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Abstract

Glioblastoma Multiforme (GBM) is the most common and most malignant brain tumour.
The cyclin dependant kinase inhibitor p27 is commonly inactivated in this and many other
cancers. p27 is an important negative regulator of the cell cycle which acts by inhibiting
cyclinE/cdk2 and cyclinA/cde complexes. We identify PKCi, a pro-proliferative kinase
which is activated by phosphoinositide 3 kinase (PI3K), as a regulator of p27 in GBM.
siRNA-mediated depletion of PKCt in US7MG cells resulted in an increase in p27 protein
levels, and p27 levels are extremely high in PKCti-null mouse embryonic fibroblasts. The

mechanism by which PKCu regulates p27 is unclear, although it occurs at the post-

transcriptional level, as QRTPCR analysis showed that PKCt depletion did not alter p27
mRNA levels. PKB is a known regulator of p27, but we show that PKC1 does not regulate
p27 through modulation of PKB activity. MEK/ERK signaling is also implicated in the
regulation of p27. The combined inhibition of PKCt and MEK resulted in an increase in
p27 levels which was greater than the added effects of inhibiting either kinase alone,

suggesting some overlap in the function of these two pathways.

Additionally, we show that p27 is regulated by miRNAs, which are 20-25 nucleotide RNAs
that repress gene expression by post-transcriptional silencing. In eukaryotes, this occurs
predominantly at the level of translational inhibition and is mediated by defined sequences

in the 3°UTRs of target genes. miRNAs are processed by dicer, and therefore the deletion of
dicer abrogates miRNA expression. We show that siRNA-mediated depletion of dicer

increases p27 levels and halts the cell cycle at G1 phase. The miRNA target site prediction



program Targetscan predicted 2 binding sites for miR-221/222 in the p27 3’UTR.

Transfection of glioblastoma cells with inhibitors of miR-221 and/or miR-222 resulted in an

increase in p27 protein levels. These results were corroborated by luciferase reporter assays

in which dicer depletion or miR-221 inhibition increased activity from a luciferase reporter
gene located immediately upstream of the p27 3’UTR. Site-directed mutagenesis of the
predicted miR-221 binding sites in the reporter construct increased luciferase activity and
abrogated the effect of miR-221 inhibition. Therefore, p27 is regulated by miR-221. We
also show that PKC1 and MEK alter p27 levels via an element in the 3°UTR. These results
are consistent with a model in which oncogenic signaling pathways increase miR-221

expression to decrease translation of p27.
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Chapter 1

Introduction

1.1 Glioblastoma

Glioma is the most common primary tumour of the central nervous system (1). Gliomas are
heterogeneous tumours consisting of cells that resemble immature astrocytes, immature
oligodendrocytes, or mixtures of the two cell types (2). They are graded on a scale of [to IV
based on their degree of malignancy, with grade IV, also referred to as glioblastoma
multiforme, being the most malignant type (3). Approximately half of gliomas are
glioblastoma multiforme (GBM), and the median survival for such patients is 40-60 weeks

from diagnosis, which ranks GBM among the most lethal of all cancers (4).

1.2 Treatment of Glioblastoma

Standard treatment for GBM consists of surgical resection followed by radiotherapy (5).
Adjuvant chemotherapy may be added to this regimen, as it results in a modest survival
benefit (6). However, virtually all patients have an inadequate response to treatment, and

the tumour usually recurs (7). There is an urgent need for the development of new therapies.

Because of the limited success of systemic cytotoxic treatments, the newest cancer therapies
focus on the modulation of the molecular pathways that are the cause of the disease. These
targeted therapies have several potential advantages over conventional chemotherapies in
that they may have high tumour specificity and low toxicity. This approach has been very

successful in chronic myelogenous leukemia (CML), a cancer that results from the



deregulation of a single receptor tyrosine kinase (8). Inhibition of this kinase with a small
molecule inhibitor resulted in complete remission in >80 % of patients (9, 10). Unlike

CML, glioblastoma arises from an accumulation of many genetic alterations and this makes

the development of targeted therapies particularly challenging.

1.3 Molecular Etiology of Glioblastoma

Glioblastomas may arise de novo (primary GBM), or from a lower grade glioma which
acquires additional mutations (secondary GBM). The pathways to the development of each
type of GBM are shown in figure 1.1. The pathways are similar in that they both begin with
a precursor cell which sustains mutations of two types which cooperate to promote tumour

formation. The first type activates receptor tyrosine kinases or alters their downstream

signaling pathways, resulting in a persistant signal to proliferate. In glioblastoma, mutations
of this type include EGFR, FGF, PDGF and PTEN (11). Cells have a built-in mechanism to
detect persistant oncogenic signaling which results in the activation of cell cycle arrest
pathways and/or apoptosis (12). Therefore, in order for a cell to become cancerous, it must
also sustain mutations in genes which control the cell cycle. In GBM, commonly mutated
genes of this type include CDK 4, CDK 6, cyclin D1, MDM2, p16INK4", p19ARF, RB, and

p53 (11).

1.4 EGFR Signaling in Glioblastoma
Of the receptor tyrosine kinases, the most frequently altered gene in GBM is the epidermal

growth factor receptor (EGFR). EGFR is a member of the human epidermal growth factor



Figure 1.1 Glioblastoma multiforme development occurs by one of two pathways.

Primary GBM develops de novo while secondary GBM develops from a lower-grade glioma
due to the step-wise accumulation of multiple mutations. The mutations indicated are
common mutations which have some correlation with clinical grade, although they represent
only a subset of the mutations that occur in GBM. Figure from Holland, E.C. 2001.
Gliomagenesis: genetic alterations and mouse models. Nature Reviews Genetics 2:120-9.
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receptor family, which also includes HER2, HER3 and HER4. In many cell types this
family of receptors transduces signals from the cell surface to regulate normal cell growth
and differentiation. EGFR is activated by the binding of one of its ligands, which include
epidermal growth factor and transforming growth factor a.. Ligand binding causes the
receptor to homo- or heterodimerize, resulting in its autophosphorylation and generating

multiple phosphorylated residues that serve as binding sites for signaling molecules. (4)

As EGFR signaling activates several pathways which promote cellular proliferation, it is not
surprising that the EGFR gene alteration occurs frequently in many cancer types. In fact,
EGFR is amplified in approximately 40-50% of GBM cases (13-15). This amplification
results in a high density of receptors at the cell surface which is thought to induce
dimerization in the absence of ligand (11). Gene amplification is often associated with
EGFR mutations, the commonest of which is EGFRVIII (11). The mutant receptor, which is
expressed in other cancers as well but not in normal tissues (11), has a deletion of exons 2-7
which truncates the extracellular ligand-binding domain, conferring upon it a ligand-
independent constitutive activity (16). In vitro experiments have shown that activation of
EGFR, whether it is via mutation or overexpression, confers enhanced tumourgenicity on
glioblastoma cells (17-20). Interestingly, the mutant receptor preferentially activates the
PI3K signaling pathway and can sensitize cells to inhibition with EGFR kinase inhibitors
(21). In GBM patients, both overexpression of EGFR and EGFRVIII have been associated
with shorter life expectancies (22). Therefore, EGFR would appear to be a good therapeutic
target in GBM. Anti-EGFR antibodies as well as small molecule inhibitors have been tested

in clinical trials with limited success. Although one study showed a survival benefit in non-



small cell lung cancer (23), little effect was seen in GBM (24, 25). It is thought that the lack
of success of these drugs in GBM patients may be attributable to additional mutations which

activate signaling downstream of EGFR so that its inhibition is rendered ineffectual. The
next step, then, is to understand the mechanisms by which signaling downstream of EGFR
promotes cellular proliferation, with the goal of identifying additional, more specific

therapeutic targets.

Activated EGFR interacts with a host of signaling molecules which transduce its
proliferative signal from the membrane to the nucleus (26). Both the MEK/ERK and PI3K
signaling pathways, which are outlined in figure 1.2, have been shown to be indispensable

for the ability of EGFR to promote proliferation (27, 28).

1.5 The MEK/ERK pathway

The MEK/ERK pathway was the first signal transduction cascade to be characterized from
the cell membrane to the nucleus. After 15 years of intense study its role in a plethora of
physiological functions including proliferation is well-established (29). The MEK/ERK
pathway begins with the binding of the adaptor protein Grb2 to an activated receptor
tyrosine kinase such as EGFR. Grb2 is associated with the guanine nucleotide exchange
factor Sos, and its recruitment to the membrane allows it to activate the membrane-tethered
GTPase Ras. Ras initiates a kinase cascade by recuiting and activating the kinase Raf,
which phosphorylates and activates MEK, which in turn phosphorylates and activates ERK.
(30) ERK phosphorylates a wide range of substrates including membrane, and cytoskeletal

and cytosolic proteins (29). Additionally, a fraction of activated erk translocates to the



Figure 1.2 Activation of the PI3K and MEK/ERK signaling pathways by EGFR.

Ligand binding results in EGFR to homo- or heterodimerization. This causes
autophosphorylation and activation of the receptor. Activated EGFR initiates multiple
signaling pathways, two of which are the PI3K pathway (blue) and the MEK/ERK pathway
(orange). Both pathways inactivate p27 and/or decrease its protein levels via mechanisms
which are not fully understood to promote cellular proliferation.
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nucleus where it phosphorylates transcription factors. One transcription factor which is

particularly relevant to cellular proliferation is Elk-1; its phosphorylation results in the
transcription of multiple genes involved in progression through the early phase of the cell

cycle. (30)

1.6 The PI3K pathway

Phosphoinositide 3 kinase (PI3K) is activated by EGFR, via an adaptor molecule called
Gabl (31). The function of activated PI3K is to phosphorylate phosphoinositide (4,5)
bisphosphate (PIP;), which generates the second messenger phosphoinositide (3,4,5)
triphosphate (PIP3;). PIP; creates a binding site for PH domain-containing proteins including
phosphoinositide-dependent kinase 1 (PDK1) and protein kinase B (PKB). (32) PDKI1
activates both PKB and the atypical protein kinases C (aPKCs) (33). Considerably more is
known about PKB than the aPKCs, although both have been implicated in the promotion of
proliferation and survival. A large number of PKB substrates have been identified and the
functional consequences of these phosphorylations have been elucidated in many cases.
PKB is well known for its role in promotiﬁg survival by regulation of the FoxO and NF«xB
transéription factors, and phosphorylation of the anti-apoptotic protein BAD (34). PKB
promotes proliferation by phosphorylating multiple cell-cycle-related targets including p27
and p21 (34). Humans have two highly similar aPKC isoforms: PKC1 and PKCC,, although
only the 1 isoform is expressed in glioblastoma cells (35). PKCu is considered an oncogene
in non-small call lung cancer and ovarian cancer as it is frequently overexpressed and

. associated with decreased patient survival in both cancer types (36, 37). In vitro, expression

of dominant negative PKC1 significantly inhibits the transformed growth of lung cancer



cells (38). The activity of PI3K is antagonized by the tumour suppressor phosphatase and
tensin homolog (PTEN), which dephosphorylates PIP; to convert it back to PIP, (39).
PTEN is deleted in approximately half of glioblastomas (40), which underlines the
importance of EGFR signaling and the PI3K pathway in GBM. In fact, activation of the
PI3K pathway is signiﬁéantly associated with increasing tumor grade, decreased levels of

apoptosis, and with adverse clinical outcome in human gliomas (41).

1.7 Synergy in MEK/ERK and PI3K signaling
Although the MEK/ERK and PI3K pathways are often considered separately for the sake of
simplicity, there is in fact a considerable amount of cross-talk between the two pathways.

aPKCs have been shown to activate Raf, and Ras can also activate PI3K (42). In breast
cancer cells, PKCCZ, Ras and PI3K were found in a single complex (43). Furthermore, the

transcription factor Elk;l , which is activated by ERK, induces expression of the PKC1 gene
(44). Synergy between these pathways has been observed, both in the prevention of
apoptosis and in the stimulation of cellular proliferation (45). This type of synergy was also
observed in one of the recent mouse models of malignant glidma. Expression of both PKB
and activated Ras in neural progenitors resulted in a glioma with similar histological

characteristics to GBM, although expression of either gene alone was not sufficient to cause

glioma formation (46).

1.8 The cell cycle
The proliferative signal initiated by EGFR and transmitted through the PI3K and MEK/ERK

pathways causes entry into the cell cycle. The cell cycle is divided into 4 phases as shown



in figure 1.3: Gl is the first gap phase, S is when DNA synthesis occurs, G2 is the second
gap phase and M is when mitosis occurs. In the absence of proliferative signaling, cells will
exit the cell cycle and enter a reversible growth arrest phase called quiescence (Go).
Progression through each phase is driven by cyclin dependent kinases (CDKs), which must
be bound to their cyclin partners to be activated. There are four major cyclins are which are
produced sequentially (D, E, A, and B) as the cell cycle progresses. (30) CDKs are
additionally regulated by two families of inhibitors, all of which halt the cell cycle when
overexpressed. The ink4 family is comprised of p15, p16 and p19, all of which specifically
inhibit the activity of CDK4 and CDKG®6 to cause arrest in G1. The cip/kip family, which
includes p21, p27 and p5 7 can inhibit all CDKs in vitro, although in vivo p27 arrests cells in

G1 by inhibiting the activity of Cyclin E/CDK2. (47)

Growth factor signaling results in the transcription of multiple genes including cyclin D1,
which binds to and acti?ates CDK 4 and CDK 6. These kinases in turn phosphorylate
multiple targets to promote progression through G1 phase. One such target is RB, which,
when phosphorylated, releases the transcription factor E2F1 from sequestration so that it is
free to activate the transcription of genes whose products are 'required for S phase activities
such as nucleotide metabolism and DNA synthesis. E2F initiates two positive feedback
loops, by stimulating its own expression and by inducing cyclin E expression, which binds
to CDK2 to stimulate further Rb phosphorylation. At this point, passage through the cell
cycle is independent of the activity of the Cdk4/6/ cyclin D complex, so that progression to
S phase occurs even when growth signals are withdrawn and cyclin D levels fall. This

“point of no return” is called the restriction point. (48) Because cancer cells can proliferate



in the absence of growth signals, deregulation of the restriction point is an important

mechanism in the carcinogenic process (49).

1.9 Cell cycle regulation in GBM

Accordingly, passage through the restriction point is tightly regulated by several CDK
inhibitors which all have the ability to halt the cell cycle at G1 phase when overexpressed.
Mutations in genes such as p53, MDM2 and p14*% are very common in GBM and lead to
an inability to induce expression of the CDK inhibitor p21 (49). The CDK inhibitors p15
and p16 are themselves often mutated in GBM (49). The CDK inhibitor p27 is also a key
regulator of the restriction point, although the gene encoding p27 is rarely mutated in human
cancers (50). Althoughl it does not follow Knudson’s classic two-hit hypothesis, p27 is
considered a tumour suppressor because mice that are hemizygous for p27 are predisposed
to tumour development in multiple tissues (51-53). The most compelling evidence for p27’s
role as a tumour suppressor comes from analysis of p27 protein levels in human cancers.
Decreased p27 protein ievels have been observed in up to 60% of human carcinomas and
loss of p27 protein is considered an independent prognostic marker in many cancers
including gliomas (50). Further, tumours which retain p27 expression often show
mislocalization of the protein in the cytoplasm, which prevents it from binding to and
inhibiting its nuclear cyélin/CDK targets (50). Therefore intense efforts have been
undertaken to understand p27 regulation. Although several p27 regulators have been
identified, many aspects of p27 regulation and the mechanisms causing its deregulation in

cancer remain poorly understood.

10



Figure 1.3 The Cell Cycle.

Passage through each of the four stages of the cell cycle (G1, S, G2 and M) is regulated by
the activity of cyclin-cdk complexes. The width of the colored bands is approximately
proportional to the kinase activity of the indicated complexes. Following mitosis, cells can
exit the cell cycle to enter a reversible state of growth arrest called quiescence (Go).
Mitogenic stimulation allows quiescent cells to re-enter the cell cycle and results in the
activation of the cdk4-cyclin D complex. Mitogens are required for passage through G1
until the restriction point, where cells are committed to completin§ the cell cycle even when
mitogens are withdrawn. Figure from: Molecular cell biology, 4" edition. H. Lodish et al,
2000. '
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1.10 Regulation of p27 during the cell cycle

p27 regulation is complex; multiple signaling pathways alter its transcription, translation,
degradation and subcellular location as the cell progresses through the cell cycle.

p27 levels are highest in quiescent cells, lower in G1-phase cells, and undetectable in S-
phase cells (54). mRNA levels remain constant throughout the cell cycle, however,
suggesting that post-transcriptional mechanisms are the major regulators of p27 levels (54).
In S-phase cells, the degradation of p27 predominates as a regulatory mechanism (54) and is
well understood. CDK2, coupled with either cyclin E or cyclin A, phosphorylates p27 at
T187 which leads to itsvrecognition by the ubiquitin ligase Skp2. Skp2 targets p27 for
proteasome-mediated degradation, freeing cyclin/CDK2 complexes from inhibition by p27
in a positive feedback loop. (55) However, experiments with mice expressing a mutant p27
which cannot be phosphorylated at T187 revealed that although p27 degradation was
prevented during S phase, it occurred normally as cells exited G, and progressed through G1
phase (56). This indicates that p27 degradation is controlled by a novel, Skp2-independent

mechanism early in the cell cycle.

In G1 phase, p27 degradation is under the control of the cytoplasmic ubiquitin ligase KPC
(57), although the events that cause p27 to be targeted for KPC-mediated degradation are
poorly understood. In G, p27 is localized primarily in the nucleus where it binds and
inhibits cyclinA/E/CDK2 complexes (58). AsKPCisa cytoﬁlasmic protein, one
requirement for p27 degradation is its export to the cytoplasm (57). Upon entry into G1,
growth factor stimulation activates a host of proteins which are implicated in p27 regulation,

including hKIS (59). hKIS phosphorylates p27 at serine 10. This results in the nuclear
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export of p27 which is dependent on the carrier protein CRM1 (59). As p27 does not
harbour the nuclear export signal (NES) recognized by CRM1, interaction with the NES-
containing protein Jab 1 is also required for export of p27 from the nucleus (60). Export of
p27 to the cytoplasm is required for cell cycle progression, not just because this prevents its
inhibition of cyclin E/cdk2, but because p27 associates with cyclin D/cdk/4/6 complexes to
aid in their assembly (61). Nuclear export is associated with degradation of p27, as both
S10 phosphorylation of p27 and overexpression of Jab 1 resulted in nuclear export coupled
with accelerated p27 degradation (60, 62). A causative relationship between nuclear export
and degradation has not been established, however, and it is likely that unknown
cytoplasmic factors are responsible for directing p27 recognition by KPC. PKB plays a role
in promoting progression through G1 phase by phosphorylating cytoplasmic p27 at T187
(63-65). This prevents p27 from re-entering the nucleus and exerting its inhibitory action,

but it is not associated with increased p27 degradation (63-65).

As p27 half-life decreases fivefold with passage from G, to S phase, proteasome-mediated
degradation is an important mechanism of p27 regulation in G1 (58). As mentioned above,
sub-cellular localization is also important in p27 regulation. There is some evidence for the
translational regulation of p27 as well, since p27 synthesis decreases with entry into G1
although mRNA levels remain constant (54). The decrease in p27 translation appears to be

a consequence of decreased association of p27 with ribosomes (54).
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1.11 Deregulation of p27 in cancer

Although transcriptional upregulation of p27 by FoxO transcription factors has been
demonstrated, p27 mRNA levels are rarely altered in cancers (50). Proteolysis is an
important regulator of p27 in cancer, as proteolytic degradation of p27 is increased in lysates
from several types of cancers (66-68). Not surprisingly, Skp2 is over expressed in multiple
cancers and associated with decreased p27 levels as well as decreased survival (69-71). In
GBM, Skp2 is overexplfessed as a result of amplification in 30% of patients and in several
cell lines, although not those employed in this work (69). Cytoplasmic mislocalization is
another common mechanism by which p27 is inactivated in cancer. This may in part be
explained by the observation that Jab 1 is overexpressed in a variety of cancers where it is
associated with decreased p27 levels and decreased patient sﬁrvival. (72-74). Changes in
stoichiometry of CDK complexes can cause functional inactivation of p27. Increases in
components of the cyclinD/CDK4/6 complexes can lead to sequestration of p27 in this
complex, titrating it away from the cyclinA/E/CDK2 complex that it is meant to inhibit (75).
The contribution of this to carcinogenesis is difficult to evaluate, however. It has been
shown that p16 loss was associated with poor prognosis in hepatocellular carcinoma when
p27 levels were high, suggesting that p16 loss functionally inactivates p27 by increasing its
association with cyclin D/CDK4/6 complexes (76). As p16, CDK4, CDK6 and cyclin D are
commonly altered in GBM, sequestration of p27 into cyclinD/CDK4/6 complexes may be an

important mechanism of p27 deregulation.
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1.12 EGFR signaling inactivates p27 via the MEK/ERK and PI3K pathways

Many p27 regulators are downstream of EGFR family receptors, which themselves are
commonly altered in GBM as mentioned above. Inhibition of HER2, the preferred
dimerization partner of EGFR, causes p27-dependent G1 arrest and increases the stability of
p27 as well as its phosphorylation at T187 and S10 (77).

The MEK/ERK and PI3K pathways are key effectors of EGFR signaling and are directly
linked to p27 regulation. Inhibition of both MEK (78-81) and PI3K (82-84) has been shown

to halt cellular proliferation by a mechanism that is dependent upon p27.

In the case of MEK/ERK signaling, there is no general consensus as to how this pathway
regulates p27, although multiple mechanisms have been discovered. In breast cancer cells,
ERK contributes to the S phase pathway of p27 degradation By directly phosphorylating p27
on T187 (80). However, MEK/ERK signaling induces p27 degradation in melanoma cells
(78) and in fibroblasts in a manner that is independent of the S phase pathway (79). There is
evidence that MEK signaling can cause export of p27 to the cytoplasm in epithelial cells
(85) and in breast cancer cells in response to estrogens (81). Erk also upregulates
transcription of cyclin D1 (86), which could contribute to p27 inactivation by changing the
stoichiometry of the cyclin-cdk complexes. Finally, ERK was shown to decrease the
stability of p27 mRNA in vascular smooth muscle cells in response to PDGF through an
element in the p27 3’ UTR (87). Therefore MEK/ERK signaling can affect p27 by multiple

mechanisms which are likely to depend on cell type.
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The mechanism by which the PI3K pathway negatively regulates p27 is even less clear. The
PI3K-mediated decrease in p27 levels is an early event in G1, as overexpression of PTEN in
GBM cells increased p27 levels before decreasing cdk2 activity (84). Therefore, although
PI3K does cause upregulation of Skp2 which promotes p27 degradation (88), it also acts on
p27 by an unknown mechanism in early G1 phase. Expression of PTEN or a small molecule
PI3K inhibitor in glioblastoma cells does not alter p27 mRNA levels but does increase the
stability of the protein (83). Thus transcriptional regulation of p27 by Forkhead box O
transcription factors factors, which are regulated by PKB (89), can be ruled out. PKB
contributes to PI3K-mediated regulation through its phosphorylation of p27, although this is
not linked to p27 degradation (63-65). Additionally, the PKB phosphorylation site in p27 is
not conserved, and mice show decreased p27 levels in G1 even though they lack this site
(56). Thus it is likely that another PI3K-activated protein regulates p27 as well. It was
recently shown in breast cancer cells that expression of dominant-negative PKC( halted the
cell cycle in G1 phase By increasing p27 protein levels (43). Thus the aPKCs may be
responsible for PI3K-mediated regulation of p27, but the mechanism by which they exert

this effect is entirely unexplored.

1.13 MicroRNAs as nbvel regulators of gene expression

An additional layer of complexity has been added to the study of gene expression by the
recent discovery of microRNA (miRNA). miRNAs are 20-25 nucleotide RNAs which
repress gene expression by post-transcriptional silencing (90). The first miRNA was
discovered in the early 19905 (91), but was thought to be an oddity specific to worms. It

wasn’t until 2000 that a second miRNA was discovered in C. elegans (92) that was
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conserved in a variety of animals (93). This discovery brought about an intensive effort to
identify miRNA genes. To date, 474 human miRNAs have been cloned and verified (miR

registry, www.sanger.ac.uk/Software/Rfam/mirna/index.shtml). Computational searches

predict the existence of over 1000 miRNA genes, making miRNAs one of the largest classes
of gene regulators (94, 95). miRNAs have been identified in diverse animals and plants and
many are conserved among species (90). It now seems likely that all multicellular
eukaryotes, and perhaps some unicellular eukaryotes, regulate gene expression by miRNAs
(96). Each miRNA is predicted to regulate approximately 200 target genes, suggesting that

approximately 1/3 of human genes might be subject to regulation by miRNAs (97).

Most miRNA genes are encoded in regions of the genome which are distant from previously
annotated genes, implying that their expression is regulated independently. However, about
one quarter of human miRNA genes reside in the introns of protein-coding genes, often in

. the same orientation as the mRNA, suggesting that their expression is controlled by the host
gene promoter. miRNA genes may also be clustered for coordinated expression,; this is true
for over half of the known Drosophila miRNAs but relatively rare in humans. (90) miRNA
expression is highly tissue-specific (98, 99), and relatively well conserved, with variation in
miRNA expression patterns being more pronounced the greater the differences in

physiology (100).

1.14 Biogenesis of miRNAs

The biogenesis of miRNAs is shown in figure 1.4. After being transcribed, the primary

miRNA transcript is cleaved by the endonuclease drosha to generate a pre-miRNA. The
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pre-miRNA is approximately 70 nt and folds into a stem loop structure with multiple bulges
and mismatches. Pre-miRNAs are actively exported to the cytoplasm via Ran-GTP and
exportin 5. In the cytoplasm the pre-miRNA is additionally processed by dicer to generate a
20 bp duplex. The duplex is in fact identical to an siRNA, which is also processed by dicer,
and from this point on, the miRNA and siRNA pathways are indistinguishable. (90) The
only distinction between miRNAs and endogenous siRNAs is their biogenesis; numerous
siRNAs are generated from both strands of a long double stranded RNA, whereas a
transcript forming a local hairpin structure is processed to give rise to a single miRNA
molecule (101). The miRNA duplex is unwound by a helicase and one strand is
preferentially incorporated into the RNA-induced silencing complex (RISC). The
determination of which strand gets incorporated into the RISC is thought to be made by the
helicase, which unwinds the miRNA duplex starting at the end which is less tightly paired,
and incorporates the 5’ end into the RISC. The complimentary strand, designated miRNA*,
is thought to be degraded quickly, as miRNA*s have been cloned but with much less

efficiency than their miRNA counterparts. (90)

1.15 miRNA-mediated gene silencing
miRNAs silence gene expression by one of two mechanisms. If they are perfectly
complimentary to their target mRNA sequences, the RISC will cleave the mRNA to cause

its degradation. If the miRNA is imperfectly complimentary to its target, translation of the

18



Figure 1.4 MicroRNA Biogenesis and Function.

See text for details. Figure from: Esquela-Kerscher, A., and F.J. Slack. 2006. Oncomirs -
microRNAs with a role in cancer. Nat. Rev. Cancer. 6:259-269.
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mRNA will be repressed without a change in levels of the mRNA. (90) There are three
competing theories as to how translational repression by miRNAs is achieved. Most
recently, it was shown that the let-7 miRNA interferes with growing polypeptides on
actively translating polyribosomes (102). However, there is also evidence that miRNAs
interfere with translation initiation, as they affected cap-dependent but not -independent
translation (103). Finally, miRNAs may simply prevent translation by sequestering their
target mRNAs away from ribosomes and initiation factors. miRNAs, their target mRNAs
and RISC complex components have been shown to accumulate in cytoplasmic processing
bodies (P bodies). (104) P bodies are cytoplasmic foci where mRNA degradation occurs,
and they do not contain the components of the translation machinery (104). However, it has
been suggested that their localization in these areas may be a consequence, rather than a

cause, of inhibition of translation (103).

1.16 Prediction and validation of microRNA targets

As of October 2005, only 30 human miRNA target genes have been validated, owing to the
lack of a high through-put method for target validation (105). All of the known miRNA
binding sites reside in the 3’UTRs of their target mRNAs (105), and multiple binding sites
seem to be important for efficient repression of translation (106). There is already evidence
of binding sites for several different miRNAs in a single 3°’UTR (90, 105) which hints at the
complexity that could be achieved by the requirement for the cooperation of multiple
miRNASs to repress translation. As miRNAs direct translational repression by binding with
imperfect complimentarity, prediction of miRNA target sites is exceedingly difficult. The

high degree of conservation of nucleotides 2-7 at the 5’ end of the miRNA led to the
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discovery that this “seed sequence” must be perfectly complimentary to its target mRNA,
with imperfect binding at the 3’ end (95). The importance of the 3’ end is not fully
understood, although there is some indication that the bulges resulting from imperfect
complimentarity in thisAregion may also be important for binding (107). The lack of
validated miRNA targets to serve as a training set makes it difficult to design programs to
predict miRNA target sites. However, several miRNA target prediction programs have been
designed using complex algorithms which, at the simplest level, predict targets based on
conservation of the seed sequence between multiple species, énd the thermodynamic free-

energy of binding (105).

One of the more sophisticated of these programs is Targetscan, which identifies miRNA
target sites that are conserved among five species. The program is impressively successful,
as twelve out of fifteen of its predicted targets were validated as bona fide miRNA binding
sites (108). Targetscan identified 5300 human genes as miRNA targets which have a wide
range of functions. Many of the predicted targets are involved in growth, cell cycle
regulation and signal transduction (108), which raises the possibility that miRNAs could be

involved in cancer.

1.17 MicroRNA and Cancer

Although miRNAs represent 1% of all human genes, more than 50 % them are located in
regions of deletion, amplification, or translocation in cancer (109). This staggering statistic
led to the identification of multiple miRNAs which act as tumour suppressor genes. The

first indication that miRNAs can function as tumour suppressor genes came from analysis of
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the 13q14 region, which is the most commonly deleted region in chronic lymphocytic

leukemia (CLL). Intensive efforts to identify a protein-coding gene which was linked to

CLL were met with failure (110). It was finally discovered that the region encoded 2
miRNAs, miR-16-1 and miR-15a, and that these miRNAs were mutated in 68 % of CLL
cases (111). miR-16-1 and miR-15a were subsequently found to mediate the post-
transcripitonal repression of the oncogene Bcl2, which may in part explain their tumour
suppressor function (112), although, like most miRNAs, these miRNAs have hundreds of
predicted targets (97). The study of miRNA deregulation in cancer has been greatly
facilitated by the advent of miRNA microarrays, which allow for global analysis of miRNA
expression. A recent study identified 26 overexpressed and 17 underexpressed miRNAs
using samples from six different cancer types (113). Other oncogenes regulated by miRNA
include ras and E2F1 (114, 115). miRNAs may also act as oncogenes by inhibiting tumour
suppressors. PTEN is the only tumour suppressor gene to be identified as a miRNA target
thus far (108), although there are several miRNAs which are upregulated in cancers (116),

which suggests that these miRNAs may also inhibit tumour suppressor genes.

Although mutations causing deregulation of individual miRNAs is likely the main
mechanism by which miRNAs contribute to tumourigenesis, there is some evidence that
global regulation of miRNA may play a role as well. Alterations in the expression of
components of the miRNA machinery have been observed in several cancers. Dicer
expression is down-regulated in lung cancer and associated with decreased survival (117).
As well, three human AGO genes, which form part of the RISC complex, are clustered

together in a region frequently deleted in kidney and neuroectodermal tumours (118).
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1.18 A potential role for miRNAs in p27 regulation

The deletion of dicer effectively abrogates miRNA expression (119), and is an excellent way
to determine the involvement of miRNAs in cancer. Dicer-null mice die during
embryogenesis with a lack of detectable multipotent stem cells (120). Conditional
inactivation of dicer in murine embryonic stem cells compromised their proliferation, with
an increased number of cells accumulating in G1 phase (119). A similar delay in
progression from G1 to S phase was observed upon dicer deletion in drosphila germinal
stem cells (121). This effect could be reversed by reducing the level of dacapo, the
drosophila homologue of p21/p27. Additionally, the deletion of a region of the dacapo
3’UTR also delayed G1 to S phase progression by increasing_dacapo levels. These data
suggest that the miRNA pathway controls the cell cycle by reducing dacapo levels via

regulation of the dacapo 3’UTR. (121)

1.19 Deregulation of miRNA expression in GBM and other cancers

As they were only recently discovered, very little is known about microRNAs in GBM; in
fact only two papers have been published on the subject. Ciafre et al used microarrays to
analyze the expression of 245 miRNAs in glioblastoma using both patient samples and cell
lines. They found that a group of miRNAs comprised of miR-181a, miR-181b and miR-
181c were all down-regulated in GBM, even though they are encoded on 3 different
chromosomes, implying that they share a common biological function. miR-128 was also
consistently downregulated. The only miRNA which was consistently upregulated in
patient samples and cell lines (including those employed in this work) was miR-221 (122).

This miRNA is also upregulated in papillary thyroid carcinomas (123, 124), and cancers of
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the pancreas, stomach and colon (113, 125). Interestingly, there is a single instance where it
was found to be down-regulated. Both miR-221 and miR-222, which are clustered on the X
chromosome and share the same seed sequence (126), were found to be down-regulated
through the erythropoietic pathway (127). Felli ef al hypothesized that miR-221/222
downregulation unblocks the translation of proteins which promote erythropoiesis, and
showed that one such protein was the kit receptor. MiR-221/222 inhibited normal
erythropoiesis and erythroleukemic cell growth in part via kit receptor down-modulation,
although they did not affect the proliferation of kit hematopoeitic cell lines (127). Of
course, the effect of miRNA expression is likely to vary somewhat from tissue to tissue, as
different genes are expressed in different ﬁssues, and the association of miR-221/222
downregulation with proliferation may be specific to kit-expressing cells of the
hematopoeitic lineage. Overall, miR-221 is upregulated in multiple solid cancers, and an

investigation into its potential role in cancer development is warranted.
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Hypotheses

Part1

Activation of the PI3K pathway is often seen in cancer, and is especially common in
glioblastoma. PI3K activates PKCt, which is also implicated in proliferation control,
although the mechanism by which exerts its effect is unknown. I will test the hypothesis
that PKCu controls the proliferation of glioblastoma cells by regulating the cyclin dependent

kinase inhibitor p27.

Part 11

MicroRNAs are novel fegulators of post-transcriptional gene expression and are thought to
play a role in cancer development. They control passage from G1 to S phase and in
Drosophila they exerted this effect by regulation of the Drosophila homologue of p27. Thus
p27 expression may be controlled by microRNA, and miR-221, as the sole upregulated
miRNA in glioblastomﬁ, is a good candidate to exert this effect. I will test the hypothesis

that p27 is regulated by miR-221 in glioblastoma.
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Specific Aims

Part I
1. Confirm that PKCt regulates p27
a) By comparing p27 mRNA and protein levels in glioblastoma cell lines

transfected with PKCu or control siRNA duplexes.

b) By comparing p27 protein levels in PKCi-null vs. wild-type mouse
embryonic fibroblasts.
2. Investigate the mechanism by which PKC1 regulates p27 by examining the effect of

PKC1 depletion on known p27 regulatory pathways.

Part 11
1. Deplete cells of the miRNA processing enzyme dicer and examining its effect on p27
protein levels to determine if p27 is a candidate for regulation by miRNA.
2. Determine whether miR-221 regulates p27 by
a) Transfecting glioblastoma cells with miR-221 and control inhibitors and
comparing p27 levels.
b) Analyzing the effect of the miR-221 inhibitor on a reporter construct
containing a wild type p27 3’ UTR vs. a construct in which the putative miR-
221 binding sites have been mutated.
3. Examine the effect of the MEK/ERK and PI3K pathways on the activity of the p27
reporter construct to determine if these pathways could potentially regulate p27

expression via a miR-221-dependent mechanism.
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Significance

Glioblastoma is such a heterogeneous disease that treatment with a single agent alone is not
likely to produce results in all patients. Although EGFR is mutated in about half of GBMs,
EGFR-directed therapies have had little success in GBM. It was recently shown that
response to EGFR inhibitors was strongly associated with co-expression of EGFRVIII and
PTEN (128). This finding underlines the importance of understanding alterations in
signaling downstream of EGFR. For the patients in whom PTEN expression has been lost,
the best therapeutic strategy is a target downstream of PTEN. Unfortunately, the
mechanisms by which the PI3K pathway promotes proliferation and resistance to apoptosis

have not been entirely elucidated. This work shows that PKCh is a critical mediator of

proliferation downstream of PI3K through its inhibition of p27.

In addition to confirming the role of PKC as a p27 regulator, this work also identifies a
microRNA which regulates p27. This is a small but significant step in the monumentous
task of validating the thbusands of predicted miRNA targets. Many of the validated miRNA
targets are cancer-related, and this work helps to substantiate the hypothesis that microRNAs

have a crucial function in cancer progression, as well as identify miR-221 as a potential

therapeutic target in GBM.
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Chapter 2

Materials and Methods

2.1 Cell Culture

U87MG cells were obtained from Dr W Cavenee (Ludwig Iristitute for Cancer Research, La
Jolla, CA, USA). A172 and U118 cells were from the American Type Culture Collection.
U87MG and A172 are human glioblastoma cell lines mutated for PTEN and Ink4a/Arf but
wild-type for p53, a set of mutations which is common in primary glioblastoma. The human
glioblastoma cell line U118 is mutated for PTEN, Ink4a/Arf and also p53. The glioblastoma
cell lines were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 7.5%
donor bovine serum, 2.5% fetal calf serum, 100 units/ml penicillin and 100 pg/ml
streptomycin at 37°C with 5% CO,. Wild-type and PKCA-deficient mouse embryonic
fibroblasts (MEFs) were obtained from Dr S Hedrick (University of California at San Diego,
La Jolla, CA, USA). MEFs were cultured at 37°C in 5§ % CO; in Dulbecco’s Modified
Eagle’s Medium supplemented with 7.5% donor bovine serum, 2.5% fetal calf serum, 100
units/ml penicillin, 100 pg/ml streptomycin, 100 pM non-essential amino acids, 5x10° M B-

mercaptoethanol and 400 pg/ml G418.
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2.2 RNA interference
Short interfering RNA duplexes (siRNAs) were chemically synthesized (Dharmacon

research Inc., CO, USA). The target sequences and concentrations are listed below:

Duplex Target sequence Final concentration
(mM)

PKCi A GUGCAUCAACUGCAAACUC 5

PKCi1 B UGAGGUUCGAGACAUGUGGU 20

Dicer A CACUGGUCAGGGAAGACAUU 10

Dicer B GAGUUUACUAAGCACCAGGUU 10

Non-specific | AUUCUAUCACUAGCGUGACUU 20

control

siRNA duplexes were transfected using oligofectamine as outlined in the transfection

section.

2.3 miRNA inhibition

miRIDIAN microRNA inhibitors targeting miRNA-221 and miRNA-222, as well as a
negative control inhibitor were purchased from Dharmacon RNA technologies (Lafayette,
CO, USA). They are single-stranded oligonucleotides which bind to and inhibit endogenous
miRNAs. Inhibitors were transfected with oligofectamine as outlined in the transfection

section. Analyses were performed 48 hours after inhibitor transfection.

2.4 Transfection
Glioblastoma cells were plated at a density of 100,000 cells per 35 mm plate the day before
transfection. For transfection one 35 mm plate with an siRNA duplex or miRNA inhibitor:

On the day of transfection, 10 pl of siRNA duplex or miRNA inhibitor was added to 175 pl
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OptiMEM I (Invitrogen, CA, USA). In a separate tube, 4 pl of oligofectamine was mixed
with 11 pl OptiMEM I (Invitrogen) and incubated at room temperature for 10 minutes. 15
pl of this mixture was then added to the diluted duplex/inhibitor, mixed gently and
incubated at room temperature for 20 minutes. Meanwhile, the cells were washed with 1 ml
warm OptiMEM I and then 800 pl OptiMEM I was added to each well. 200 ul of the
combined oligofectamine/duplex solution was added dropwise to each plate, which was then
rocked gently for 30 seconds. Cells were then incubated for 4 hours at 37°C with 5 % CO,,

after which 2 ml of warm antibiotic-free media was added. Analysis was performed 48 — 72

hours post-transfection.

For transfection of one 35 mm plate with luciferase reporter plasmids: On the day of
transfection, 3 pl of Geﬁejuice transfection reagent (Novagen, WI, USA) was mixed by
vortexing with 100 pl serum-free DMEM and incubated 10 minutes at room temperature.
Next, 0.1 pug of a renilla luciferase reporter plasmid (pRL-CMV, pRL-CMV-p27UTR, or
pRL-CMV-mut) and 0.01 pg of the firefly luciferase normalizing control plasmid pGL3
were added to the serum mixture and mixed gently by pipetting. After a 15 minute
incubation, 100 pl of this mixture was added dropwise to the plate, which was then rocked

gently for 30 seconds. Analysis was performed 24 hours post-transfection.

2.5 Plasmids
The renilla luciferase reporter plasmid pRLp27 3’UTR was constructed as follows.
The entire p27 3’UTR was PCR-amplified from the p27 clone MGC-5304 (ATCC) using the

primers P27UTRF (ACTAGTGACGTCAAACGTAAACAGC) and P27UTRR
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(GGATCCCTTTTATTGATTACTTAATGTGTAACAA). The A-Addition and PCR
cloning kits (Qiagen) were used to subclone the 3’ UTR of p27 into pDrive (Qiagen). The
3> UTR was then sequenced and subcloned into the renilla luciferase reporter vector pRL-
CMV. To do this, pRL-CMYV was digested with Bam HI and Xba I to remove a 252 bp
section containing the SV40 late poly (A) signal immediately behind the luciferase gene.
The p27 3’ UTR (which contains its own poly (A) signal) was cloned into this site following
digestion of pDrive with Spe I (which generates ends compatible with Xba I) and Bam HI.
After cloning into pRL-CMV, the p27 3°UTR was sequenced using the primers pRLF

(ATGCTATTGTTGAAGGTGCC) and pRLR (TTATTGAAGCATTTATCAGG).

The predicted miRNA target sites within the p27 3’ UTR, were mutated using the
Quickchange XL site-directed mutagenesis kit (Stratagene). The first site was mutated using
the primers p27mutla (GCCTCTAAAAGCGTTGGAGGGATCATTATGCAATTAGG)
and p27mutlrev (CCTAATTGCATAATGATCCCTCCAACGCTTTTAGAGGC). The
second site was mutated using the primers p27mut2b
(CCTGTGTATATAGTTTTTACCTTTTAGGGATCACATAAACTTTGGG) and
p27mut2rev
(CCCAAAGTTTATGTGATCCCTAAAAGGTAAAAACTATATACACAGG). The

mutated constructs were sequenced using the pRL primers described above.
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2.6 Luciferase Assays

Glioblastoma cells were plated at a density of 100,000 cells per 35 mm plate. The next day,
siRNA duplexes or miRNA inhibitors were transfected. 24 hours later, cells were co-
transfected with 0.1 pg of the renilla luciferase reporter plasmid pRLp27 3°UTR and 0.01pg
of the firefly luciferase reporter plasmid pGL3. 48 hours after the initial transfection, cells

were harvested for analysis of luciferase activity. Luciferase assays were performed using

the Dual Luciferase Assay System (Promega) according to the manufacturer’s instructions.

Briefly, cells were lysed by scraping in 200 pl 1X passive lysis buffer. After 3 freeze-thaw
cycles, luciferase activity was measured in 20 pl of the lysate using a luminometer. The
luminometer dispensed 100 pl of Luciferase assay reagent II (Larll), took a 10 second

measurement of firefly luciferase luminescence, and then dispensed 100 pl of Stop & Glo
reagent, the renilla luciferase substrate which also quenches the firefly luciferase signal.
After a 2 second delay to allow for quenching of the firefly signal and inactivation of firefly
luciferase, renilla luminescence was measured for 10 secondé. The relative luciferase
activity was obtained by normalizing the renilla luciferase activity of the p27 3’UTR-

containing plasmid to the firefly luciferase activity of pGL3.

2.7 Western Blotting
Cells were washed twice with PBS and then lysed with an appropriate amount (ie. 75 pl per

35 mm plate) of 2X boiling western blot lysis buffer containing 5 mM Tris, pH 6.8, 4 %
sodium dodecyl sulphate and 2 % glycerol. Lysates were scraped into microcentrifuge
tubes, boiled for 5 minutes, cooled on ice for 5 minutes, and then sonicated for 5 minutes.

The protein concentration of each sample was determined using the BCA assay kit (Pierce,
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Rockford, IL, USA). 4 X Laemmli buffer (0.004 % bromophenol blue, 1 % sodium dodecyl
sulfate, 2.5 g glycerol, 0.83 M tris pH 6.8, 14.3 M B-mercaptoethanol) was added to 80 —
100 pg of protein for a final concentration of 1 X Laemmli buffer. Samples were boiled 5
minutes before loading onto a NuPAGE 4-12 % Bis-Tris poly-acrylamide gel (Invitrogen).
Samples were electrophoresed using 1 X NuPAGE running buffer and transferred to
Hybond-P PVDF membrane (Amersham). To ensure equal protein loading and transfer,
membranes were stained for 3 minutes with 0.025 % amido black in 10 % acetic acid and 50
% methanol, then rinsed to remove excess stain and photographed. Membranes were then
incubated overnight with the following antibodies in 5 % skim milk in TBST (10 mM Tris

pH 7.6, 150 mM NaCl, 0.05 % Tween-20).

Antibody Dilution Supplier

Phospho-Akt (S473) Mouse mAb 1:1000 Cell Signaling Technology

Dicer mouse mAb, CHIP grade 1:200 Cedarlane Laboratories Ltd,
Hornby, ON, Canada

Phospho-p44/42 Map Kinase 1:1000 Cell Signaling Technology

(Thr202/Tyr204) Antibody

Pan Erk mAb 1:5000 BD Transduction Laboratories

Kip1/p27 mAb 1:1000 BD Transduction Laboratories

PKCimAb 1:1000 BD Transduction Laboratories

B-Tubulin mAb 1:5000 Sigma Aldrich

Blots were washed 3 times for 10 minutes in TBST and then incubated for 1 hour with a
1:5000 dilution of secondary goat anti-rabbit or goat anti-mouse HRP conjugated antibodies
(Cedarlane). After washing 3 times for 10 minutes with TBST, blots were visualized with
the Supersignal West Pico Chemiluminescent kit (Pierce). The image was captured using
the GeneGnome System (Syngene) and Genesnap software (Syngene). Band quantification

was also performed using Genesnap software.
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2.8 Quantitative RT-PCR Analysis

Total RNA was extracted from U87MG cells 48 hours after transfection with PKCt or
control siRNA duplexes using the RNeasy Kit (Qiagen). 4 ug of RNA was used as a
template for first strand cDNA synthesis using M-MLV Reverse Transcriptase and random
hexamer primers (First Strand cDNA Synthesis kit (Fermentés Life Sciences) as per the
supplier’s protocol. DNase digestion was performed using Turbo DNase (Ambion). RT-
PCR was performed using the Lightcycler 1.5 instrument and the LightCycler FastStart

DNA Master SYBR Green 1 kit (Roche Molecular Biochemicals, Mannheim, Germany)

with 2 mM MgCl, and 1 pM primers. The primer set used to amplify p27 was P27F

(AGATGTCAAACGTGCGAGTG) and P27R (TCTCTGCAGTGCTTCTCCAA). B-2
microglobulin was used as a reference gene and was amplified with the primers B2ZMFOR
(TGCTGTCTCCATGTTTGATGTATCT) and B2ZMREV
(TCTCTGCTCCCCACCTCTAAGT). The following LightCycler conditions were used: (i)
denaturation program (94° for 10 minutes); (ii) amplification and quantification programs
were repeated 45 times (94° for 2 s; 56° for 10 s; 72°C for 7 s with a single fluorescence
measurement); (iii) melting curve program (65 — 99°C continuous fluorescence
measurement); (iv) elongation program (72°C for 2 minutes) and (v) a cooling step to 40°C.
The LightCycler software package version 5.3.2 was used to determine relative expression
levels of p27. Quantification of p27 mRNA levels was extrapolated from a standard curve

constructed from a serial dilution of control RNA.
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2.9 Flow cytometry

U87MG cells were plated in 100 mm culture plates at 5 x 10° cells per dish. The following
day the cells were mock-transfected or transfected with Dicer A or control duplexes. 48
hours post-transfection, both adherent and‘non-adherent cells were collected, washed twice
with PBS and centrifuged at 1500 rpm for 5 minutes between washings. The cells were then
fixed in 1 ml of ice-cold 70 % (v/v) ethanol/PBS at -20° C for 24 hours. To stain the nuclei,
cells were incubated in 1 ml of a solution containing 18 pg/ml propidium iodide in PBS and
40 pg/ml RNase A for 24 hours in the dark at 4°C. Cells were resuspended and analyzed on
a Coulter Epics XL flow cytometer (Beckman Coulter, Mississauga, Canada). Data

acquisition was done using Expo 32 AVC software (Beckman Coulter). DNA histograms
were obtained and analyzed by Mod Fit LT software (Verity Software House Inc., Sopsham,

ME, USA)
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Chapter 3

Results

Part I: Regulation of p27 by PKC1

3.1 PKCi regulates p27 protein levels
Preliminary results from our lab have shown that siRNA-mediated depletion of U87MG
cells of PKCh results in an increase in p27 levels (129). However, off-target effects of RNAi

are already well documented at the transcriptional level (130) and the recent discovery that
silencing at the translational level requires only a short, partially complimentary sequence

suggests that off-target effects of exogenous siRNAs may be more prevalent than originally
thought. Therefore, I confirmed that PKC1 regulates p27 protein levels using a second
siRNA. U87MG cells were mock-transfected or transfected with control or PKC 1A or
PKC1B duplexes, and PKCt and p27 levels were analyzed by western blotting. Figure 3.1
shows that both PKC1A and PKC1B duplexes, but not the control duplex, substantially
decrease PKC1 protein ievels at 48 and 72 hours after their transfection. A strong increase in
p27 levels can be seen in the cells transfected with PKCi duplexes, but not those transfected

with the control duplex. The increase in p27 levels corresponds to the degree of PKC1

knockdown. Although the use of two siRNA duplexes decreases the possibility that the

effect of PKC1 on p27 is an off-target effect of RNAI, it does not rule it out entirely.
Therefore, the relationship between PKC1 and p27 was investigated in mouse embryonic
fibroblasts (MEFs). PKCi-null and wild-type MEFs were harvested for western blot

analysis of p27 levels at 70% and 90% confluence. Figure 3.2 shows that p27 levels are
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Figure 3.1 PKC:1 depletion causes an increase in p27 protein levels.

U87TMG cells were mock-transfected, transfected with 20nM random control siRNA, 5nM
PKCt A siRNA, or 20 nM PKC1 B siRNA. Cells were harvested 48 or 72 hours post-
transfection and analyzed by western blotting with the indicated antibodies. The Erk
antibody as well as amido black staining of the membrane were used to confirm equal
protein loading.
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higher in the PKCi-null MEFs. The experiment was performed in rapidly proliferating cells
(70 % confluence) and cells approaching contact inhibition (90 % confluence) since it is
known that p27 levels vary with cell density. Figure 3.2 shows that although p27 levels
were much higher in the denser cells, p27 levels increased a similar amount at both
densities, showing that the relationship between PKCi and p27 is not affected by cell
density. This experiment eliminates the possibility that the effect of PKC1 on p27 is the
result of off-target effects of RNAi and shows that regulation of p27 by PKCt is conserved

in mice and humans.

3.2 Regulation of p27 by PKC1 does not occur at the transcriptional level

Having shown that PKCx1 is a regulator of p27, I next investigated the mechanism by which
PKC exerts its effect. p27 regulation is thought to occur primarily at the post-translational
level; however regulation of p27 transcription (131) and mRNA stability (87, 132) have
been documented. I therefore began by investigating whether PKCl depletion alters levels
of p27 mRNA. U87MG cells were transfected with the PKC1iB or control siRNA duplexes
and harvested 72 hours later for QRTPCR or western blot analysis of p27 levels. Figure 3.3
shows that p27 mRNA levels do not change with PKC1 depletion, although a western blot of
samples from siRNA transfections done in parallel show increased p27 protein levels in
response to PKCh depletion. Therefore, regulation of p27 by PKCi must occur at the

translational or post-translational level, as p27 transcription and mRNA stability are

unaltered by PKC1 depletion.
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Figure 3.2 PKCA protein levels are increased in PKCA” MEFs.

PKCA” or wild type mouse embryonic fibroblasts were seeded at 3x10° cells/ 60 mm plate
and harvested 24 or 48 hours later, at 70% and 90% confluence. Cell lysates were analyzed
by western blotting with the indicated antibodies. The actin antibody indicates protein
loading.
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Figure 3.3 p27 mRNA levels are unaltered by depletion of PKCi. U87MG cells were
transfected with 20 nM random control siRNA or 20 nM PKCi B siRNA. 72 hours later,
cells were either harvested for western blot to confirm an increase in p27 protein levels or
total RNA was isolated and cDNA was synthesized for QRTPCR analysis. A. No change in
p27 mRNA levels occurs with PKC1 depletion. p27 mRNA levels were analyzed by
quantitative PCR with B2-microglobulin mRNA levels as a normalizing control. B. Western
blot confirming that PKC1 depletion increased p27 protein levels.
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3.3 Regulation of p27 by PKC1 does not occur via modulation of PKB activity
There are multiple signaling pathways that are known to regulate p27, and PKC1 could act
on one or more of these pathways to decrease p27 levels. Therefore I began by examining

the effect of siRNA-mediated depletion of PKCt on the activity PKB, a well-known

regulator of p27. Western blotting with an antibody recognizing activated PKCt showed no
change in PKB activity, although a substantial increase in p27 levels was observed in the
PKCi-depleted cells (figure 3.4). Therefore, PKCt does not decrease p27 levels by

modulation of PKB activity.

3.4 MEK/ERK and PKC1 have a synergistic effect on p27

The next pathway that I investigated as a potential mechanism by which PKCh regulates p27
is the MEK/ERK pathway. The small molecule inhibitor U0126 is used as a specific
inhibitor of MEK 1/2, although it has been reported that the fhird member of the MEK
family, MEK §, is also inhibited by U0126. MEK 1/2 phosphorylate and activate ERK 1/2;
thus EKR activity is commonly used as a read-out for activity of the pathway. Figure 3.5
shows a western blot of US7MG cells treated with U0126 and PKC1 siRNA alone as well as
in combination. Treatment of cells with U0126 resulted near-complete inhibition of ERK
1/2 activity, as shown by western blotting with an antibody to activated ERK. MEK/ERK
inhibition resulted in a robust increase in p27, an observation that is consistent with several
other reports (42, 43, 78, 87, 133). A slight but reproducible decrease in ERK activity is
seen in cells treated with PKCti siRNA. This is consistent with the idea that cross-talk
between MEK/ERK and PI3K signaling exists. Interestingly, when cells were depleted of

PKC1 and subsequently treated with U0126, an increase in p27 levels was observed which
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Figure 3.4 PKB activation is unaltered by depletion of PKCi1.

U87MG cells were mock-transfected, transfected with 20nM random control siRNA, SnM
PKC1 A siRNA, or 20 nM PKCi B siRNA. Cells were harvested 72 hours post-transfection
and analyzed by western blotting with antibodies against activated PKB and Erk as a loading
control. Amido black staining of the membrane was used to confirm equal protein loading
and effective transfer.
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Figure 3.5 PKC and MEK have a synergistic effect on p27 levels.

U87MG cells transfected with 20nM random control siRNA, or 20 nM PKCt B siRNA. 65
hours post-transfection, cells were treated with 20 uM of the MEK inhibitor U0126 or with
vehicle alone. 17 hours later, cells were harvested and analyzed by western blotting with the
indicated antibodies. The fold change in p27 levels with each treatment was quantified
using Genesnap software and is indicated in the graph at the bottom of the figure.
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was greater than the additive effects of U0126 or PKCt depletion (quantified at the bottom

of the figure). Thus PKCt and MEK/ERK signaling appear to synergize in the negative

regulation of p27.

Part II: Regulation of p27 by microRNA

3.5 Dicer regulates p27 expression and cell cycle progression

Dicer is required for the processing of miRNAs and its deletion abrogates miRNA
expression (119). Thus if a gene is regulated by miRNA, its protein levels should be
increased in cells depleted of dicer. Iused two different siRNAs to deplete glioblastoma
cells of dicer. Figure 3.6 shows that both siRNAs effectively reduced dicer levels in both
U87MG and A172 cells. The reduction in dicer protein resulted in an increase in p27
protein levels in both cell lines. These data indicate that p27 is regulated by dicer but do not
show that p27 is a direct target of miRNA. To rule out the possibility that the effect of dicer
on p27 could be indirect, ie. via the miRNA-mediated down-modulation of another p27
regulator, a luciferase assay was conducted. The entire p27 3’UTR was cloned into pRL
directly behind a renilla luciferase reporter gene which is controlled by a constitutive
promoter. This construct, called pRL-p27 3’UTR, was co-transfected into U87MG cells
with a firefly luciferase-expressing plasmid as a control for transfection efficiency. The
cells were lysed and firefly and renilla luciferase activities were measured. The relative
luciferase activity was obtained by normalizing the renilla luciferase activity of the p27

3’UTR-containing plasmid to the firefly luciferase activity.
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Figure 3.6 Dicer depletion increases p27 protein levels.

The indicated glioblastoma cell lines were mock-transfected or transfected with a random
control siRNA, 10 nM dicer A siRNA or 10 nM dicer B siRNA. Cells were harvested 48
hours post-transfection for western blot analysis with antibodies against dicer and p27.
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Using this system, the effect of the p27 UTR on the exprcssién of the reporter gene was
determined. Figure 3.7A shows pRL-p27 3’UTR has much less luciferase activity than
pRL. Therefore, the p27 3’ UTR negatively regulates expression of the renilla luciferase
gene, and, it can be inferred, of p27 itself. If this negative regulation is mediated by miRNA
(or another dicer-dependent silencing pathway), then depletion of dicer should return the
luciferase activity of pRL-p27 3’UTR to that of pRL. Therefore the same luciferase assay
was performed with U87MG cells transfected with control and dicerA siRNAs. Figure
3.7B shows that the depletion of dicer results in an increase in relative luciferase activity as
expected, although the magnitude of the effect is small. The failure of dicer depletion to
increase the luciferase activity of the pRL-p27 3’UTR plasmid to that of the pRL plasmid
indicates that there are probably other regulatory elements within the 3° UTR of p27 which
are not controlled by dicer. Unlike the pRL-p27 3’UTR plasmid, the luciferase activity of
the pRL plasmid was not affected by dicer siRNA (figure 3.7C), verifying that the dicer

knockdown increases luciferase activity via the p27 3° UTR.
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Figure 3.7 Dicer regulates the p27 3°UTR.

U87MG cells were mock-transfected or transfected with 20 nM random control siRNA,
10 nM dicer A siRNA. 24 hours later, cells were co-transfected with 0.1 pg of either
pRL or pRL-p27 3°UTR and 0.01pg of pGL3. 24 hours later, luciferase activity was
analyzed. The relative luciferase activity was obtained by normalizing the renilla
luciferase activity of the pRL plasmids to the firefly luciferase activity of pGL3. The p27
3’UTR decreases basal activity of the luciferase reporter (A). dicer siRNA increases
reporter activity from pRLp27 3’UTR compared to a the control siRNA (B) although it
has no effect on pRL (C).
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Next, to determine whether dicer depletion has an effect on cell cycle progression, US7MG
cells transfected with dicer B and control siRNAs and subsequently analyzed by flow
cytometry. Figure 3.8 shows that dicer depletion causes an increase in the proportion of
cells in G1 phase, whereas the control siRNA had no effect. Thus dicer function is

important for passage from G1 to S phase of the cell cycle.

Altogether, these data show that dicer controls p27 expression via an element in its 3° UTR.
Because dicer is essential for miRNA processing, they also suggest that p27 may be
regulated by miRNA. However, dicer does not function solely in the processing of
miRNAs; it processes endogenous siRNAs as well and was recently found to be involved in
another small-RNA-mediated silencing pathway which causes transcriptional silencing via
heterochromatin formation (134). Nonetheless these results provide a strong rationale for

investigating the potential role of the miRNA pathway in the regulation of p27.

3.6 The p27 3°UTR contains 2 conserved binding sites for miR-221/222

The Targetscan prograrﬁ was used to identify potential miRNA binding sites within the 3’
UTR of p27. 10 sites in total were identified as conserved binding sites for conserved
miRNAs and are shown in figure 3.9A. Of particular interest are the two miR-221/222
binding sites (shown complexed with their predicted target sites in figure 3.9B), as this
miRNA is upregulated in several cancers and in U§7MG cells (122). When applied to all of
the 3’ UTRs in the human genome, Targetscan predicted 219 conserved targets of miR-
221/222, with p27 being the third-best match. The cell cycle inhibitor p57 ¥P* was also a

predicted target, but in total the predicted targets did not include an overwhelming
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Figure 3.8 Dicer depletion alters the cell cycle distribution of US7MG cells.

UB7MG cells were mock-transfected or transfected with 10 nM dicerB or 20 nM control
siRNAs. Cells were harvested 48 hours later for flow cytometric analysis.
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Figure 3.9 miRNA binding sites in the p27 3’°UTR identified by Targetscan.

A. 9 conserved miRNAs have conserved binding sites within the 3° UTR of p27.

B. miR-221 and miR-222 are shown complexed with their binding sites in the p27° 3’UTR.
They bind to the same 2 sites within the p27 3’UTR as they have the same seed sequence,
although binding at the 3’ end differs. C. Site-directed mutagenesis of pRL-p27 3’UTR was
used to mutate 3 residues within the seed sequence of the each of miR-221/222 binding
sites. Mutated residues are shown in red.
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abundance of tumour suppressor genes. Other predicted target genes were involved in a
wide array of functions including apoptosis, activation of transcription and translation

initiation, and inducing differentiation.

3.7 miR-221/222 regulate p27

miRNA inhibitors were used to determine whether p27 is regulated by miR-221/222. They
are single-stranded oligonucleotides which bind to and inhibit endogenous miRNAs.
Transfection of glioblastoma cell lines with these miR-221 and miR-222 inhibitors alone or
in combination resulted in an increase in p27 levels while the negative control inhibitor had
no effect (figure 3.10). The increase in p27 levels was dose-dependent, with a maximal
increase in p27 levels occurring with 400 nM of inhibitor. Quantification of the p27 bands
indicates that treatment of cells with 400 nM miR-221 inhibitor causes a 10-fold increase in
p27 levels relative to the mock-transfected cells. These results show that miR-221/222

regulate p27 expression.

To show that the regulation occurs via binding of miR-221 to the p27 3’ UTR, luciferase
assays were performed. Figure 3.11A shows that transfection of US7MG cells with the
miR-221 inhibitor causes a significant increase in luciferase activity from the RLp27 3’UTR
reporter compared mock-transfected cells or cells transfected with a negative control
inhibitor. The effect of miR-221 inhibition was dependent on the p27 3’ UTR, as it was not
seen with a control plasmid which does not contain the p27 3’UTR (figure 3.11B). To
determine whether miR-221 exerts its effect via the two predicted miR-221 binding sites,

site-directed mutagenesis was employed to mutate 3 out of 7 residues of the seed sequence
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Figure 3.10 Inhibition of miR-221 increases p27 protein levels.

Synthetic inhibitors of miR-221 and miR-222 were transfected into U87MG cells alone or in
combination at the indicated concentrations. Cells were harvested 48 hours post-
transfection and analyzed by western blotting.
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Figure 3.11 Luciferase activity from the pRL-p27 3’UTR reporter construct is
increased by inhibition of miR-221.

U87MG cells were co-transfected with 0.01pug of the firefly luciferase reporter plasmid
pGL3 and 0.1pg of either one of the following renilla luciferase reporter constructs:
pRLp27, which contains the wild-type p27 3’UTR; pRLp27-M1M2, in which both of the
miR-221 binding sites are mutated. 24 hours later, luciferase activity was analyzed. The
relative luciferase activity was obtained by normalizing the renilla luciferase activity of the
p27 3’UTR-containing plasmid to the firefly luciferase activity of pGL3. miR-221
inhibition increased luciferase activity of the pRLp27 3’UTR reporter (A) but not of pRL
alone (B). This represents one of several experiments, each performed in triplicate; error
bars indicate standard deviation. * P= (.05, student’s T test.
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in each of the miR-221 target sites in pRL-p27 3°UTR (figure 3.9). This approach has been
used by others to eliminate miRNA binding (127). Figure 3.12A shows that an increase in
luciferase activity was observed when both miR-221 binding sites were mutated. Mutation
of the first site (M1) resulted in a modest increase in luciferase activity, while mutation of
the second site (M2) had no effect. Importantly, mutation of ‘both sites had the greatest
effect on luciferase activity, which is in agreement with the hypothesis that multiple miRNA

binding sites are required for optimal inhibition of translation.

Next, the effect of miR-221 inhibitors on the activity of the wild-type and mutated p27
3’UTR reporter constructs was compared.  Inhibition of miR-221 resulted in a significant
increase in luciferase activity in cells expressing the unmutated reporter construct as shown
in figure 3.12B. In those cells expressing the reporter construct mutated at both miR-221
binding sites, miR-221 inhibitors had no effect on luciferase activity. Surprisingly, the
mutation of the two miR-221 binding sites did not return luciferase activity to that which
was obtained with miR-221 inhibition. This could indicate that the mutagenesis of the seed
sequence was not sufficient to completely abrogate miR-221 binding. Nonetheless, these
results show that the predicted miR-221 binding sites are required for miR-221’s inhibitory

effect on p27 levels.

In conclusion, these results identify miR-221 as a negative regulator of p27 expression. I
have shown that miR-221 inhibition increases endogenous p27 levels by western blot, and

then using a luciferase reporter construct, that the effect occurs directly, via the p27 3° UTR.
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Figure 3.12 The predicted miR-221 binding sites are required for the effect of miR-221
on the p27 3’°UTR.

A. U87MG cells were co-transfected with 0.01pug of the firefly luciferase reporter plasmid
pGL3 and 0.1ug of one of the following renilla luciferase reporter constructs: pRLp27,
which contains the wild-type p27 3’UTR; pRLp27-M1M2, in which both of the miR-221
binding sites are mutated; and pRL-p27-M1 and -M2, which contain mutations in the first
and second miR-221 binding sites, respectively. 24 hours later, luciferase activity was
analyzed. The relative luciferase activity was obtained by normalizing the renilla luciferase
activity of the p27 3’UTR-containing plasmid to the firefly luciferase activity of pGL3.
Mutation of both miR-221 binding sites (M1M2) increased luciferase activity, as did
mutation of the second site (M2), although mutation of the first site (M1) had no effect. The
experiment was performed in triplicate; error bars indicate standard deviation. B. US§7MG
cells were transfected with miR-221 or negative control inhibitors. 24 hours later, the cells
were co-transfected with 0.01pug of the firefly luciferase reporter plasmid pGL3 and 0.1pg of
either pRLp27 (unmutated UTR) or pRLp27-M1M2 (mutated UTR). 24 hours later,
luciferase activity was analyzed. The relative luciferase activity was obtained by
normalizing the renilla luciferase activity of the p27 3°’UTR-containing plasmid to the firefly
luciferase activity of pGL3. * P <0.05, student’s T-test.



Relative Luciferase Activity

Relative Luciferase Activity

100 -

g

100 -

Figure 3.12

H i

pRLp27  pRLp27-MIM2 pRLp27-M1  pRLp2Z7-M2

11!

miR-221 inhibitor control inhibitor miR-221 inhibitor control inhibitor
pRLP27 3UTR  pRLp27 3UTR  pRLp27TMIM2  pRLpZTM1M2

55



Finally, I identified two miR-221 binding sites which are required for miR-221-mediated

regulation of p27.

3.8 The role of oncogenic signaling in the miRNA-mediated regulation of p27 in GBM
Because miRNAs are implicated in cancer, I wished to explore the possibility that oncogenic
signaling through the MEK/ERK and PI3K pathways might regulate miRNA expression.
There is some evidence for global regulation of miRNA via modulation of dicer activity. A
microarray performed in our lab showed that PKCu1 depletion caused a decrease in dicer
mRNA levels. Thus activation of dicer, and consequently increased miRNA processing
could be a mechanism by which PKC1 decreases p27 levels. To determine whether PKCt
regulates dicer, a western blot was performed to compare dicer levels in U87MG cells
transfected with PKC1 énd control siRNAs. Figure 3.13A shows that PKCt depletion did

not cause a change in dicer levels. Dicer levels were also examined in PKC™ and wild type

MEFs and no difference was observed (figure 3.13B).

Although PKC: does not regulate dicer protein levels, it is perhaps more likely that it could
be involved in miRNA-dependent regulation of p27 by upregulating miR-221/222
expression. Ibegan to test this hypothesis by examining the effect of PKC1 depletion and
MEK inhibition on the pRL-p27 3’UTR reporter construct. Figure 3.14A shows that
transfection of cells with PKC1 siRNA increases luciferase activity, while the control siRNA
does not. Similar results were obtained with MEK inhibition. Figure 3.15A shows that
addition of the MEK inhibitor U0126 increased luciferase activity well above that of the

vehicle control. Both PKCt depletion and MEK inhibition decreased luciferase activity
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Figure 3.13 PKC:1 does not regulate dicer protein levels.

(A) U87MG cells were mock-transfected or transfected with 5 nM of PKC1A, 20 nM
PKC1B, or 20 nM control siRNAs. Cells were harvested 48 hours later for western blot
analysis of dicer and PKCh protein levels. Amido black staining (bottom) indicates equal
protein loading. (B) Wildtype or PKCA-/- MEFs were harvested for western blot analysis
of dicer and PKC protein levels. Actin levels indicate equal protein loading.
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Figure 3.14 Depletion of PKC1 increases activity of the p27 3’UTR reporter construct.

U8B7MG cells were mock transfected or transfected with 20 nM random control siRNA or 20
nM PKC1 B siRNA. 24 hours later, cells were co-transfected with 0.1 pg of the renilla
luciferase reporter plasmid pRLp27 3’UTR and 0.01pg of the firefly luciferase reporter
plasmid pGL3. 24 hours later, luciferase activity was analyzed. The relative luciferase
activity was obtained by normalizing the renilla luciferase activity of the p273°’UTR-
containing plasmid to the firefly luciferase activity of pGL3. PKC1 depletion increases
luciferase activity from the pRLp27 3°UTR plasmid (A) and decreases luciferase activity
from the pRL plasmid (B). These data represent one of several experiments; each one was
performed in triplicate. * P = 0.005, student’s T-test; error bars indicate standard deviation.
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Figure 3.15 Inhibition of MEK increases activity of the p27 3’UTR reporter construct.

U87MG cells were co-transfected with 0.1 pg of the renilla luciferase reporter plasmid
pRLp27 3°UTR and 0.01pg of the firefly luciferase reporter plasmid pGL3. Cells were then

treated with 20 uM of the MEK inhibitor U0126 or vehicle alone (DMSO) 16 hours before
harvesting. Cells were harvested 24 hours after transfection with the reporter plasmids for
analysis of luciferase activity. The relative luciferase activity was obtained by normalizing
the renilla luciferase activity of the p27 3’UTR-containing plasmid to the firefly luciferase
activity of pGL3. U0126 treatment increased luciferase activity from pRLp27 3’UTR (A)
but decreased activity from pRL (B). These data represent one of several experiments; each

one was performed in triplicate. * P = 0.01, student’s T-test; error bars indicate standard
deviation.
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from the pRL plasmid (figures 3.14B and 3.15B). This indicates that these signaling
pathways have effects on the pRLp27 3’UTR plasmid which are independent of the p27
3’UTR. However, the effect of PKC1 depletion and MEK inhibition on the p27 3’°UTR is
still valid as the p27 3’UTR-independent effects caused a decrease, rather than an

increase, in luciferase activity. This may mean that the effect of these two signaling
pathways on the p27 3’UTR is in fact larger than it appears. Therefore both PKC1 and
MEK/ERK signaling control p27 levels, at least in part via an element in the p27 3’°UTR.
These results are consistent with the hypothesis that PKCi1 and MEK/ERK could control p27
levels by increasing expression of miR-221, although further experiments are required to

confirm this hypothesis.
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Chapter 4

Discussion

Glioblastoma is an aggressive brain tumour for which therapeutic options are limited and
provide little survival benefit. The identification of new therépeutic targets for this disease
will require an in-depth understanding of the proliferative signaling networks and how they
are altered in GBM. Genetic aberrations resulting in increased EGFR signaling are seen in
about half of GBMs (13-15) and PTEN loss occurs with approximately the same frequency
(40). Both of these events result in increased signaling through the PI3K pathway,
underlining the importance of this pathway in GBM pathogenesis. PI3K signaling results in

decreased p27 levels and increased proliferation in GBM cells (83, 84); however, the

mechanism by which this occurs is not fully understood.

I have shown that siRNA-mediated depletion of the PI3K effector PKCt results in an

increase in p27 levels (figure 3.1). However, experiments involving exogenous siRNAs
must be interpreted carefully for several reasons. First, there is a possibility that that they
could bind to the UTRs of other genes to cause off-target gene silencing. Microarray
analysis has shown that this can occur at high concentrations of siRNAs, but that highly
specific targeting could be achieved with concentrations in the 5-20 nM range (136). For
this reason, siRNAs were not used at concentrations above 20 nM. Of course, the
microarray study does not take into account translational silencing effects. However,
because the effect of PKC1 on p27 was observed with two different siRNAs, and because the

control siRNA does not increase p27 protein levels above those observed in the mock-
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transfected cells, the increase in p27 levels is not likely to be due to an off-target effect.
Second, it was recently shown that the RNAi pathway is saturable. The expression of
different short hairpin RNAs in the livers of mice resulted in dose-dependent liver injury
which was associated with down-regulation of liver-derived miRNAs. As both shRNA- and
miRNA- mediated silencing requires the same machinery, the effect was attributed to
competition for limiting cellular factors required for small RNA processing (137). This is an
important consideration as I have shown that p27 is regulated by miRNA (figure 3.10), and
that the effect of PKC1 depletion on p27 is at least in part dependent on the p27 3’°UTR
(figure 3.14). It is conceivable that the increase in p27 levels observed upon siRNA-
mediated depletion of PKCt could be attributed to saturation of the RNAi pathway resulting
in a global decrease in miRNA-mediated silencing and consequently relieving the miR-221-
mediated inhibition of p27 translation. However, this possibility is ruled out by the

demonstration that PKC1 null MEFs also have high p27 levels compared to PKCu expressing

cells (figure 3.2). Therefore, I have shown conclusively that PKC is a regulator of p27.

The observation that the combined inhibition of PKC1 and MEK results in a greater-than-
additive increase in p27 levels (figure 3.5) is interesting, although interpretation of these
results is certainly not straightforward. Knockout experiments are often used to determine if
two proteins function in the same biochemical pathway. In such experiments, the deletion

of the second gene will result either in an additive effect, meaning that the protein products

of each gene function in different pathways, or have no effect, meaning that they are in the
same pathway. However, siRNA-mediated depletion of PKCt and inhibition of MEK does

not completely abolish the activity of either protein as deletion would; in this case if PKCt
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and MEK functioned in the same pathway both treatments could have additive or greater-
than-additive effects on p27 levels. Certainly, this could be the case as figure 3.5 shows that
PKCh contributes to ERK activation. However, it is unlikely that this is the sole mechanism
by which PKC1 regulates p27. Figure 3.5 also shows that ERK activity is virtually
undetectable in the presence of the MEK inhibitor; thus it is unlikely that the additional

decrease in ERK activity which would result from PKCu depletion could account for the
greater-than-additive effect on p27 levels. Therefore although PKC1 may control p27 levels

by increasing ERK activity, there is probably an additional mechanism by which PKC

regulates p27.

The greater-than-additive effect observed could also be the result of two parallel pathways
converging at p27. This type of synergy is often observed in signaling; for instance, the
proapoptotic protein BAD is regulated by such a mechanism. BAD has two phoéphorylation
sites; one is MEK-dependent and the other is PI3K-dependent. BAD is released and
apoptosis is induced only when both residues are dephosphorylated in response to inhibition
of both pathways (138). Although the mechanism of synergy between PKCi and MEK with
respect to p27 regulation is unknown, these results, along with those of She et al, provide a

rationale for the combined inhibition of PI3K and MEK signaling in the treatment of GBM.

Figure 3.6 shows that dicer levels can be effectively reduced by siRNA transfection. This is

an interesting result in itself, as evidence from Drosphila melanogaster indicates that the
role of dicer-1 extends beyond the cleavage of RNAI intermediates. Of course, the

exogenous siRNAs used in this work can be loaded into the RISC directly; they do not need
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to be cleaved by dicer. However, in Drosophila dicer-1 was shown to be required for
assembly of the siRNA-RISC complex and its ability to silence gene expression (139, 140).
If this is true in humans as well, then one might expect that siRNA-mediated knockdown of
dicer itself would be inefficient at best. However, Drosophila has two different dicer
isoforms, Dicer-1 and Dicer-2, whereas in humans and mice dicer is encoded by a single
locus (119). It was recently shown that dicer-deficient murine embryonic stem cells could
induce siRNA-mediated gene silencing as well as their wild-type counterparts (119). Thus
dicer function appears to be essential for silencing mediated by exogenous siRNAs in
drosophila but not in mice. The results presented here suggest that dicer function is also
dispensable for gene silencing mediated by exogenous siRNAs in human cells and that
siRNA-mediated dicer depletion could be useful as a preliminary step in determining

whether a gene is regulated by miRNA.

Figures 3.10 - 3.12 show that miR-221/222 regulates p27. This makes a considerable
contribution to our knowledge of the regulation of cancer-associated genes by miRNA, as
the only other cancer-associated miRNA targets that have been identified thus far are PTEN,
Bcl2, E2F1 and ras (108, 112, 114, 115) and only 30 miRNA-target interactions in total have
been validated experimentally (105). Thus there has been considerable speculation on the
role of miRNAs in cancer. While it cannot be disputed that miRNA expression is vastly
different in cancerous versus normal tissues, we have not yet determined whether these
differences play a causétive role or are merely innocent bystanders in the oncogenic
transformation process. Pillai made the tentative hypothesis that “miRNAs might have a

role in networking and fine-tuning gene expression in the cell” (104), while others have
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asserted that “miRNAs play a crucial role in cancer” (116). Certainly, miRNAs play a
crucial role in CLL (111), but it remains to be seen if miRNAs promote carcinogenesis in
other cancers as well. I have shown that dicer depletion results in a robust increase in p27
levels (figure 3.7) and a delay in cell cycle progression (figure 3.8), suggesting that
miRNAs play an important role in cancer by promoting cell cycle progression. While a
similar increase in p27 levels was observed upon miR-221 inhibition, cell cycle analysis was
not performed under these conditions, and as dicer is involved in several small RNA
pathways (134), miRNAs cannot be directly implicated in promoting cell cycle progression.
In the future it will be important to evaluate the functional consequence of miR-221
inhibition by analyzing vits effect on the cell cycle. However, the strong increase observed in
p27 levels upon miR-221 inhibition, coupled with the fact that this miRNA is strongly
upregulated in glioblastoma (122), suggest an important role for miR-221 in this cancer

type.

It could be argued that the results of the luciferase assays are more consistent with the
hypothesis that miRNAs are fine-tuners of gene expression rather than crucial mediators of
carcinogenesis. The siRNA-mediated depletion of dicer or PKCh, the inhibition of MEK
and the mutation of the vmiR—221 binding sites all resulted in a similar increase
(approximately 2-fold) in luciferase activity from the pRLp27 3’ UTR construct. The
magnitude of this effect is relatively small in comparison to the difference between the basal
level of luciferase activity from the pRL and pRLp27 3’ UTR constructs; pRL has 50-fold
more luciferase activity than pRLp27 3’ UTR (figure 3.7). However, in terms of p27 levels,

a two-fold difference is sufficient to induce biological effects. This is well-illustrated by the
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fact that p27 hemizygous mice, which have half the normal gene dosage of p27, are
predisposed to tumour development (141-143). Additionally, luciferase assays may not
provide an accurate representation of how endogenous p27 is regulated. This seems likely
given that the 2-fold increase in luciferase activity is inconsistent with the changes observed
in endogenous p27 protein levels. Inhibition of miR-221, for example, resulted in a 10-fold
increase in p27 protein levels (figure 3.5). The reason for the discrepancy could be that the
overexpression of the tfansfected constructs creates more miR-221 binding sites than there
are miR-221 molecules in the cell, so that the effect of miR-221 inhibition would be under-
represented. Nonetheless, the 10-fold change in endogenous p27 levels does not approach
the 50-fold change in luciferase activity resulting from expreSsion of the p27 3’ UTR, and it
is likely that there are other regulatory elements in the p27 3’UTR which are not dicer-
dependent. It would be interesting to perform deletion experiments using the pRLp27
3’UTR construct to identify the region which is responsible for causing such a robust
decrease in luciferase activity. Two studies thus far have found evidence for a regulatory
element in the p27 3’UTR. One group showed that ERK decreased p27 mRNA stability in
response to PDGF-BB via an element in its 3’UTR (87). The second group showed that the
RNA binding protein quaking associates with the 3’UTR of p27 to increase mRNA stability
(132). Additionally, the difference in luciferase activity between the pRL and pRLp27
3’UTR plasmids could simply be explained by the fact that a small 252-base pair stretch of
DNA containing the SV40 late poly adenylation signal was removed to allow for the
directional cloning of the p27 3° UTR. Although the p27 3°UTR contains a poly-A signal as
well, some component of the excised DNA could be responsible for increasing the stability

of the luciferase mRNA.
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Figures 3.14 and 3.15 show that PKCt1 and MEK regulate p27 via its 3°UTR, although the
mechanism by which this occurs was not determined. Future studies should determine
whether the mechanism is miR-221-dependent. Thisis a plaﬁsible hypothesis for several
reasons. First, the only regulatory elements in the p27 3°UTR that have been discovered
regulate p27 mRNA stability. It is unlikely that PKC1 would regulate p27 by this
mechanism as figure 3.3 shows that PKC1 does not affect p27 mRNA levels. Additionally,
the effect of dicer inhibition on luciferase activity is comparaBle to the effect of miR-221
inhibition. Although Targetscan predicted binding sites for 8 other miRNAs, these data
suggest that miR-221 is the primary miRNA which regulates p27. To test the hypothesis
that regulation of p27 by PKC1 is miRNA-dependent, the actiyity of the luciferase reporter
constructs containing the wild type and mutated p27 3’UTRs could be compared in response
to PKC1 depletion and MEK inhibition. If the hypothesis is correct, mutation of the miR-
221 binding sites should abrogate the effect of PKC1 depletion and MEK inhibition on

luciferase activity.

If this proves to be true, there are several conceivable mechanisms by which PKCi and
MEK could increase miR-221 activity. The most obvious mechanism is by transcriptional
upregulation, given that regulation of miRNA expression is thought to be controlled
primarily at the transcriptional level. This was demonstrated in C. elegans by linking a GFP
reporter gene to the promoter that directs transcription of the let-7 pri-miRNA. The GFP
expression pattern matched the expression pattern of the endogenous miRNA gene (144).

Very little is known about the transcriptional regulation of specific miRNAs, although it was
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recently shown that transcription of the oncogenic miR-17/92 cluster is directly upregulated

by the oncogene c-myc (115).

However, there is some evidence for post-transcriptional regulation of miRNA expression.
For instance, sea urchin embryos express the let-7 miRNA precursor, but it is not cleaved
and activated until adulthood (145). In mice, increased processing of the Let-7 precursor
was associated with neuronal differentiation (146). The post-transcriptional regulatory
mechanism could be as simple as altering dicer function to result in global changes in
miRNA expression. Xenopus oocytes, for example, lack dicer activity and cannot process
siRNAs (147). It has been hypothesized that alteration of dicer expression could promote
carcinogenesis by causing global changes in miRNA expression. However, the small
amount of evidence for this is contradictory; dicer levels are shown to be increased in
prostate carcinoma (148), but decreased in lung cancer where low dicer levels are associated
with poor prognosis (117). Additionally, figure 3.14 shows that PKC1 does not alter dicer
levels, although this is not a direct indication of dicer activity. This question could be
resolved by comparing miRNA processing in cells depleted of PKCti. Northern blots could
be used to accomplish this, as both the pre-miRNA and its processed form can be detected.
Perhaps the strongest evidence arguing against global deregulation of miRNA expression in
cancer comes from microarray analysis. The majority of miRNA microarrays showed both
up-and down-regulatioﬁ of miRNAs in cancer (113, 123, 125, 148, 149), a fact that is

difficult to reconcile with the notion of global regulation of miRNA expression in cancer.
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Therefore the hypothesis that regulation of dicer expression is responsible for global
regulation of miRNAs rﬁay be too simplistic. A recent study provided evidence of post-
transcriptional regulation of an individual miRNA. miR-138 pre-miRNA is ubiquitously
expressed in the mouse, but the mature miRNA is only seen in brain tissue. The reason for
the differential processing of this miRNA was attributed to an inhibitory factor present in the
cells which did not express the mature RNA. This inhibitory factor binds the pre-miRNA

and prevents its conversion into a mature RNA by dicer. (150)

Our knowledge of how miRNA expression is regulated is cléarly very rudimentary.
Theoretically, miRNA expression could be controlled at the level of transcription,
processing, subcellular localization and stability. Understanding the regulation of miRNA
expression should be a focus of future research in this field. I have shown that PKCi and
MEK/ERK signaling regulate p27, at least in part via an element in the 3’UTR. My results
are consistent with a model in which oncogenic signaling upregulates miR-221 expression,
which then inhibits p27 translation to promote proliferation. Of course, further experiments
will be required to link PKCt and MEK/ERK signaling to miR-221 regulation. Northern
blotting is an excellent way to determine whether PKCu depletion and/or MEK inhibition

elicits a change in miR-221 levels.

The idea of global deregulation of miRNA processing has also been invoked to explain the
“de-differentiated” phenotype of many cancer cells. The first miRNAs discovered were
involved in development (91, 92), and genes involved in development and morphogenesis

represent a significant proportion of the miRNA target genes predicted by Targetscan. Thus
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miRNAs probably play an important role in differentiation and specification of cell fate.
One study analyzed miRNA expression profiles in a series of developmentally ordered
samples and found that immature samples exhibited a less complex microRNA transcript
profile than did mature samples (98). The idea that miRNAs control differentiation and
cellular identity, and that this control is lost in cancer, is particularly relevant to GBM, as
these tumours are composed of cells which resemble immatuie astrocytes and
oligodendrocytes (2). Although the overexpression of miR-221 in GBM tissues argues
against a global down-regulation of miRNA expression in this cancer type, changes in
miRNA expression may well be responsible for the de-differentiation of GBM cells and thus
play arole in gliomagenesis. In support of this notion, a micfoarray examining miRNA
expression in response to TPA-induced differentiation of HL-60 cells found approximately

equal numbers of up-regulated and down-regulated miRNAs (151).

In conclusion, I have shown that PKC1 and MEK/ERK signaling regulate p27, at least in
part via an element in the 3°UTR and identified miR-221 as a regulator of p27. The
discovery that this important cell cycle regulator is regulated by miRNA helps to
substantiate the hypothesis that microRNAs have a crucial function in cancer progression.
The daunting task of experimentally validating the predicted targets of miRNAs is an
important one, and will likely generate considerable insight into normal cellular processes,

and how these processes are disrupted in diseases such as cancer.
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