking aPKCs to the NF«B signaling pathway (Figure 2.2 A and B).

The mitogenic cell growth regulator MEK-5, a member of the Map Kinase family and
an upstream regulator of BMK1/ERKS, alsc contains an AID region (English et al. 1998).
Atypical PKCs can interact with the AID site of MEKS through their V1 region in an EGF
dependent manner. The V1 domain of atypical PKCs also interact with partitioning-
defective-6 (Par-6), a scaffolding protein controlling cell polarity (Watts et al. 1996). Par-6
itself interacts with CDC42, Rac, and Par-3. Par-3 can interact with the catalytic domain of
aPKCs (Izumi et al. 1998). Par-6 responds to CDCA42 signaling by linking the aPKCs with
the actin cytoskeleton structure. This interaction between Par-6 and CDC42 implicates the
role of atypical PKCs in both Ras and CDC42 induced cell transformation, since Ras is
known to activate CDC42 (Qiu et al. 2000) ( Figure 2.2 C).

Atypical PKCs also have two zinc finger domain binding partners: LIP (lambda-
interacting protein) (Diaz-Meco et al. 1996) and Par-4 (prostate androgen response-4) (Diaz-
Meco et al. 1996). LIP is an activator of aPKC activity (Diaz-Meco et al. 1996) while Par-4
is an inhibitor (Diaz-Meco et al. 1996). Little is known about LIP’s cellular role. Par-4 is a
gene induced in prostate cancer cells undergoing apoptosis (Sells et al. 1994). Par-4 levels
have also been shown to increase during neuronal cell death due to pro-apoptotic signals
associated with the pathogenesis of Alzheimer disease (Guo et al. 1998). Overexpression of
Par-4 induces apoptosis however in a manner that depends on its ability to inhibit aPKC

enzymatic activity. Par-4 levels are also downregulated in Ras-transformed cells (Barradas
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et al. 1999). Restoration of Par-4 to normal physiological levels in Ras-transformed cells
makes them sensitive to apoptosis and chemotherapeutic agents (Barradas et al. 1999)
(Figure 2.2 C).

In brief, atypical PKCs are important regulators of the NF-«B signaling pathway.
P62 is the adapter protein linking atypical PKCs to cytokine signaling. Unidentified scaffold
proteins likely exist that place atypical PKCs at the crossroads of other cell growth and
proliferative signaling pathways. Par-4 inhibits atypical PKC activity and is subject to down-
regulation by oncogenic transformation and upregulation by pro-apoptotic signals suggesting
that therapies aimed at modulating atypical PKC activity, their interaction with p62, or Par-4

levels could be the basis for novel therapies for cancer (Moscat et al. 2001).

2.1.4 Classical and novel PKCs in gliomagenesis

Some PKC isoforms likely play an essential role in the CNS, as suggested by the high
levels of PKC expression and activity in neuronal tissue (Bredel and Pollack 1997). PKC o
and & have been shown to regulate astrocyte growth, differentiation of oligodendrocytes,
neuron potentiation, axon outgrowth and neurotransmitter release (Yong et al. 1994;

O'Driscoll et al. 1995).
Glioblastoma multiforme is characterized by high proliferation rates due to a number

of molecular aberrations involved in signaling pathways for mitogenesis and apoptotic
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Figure 2.2  Regulation of atypical PKC activity

A. In response to TNFa receptor stimulation, the death domain (DD) of the receptor binds to
the adapter TRADD. TRADD recruits RIP. The coiled-coil (CC) domain of

RIP interacts with atypical zinc finger of p62. The AID sequence of p62 interacts with the
V1 domain of atypical PKC 1 and . and recruits them to the signaling complex. The
mechanism of activation of the atypical PKCs is unknown. Par-4, the inhibitory protein, can
target the zinc finger (ZF) of the atypical PKCs thereby inducing apoptosis. B. Atypical
PKCs are linked to IL-1 signaling by TRAF6 also interacting with p62. IRAK, subsequently
recruited to the IL-1 signaling complex, interacts with the adapter MyD88 which binds to the
IL-1 receptor through its TIR domain. IRAK then becomes hyperphosphorylated and
interacts with TRAF6. IKK can be recruited to these complexes through RIP or the TRAF6
where the B subunit can be phosphorylated and activated by the atypical PKCs. C. Cdc42 or
Rac can stimulate Par-6 through its AID site. Par-6 forms a complex with the atypical PKCs
(V1 site) close to Par-3. Par-3 interacts with the PDZ domain of Par-6. Thus, Par-3 is
phosphorylated by the atypical PKCs leading to cytoskeletal rearrangements. D. Atypical
PKC PI3-Kinase activation mechanism is PDK-1 dependent as previously described in detail.
(This figure has been adapted (Moscat and Diaz-Meco 2000))
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regulation. PKC plays an important role in these pathways and aberrant classical and novel
PKC activity, in particular PKC o and €, have been directly shown to play a role in the
development of glioblastomas (Baltuch and Yong 1996). Such PKC activity levels have
been shown to be upregulated in malignant gliomas in vitro and in astroglial brain tumors
(Couldwell et al. 1991; Baltuch et al. 1995; Bredel and Pollack 1997; Sharif and Sharif
1999). Studies have shown that classical and novel PKC overexpression in glioblastomas
promotes increased proliferation and provides protection from apoptosis while its inhibition
restricts tumor growth and increases the susceptibility to apoptosis under cytotoxic stimuli
(Couldwell et al. 1994; Ikemoto et al. 1995). The function of specific PKC isoforms in
glioma cell proliferation and invasion is an important area of research.

Differential expression of specific PKC isozymes has been reported in gliomas when
compared to normal astrocytes (Xiao et al. 1994). Research has shown the classical and
novel PKC isoforms, PKC o and €, to play a particularly significant role in these areas. PKC
o and € activity has been shown to be increased in gliomas and glioma cell lines. In addition,
PKC o and ¢ inhibitors drastically reduce glioma cell proliferation (Couldwell et al. 1992;
Hussaini et al. 2000).

PKC o has been shown to be essential in glial cell proliferation whereby a decrease in
its expression and activity using a specific antisense oligonucleotide caused a significant
decrease in cell cycle progression and proliferation and an increase in the cdk inhibitor
p21 WAFVCPL (Besson and Yong 2000). In addition, the degree of malignancy in C6 rat

glioma cells correlated with the degree of PKC o. overexpression (Baltuch et al. 1995). In
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vivo studies also showed that the use of PKC o -specific antisense oligonucleotides
significantly reduced the proliferation and invasion of implanted tumors in laboratory
animals (Philip and Zonder 1999). PKC o has also been shown to enhance cell motility (Ng
et al. 1999) and the loss of cell-cell and cell-matrix adhesions(Carey et al. 1999), and to
increase expression of bcl-2 and bel-x; (Dooley et al. 1998). However, Phase I-III clinical
trails using classical PKC inhibitor like bryostatin, UCN-01 and ISIS 3521 have had limited
results (Swannie and Kaye 2002).

In terms of protein kinase C € in glioma cell proliferation and invasion, its high
expression and activity levels in primary malignant gliomas correlates to the degree of tumor
malignancy. As in the case of PKCo, this isoform has increased expression in gliomas and
glioma cells (Sharif and Sharif 1999). This PKC isoform is highly oncogenic even at
moderate overexpression levels in rat colonic epithelial cells (Perletti et al. 1996). In
addition it promotes malignancy by the overproduction of autocrine growth factors like EGF
and TGF alpha (Ueffing et al. 1997; Cacace et al. 1998).

Recently Rocha et al. provided additional evidence for the significant role of PKC
and ¢ in glioma cell proliferation (da Rocha et al. 2000). This group showed that the
inhibition of growth of the human glioma cell lines, USTMG, U138MG, and U373, in vitro
by tamoxifen, a triphenylethylene antiestrogen, led to a decrease in PKC o and € activity. In
addition, inhibition of PKC o and € by specific antisense oligonucleotides eliminated the
stimulatory effects of EGF or PMA on the expression of the ODC (ornithine decarboxylase)

gene that plays a role in glioma cell proliferation and invasion. Alterations in the activity of
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PKC and in the expression of specific PKC isoforms have been reported in gliomas. Various
studies therefore reported gliomas and glioma cell lines to exhibit elevated PKC activity, in
particular increased PKC o and € activity (Bredel and Pollack 1997; Zellner et al. 1998;
Sharif and Sharif 1999).

Mandil er a/. have examined the role of PKC3 in the proliferation and apoptosis of
glioma cells (Mandil et al. 2001). Their results showed that the expression of PKC3 is
decreased in malignant gliomas when compared to normal astrocytes and with low-grade
astrocytomas. When they overexpressed PKCd in US87MG cells, this caused a drastic
decrease in cell proliferation and sensitized these cells to etoposide induced apoptosis.

Studies to date emphasizing the differential role of various PKC isoforms highlight
the importance of pursuing this area of research. The research points towards the idea that
deregulation of various PKC isozymes may be involved in the tumorigenesis of gliomas.
Therefore, elucidating the role of each specific PKC isoform may allow for the development

of novel therapeutics.

2.1.5 Atypical protein kinase C in proliferation

In terms of participating in signal transduction cascades involved in survival and
proliferation, atypical PKC has been shown to negatively regulate PKB/Akt signaling and
induce NFKB transcriptional activity (Sajan et al. 1999; Wen et al. 2003).

Donson et al. screened expression of PKC isoforms in four human glioblastoma cell

lines both when proliferating and in a quiescent state. PKC o, B and { were expressed in all
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the cell lines examined while PKCe was expressed in all but one. Using PKC isoform
specific inhibitors bisindolylmaleimide—lr (most potent against PKCT) and G06976 (most
potent against PKC o and B), only inhibition of PKC blocked glioblastoma proliferation.
Therefore, only PKC { was suggested to be required for glioblastoma proliferation and not
PKC o and ¢ as previously reported (Baltuch et al. 1995; Yazaki et al. 1996; Donson et al.
2000). However, the PKC family consists of 13 closely related isoforms; a limitiation to this
study is the possible low selectivity of the kinase inhibitors used. In addition, atypical PKCC
has also been shown to regulate the transcription of the matrix metalloproteinase-9 gene in
glioma cells, thereby further implicating the role of atypical PKCs in tumor invasion (Esteve
et al. 2002).

Atypical PKCt has been shown to constitutively associate with cyclin dependent
kinase activating kinase (CAK), cdk7, in glioma cells. Cdk7 was shown to acts as a substrate
for PKCt by in vitro phosphorylation studies, co-immunoprecipitation, and autoradiography.
CAKS phosphorylate and activate cyclin-dependent kinases (cdks). This study implicates
PKCu in the glioma cell cycle phase transition (Acevedo-Duncan et al. 2002). Given such a
role, overexpression of PKCt can likely lead to aberrant cell cycle progression and

uncontrolled glioma proliferation.

2.1.6 Atypical Protein Kinase C in chemosensitization
Previous studies have shown atypical PKC( to be a target for etoposide and cisplatin

chemosensitization in human leukemic cells and colon cancer cells, respectively (Filomenko
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et al. 2002). Inhibition of PKC{ by stable transfection of a kinase-dead dominant negative
PKC{ mutant into U937 leukemic cells decreased bel-2 expression, increased bax and
procaspase expression, prevented etoposide induced nuclear translocation of nuclear factor-
«B (NF-kB), and prevented the accumulation of X-linked inhibitor of apoptosis protein
(XIAP). This also occurred in vivo where PKC{ inhibition also sensitized tumor cells grown
in nude mice to etoposide. Clonogenic assays of the HT-29 colon cancer cells line
transfected with kinase-defective PKCC exposed to cisplatin caused a significant decrease in
colony number in the PKC{ mutant-transfected cells. Thus expression of the kinase-
defective PKC( sensitized HT-29 colon cancer cells to cisplatin induced cytotoxicity
(Filomenko et al. 2002). PKCY, is additionally suggested to be a protective signal activated in
response to cytotoxic agents in human leukemia cell lines in a study that showed atypical
PKC iota to provide protection against okadaic acid and taxol induced apoptosis (Murray and
Fields 1997). In addition, atypical PKCs activity has been shown to play a role in cell-cell
contacts, establishing cell polarity, directing cell migration and morphogenesis, and
mediating cell division by forming complexes with Par-3 and Par-6 partitioning proteins
(Etienne-Manneville and Hall 2003). This complex localizes at the edges of migrating cells
thus possibly implicating atypical PKC in invasion (Etienne-Manneville and Hall 2001;
Suzuki et al. 2001; Yamanaka et al. 2001).

Our lab has previously shown that a myristolated atypical protein kinase C
pseudosubstrate peptide inhibitor induced rapid apoptosis in glioblastoma cell lines. The

presence of EGFRVIII sensitized these cells to apoptosis induced by this inhibition (Lorimer
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et al. 2002). EGFRVIII constitutively activates Ras. This oncogenic Ras in turn,
constitutively activates the NF-xB pathway. However, oncogenic ras can initiate p53-
independent apoptosis that is suppressed by the NF-«B pathway (Lorimer et al. 2002). It is
thought that atypical PKCs allow for the activation of NF-xB (Dominguez et al. 1993;
Wooten 1999). One possible explanation is that inhibition of atypical PKCs could cause the
inactivation of NF-kB, thereby allowing for the apoptotic inducing oncogenic ras activity in

the glioblastoma cell line used.

2.1.7 RNA interference (RNAI) and its application to the study of PKC isoforms
RNA interference is a sequence-specific post-transcriptional gene silencing
mechanism that is gaining much attention for its use in studying mammalian gene function.
The basic process involves either endogenous double stranded RNA or artificially introduced
double stranded RNA, which targets the degradation of mRNAs homologous in sequence to
the dsRNA (Elbashir et al. 2002). RNAI has previously been observed in eukaryotes such as
plants; however, it has only recently become possible to silence human genes in cultured
somatic cells (Elbashir et al. 2001), RNAi was initially difficult to observe in mammalian
cells as dsRNA triggers a global shutdown of protein synthesis through an interferon
response. The interferon response activates PKR, a dsSRNA-dependent protein kinase that
stalls translation by phosphorylating the eIF2a initiation factor and causes the activation of
2’,5’-oligoadenylate synthetases that activate of ribonuclease Rnase L. RnaseL degrades

mRNA in a non-specific manner (Hunter et al. 1975; Elbashir et al. 2001). This response
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however is not triggered by dsRNA 30 bp or less in length (Hunter et al. 1975; Bass 2001).

Post-transcriptional gene silencing mediated by dsRNA is an evolutionary conserved
defense mechanism for the control of foreign genes in eukaryotes (Elbashir et al. 2002).
Random integration of transposons or viral infection calises the production of dsRNA. The
dsRNA leads to sequence specific degradation of homologous single stranded mRNA
thereby silencing genetic expression of the foreign genes (Elbashir et al. 2001). In mammals,
this process is referred to as RNA interference (RNAi). The mechanism of RNAI involves
the processing of long dsRNA into duplexes of 21-25 nucleotides (Fire et al. 1998). This
processing reaction was first observed in vitro in extracts from D.melanogaster embryos
(Zamore et al. 2000). In the embryo lysate, it was seen that the target mRNA was cleaved
into ~21 nt intervals by a ribonuclease Il Dicer enzyme. When the synthetic 21 and 22 nt
RNA duplexes were added to the lysate, they could also guide efficient sequence-specific
mRNA degradation. However, duplexes of 30 bp dsRNA were inactive (Elbashir et al.
2001). The 21 nt RNA products were named small interfering RNAs (siRNAs).

The process of RNAI involves the recruitment of siRNAs by the Dicer enzyme
forming a siRNA-bound endonuclease complex referred to as a RNA-induced silencing
complex (RISC). In mammalian cells, Dicer localizes to the cytoplasm which suggests that
RNAI is mainly a cytoplasmic process (Elbashir et al. 2002). Argonaute 2, normally a
nucleoprotein essential for gene silencing in Caenorhabditis elgans, Neurospora and
Arabidopsos, is also present cytoplasmically in the RISC (Hammond et al. 2001). Itis the
RISC that destroys mRNA homologous to the silencing trigger. Dicer and Argonaute 2

possibly aid in the siRNA incorporation into the RISC (Hammond et al. 2001).
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The siRNA endonuclease complex cleaves a single stranded target RNA in the middle
of the region complementary to the 21nt siRNA duplex (Elbashir et al. 2001). The RNA
cleavage products are then rapidly degraded as they lack a poly(A) tail or stabilizing cap.
The most efficient siRNA duplexes are 21 nucleotides in length consisting of a 19 nt base-
paired sequence with 2 nt 3’-deoxynucleotide (dTdT) overhangs that are more nuclease
resistant than ribonucleotides. Symmetric TT overhangs also ensure that the RISC is formed
with an equal ratio of sense to antisense target RNA cleaving complexes (Elbashir et al.
2001). The 2 nt overhangs contribute to the specificity of target recognition. The 5 end of
the complimentary (antisense) siRNA strand defines the position of target RNA cleavage
(Elbashir et al. 2001) (Figure 2.3).

RNAi has many advantages over other gene-silencing techniques. The dsRNA
activates a normal cellular process and can be used in most eukaryotic cells; it may also be
useful in animals (Caplen 2003). This method leads to a highly specific RNA degradation
with a 90-95% knockdown efficiency. Even a single nucleotide mismatch between the
siRNA duplex and the target mRNA abolishes interference. One can also achieve a cell-to-
cell spreading of gene silencing using RNAi called a systemic response. This effect has been
reported in several RNAi models as exemplified in experiments performed on mice where a

gene silencing effect occurred in most tissue analyzed (Shuey et al. 2002). In
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Figure 2.3
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Figure 2.3  Model for RNA interference

DsRNA is processed to 21~ to 23-nt siRNA duplexes by Dicer RNase 1T and like other
unidentified factors. The siRNA duplexes are incorporated into RISC that targets the
degradation of homologous mRNAs. RISC formation requires Argonaute2 (Ago2) and other
yet uncharacterized proteins.
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addition RNAA is a rapid method of performing genetic analysis with knockdown occurring
in as little as 24 hours post siRNA duplex transfection (Harborth et al. 2001).

Antisense oligonucleotides, small molecule inhibitors, and the overexpression of
dominant negatives are all commonly used techniques to assess the protein function.
However these techniques have a number of disadvantages when comparing them to RNAi.
Problems with toxicity, poor stability, and concerns about specificity are all drawbacks to
antisense oligonucleotides (Bennett 2002). Chemical inhibitors also pose a problem of
specificity, especially with kinase inhibitors (Lorimer et al. 2002). When overexpressing
dominant-negative forms of proteins, there is a possibility that they can block upstream
functions. For example, dominant-negative protein kinases may act as pseudosubstrates that
interfere with upstream kinases. This phenomenon leads to non-specificity as the affected
substrate cannot interact with other distinct proteins. Therefore, one is no longer speficially
examining the function of the protein of interest. Such may be the case with dominant
negative PKB/Akt that binds to PDK1, preventing it from activating kinases other than
PKB/Akt (Vanhaesebroeck and Alessi 2000). It must be said that these techniques have been
very useful in studying mammalian gene function. RNAi however, seems to circumvent the
drawbacks to the commonly used genetic analysis methodologies and heighten the levels of
specificity. Due to the many advantages of RNA interference we have begun to use this

technique for our studies.

2.1.8 Hypothesis

The role of atypical PKC iota in glioblastoma multiforme has not been extensively
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examined. Given atypical PKC iota’s role in glioma cell cycle and protective role in other
cancers and the suggested role of its close relative atypical PKCE in glioblastoma, we
hypothesize that atypical PKC iota may contribute to glioblastoma pathogenicity. The PI3-K
pathway is constitutively activated in glioblastoma due to a number of genetic aberrations
(Benjamin et al. 2003). Given the fact that the atypical PKCs are activated in a PI3-K/PDK-1
dependent manner, it is likely that they play a role in gliomagenesis. The fact that previous
work in our lab has shown atypical PKC iota to be the only atypical PKC isoform present in
the human glioblastoma cell line, U37MG, suggested that this cell line would be an effective
model to study the physiological role of atypical PKC iota in glioblastoma. Using RNA
interference, a highly specific post-translational gene silencing mechanism (Elbashir et al.
2002), we hope to examine the physiological role of atypical PKC iota in glioblastoma
multiforme using US87MG as a model cell line. We hypothesize that inhibition of atypical
PKC iota in glioblastoma cell lines will sensitize these cells to chemotherapeutic agents and

alter their aberrant proliferative and invasive properties.

2.1.9 Specific objectives

(a Determine the role of atypical PKC iota in glioblastoma using RNA
interference to specifically knock-down atypical PKC iota protein expression levels in
U87MG, US7MGEGFRUVIII and SF-295 human glioblastoma cell lines to examine the
resultant effects on glioblastoma proliferation signaling pathways involved in atypical PKC

iota chemosensitization and invasion.
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2.1.1¢ Significance

The development of new molecular based therapeutics is essential in overcoming the
innate chemoresistance and pathogenicity of glioblastoma. In focusing research in this area,
patients will benefit from more effective, highly specific and less toxic treatment regimens
likely increasing mean survival times. Our goal is to examine atypical PKC iota as a target
for glioblastoma therapy. This will be achieved by using RNAI to specifically knock-down
atypical PKC iota protein expression levels. The methodology of RNA interference is based
on small interfering double stranded RNA, of approximately 21 nucleotides in length, which
silences the expression of a gene of interest that is highly homologous to either of the RNA
strands in the duplex (Elbashir, Harborth et al. 2002). This technique has the advantages of
being highly specific and remarkably potent only requiring a few dsRNA molecules per cell
for effective interference. Other techniques such as antisense oligonucleotides, kinase
inhibitors, and dominant negatives do pose some difficulties when used such as toxicity, non-
specificity, and low intracellular uptake. When dealing with kinases, especially the PKC
family of 13 closely related isoforms, conventional methods like kinase inhibitors pose a
significant problem of non-specificity. RNA is a robust knockdown technology making
studies on mammalian gene function more specific, informative, and with major implications
for therapeutic applications. In the case of the PKC family, this technique will allow for the
direct examination of the specific function of atypical PKC iota in glioblastoma proliferation,

invasion, and chemoresistance.
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2.2 Materials and Methods
2.2.1  Cell lines

The glioblastoma cell lines U87MG, SF-295 and USTMGAEGFR were used. The
human glioblastoma cell lines US7TMG and SF-295 were obtained from ATCC (Manassas,
VA, USA) US7MGAEGFR was made by stably transducing US7MG cells with a retroviral
vector containing the cDNA for the mutant epidermal growth factor receptor (Nishikawa et
al. 1994). USTMGAEGFR cell line was obtained from Dr. W. Cavenee, Ludwig Institute for
Cancer Research, La Jolla, CA. Each cell line was cultured in Dulbecco’s modified Eagle’s
medium. The medium was supplemented with 7.5% donor bovine serum, 2.5% fetal calf
serum, 100 units/ml penicillin, 100pg/ml streptomycin, 2 mM glutamine and cultured at
37°C and 5% CO,. U8TMG cells are mutated at the INK4a locus (Lee et al. 2000) and do

not express pl6/INK4A, p14/Arf, nor PTEN (Pore, Liu et al. 2003).

2.2.2 RNA interference

A short interfering double-stranded RNA (siRNA) against atypical protein kinase C
iota was chemically synthesized (Dharmacon research Inc., CO, USA). The sequence for the
RNA duplex corresponds to the region +480 to +500 (AAG UGC AUC AACUGC AAA
CUC) with respect to the translational start codon of the atypical Protein Kinase C iota
mRNA. Scramble II non-specific siRNA (Dharmacon Research, Inc., CO, USA) was used as
a negative control for siRNA activity. The scramble target sequence 5'- GCG CGC TTT

GTA GGA TTC G -3' is not present in mammalian cells as determined by BLAST search at
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NCBI: hitn://www.nchinlmnih.cov/BLAST/ (Altschul et al. 1990). U87MG and

U87MGAEGFR were seeded in 6 well dishes at 1 X 10° cells and maintained in DMEM
supplemented with 7.5% donor bovine serum and 2.5% fetal calf serum and 1% 200 mM
glutamine without antibiotics. siRNAs were transfected into 30% confluent U87MG and
URTMGEGFRVIII cells using Oligofectamine (InVitrogen, CA, USA) and cells were
harvested 48h and 72h post-transfection for analysis. Briefly, 10 pl 0.02 uM siRNA duplex
was added to 175 pl OptiMEMI. In a separate tube, 4 il Oligofectamine was added to 11 pl
of OptiMEMI, mixed gently and incubated for 10 minutes at room temperature. The diluted
Oligofectamine was added to the diluted siRNA duplex, mixed gently and incubated at room
temperature for 20 minutes. The cells were then washed with warm OptiMEM after which
800 i of OptiMEMI was added to each well. The combined Oligofectamine and siRNA
duplex solution (200 ul) was then added to the cells and mixed gently for 30 seconds by
lightly rocking of the plate. The cells were incubated for 4 hours at 37°C in a 5% CO;
humidified chamber after which the media was replaced with fresh DMEM supplemented

with 10% fetal and donor bovine serum and 1% 200 mM glutamine without antibiotics

2.2.3 Western blot analysis

Cells in monolayer culture were washed twice in ice-cold PBS and then lysed with 50
ul hot 2X Western Blot Lysis Buffer (5 mM Tris, pH 6.8, 4% sodium dodecyl sulphate, 2%
glycerol, 0.2 M dithiothreitol). The cells were then scraped into microcentrifuge tubes,

boiled for 10 minutes, cooled for 10 minutes, vortexed at high speed for 30 seconds,
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sonicated, and boiled for 5 minutes. The Bio-Rad Protein Assay solution (Bio-Rad
Laboratories, Hercules, CA) was used to determine the protein concentration of each sample.
Cell lysates were prepared by adding 1X Laemmli buffer with beta-mercaptoethanol to the
lysates and subjected to Western blot analysis. Briefly, 20 uig to 40 g of protein was
subjected to electrophoresis through a 10%-12% sodium dodecyl sulfate polyacrylamide gel
and transferred to nitrocellulose membrane. Staining membranes for total protein with a
solution of 1% amido black in 50% methanol and 10% acetic acid assessed protein loading
and transfer. Membranes were washed with H,0, blocked with 5% skim milk powder and
TBST (10mM TrisHCL, pH 7.6, 150 mM Nacl, 0.05% Tween 20) for 1 hour. The
membranes were then incubated for 1 hour with specific primary antibody. Primary
antibodies used were 1:200 nPKC. (C-20)-G goat polyclonal (also recognizes the same
sequence in atypical PKCt) (Santa Cruz Biotechnology, CA, USA), 1:500 phospho-specific
p44/p42 Map K (T202/T204) E10 mAb (Cell Signaling Technology, MA, USA), 1:4000
anti-pan ERK mAb (Pharmagen, CA, USA), 1:1000 phospho-specific Akt (ser 473) (Cell
Signaling Technology, MA, USA), 1:200 Akt-1 (C-20) goat polyclonal IgG (Santa Cruz
Biotechnology, CA, USA), and 1:200 p27 Ab-1 mAb (Medicorp, QC, CAN). Membranes
were then washed for 6 minutes with 1X TBST four times then incubated with the
appropriate secondary antibody at 1:5000 and washed as before once again. Blots were
developed with SuperSignal West Pico Chemiluminescent Substrate detection reagent

(Pierce Biotechnology, IL, USA).
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2.2.4 Chemicals and reagents

Etoposide (Calbiochem, CA, USA), a topoisomerase II inhibitor, was dissolved in
dimethyl sulfoxide and stored at —20 °C as 100 mM stock solution. The final concentration of
dimethyl sulfoxide in growth media did not affect cell growth or any other parameters
measured. Cisplatin (Ottawa Regional Cancer Centre Pharmacy, ON, CAN), a DNA
damaging agent that introduces inter- and intrastrand crosslinks in DNA, was purchased as a
1mg/ml saline working solution and stored at room temperature protected from light. The
concentration of etoposide and cisplatin used in each experiment was 50 uM. Both etoposide
and cisplatin treatments were initiated 48 hours after RNA interference and were continued

for 24 hours.

2.2.5 Cell cycle analysis

U87MG or UB7MGAEGFR were plated in 6 well culture plates at
1 X 10° cells. At approximately 30% confluency, the cells were transiently transfected with a
control scramble non-specific RNA duplex, a specific atypical PKCt RNA interfering
duplex, or with no RNA duplex (only Oligofectamine). 48 and 72 hours following RNA
interference, both adherent and non-adherent cells were collected, washed twice with PBS
containing 0.4% serum, and centrifuged at 1500 rpm for 5 minutes between washings. The
cells were then fixed in 1 mi of 70% (v/v) ethanol/PBS at 4°C for up to two weeks. The
nuclei of cells were then stained in 500 ul of a solution containing 180 pg/ml propidium

iodide in 1X PBS and 400 pg/ml RNase A 10X propidium iodide stock diluted down to a 1X
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working solution, and incubated at 4°C for 30 minutes. Ten thousand cells were analyzed on
a FACScan BD LSR flow cytometer (Becton Dickinson, San Jose, CA) under each
experimental condition. Data acquisition was done using Cell Quest software (Becton
Dickinson, Sanjose, CA). DNA histograms were obtained and analyzed by Mod Fit LT
software (Verity Software House Inc., Sopsham, ME). Histograms plotted on the log scale
were used to analyze the percentage of cell in the sub-G population. Mod Fit LT software

was used to analyse the G1-M phases of the cell cycle.

2.2.6 Scratch-wound assay

U87MG, US7TMGEGFRVIIL, and SF-295 cells were plated on gelatin-coated
coverslips at 1 X 10° cells/well in six well plates. Approximately 24 hours later, upon
reaching approximately 30% confluency, the cells were transfected with either a control non-
specific scrambled siRNA duplex or a siRNA duplex specific for atypical PKC iota as
described above. 48 hours post transfection, cultures were injured with a single scratch from
a pipette tip. The scratch ran straight across the coverslip. 24 hours after the initial injury,
cells were fixed in 4% paraformaldehyde for 15 minutes at room temperature, washed in
PBS, dehydrated by sequential submersion for 30 sec once in 80% ethanol, twice in 95%
ethanol, once in 100% ethanol, and three times in Xylene. They were then mounted for phase
contrast microscopy analysis. Untransfected cells exposed only to Oligofectamine were also

used for this assay.
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2.2.7 Immunocytochemistry

U87MG grown in coverslips were transfected with either a control non-specific
scrambled siRNA duplex or a siRNA duplex specific for atypical PKC iota using
Oligofectamine, as previously described. 48 hours post transfection, the cells were prepared
for immunocytochemistry to determine the cellular localization of the cdk inhibitor, p2 7P,
Briefly, cells were washed three times in cold phosphate buffer saline (PBS), fixed in 4%
paraformaldehyde for 1 hour at room temperature, washed three times for 10 minute in PBS
and then permeabilized with 0.2% Triton X-100 (in PBS) for 10 minutes at room
temperature. After three washes for 10 minutes in PBS, cells were blocked with 5% normal
goat serum for 30 minutes at room temperature followed by a 1-hour incubation at room
temperature with the relevant primary antibody. As a control, a mouse IgG1a mouse
monoclonal antibody was used at a concentration of 4 pg/m! (Neomarkers 200 pg/ml stock).
A p27¥P! Ab-1 mouse monoclonal clone 72.56 was also used at a concentration of 4 pg/ml
(Neomarkers 200 pg/ml stock). After washing the cells three times for 5 minutes in PBS,
the cells were stained for 1 hour at room temperature with a secondary goat anti-mouse
antibody (Alexafluor 594-Molecular Probes 2mg/ml stock) at a concentration of 4 pg/ml.
The cells were then washed for 5 minutes in PBS and counterstained with 4°, 6-diamidino-2-
phenylindole (DAPI) (1 ul in 50 ml PBS) for § minutes at room temperature. Cells were
then washed three times for 10 minutes in PBS, rinsed in ddH,0 and coverslips were mounted
on slides using Mount KPL Mounting Medium (Kirkegaard & Perry Laboratories, Maryland,

USA). Immunofluorescence was performed using a Zeiss Axioskop2 fluorescence
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microscope and images were captured with a CCD camera. Images were deconvolved using

Axiovision 3.0 software (Carl Zeiss, Inc., NY, USA).

2.2.8 Immunoprecipitation

US7MG were transfected with either a control non-specific scrambled II siRNA
duplex or a siRNA duplex specific for atypical PKC iota using oligofectamine, as previously
described. 48 post transfection, the cells were prepared for immunoprecipitations of p2 751,
Briefly, cells from an entire 6 well tissue culture dish were scraped into 1 ml cold lysis buffer
(20 mM Tris-HCl pH 7.4, 150 mM Nacl, 1% T X 100). After being passed through a 27
gauge needle, samples were centrifuged at 14,000 rpm for 10 minutes at4 °C. 300 pl of the
scrambled and PKC iota RNAi US7MG supernatants were incubated with either 2 p1g/pl
negative control IgG and p27 Kip1 IgG for 2-3 hours at 4 °C. 200 pl of Gamma-bind
Sepharose (400 ! stock washed 4X in 1 ml lysis buffer, resuspended in 1 ml total) were

added to each sample for 2 hours. Then immunocomplexes were washed five times with 750

ul lysis buffer and finally resuspended in 50pl 2X Laemmli, boiled for 5 minutes and stored

at -20 °C.

2.3  Results
2.3.1 RNA interference of atypical PKC iota in glioblastoma cell lines
We were interested in examining the physiological role of atypical Protein Kinase C

jota (aPKC) in glioblastoma with the intention of possibly exploiting aPKCt as a novel
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therapeutic target. Previous RT-PCR work done in our lab has shown atypical PKC iota to
be the only isoform from the atypical PKC subfamily present in US7MG, a glioblastoma cell
line. Therefore we felt confident in our results to pursue US7MG as a useful model to study
the role that atypical PKC iota may play in glioblastoma proliferation and apoptosis, an area
that has not been greatly examined.

To begin to study the physiological role of aPKCt in glioblastoma we chose to use
RNA interference to efficiently and specifically knock-down the expression of aPKCt in
three glioblastoma cell lines: US7TMG, US7MGEGFRVII], and SF-295. RNA interference is
a post-transcriptional gene silencing mechanism that uses dsRNA to trigger degradation of
homologous mRNA sequences (Elbashir et al. 2002). For our studies, we chose a sequence
from the aPKCt cDNA open reading frame from position +480 to +500 with respect to the
translational start codon with approximately a 50% G/C content following the sequence
criteria 5’-AA(N19)UU. Our selected sequence falls into the criteria to obtain the most
efficient and specific RNAi (Elbashir et al. 2002). The selected region should ideally be at
least 50 to 100 nt downstream of the start codon in order to avoid 5° or 3’ untranslated
regions (UTRs) or regions close to the start codon that may be richer in regulatory protein
binding sites. Itis thought that UTR-binding proteins and/or translational initiation
complexes could interfere with binding of RISC to the target RNA. The selected mRNA
sequence should preferably be 5’-AA(N19)UU with approximately a 50% G/C content.
Sequences rich in G tend to form G-quartet structures that could interfere with binding to the
target RNA, and thus they should be avoided. Our sequence selection was AAG UGC AUC

AAC UGC AAA GUC UU. A short interfering double-stranded RNA (siRNA) was
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chemically synthesized as 5°-(N19)TT by Dharmacon Research Inc.who also supplied us
with a non-specific scrambled II dsRNA duplex control (Figure 2.4 A and B).

The efficiency of RNAi in US7MG glioblastoma cell lines was previously assessed in
our lab using a cy3-labelled RNA duplex (Lavictoire et al. 2003). Immunofluorescence was
used to analyze the RNAi transfection efficiency using Oligofectamine. Our work has shown
that 95% of US7MG cells were successfully transfected with the cy3-labelled RNA duplex.
Thus for my work we used Oligofectamine to transfect the glioblastoma cell lines with either:
1) no siRNA, 2) the control non-specific scrambled siRNA or 3) the siRNA specifically
targetting aPKC1. The transfected cells were then harvested 48 and 72 hours post
transfection for immunoblot analysis using an antibody against the carboxy terminus of
atypical PKC zeta/iota. Immunoblot analysis shows that RNA interference of aPKCt in
U87MG, U87TMGEGFRVIIL, and SF-295 resulted in a significant decrease in atypical PKC
iota protein expression 48 and 72 hours post-transfection (Figure 2.5 A). As controls we
probed the cell lysates exposed to Oligofectamine alone or with the non-specific scrambled II
siRNA. In both cases, the levels of atypical PKC iota protein expression remained
unchanged. The extent of atypical PKC iota depletion due to siRNA transfection was
quantitatively assessed by comparing protein expression levels between 2 g, 4 pg, 6 ug, and
10 ug of cell lysate from U87MG cells 72 hours (Day 3) post tranfection with the control

scramble IT RNA duplex to 20 pg USTMG cell lysate 72 hours (Day 3) post transfection with

the atypical PKC
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A

Atypical Protein Kinase C iota mRNA

ageggtitly gocccgggeg getgtagagg cggeggegee tacgggeagt gggaggagee gegeggtice ggctgeteeg gegaggegac
cettggateg gegetgeggg cgagatggge aggtaggtgg geggacggee geggtictce ggeaagegea ggeggeggag teccccacgg
cgeccgaage geocceceecge acceccggec tecagegtty aggeggggga gtgaggagat gecgacccag agggacagea geacczigic
ccacacggtc gcaggeggeg geagegggga ccattcccac caggtecggg tgaaagecta ctaccgeggg gatatcatga taacacattt
tgaacctice atctcctitg agggectity caatgaggtt cgagacatgt gtictitiga caacgaacag clcttcacca tgaaaiggat agatgaggaa
ggagacccgt gtacagtatc atctcagitg gagttagaag aagcectitag actitatgag ctaaacaagg attctgaact ctigattcat gigttcectt
gtgtaccaga acgtcetggg atgectigtc caggagaaga taaatccatc taccgtagag gtgcacgecg ctggagaaag cittattgtg ccaatggeca
cactttccaa gccaagegtt tcaacaggeg tgctcactgt gocatetgea cagaccgaat atggggactt ggacgecaag gata 3
tgg ticataagaa gtgccataaa ctcgtcacaa tigaatgtgg geggeattct ttgccacagg aaccagigat geccatggat cagtcateca
tgcattctga ccatgcacag acagtaatic catataatce ticaagtcat gagagtttog atcaagtigg tgaagaaaaa gaggcaatga acaccaggga
aagtggcaaa gettcatcea giotaggtet tcaggattt gattigetee gggtaatagg aagaggaagt tatgccaaag tactgtiggt tegattaaaa
aaaacagatc gtatttatgc aatgaaagtt gigaaaaaag agctigttaa tgatgatgag gatattgatt gggtacagac agagaagcat gtgttigage
aggcatccaa teatcctttc cttgtiggge tgcattcttg cittcagaca gaaagcagat tgttctitgt tatagagtat gtaeatggag gagacctaat
gtttcatatg cagcgacaaa gaaaactice tgaagaacat gecagatttt actctgcaga aatcagtcta geattaaatt atcttcatga gegagggata
atttatagag atttgaaact ggacaatgta ttactggact ctgaaggcca cattaaactc actgactacg geatgtgtaa ggaaggatta cggecaggag
atacaaccag cactttctgt ggtactccta attacattge tectgaaatt ttaagaggag aagattatgg tttcagtgit gactggtggg ctetiggagt
gotcatgttt gagatgatgg caggaaggte tecatttgat attgttggga getccgataa cectgaccag aacacagagg attatctctt ccaagttatt
tiggaaaaac aaattcgcat accacgtict atgictgtaa aagctgeaag tgtictgaag agtttictta ataaggacce taaggaacga tigggtigtc
ttcctcaaac aggatttget gatattcagg gacacccgit cttccgaaat gttgattggg atatgatgga gcaaaaacag gtggtaccetc cetttaaace
aaatatttct ggggaatttg gtttggacaa ctitgatict cagtttacta atgaacgtgt ccagctcact ccagatgacg atgacattgt gaggaagatt
gatcagtctg aatttgaagg ttttgagtat atcaatccte tittgatgtc tgcagaagaa tgtgtcigat cetcatttit caaccatgta ttctactcat gttgecattt
aatgcatgga taaacttgct gcaagectgg atacaattaa ccattttata titgccacct acaaaaaaac acceaatate ftctettgta gactatatga
atcaattatt acatctgttt tactatgaaa aaaaaatiaa tactactage ticcagacaa tcatgtcaaa atttagtiga actggttttt cagttiitaa
aaggcctaca gatgagtaat gaagttatct tittigitia aaasaaaaaa aaaaa

AA-N19 mRNA target 53

siRNA duplex
GUG CAU CAA CUG CAAACU CdTdT
dTdT CAC GUA GUU GAC GUU UGA G

Scramble Il non-specific siRNA duplex

AA-N19 mRNA target 5’=>3
AAG CGCGCUUUGUAGGAUUCG

siRNA duplex
GCG CGC UUU GUA GGA UUC G dTdT
dTdT CGC GCG AAA CAUCCUAAGC




Figure 2.4  Design of small interfering RNA duplexes for RNA interference

A. The duplex targeting atypical PKC iota was designed from region +480 to +500

(orange) with respect to the translational start codon (green). The translational stop codon is
also indicated (red). B. Scramble II non-specific siRNA (Dharmacon Research, Inc.) used as
a negative control
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iota targetting duplex. Our results indicate that the atypical PKC iota expression level in
US7MG cells transfected with the atypical PKC iota duplex was comparable to the levels of
atypical PKC iota expressed in that of 2 pg to 4 ug of control US7MG cell lysates. Therefore
there is an 80% to 90% depletion in the levels of atypical PKC iota expression due to RNAi

(Firgure 2.5 B).

2.3.2 RNA interference of atypical PKC iota causes a GO/G1 cell cycle
arrest in US7MG but not in US7MGAEGFR and SF-295 glioblastoma cells

US7MG, US7MGEGFRUVIII and SF-295 glioblastoma cells were transfected with
either: 1) no siRNA, 2) the control non-specific scrambled II siRNA or 3) the siRNA
specifically targetting aPKCi. 48 and 72 hours post-transfection the cells were harvested for
flow cytometry analysis. We used propidium iodide, a fluorescent nuclear dye, to stain
whole cells and then used flow cytometry to analyze DNA content in order to assess the
distribution of cells in each phase of the cell cycle. Only in the case of US87MG 48 hours
post transfection was there a significant increase in the percentage of cells in GO/G1 and a
concomitant decrease in G2/M and S phase under conditions of atypical PKC iota RNA
interference. These results are indicative of growth inhibition due to the specific depletion of
atypical PKC iota. The trend was also seen in U§7MGEGFRVIII however much attenuated
and not statistically significant. In U87MG, atypical PKC iota RNA interference caused an

increase in GO/G1 from 53% to 72%, a decrease in G2/M from 4% t0 2.4% and a
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Figure 2.5
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Figure 2.5  Atypical PKC jota siRNA efficiently reduces atypical PKC iota
expression in US7MG, US87TMGEGFRUVIIIL, and SF-295 glioblastoma cell lines

A. Chemically synthesized siRNA duplexes were used. Cells were transfected with siRNA
duplexes and harvested 2 and 3 days post transfection and 25 ug proteins of each cell lysates
were separated on 12% acrylamide gels and immunoblotted with an antibody recognizing the
C-terminal of PKC iota. Lane a, no siRNA transfected cells (cells exposed to
Oligofectamine alone); lane b, negative control scramble IT siRNA transfected cells; and
lane ¢, atypical PKC iota siRNA duplex transfected cells. B. U87MG cells were transfected
with the control scramble Il siRNA duplex and the atypical PKC iota siRNA duplex. The
cells were harvested 3 days post tranfection. 2 g, 4 pg, 6 ig, and 10 pg protein of the
control cell lysate and 20 ug protein from the atypical PKC iota RNAi cell lysate samples
were separated on a 12% acrylamide gel and immunoblotted for atypical PKC iota.
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decrease in the S phase from 43% to 25%. However, in U37MGEGFRVIII atypical PKC iota
RNA interference caused an increase in G1/GO from 46% to 52%, a decrease in G2/M from
12% to 9.5% and a decrease in the S phase from 42% to 39% (Table 2.1).

These observations were not as pronounced by day 3 post RNAi transfection. By day
3, the cells slow down in proliferation and are not dividing as fast likely due to high cell
density, which may explain this observation. Due to this fact, for the remainder of our
analysis we focus on day 2 samples. In the case of SF-295 glioblastoma cells, duplicate
experiments showed that atypical PKC iota RNA interference did not cause any significant
modulations in the cell cycle. Perhaps this is due to this cell line carrying a different set of
mutations than US87MG and US7MGEGFRUVIII that allows it to circumvent the apparent role
that atypical PKC iota plays in U87MG; however the genetic background of SF-295 is
unknown (Table 2.1).

Western blot analysis shows that atypical PKC RNAi causes a decrease in the levels
of atypical PKC iota expression in U§7MG, USTMGAEGFR, and SF-295 glioblastoma cells.
In order to assess whether atypical PKC iota depletion was affecting basal levels of apoptosis
in the glioblastoma cell lines examined, we assessed the subG population of glioblastoma cell
lines, U87MG and US7MGAEGFR by flow cytometric analysis Day 2 post atypical PKC iota
RNAI transfection (Table 2.2). The decrease in expression of atypical PKC iota by RNA
interference did not increase the percentage of cells in subG. Therefore these results indicate
that atypical PKC iota depletion on its own is not inducing apoptosis in the glioblastoma cell

lines examined.
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Us7MG

Scrambled Il duplex PKC iota duplex

-} "
by Slhe

%G0G1 %G2M %S

Scrambled Il duplex 52.97 £+ 4.39 4.03 +£0.55 43.03 +4.34

PKC iota duplex 72.42 * 3.70 2.36 + 0.47 25.22 *3.26




US7TMGEGFRVIII

%G0G1 %G2M %S
Scrambled Il duplex 46.00 £ 5.84 119+ 2.32 42.06 £6.17
PKC iota duplex 51.96 + 9.75 9.48 + 1.44 38.57 +8.89
SF-295
%G0G1 %G2M %S
Scrambled Il duplex 26.31 £ 1.41 8.12 £.014 65.58 £ 1.28
PKC iota duplex 23.51 +0.22 5.68 +0.85 70.81+1.08




Table 2.1 Cell cycle distribution of U87MG, U§7TMGAEGFR, and SF-295
glioblastoma cell lines subject to atypical PKC iota RNA interference

US7MG, U87MGAEGFR, and SF-295 cells were harvested for flow cytometry using
propidium iodide analysis 2 days post atypical PKC iota siRNA RNAi. Mod Fit LT software
was used to analyse the G1-M phases of the cell cycle (FACS profile only shown for US7TMG

cells).
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Table 2.2

% sub G

UB7MG UB7MGEGFRuvIiI

Scramble Il duplex 7.71 £ 317 12.08 +4.46

PKC iota duplex 9.13 * 3.65 15.31 % 5.62




Table 2.2 % Apoptosis of USTMG and US7TMGAEGFR glioblastoma cell lines
subject to atypical PKC iota RNA interference

US7MG and US7MGAEGFR cells were harvested for flow cytometry using propidium
iodide analysis 2 days post atypical PKC iota RNAI.
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2.3.3 RNA interference of atypical PKC iota causes an increase in pz7Kipl in U§TMG
cells

Due to our cell cycle results we further assessed the role of atypical PKC iota in the
glioblastoma cell cycl¢ by examining the modulation of p275%! g cdk inhibitor, under
conditions of atypical PKC iota RNA interference in U§7MG and USTMGEGFRvIIL
Once again we transfected U87MG and USTMGAEGFR with either: 1) the control non-
specific scrambled siRNA or 2) the siRNA specifically targetting atypical PKC iota. 48 and
72 hours post transfection we harvested our samples for immunoblot analysis. Using an anti-
p27Kipl antibody we assessed the levels of p275%®" in both cell lines. Our results
demonstrated that both UR7MG and US7MGAEGFR had higher levels of p27
expression under conditions of atypical PKC iota RNAi, both 48 and 72 hours post-
transfection. The basal and induced levels of p27Kipl in U§TMGAEGFR cells were never as
high as the basal and induced levels of ;)27Kipl in US7MG cells. This observation is in
agreement with previous groups that showed EGFRVIII to increase cell proliferation in part
by the down-regulation of p27 through the constitutive activation of the PI3-K/Akt pathway
(Narita, Nagane et al. 2002). Our results show that a decrease in expression of atypical PKC
iota by RNAi causes an upregulation in the expression of p2 751, p275"®! inhibits cell cycle
progression through G1 to S. Thus the increase in the levels of 1327ijl due to atypical PKC
iota RNAi may partly explain the significant increase of U87TMG cellular population in
G0/G1 under such conditions. These results further validate the role of atypical PKC iota in

U87MG glioblastoma cell proliferation (Figure 2.6).
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Figure 2.6
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Figure 2.6  p27 expression levels in US7MG and U87MGEGFRVIII under atypical
PKC iota RNAI

Chemically synthesized siRNA duplexes were used. Cells were transfected with siRNA
duplexes, scramble 11 and atypical PKC iota, and harvested 2 and 3 days post transfection.
25 pg proteins of each cell lysate were used. Samples were separated on 12% acrylamide
gels and immunoblotted for p27 expression levels.
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2.3.4 p27%P Jpcalization under conditions of atypical PKC iota RNA interference in
UBTMG cells

p27%%! is an important regulator of progression through G1. p27Kip1‘ is an active cdk
inhibitor when it is localized in the nucleus. It is highly expressed in GO, where it inhibits
cyclin E-cdk 2 (Hengst et al. 1994). In mid-G1, p27%! plays a role in the assembly and
nuclear import of cyclin D-cdk complexes (LaBaer et al. 1997). Transcriptional controls,
ubiquitin-dependent proteolysis, and phosphorylation regulate p275%! levels and localization.
p27%"® s also transcriptionally regulated by AFX, a Forkhead Transcription factor that
regulates longevity in C. elegans. AFX regulates cellular proliferation in part by integrating
PI3-K signaling and Ras/Ral signaling to transcriptionally activate and increase protein levels
of p275! (Medema et al. 2000). The levels of p275%! decrease through G1 to S progression
(Pagano et al. 1995). It has been suggested that p27 nuclear export is required for its
degradation, however, the relationship between p27 localization and its degradation remains
unclear (Connor et al. 2003).

After 48 hours PKC iota RNAi U87MG exhibited a decrease in proliferation as noted
by an increase in the percentage of cells in GO/G1and an increase in the expression of the cdk
inhibitor p27Kip1. However, the increase in the expression of p27%%! persisted even up to 72
hours post PKC iota RNAi. We became interested in examining the relationship between
atypical PKC iota and p27Kipl by immunocytochemistry. We hypothesized that the decrease
in proliferation in U87MG 48 hours post atypical PKC iota RNAI is partly due to the nuclear
localization of p27Kip1. Our results show that the U87MG cells transfected with the scramble

11 duplex, exhibited primarily cytoplasmic p27%%1 staining, while atypical PKC iota depletion
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by RNAi does in fact cause an increase in nuclear p27%%! translocation in U87MG cells as
seen by an increase in nuclear staining of p27°P!. To prove that p27%%?! was actually
undergoing nuclear translocation under atypical PKC iota RNAi, we counterstained our cells
with the nuclear stain DAPI. Our results clearly show that the increase in p27%%®! signal
under atypical PKC iota RNAI is occurring in the nuclei (Figure 2.7). As a control, we
stained our US7MG cells transfected with both the scramble II control duplex and the
atypical PKC iota duplex with control IgG. Our control isotypes matched IgG samples only

exhibited a faint background staining thus validating our results.

2.3.5 RNA interference of atypical PKC iota: effects on PKB/Akt and ERK

As discussed earlier, the PI3-K/PKB/Akt pathway is constitutively activated in
multiple forms of cancer, glioblastoma being one of them, leading to aberrant survival and
proliferation(Paez and Sellers 2003). As previously mentioned, it has been also been shown
that p27Kip1'transcription is repressed by PKB/Akt phosphorylation of the forkhead
transcription factor, AFX (Medema et al. 2000; Liang et al. 2002). Mao ef al. have
demonstrated that atypical PKC{ and, to a lesser extent, atypical PKC /A negatively regulate
PKB/Akt by physical and functional interaction in breast cancer cells. Such an interaction
causes an inhibition of activation-dependent phosphorylation of Akt at Ser 473 and Thr 308
(Mao et al. 2000). Using a phospho-specific PKB/Akt antibody, we examined if atypical

PKC iota RNAi would affect basal expression and phosphorylation
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Figure 2.7
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Figure 2.7  U8TMG glioblastoma cell p27Kipl nuclear localization under conditions of
atypical PKC iota RNAi

USTMG glioblastoma cells were transfected with a control scramble Il non-specific siRNA
duplex or with the atypical PKC iota siRNA duplex. 48 hours post transfection, cells were
fixed and stained with an anti-p27 antibody (top panels) and counterstained with DAPT to
show nuclear staining. (bottom panels). The top panels are images of U87MG cells that have
been deconvoled as described under “Materials and Methods”.
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levels of PKB/Akt. Briefly, we transfected U87MG and USTMGAEGFR with either: 1) the
control non-specific scrambled siRNA or 2) the siRNA specifically targetting atypical PKC
jota. 48 and 72 hours post transfection we harvested our samples for immunoblot analysis.
Our results showed that atypical PKC iota RNA interference did not modulate the basal
levels or levels of phosphorylated PKB/Akt in both U§7MG and US7TMGEGFRUVIII (Figure
2.8). Thus PKCt does not appear to regulate signaling through the PI3-K/PKB/Akt signaling
cascade (Figure 2.2D). However, examination of PKB/Akt activity and subsequent
phosphorylation levels of downstream PKB/Akt targets would also need to be analyzed.

The Erk pathway is an important proliferative pathway that is also constitutively
activated in multiple forms of cancer, including glioblastoma multiforme (Seger and Krebs
1995; Lorimer and Lavictoire 2001; Barbero et al. 2003). In view of the decrease in
proliferation we noted in US87MG subjected to atypical PKC iota RNAi, we decided to
examine Erk signaling properties under these conditions. Under 10% serum conditions,
atypical PKC iota RNA interference caused a transient decrease in the phosphorylation levels
of ERK1/ERK2 (p44/p42 Map Kinase) in U87MG 48 hours post-transfection. By 72 hours
post transfection, the levels of phospho-ERK were equivalent in both the control U§7TMG
cells and the atypical PKC iota RNA interfered cells. Interestingly this observation was not
seen in the UBTMGAEGFR cells (Figure 2.8). Therefore while in the case of U87MG
atypical PKC iota appears to act upstream of ERK1/ERK2, as seen by the decrease in the
phosphorylation levels, the presence of EGFRVIII seems to obliterate this phenomenon. Itis
known that EGFRvIII constitutively activates the ERK signaling pathway, one mechanism by

which this
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Figure 2.8
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Figure 2.8  Immunoblot analysis of US7MG and US7TMGEGFRVIII signaling
properties under atypical PKC iota RNAI

Chemically synthesized siRNA duplexes were used. Cells were transfected with siRNA
duplexes, scramble I and atypical PKC iota, and harvested 2 and 3 days post transfection.
15ug, 25ug and 40 ug proteins of each cell lysates was used for total and phospho Erk, total
Akt and phospho Akt, respectitively. Samples were separated on 12% acrylamide gels and
immunoblotted with antibodies specified.
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ongocenic factor allows for increased proliferation and survival (Lorimer and Lavictoire
2001). Therefore EGFRVIII may be so strongly activating ERK that it is able to compensate
for the decrease in atypical PKC and its affect on the phosphorylation levels of ERK1/ERK2.
In addition, RNA interference is at best 90-95% effective in knocking-down protein
expression therefore EGFRvIII may still be so strongly signaling through the remaining
atypical PKC iota that the levels of phosphorylated Erk was not affected. Since our SF-295
cell cycle analysis under conditions of atypical PKC iota RNA interference did not
demonstrate atypical PKC iota as an important molecule for SF-295 proliferation, we decided

to not include this cell line in our signaling studies.

2.3.6 Atypical PKC iota depletion sensitizes US7TMG glioblastoma cells to cisplatin but
not to etoposide

In order to assess if RNA interference of atypical PKC iota will chemosensitize
glioblastoma, we have treated U87MG, USTMGEGFRVII], and SF-295 cells that have had
RNA interference of atypical PKC iota for a period of 48 hours with etoposide and cisplatin,
two clinically relevant glioblastoma chemotherapeutic agents to which glioblastoma are
frequently refractory (Jendrossek et al. 2001). Etoposide is a topoisomerase Il inhibitor that
inhibits DNA synthesis causing arrest in the G1 and mainly the late S and G2 phases of the
cell cycle. Etoposide induces single and double stranded breaks in DNA causing DNA
lesions. The lesions are due to the interference of etoposide with the scission-reunion

reaction of topoisomerase II (Della Torre et al. 2003). Cisplatin is a platinum-containing,
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broad activity antineoplastic agent that inhibits DNA replication by causing the formation of
intra and interstand crosslinks in DNA (Della Torre et al. 2003). 50 uM of etoposide and 50
1M cisplatin were separately used to treat US7TMG, US7MGEGFRvIII and SF-295
glioblastoma cells that were transfected with either: 1) no siRNA 2) the control non-specific
scrambled siRNA or 3) the siRNA specifically targetting aPKCt. Drug treatments were
performed on 48 hour post transfected cells for a period of 24 hours. Chemosensitization
was assessed by the comparison of the percentage of apoptotic cells under each condition as
determined by flow cytometry analysis using propidium iodide as a fluorescent nuclear dye
to quantitatively analyze DNA content. For all three cell lines there was no increase in the
percentage of apoptotic cells with etoposide when comparing the untransfected or the control
non-specific II dsRNA transfection to the transfection with the dsSRNA duplex specifically
targeting atypical PKC iota. For all three cell lines, cisplatin by itself did increase the
percentage of apoptotic cells. However, PKC iota depletion did chemosensitize US7MG to
cisplatin induced apoptosis. U87MGAEGFR and SF-295 cell lines did not exhibit the noted
increase in apoptosis under PKCiota RNAI to cisplatin. Therefore, the presence of EGFRvIII
in U87MGAEGFR is likely imparting a protective effect to the drug perhaps by its
differential signaling capacities or its ability to signal through the 5-10% remaining atypical
PKC iota in the cells. In terms of SF-295, this glioblastoma cell line likely carries a different
set of yet uncharacterized mutations than U87MG, which may be allowing it to be resistant to

the effects of cisplatin (Table 2.3).
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Table 2.3
% Apoptosis

Uus7MG

50 uM Etoposide 50 uM Cisplatin

Non transfected 21.6+1.25 6.405 £ 0.05
Scrambile il duplex 24 .44 + 0.96 6.30 £ 0.59
PKC iota duplex 25.49 +1.16 18.19 £ 0.02
UB7TMGEGFRviII

50 uM Etoposide 50 uM Cisplatin

Non transfected 10.99 + 0.44 9.51+3.26
Scramble 1l duplex 11.75 + .84 7.77 £0.84
PKC iota duplex 10.60 % 0.60 6.14 + 0.79



50 uM Etoposide 50 uM Cisplatin
Non transfected 17.87 £ 1.98 17.15 £ 1.27
Scramble Il duplex 20.13 +0.05 18.69 + 2.00
PKC iota duplex 2215 + 2.67 2013+ 1.7




Table 2.3 Chemosensitization experiments of U87MG, USTMGAEGFR, and SF-295
subject to atypical PKC iota RNA interference

Cells were transfected with either the scramble I siRNA or atypical PKC iota siRNA
duplexes. 2 days post transfection, the cells were treated to either S0iM etoposode or
cisplatin for 24 hours. Cells were then harvested for analysis by flow cytometry using
propidium iodide. These results are representative of 3 experiments done in duplicate. The
baseline % apoptosis values varied per experiment however, the trends were reproducible.
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2.3.7 Scratch-wound/invasion assay

Recent evidence has highlighted the role of atypical PKC in complexes with Par 6
and Par 3 in the establishment and maintenance of cell polarity and directed cell migration
(Etienne-Manneville and Hall 2003). The association between atypical PKC and Par 6 is
direct and occurs at the amino-terminal domains of each protein. In epithelial cells, Par6, Par
3 and atypical PKC co-localize at cell-cell contacts (Ohno 2001). In addition during
astrocyte migration, Par6 and atypical PKC are both localized to the leading edge of
migrating cells (Etienne-Manneville and Hall 2001). The function of the Par6-Par3-aPKC
complex has been shown to be essential for the polarization of C.elegans embryogenesis
(Watts, Etemad-Moghadam et al. 1996), the asymmetric division of neuroblasts in
Drosophila, oocyte differentiation (Huynh et al. 2001), and has been conserved in Xenopus,
where it localizes to the animal pole of oocytes (Nakaya et al. 2000). Celi-cell adhesion is an
important factor determining the invasiveness of cancer cells. In primary ovarian
carcinomas, there is increased expression of E-cadherin, a calcium dependent transmembrane
protein key to cell-cell adhesion of epithelial cells (Maines-Bandiera and Auersperg 1997).
Interestingly, it has been shown that Par3 expression levels are upregulated as a consequence
of E-cadherin mediated adhesion, possibly implicating atypical PKC in the process. Over-
expression of Par3 was shown to suppress contact-mediated inhibition of cell migration in
epithelial cells (Mishima et al. 2002). Given these important roles in cell migration and
polarity it is possible that these processes are aberrant in cancerous cells allowing for

increased invasive and migratory capacities. We therefore became interested in studying the
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role of atypical PKC iota in glioblastoma invasion through inhibition studies using atypical
PKC siRNA duplexes.

The capacity of the US7MG to migrate under conditions of PKC RNAI was assessed
by the scratch wound assay. At the start of the experiment an initial straight-line injury is
inflicted to the celis. The ability to fill in the wound area is an indication of the cells
migratory capacity. The migratory capacities of US7MG cells transfected with the scrambled
II siRNA duplex were compared to those transfected with the atypical PKC iota siRNA
duplex 48 hours post transfection. No major differences in the capability to migrate into the
wound were observed under either condition, with almost full recovery at the time of fixation
(Figure 2.9). Therefore our results suggest that the depletion of atypical PKC iota by RNAi
in US7MG cells does not affect their ability to migrate. However, a more quantitative assay
such as the Matrigel invasion assay (Hendrix et al. 1987) might show small differences that

are not detected with the more qualitative scratch-wound assay.

24 Discussion

The specific role of atypical PKC iota in glioblastoma multiforme has not been
extensively examined. The present work was intended to examine the role of atypical PKC
iota in glioblastoma multiforme as a first step to determine if it could serve as a target for
glioblastoma multiforme therapy. As proven by RT-PCR in our lab, U§7MG glioblastoma
cells only express atypical PKC iota; we therefore used this cell line as our model system to

examine the role of atypical PKC iota.
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Figure 2.9
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Figure 2.9  Scratch-wound assay of US7MG subject to atypical PKC iota RNAi

US7MG cells were transfected with either the scramble IT siRNA or atypical PKC iota
siRNA duplexes. 48 hours post transfection, the cell were subjected to a straight-line scratch
from a pipet tip. Cells were then fixed in 4% paraformaldehyde 24 hours after the initial
scratch.
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Using RNA interference (RNAi), we have analyzed the role of atypical PKC iota in
U87MG, USTMGAEGFR, and SF-295 glioblastoma cell lines. The specificity of our
atypical PKC iota targetting duplex is supported by the results of a BLAST search of the 21
nt antisense strand not fully matching with any other PKC mRNA, in particular that of
atypical PKC zeta. Thus the decrease in expression due to RNAi in all our glioblastoma cells
lines is in fact that of only atypical PKC iota. In addition, upon examination of the basal
level of expression of other kinases in the glioblastoma cells lines, namely PKB/Akt and
ERK, their respective levels were not affected due to the atypical PKC iota RNAi. Our
atypical PKC iota targeting duplex is therefore highly specific and efficient in depleting the
levels of atypical PKC iota. By this highly specific method, we were successful in
decreasing the expression of atypical PKC iota in U87MG, SF-295, and US7TMGAEGFR cell
lines by approximately 80-90% for at least 72 hours post transfection.

Earlier studies using dominant negative mutants, selective pseudosubstrate inhibitors,
or antisense oligonucleotides of atypical PKC suggest a possible role for these enzymes in
controlling cell proliferation either by the positive regulation of ERK (Sajan et al. 1999) and
NF-xB (Wooten 1999), negative regulation of PKB/Akt (Wen et al. 2003) or by association
with cyclin dependent kinase 7 (Acevedo-Duncan et al. 2002). We therefore examined the
effects of atypical PKC iota depletion on the proliferation of U87MG, US7TMGAEGFR, and
SF-295 glioblastoma cells. Under conditions of atypical PKC iota RNAI, we saw a
significant accumulation of the U§7MG cellular population in GO/G1. These results are

indicative of growth inhibition due to the specific inhibition of atypical PKC iota in US7TMG

71



glioblastoma cells. Our noted effects of atypical PKC iota on proliferation are therefore in
agreement with the earlier atypical PKC inhibition studies.

Atypical PKC iota RNAi did not cause any significant growth inhibition in the
U87MGAEGFR and SF-295 glioblastoma cell lines. In terms of US7MGAEGEFR cells, our
data suggest that the presence of EGFRVIII allows for celi cycle progression despite the
depletion of atypical PKC iota. EGFRVIII is an oncogene known to participate in aberrant
sustained proliferative signaling (Lorimer and Lavictoire 2001; Lorimer 2002). Therefore
EGFRVII in US7MGAEGFR glioblastoma cells likely prevents a decrease in proliferation
under conditions of atypical PKC iota RNAi by circumventing the depleted levels of atypical
PKC iota via its aberrant signaling capacities or its ability to signal through the remaining
depleted levels of atypical PKC iota.

The cell cycle is highly regulated by the activity of cyclin-dependent kinases (cdks).
p27%%! {5 a negative regulator of nuclear cdk2. Cdk2 is essential for the G1 to S cell cycle
transition. Therefore, by inhibiting cdk2 in the nucleus, p275%! blocks the cell cycle at G1
(Slingerland and Pagano 2000). p27%?! has been shown to be a tumor suppressor gene as
p27%%®1/. mice spontaneously develop pituitary tumors (Nakayama et al. 1996) . We have
shown that the reduction of atypical PKC iota by RNA interference led to an increase in the
total level of p27"' and an increase in the level of nuclear p27%P! in USTMG glioblastoma
cells coinciding with a decrease in proliferation. Our data suggests that the increase in
p27Kipl due to atypical PKC iota RNAi contributes to U§7MG growth inhibition by
increasing the cellular population of U87MG in GO/G1. Atypical PKCs have already been
shown to modulate the cell cycle via the cyclin cdk inhibitor p21 CIPL (Scott et al. 2002).
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Atypical protein kinase C fractionated from mammalian cells phosphorylates pZ‘LCi"1 at the
Ser146 site. Expression of atypical PKC zeta or activation of the endogenous kinase by 3-
phosphoinositide dependent protein kinase-1 (PDK1) decreased the half-life of p21.
Conversely, dnPKCzeta or dnPDK1 increased p21 protein half-life, and a PDK1-dependent
increase in the rate of p21 degradation was mediated by aPKC. Thus, aPKC acts as a
modulator of the cell cycle by providing a signal for the p21°*! degradation. Our results
support a possible novel mechanism by which atypical PKC iota can modulate the cell cycle
and promote U87MG proliferation by negatively mediating p27 Kipl activity by altering its
expression and cellular localization. Additional atypical PKC iota overexpression and
knock-out studies will need to be performed to elucidate the role of atypical PKC iota
modulation of the cell cycle via p27<*". Such studies will allow for a more detailed look at
the expression level, half-life and nuclear localization of p275%%! due to atypical PKC

iota.

Atypical PKC iota RNAi in U§7MGAEGFR cells also caused an increase in p27%P!
expression, however basal levels and upregulated levels were significantly lower than
U8S7MG parental cells. Narita et al. have shown that the constitutive activation of the PI3-
K/Akt pathway by EGFRVIII inhibits the expression level of p27Kipl thereby contributing to
enhanced proliferation of human glioblastoma cells lines (Narita et al. 2002). Therefore our
observations of the low basal and atypical PKC iota RNAi stimulated levels of p27%"!in
U87MGAEGEFR cells may be due to EGFRVIII oncogenic mediated downregulation of
p27%®! through the PI3-K/Akt pathway. In such a way EGFRVIII allows for uncontrolled

proliferation and thus US7MGAEGFR under atypical PKC iota RNAi may be able to prevent
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a significant increase in GO/G1.

Two post-transcriptional mechanisms regulating p27%"P! activity have been described.
Firstly, the activation of specific signaling pathways can induce ubiquitin proteasomal
degradation of p27KiP] (Shirane et al. 1999). Secondly, the overexpression of cdks (Sandhu
and Slingerland 2000) or the activation of cellular signaling pathways can lead to the
cytoplasmic sequestration of p27%*! preventing nuclear cdk2 inhibition and growth arrest
(Shin et al. 2002). Transcriptional regulation of p27%! by the forkhead transcription factor
has also been shown (Medema et al. 2000). Studies have reported that the subcellular
localization of p27Kipl mediates its function in cancer-cell proliferation (Shin et al. 2002). In
terms of our work, the increase in p27%?' expression under conditions of atypical PKC iota
RNAi may be due to an increase in protein stabilization or a change in translational or
transcription regulation.

Cytoplasmic redistribution of p27%?! has been reported in Barrett’s-associated
adenocarcinoma, colorectal tumors, and breast cancers(Liang et al. 2002) and has been linked
to decreased patient survival (Zeng et al. 2000). Whether p27%?! cytoplasmic redistribution
is a marker for glioblastoma multiforme patient survival remains to be to elucidated.
Cytoplasmic sequestration of p27Kipl has been shown to be controlled in part by
phosphorylation of threonine 157 (Liang et al. 2002; Shin et al. 2002; Viglietto et al. 2002).
Such data suggested that PKB/Akt was responsible for this phosphorylation in the
cytoplasmic localization sequence of p27 Kl (Liang et al. 2002; Shin et al. 2002). One
possible explanation for our results is that atypical PKC iota could directly phosphorylates

p27Kip 1 at threonine 157, either instead or in addition to PKB/Akt, thereby directly causing
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cytoplasmic redistribution of p27%%! in US7MG. A recent study of the cdk inhibitor

p21 WA VPl highlights common phosphorylation sites for both PKB/Akt and atypical PKC
iota (Scott et al. 2002). Atypical PKC iota was shown to phosphorylate p21WAF VCPL at the
underlined serine in GRKRRQTSM. PKB/Akt phosphorylates p21™** VCIPL 4t the adjacent
threonine residue. In p27%%", the proposed PKB/Akt phosphorylation site is IRKRRPATD.
The latter matches considerably to the atypical PKC iota site in p21WAF VCP! when comparing
the basic residues and their spacing from the phosphoylated residue. However, our
preliminary immunoprecipitation data suggests that atypical PKC iota does not affect
phosphorylation of p27%%! at threonine 157 in USTMG cells.

Another possibility is that atypical PKC iota may modulate p275%1 cellular
localization by phosphorylation at a site other than threonine 157. To begin to elucidate the
phosphorylation of p27<!, we are currently performing immunoprecipitations of p27%P! in
U87MG and USTMGAEGFR cells to perform immunoblot analysis using a phospho-
(Ser/Thr) Akt substrate antibody. This antibody recognizes phosphorylated Akt substrates
with a Ser/Thr in a conserved motif characterized by Arg at positions —5 and -3.

It is also possible that atypical PKC iota may indirectly modulate p27%%! subcellular
localization. Atypical protein kinase C isozymes lambda and zeta have been implicated in
Ras mediated reorganization of the actin cytoskeleton and cyclin D1-induction (Hellbert et
al. 2000). Perhaps, atypical PKC iota RNAi may decrease the levels of cyclin D, thereby
allowing for an increase in the unbound form of p27%®! and its nuclear translocation.

Despite the many possibilities of p27Ki]pl regulation in glioblastoma multiforme, our
results and data from other labs suggest that both atypical PKC iota and PKB/Akt are able to
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regulate p27<®' expression and localization. However as previously mentioned, whether the
phosphorylation by these two serine/threonine kinases occurs on the same site remains to be
examined. The hypothesis that best fits our data is the following: U87MG cells carry a
PTEN mutation allowing for low levels of PI3-K activity. Under these conditions, atypical
PKC iota would be mainly responsible for p275"' phosphorylation resulting in its depletion
and decrease in proliferation; U37MGEGFRVIII cells carry both a mutation in PTEN and
EGFRvIII allowing for high levels of PI3-K activity (Lorimer and Lavictoire 2001). Thus
the high levels of activated PKB/Akt allow for p27%%! phosphorylation by PKB/Akt. Thus
may explain why we saw no effect on proliferation when atypical PKC iota was depleted by
RNAi in US7MGEGFRUVIII cells; the effect of atypical PKC iota depletion in conjunction
with an increase in p27°"" was circumvented by the high level of PI3-K activity.

Our results suggesting atypical PKC iota affects proliferation by the negative
modulation of p27Kipl expression and its cytoplasmic redistribution is likely not the only
method by which atypical PKC iota can affect proliferation. There are likely several other
methods by which atypical PKC iota can affect proliferation. Atypical PKC has been shown
to phosphorylate the cdk inhibitor pZIWAF VCP1 and lead to its degradation in a PDK1-
dependent fashion. Research has also shown atypical PKCs to positively regulate Erk, a
kinase that has been implicated in cell survival (Berra et al. 1993), an observation that is in
agreement with our transient decrease in Erk phosphorylation under atypical PKC iota RNA]
in US7TMG.

Inhibition of atypical PKC{ by stable transfection of a kinase dead dominant negative

PKC( in human leukemic and colon cancer cells sensitized these cells to both etoposide and
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cisplatin induced apoptosis, respectively (Filomenko et al. 2002) . We were able to sensitize
U87TMG with depleted atypical PKC iota to cisplatin. Cisplatin, a platinum containing
antineoplastic alkylating agent, inhibits DNA synthesis by cross-linking strands of DNA and
carries out its activity in late G1 and early S phases of the cell cycle. Entering the cell by
diffusion, cisplatin’s chloride is replaced with water forming the active species which reacts
with DNA to form intra and interstrand crosslinks thereby inhibiting DNA replication
(Lawrence et al. 2003). Given the fact that atypical PKC iota RNAi caused US7TMG cellular
population accumulation in G0/G1, these cells were likely more susceptible to cisplatin’s
cytotoxic effects. We were therefore able to sensitize these cells. Our results therefore
indicate that atypical PKC iota plays a role in U§7MG glioblastoma cell survival,

Atypical PKC iota RNAi in US7MGAEGFR and SF-295 glioblastoma cells had no
effect on their response to cisplatin. In the case of US7MGAEGFR, EGFRVIII is a known
chemoresistant factor to cisplatin in part due to its constitutive activation of the Akt/PI3-K
and Erk pathways promoting uncontrolled proliferation and survival (Nagane et al. 2001).
EGFRVIII could therefore possibly circumvent the depleted levels of atypical PKC iota or
even signal through the atypical PKC iota remaining after RNAi. Our results indicate that
the distinct set of mutations carried by these two cells lines allows them to maintain
resistance to cisplatin under conditions of depleted atypical PKC iota, unlike the U87MG
glioblastoma cell line.

We were unable to sensitize US7MG, USTMGAEGFR and SF-295 with atypical PKC
iota RNAi to etoposide. Etoposide is a topoisomerase II inhibitor that inhibits cell division

by producing protein-associated DNA double stranded breaks. Etoposide acts in late S and
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carly G2 phases of the cell cycle (Arimondo and Helene 2001). We have shown that atypical
PKC iota RNAi causes a decrease in proliferation of US7MG glioblastoma cells due to the
inhibition of 1:).27Kipl activity. The cells subsequently accumulate in GO/G1. Therefore it is
logical that these cells would not be sensitized to etoposide, a G2/S acting drug. In actuality,
U87MG cells under atypical PKC iota RNAi would have a decrease proportion of cells in
G2/S thereby even further lessening the effects of etoposide on these cells. US7TMG,
U87MGAEGFR, and SF-295 glioblastoma cell lines may also utilize other uncharacterized
pathways to maintain survival to etoposide under our experimental conditions.

Due to atypical PKC iota’s apparent role in U87MG glioblastoma proliferation, we
examined two signaling pathways involved in survival and proliferation namely, PI3-
K/PKB/Akt and ERK. Atypical PKCs have been shown to negatively regulate PKB/Akt
(Mao et al. 2000). Atypical PKC ¢ and, to a lesser extent, atypical PKC v/A negatively
regulate PKB/Akt by physically and functionally interaction in breast cancer cells. Such an
interaction causes an inhibition of activation dependent phosphorylation of Akt at Ser 473
and Thr 308 (Mao et al. 2000). Using a phospho-specific PKB/Akt antibody, we found that
atypical PKC iota RNA interference did not modulate phosphorylation levels of PKB/Akt on
Ser 473 in both U87MG and US7MGAEGFR. Our data suggests that atypical PKC iota does
not alter PKB/Akt at the level of phosphorylation. Thus the activation of PKC iota through
the PI3-K pathway likely does not serve to limit signaling through the PI3-K/PKB/Akt
signaling cascade. Our results possibly implicate atypical PKCC as the more effective
negative regulator of PKB/Akt as suggested by Mao er al. (Mao et al. 2000). One possibility

is that the cross regulation between PKB/Akt and PKC signaling is isoform specific. Ifin
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fact, atypical PKC { is the main regulator of PKB/Akt, UB7MG cells that only express
atypical PKC iota, under atypical PKC iota RNAi should not have decreased levels of
phosphorylated PKB/Akt. However, examination of PKB/Akt activity and subsequent
phosphorylation levels of downstream PKB/Akt targets would need to be analyzed in
U87MG. In addition, analysis of phosphorylation levels of PKB/Akt in cells solely
expressing atypical PKC iota { and atypical PKC 1, under RNA interference would also help
clarify our results.

Atypical PKC iota RNA interference did cause a transient decrease in the
phosphorylation levels of ERK1/ERK2 (p44/p42 Map Kinase) in US7MG but not in
US7MGEGFRvVIIL These results suggest atypical PKC iota to be a positive regulator of Erk
signaling, a finding that is in agreement with recent literature (Berra et al. 1993). It is known
that EGFRVIII constitutively activates the ERK signaling pathway, one mechanism by which
this oncogenic factor allows for increased proliferation and survival (Lorimer and Lavictoire
2001). Therefore in the case of the US7MGAEGFR cells examined, EGFRVIII may be so
strongly activating ERK that it is able to compensate for the decrease in atypical PKC and its
affect on the phosphorylation levels of ERK1/ERK2. In addition, RNA interference is not
100% effective in knocking-down protein expression (Elbashir et al. 2002) therefore
EGFRvIII may still be so strongly signaling through the remaining atypical PKC iota that the
levels of phosphorylated ERK was not affected. Therefore while in the case of U37TMG
atypical PKC iota modulates phosphorylation levels of ERK1/ERK2, the presence of
EGFRVIII in US7MGAEGFR seems to obliterate this phenomenon. Despite the fact that

ERK does play a role in proliferation, we do not believe that this transient decrease in
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ERK1/ERK2 phosphorylation is responsible for the growth inhibition of U87MG under
atypical PKC iota RNAi. The more compelling hypothesis is that the atypical PKC iota
directly phosphorylates p27%%! and causes p27%%P! cytoplasmic sequestration at low levels of
PI3-K activity.

Atypical PKC iota RNAi did not decrease the migratory capacity of US7MG cells.
These results were not expected given the role atypical PKCs play in cellular polarization,
migration, and invasion (Etienne-Manneville and Hall 2001; Suzuki et al. 2001; Yamanaka et
al. 2001; Etienne-Manneville and Hall 2003). The remaining 10-20% of atypical PKC iota
remaining after RNAi may be adequate to maintain a functional formation of the
Par3/Par6/atypical PKC iota complexes with increased half-lives thereby still maintaining its
role in migration. Also, these results may indicate that atypical PKC iota does not form part
of this complex. All literature points to atypical PKC zeta forming such functional
complexes to play a role in migration (Etienne-Manneville and Hall 2001; Etienne-
Manneville and Hall 2003). Our results therefore may illustrate the functional differences of
each specific PKC isoform.

Overall, our work has shown a role for atypical PKC iota in proliferation and
chemosensitization to cisplatin in U87MG glioblastoma cells. Unfortunately the depletion of
atypical PKC iota levels has no effect on proliferation and chemosensitization in
U87MGAEGFR and SF-295. Despite the fact that our observations do not seem to be a
universal phenomenon in glioblastoma multiforme, it may be occurring in certain
glioblastoma subsets. Therefore, a combination of atypical PKC iota depletion by RNAI,
agents targetting specific aberrations, radiation and chemotherapy may prove to be a more
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effective approach to inhibit proliferation and chemosensitize specific subsets of
glioblastoma multiforme.

Further studies are required to determine whether targeting atypical PKC iota is an
effective means of sensitizing glioblastoma multiforme to chemotherapy. A wider panel of
glioblastoma cell lines would provide a more general examination of the physiological role
of atypical PKC iota in glioblastoma. A more detailed examination of the signaling
pathways affected by atypical PKC iota RNAi would provide more insight into the
mechanism by which this kinase can possibly affect proliferation possibly by regulation of
pro- and anti-apoptotic molecules, like NFxB and XIAP (Garcia-Cao et al. 2003), and cdk
inhibitors, like p27<*! and p21“®" (Scott et al. 2002). Overexpression and knock-out studies
would provide further valuable information on the role of atypical PKC iota in glioblastoma
proliferation. In terms of chemosensitization studies, the design of pharmacologically useful
atypical PKC iota inhibitors to test in animal models is an area that would provide much
insight into the role of atypical PKC iota in glioblastoma multiforme.

In summary, we have shown atypical PKC iota to play a role in U87MG proliferation,
apoptosis, and chemoresistance. Additionally, we have likely identified a novel mechanism
by which atypical PKC iota can regulate U87MG cell proliferation. Our results suggest that
atypical PKC iota can regulate both the levels and subcellular localization of p275%! possibly
by direct phosphorylation of p27Kipl. Given that atypical PKC iota RNAI caused a decrease
in US7MG proliferation and chemosensitized these cells to cisplatin-induced apoptosis, our
results therefore support atypical PKC iota as a possible novel therapeutic target in
glioblastoma multiforme.
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