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Abstract

Abstract

Glioblastoma multiforme is the most aggressive and malignant primary brain
tumor, characterized by rapid growth, extensive infiltration to neighboring normal
brain parenchyma, and angiogenesis. Patients with glioblastoma have poor
prognosis since the whole tumor is barely completely removed. Thus, identification of
novel molecules or more effective drugs targeting glioblastoma migration and
invasion is urgently needed. The phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway plays a pivotal role in the development and survival of many cancers
including glioblastoma. Selective inhibitors against class Ia PI3K catalytic isoforms
(p110a, p110B and p1100) are attractive options for glioblastoma treatment because
they display less off-target effects and toxicities. Considering that the inhibition of
PI3K isoforms might be compensated by other signaling pathways, and subsequently
compromise their inhibitory effects, combination treatment strategies on glioblastoma
cells were also investigated. Since JNK pathway is also essential to cancer cell
viability and motility, and has a crosstalk with the PI3K/Akt pathway, concurrent
inhibition of PI3K and JNK may exhibit synergism. Firstly, this study investigated the
roles of p110a, p110B and p110d in glioblastoma cells using their respective
inhibitors PIK-75, TGX-221 and CAL-101. Combination effects of p110 isoforms and
JNK inhibition on glioblastoma cell proliferation, migration and invasion were then
evaluated. Results showed that p110a, p110B and p1103 have distinct roles in the

pathological processes in glioblastoma. PIK-75 was sufficient to suppress
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glioblastoma cell viability, migration and invasion, whereas TGX-221 only reduced
migration, and CAL-101 just moderately inhibited proliferation and migration.
Compared with CAL-101, siRNA-induced knockdown of PIK3CD significantly
suppressed glioblastoma cell proliferation, migration and invasion without affecting
Akt phosphorylation level. According to these results, a competition model of p110aq,
p110B and p1108 was proposed, in which p110B and p11006 may compete with
p110a for RTK binding sites. Furthermore, PIK-75 antagonized with JNK inhibitor
SP600125, whereas TGX-221 and CAL-101 displayed synergistic inhibitory effects
with SP600125 on glioblastoma cell proliferation and migration through inactivation
of Akt, zyxin and FAK, leading to the blockade of lamellipodia and membrane ruffles
formation. No synergistic effect on invasion was observed in all combinations. And a
crosstalk model between PI3K isoforms and JNK was also proposed based on the
competition model.

Myricetin is a natural flavonoid that exhibits potent anti-oxidative,
anti-inflammatory, anti-diabetic and anti-cancer activities. It targets Akt, MEK1,
MKK4, JAK1, RSK2 and Fyn and inhibits their activation in an ATP-competitive or
-noncompetitive manner. These suggest that myricetin may be a safe and potent
therapeutic drug for glioblastoma treatment. However, the role of myricetin in the
regulation of glioblastoma cell viability and motility is not fully clarified. This study
showed that myricetin was sufficient to suppress glioblastoma cell proliferation,
whereas it displayed lower cytotoxicity to normal astrocytes. It also significantly

inhibited migration and invasion capacities of glioblastoma cells by targeting class Ia
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PI3K catalytic isoforms and JNK. However, Myricetin was not able to sensitize
glioblastoma cells to low concentrations of temozolomide. Nevertheless, it is still a
promising therapeutic approach for treating glioblastoma multiforme.

In summary, combined inhibition of p110p/p1108 and JNK, as well as myricetin
can suppress proliferation and motility of glioblastoma cells, indicating that they may

be attractive options for glioblastoma treatment.
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1.1 Overview of glioblastoma multiforme

Glioblastoma multiforme (GBM), also known as glioblastoma, is the most
common and aggressive malignant primary tumor in central nervous system (CNS).
It accounts for approximate 54.0% of gliomas and 15.8% of all primary CNS tumors
according to the Central Brain Tumor Registry of the United States (CBTRUS)
statistical report (Figure 1.1) [1]. Glioblastoma is prevalent in male, Caucasian, and
adults at the age >65 years in developed countries. The incidence rate of glioma is
6.03 new cases per 100,000 populations per year, while the incidence rate of
glioblastoma is the highest in malignant brain tumors, with 3.19 new cases per
100,000 populations per year [1, 2]. In Hong Kong, 124 new cases of glioma and 52
new cases of glioblastoma were diagnosed from 2008 to 2009. The incidence rate of
glioblastoma in Hong Kong is about 0.74 new cases per 100,000 populations per
year [3]. Due to its malignancy, the prognosis for patients with glioblastoma is very
poor, with a median overall survival of approximately 3 month without any treatment.
The survival rate of glioblastoma is one of the worst among all human cancers. The
1-year, 2-year and 5-year relative survival rate for GBM patients is approximately

36%, 13.6% and 5.7%, respectively [1].
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Figure 1.1: Distribution of primary brain and CNS tumors by histological

characteristics in CBTRUS statistical report [1].
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1.1.1 Classification and characteristics of glioma

Glioma is a type of brain tumor that arises from glial cells including astrocytes,
ependymal cells, and oligodendrocytes etc. Glial cells, also known as neuroglia, are
non-neuronal cells providing support, protection, nutrients and oxygen for the
neurons. According to the specific type of glial cells, glioma is mainly classified into
astrocytoma, ependymoma and oligodendroglioma, which is derived from astrocytes,
ependymal cells and oligodendrocytes, respectively. Since astrocytes are the most
common type of glial cells in CNS, astrocytoma is the most common type of glioma.
According to the histological features, astrocytoma is further divided into
subependymal giant cell astrocytoma, pilocytic astrocytoma, pilomyxoid astrocytoma,
diffuse astrocytoma, pleomorphic xanthoastrocytoma, anaplastic astrocytoma, and
glioblastoma multiforme. The World Health Organization (WHO) classification of
CNS tumor is the most widely used classification of glioma which classifies glioma
into four histological tiers of malignancy as described in Table 1.1 [4]. Patients with
grade | glioma usually have favorable prognosis and long-term survival following
complete surgical resection, whereas patients with grade IV glioma have poor
prognosis even though they received surgical removal of tumor followed by

radiotherapy and chemotherapy.
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Table 1.1: WHO grading and characteristics of glioma [4].

WHO grading Tumors Characteristics

Subependymal giant cell astrocytoma Low proliferative rate and non-infiltrative; benign tumor; high
erade Pilocytic astrocytoma probability of cure following complete surgical resection.

Pilomyxoid astrocytoma

Diffuse astrocytoma Relative low proliferative but generally infiltrative activities;
Grade Il Pleomorphic xanthoastrocytoma well-differentiated; tend to evolve into grade Il or higher grade of

Oligodendroglioma malignancy; recurrence is common.

Glioma Ependymoma

Anaplastic astrocytoma

Anaplastic oligodendroglioma Malignant tumor with nuclear atypia and active mitosis;
Gradel Anaplastic oligoastrocytoma undifferentiated; rapid growth; high invasiveness.

Anaplastic ependymoma

Glioblastomna multiforme High malignancy and aggressiveness; nuclear atypia and active
Grade IV mitosis; undifferentiated; rapid growth; pseudopalisading necrosis;

Gliosarcoma

abundant new blood vessels formation.
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1.1.2 Genetic aberrations in glioblastoma multiforme

Glioblastoma is classified as grade IV glioma according to the WHO grading
system, and can be further grouped into two distinct subtypes. Primary (de novo)
glioblastoma is prevalent in elderly people, accounting for 95% of glioblastoma. It
develops rapidly without any clinical or histological evidence of a less malignant
precursor lesion. Secondary glioblastoma is rare in elderly patients but often
diagnosed in young people. Distinct from primary glioblastoma, secondary
glioblastoma develops slowly and progresses from grade Il or lll gliomas, which has
a better prognosis [5]. Although these two subtypes of glioblastoma are histological
indistinguishable, they have distinct genetic and epigenetic profiles which are more
objective and reliable for clinical diagnosis. Representative genetic aberrations of
primary glioblastoma include EGFR (epidermal growth factor receptor) amplification
(~35%), PTEN (phosphatase and tensin homolog deleted on chromosome ten)
mutation (~25%), TP53 mutation (~30%) and loss of heterozygosity (LOH) on
chromosome 10q (~70%) and 10p (~50%), whereas IDH1 (isocitrate dehydrogenase
1) mutation (>80%), LOH 1p/19q (>75%) and 10q (>60%), and TP53 mutation
(~65%) are the signatures of secondary glioblastoma (Figure 1.2) [5-7].

Loss of heterozygosity on chromosome 10 is one of the most frequent genetic
aberrations in both primary and secondary glioblastoma. Entire loss of alleles 10q
and 10p is common in primary glioblastoma, and partial LOH 10q is also frequent in
anaplastic astrocytoma, accounting for 35% - 60% [7]. Deletions of 10p14-15,

10g23-24 (PTEN) and 10g25-qgter loci are frequently found in primary glioblastoma,
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indicating the location of tumor suppressor genes on chromosome 10 [8, 9]. Besides,
simultaneous deletion of chromosomes 1p and 19q is common in secondary
glioblastoma, associated with elevated sensitivity to chemotherapeutic agents and
longer overall survival [10]. This indicates that two or more genes located on
chromosomes 1p and 19q are of importance to suppress secondary glioblastoma
development.

Other frequent genetic aberrations in primary glioblastoma are EGFR
amplification and PTEN mutation, both of which are involved in phosphatidylinositol
3-kinase (PI3K)/Akt signaling pathway. Detailed information of these two genetic

aberrations is discussed in section 1.2.5.
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Figure 1.2: Genetic aberrations of primary and secondary glioblastoma [7].
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1.1.3 Therapeutic strategies for glioblastoma multiforme

Glioblastoma multiforme is characterized by rapid growth, extensive infiltration
to neighboring brain tissues, pseudopalisading necrosis, and angiogenesis, which
contribute to the poor prognosis. Conventional therapies for glioblastoma include
maximal surgical resection followed by adjuvant radiotherapy and chemotherapy.
Surgical resection alone has limited therapeutic efficacy for glioblastoma because it
is impossible to completely remove the tumor entity, owing to the infiltrative nature of
glioblastoma. Even though patients are administered with concomitant radiotherapy
and chemotherapy (temozolomide), the prognosis remains poor, with the median
overall survival in the range of 9-15 months [11-14]. Therefore, to control the rapid
growth and extensive infiltration of glioblastoma, and improve the prognosis of

patients, it is necessary to develop novel therapeutic strategies.

1.1.3.1 Temozolomide

Temozolomide (Temodar™, TMZ), a DNA-alkylating agent, is one of the most
effective chemotherapeutic agents against glioblastoma currently. It can be rapidly
absorbed into cancer cells and decomposed into
3-methyl-(triazen-1-yl)imidazole-4-carboximide, which reacts with water and
releases methyldiazonium cation. Reactive methyldiazonium cation is able to
methylate DNA at O%- or N7-guanine and N3-adenine, resulting in mispairing with
thymine during DNA replication. The DNA mismatch pairs ultimately cause in DNA

damage and trigger cancer cell death [15, 16]. However, O%-methylguanine-DNA
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methyltransferase (MGMT) or OS-alkylguanine-DNA alkyltransferase is able to
remove the alkyl/methyl group at O%- guanine and repair DNA damage [15, 16].
When patients with the promoter of MGMT being methylation, their MGMT level is
decreased, resulting in a more favorable prognosis with temozolomide treatment.
Their median survival increases to 21.7 months when treated with radiotherapy and
concomitant temozolomide, compared with 15.3 months when treated with
radiotherapy only. However, patients whose tumor contains a non-methylated MGMT

promoter have no significant increase in survival [17, 18].

1.1.3.2 Anti-angiogenic therapies

Anti-angiogenic therapy is taken for a promising novel therapy for glioblastoma,
since angiogenesis is essential to rapid growth and tumor progression of
glioblastoma through provision of oxygen and nutrients. Angiogenesis is a
physiological process that new blood vessels sprout from pre-existing vessels driven
by external stimulation including a variety of growth factors. Vascular endothelial
growth factor (VEGF) family and their receptors (VEGFR) are regarded as the major
factors contributing to angiogenesis in glioblastoma. VEGFR-1 and VEGFR-2 are
overexpressed in high-grade glioma and activated by VEGF-A. Bevacizumab
(Avastin™), a monoclonal antibody against VEGF-A, is an anti-angiogenic agent
approved by the U.S. Food and Drug Administration (FDA) for cancer treatment.
Evidence shows that radiotherapy and concurrent temozolomide along with

bevacizumab is effective and well-tolerated in recurrent and newly diagnosed
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glioblastoma, which coincides with a better progression-free survival than convention
therapy [19]. However, overall survival doesn’t improve, suggesting that
bevacizumab tends to increase the incidence of tumor recurrence [20]. Currently,
combined therapy with bevacizumab and irinotecan (Camptosar™) exhibits better
response rate and progression-free survival rate in patients with recurrent
glioblastoma than bevacizumab alone [21, 22]. However, patients with newly
diagnosed glioblastoma do not benefit from this neoadjuvant chemotherapy [23, 24].
Although bevacizumab is capable of decreasing glioblastoma angiogenesis and
vascular supply, hypoxia and glycolysis are also increased, leading to elevated
tumor invasion capacity [25]. Therefore, anti-angiogenic escape in anti-VEGF
therapy is still a crucial issue for glioblastoma treatment, which may leads to
unfavorable prognosis of patients.

Besides VEGF, basic fibroblast growth factor (bFGF), platelet derived growth
factor (PDGF), as well as their receptors are also involved in glioblastoma
angiogenesis. Therefore, chemotherapeutic agents targeting these growth factors
and their receptors may suppress glioblastoma angiogenesis and give rise to more
effective treatment. For example, thalidomide is an angiogenesis inhibitor that
decreases expression of VEGF and bFGF in glioblastoma [26]. Sorafenib
(Nexavar™) is a multi-kinase inhibitor of VEGFR, PDGFR and Raf kinase for the
treatment of renal cell carcinoma (RCC) and live cancer [27]. Sunitinib (Sutent™) is a
multi-kinase inhibitor targeting receptor tyrosine kinase (RTK) including PDGFR and

VEGFR. It has been approved by FDA for RCC and gastrointestinal stromal tumor

10
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(GIST) treatment [28]. Pazopanib (Votrient™) is also a multi-kinase inhibitor targeting
FGFR, PDGFR and VEGFR and has been approved for RCC and soft tissue
sarcoma treatment [29]. Sorafenib, sunitinib and pazopanib are currently in the

phase Il clinical trials for glioblastoma treatment.

1.1.3.3 Epidermal growth factor receptor (EGFR)-targeted therapies

Epidermal growth factor (EGF) is a growth factor that promotes cell growth and
differentiation through binding to its membrane receptor EGFR. EGFR, also known
as HER1/Erb1, is a member of ErbB family consisting of EGFR/HER1 (Erb1),
HER2/c-neu (ErbB2), HER3 (ErbB3), and HER4 (ErbB4). It contains an extracellular
domain, a transmembrane domain, an intracellular tyrosine kinase domain, and a
C-terminal domain. When EGF binds to the extracellular domain, two inactive EGFR
monomers pair together to form an active homodimer. This results in conformational
alteration that actives the tyrosine kinase domain, and autophosphorylation at
tyrosine residues in the C-terminal domain. The phosphorylated tyrosine residues
provide docking sites for proteins containing Src homology 2 (SH2) domains, and
subsequently initiate signal transduction, such as through the PI3K/Akt signaling
pathway [30, 31].

Aberration of EGFR/PI3K/Akt signaling is common in glioblastoma. Therapeutic
strategies targeting EGFR include monoclonal antibodies and tyrosine kinase
inhibitors. The most widely used monoclonal antibodies are cetuximab (Erbitux™)

and panitumumab (Vectibix™), both of which block ligand binding and prevent EGFR

11
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dimerization by targeting the extracellular domain of EGFR [32, 33]. Cetuximab and
panitumumab are approved by FDA for the treatment of colorectal cancer with
wild-type KRAS [34, 35]. A phase Il study of cetuximab combined with radiotherapy
and temozolomide for the treatment of recurrent glioblastoma demonstrates that
patients with wild-type EGFR tumor have more favorable prognosis than those with
EGFR mutation [36]. Tyrosine kinase inhibitors such as gefitinib (Iressa™), erlotinib
(Tarceva™) and canertinib are small molecules that reversibly or irreversibly
compete with adenosine triphosphate (ATP) binding sites in the tyrosine kinase
domain of EGFR. Gefitinib and erlotinib are reversible tyrosine kinase inhibitors that
are approved for the treatment of non-small cell lung cancer (NSCLC), and have
entered phase /Il clinical trials for glioblastoma treatment [37, 38]. However,
resistance to EGFR-targeted therapies in glioblastoma is common. Compared with a
historical cohort of glioblastoma patients treated with radiotherapy alone, patients
treated with radiotherapy combined with gefitinib have no overall survival benefit [39].
In a phase Il trial, patients with newly diagnosed glioblastoma also do not benefit

from radiotherapy and concurrent temozolomide plus erlotinib [40].

12
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1.2 Overview of phosphatidylinositol 3-kinase (PI3K)/Akt signaling

pathway

1.2.1 Canonical PI3K/Akt signaling pathway

The PI3K/Akt signaling pathway plays a central role in the regulation of signal
transduction, which mediates various biological processes including cell proliferation,
survival, metabolism, motility and angiogenesis. Generally, activation of PI3K/Akt
pathway starts with activation of receptor tyrosine kinases (RTKs) or G
protein-coupled receptors (GPCRs), which results in PI3Ks activation. The ligands of
RTKs are growth factors, cytokines, or hormones including insulin, insulin-like growth
factor-1 (IGF-1), EGF, FGF, PDGF and VEGF etc. In quiescent cells, regulatory
subunits of PI3K usually bind to the catalytic subunits, which maintain the stability of
PI3K and restrict its lipid kinase activities. When a ligand binds to its corresponding
RTK, the intracellular C-terminal kinase domain of RTK undergoes conformational
alterations and autophosphorylation, which provides binding sites for PI3K regulatory
subunits. The interaction between RTK and PI3K regulatory subunits subsequently
relieves the inhibitory effect on the catalytic subunits, leading to elevated lipid kinase
activity of PI3K (Figure 1.3). Besides, GPCRs are a group of seven-transmembrane
spanning receptors that bind to heterotrimeric G proteins including a, B, and vy
subunits. GPCR undergoes conformational alterations when a ligand binds to it,
leading to its bound GDP being converted to GTP [41]. The Ga subunit together with

GTP is then dissociated from the GBy dimer to trigger Ga-specific signal transduction,

13
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while Gy recruits PI3K regulatory subunits to the membrane and interacts with RAS
to activated PI3K (Figure 1.3) [42]. Activation of PI3K results in conversion of
phosphatidylinositol 4,5-bisphosphate (Ptdins(4,5)P2, PIP2) to phosphatidylinositol
3,4,5-triphosphate (PtdIns(3,4,5)P3, PIP3) in plasma membrane. Subsequently,
PIP3 binds to the pleckstrin homology (PH) domain of Akt and anchors it to the
plasma membrane. Akt at amino acid residues threonine 308 (Thr308) and serine
473 (Ser473) are then phosphorylated by phosphoinositide-dependent kinase
(PDK)-1 and -2, leading to its complete activation. Activated Akt, in turn,
phosphorylates downstream pathway molecules to mediate metabolism, cell growth,

angiogenesis, motility and apoptosis [43].

14
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Figure 1.3: Simplified scheme demonstrating different activation manners of

pl110y

class Ian and class Ig PI3K subunits (modified from [44]). Class Ian PI3K is
composed of a p85 regulatory subunit and three p110 catalytic subunits (p110aq,
p110B, and p1103). Class Is PI3K consists of a p101 regulatory subunit and a p110y
catalytic subunit activated by GPCRs. Isoforms p110a and p110B are ubiquitously
expressed, while p110d and p110y are primarily expressed in leukocytes. Besides,
p110a and p11008 are activated by RTKs, while p1108 and p110y mainly respond to
GPCRs activation. Arrow with dashed line represents that p110f can also be

activated by several types of RTKs.
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1.2.2 PI3K family

P13Ks are lipid kinases that are capable of phosphorylating phosphatidylinositol
(PtdIns) at the 3' position of the inositol ring. According to the primary structure and
in vitro lipid substrate specificity, the PI3K family is divided into three classes: Class |,
[I'and Ill. Class | PI3K is further classified into two subclasses. Class Ia PI3K is a
heterodimer consisting of an 85 kDa regulatory subunit (p85) and a 110 kDa catalytic
subunit (p110) [43]. The regulatory p84/p101 and catalytic p110y subunits compose
the class Ig PI3K. Class Ia and Ig PI3Ks distinctly respond to different receptors
activation. The p110a, p110f and p1108 subunits are activated by RTKs, while
p110y is activated by GPCRs (Figure 1.3) [45, 46]. Other classes of PI3Ks are
structurally distinct from class | PI3K. Class Il PI3K is composed of a single p110-like
subunit distinguished by an additional C-terminal C2 domain. It coverts
phosphatidylinositol-4-phosphate (Ptdins(4)P) and phosphatidylinositol (Ptdins) to
phosphatidylinositol-3,4-bisphosphate (Ptdins(3,4)P2) and Ptdins(3)P, respectively.
Class lll PI3K lacks a Ras-binding domain and produce Ptdins(3)P from Ptdins

(Figure 1.4).
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Figure 1.4: Domain structures of class |, Il and lll PI3Ks (modified from [47]).

The p85 subunits contain a Rho-GAP domain, three Src homology 2 (SH2) domains,

and an NH-terminal Src homology 3 (SH3) domain. The SH2 domains include an

NHz-terminal SH2 domain (nSH2) and a C-terminal SH2 domain (cSH2) that flank an

intervening-SH2 (iSH2). All catalytic subunits of class Ia PI3K (p110a, p1108 and

p11008) harbor an N-terminal adaptor-binding domain (ABD), a Ras-binding domain

(RBD), a C2 domain, a helical domain and a catalytic kinase domain. Dashed lines

represent that ABD interacts with iSH2 domain of the p85 regulatory subunit, while

nSH2 domain binds to the helical domain of the p110 isoforms, leading to inhibition

on PI3K kinase activity. The p110y isoform of class Ig PI3K lacks the ABD. Class Il

PI3K is composed of a single p110-like subunit distinguished by an additional

C-terminal C2 domain, while the RBD is absent in class Il PI3K.
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1.2.21 Class la PI3Ks

Three genes PIK3R1, PIK3R2, and PIK3R3 encode five variants of the p85
isoforms: p85a, p55a, p50a, p85B, and p55y. They contain an N-terminal Src
homology 3 (SH3) domain and three Src homology 2 (SH2) domains, including an
N-terminal (nSH2) and a C-terminal (cSH2) domains that flank an intervening-SH2
(iSH2) domain. The SH3 domain binds to proline-rich sequences, while the nSH2
domain binds preferentially to the phosphorylated tyrosine residues in
Tyr-Xaa-Xaa-Met (YXXM) motif, which is located in the C-terminal kinase domain of
RTKs [48]. When the nSH2 domain of p85 binds to YXXM motif in RTKs, p85 at
Tyr688 is phosphorylated, resulting that inhibition on p110 catalytic subunits is
rescued and the lipid kinase activity of PI3K is elevated [49].

The class Ia PI3K catalytic subunits (p110a, p110 and p11008) are encoded by
PIK3CA, PIK3CB and PIK3CD, respectively. The p110a and p110B isoforms are
ubiquitously expressed, whereas p1100 is primarily expressed in leukocytes (Figure
1.3) [60]. The p110a, p110B and p110d isoforms share a similar structure: an
N-terminal adaptor-binding domain (ABD), a Ras-binding domain (RBD), a C2
domain, a helical domain and a catalytic kinase domain (Figure 1.4). The p110
isoforms bind to the p85 regulatory subunits through ABD, while the C2 domain
anchors to the plasma membrane, and the helical domain serves as a rigid scaffold
around RBD, C2 and kinase domains [51, 52]. In addition, direct interaction between
GTP-bound Ras and RBD leads to elevated catalytic activities of p110 isoforms [53].

Mutations of PIK3CA in 10 of 20 exons are common in diverse types of cancers
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including ovarian, breast, liver, colorectal and brain cancers [54-59]. About 80% of
PK3CA mutations occur in hot spot helical (at E542K and E545K residues in exon 9)
and C-terminal kinase (at H1047R residue in exon 20) domains [60]. The majority of
PIK3CA mutants (14 of 15 cases) in different types of cancer show gain of PI3K
function, which leads to the constitutive activation of p110a and Akt, and promotes
the recruitment of p110a to membrane phospholipids [61]. These findings suggest
that p110a plays an oncogenic role in human cancers. Studies have shown that
helical and kinase domain mutations induce gain of PI3K function via distinct
mechanisms. Gain of function triggered by helical domain mutation is independent of
binding to p85 subunit but requires interaction with GTP-Ras. In contrast, activation
of p110a through kinase domain mutation largely depends on the interaction with
p85 [62].

Both p110a and p110B are activated by RTKs but they display different
preference to RTK activation. Inhibition of p110a, not p110p, results in the blockade
of PGDF-induced actin rearrangement in porcine aortic endothelial cells, whereas
inhibition of p110B, not p110a, suppresses actin rearrangement induced by insulin
[63]. Further evidence shows that p110 plays an essential role in insulin signaling in
a kinase-independent manner [64, 65]. In addition, p110B is also activated by
GPCRs (Figure 1.3) [66]. Activation of Akt is induced by the ligands of GPCRs in
p110y-null fibroblasts, while inhibition of p110p suppresses Akt phosphorylation,
suggesting that p110p also responds to GPCR activation and may be redundant with

p110y [66].
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Due to the constitutive activation and ubiquitous expression, p110a plays a

predominant role in RTK-mediated Akt signaling. Although the p1108 subunit is also

activated by RTKs, it may serve as a compensatory molecule to p110a in Akt

signaling, since p110d is enriched in leukocytes but not ubiquitously expressed [67].

Recently, a study shows that the cSH2 domain of p85a displays a novel

isoform-selective regulatory function [68]. Full inactivation of p110d requires the

binding of nSH2 and cSH2 domains of p85a, whereas the p110a activity can’t be

inhibited by binding to the ¢cSH2 domain [68]. This indicates that p1100 is not

redundant and may act on Akt signaling through a different mechanism. A cluster of

novel and inducible PIK3CD promoters have been identified, and p1105 expression

is induced by tumor necrosis factor a (TNF-a) in endothelial cells and fibroblasts

through activation of these promoters [69]. A highly conserved genomic region of

PIK3CD displays higher promoter activity in leukocytes than non-leukocytes, where

the binding sites for leukocyte-specific transcription factors may be located [70].

These findings provide a possible explanation for the high enrichment of p1100 in

leukocytes.

1.2.2.2 Class Is PI3Ks

The class Iz PI3K is enriched in hematopoietic cells and plays a pivotal role in
GPCR-mediated Akt signaling, inflammation response and immune disorders.
Inhibition of PI3Ky with selective inhibitors may be a promising strategy for the

treatment of inflammation and autoimmune diseases [71]. The p110y isoform is
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activated by GPCRs through direct interaction with GBy dimer and Ras [72, 73]. It
lacks N-terminal adaptor-binding domain and therefore does not interact with p85,
but instead binds to p101 or its homolog p84 regulatory subunit, which has no
sequence homology to p85 (Figure 1.4). Although p101 shows no inhibitory effect on
p110y, it is indispensable for p110y activation because it facilitates the binding of
p110y to the plasma membrane and Gy [74]. Loss of p101 is sufficient to inhibit Akt
phosphorylation, and this cannot be compensated by overexpression of p110y [75,
76]. In addition, each domain of p110y is capable of binding to the anionic
phospholipid which is involved in the membrane association of p110y, and deletion

of either RBD or helical domain leads to a complete loss of lipid kinase activity [77].

1.2.3 Roles of class Ia PI3K isoforms in glioblastoma

Genetic aberrations involved in the PI3K/Akt pathway including PTEN mutation,
EGFR amplification, PIK3R1 and PIK3CA mutation are frequently found in
glioblastoma and other types of cancer. PIK3R 1, which encodes the p85a, p55a, and
p50a isoforms, is mutated in colon, ovarian, endometrial cancers and glioblastoma
[78-81]. Hot spots of PIK3R1 mutation occur in the iSH2 or nSH2 domains of p85a
that interact with the ABD or helical domain of p110 isoforms. R340E and K379E
mutations of PIK3R1 in nSH2 domain, and DKRMNS560del, R574fs, and T576del
mutations in iISH2 domain increase the PI3K activity, suggesting that these mutations
contribute to abrogation of inhibitory effect on p110 and increased Akt

phosphorylation [82, 83]. Studies show that PIK3R1 mutation is relatively rare in
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glioblastoma, accounting for 10% (9 of 91) according to The Cancer Genome Atlas
report [80] and 0% (0 of 19) as described in a recent study [84]. Nevertheless,
PIK3R1 is required for Akt activation, as well as tumorigenesis and development of
glioblastoma. Evidence reveals that PIK3R1 mutations upregulate Akt activity and
promote normal astrocytes converting to glioblastoma in the xenograft model [81]. In
addition, shRNA-mediated PIK3R1 silencing suppresses glioblastoma cell growth
and invasion through decreasing the expression of cyclin D1, proliferating cell
nuclear antigen (PCNA) and matrix metalloproteinases (MMPs) -2 and -9, and
increasing the expression of tissue-inhibitor of metalloproteinase-2 (TIMP-2) and p53
[85].

PIK3CA mutation in glioblastoma, firstly reported by Samuels et al., is up to 27%
(4 of 15) [60]. However, other studies report a relatively low PIK3CA mutation rate in
glioblastoma, which accounts for 15% (11 of 73) [59], 7% (5 of 70) [86], 4% (6 of 139)
[87], 5% (5 of 97) [88] and 10% (10 of 105) [89] (Table 1.2). Interestingly, PIK3R1
and PIK3CA mutations are mutually exclusive in glioblastoma, whereas it is opposite
in endometrial cancer, indicating that the pattern of genetic aberrations contributing
to tumorigenesis and tumor development are distinct in different types of cancer [79,
80]. Although the structure and sequence of p1108 and p1100 are highly
homologous to p110a, no PIK3CB or PIK3CD mutation has been found in human

cancers yet.
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Table 1.2: Comparison of studies investigating PIK3CA mutations in glioblastoma

Samuels VY,et al.

Gallia GL et al.

Hartmann C, et al.

Kita D, et al. 2007

Knobbe CB, et al.

Parsons DW, et al.

2004 2006 2005 2005 2008
Samples with
PIK3CA mutations, 4 (27%) 11(15%) 5(7%) 6(4%) 5 (5%) 10(10%)
n (%)
Primary tumors Primary  tumors
38%); . 5%); . Pri t ;
Source Primary tumors i(en(:z;rafts (9%): Primary tumors (Se;())n dary Primary tumors Xg:oega;smors
Cell lines (13%) tumors (3%)
No. samples 15 73 70 139 97 105
Age range (years) NR 0.4-78 51.1 (mean age) 55.7 (mean age) 10-83 NR
Mutation location Exon4,5,13,20 Exon1,4,7,9,20 Exon1,9, 20 Exon 9, 20 Exon 1, 2, 5, 20 NR
PIKB.CTA . NR 0/73 NR 17/139 0/97 0/22
amplification

Abbreviations: NR, not reported;
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The p110a, p110B and p1108 isoforms exhibit distinct roles in different
pathological processes in cancer cells. The p110a isoform is required for tumor cell
proliferation, migration and invasion, whereas p110f is essential to cell survival and
tumorigenesis [64, 90-92]. Selective gene knockdown and isoform-selective
inhibitors are helpful to investigate the individual role of class Ia PI3K catalytic
subunits. Knockdown of PIK3CA significantly inhibits cell viability, migration and
invasion in medulloblastoma and glioblastoma cells [90, 91]. The p110a subunit is
also required for invasion of breast cancer cells through mediating invadopodia
formation [93]. In addition, tumor cell growth is effectively suppressed in vitro and in
vivo by using the p110a isoform-selective inhibitors A66, BYL719 or PIK-75, while
apoptosis and cell cycle arrest are promoted [94-97].

The p110B isoform plays a crucial role in tumor cell growth, metabolism and
tumorigenesis. Knockdown of PIK3CB suppresses cell proliferation and induces
apoptosis in ovarian cancer and glioblastoma in vitro and in vivo [92, 98].
Overexpression of p110f induces oncogenic transformation in chicken embryo
fibroblasts [99]. Knockout of p110B leads to dysfunction of insulin metabolism and
suppresses prostate cancer cell proliferation and tumor formation induced by PTEN
loss [64]. Clinical studies show that overexpression of p1108 is found in 15% of
invasive breast cancer (48 of 315 cases) and 28% of colorectal cancer (23 of 82
cases), correlated with poor overall survival [100, 101].

Due to the high expression level in leukocytes, the p1108 subunit is a promising

therapeutic target for hematologic malignancies including leukemia, lymphoma and
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multiple myeloma [102, 103]. Recently, overexpression of p1108 is also observed in
solid tumor cells such as glioblastoma, neuroblastoma, breast and prostate cancers,
indicating that inhibition of p1106 may also be an attractive option for cancer
treatment [104-108]. Inhibition of p1108 suppresses proliferation and promotes
apoptosis of neuroblastoma cells through inactivation of p70 ribosomal protein S6
kinase (S6K) and decreased expression of B-cell lymphoma 2 (Bcl-2) [106]. In
addition, targeting p1108 in p110d-overexpressed prostate and breast cancer cells
contributes to PTEN activation and suppression of Akt signaling, leading to retarded
cell proliferation [107]. Our previous study shows that p1100 is overexpressed in
50% of high grade glioma cell lines (6 of 12), and knockdown of p1108 inhibits
migration and invasion of glioblastoma cells by decreasing focal adhesion kinase
(FAK) expression [104]. These findings indicate that p1100 is also essential to

cancer cell growth and motility.

1.2.4 Roles of Akt in glioblastoma

Akt, also known as protein kinase B (PKB), is a serine/threonine-specific kinase
consisting of an N-terminal pleckstrin-homology (PH) domain, a central kinase
domain and a C-terminal regulatory domain that contains a hydrophobic motif [109].
Three isoforms of Akt (Akt1/PKBa, Akt2/PKBR and Akt3/PKBy) are homologous to
protein kinases A, G and C within their kinase domains. Akt1 and Akt2 are
ubiquitously expressed, while Akt3 only shows high expression in brain and testis.

When PI3K is activated, Akt is recruited to the plasma membrane through the
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association of PH domain with PIP3, suggesting that the PH domain is crucial for
activation of Akt (Figure 1.5). Full activation of Akt requires phosphorylation at both
Thr308 and Ser473. PIP3 also recruits PDK-1 to the membrane by interacting with
its PH domain, which then phosphorylates Akt at Thr308 in the activation loop to
partially activate Akt [110, 111]. PDK-2, also known as mTOR complex 2 (nMTORC2),
is a complex of mammalian target of rapamycin (MTOR) and Rictor responsible for
Akt phosphorylation at Ser473 in the hydrophobic motif [112]. Akt plays a central role
in the regulation of various cellular functions such as cell proliferation, motility,
survival, and metabolism, by phosphorylating a number of downstream molecules
(Figure 1.5). It mediates protein synthesis by phosphorylating tuberous sclerosis
complex (TSC) and then activating mTOR. mTOR and its partner Raptor bind to p70
S6K and eukaryotic initiation factor 4E-binding protein (4EBP), leading to their
phosphorylation and initiation of protein translation [113]. Forkhead box protein
(FOXO) family is also phosphorylated by Akt, resulting in the inactivation of FOXO
and the formation of FOXO and 14-3-3 protein complex. The complex is
subsequently sequestered in the cytoplasm and thereby inhibits the transcription of
pro-apoptotic genes such as FasL and BIM [114]. Likewise, Akt phosphorylates the
Bcl-2-associated death promoter (BAD), a pro-apoptotic member of Bcl-2 family,
leading to the sequestration of BAD from the mitochondrial membrane by 14-3-3
proteins, which then allows the release of Bcl-2 and inhibits Bax-triggered apoptosis
[115].

Akt also plays a pivotal role in tumorigenesis, development and progression of
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glioblastoma. Aberrant activation of Akt induced by PTEN mutation is documented in
a variety of cancers such as thyroid, lung, breast, ovarian cancers and glioblastoma
[116-120]. Evidence shows that activation of both Ras and Akt is essential to
tumorigenesis through the recruitment of a set of specific mMRNAs to the ribosomes,
which encode proteins involved in growth, transcription regulation, intercellular
interactions, and morphology [121]. Co-activation of oncoprotein Ras and Akt in
neural progenitors and astrocytes induces glioblastoma formation in vivo, whereas
activation of either Ras or Akt does not [122]. Additional expression of a
constitutively activated form of Akt in grade Il anaplastic astrocytoma, which
expresses E6/E7, Ras and human telomerase reverse transcriptase, leads to in vivo
formation of glioblastoma [123]. Further, constitutively activated Akt and Ras in
tumor-bearing mice are required for the maintenance of glioblastoma, whereas

inhibition of Akt leads to tumor remission and prolonged survival of mice [124].
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Figure 1.5: Simplified scheme showing the process of Akt activation and its
downstream pathway molecules. Activated PI3Ks generate PIP3 from PIP2,
leading to the binding of PIP3 to the PH domain of Akt and recruitment of Akt to the
plasma membrane. PIP3 also recruits PDK-1 to the plasma membrane through
binding to its PH domain, which then phosphorylates Akt at Thr308. Subsequently,
Akt is completely activated through phosphorylation at Ser473 by PDK-2/mTORC2.
Activated Akt phosphorylates a variety of downstream pathway molecules including
mTOR, GSK3 (glycogen synthase kinase 3), BAD, IKK (IkB kinase) and FOXO1 to

regulate cancer cell growth, proliferation, motility, survival, and metabolism.
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1.2.5 EGFR amplification and PTEN mutation in glioblastoma

EGFR, a member of RTKs family, plays a key role in the activation of PI3K/Akt
signaling. Compared with secondary glioblastoma, EGFR amplification (36% versus
8% of cases) and EGFR overexpression (>60% versus <10% of cases) are more
common in primary glioblastoma [5, 125]. Approximate 98% of primary
glioblastomas with EGFR amplification also exhibit EGFR overexpression, while
70% - 90% of those with EGFR overexpression show EGFR amplification, indicating
a strong correlation between EGFR amplification and EGFR overexpression [125,
126]. Evidence shows that EGFR amplification and overexpression in glioblastoma
are associated with poor prognosis of patients, especially in young people [126, 127].
The most common type of EGFR mutation in glioblastoma is EGFR variant Il
mutation (EGFRUvIII) (45% to 60% of cases also have EGFR amplification), which is
also known as AEGFR or de2-7EGFR, and characterized by an in-frame deletion in
exons 2-7 [126, 128]. This mutation produces a truncated EGFR protein without the
extracellular ligand-binding domain, leading to its ligand-independent constitutive
activation [129]. Constitutively active EGFRVIII promotes glioblastoma growth,
angiogenesis and tumorigenicity by activating multiple cellular signaling pathways
such as PI3K/Akt, MAPK/ERK, and NF-kB pathways [130-132]. Glioblastoma
xenograft containing EGFRvIII mutant displays higher PI3K and Akt activities, and
greater tumor volumes than those with wild-type EGFR [133]. In addition, EGFRuvIII
overexpression promotes angiogenesis and tumor growth in glioblastoma by

increasing angiopoietin-like 4 expression [130]. Shinojima et al. reported that
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EGFRUvIIl overexpression in the presence of EGFR amplification is a strong indicator
of poor survival prognosis [126]. However, a recent study shows that EGFRUvIIl is not
a significant prognostic indicator of patients treated with radiotherapy and adjuvant
temozolomide [134].

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN), also
known as MMAC-1 or TEP-1, is a protein with both lipid phosphatase and tyrosine
phosphatase activities. Wild-type PTEN acts as a tumor suppressor by
dephosphorylating PIP3 to PIP2 and blocking the recruitment of Akt to the plasma
membrane, which subsequently suppresses Akt activation in cancer [135, 136].
PTEN gene is located on a region of chromosome 10g23, which is highly susceptible
to mutation in human cancers. Thus, PTEN mutation and loss of PTEN are common
in a wide range of cancers including glioblastoma, gastric, prostate, lung and ovarian
cancers [137-141]. PTEN mutation is common in primary glioblastoma (15% to 40%)
and associated with poor prognosis [5, 137, 142], whereas it is rare in secondary
glioblastoma (<4%) [143]. Loss of PTEN function is capable of promoting
glioblastoma cell proliferation, survival, invasion and migration by activating Akt and
downstream signaling pathways. Studies showed that wild-type PTEN inhibits Akt
phosphorylation and increases the expression of the cyclin-dependent kinase
inhibitor 1B (p27%®"), resulting in the blockade of glioblastoma cell proliferation and
tumorigenesis through G1-cycle arrest [144, 145]. PTEN also regulates the
expression level and transcriptional activity of p53 in both phosphatase-dependent

and -independent manners to control DNA damage repair and cell cycle. PTEN is
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able to bind to the tumor suppressor p53, regulate its transcriptional activity, increase
its stability and protect it from the murine double minute 2 (MDM2)-mediated
proteasomal degradation [146, 147]. In addition, PTEN directly binds to FAK,
dephosphorylates FAK at Tyr397 and subsequently inhibits p130Cas
phosphorylation, leading to retarded glioblastoma cell migration and invasion [148,
149]. PTEN also prevents NF-kB binding to the FAK promoter through inhibition of
PI3K/Akt signaling [150]. Ectopic expression of wild-type PTEN inhibits glioblastoma
cell invasion by decreasing the expression of the MMP-2 and -9, and increasing the
expression of TIMP-1 and -2 [151]. Further, PI3K inhibitors do not imitate the
inhibitory effect of PTEN on cell invasion, indicating that this inhibitory effect depends
on the tyrosine phosphatase activity of PTEN, rather than its lipid phosphatase

activity [152].

1.2.6 PI3K inhibitors

Due to the importance of class | PI3Ks in tumor growth and development, small
molecular inhibitor targeting PI3Ks may be a promising approach for cancer
treatment. According to their isoform selectivity, PI3K inhibitors are generally
classified into pan-PI3K, isoform-selective or dual PI3K/mTOR inhibitors.

Wortmannin and LY294002 are known as the first generation of potent
pan-PI3K inhibitors, which target all class Ia p110 isoforms with half maximal
inhibitory concentration (ICso) of 1 nM and 1.4 uM respectively [153, 154]. The other

pan-PI3K inhibitors include quercetin and demethoxyviridin. However, wortmannin
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and LY294002 are of limited use clinically due to their poor pharmaceutical

properties (insolubility and short half-life), off-target effects and unacceptable

toxicities in animal studies [155, 156]. A new generation of pan-PI3K inhibitors with

more favorable safety, efficacy and pharmacokinetics such as GDC-0941,

GDC-0032, BKM120, PX-866 and XL147 have been developed and entered into

clinical trials (Table 1.3). Selective inhibitors against p110 isoforms that may display

less off-target effects and toxicities are attractive options for cancer treatment.

Several isoform-selective PI3K inhibitors including BYL719 and CAL-101 have

entered phase I/l clinical trials. They exhibit anti-proliferative and pro-apoptotic

activities in solid tumors and hematologic malignancies [157-160].

The mTOR pathway is activated by PI3K/Akt signaling in response to growth

factor stimulation to regulate metabolism, protein translation and autophagy [161].

Rapamycin and its analogues fail to serve as an effective therapeutic approach,

because they inhibit mMTORC1 rather than mTORC2, and trigger a negative feedback

loop to augment Akt activation [162]. Therefore, dual inhibition of PI3K and

mTORC1/2 may be more effective than rapamycin alone. Dual PI3K/mTOR inhibitors

such as NVP-BEZ235, GSK2126458, XL765 and SF1126 are currently being tested

in clinical trials (Table 1.3).
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Table 1.3: PI3K inhibitors in clinical trials (data from ClinicalTrials.gov)

Clinical
Classification Drug name Target(s) Tumor(s) t::lcsa References
o Breast, colorectal, gastric, prostate and
Pictilisib (GDC-0941) p110-a, -B, -0, -y ovarian cancers, NSCLC, melanoma, NHL Phase I/ll  [163]
Taselisib (GDC-0032) p110-q, -0, -y Breast and squamous cell lung cancer Phase | [164]
. Breast, prostate, and ovarian cancer, GBM,
B lisib (BKM120 110-a, -B, -0, - Ph I/ 165-169
Pan-PI3K inhibitors U PSP ( ) pP110-a, B, -0,V rc. NSCLC, GIST, B-cell lymphoma ase [ ]
Ovarian and prostate cancer, melanoma,
PX- 110-qa, -B, -0, - Ph Il 170-172
866 p110-a, -B, -0, -y GBM, NSCLC ase [170 |
Breast cancer, endometrial, and ovarian
XL147 110-qa, -B, -0, - ’ ' Ph I/l 17
p110-a, -8, -, -y cancer, GBM, lymphoma ase I [173]
soform-selective ~ BYL719 p110a Breast, ovarian, — H&N -, melanoma, oo [159]
inhibitors esophageal carcinoma, GIST
Idelalisib (CAL-101) p110d CLL, NHL, hematologic malignancies Phase Il [160, 174, 175]
BEZ235 (NVP-BEZ235, p110-q, -B, -0, Breast, prostate, and endometrial cancer,
Ph I/l 176, 177
Dactolisib) _y/mTOR RCC, GBM ase [ ]
Omipalisib p110-qa, -B, -0, )
Solid t Ph I 178
Dual PI3K/MTOR  (GSK2126458, GSK458)  -y/mTOR ol tumors ase [178]
inhibit 110-a, -B, -0
nNIbIOrs XL765 p110-a, -8, -5, Breast cancer, NSCLC, lymphoma, GBM Phase Il [179, 180]
-y/mTOR
SF1126 p110-a, -B, B-cell malignancies, GIST, CRC, ovarian Phase | (181, 182]

-6/mTOR, integrin

cancer, neuroblastoma

NHL, Non-Hodgkin’'s lymphoma; CLL, chronic lymphocytic leukemia; NSCLC, non-small cell lung cancer; CRC, colorectal carcinoma; GBM,
glioblastoma; GIST, gastrointestinal stromal tumor; H&N, head and neck cancer; RCC, renal cell cancer.
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1.3 Overview of c-Jun N-terminal kinase (JNK) signaling pathway

The c-Jun N-terminal kinase (JNK), also known as stress-activated protein
kinase (SAPK), can be activated in response to a wide variety of stress stimuli such
as ultraviolet (UV) irradiation, heat shock, toxins, cytokines and growth factors. In
mammals, JNK is encoded by JNK1 (MAPK8), JNK2 (MAPK9) and JNK3 (MAPK10)
genes, each of which is located on a different chromosome. Due to the alternative
splicing of the mRNA 3’-coding region, at least ten isoforms have been identified:
JNK1 (four isoforms), JNK2 (four isoforms) and JNK3 (two isoforms). JNK1 and
JNK2 isoforms are ubiquitously expressed, while JNK3 isoforms are mainly
expressed in brain, heart and testis [183, 184]. These isoforms are presented as 54
kDa and 46 kDa proteins that recognize and interact with different substrates [184].

However, the functional differences between these ten isoforms are unknown yet.

1.3.1 Mitogen-activated protein kinases (MAPKSs) pathway
Mitogen-activated protein kinases (MAPKs) family is a group of highly
conserved protein kinases including extracellular signal-regulated kinase (ERK), the
38 kDa protein kinase (p38), JNK, and the big mitogen activated protein kinase 1
(BMK1)/ERK5. MAPK signaling pathways are involved in the regulation of various
cellular functions including cell proliferation, apoptosis, mitosis and gene expression.
Generally, activation of MAPK signaling pathways is initiated when a ligand binds to
its receptor, and leads to the recruitment of adaptor proteins and activation of small

GTP-binding proteins (G-proteins). The protein kinase cascade consisting of up to
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four tiers of kinases is subsequently activated. The MAPKKKKs (MAP4Ks)
phosphorylate and activate the MAPKKKs (MAP3Ks or MEKKs). MAP3Ks then
phosphorylate and activate the MAPKKs (MAP2Ks or MEKs), which in turn
phosphorylate and activate the MAPKSs. Activated MAPKs translocate to the nucleus,

phosphorylate and interact with their specific substrates (Figure 1.6) [185].
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Figure 1.6: Simplified scheme showing activation of MAPK pathways. The main
MAPK family includes ERK, JNK and p38, which is activated by stress, cytokines
and growth factors. Generally, activation of MAPK signaling pathway starts with
receptor activation, leading to the activation of G-proteins such as cell division
control protein 42 (CDC42), Ras and Rac. The protein kinase cascade that consists
of up to four tiers of kinases is subsequently activated. The scaffold proteins such as
JNK interacting protein (JIP), JNK-interacting leucine zipper protein (JLP), and
plenty of SH3 (POSH) etc. interact with specific members of MAP3Ks, MAPKKs and
MAPKSs to form a module that facilitates signaling. The activated MAPKSs translocate
to the nucleus and phosphorylate specific transcription factors including ETS-like

transcription factor 1 (ELK1), c-Jun and activating transcription factor-2 (ATF2).
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1.3.2 Activation of JNK signaling

Rho family of GTPases is a family of small signaling G proteins (~21 kDa) such
as cell division control protein 42 (CDC42), Rac, Ras and Ras homolog gene family
member A (RhoA), which activate MAP4Ks in JNK signaling [186]. The MAP4Ks
activate MAP3Ks such as the Raf kinase [187], apoptosis signal-regulating kinase 1
(ASK1) [188], MAPK kinase kinase 1/4 (MEKK1/4) [189] and mixed-lineage kinase
(MLK) [190], which then phosphorylate two MAPK kinases, MKK4 (SAPK/ERK
kinase 1, SEK1) and MKK7 (SAPK/ERK kinase 2, SEK2). MKK4 and MKK7
sequentially phosphorylate JNK at tyrosine and threonine residues respectively,
leading to the full activation of JNK [191, 192]. Evidence shows that MKK4 and
MKKY7 are not redundant in the activation of JNK signaling. JNK activation induced
by various stress stimuli is attenuated in either MKK47 or MKK7" cells, indicating
that MKK4 and MKKY7 collaborate with each other to activate JNK [192]. In addition,
MKK4 and MKKY7 respond distinctly to the stimulus. UV irradiation and anisomycin
activate both MKK4 and MKKY7, whereas only MKK7 is activated upon the
stimulation of tumor necrosis factor (TNF) and interleukin-1 (IL-1), suggesting that
MKKTY is required for cytokine-induced JNK activation [193]. Activated JNK not only
phosphorylates cytoplasmic proteins, but also translocates into the nucleus and
phosphorylates a number of transcription factors such as c-Jun, JunB, JunD,
activating transcription factor 2 (ATF2), p53, and signal transducer and activator of
transcription 3 (STAT3). c-Jun, the first identified substrate of JNK, is activated when

the amino acid residues Ser63 and Ser73 in its N-terminus are phosphorylated by
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JNK, leading to elevated stability and activity. The Jun (c-Jun, JunB and JunD)
subfamily is able to interact with the Fos (c-Fos, FosB, Fra1 and Fra2) subfamily to
form the activator protein-1 (AP-1) dimer. AP-1 then binds to the promoters of
numerous genes and controls their transcriptional activities [194, 195].

Scaffold proteins play essential roles in the regulation of MAPK signaling
pathways. JNK interacting protein (JIP), JNK-interacting leucine zipper protein (JLP),
and plenty of SH3 (POSH) are identified as the scaffold proteins involved in JNK
signaling. They interact with specific members of the JNK signaling cascade and
form a module to facilitate signal transduction (Figure 1.6) [196]. JIP1 is the first
identified scaffold protein in the JNK pathway, but not involved in p38 or ERK
signaling. It recruits JNK, MKK7, MLK3, dual leucine zipper-bearing kinase (DLK)
and haematopoietic progenitor kinase-1 (HPK1) to form the signaling module [197,
198]. Recruitment of JNK to JIP1 and its subsequent phosphorylation by JNK are
required for the activation of the JNK-signaling module via MLK3 and MKK7 [199].
JIP1 also interacts with the dual-specificity phosphatases M3/6 and MAPK
phosphatase 7 (MKP7) and leads to dephosphorylation of JNK, suggesting that JNK
activation is mediated by JIP1 in a dynamic pattern via assembly of both the

stimulatory upstream kinases and inhibitory phosphatases [200].

1.3.3 JNK signaling in cell migration and invasion
The JNK signaling pathway mediates various cellular events such as cell

proliferation, inflammation, and apoptosis upon activation of stress stimuli. It has
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been found that lack of JNK1 leads to decreased proliferation through
downregulating c-Jun activity, whereas absence of JNK2 promotes cell proliferation
in fibroblasts by increasing c-Jun stability, revealing the opposite roles of JNK
isoforms in the regulation of cell proliferation and c-Jun activity [201, 202]. In addition,
depending on the cell type and stimulus, JNK1 and JNK2 may act as pro-apoptotic
or anti-apoptotic molecules [203-205].

JNK signaling is also required for cell migration and invasion. Evidence shows
that MEKK1 is required for the activation of JNK, but not other MAPKs, and inhibition
of MEKK1 suppresses migration and lamellipodia formation in mouse embryonic
fibroblasts (MEFs) or embryonic stem cells, suggesting that JNK signaling is
essential to cell migration [206, 207]. Paxillin, a component of focal adhesion
complexes involved in cell migration and adhesion, is a target of JNK1. JNK1
phosphorylates paxillin at Ser178 and then promotes rapid migration in keratocytes
and Schwann cells [208, 209]. Also, JNK1 binds to and phosphorylates p-catenin at
Ser-37 and Thr41, accompanied by dissociation of a-catenin from the
B-catenin/E-cadherin complex, leading to the blockade of cell-cell junction and
increased migration in keratinocytes [210, 211]. Inhibition of JNK1 significantly
suppresses migration of hepatocellular carcinoma and gastric cancer cells,
indicating that JNK1 is also crucial for cancer cell migration [212, 213]. JNK2 seems
to control cell migration via a distinct mechanism. The JIP-based peptide inhibitors
selectively targeting JNK2 inhibit c-Jun phosphorylation and cell migration in breast

cancer cells [214]. Evidence shows that the expression of epidermal growth factor
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substrate 8 (EPS8), a key regulator of EGFR-mediated actin modelling, is increased
in the absence of JNK2, resulting in reduced migration in mouse mammary tumor
cells [215]. Furthermore, JNK2 regulates the localization of EPS8 at membrane
ruffles and promotes their formation [215].

Activation of JNK is also essential to cancer cell invasion. Knockdown of MLK3
expression represses JNK activation and cell invasion in ovarian and gastric cancer
cells through decreasing the expression of MMP-1, -2, -9 and -12 [213, 216].
Besides, inhibition of JNK decreases the phosphorylation of c-Jun and prohibits
c-Jun/AP-1 binding to the promoter of MMP-1, leading to reduced MMP-1 activity
and cell invasion in osteosarcoma and hepatocellular carcinoma (HCC) cells [217,
218]. Inhibition of either JNK1 or JNK2 is sufficient to impair breast cancer and HCC
cell invasion [212, 219]. Overexpression of constitutively active JNK1 or JNK2
potentiates cell invasion and induces epithelial-mesenchymal transition in breast
cancer cells [220]. Thus, both JNK1 and JNK2 are capable of inducing cancer cell

migration and invasion, likely through different mechanisms.

1.3.4 Roles of JNK signaling in glioblastoma

JNK plays a pivotal role in the survival and progression of glioblastoma. Studies
observe that JNK is constitutively activated in high-grade glioma: 90% in
glioblastoma (58 of 64), 63% in anaplastic astrocytoma (30 of 48) and 18% in
low-grade glioma (11 of 63), whereas the phosphorylation of JNK is not found in

normal astrocytes or oligodendrocytes [221, 222]. In addition, more than 75% of
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glioma with JNK activation are accompanied by EGFR or EGFRVIII overexpression

[221, 222]. These findings suggest that activation of JNK is positively correlated with

the histological grade of glioma and is responsive to EGFR activation. Besides,

inhibition of Rac1 prohibits cell growth and induces apoptosis in glioblastoma cells

but not in normal astrocytes, which can be rescued by activation of MEKK1 [223].

JNK1, JNK2 and JNK3 play distinct roles in cancer. Studies demonstrate that

JNK1 is required for tumor formation, growth and development in gastric and colon

cancers [224, 225]. Activation of JNK1 is involved in migration and invasion of HCC

cells, associated with short survival of HCC patients [212, 226]. Compared with

JNK1, JNK2 is of more importance to Ras- or EGFR-induced tumor transformation,

growth and survival [227-229]. Inhibition of JNK2 in glioblastoma cells suppresses

cell growth, DNA synthesis, and induces cell cycle arrest in S phase [230]. More

importantly, highly constitutive activation and autophosphorylation of all JNK2

(JNK2a1, JNK2a2, JNK2B1 and JNK2B2) and JNK3a2 isoforms are observed in

glioblastoma cells in the absence of upstream kinases MKK7 or MEKK1, whereas

the activities of the other JNK isoforms are low [231]. In addition, the 54 kDa JNK2

isoforms (JNK2a2 and JNK2B2) are predominantly expressed in all glioblastoma

samples (19 of 19), and JNK2a2 possesses the highest kinase activity [231].

Similarly, a study also shows that JNK2a2 isoform is expressed in 88.2% (15 of 17)

of glioblastoma, and effectively promotes glioblastoma cell proliferation and

tumorigenesis [232]. These indicate that JNK2 isoforms, especially JNK2a2, have

dominant expression and constitutive activities in glioblastoma, and play more vital
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roles than JNK1.

The exact role of JNK3 in cancer is not fully understood yet, but it is suggested
to serve as a tumor suppressor in glioblastoma. Loss of JNK3 expression by
epigenetic silencing is found in brain tumors, gastric cancer, hepatocellular
carcinoma, lymphoma, and H&N carcinoma [233-235]. Ectopic expression of JNK3
significantly impairs the colony formation ability of breast cancer cells [234]. In
addition, overexpression of wild-type JNK3 suppresses C6 glioma cell proliferation
and increases the stability and activity of p27%, indicating that JNK3 is a candidate

tumor suppressor in glioblastoma [236].

1.3.5 Crosstalk between PI3K/Akt and JNK pathways

PI3K/Akt and JNK signaling pathways do not act independently to mediate
cellular processes and functions. Increasing evidence reveals that these two
pathways interact with each other and form a regulatory network. A number of
studies find that Akt antagonizes the activation of JNK and its upstream kinases MLK,
ASK1 and MKK4/7 by binding to the scaffold protein JIP1. JIP1 directly binds to the
PH domain of Akt, and then forms an Akt/JIP1 complex that facilitates the activation
of Akt1 via PDK1, leading to the disassociation of JNK from Akt/JIP1 module and
inactivation of JNK [237-240]. Besides, Akt also interacts with and phosphorylates
MLK3 at Ser674 [241, 242], ASK1 at Ser83 [243, 244], and MKK4 at Ser78 and
Ser80 [245, 246], leading to their decreased kinase activities.

Conversely, evidence shows that JNK activation is frequently accompanied by
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activation of PI3K and Akt in several types of cancers such as glioblastoma, cervical
carcinoma and prostate cancer [232, 247, 248]. One possible explanation is that JNK
is constitutively activated in some cancers. Studies reveal that JNK2 isoforms are
constitutively active in glioblastoma and non-small cell lung carcinoma [222, 231,
232, 249]. Overexpression of JNK2a2, not JNK1a1, augments Akt phosphorylation
in glioblastoma cells [232]. The other possible explanation is that both PI3K/Akt and
JNK signaling activation are associated with overexpression of EGFR or EGFRuvIII
and loss of PTEN function. Since both PI3K/Akt and JNK pathways are responsive to
EGF stimulation, overexpression of wild-type EGFR or EGFRVIII can give rise to the
activation of these two pathways in cancer [132, 229, 250]. EGF-induced activation
of Akt and JNK are inhibited by a PI3K inhibitor wortmannin or a dominant-negative
mutant of PI3K, suggesting that PI3K also regulates the kinase activity of JNK [247].
It has been demonstrated that JNK and c-Jun activities are constitutively elevated in
PTEN-- MEFs and prostate cancer cells, which are suppressed by the PI3K inhibitor,
whereas expression of wild-type PTEN relieves this inhibitory effect [248]. Moreover,
the transcriptional activity of PTEN is regulated by c-Jun. The c-Jun” fibroblasts
exhibit elevated mRNA and protein levels of PTEN, accompanied by inactivation of
Akt in both TP537 and TP53** cancer cells, suggesting that PTEN is negatively
regulated by c-Jun in a p53-independent manner [251]. Supporting evidence shows
that c-Jun inhibits PTEN transcription by binding to a variant AP-1 site in its promoter
[251]. Besides, c-Jun/AP-1 also increases the transcriptional activity of PDK-1 that

activates its downstream target Akt, suggesting that JNK regulates Akt activity
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through the JNK/c-Jun/PDK1/Akt axis [252].

Taken together, although Akt inhibits JNK signaling though association with JIP1,
simultaneous activation of both Akt and JNK is also found in cancers with
constitutively active forms of JNK, which is positively regulated by EGFR/EGFRuvIII

and PI3K, and is negatively mediated by PTEN (Figure 1.7).
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Figure 1.7: Simplified scheme demonstrating different crosstalks between PI3K/Akt and JNK pathways. (A) Activation of PI3K/Akt
signaling inhibits stress- and cytokine-induced JNK activation. Akt antagonizes the activation of JNK and its upstream kinases MLK, ASK1 and
MKK4/7 by binding to the scaffold protein JIP1. The PI3K inhibitor can activate JNK signaling through inactivation of Akt. (B) Co-activation of Akt
and JNK is exhibited in the context of EGF stimulation, EGFR or EGFRUvIIl overexpression, as well as loss of PTEN. The PI3K inhibitors and

wild-type PTEN inhibit both Akt and JNK activation. Activated c-Jun by JNK can bind to the promoter sequence of PTEN, resulting in the

inhibition of PTEN transcription and activation of Akt.
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1.3.6 Combination therapy targeting PI3K/Akt and Ras-mediated
MAPK pathways

Since Ras is capable of interacting with the catalytic isoforms of PI3K to activate
PI3K/Akt and MAPK pathways, combination therapies targeting these two pathways
may have synergism in cancer treatment [253]. Evidence shows that combined
inhibition of p1106 and MEK (MAPK/ERK kinase) suppresses phosphorylation of
both Akt and ERK, and has synergistic cytotoxicity in human acute myeloid leukemia
progenitors [254]. The results of a phase | trial suggest that patients receiving
combination therapies targeting PI3K/Akt and Ras/Raf/MEK/ERK pathways may
have better prognosis [255]. PI3K/Akt and MKK4/JNK pathways cooperate to
regulate cancer cell survival. Concurrent inhibition of p85a and MKK4 synergistically
suppresses cell proliferation and promotes apoptosis in lung cancer cells, indicating
that combination therapies targeting these two pathways might be more effective
[256, 257]. However, combination effects of the class Ia PI3K catalytic isoforms and

JNK inhibition on glioblastoma cells are not clear.
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1.4 Overview of myricetin

Myricetin ~ (3,5,7-Trihydroxy-2-(3,4,5-trihydroxyphenyl)-4-chromenone) is a
member of natural flavonoid abundant in vegetables, fruits, onions, nuts, berries, tea
and red wine. Flavonoid is a class of polyphenol that consists of two substituted
benzene rings connected by a chain of three carbon atoms and an oxygen bridge
(Figure 1.8). According to the chemical structure, especially the difference in the 3’
position of C ring, flavonoid is divided into six subclasses including flavone,
flavanone, flavanol, flavonol, anthocyanin and isoflavonoid [258]. Myricetin, as well
as quercetin, kaempferol and fisetin, belong to the flavonol subclass. The chemical
structures of these flavonols are shown in Figure 1.8. Myricetin exhibits potent
anti-oxidant, anti-inflammatory, anti-diabetic, neuroprotective and anti-cancer
activities. Quercetin, which differs from myricetin by one hydroxyl group (-OH), is
permeable to the blood-brain barrier [259]. Therefore, it is possible that myricetin is
able to do the same, making it a promising therapeutic strategy for glioblastoma

treatment.
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Kaempferol Fisetin

Figure 1.8: Chemical structures of flavonoid and the representative flavonols

including myricetin, quercetin, kaempferol and fisetin.
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1.4.1 Anti-oxidant and anti-inflammatory activities of myricetin

Flavonols including myricetin, quercetin and kaempferol are capable of
scavenging reactive oxygen species (ROS), suppressing lipid peroxidation and
chelating redox-active metals. Evidence shows that myricetin prevents fibroblasts
from H20O2-induced DNA damage through suppressing intracellular ROS generation
and increasing the activities of antioxidant enzymes like superoxide dismutase and
catalase [260]. The configuration and total number of B-ring -OH in flavonoid
determine the free radical scavenging capacity. Hydroxyl groups on the B-ring are
able to donate hydrogen and an electron to radicals to generate more stable
products. Generally, the total number of hydroxyl groups is positively correlated with
the anti-oxidant activity of flavonoid [261]. The 3’ and 4’ hydroxyl groups on the
B-ring are of more importance than 5’ -OH to the radical scavenging activity [262].
Therefore, the anti-oxidant activity of myricetin is much higher than kaempferol, but
is close to quercetin [263].

Myricetin also possesses potent anti-inflammatory activity on acute and chronic
inflammation. Studies show that myricetin not only suppresses the expression of
cytokines such as interleukins (ILs) -6 and -8, interferon-y (IFN-y) and TNF-a in the
inflammation response, but also inhibits cytokine-induced apoptosis and cell death
[264-266]. An in vivo study demonstrates that myricetin suppresses inflammation
such as xylene-induced ear edema and cotton pellet granuloma, and decreases the
number of leukocytes [267]. The anti-oxidant and anti-inflammatory activities of

myricetin may contribute to its anti-cancer effect by modulating the tumor
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microenvironment.

1.4.2 Anti-cancer activity of myricetin

The most studied biological activity of myricetin is its anti-cancer activity.
Myricetin inhibits cell transformation in mouse epidermal cells by targeting PI3K/Akt,
MEK/ERK and Janus kinase 1 (JAK1)/STAT3 signaling pathways [268-270]. An in
vivo study shows that myricetin protects mice from the occurrence of UVB-induced
skin cancer via downregulating cyclooxygenase-2 (COX-2) expression and Fyn
kinase activity [271]. Analysis of structure-activity relationships shows that 3’- and
4’-OH on the B-ring play an important role in the inhibitory effect of myricetin on
EGF-induced cell transformation through inactivation of PI3K and AP-1 [272].
Myricetin also exerts anti-proliferative, pro-apoptotic, anti-invasive and
anti-angiogenic effects on a variety of cancers. It induces apoptosis of pancreatic
cells through activation of caspases-3/-9 and inactivation of Akt. Tumor growth and
metastasis to lung are also suppressed by myricetin in an orthotopic pancreatic
tumor model [273]. Myricetin inhibits bladder cancer cell viability through G2/M cell
cycle arrest by decreasing the expression of Cdc2 and cyclin B1, and attenuates cell
invasion by downregulating MMP-9 activity [274]. It mitigates cell proliferation and
invasion and promotes apoptosis in esophageal carcinoma cells in vitro, as well as
tumor growth in tumor xenografts by reducing activity of ribosomal S6 kinase 2
(RSK2) [275]. It also decreases the activities of MMP-2, urokinase plasminogen

activator (uPA), ERK and AP-1 to suppress migration and invasion in colorectal and
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lung cancer cells [276, 277]. In addition, myricetin is able to suppress UVB-induced
angiogenesis by decreasing the activities of MMP-9, MMP-13 and hypoxia inducible
factor-1a (HIF-1a) in a mouse skin cancer model [278]. These findings suggest that
myricetin is a promising therapeutic drug with potent anti-cancer effects.

To date, few studies report the anti-cancer effects of myricetin on glioblastoma,
especially on cell migration and invasion. Studies show that combination of myricetin
and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) induces
apoptosis of glioblastoma cells via increasing caspases-8/-9 and caspases-3/-7
activities and decreasing c-FLIP and Bcl-2 expression [279]. In addition, myricetin
inhibits peroxide production, COX-2/PGE2 expression and MMP-9 activity to block
TPA-induced migration and invasion in glioblastoma cells [280]. Besides, although
combination of quercetin and temozolomide displays synergism to inhibit
glioblastoma cell viability and promote apoptosis by decreasing Hsp27 expression
[281, 282], little is known about whether myricetin can sensitize glioblastoma cells to

temozolomide.

1.4.3 Molecular targets of myricetin

A number of target proteins of myricetin are recently identified, including Akt,
MEK1, MKK4, JAK1, RSK2 and Fyn. Myricetin directly binds to the ATP binding sites
of Akt, MKK4 and Fyn with hydrogen bonds, and then blocks their activation by
competing with ATP [268, 271, 283]. Myricetin interacts with MEK1 in an

ATP-noncompetitive manner, and the binding site is similar to the MEK1-selective
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inhibitor PD184352 [269]. RSK2 is a substrate kinase located in the signal
transduction between ERK and the transcription factors. Myricetin is able to bind to
the N-terminal domain of RSK2, which is essential to transducing the RSK2
activation signal to the transcription factors [275]. In addition, myricetin directly binds
to the catalytic domain of JAK1 to inhibit its activation [270]. Taken together,
myricetin is promising therapeutic drug with broad spectrum that acts in either

ATP-competitive or ATP-noncompetitive manner.

1.5 Rationales and objectives of this study

Glioblastoma is characterized by rapid growth, extensive infiltration to
neighboring normal brain parenchyma, and new blood vessel formation. Thus,
migration and invasion are potential therapeutic targets for glioblastoma treatment.
PI3K/Akt pathway involved in a variety of biological processes including cell
proliferation, metabolism, motility, survival and angiogenesis, is a promising target
for glioblastoma treatment. Selective inhibitors for class Ia PI3K isoforms that may
display less off-target effects and toxicities are attractive options. However, the exact
roles of p110a, p110p and p11098, as well as their interactions in glioblastoma are not
fully elucidated yet. Considering that inhibition of PI3K isoforms might be
compensated by other signaling pathways, and subsequently compromise the
inhibitory effects, combination treatment strategies by dual inhibition of PI3K and
JNK were investigated in this study. Numerous studies provide a clear rational for the

combined inhibition, including: (1) JNK pathway also plays an important role in the
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survival and motility of glioblastoma cells, (2) constitutively active forms of JNK, as
well as co-activation of both Akt and JNK is found in glioblastoma, (3)
EGFR/PI3K/PTEN/Akt pathway has crosstalk with JNK/c-Jun pathway, which is
regulated by EGFR/EGFRVIII and PTEN, (4) combination inhibition of PI3K/Akt and
MKK4/JNK pathways effectively suppresses lung cancer cell proliferation.
Therefore, the objectives of this study are (1) to investigate the roles of class Ia
PI3K catalytic isoforms (p110a, p110B and p1100) in the regulation of glioblastoma
cell viability and motility, (2) to evaluate the combination effects of PI3K isoforms and
JNK inhibition on glioblastoma cell proliferation, migration and invasion, (3) to study
the effects of myricetin on glioblastoma cell viability and motility, and (4) to

investigate whether myricetin can sensitize glioblastoma cells to temozolomide.
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Chapter 2 Materials and methods

21 Celllines

Normal human astrocytes were obtained from ScienCell Research Laboratories.
Four human glioblastoma cell lines (U-87 MG, U-118 MG, U-138 MG, and A-172)
were purchased from American Type Culture Collection (ATCC). The other four
glioblastoma cell lines (U-343 MG, U-373 MG, SK-MG3 and LN-Z308) and two
paediatric glioblastoma cell lines (GBM6840 and GBM2603) were kindly provided by
Prof. HK Ng (Prince of Wales Hospital, The Chinese University of Hong Kong). The

characteristics of all glioblastoma cell lines are listed in Table 2.1.
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Table 2.1: Characteristics of human glioblastoma cell lines [284, 285]

Cell line Age/Gender Tumor grade PTEN status TP53 status Tumorigenicity
u-87 MG 44 years/Female Grade IV Splicing variant/deletion WT Yes
U-118 MG 50 years/Male Grade IV Splicing defect Substitution/missense Yes
U-138 MG 47 years/Male Grade IV Splicing variant/deletion Substitution/missense No
U-343 MG 54 years/Male Grade llI Substitution/missense WT Yes
U-373 MG 50 years/Male Grade IV Frame shift Substitution/missense Yes
A-172 53 years/Male Grade IV WT/deletion WT No
SK-MG3 N/A Grade IV N/A Heterozygous mutation N/A
LN-Z308 65 years/Male Grade IV Deletion/frame shift Deletion Yes
GBM2603* N/A Grade IV N/A N/A N/A
GBM6840* 17 years/Female Grade IV In-frame deletion WT Yes

*, GBM6840 and GBM2603 were derived from the tumor of two paediatric GBM patients in the laboratory of the Department of Anatomical and

Cellular Pathology, Prince of Wales Hospital, the Chinese University of Hong Kong. N/A, not available. WT, wild type.
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2.2 Cell culture

Cells were cultured in minimum essential medium alpha (a-MEM) supplemented
with 10% (v/v) fetal bovine serum (FBS). Cells were incubated at 37°C in 5% CO-
humidified atmosphere and passaged at a ratio of 1:3 every two to three days.
Medium was discarded and cells were rinsed with Ca?- and Mg?%-free
phosphate-buffered saline (PBS). Cells were disassociated by Trypin-EDTA solution
and then serum-containing medium was added to stop the disassociation. Cells were
dispersed by pipetting medium over the cell layer surface several times. And then
cells were transferred to a 15 mL conical tube and centrifuge at 200 xg for 5 min. The
supernatant was aspirated and cell pellets were resuspended with complete growth
medium. Cells were transferred to new culture plates and incubated at 37°C in 5%

COsa.

2.3 Drug treatment

Glioblastoma cells were seeded onto 6-well plates (2x10° cells per well) and
incubated for 24 hr. Cells were incubated with isoform-selective PI3K inhibitors alone
or in combination with SP600125 in a-MEM medium supplemented with 10% FBS at
37°C. For the treatment of myricetin or temozolomide, drugs were prepared in
a-MEM medium supplemented with 20 yM HEPES buffer and 10% FBS to stabilize
the pH at 7.2. Glioblastoma cells were treated with myricetin at 37°C. The incubation
time differed according to the requirement of assays. The solvent dimethyl sulfoxide

(DMSO) at a dilution of 1:1000 (v/v) was used as a carrier control. For further protein
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extraction and Western blotting, cells were rinsed with PBS and harvested. The
characteristics of isoform-selective PI3K inhibitors PIK-75, TGX-221 and CAL-101,

as well as JNK inhibitor SP600125 are listed in Tables 2.2 and 2.3.
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Table 2.2: Characteristics of isoform-selective PI3K inhibitors

ICs0 (NM)
Compound Chemical structure Reference
p110a p1108 p1106 p110y

PIK-75 ‘“”“‘H o jwj 5.8 1300 510 76 [286]

TGX-221 /("IT/H 5000 5 211 > 3500 [287]
TO

CAL-101 B 820 565 25 89 [158]
[
u 14
LY
Table 2.3: Characteristics of JNK inhibitor SP600125
|C50 (nM)
Compound Chemical structure Reference
JNK1 JNK2 JNK3 MKK4 MKK7
MN—HNH
-
SP600125 A 40 40 90 400 5100 [288]
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2.4 Cell proliferation assay (MTT method)

Glioblastoma cells were seeded onto 96-well plates (2x102 cells per well) and
incubated for 24 hr. Then cells were treated with drugs in complete growth medium
supplemented with 10% FBS for 48 hr at 37°C and DMSO (1:1000) was used as a
carrier control. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (5
mg/mL, 20 yL) were added to each well, and the cells were further incubated for 4 hr
at 37°C. The medium was then removed, and 150 yL of DMSO was added to
dissolve the formazan crystals formed. Finally, the absorbance at 570 nm and 620
nm was measured by BioRad BenchMark Plus™ microplate spectrophotometer.
Half-maximal inhibitory concentration (ICso) value was determined by dose response
curve fitting at a series of drug doses using Origin 9.0 software. Experiments were
carried out in triplicate, and each independent experiment consisted of four

measurements.

2.5 Determination of combination index (Cl)

Cells were treated with two drugs alone and in combination at a fixed ratio for 48
hr. Drugs were two-fold serially diluted. Percentage of cell proliferation was
determined and represented as Asroe20 (treatment)/Aszos20 (control) x100%. The
fraction affected (FA) refers to the inhibition of cell proliferation and is calculated by:
FA = 1- (% cell proliferation/100). Combination effect was evaluated by combination
index (Cl) as described by Chou [289]. According to the FA values, Cl was

automated calculated by Compusyn software. Cl < 0.9 indicates synergistic effect;
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Cl > 1.1 indicates antagonistic effect; Cl between 0.9 and 1.1 indicates additive effect

(Table 2.4).

Table 2.4: Combination index values and their indications [289]

Cl Synergism/antagonism
<0.1 +++++ Very strong synergism
0.1-0.3 ++++ Strong synergism
0.3-0.7 +++ Synergism

0.7-0.85 ++ Moderate synergism
0.85-0.9 + Slight synergism
09-1.1 Nearly additive

1.1-1.2 - Slight antagonism
1.2-1.45 - Moderate antagonism
1.45-3.3 - Antagonism

3.3-10 —-———= Strong antagonism

>0 - Very strong antagonism
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2.6 Wound healing assay

Glioblastoma cells were seeded onto 12-well plates (3x10° cells per well) and
were incubated for 24 hr to achieve 90%-100% confluence. Cells were pretreated
with 5 ug/mL mitomycin C for 1 hr to eliminate the interference of cell proliferation.
Wounds on the confluent cells were created using a sterile 200 yL pipette tip. After
rinsing with PBS for three times, cells were treated with drugs in a-MEM medium
supplemented with 5% FBS and then incubated for 24 hr at 37°C. Cells were
photographed immediately after inhibitor treatment (time zero) and at 12 or 24 hr
after wounding. Cell migration rate was indicated as the number of cells migrated into
the original wounds or the migration distance of cells relative to those in DMSO

control.

2.7 Immunofluorescence

Glioblastoma cells were seeded onto sterile coverslips in 24-well plates (2.5%x10*
cells per well) and incubated for 24 hr at 37°C. After a 3-hr drug treatment, cells were
fixed with 4% paraformaldehyde for 15 min and then permeabilized with 0.25% Triton
X-100 for 10 min at room temperature. Coverslips were blocked with 1% BSA for 30
min and incubated with Alexa Fluor 594-conjugated phalloidin (Life Technologies) for
20 min to visualize actin filaments. Cells were air dried and mounted on a microscope
slide with ProLong Gold antifade mountant with DAPI (Life Technologies).
Lamellipodia were analyzed under Leica TSC SP8 confocal laser scanning

microscope and membrane ruffles were observed by phase contrast microscopy. In
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each case, about 200 cells were photographed and representative cells were shown.

Independent experiments were carried out in triplicate.

2.8 Boyden chamber migration assay

Cell migration was evaluated using the Polyester-Transwell inserts with 8 ym
pores (Corning). Briefly, glioblastoma cells (2.5x10* cells per insert) were pretreated
with drugs in serum-free medium for 1 hr at 37°C and then seeded into the transwell
inserts. Medium supplemented with 5% FBS in each well of companion plate was
served as a chemoattractant. After a 12-hr incubation, cells on the upper surface of
the membrane were removed. Cells on the lower surfaces of the membrane were
fixed with absolute methanol and were then stained with 0.1% crystal violet solution.
Cells were photographed under a light microscope at 50x magnification and cells
from at least 5 representative fields were counted using ImagedJ software.

Independent experiments were carried out in triplicate.

2.9 Invasion assay

Invasiveness of glioblastoma cells was determined using BioCoat™ Matrigel™
Invasion Chamber (Corning). Briefly, the transwell inserts with 8 ym pores and
precoated Matrigel was rehydrated for 2 hr at 37°C. Medium supplemented with 5%
FBS in each well of companion plate was served as a chemoattractant. After a 24-hr
incubation, the matrigel layer and non-invasive cells on the upper surface of the

membrane were removed. Cells on the lower surfaces of the membrane were fixed
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with absolute methanol and were then stained with 0.1% (w/v) crystal violet solution.
Cells were photographed under a light microscope at 50x magnification and invasive
cells from at least 5 representative fields were counted using Imaged software.

Independent experiments were carried out in triplicate.

2.10 Protein extraction

Glioblastoma cells were rinsed with PBS and dissociated using Trypsin-EDTA
solution. The detached cells were then transferred to a 1.5 mL eppendorf tube and
centrifuged at 200 xg for 5 min at 4°C. The supernatant was discarded and the cell
pellets were washed with ice-cold PBS by centrifugation at 200 xg for 5 min at 4°C.
Subsequently, the cell pellets were lysed in RIPA lysis buffer (50 mM Tris, 150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 1 mM EDTA, pH 7.2)
containing 1x cOmplete protease inhibitor cocktail (Roche) and 1x PhosSTOP
phosphatase inhibitor cocktail (Roche). Cells were homogenized by vortexing and
pipetting up and down several times. The mixture was placed on ice for 30 min with
occasional vortexing. The cellular lysate was clarified by centrifugation at 12,000 xg
for 15 min at 4°C. The clarified lysate was transferred to a new eppendorf tube and

stored at -80°C until analysis.

211 BCA protein assay
Protein quantification was carried out using Pierce BCA Protein Assay Kit

(Thermo Scientific). A set of diluted bovine serum albumin (BSA) standards were
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prepared as shown in Table 2.5. The BCA working reagent was prepared by mixing
reagent A and reagent B at a ratio of 50:1. The protein sample was also diluted in
RIPA lysis buffer at 1:15 dilution, and then 25 pL of each diluted sample or BSA
standards was added into a microplate well. BCA working reagent was then added
into the microplate (200 uL per well) and the plate was mixed thoroughly. The plate
was covered and incubated for 30 min at 37°C. The plate was then placed for 10 min
at room temperature and the absorbance at 562 nm was measured by BioRad
BenchMark Plus™ microplate spectrophotometer. A standard curve was produced by
plotting the Ass2 of each BSA standard, and the protein concentration of each sample

was determined using the standard curve.

Table 2.5: Preparation of diluted BSA standards

Volume of RIPA Volume and source of Final BSA concentration

Vial
buffer (uL) BSA (uL) (mg/mL)
A 300 300 of 2 mg/mL BSA 1
B 150 250 of 2 mg/mL BSA 0.75
C 300 300 of vial A dilution 0.5
D 250 250 of vial C dilution 0.25
E 180 180 of vial D dilution 0.125
F 240 60 of vial E dilution 0.025
G 100 0 0 = Blank
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2.12 Western blotting

Samples were mixed with 5% loading buffer (250 mM Tris pH6.8, 10% SDS,
0.05% bromophenol blue, 50% glycerol, 5% B-mercaptoethanol) at a ratio of 4:1.
Then the samples were heat-denatured at 100°C for 5 min. Samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Total
protein (40 ug) was loaded onto the wells of 8% polyacrylamide gel. After the
electrophoresis, the proteins were electrotransferred to a PVDF membrane. The
membrane was blocked for 2 hr by either 5% (w/v) non-fat milk or 5% (w/v) BSA in
Tris-buffered saline with 0.1% Tween-20 (TBST, pH7.4). The membrane was then
incubated overnight with primary antibodies with gentle agitation at 4°C. Primary
antibodies were diluted using 5% BSA in TBST as described in the antibodies
supplier's instructions. After the primary antibody incubation, the membrane was
washed with TBST three times with 10 min each. The membrane was then incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies at a dilution of
1:5000 for 1 hr at room temperature with gentle agitation. And then the membrane
was washed again with TBST four times with 8 min each. Positive signals were
visualized by Amersham™ ECL™ Select Western Blotting Detection Reagent (GE

Healthcare) and recorded by ChemiDoc MP Imaging System (Bio-Rad).

213 Preparation of myricetin-Sepherose 4B
CNBr-activated Sepharose 4B powder (GE Healthcare) was washed with 1 mM

HCI (pH 3.0) for 15 min. Myricetin (3 mg) was dissolved in DMSO and then coupled
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to CNBr-activated Sepharose 4B beads (25 mg) in the coupling buffer (0.1 M
NaHCOs;, 0.5 M NaCl, pH 8.3) overnight with gentle rotation at 4°C. Excess
myricetin was washed away with coupling buffer by centrifugation at 1000 rpm for 3
min at 4°C. Remaining active groups in the Sepharose beads were blocked by 0.1 M
Tris-HCI buffer (pH 8.0) with 2-hr rotation at room temperature. Subsequently, the
mixture was washed three times with 0.1 M acetate buffer (pH 4.0) containing 0.5 M
NaCl followed by an additional wash with 0.1 M Tris-HCI buffer (pH 8.0) containing

0.5 M NaCl.

214 Ex vivo pull-down assay

Pull-down assay was performed as described by Kumamoto et al. [270]. The
glioblastoma cell lysate (500 ug) was incubated with myricetin-coupled Sepharose
4B beads (100 pL, 50% slurry) at 4°C overnight in the reaction buffer (50 mM
Tris-HCI, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet P-40 and 2 pg/mL
BSA containing 1x protease inhibitor cocktail, pH 7.5). The beads were then washed
five times with washing buffer (50 mM Tris-HCI, 5 mM EDTA, 200 mM NacCl, 1 mM
DTT, 0.02% Nonidet P-40, and 0.02 mM PMSF, pH 7.5). The proteins bound to the

beads were applied to SDS-PAGE and then detected by Western blotting.

2.15 RNA isolation
Total RNA was isolated using TRIzol Reagent (Life Technologies) which (0.5 mL

per well) was added directly to the cells in the 6-well plates. Cells were lysed by
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pipetting the cells up and down for several times. Samples were then homogenized
by incubation for 5 min at room temperature. Chloroform (0.1 mL) was added and
samples were mixed by shaking the tubes several times. The mixture was then
incubated for 2 min at room temperature and centrifuged at 12,000 xg for 15 min at
4°C. The colorless upper aqueous phase was carefully transferred to a new
RNase-free eppendorf tube and isopropanol (0.25 mL) was added. Then the
samples were incubated for 10 min at room temperature and centrifuged at 12,000
xg for 10 min at 4°C. The supernatant was removed and the RNA pellets were
washed with 0.5 mL of 75% ethanol and then centrifuging at 7,500 xg for 5 min at
4°C. The supernatant was discarded and the RNA pellets were air-dried for 10 min.
RNase-free water (30-50 uL) was added to dissolve the RNA pellets and then RNA
was incubated for 10 min at 55-60°C. The total RNA was stored at -80°C for further

analysis.

2.16 Quantification of isolated RNA

The purity and quantity of total RNA were evaluated by spectrophotometry
(NanoDrop 2000, Thermo Scientific). The RNA sample (1 pL) was loaded onto the
measurement pedestal of NanoDrop 2000. The concentration of RNA was
determined by the absorbance at 260 nm. The purity of RNA was evaluated by the
ratio of absorbance at 260 nm and 280 nm (Azsors0). The total RNA with an

Azs0i280 >1.8 and < 2.0 was regarded to be pure.
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217 cDNA synthesis

First-strand cDNA was synthesized from 2 ug of total RNA using the Fermentas
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). According to the
manufacturer’s protocol, oligo(dT)s primer, reaction buffer, RNase inhibitor, dNTP
mix and M-MuLV reverse transcriptase were added into RNA samples, followed by
incubation for 60 min at 42°C. And then the reaction was terminated by heating at

70°C for 5 min. The cDNA product was stored at -80°C.

2.18 AQuantitative Real-time PCR (qRT-PCR)
2.18.1 Primer design

The P130Cas, ITGB3, ADAMTS1 and GAPDH primers for SYBR Green
gRT-PCR were designed using Primer Premier 6 Software. Primers with length
between 18-25 bp, GC content between 45%-55%, and the melting temperature (Tm)
between 58°C-62°C were designed. The maximum AG of hairpins, self-primers and
cross-primers was minimized. The PCR product with length between 80-280 bp was
designed to span the exons. The primer sequences were listed in Table 2.6. As for
TagMan gRT-PCR, the specific primers for PIK3CA (Hs00180679_m1), PIK3CB
(Hs00178872_m1), PIK3CD (Hs00192399 _m1), and GAPDH (Hs99999905_m1)

were purchased from Life Technologies.
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Table 2.6: Primer sequence and characteristics of primers

Gene Primer sequence (5’ to 3’) Tm (°C) Position Product length (bp)
Forward: GCAATGCCTCACTGCTCTTCAGA 59.6

P130Cas 2218-2458 241
Reverse: TGGGTCTTCTCAAACTCCTCCTTCC  60.3
Forward: CTGCGAGTGTGGTGTCTGTAAGTG 60.2

ITGB1 2057-2321 265
Reverse: CCAACAGTCGTCAACATCCTTCTCC  60.2
Forward: AAGTGCGGCAGGTGGAGGATTA 60.0

ITGB3 406-655 250
Reverse: GGCAAGCAGGTGGTCTTCATATCAT  59.8
Forward: AGTTAGCCTGGTGGTGGTGAAGAT 60.0

ADAMTS1 1358-1590 233
Reverse: ACACAGTTCCAACATCAGCCATCC 59.9
Forward: ATGGCACCGTCAAGGCTGAGAA 60.5

GAPDH 344-619 276
Reverse: TGCTGATGATCTTGAGGCTGTTGTC 60
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2.18.2 SYBR Green qRT-PCR

The SYBR Green qRT-PCR was performed on ABI PRISM 7500 System (Life
Technologies) using FastStart Universal SYBR Green Master Mix (Roche). According
to the manufacturer’s protocol, the PCR reaction mixture contained 1xSYBR Green
Master Mix, template cDNA (0.05 ug) and primer pairs (0.3 uM). Cycling variables
were set as follows: initiation of activation step at 95°C for 10 min, followed by 40
cycles including denaturation at 95°C (15 sec), annealing at 60°C (30 sec) and
extension at 72°C (30 sec). Human GAPDH mRNA was served as an internal control
for RNA normalization. The relative expression was normalized using the 2-22CT
method. Independent experiments were carried out in triplicate, and each reaction is

duplicated.

2.18.3 TaqMan gRT-PCR

The TagMan gqRT-PCR was performed on ABI PRISM 7500 System using
Platinum Quantitative PCR SuperMix-UDG (Life Technologies) according to the
manufacturer’s protocol. The PCR reaction mixture was prepared as followed:
1xSuperMix-UDG, template cDNA (0.05 ug), 1xFluorogenic Probes and Primers, and
ROX reference dye. Cycling variables were set as follows: UDG incubation step at
50°C for 2 min, and initiation of activation step at 95°C for 2 min, followed by 40
cycles including denaturation at 95°C (15 sec), annealing and extension at 60°C (60
sec). Human GAPDH mRNA was used as an internal control for RNA normalization.

The relative expression was normalized using the 2-22CT method. Independent
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experiments were carried out in triplicate, and each reaction was duplicated.

2.19 RNA interference

Small interfering RNA (siRNA) synthetic duplexes were purchased from Qiagen
and appropriate RNase-free water was added to obtain a 20 uM solution. The
AllStars Negative Control siRNA (Qiagen) with sequence not homologous to any
known mammalian genes was used as a negative control. The AllStars Hs Cell Death
Control siRNA duplexes (Qiagen) which target several genes that are essential to cell
survival were employed as positive controls to evaluate the transfection efficiency.
The target sequences of siRNA duplexes are listed in Table 2.7.

Briefly, the glioblastoma cells were seeded onto 6-well plates (1.5x10° cells per
well) and incubated for 24 hr. Cells were then transfected with siRNA annealed
duplexes using Lipofectamine 2000 transfection reagent (Life Technologies)
according to manufacturer’s instructions. The siRNA duplexes (100 pmol) and
Lipofectamine 2000 (5 pL) were separately diluted in 250 pL of Opti-MEM | Reduced
Serum Medium (Life Technologies). After a 5-min incubation, they were mixed
together and incubated for 20 min at room temperature to obtain the transfection
complexes. Subsequently, the cells in 6-well plates were rinsed with PBS and
serum-free MEM medium was added. The transfection complexes were added drop
by drop to the 6-well plate (500 pL per well), and the resulting final concentration of
siRNA was 50 nM. Cells were incubated for 12-16 hr at 37°C, and then the medium

was removed and changed to the complete growth medium. Cells were further
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incubated for different periods before analysis.

Table 2.7: Sequences of siRNA duplexes targeting PIK3CD gene

Gene Product name Catalog No. Target sequence (5'to 3’) Position
CAGCGTGGGCATCATCT
siPIK3CD _1 S100071512 2524-2544
TTAA
CCCACAGGTGATCCTAA
siPIK3CD_2 S100071519 4710-4730
CATA
PIK3CD
CCGGTCACGCATGAAG
siPIK3CD_5 S102223809 4044-4064
GCAAA
CGCCGTGATCGAGAAA
siPIK3CD_6 S102223816 1393-1413

GCCAA
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2.20 Statistical analysis

Data were presented as means = S.E.M and analyzed by SPSS v22.0. Curves
and histograms were produced using GraphPad PRISM v5.0. Statistical
comparisons among multiple groups in gRT-PCR, cell proliferation, migration and
invasion assays were analyzed by One-way ANOVA and Post Hoc multiple
comparison Tukey HSD test. The difference was considered to be statistically

significant at p <0.05.
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Chapter 3 Distinct roles of PI3K catalytic isoforms in

glioblastoma

3.1 Expression pattern of PI3K/Akt pathway molecules in glioblastoma
cell lines

Prior to the pharmacological inhibition of PI3K isoforms on glioblastoma cells,
the expression pattern of PI3K/Akt pathway molecules in these cells was investigated.
Ten human glioblastoma cell lines were selected for measuring the expression levels
of PI3Ks (p110a, p110B, p1100, p85a and p85pB), Akt, PTEN and EGFR, as well as
the phosphorylation level of Akt. Normal astrocytes were used for comparison. A
distinct expression pattern of PI3K/Akt pathway molecules among different
glioblastoma cell lines was exhibited (Figure 3.1). The expression levels of p110aq,
p110B, p1106 and EGFR, as well as the phosphorylation level of Akt in most of
glioblastoma cell lines were higher than those in astrocytes, indicating that they play
important roles in glioblastoma. The expression of p110f and p85p were consistently
high in most glioblastoma cell lines. However, the expression of p110a, p1108, p85a,
Akt and EGFR among different glioblastoma cell lines varied greatly. The expression
of p110a and p110B was low in U-87 MG and U-138 MG cells, accompanied by a
relatively low phosphorylation level of Akt. The expression of p1108 was much higher
in U-87 MG, U-373 MG, SK-MG3, LN-Z308, GBM2603 and GBM6840 cells.

The expression of PTEN in most primary glioblastoma cell lines was null due to

its mutation, whereas it was detected in U-343 MG, A-172, GBM2603 and GBM6840
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cells, as well as in astrocytes. In addition, EGFR was highly expressed in U-343 MG,
A-172, SK-MG3 and GBM6840 cell lines. The distinct expression pattern of PI3K/Akt
pathway in glioblastoma cell lines may contribute to their phenotype and
tumorigenicity. Since U-87 MG cells have been widely used for investigating the
sensitivity of glioblastoma cells to kinase inhibitors, these cells were selected for this
study [94, 290]. Compared with U-87 MG cells, U-373 MG cells showed different
expression of p110a, p1108 and p85a, as well as TP53 status and the
phosphorylation of Akt. These two cell lines to some extent reflect the heterogeneity
of glioblastoma in the clinical, thus U-373 MG cells were employed as a

supplementation.
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Figure 3.1: Expression pattern of PI3K/Akt pathway molecules in human

glioblastoma cell lines. Normal astrocytes were used for comparison. The
expression of B-actin was used as a loading control. GBM2603 and GBM6840 are

two paediatric glioblastoma cell lines.
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3.2 Effect of isoform-selective PI3K inhibitors on glioblastoma cell
proliferation

To investigate the divergent roles of class Ian PI3K catalytic isoforms, selective
inhibitors PIK-75, TGX-221 and CAL-101 against p110a, p1108 and p110&
respectively were employed. The characteristics of these isoform-selective PI3K
inhibitors is described in Table 2.2. U-87 MG and U-373 MG cells were incubated
with PIK-75, TGX-221 and CAL-101 respectively at different concentrations for 48 hr.
The p110a inhibitor PIK-75 displayed a dose-dependent inhibitory effect on
glioblastoma cell proliferation. Cell viability was reduced significantly upon PIK-75
treatment (0.0675 uM), and greater inhibition was achieved with higher concentration
(Figure 3.2A). In contrast, the p110pB inhibitor TGX-221 did not show any significant
inhibitory effect (Figure 3.2B). Compared with PIK-75, the p1100 inhibitor CAL-101
also suppressed U-87 MG and U-373 MG cell proliferation in a dose-dependent
manner but was less effective. Cell viability was significantly reduced when the
concentration of CAL-101 reached 10 uM or higher (Figure 3.2C). Compared with
U-373 MG cells, U-87MG cells were more susceptible to the treatment of these three
inhibitors. The 1Cs values of PIK-75, TGX-221 and CAL-101 against U-87 MG cells
were 0.09 uM, 484.82 uM and 39.11 uM respectively (Figure 3.2D). In summary,
isoform-selective PI3K inhibitors PIK-75, TGX-221 and CAL-101 exerted distinct

effects on glioblastoma cell proliferation.
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Figure 3.2: Divergent effects of PIK-75, TGX-221 and CAL-101 on glioblastoma

cell proliferation. U-87 MG and U-373 MG cells were treated with PIK-75 (A),

TGX-221 (B) or CAL-101 (C) at different concentrations for 48 hr. DMSO was used

as a carrier control. Cell viability of U-87 MG and U-373 MG cells treated with PIK-75

and CAL-101 sharply decreased, whereas TGX-221 had no significant inhibitory

effect (n=3; p values were determined by One-way ANOVA and Post Hoc multiple

comparison Tukey HSD test. Comparison was performed between DMSO control

and treatment groups. *: p <0.05; **: p <0.01; ***: p <0.001). (D) ICso values of PIK-75,

TGX-221 and CAL-101 against glioblastoma U-87 MG cells were determined using

Origin 9.0 software.
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The isoform-selective PI3K inhibitors may be toxic to normal tissues. Therefore,
to investigate the cytotoxicities of these inhibitors, cell viability of normal astrocytes
upon the treatment of PIK-75 (0.1 uyM), TGX-221 (20 uM) or CAL-101 (10 uM) from
24 to 96 hr was evaluated compared with U-87 MG and U-373 MG cells. Results
showed that although cell viability of astrocytes was also inhibited by PIK-75, the
toxicity was less on astrocytes than U-87 MG cells. (Figure 3.3A). No significant
inhibitory effect on cell proliferation of astrocytes was observed in the treatment with
TGX-221 or CAL-101. Compared with astrocytes, U-87 MG cells were more sensitive
to TGX-221 and CAL-101 at 72-hr treatment (Figure 3.3B-C). The inhibitory effects of
PIK-75, TGX-221 and CAL-101 on astrocytes were comparable to their effects on
U-373 MG cells. In addition, the inhibitory effect of PIK-75, not TGX-221 and

CAL-101, on glioblastoma cell proliferation is time-dependent (Figure 3.3).

79



Chapter 3 Distinct roles of PI3K catalytic isoforms in glioblastoma

Cell viability (% of control) Cell viability (% of control)

Cell viability (% of control)

Figure 3.3: Effects of isoform-selective PI3K inhibitors on cell proliferation in
glioblastoma cells and normal human astrocytes. U-87 MG, U-373 MG cells and
human astrocytes were treated with PIK-75 (0.1 pM), TGX-221 (20 uM) or CAL-101
(10 uM) for 24, 48, 72 and 96 hr respectively. DMSO was used as a carrier control.
Compared with U-87 MG cells, astrocytes showed higher viabilities when treated with

PIK-75 (n=3; p values were determined by Two-way ANOVA and Post Hoc multiple
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comparison Tukey HSD test. *: p <0.05; **: p <0.01; ***: p <0.001).
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To investigate whether the effects of the isoform-selective PI3K inhibitors on
glioblastoma cell proliferation was due to the suppression of Akt signaling, Akt
phosphorylation level in U-87 MG cells upon treatment with PIK-75, TGX-221 and
CAL-101 was determined. U-87 MG cells were treated with PIK-75, TGX-221 and
CAL-101 at different concentrations for 3 hr and 24 hr respectively. The inhibitory
effects of PIK-75, TGX-221 and CAL-101 on Akt phosphorylation at both Ser473 and
Thr308 were dose-dependent. Treatment of PIK-75 (2 0.125 uM), TGX-221 (2 5 uM)
and CAL-101 (= 0.5 uM) inhibited the phosphorylation of Akt, and the
phosphorylation level decreased as the concentration of inhibitors increased.
Regardless of distinct effects of isoform-selective PI3K inhibitors on glioblastoma cell
viability, Akt phosphorylation at both Ser473 and Thr308 were reduced after 3-hr and
24-hr treatments, indicating that these inhibitors may affect different downstream

pathways of Akt to exert their different effects (Figure 3.4).
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Figure 3.4: Effects of isoform-selective PI3K inhibitors on Akt signaling in
glioblastoma cells. U-87 MG cells were treated with PIK-75, TGX-221, CAL-101 at
different concentrations for 3 hr and 24 hr. DMSO was used as a carrier control.
PIK-75, TGX-221 and CAL-101 dramatically inhibited Akt phosphorylation at both

Ser473 and Thr308.
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To investigate whether the inhibitory effect on Akt activation was time-dependent,
CAL-101 was selected as the representative inhibitor. U-87 MG cells were incubated
with CAL-101 at a final concentration of 1 yM and 10 uM for 1, 3, 6, 12, and 24 hr,
respectively. CAL-101 (1 uM) displayed inhibitory effect on Akt activation after
incubation for 3 hr, whereas 10 uM of CAL-101 strongly suppressed Akt activation
from 1-hr to 24-hr incubation. Moreover, the inhibitory effect of CAL-101 became
higher as time went by (Figure 3.5). These findings indicated that the inhibitory effect
of CAL-101 on PI3K/Akt signaling was not only dose-dependent, but also
time-dependent.

Due to the long duration of some cellular functional assays, it was necessary to
determine if the isoform-selective inhibitors would lose their inhibitory effects.
Therefore, U-87 MG cells were incubated with CAL-101 for 48 and 72 hr as well.
Results revealed that CAL-101 (1 yuM and 10 uM) suppressed Akt phosphorylation at
Ser4d73 and Thr308 after incubation for 48 hr, whereas this inhibitory effect
disappeared when incubation period was extended to 72 hr (Figure 3.6). This

indicates that the duration of inhibitory effects was up to 48 hr only.
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Figure 3.5: Effect of CAL-101 on Akt signaling in glioblastoma cells at different
time points. U-87 MG cells were incubated with CAL-101 (1 uM and 10 uM) from 1
to 24 hr. Akt phosphorylation at Ser473 and Thr308 was inhibited by CAL-101 in a

time-dependent manner. DMSO was used as a carrier control. The expression of

B-actin was used as a loading control.
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Figure 3.6: Effect of CAL-101 on Akt signaling in glioblastoma cells after 48-

and 72-hr incubation. U-87 MG cells were incubated with CAL-101 (1 uM and 10
MM) for 48 and 72 hr. Akt phosphorylation was inhibited by CAL-101 at 48 hr,
whereas the inhibitory effect disappeared at 72 hr. DMSO was used as a carrier

control. The expression of GAPDH was used as a loading control.
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3.3 Inhibition of p110a, p110B8, or p1108 suppresses glioblastoma
migration

Wound healing assay was performed to evaluate the effects of isoform-selective
PI3K inhibitors on glioblastoma cell migration. U-87 MG cells were pretreated with
mitomycin C prior to wound production to exclude the effect of cell proliferation.
Results showed that mitomycin C at 5-10 ug/mL effectively inhibited U-87 MG cell
growth without decreasing the live cell number (Figure 3.7). Therefore, 5 ug/mL was
considered as the optimal concentration of mitomycin C to block glioblastoma cell
proliferation. Cells were then treated with PIK-75 (0.1 uyM), TGX-221 (20 uyM) and
CAL-101 (10 uM) after wound was generated since inhibitors at these concentrations
were sufficient to inhibit Akt phosphorylation without inducing glioblastoma cell death.
The migratory capacity of U-87 MG cells is presented as the number of cells
migrating into the original wounds, since these cells were dispersedly distributed and
it was difficult to measure the migration distance of cells. Inhibition of p110a, p1103
and p1100 prevented U-87 MG cells migrating into the wound to different extent. The
capacity of blocking migration is roughly ranked as followed:
PIK-75 >TGX-221 >CAL-101 (Figure 3.8). Similar inhibitory effects were also
observed in U-373 MG cells. However, due to the resistance of U-373 MG cells to
these isoform-selective PI3K inhibitors, the inhibitory effect on migration was lower
than those in U-87 MG cells (Figure 3.9).

Actin remodeling includes formation of lamellipodia and membrane ruffles, which

are essential to cell migration. Therefore, the effect of isoform-selective PI3K
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inhibitors on these parameters were assessed by labeling actin filaments after 3-hr
drug treatment. Number of U-87 MG cells with lamellipodia and membrane ruffles
was significantly decreased after treatment with isoform-selective PI3K inhibitors
(Figure 3.10). Interestingly, TGX-221 displayed higher inhibitory effect on membrane
ruffles formation than PIK-75 and CAL-110, whereas lamellipodia formation was
most significantly impaired by PIK-75, suggesting that p110f may be required for
membrane ruffles formation, while p110a is essential to lamellipodia formation

(Figure 3.10E-F).
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Figure 3.7: Glioblastoma cell proliferation was inhibited by mitomycin C.
Number of viable U-87 MG cells was counted using Vi-Cell Cell Viability Analyzer
(Beckman Coulter) before and after treatment of mitomycin C for 24 hr. Cell
proliferation was inhibited by mitomycin C at 5 or 10 pg/mL without impairing cell
viability. MEM medium supplemented with 10% FBS was used as a negative control.
(n=3; p values were determined by One-way ANOVA and Post Hoc multiple

comparison Tukey HSD test. **: p <0.01)
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Figure 3.8: Inhibitory effect of isoform-selective PI3K inhibitors on migration in U-87 MG glioblastoma cells. (A) Wound healing in U-87
MG cells treated with PIK-75 (0.1 uM), TGX-221 (20 uM) or CAL-101 (10 uM) for 12 and 24 hr. Cells were pretreated with 5 pg/mL of mitomycin C
for 1 hr. The lines indicate the edges of wounds generated before drug treatment (0 hr). Photographs were obtained at 50x magnification. (B)
Migration rate (%) was analyzed and expressed as the number of cells migrating into the original wounds relative to those in DMSO control. (n=3;

p values were determined by One-way ANOVA and Post Hoc multiple comparison Tukey HSD test. *: p <0.05; **: p <0.01; ***: p <0.001).
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Figure 3.9: Inhibitory effect of isoform-selective PI3K inhibitors on migration in U-373 MG glioblastoma cells. (A) Wound healing in U-373
MG cells treated with PIK-75 (0.1 uM), TGX-221 (20 yM) or CAL-101 (10 uM) for 12 and 24 hr. Cells were pretreated with 5 ug/mL of mitomycin C
for 1 hr. The lines indicate the edges of wounds generated before drug treatment (0 hr) or after 12-hr or 24-hr treatment. Photographs were
obtained at 50x magnification. (B) Wound healing distance (%) was analyzed and expressed as the migration distance of cells relative to that of

DMSO control. (n=4; p values were determined by One-way ANOVA and Post Hoc multiple comparison Tukey HSD test. *: p <0.05; **: p <0.01).
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Figure 3.10: Inhibitory effects of isoform-selective PI3K inhibitors on
lamellipodia and membrane ruffles formation in glioblastoma cells. (A-B)
Representative cells showing the lamellipodium (white arrow) and membrane ruffle
(black arrow). (C) U-87 MG cells were stained with Alexa Fluor 594-conjugated
phalloidin (red) upon treatment with PIK-75 (0.1 uM), TGX-221 (20 yM) or CAL-101
(10 puM) for 3 hr. Lamellipodia formation was blocked by inhibition of p110a, p110f or
p1108. Bar = 50 um. (D) Phase contrast microscopy showing membrane ruffles were
reduced by the treatment of isoform-selective PI3K inhibitors. Photographs were
obtained at 200x magnification. (E) Cells with lamellipodia were counted and data
were expressed as the ratio of number of cells with lamellipodia over total cell
number. (F) Cells with membrane ruffles were counted and data were expressed as
the ratio of number of cells with membrane ruffles over total cell number. (n=3; p
values were determined by One-way ANOVA and Post Hoc multiple comparison

Tukey HSD test. **: p <0.01; ***: p <0.001)
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3.4 Inhibition of p110a is sufficient to inhibit glioblastoma cell invasion

To analyze the effects of isoform-selective PI3K inhibitors on glioblastoma cell
invasion, Boyden chamber invasion assay was performed on U-87 MG cells. Cells
were seeded onto Matrigel-coated invasion chamber and then treated with PIK-75
(0.1 uM), TGX-221 (20 yM) or CAL-101 (10 pM) for 24 hr. Number of invasive cells
was markedly decreased by PIK-75, whereas neither TGX-221 nor CAL-101

inhibited glioblastoma cell invasion (Figure 3.11).
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Figure 3.11: Inhibition of p110a blocked glioblastoma cell invasion. Boyden
chamber invasion assay against U-87 MG cells treated with PIK-75 (0.1 uM),
TGX-221 (20 uM) or CAL-101 (10 uM) for 24 hr. (A) Representative photographs
showing the invasive cells that had passed through matrigel to the lower surface of
the membrane at 100x magnification. Invaded cells from 5 representative fields were
counted. (B) Number of invaded cells was significantly decreased by PIK-75 (n=3; p
values were determined by One-way ANOVA and Post Hoc multiple comparison

Tukey HSD test. *: p <0.05).

94



Chapter 3 Distinct roles of PI3K catalytic isoforms in glioblastoma

3.5 Knockdown of p1105 shows distinct effect on Akt signaling and
invasion in glioblastoma cells

The roles of p110a and p110 in glioblastoma have been well studied. However,
the role of p1100 and its interaction with p110a and p110B are not fully understood.
To investigate these, target-specific siRNAs against PIK3CD (siPIK3CD 1,
siPIK3CD_2, siPIK3CD_5, and siPIK3CD_6) were employed and their sequences
are shown in Table 2.7. Prior to the siRNA-induced gene knockdown experiment, the
transfection efficiency was evaluated to obtain the most optimized ratio between
siRNA duplexes and transfection reagent. The AllStars Hs Cell Death Control siRNA
duplexes were mixed with Lipofectamine 2000 transfection reagent at a ratio of 100:5,
100:3, 100:1.5 or 50:1.5 (pmol:uL). U-87 MG cells were incubated with the mixture
for 48 hr at 37°C. Since the AllStars Hs Cell Death Control siRNA duplexes target
several genes which are essential to cell survival, the higher the transfection
efficiency, more cell death will be triggered. Results demonstrated that when the ratio
between cell death control siRNA duplexes and Lipofectamine 2000 was 100 pmol :

5 uL, the transfection achieved the highest efficiency (Figure 3.12).
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Figure 3.12: Optimization of siRNA transfection efficiency. The AllStars Hs Cell
Death Control siRNA duplexes were mixed with Lipofectamine 2000 transfection
reagent at a series of ratios. U-87 MG cells were incubated with the mixture for 48 hr
at 37°C. Photographs were obtained at 100x magnification. The transfection

efficiency was higher as cells displayed higher cytotoxicity after 48-hr incubation.
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To observe the effect of PIK3CD knockdown on PI3K/Akt signaling pathway in

glioblastoma cells, U-87 MG cells were transfected with four siRNA duplexes against

PIK3CD. Results showed that all four siPIK3CD duplexes were able to significantly

decrease the protein and mRNA expression levels of PIK3CD (Figure 3.13A).

Compared with the scramble siRNA transfection, the relative mRNA expression of

PIK3CD was decreased to 0.28, 0.19, 0.21 and 0.19 by siPIK3CD _1, siPIK3CD_2,

siPIK3CD_5, and siPIK3CD_6 respectively (Figure 3.13A, top panel). Subsequently,

siPIK3CD_2 and siPIK3CD_6 with the highest knock-down efficiency were selected

for the following studies. To evaluate the off-target effect of siPIK3CDs and their

effects on Akt signaling, the expression of p110a and p110f was measured.

Compared with the scramble siRNA transfection, the transfection of siPIK3CD_2 and

siPIK3CD_6 did not affect the expression of p110a, p1108 and Akt. Also, the

phosphorylation level of Akt did not significantly change, which was distinct from the

treatment of p1108 inhibitor (Figure 3.13B).
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Figure 3.13: Knockdown of PIK3CD in glioblastoma cells. U-87 MG cells were
incubated with the mixture of siRNA (100 pmol) and Lipofectamine 2000 (5 L) for 48
hr. The AllStars Negative Control siRNA duplexes were denoted as “scramble siRNA”
and used as a negative control. (A) The mRNA and protein expression of p1105 was
decreased by siPIK3CD. The GAPDH mRNA was used a control to normalize the
mRNA expression of PIK3CD. The protein expression of GAPDH was used as a
loading control. (n=3. p values were determined by One-way ANOVA and Post Hoc
multiple comparison Tukey HSD test. ***

siPIK3CD_6 were selected to observe their effects on Akt signaling. The expression

of B-actin was used as a loading control.
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We had observed the divergent effects between p11008 inhibitor and PIK3CD

gene knockdown on Akt signaling. However, it is not clear whether these two

treatments also have distinct effects on glioblastoma cell proliferation, migration and

invasion. Therefore, U-87 MG cells were transfected with siPIK3CD 2 and

siPIK3CD_6 duplexes. After a 48-hr incubation, cells were typsinized and used for

cell proliferation, wound healing and invasion assays. Results showed that

glioblastoma cell proliferation was significantly inhibited by siPIK3CD 2 and

siPIK3CD_6. The inhibitory effect of siPIK3CDs on glioblastoma cell proliferation is

time-dependent (Figure 3.14). In addition, cell migration was also suppressed by

siPIK3CD_2 and siPIK3CD_6, whereas cell invasion was only blocked by

siPIK3CD_2 (Figure 3.15).

To investigate the mechanism of PIK3CD knockdown on glioblastoma cell

migration and invasion, the mRNA expression levels of focal adhesion-related genes

were measured. The mRNA expression levels of P130Cas and ITGB3 were

downregulated by siPIK3CD 2 and siPIK3CD_6, while the mRNA expression of

ITGB1 was not significantly affected, indicating that knockdown of PIK3CD may

suppress glioblastoma cell migration via inhibition of p130Cas and integrin 33 (Figure

3.16). Interestingly, the mRNA expression level of ADAMTS1 was increased by

siPIK3CD_2, but it was decreased by siPIK3CD_6, suggesting that it may be the

reason why siPIK3CD_2 but not siPIK3CD_6 had inhibitory effect on glioblastoma

cell invasion (Figure 3.16).
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Figure 3.14: Effect of PIK3CD gene knockdown on glioblastoma cell
proliferation. U-87 MG cells were transfected with siPIK3CD_2 and siPIK3CD_6
duplexes and then incubated for 48 hr. The AllStars Negative Control siRNA
duplexes were denoted as “scramble siRNA” and used as a negative control. Cells
were then seeded onto 96-well plates to perform cell proliferation assay. Cells were
incubated in a-MEM medium supplemented with 10% FBS for additional 24, 48, 72
and 96 hr. (n=3; p values were determined by Two-way ANOVA and Post Hoc

multiple comparison Tukey HSD test.*: p <0.05; ***: p <0.001).
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Figure 3.15: Effect of PIK3CD gene knockdown on glioblastoma cell migration
and invasion. U-87 MG cells were transfected with siPIK3CD_2 and siPIK3CD_6
duplexes and incubated for 48 hr. The AllStars Negative Control siRNA duplexes
were denoted as “scramble siRNA” and used as a negative control. (A) Cells were
treated with 5 ug/mL of mitomycin C for 1 hr and then used for wound healing assay.
The lines indicate the edges of wounds generated before drug treatment (0 hr).
Photographs were obtained at 50x magnification. Migration rate (%) was analyzed
and expressed as the number of cells migrating into the original wounds relative to
those in DMSO control. (B) Cells were used for Boyden chamber invasion assay.
Representative photographs showing the invasive cells that had passed through
matrigel to the lower surface of the membrane at 100x magnification. Invaded cells
from 5 representative fields were counted. (n=3; p values were determined by

One-way ANOVA and Post Hoc multiple comparison Tukey HSD test. **: p <0.01).
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Figure 3.16: The siRNA duplexes against PIK3CD influenced the expression of
ADAMTS], P130Cas, ITGB1, and ITGB3. U-87 MG cells were transfected with
siPIK3CD duplexes and incubated for 48 hr. The AllStars Negative Control siRNA
duplexes were denoted as “scramble siRNA” and used as a negative control. SYBR
Green qRT-PCR was performed to evaluate the effects of siPIK3CD 2 and
siPIK3CD_6 on the mRNA expression of ADAMTS1, P130Cas, ITGB1 and ITGBS3.
Human GAPDH mRNA was served as an internal control for RNA normalization.
(n=3. p values were determined by One-way ANOVA and Post Hoc multiple

comparison Tukey HSD test. *: p <0.05; **: p <0.01; ***: p <0.001).
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3.6 Discussion

3.6.2 Distinct expression pattern of PI3K/Akt pathway molecules in

glioblastoma cells

The expression pattern of PI3K/Akt pathway molecules varied greatly among
different glioblastoma cell lines. EGFR was overexpressed in 8 out of 10
glioblastoma cell lines, compared with the expression in astrocytes. Evidence
reveals that it is frequently amplified or overexpressed in primary glioblastoma [5].
Overexpression of EGFR is associated with the elevated PI3K activity, leading to the
activation of Akt signaling. Mutation and loss of PTEN are frequently found in primary
glioblastoma (15%-40%) [291]. Since most of PTEN mutations in cell lines are
splicing variant, deletion or frame shift (Table 2.1), it is not surprised that its
expression was not detected in the most of the cell lines investigated in this study.
However, two paediatric glioblastoma cell lines expressed wild-type PTEN, leading
to inactivation of Akt, since PTEN mutation is rare in paediatric glioblastoma and only
one allele of PTEN is mutated in GBM6840 cells [143, 285]. PTEN was also detected
in U-343 MG cells because its mutation in these cells is point mutation including
substitution or missense, which resulted in TGT(Cys) turning to TCT(Ser) [284].

Besides, the expression of p110a and p1106 was different between glioblastoma
cell lines. The distinct expression pattern of PI3K/Akt pathway molecules may
contribute to the activation of Akt and downstream signaling pathways in different

manners, and lead to the various phenotypes and tumorigenicity. Due to their
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ubiquitous expression, p110a and p110p may play dominant roles in Akt activation.
Studies find that p1100 is overexpressed in some solid tumors including glioblastoma
[104, 105], neuroblastoma [106], breast [107] and prostate cancer [108]. We also
observed high expression level of p110d in several glioblastoma cell lines. However,
even though p1108 expression was high in U-87 MG cells, the low expression of
p110a and p110pB led to the low phosphorylation of Akt, suggesting that p1103 has a

lower lipid kinase activity.

3.6.3 The p110a isoform plays a more crucial role in glioblastoma than

p110B and p1105

To investigate the roles of class Ia PI3K catalytic isoforms in glioblastoma cells,
three selective inhibitors PIK-75, TGX-221 and CAL-101 were employed, which
selectively targets p110a, p110B and p1108 respectively. These PI3K isoforms
played distinct roles in glioblastoma cell proliferation, migration and invasion.
Although these inhibitors all inhibited Akt phosphorylation at both Ser473 and Thr308,
they may affect divergent downstream pathways. Inhibition of p110a was sufficient to
suppress glioblastoma cell viability, migration and invasion, whereas inhibition of
p110B only blocked cell migration, and inhibition of p110d moderately impeded cell
proliferation and migration. Similar findings also show that inhibition of p110a
suppresses proliferation and migration in glioblastoma cells, whereas inhibition of

p110B impedes migration but not affects cell proliferation [292]. Thus, p110a is of
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more importance to glioblastoma cell viability and motility than p110p and p1103.

Accumulating evidence shows that the p110 isoforms exert distinct roles in Akt

phosphorylation and other pathological processes [293, 294]. The p110a and p1103

isoforms display different preferences to RTK activation, and p1108 is also activated

by GPCRs [66, 295]. Gene silencing and isoform-selective inhibitors are helpful to

investigate the individual role of class Ia PI3K catalytic subunits. The p110a isoform

is required for tumor cell proliferation, migration and invasion, whereas p1108 is

essential to cell survival and tumorigenesis [64, 90-92]. Knockdown of PIK3CA

significantly inhibits cell viability and motility in medulloblastoma and glioblastoma

cells [90, 91]. The p110a isoform is also vital to invasion of breast cancer cells

through mediating invadopodia formation [93]. In addition, tumor cell growth is

effectively suppressed in vitro and in vivo by using the p110a isoform-selective

inhibitors A66, BYL719 or PIK-75, while apoptosis and cell cycle arrest are promoted

[94-97]. Knockdown of PIK3CB suppresses cell proliferation and induces apoptosis

in ovarian cancer and glioblastoma in vitro and in vivo, suggesting p110p plays

important roles in cell growth [92, 98]. However, selective p110B inhibitor TGX-221

does not affect cell proliferation or apoptosis, but impedes migration in glioblastoma

cells [292]. Similar findings were also observed in this study. Our previous study

shows that knockdown of PIK3CB barely suppresses glioblastoma cell migration,

which is different from the selective inhibitor TGX-221 [104]. Distinct outcomes

between the selective inhibitor and gene knockout may be caused by

kinase-independent function of p110f or compensatory effect of other kinases [296,
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297]. Effect of PIK3CB knockout or knockdown on cell migration may be
compensated by other p110 isoforms such as p110a, leading to the unaffected
migratory capacity. Besides, mice with kinase-dead mutant of p1103 are capable to
survive to adulthood, while ablation of p110 leads to embryonic lethality, indicating
p110B has kinase-independent functions [298, 299]. Therefore, even though the
kinase activity of p110f is decreased, its kinase-independent function still exist to
maintain some phenotypes such as proliferation.

Targeting p11086 suppresses cell growth, migration and invasion in
neuroblastoma and glioblastoma cells [104, 106]. Our previous study shows that
knockdown of PIK3CD blocks glioblastoma cell migration and invasion, whereas a
selective p11006 inhibitor IC87114 only suppresses cell migration without affecting the
invasive capacity [104]. In this study, similar results were also found in glioblastoma
cells using two siRNAs with difference sequences targeting PIK3CD and the inhibitor
CAL-101 with higher selectivity for p1108. This suggests that p1100 also has a
kinase-independent function on invasion.

Taken together, p110a is most essential among three class Ia PI3K catalytic
isoforms, which may be due to its predominant role in RTK-mediated Akt signaling.
In contrast, inhibition of p110B and p1108 exerts minor influence on cellular functions
of glioblastoma cells, which may be limited by the constitutive activation of p110a

[300].

107



Chapter 3 Distinct roles of PI3K catalytic isoforms in glioblastoma

3.6.4 The p1100 isoform may compete with p110a and p1108 for RTK

binding

Although the p110a isoform plays a dominant role in the activation of PI3K/Akt
signaling, it is hypothesized that p110B modulates PI3K activity in a competitive
manner by competing against p110a for RTK binding [301]. In this competition model,
p110a and p110B with high and low lipid kinase activities respectively competes with
each other for binding to RTKs. Ablation of p110a liberates binding sites for
occupancy of p110B with low lipid kinase activity, leading to attenuated PI3K activity
and Akt activation. On the contrary, knockout of p110f3 causes the compensatory
effect of p110a, and more active p110a binds to RTKSs, resulting in elevated PISK
activity and Akt activation (Figure 3.17A). If the p110B activity is inhibited by a
selective inhibitor, inactive p110p still occupies the binding sites of RTKs, thus
suppresses PI3K activity and Akt activation (Figure 3.17B). This model is supported
by the evidence that genetic deletion of PISKCA suppresses tumor formation in
breast cancer, whereas loss of PIK3CB leads to mammary gland hyperplasia and
tumorigenesis, accompanied by increased PI3K activity and Akt phosphorylation
level [301]. In addition, overexpression of p110B blocks the EGF-induced migration
in breast cancer cells, suggesting abundant p110f may replace p110a in interacting
with EGFR and results in decreased active p110a [302].

Similarly, we observed that the phosphorylation of Akt at Ser473 and Thr308
was not downregulated by siPIK3CDs, whereas the p11006-selective inhibitor
CAL-101 significantly inhibited Akt phosphorylation. We hypothesized that p1100
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may also be involved in this competition model and compete with p110a and p1103
to fine-tune PI3K activity. Therefore, knockdown of p1108 may cause an increased or
unaffected Akt phosphorylation level, compensated by more active p110a and p1103
binding to RTKs. Inhibition of p110d by CAL-101 suppressed Akt phosphorylation,
because inactive p1100 still occupies the RTK binding sites. Supporting evidence
comes from the findings that silencing PIK3CD doesn’t affect Akt phosphorylation in

neuroblastoma cells [106].
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Lipid kinase activity

Figure 3.17: Schematic diagram demonstrating a competition model of p110a
and p110p against RTK-binding sites [301]. In this competition model, p110a and
p110p are two PI3K isoforms with high and low lipid kinase activities, respectively. (A)
Deletion of p110a is expected to markedly decrease PI3K activity, whereas knockout
of p110p releases the RTK-binding sites for more active p110q, leading to increased
PI3K activity and activation of Akt signaling. (B) In the presence of a selective p1103
inhibitor, p110p still occupies the binding sites on receptors, consequently blocking

p110a binding and decreasing PI3K activity.
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3.6.5 Knockdown of PIK3CD inhibits glioblastoma cell migration and

invasion

Although both the p1108 inhibitor and PIK3CD gene knockdown were able to
impeded glioblastoma cell proliferation and migration, they displayed distinct effect
on cell invasion, which may be induced by the kinase-independent function of p1105.
Knockdown of PIK3CD failed to inhibit Akt phosphorylation, likely due to the
compensation of p110a or p110pB, but it suppressed glioblastoma cell motility through
mediating mMRNA expression levels of integrin 3, p130Cas and ADAMTS1. This
suggests that p1106 may exert its role in a p110a- or p110B-independent manner,
which is supported by the findings that the activation mechanism between p110a and
p1108 mediated by the p85 regulatory subunit is different [68].

Integrins are transmembrane receptors that serve as bridges between cellular
actin cytoskeleton and extracellular matrix (ECM) during cell adhesion, migration
and invasion. Integrin interacts with intracellular adhesion molecules such as talin,
paxillin, a-actinin and vinculin, thereby plays a crucial role in actin reassembly, focal
adhesion and migration [303]. It is also involved in cell invasion though linking to
MMPs and mediating their activation [304]. Integrins are composed of af3
heterodimers that recognize various ECM ligands including fibronectin, collagen,
laminin and vitronectin. Different integrin heterodimers are able to recognize different
ligands. For example, integrin a7B1 recognizes laminin, while the av33 heterodimer

interacts with fibronectin and vitronectin [305]. Higher expression levels of av33,
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a5B1 integrins are found in glioblastoma than low-grade glioma and normal brain

tissues, correlated with higher capacity of cell migration and invasion [306, 307].

Overexpression of integrin 3 promotes non-invasive prostate cancer cell migration

and adhesion through activation of PI3K/Akt pathway [308]. On the contrary,

silencing of ITGB3 (encodes integrin B3) impedes migration and invasion in

colorectal cancer cells [309]. We found that knockdown of PIK3CD decreased the

MRNA expression of ITGB3 rather than /TGB1, although integrin 31 also plays an

important role in cell migration and invasion. P130Cas, also known as breast cancer

anti-estrogen resistance protein 1 (BCAR1), is a member of the Crk-associated

substrate (Cas) family. It serves as an adaptor protein interacting with Src kinase and

FAK involved in cell motility. It has been shown that overexpression of p130Cas in

MEFs promotes cell migration by increasing actin assembly at lamellipodia sites and

enhancing focal adhesion turnover rate [310]. Evidence shows that integrin

B1/Akt/p130Cas/paxillin signaling axis plays a crucial role in the regulation of cell

death and invasion [311, 312]. Integrin B1-mediated Akt activation induces

phosphorylation of paxillin and p130Cas through binding of FAK to integrin and then

activating PI3K [311]. The mRNA expression of p130Cas was downregulated when

PIK3CD was silenced. These findings suggest that p110d is able to regulate

glioblastoma cell migration and invasion through mediating integrin B3 expression

and integrin B1/P13K/Akt/p130Cas/paxillin axis.

ADAMTSH1 (a disintegrin and metalloprotease with thrombospondin motifs 1) is

a metalloprotease involved in tumor invasion and metastasis. However, the effect of
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ADAMTS1 on cancer cell invasion is still in controversy. Either increased or
decreased expression level of ADAMTS1 is found in various tumors [313, 314].
Overexpression of ADAMTS1 promotes bronchial epithelial tumor development and
remodeling of stroma by increasing the expression of MMP-13 and fibronectin [315].
Controversial evidence also shows that deletion of ADAMTS1 promotes cell invasion
and invadopodia formation in breast cancer cells by increasing the expression of
VEGF and VEGFR2 [316]. The mechanism of ADAMTS1 as a pro-invasive or
anti-invasive molecule is poorly understood. It may be explained by the
anti-angiogenic role of ADAMTS1 through sequestering VEGF and preventing its
binding to VEGFR [317, 318]. Therefore, high expression level of ADAMTS1
released in the ECM leads to VEGF arrest and reduced cell invasion. Here, we
demonstrated that knockdown of PIK3CD by siPIK3CD_2 increased glioblastoma
cell invasion, correlated with upregulation of ADAMTS1 expression. Conversely,
siPIK3CD_6 downregulated the mRNA expression of ADAMTS1, and did not affect
the cell invasion. The data suggest that ADAMTS1 suppresses glioblastoma cell
invasion in vitro, and the divergent effect between siPIK3CD_2 and siPIK3CD_6 may
be caused by off-target effect. Since siRNA can trigger off-target effect to prevent the
expression of various genes through microRNA-like silencing mechanism,
siPIK3CD_6 may bind to the 3'UTR of ADAMTS1 gene, leading to its mRNA

degradation [319].
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Chapter 4 Combined inhibition of PI3K catalytic

isoforms and JNK in glioblastoma

4.1 Inhibition of JNK suppresses glioblastoma cell proliferation and
JNK signaling

JNK signaling pathway plays an important role in the survival and motility of
cancer cells [212, 214, 217, 228]. The phosphorylation level of JNK in astrocytes was
comparable to glioblastoma cells, indicating that JNK also plays a pivotal role in
normal brain tissues. However, the phosphorylation level of c-Jun in astrocytes was
much lower than glioblastoma cells, since c-Jun/AP-1 is involved in the
transcriptional regulation of numerous oncogenes or tumor suppressor genes. The
protein expression level of c-Jun varied greatly in glioblastoma cell lines, while its
phosphorylation level was consistently high (Figure 4.1A). U-87 MG, U-373 MG,
U-343 MG and SK-MG3 cells with high expression and phosphorylation levels of
c-Jun were selected to evaluate the effect of JNK inhibition on proliferation in
malignant glioma cells. SP600125 is a non-selective JNK inhibitor with broad
spectrum against JNK1, JNK2 and JNK3. The characteristics of SP600125 is shown
in Table 2.3. U-87 MG, U-373 MG, U-343 MG and SK-MGS3 cells were incubated with
SP600125 at different concentrations for 48 hr. SP600125 significantly suppressed
glioma cell proliferation in a dose-dependent manner with ICsg of 20.43 uM, 29.66 uM,
29.82 uyM and 28.91 uM for U-87 MG, U-373 MG, U-343 MG and SK-MG3 cells

respectively (Figure 4.1B-C). U-87 MG cells were more sensitive to SP600125 than
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the other glioblastoma cells.

To evaluate the effect of SP600125 on JNK signaling in glioblastoma cells, U-87

MG cells were treated with the inhibitor at a series of concentrations for 3 and 24 hr.

Results demonstrated that SP600125 (= 5 uM) decreased the phosphorylation level

of c-Jun in a dose-dependent manner, whereas JNK phosphorylation was not

affected (Figure 4.2). To determine whether the inhibitory effect of SP600125 on JNK

signaling is time-dependent, U-87 MG cells were incubated with SP600125 at a final

concentration of 5 yM and 20 uM for 1, 3, 6, 12, and 24 hr, respectively. SP600125 (5

MM) slightly inhibited c-Jun phosphorylation after 1-hr to 24-hr treatment. In contrast,

SP600125 at a higher concentration (20 uM) remarkably suppressed c-Jun

phosphorylation, and this inhibitory effect was more significant as time went by

(Figure 4.3A). This inhibitory effect maintained till 48 hr, but it disappeared and the

phosphorylation level of c-Jun was comparable to that of control group after 72-hr

treatment (Figure 4.3B). These findings indicated that the inhibitory effect of

SP600125 on JNK signaling was not only dose-dependent, but also time-dependent.
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Figure 4.1: Expression pattern of JNK pathway in glioblastoma cells and effect
of JNK inhibitor SP600125 on glioblastoma cell proliferation. (A) Protein
expression and phosphorylation levels of JNK and c-Jun in astrocytes and
glioblastoma cell lines. The expression of B-actin was used as a loading control. (B)
U-87 MG, U-373 MG, U-343 MG and SK-MG3 cells were treated with SP600125 at
different concentrations for 48 hr. DMSO was used as a carrier control. Cell
proliferation was significantly inhibited by SP600125 (n=3; p values were determined
by One-way ANOVA and Post Hoc multiple comparison Tukey HSD test. *: p <0.05;
***: p <0.001). (C) ICsp values of SP600125 against glioblastoma cell lines U87-MG,
U-373 MG, U-343 MG and SK-MG3, determined by dose response curve fitting using

Origin 9.0 software (n=3).
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Figure 4.2: Inhibitory effect of JNK inhibitor SP600125 on JNK signaling in

glioblastoma cells. U-87 MG cells were incubated with SP600125 at different
concentrations for 3 hr (A) or 24 hr (B). DMSO were used as a carrier control.
SP600125 inhibited c-Jun phosphorylation in a dose-dependent manner, without

affecting the phosphorylation of JNK. The expression of B-actin was used as a

loading control.
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Figure 4.3: SP600125 inhibited c-Jun phosphorylation in a time-dependent manner. (A) U-87 MG cells were treated with SP600125 (5 uM

and 20 uM) for 1 hr to 24 hr. The expression of B-actin was used as a loading control. (B) U-87 MG cells were treated with SP600125 (5 uM and

20 uM) for 48 hr and 72 hr. The expression of GAPDH was used as a loading control. DMSO was used as a carrier control.
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4.2 Combination effects of isoform-selective PI3K inhibitors and JNK
inhibitor on glioblastoma cell proliferation

To evaluate the combination effect on glioblastoma cell proliferation, U-87 MG
cells were treated with the isoform-selective PI3K inhibitors or SP600125 alone and
in combination for 48 hr. PIK-75, TGX-221 and CAL-101 were combined with
SP600125 at a fixed ratio according to the method described by Chou [289]. FA-CI
plots were generated to evaluate the combination effect (Figure 4.4). Combination of
PIK-75 and SP600125 showed antagonistic effect on U-87 MG cell proliferation with
Cl >1.1, whereas TGX-221/CAL-101 combined with SP600125 exhibited a moderate
synergistic effect with Cl <0.9 (Table 4.1). In addition, PIK-75 consistently
antagonized with SP600125 even though the ratio of PIK-75 to SP600125 increased
to 1:40 (Table 4.2 and Figure 4.4B). Interestingly, TGX-221 at too low or too high
concentrations did not synergize with SP600125, indicating that combination effect of
TGX-221 and SP600125 is dose-dependent (Table 4.1). According to earlier findings,
0.1 uM of PIK-75, 20 uM of TGX-221, 10 uM of CAL-101 and 20 uM of SP600125
alone showed less cytotoxicities to U-87 MG cells but significant inhibition of Akt or
JNK signaling. Furthermore, combination of TGX-221 and SP600125, as well as
CAL-101 and SP600125 displayed synergistic effects at these concentrations.

Therefore, these concentrations were chosen for the subsequent experiments.
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Figure 4.4: Combination effects of isoform-selective PI3K inhibitors and

SP600125 on glioblastoma cell proliferation. FA-CI plots represent the Cl values

automated generated by Compusyn software. U-87 MG cells were treated with

isoform-selective PI3K inhibitors and SP600125 at a fixed ratio for 48 hr. DMSO was

used as a carrier control. (A-B) FA-CI plots represent the CI values of PIK-75 and

SP600125 at the ratio of 1:200 or 1:40. (C) FA-CI plot represents the Cl values of

TGX-221 and SP600125 at the ratio of 1:1. (D) FA-CI plot represents the Cl values of

CAL-101 and SP600125 at the ratio of 1:2. Two dashed lines indicated the Cl values

of 0.9 and

1.1.

120



Chapter 4 Combined inhibition of PI3K catalytic isoforms and JNK in glioblastoma

Table 4.1: Combination index (Cl) for cell viability in U-87 MG glioblastoma cells treated with combinations of SP600125 and PIK-75,

TGX-221 or CAL-101 (n=3)

cl*
PIK-75 (uM)  TGX-221 (uM) CAL-101 (uM) SP600125 (uM) PIK-75 + TGX-221 + CAL-101 +
SP600125 SP600125 SP600125
0.01 2 1 2 1.333 +0.169 1.252 + 0.040 1.614 £ 0.169
0.025 5 2.5 5 1.645 + 0.082 0.907 + 0.005 1.263 + 0.301
0.05 10 5 10 1.595 + 0.061 0.837 + 0.001 0.911 +0.107
0.1 20 10 20 1.568 + 0.047 0.855 + 0.055 0.809 + 0.018
0.2 40 20 40 2.104 +0.103 1.009 £ 0.125 0.700 + 0.049

* Data were presented as mean + S.E.M. Cl < 0.9 indicates synergistic effect; Cl > 1.1 indicates antagonistic effect; Cl between 0.9 and 1.1

indicates additive effect.
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Table 4.2: Combination index (Cl) for cell viability in U-87 MG cells treated with

PIK-75 and SP600125 at a fixed ratio of 1:40 (n=3)

PIK-75 (M) SP600125 (uM) cl*
0.05 2 6.457 + 2.157
0.125 5 2.164 + 0.412
0.25 10 1.166 + 0.176

0.5 20 1.369 £ 0.175
1 40 1.262 + 0.369

* Data were presented as mean £ S.E.M. Cl < 0.9 indicates synergistic effect; Cl >

1.1 indicates antagonistic effect; Cl between 0.9 and 1.1 indicates additive effect.
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To investigate whether the combination treatment was time-dependent, U-87 MG

cells were treated with PIK-75 (0.1 uyM), TGX-221 (20 uM) and CAL-101 (10 uM)

combined with SP600125 (20 uM) for 24, 48, 72 and 96 hr. Combination of PIK-75

and SP600125 attenuated the inhibitory effect of PIK-75 at all the investigated time

points, being in accordance with the observation that PIK-75 and SP600125 were

antagonistic (Figure 4.5A). The inhibitory effects of drug combinations (TGX-221 and

SP600125, CAL-101 and SP600125) on glioblastoma cell proliferation were

time-dependent, and SP600125 potentiated the inhibitory effect of TGX-221 or

CAL-101 at all the time points tested (Figure 4.5B-C). Taken together, combination of

PIK-75 and SP600125 showed an antagonistic effect on glioblastoma cell

proliferation, whereas TGX-221 or CAL-101 synergized with SP600125 in a dose-

and time- dependent manner. Similar results were also found in U-373 MG cells,

suggesting that the combination effect may not be cell line-specific (Figure 4.6).

Western blotting was carried out to investigate the effects of drug combination on

Akt and JNK signaling. JNK inhibitor SP600125 not only inhibited c-Jun

phosphorylation, but also attenuated Akt phosphorylation at Ser473 and Thr308.

More importantly, combination of TGX-221 or CAL-101 and SP600125 had higher

inhibition of Akt phosphorylation at Thr308, whereas Akt phosphorylation at Ser473

and c-Jun phosphorylation were not further inhibited (Figure 4.5E-F). No significant

change of Akt and c-Jun phosphorylation levels was observed in the combination of

PIK-75 and SP600125 (Figure 4.5D). The phosphorylation level of c-Jun was

elevated by PIK-75, indicating this may be the cause of antagonism. Interestingly,

123



Chapter 4 Combined inhibition of PI3K catalytic isoforms and JNK in glioblastoma

inhibition of p110B remarkably suppressed c-Jun phosphorylation, but no further
suppression was observed when JNK was also inhibited (Fig 4.5E). This suggests
that p110B and JNK may act on c-Jun via the same pathway.

Additionally, experiments were also conducted in normal human astrocytes to
evaluate the combination effects on normal brain cells. Treatments of SP600125
alone, as well as combined with PIK-75, TGX-221 and CAL-101 showed lower

cytotoxicities to astrocytes than U-87 MG cells (Figure 4.7).
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Figure 4.5: Combination effects of isoform-selective PI3K inhibitors and
SP600125 on glioblastoma cell proliferation and signal transduction. (A-C)
U-87 MG cells were treated with PIK-75 (0.1 uM), TGX-221 (20 uM) or CAL-101 (10
MM) alone and combined with SP600125 (20 uM) for 24, 48, 72 and 96 hr
respectively. DMSO was used as a carrier control. PIK-75 combined with SP600125
showed antagonistic effect, whereas SP600125 significantly synergized TGX-221 or
CAL-101 (n=3; p values were determined by Two-way ANOVA and Post Hoc multiple
comparison Tukey HSD test. ***: p <0.001). (D-E) U-87 MG cells were treated with
PIK-75, TGX-221 or CAL-101 alone and combined with SP600125 for 3 hr.
Combination of TGX-221 and SP600125, as well as CAL-101 and SP600125
exhibited higher inhibition of Akt phosphorylation at Thr308 and to a lesser extent at

Ser473.

126



Chapter 4 Combined inhibition of PI3K catalytic isoforms and JNK in glioblastoma

A -& PIK-75 B -» TGX-221 C
= 1204 = SP600125 3 120- = SP600125 = 120, -+~ CAL-101
= - PIK-75+SP600125 & - TGX-221+SP600125 = -+ SP600125

100 c
8 3 1004 3 sl - CAL-101+SP600125
‘s 80 b s =
2 2 8 g
"‘; 604 - 80 ; 804
= 40 ln—x :é ]* = }*, Kk
g g 60+ E 604
= 201 = =
5 ° T
o 0 T T T T O 4 T T T T O 40 T T T T

24 48 72 96 24 48 72 96 24 48 72 96
Time (hours) Time (hours) Time (hours)

Figure 4.6: Combination effects of isoform-selective PI3K inhibitors and SP600125 on U-373 MG glioblastoma cell proliferation. U-373

MG cells were treated with PIK-75 (0.1 uM), TGX-221 (20 yM) or CAL-101 (10 uM) alone and combined with SP600125 (20 uM) for 24, 48, 72

and 96 hr respectively. DMSO was used as a carrier control. (A) PIK-75 combined with SP600125 showed antagonistic effect. (B) TGX-221

showed slight synergism with SP600125 at 72 hr and 96 hr. (C) CAL-101 showed synergistic effect with SP600125 at 72 hr and 96 hr. (n=3; p

values were determined by Two-way ANOVA and Post Hoc multiple comparison Tukey HSD test.*: p <0.05; **: p <0.01; ***: p <0.001).
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Figure 4.7: Combination effects of isoform-selective PI3K inhibitors and

SP600125 on cell proliferation in normal human astrocytes. Glioblastoma cells

U-87 MG and human astrocytes were treated with PIK-75 (0.1 uM), TGX-221 (20 uM)

or CAL-101 (10 yM) alone and combined with SP600125 (20 uM) for 24, 48, 72 and

96 hr respectively. Compared with U-87 MG cells, astrocytes showed much higher

viability when treated with SP600125 combined with PIK-75 (A), TGX-221 (B) or

CAL-101 (C). (D) SP600125 alone also displayed less cytotoxicity to normal human

astrocytes. (n=3; p values were determined by Independent Sample t-test.*: p <0.05;

** p <0.01; ***: p <0.001).
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4.3 Combination effects of isoform-selective PI3K inhibitors and JNK
inhibitor on glioblastoma cell migration and invasion

To investigate the combination effects of isoform-selective PI3K inhibitors and
SP600125 on glioblastoma cell motility, wounds were generated on confluent U-87
MG cells, subsequently treated with PIK-75 (0.1 uM), TGX-221 (20 uM), or CAL-101
(10 uM) alone and combined with SP600125 (20 uM) for 24 hr. In order to exclude
the effect of cell proliferation, cells were incubated with mitomycin C prior to wound
production and inhibitor treatment. Results showed that combination of PIK-75 and
SP600125 did not further inhibit glioblastoma cell migration, whereas TGX-221 or
CAL-101 combined with SP600125 potentiated the inhibitory effects (Figure 4.8).
Similar inhibitory effects were also observed in U-373 MG cells. However, due to the
resistance of U-373 MG cells to these inhibitors, the synergistic inhibitory effects
were lower than those in U-87 MG cells (Figure 4.9). In addition, TGX-221 or
CAL-101 synergized with SP600125 to block the formation of lamellipodia and
membrane ruffles in U-87 MG cells, whereas the combination of PIK-75 and
SP600125 did not (Figure 4.10).

To elucidate the molecular mechanism contributing to the synergistic effects of
isoform-selective PI3K inhibitors and JNK inhibitor on cell migration, activation of
focal adhesion and cytoskeleton-related signaling network were investigated. After
24-hr drug treatment, phosphorylation level of FAK at Tyr925 in U-87 MG cells was
decreased upon inhibition of p110 isoforms or JNK alone, whereas the

phosphorylation level of zyxin was only reduced by inhibition of JNK (Figure 4.11A-C).
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Moreover, combination of TGX-221 and SP600125 showed Ilower FAK
phosphorylation level, while combination of CAL-101 and SP600125 displayed lower
phosphorylation levels of both zyxin and FAK (Figure 4.11B-E). Additionally,
expression levels of Rac1 and RhoA were not substantially affected by inhibition of
p110 isoforms and JNK (Figure 4.11A-C). Thus, isoform-selective PI3K inhibitors
impeded glioblastoma cell migration through blockade of FAK activation, and
reduced FAK and zyxin activation contributed to the synergistic inhibitory effects on
glioblastoma cell migration.

To analyze the combination effects of isoform-selective PI3K inhibitors and
SP600125 on glioblastoma cell invasion, Boyden chamber invasion assay was
performed on U-87 MG cells. No synergistic effect on cell invasion was found in any

combination treatment (Figure 4.12).
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Figure 4.8: SP600125 potentiates inhibitory effects of isoform-selective PI3K
inhibitors on glioblastoma cell migration. (A) Wound healing in U-87 MG cells
treated with PIK-75 (0.1 pM), TGX-221 (20 uM) or CAL-101 (10 uyM) alone and
combined with SP600125 (20 uM) for 24 hr. Cells were pretreated with 5 ug/mL of
mitomycin C for 1 hr. The lines indicate the edges of wounds generated before drug
treatment (0 hr). Photographs were obtained at 50x magnification. (B-D) Migration
rate (%) was analyzed and expressed as the number of cells migrating into the
original wounds relative to those in DMSO control. Inhibition of migration rate was
reinforced by the combined treatment of TGX-221 and SP600125, as well as
CAL-101 and SP600125 (n=3; p values were determined by One-way ANOVA and

Post Hoc multiple comparison Tukey HSD test. *: p <0.05; **: p <0.01; ***: p <0.001).
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Figure 4.9: Combination effects of isoform-selective PI3K inhibitors and
SP600125 on migration of U-373 MG glioblastoma cells. (A) Wound healing
assay in U-373 MG cells treated with PIK-75 (0.1 uM), TGX-221 (20 uM) or CAL-101
(10 uM) alone and combined with SP600125 (20 uM) for 24 hr. Cells were pretreated
with 5 pg/mL of mitomycin C for 1 hr. The lines indicate the edges of wounds
generated before (0 hr) or after (24 hr) drug treatment. Photographs were obtained at
50x magnification. (B-D) Wound healing distance (%) was analyzed and expressed
as the migration distance of cells relative to that of DMSO control. Combination of
PIK-75 and SP600125 did not potentiate the inhibitory effect. However, cell migration
was suppressed by the combined treatment of TGX-221 or CAL-101 and SP600125
(n=3; p values were determined by One-way ANOVA and Post Hoc multiple

comparison Tukey HSD test. **: p <0.01).
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Figure 4.10: SP600125 potentiates inhibitory effects of isoform-selective PI3K
inhibitors on lamellipodia and membrane ruffles formation. (A) U-87 MG cells
stained with Alexa Fluor 594-conjugated phalloidin (red) after treatment with PIK-75
(0.1 M), TGX-221 (20 uM) or CAL-101 (10 uM) alone and combined with SP600125
(20 uM) for 3 hr. Lamellipodia (white arrows) were decreased after inhibition of p110aq,
p110B, p1106 and JNK, while stress fibers (arrowheads) were widely developed at
the presence of SP600125. Bar = 50 um. (B-D) Cells with lamellipodia were counted
and data were expressed as the ratio of number of cells with lamellipodia over total
cell number. SP600125 potentiated the inhibitory effects of TGX-221 and CAL-101
on lamellipodia formation (n=3; p values were determined by One-way ANOVA and
Post Hoc multiple comparison Tukey HSD test. ***: p <0.001). (F) Phase contrast
microscopy of U-87 MG cells after treatment with PIK-75, TGX-221 or CAL-101 alone
and combined with SP600125 for 3 hr. Cells with membrane ruffles (black arrows)
were reduced by the treatment of isoform-selective PI3K inhibitors and SP600125.
Photographs were obtained at 200x magnification. (G-I) Cells with membrane ruffles
were counted and data were expressed as the ratio of number of cells with
membrane ruffles over total cell number. SP600125 also enhanced the inhibitory
effects of TGX-221 and CAL-101 on membrane ruffles formation (n=3; p values were
determined by One-way ANOVA and Post Hoc multiple comparison Tukey HSD test.

**: p <0.01; ***: p <0.001)
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Figure 4.11: Combination effects of Isoform-selective PI3K inhibitors and
SP600125 on focal adhesion and cytoskeleton-related signaling. (A-C) U-87 MG
cells were treated with PIK-75 (0.1 uM), TGX-221 (20 uM) or CAL-101 (10 uM) alone
and in combination with SP600125 (20 uM) for 24 hr. Whole cell lysates were
separated by SDA-PAGE, and the phosphorylation and protein expression levels
were determined by Western blotting using antibodies against the corresponding
proteins. Expression of GAPDH was served as a loading control. Data are
representative of three independent experiments. Density of FAK (D) and zyxin (E)
phosphorylation levels were relative to total FAK and zyxin protein expression levels.
(n=3; p values were determined by One-way ANOVA and Post Hoc multiple

comparison Tukey HSD test. *: p <0.05; **: p <0.01).
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Figure 4.12: Combination effects of isoform-selective PI3K inhibitors and
SP600125 on glioblastoma cell invasion. Boyden chamber invasion assay of U-87
MG cells treated with PIK-75 (0.1 uM), TGX-221 (20 uM) or CAL-101 (10 uM) alone
and combined with SP600125 (20 uM) for 24 hr. (A) Representative photographs
showing the invasive cells that had passed through matrigel to the lower surface of
the membrane at 100x magnification. Invaded cells from 5 representative fields were
counted. (B-D) Number of invasive cells was significantly decreased by PIK-75 and
SP600125, and all the drug combination did not enhanced the inhibitory effect (n=3;
p values were determined by One-way ANOVA and Post Hoc multiple comparison

Tukey HSD test. *: p <0.05; **: p <0.01).
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4.4 Discussion

441 A crosstalk model between class la PI3K catalytic isoforms and

JNK

The PI3K/Akt pathway has a crosstalk with JNK pathway, and co-activation of
Akt and JNK is found in glioblastoma [232, 320]. Combination therapies targeting
PI3K/Akt and Ras-mediated MAPK pathways may exert synergism for cancer
treatment [253]. Evidence shows that combined inhibition of p1106 and MEK has
synergistic cytotoxicity in human acute myeloid leukemia progenitors [254].
Concurrent expression of dominant-negative p85a and MKK4 is also synergistic to
induce apoptosis in lung cancer cells [256]. These data suggest that combined
inhibition of PI3K and JNK may also exert synergism in the regulation of cell viability
and motility in glioblastoma cells. This study demonstrated that combined inhibition
of p110B or p1108 and JNK displayed synergistic inhibitory effects on glioblastoma
cell proliferation and migration via blockade of Akt, zyxin and FAK activation.
Formation of lamellipodia and membrane ruffles involved in cell migration was also
suppressed. However, only PIK-75 and SP600125 suppressed glioblastoma cell
invasion, but all the drug combinations had no synergistic effects, suggesting the
crosstalk between PI3K and JNK on cell invasion is limited.

The ATP-competitive JNK inhibitor SP600125 was sufficient to inhibit viability,
migration and invasion of glioblastoma cells through decreasing the phosphorylation

levels of both c-Jun and Akt. Activated JNK can translocate into the nucleus and
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phosphorylate a variety of transcription factors such as c-Jun, which is a component
of transcription factor AP-1. AP-1 is able to regulate the transcriptional activity of
PDK-1 and the activation of its downstream target Akt, suggesting that JNK
regulates Akt activity through JNK/c-Jun/PDK1/Akt axis [252]. Interestingly, we found
that only TGX-221 was able to decrease c-Jun phosphorylation, being consistent
with the findings that constitutive activation of p110f contributes to JNK activation
[247]. Our data therefore suggest that p110B, neither p110a nor p1108, may be an
upstream regulator of JNK signaling, possibly because they are both activated by
GPCRs.

Since p110a plays a dominant role in RTK-mediated Akt signaling, inhibition of
p110a by PIK-75 may lead to activation of p110p due to a compensatory effect
induced by GPCR activation, and then p110B may activate JNK pathway to escape
from p110a inhibition (Figure 4.13). We also found that phosphorylation level of
c-Jun was elevated by treatment of PIK-75, indicating that inhibition of p110a may
increase JNK activity through activation of GPCR/p110p/JNK axis. It explains why
combined inhibition of p110a and JNK was antagonism in our study. Conversely,
inhibition of p110pB blocks the activation of JNK, thus combined with inhibition of JNK
leads to a synergistic effect (Figure 4.13). In addition, inhibition of p110& didn’t affect
the activity of p110a and p110pB, thus the activation of GPCR/p110B/JNK/c-Jun axis
was not triggered. Therefore, combined inhibition of p110d and JNK is also

synergism (Figure 4.13).
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Figure 4.13: Schematic diagram showing a model of combined inhibition of
class Ia PI3K catalytic isoforms and JNK. Inhibition of p110a increased JNK
activity via compensatory effect of GPCR/p110B/JNK/c-Jun axis activation, leading
to an antagonism with JNK inhibition. Conversely, inhibition of p110f blocks the
activation of GPCR/p110B/JNK/c-Jun axis, thus combined with inhibition of JNK
leads to a synergistic effect. Inhibition of p1108 may not affect the activity of p110a
and p1108, thus the activation of JNK is not triggered. Therefore, combined inhibition
of p1100 and JNK is also synergism. Arrow with dashed line indicates that more than
one step may be involved. Arrows beside c-Jun indicate that the activity of c-Jun is

increased or decreased.
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4.4.2 Inhibition of zyxin and FAK contributes to the synergism

Migration and invasion of glioblastoma cells are potential therapeutic targets for
GBM treatment. Cell migration is a complicated biological process including actin
polymerization, protrusion formation, adhesion complexes formation, focal adhesion
turnover, and retraction at the cell rear. A variety of cytoskeletal structures including
lamellipodia, filapodia, focal adhesions, stress fibers, and membrane ruffles are
essential to a motile cell, providing adhesion sites and contractile forces for cell
movement. Focal adhesion complexes consisting of integrin, paxillin, talin, zyxin and
FAK are formed at the edges of lamellipodia to provide attachment of cell protrusion
to the extracellular matrix [321]. Zyxin and FAK are known as focal adhesion proteins
mediating cell-matrix adhesion and actin polymerization. Zyxin recruits
Enabled/vasodilator-stimulated phospho-proteins (Ena/VASP) through N-terminal
ActA proline-rich domain to regulate actin filament assembly, and facilitates focal
adhesion by interacting with specific proteins through C-terminal LIM domains [322].
The interaction of LIM domains and adaptors required phosphorylation of zyxin at
Ser142 [323]. Evidence shows that knockdown or inhibition of zyxin leads to
blockade of cell spreading and migration [324]. Besides, zyxin is involved in stress
fiber stabilization and remodeling through its recruitment to stress fibers and
interaction with Ena/VASP and a-actinin [325, 326]. Here, we demonstrated that
SP600125 markedly decreased zyxin phosphorylation level, and bundles of stress

fibers were observed upon treatment with SP600125. However, none of the
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isoform-selective PI3K inhibitors did so. These suggest that phosphorylation of zyxin
at Ser142/143 is involved in stress fiber stabilization, and the impacts of JNK and
PI3K inhibitors on downstream signaling and actin structures are different. Moreover,
combination of CAL-101 and SP600125 synergistically reduced zyxin
phosphorylation level than on their own.

Activation of FAK is involved in focal adhesion, cell migration and invasion.
Autophosphorylation of FAK at Tyr397 leads to recruitment of PI3K p85 subunit and
phosphorylation of FAK at Tyr925, and subsequently triggers the Ras-dependent
activation of MAPK pathway. FAK phosphorylation status at Tyr925 is crucial to cell
migration and focal adhesion turnover. Evidence reveals that expression of
nonphosphorylatable FAK at Tyr925 in FAK”~ mouse embryonic fibroblasts reduces
phosphorylation of paxillin and activates Rac1, leading to stabilization of focal
adhesion, inhibition of cell protrusion and migration [327]. In this study,
isoform-selective PI3K inhibitors and SP600125 alone suppressed glioblastoma cell
migration through inhibition of FAK phosphorylation at Tyr925. Combination of
TGX-221 and SP600125, as well as CAL-101 and SP600125 also potentiated the
inhibitory effects on FAK phosphorylation.

In conclusion, combined inhibition of p110B and JNK, as well as p1105 and JNK
showed synergistic inhibitory effects on glioblastoma cell proliferation and migration
via Akt, zyxin and FAK inhibition, leading to blockade of lamellipodia and membrane
ruffles formation. Since SP600125 is a non-selective inhibitor against JNK1, JNK2

and JNK3, we still don’'t know which JNK isoform is involved in the synergism with
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PI3K. Future studies focusing on silencing JNK1 and JNK2 will provide a better

understanding on how this synergism works.
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Chapter 5 Anti-cancer effects of myricetin on

glioblastoma

5.1 Myricetin suppresses glioblastoma cell proliferation

To evaluate the anti-proliferative effect of myricetin on glioblastoma cells,
glioblastoma cells U-87 MG and U-373 MG were treated with myricetin at different
concentrations for 48 hr. Myricetin is a weakly acidic flavonoid that is stable at low pH,
while it will degrade under alkaline conditions (pH >8.0) [328]. Therefore, myricetin
was prepared in MEM medium supplemented with HEPES (pH 7.2), a more powerful
buffering agent than sodium bicarbonate, to maintain the drug’s stability. Human
astrocytes were also treated with myricetin to determine its cytotoxicity to normal
brain tissues. Results showed that myricetin (= 20 uM) significantly decreased U-87
MG and U-373 MG cell viability in a dose-dependent manner (Figure 5.1A-B).
Although myricetin also inhibited astrocytes proliferation, the cytotoxicity is much less
compared with glioblastoma cells (Figure 5.1C). U-87 MG cells treated with myricetin
(= 40 uM) detached from the surface of culture dish and displayed abnormal
morphologies such as cell shrinkage, chromatin condensation and blebbing,
suggesting that apoptosis might have been induced. However, the majority of cells
remained normal spindle shape if treated with less than 20 uM of myricetin, indicating
that cell death in glioblastoma cells was not triggered by myricetin at these doses
(Figure 5.2).

To investigate the effect of myricetin on PI3K/Akt and JNK signaling, U-87 MG
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cells were treated with myricetin at different concentration for 3 hr, since this is a
desirable time point to detect changes in signaling activation according to the earlier
data of PI3K inhibitors. Results showed that phosphorylation of Akt at Ser473 and
Thr308, as well as phosphorylation of c-Jun were downregulated by myricetin (= 5

MM), whereas the phosphorylation of JNK did not significantly change (Figure 5.3).
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Figure 5.1: Effect of myricetin on proliferation in glioblastoma cells and human
astrocytes. Two glioblastoma cell lines (U-87 MG and U-373 MG) and normal
human astrocytes were treated with myricetin at different concentrations for 48 hr.
DMSO was used as a carrier control. Myricetin significantly inhibited glioblastoma
cell proliferation in U-87 MG (A) and U-373 MG (B) cells. (n=3; p values were
determined by One-way ANOVA and Post Hoc multiple comparison Tukey HSD test.
*: p <0.05; **: p <0.01; ***: p <0.001) (C) Myricetin displayed much less toxicity on

astrocytes than on glioblastoma cells.
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Figure 5.2: Myricetin influenced glioblastoma cell morphology. U-87 MG cells
were incubated with myricetin (My) at different concentration for 24 hr. Cells were
then photographed at 200x magnification under light microscopy. DMSO was used

as a carrier control.

149



Chapter 5 Anti-cancer effects of myricetin on glioblastoma

Myricetin (M)
pAkt(Ser473)

pAkt(Thr308)
Akt

p-c-Jun
c-Jun

pJNK

JNK

GAPDH

Figure 5.3: Effect of myricetin on PI3K/Akt and JNK signaling in glioblastoma
cells. U-87 MG cells were treated with myricetin at different concentrations for 3 hr.
DMSO was used as a carrier control. Expression of GAPDH was used as a loading

control. The phosphorylation levels of Akt and c-Jun were decreased upon treatment

with myricetin (= 5 uM).
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5.2 Myricetin blocks glioblastoma cell migration and invasion through
targeting PI3K and JNK

Wound healing assay and transwell migration assay were performed to assess
the anti-migratory effect of myricetin on glioblastoma cells. U-87 MG cells were
pretreated with 5 yg/mL of mitomycin C prior to wound production to exclude the
effect of cell proliferation. Results showed that myricetin (= 10 uM) not only prevented
glioblastoma cells directionally migrating into the wounds (Figure 5.4), but also
inhibited cells transmigrating through the porous membrane (Figure 5.5), indicating
that glioblastoma cell migration was significantly inhibited by myricetin. In addition,
transwell invasion assay was carried out to evaluate the anti-invasive effect of
myricetin on U-87 MG cells. Glioblastoma cell invasion was also markedly
suppressed by myricetin (= 10 uM) (Figure 5.6).

Given that myricetin is capable of inhibiting Akt and c-Jun phosphorylation, we
hypothesize that PI3K and JNK are possible targets of myricetin. To investigate the
interactions between myricetin and class Ia PI3K catalytic isoforms or JNK, myricetin
was coupled with CNBr-Sepharose 4B beads, and then target proteins of myricetin in
U-87 MG cell lysate were pulled down ex vivo. Results showed that p110a, p1108,
p1106 and JNK were detected in myricetin-coupled Sepharose beads, but not in
Sepharose beads alone (Figure 5.7). Akt was used as a positive control, which has
been shown to bind myricetin previously, to confirm myricetin had been successfully

coupled to the Sepharose beads [268].
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Figure 5.4: Inhibitory effect of myricetin on directional migration of glioblastoma cells. (A) Wound healing in U-87 MG cells treated with
myricetin at different concentrations for 24 hr. Cells were pretreated with 5 pg/mL of mitomycin C for 1 hr. DMSO was used as a carrier control.
The lines indicate the edges of wounds generated before drug treatment (0 hr). Photographs were obtained at 50% magnification. (B) Migration
rate (%) was analyzed and expressed as the number of cells migrating into the original wounds relative to those in DMSO control. (n=3; p values

were determined by One-way ANOVA and Post Hoc multiple comparison Tukey HSD test. *: p <0.05; **: p <0.01; ***: p <0.001).

152



Chapter 5 Anti-cancer effects of myricetin on glioblastoma

120+

90

60

30

Migration rate (% of control)

0 5 10 20
Myricetin (UM)

Figure 5.5: Inhibitory effect of myricetin on glioblastoma cell transmigration.

Boyden chamber migration assay was performed on U-87 MG cells treated with

myricetin at different concentrations in serum-free medium for 24 hr. DMSO was

used as a carrier control. (A) Representative photographs showing the cells that had

migrated through membrane to the lower surface at 100x magnification. Cells from 5

representative fields were counted. (B) Cell migration was significantly decreased by

myricetin (n=3; p values were determined by One-way ANOVA and Post Hoc multiple

comparison Tukey HSD test. *: p <0.05; **: p <0.01).
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Figure 5.6: Inhibitory effect of myricetin on glioblastoma cell invasion. Boyden
chamber invasion assay was performed in U-87 MG cells treated with myricetin at
different concentrations in serum-free medium for 24 hr. DMSO was used as a carrier
control. (A) Representative photographs showing the invasive cells that had passed
through matrigel to the lower surface of the membrane at 100x magnification.
Invaded cells from 5 representative fields were counted. (B) Number of invasive cells
was significantly decreased by myricetin (n=3; p values were determined by
One-way ANOVA and Post Hoc multiple comparison Tukey HSD test. **: p <0.01; ***:

p <0.001).
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Figure 5.7: Myricetin directly binds to PI3K and JNK. Ex vivo pull-down assay
was performed on U-87 MG cells. Whole cell lysate (input control), lysate with
Sepharose 4B beads (negative control) and myricetin-coupled Sepharose 4B beads
were applied to SDS-PAGE and then detected by Western blotting. Akt was used as
a positive control, to confirm myricetin had been successfully coupled to the

Sepharose beads.
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5.3 Myricetin does not sensitize glioblastoma cells to temozolomide

Temozolomide is the most widely used chemotherapeutic agent for glioblastoma
treatment. To determine the minimal effective concentration of temozolomide, its
effect on proliferation of glioblastoma cells U-87 MG was investigated. Like myricetin,
temozolomide was also prepared in MEM medium supplemented with HEPES (pH
7.2), since it is unstable at high alkaline pH values [15]. Results demonstrated that
U-87 MG cells were sensitive to temozolomide at high concentrations (= 500 uM),
whereas temozolomide at low concentrations (< 200 uM) did not significantly inhibit
glioblastoma cell proliferation (Figure 5.8). Therefore, it would be beneficial to the
patients if the sensitivity of glioblastoma cells to temozolomide could be enhanced by
combination treatment.

To investigate if myricetin could sensitize glioblastoma cells to temozolomide at
low concentrations, U-87 MG cells were treated with myricetin and temozolomide at
a fixed ratio of 1:10, and the cell viabilities were determined by MTT method.
Myricetin failed to sensitize U-87 MG cells to temozolomide (< 200 pM) with Cl >0.9
(Table 5.1). The synergism was predicted to emerge when the concentrations of
myricetin and temozolomide became very high (Figure 5.9). Temozolomide (200 uM)
alone did not suppress glioblastoma cell migration and invasion. Combined treatment
of myricetin and temozolomide had no synergistic effect on either directional
migration or transmigration in U-87 MG cells (Figure 5.10 and 5.11). Furthermore,
myricetin did not synergize with temozolomide to inhibit cell invasion in U-87 MG

cells (Figure 5.12).
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Figure 5.8: Effect of temozolomide on glioblastoma cell proliferation. U-87 MG
cells were treated with temozolomide at different concentrations for 48 hr. DMSO at
the lowest dilution (1:200) was used as a carrier control, which was comparable to
the dilution of temozlomide at 4000 uM. Cell proliferation was significantly inhibited
by temozolomide (= 500 yM) (n=3; p values were determined by One-way ANOVA
and Post Hoc multiple comparison Tukey HSD test. *: p <0.05; **: p <0.01; ***: p

<0.001).
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Table 5.1: Combination index (Cl) for cell viability in U-87 MG cells treated with

myricetin and temozolomide (n=3)

Myricetin (uM) Temozolomide (uM) FA Cl
1 10 0.071 1.838
10 100 0.225 2.180
20 200 0.441 0.967

Cl < 0.9 indicates synergistic effect; Cl > 1.1 indicates antagonistic effect; Cl between

0.9 and 1.1 indicates additive effect.
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Figure 5.9: Combination effect of myricetin and temozolomide on glioblastoma
cell proliferation. U-87 MG cells were treated with myricetin and temozolomide at a
fixed ratio of 1:10 for 48 hr. FA-CI plot was automated generated by Compusyn
software, representing the Cl values of combination treatment of myricetin and

temozolomide. Two dashed lines indicated the CIl values of 0.9 and 1.1.
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Figure 5.10: Combination effect of myricetin and temozolomide on directional
migration of glioblastoma cells. (A) Wound healing in U-87 MG cells treated with
myricetin (20 uM) and temozolomide (200 uM) for 24 hr. Cells were pretreated with 5
pMg/mL of mitomycin C for 1 hr. DMSO was used as a carrier control. The lines
indicate the edges of wounds generated before drug treatment (0 hr). Photographs
were obtained at 50x magnification. (B) Migration rate (%) was analyzed and
expressed as the number of cells migrating into the original wounds relative to those
in DMSO control. (n=3; p values were determined by One-way ANOVA and Post Hoc

multiple comparison Tukey HSD test. **: p <0.01; ***: p <0.001).
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Figure 5.11: Combination effect of myricetin and temozolomide on
glioblastoma cell transmigration. Boyden chamber migration assay in U-87 MG
cells treated with myricetin (20 yM) and temozolomide (200 uM) in serum-free
medium for 24 hr. DMSO was used as a carrier control. (A) Representative
photographs showing the cells that had migrated through membrane to the lower
surface at 100x magnification. Cells from 5 representative fields were counted. (B)
Cell migration was significantly decreased by myricetin, but combination of myricetin
and temozolomide did not potentiate the inhibitory effect (n=3; p values were
determined by One-way ANOVA and Post Hoc multiple comparison Tukey HSD test.

*: p <0.05; **: p <0.01).
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Figure 5.12: Combination effect of myricetin and temozolomide on
glioblastoma cell invasion. Boyden chamber invasion assay of U-87 MG cells
treated with myricetin (20 yuM) and temozolomide (200 uM) in serum-free medium for
24 hr. DMSO was used as a carrier control. (A) Representative photographs showing
the invasive cells that had passed through matrigel to the lower surface of the
membrane at 100x magnification. Invaded cells from 5 representative fields were
counted. (B) Number of invasive cells was significantly decreased by myricetin, but
combination of myricetin and temozolomide did not potentiate the inhibitory effect
(n=3; p values were determined by One-way ANOVA and Post Hoc multiple

comparison Tukey HSD test. ***: p <0.001).
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5.4 Discussion

5.4.1 Myricetin is a natural flavonoid with potent anti-cancer activity

Myricetin is a bioactive polyphenol that possesses anti-oxidant,
anti-inflammatory and anti-cancer activities. However, most studies focus on the
anti-cancer effect of quercetin, an structural analogue of myricetin, that is more
abundant content in berries and tropical plants [329, 330]. Both myricetin and
quercetin contain the 3’ and 4’ hydroxyl groups on the B-ring, while the only
difference between them is the 5 -OH. The anti-oxidant activity of flavonoid is
determined by the configuration and total number of B-ring -OH, which is a donor of
hydrogen and an electron to radicals. It has been reported that the 3’ and 4’ hydroxyl
groups on the B-ring play a more crucial role in the radical scavenging activity than 5’
-OH, indicating the anti-oxidant activities of myricetin and quercetin are comparable
[262, 263]. Another flavonol kaempferol is less abundant in tropical berries and
plants, and has a lower anti-oxidant activity than myricetin and quercetin since it only
contains a 4’ -OH [262, 263, 329, 330]. The anti-oxidant activity of myricetin is higher
than quercetin on protecting lymphocytes from oxidative DNA damage, while
kaempferol is least effective [331]. Numerous studies have shown that quercetin
suppresses cell proliferation, migration, invasion in vitro and tumor growth in vivo in a
wide range of cancers, including breast, prostate, lung, colon and pancreatic cancers
[332-336]. Evidence reveals that myricetin exerts higher inhibitory effect on prostate

cancer cell proliferation and viability [337]. Myricetin and kaempferol are more
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effective in suppressing medulloblastoma cell migration than quercetin through

inhibition of Akt and Met activation [338]. These findings suggest that myricetin may

be a more effective therapeutic drugs for cancer treatment than quercetin.

Quercetin also shows a potent anti-cancer effect on glioblastoma. It impedes

glioblastoma cell proliferation and migration, and induces apoptosis through

inactivating JAK1/STAT3 signaling and decreasing cyclin D1 expression and MMP-2

activity [339, 340]. Quercetin promotes apoptosis and disrupts mitochondrial

membrane potential in glioblastoma cells via increasing p53 expression and

activating caspases-3/-9 [341]. However, few studies report the anti-cancer effect of

myricetin on glioblastoma. Evidence shows that combination of myricetin and tumor

necrosis factor-related apoptosis-inducing ligand (TRAIL) induces apoptosis in

glioblastoma cells via increasing caspases-8/-9 and caspases-3/-7 activities and

decreasing c-FLIP and Bcl-2 expression [279]. In addition, myricetin inhibits peroxide

production, COX-2/PGE2 expression and MMP-9 activity to block TPA-induced

migration and invasion in glioblastoma cells [280]. We also found that myricetin was

capable of suppressing glioblastoma cell proliferation, migration and invasion via

blockage of PI3K/Akt and JNK signaling.

Quercetin is a natural PI3K inhibitor, of which 3’- and 4’- hydroxyl groups on the

B-ring interact with PI3K by hydrogen bonds [342]. It promotes apoptosis in

melanoma cells via blockade of PI3K/Akt and ERK activation [343]. Quercetin also

suppresses migration and invasion of H-Ras-induced breast epithelial cells through

inactivation of PI3K/Akt and MMP-2 [344]. Similar to quercetin, myricetin can directly
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bind to PI3K and downregulate its kinase activity [278, 342]. However, it is unclear
which PI3K isoform interacts with myricetin. Several targets of myricetin have been
identified recently, including Akt, MEK1, MKK4, JAK1, Fyn and RAK2, via an
ATP-competitive or -noncompetitive manner [268, 269, 271, 275, 283]. Considering
that the phosphorylation levels of Akt and c-Jun were reduced by myricetin, PI3K
and JNK may be the targets of myricetin. Here, we found that all the three class Ia
PI3K catalytic isoforms (p110a, p110B and p11038) bound to myricetin. Myricetin also
interacted with JNK and decreased its activity. Therefore, class Ia PI3K catalytic

isoforms and JNK are identified as the targets of myricetin.

5.4.2 Combination treatment of myricetin and temozolomide

Temozolomide is the most widely used chemotherapeutic agent for glioblastoma
treatment. Its efficacy is highly correlated with the MGMT promoter methylation
status in GBM patients [345]. PTEN and p53 status may also influence the response
of glioblastoma to temozolomide. Evidence demonstrates that loss of PTEN function
confers the resistance of glioblastoma cells to temozolomide, while restoration of
wild-type PTEN or inhibition of Akt activation increases the sensitivity [346]. It is
supported by a cohort study that PTEN deletion is positively correlated with poor
survival of glioblastoma patients receiving radiotherapy and concomitant
temozolomide [142]. However, there are controversies on PTEN loss leading to
increased sensitivity of glioblastoma cells to temozolomide [347, 348]. Double-strand

breaks induced by a functional analogue of temozolomide cannot be efficiently
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repaired in astrocytes with loss of PTEN, resulting in increased apoptosis [347]. It is

also reported that the prognosis of GBM patients received radiotherapy and

concomitant temozolomide is not associated with PTEN status [348]. Till now, there

is also no clear consensus about the relationship between p53 status and sensitivity

of glioblastoma cells to temozolomide. Glioblastoma cells with p53 deficiency exhibit

higher sensitivity to temozolomide in vitro and in vivo, leading to prolonged cell cycle

arrest, increased apoptosis and deceased viability [349-352]. Supporting evidence

shows that wild-type p53 expression is not a positive prognostic factor for GBM

patients [353, 354]. On the contrary, inhibition of wild-type p53 function attenuates

the sensitivity of glioblastoma cells to temozolomide, leading to elevated viability,

more colonies formation and decreased apoptosis [355-357]. It is also supported by

studies that wild-type p53 expression is positively correlated with long survival of

GBM patients [358, 359]. Taken together, the response of glioblastoma cells to

temozolomide can be dependent or independent on the PTEN and p53 status.

To improve the prognosis of GBM patients, it would be an attractive option if the

sensitivity of glioblastoma cells to temozolomide can be increased through

combination with other drugs. Several studies report that quercetin is able to

increase glioblastoma cell sensitivity to temozolomide, leading to inhibition of cell

viability and induction of apoptosis by decreasing Hsp27 expression. However, these

studies do not calculated the combination index, or no statistical analysis is shown

between the combination and single drug treatments, thus it is unknown whether the

combination effect is synergism or additivity [281, 282]. A study also shows that
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quercetin  combined with irradiation and temozolomide further decreases

glioblastoma cell viability and promotes apoptosis compared with treatment of

irradiation and temozolomide [360]. However, combination of irradiation and

quercetin shows no significant difference with the combination of irradiation and

temozolomide, and the combination of quercetin and temozolomide is not mentioned.

Therefore, it is still unclear whether quercetin is able to synergize with temozolomide

on glioblastoma cells, not to mention the combination effect of myricetin and

temozolomide. We found that myricetin was not able to sensitize glioblastoma cells

to temozolomide at low concentrations in the inhibition of proliferation, migration and

invasion. The FA-CI plot predicted that this combined treatment only has synergistic

effect when the concentrations of myricetin and temozolomide are very high, which is

impossible for clinical application. Similarly, quercetin at low concentrations

antagonizes with cisplatin, taxol, pirarubicin or 5-Fluorouracil on inhibition of ovarian

cell viability and tumor growth, whereas quercetin at high concentrations combined

with cisplatin displays no significant difference with cisplatin alone [361]. Decreased

intracellular ROS level and increased SOD1 expression are detected in both ovarian

cells and xenograft tumor, indicating that quercetin at low concentrations may

antagonize with cisplatin through alleviating the oxidative stress induced by this

chemotherapeutic agent.

Since the status of MGMT, p53 and PTEN can influence the response of

glioblastoma cells to temozolomide, they may also have an impact on the

combination effect of myricetin and temozolomide. Besides, glioblastoma stem-like
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cells exhibit resistance to temozolomide via a MGMT-independent manner [362].
The response of these cells to temozolomide may be determined by the status of
multidrug resistance 1 (MDR1, ABCB1), ATP-binding cassette subfamily G member
2 (ABCG2) and PTEN [363]. Thus, glioblastoma stem-like cells may also influence

the combination effect of myricetin and temozolomide.
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Chapter 6 General discussion and conclusions

6.1 Introduction

One of the well-known characteristics of glioblastoma multiforme is the
extensive infiltration to neighboring normal brain parenchyma, correlated with highly
migration and invasion capacities of tumor cells. Cell migration is a complex
biological process that requires the participation of various protein kinases, scaffold
proteins and extracellular matrix molecules. Inhibition of the protein kinases or lipid
kinase such as PI3K and JNK, which play pivotal roles in cell motility, may be
attractive options for glioblastoma treatment. Pharmacological inhibition using
synthetic kinase inhibitors or natural flavonoids, as well as siRNA-induced gene

silencing are promising therapeutic approaches.

6.2 Regulation of cancer cell migration by FAK and zyxin signaling

Cell migration is a complicated biological process including actin polymerization,
protrusion formation, adhesion complexes formation, turnover of focal adhesion, and
retraction at the cell rear [321, 364, 365]. A variety of cytoskeletal structures
including lamellipodia, filapodia, focal adhesion, stress fibers, and membrane ruffles
are essential to a motile cell, providing adhesion sites and contractile forces for cell
movement. Cell migration can be divided into multiple cyclical steps. Initially,
activated by an external or internal signaling, actin polymerizes to form actin

filaments, leading to the formation and forward extension of lamellipodia. Focal
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adhesion complexes is then formed at the edge of lamellipodia to provide attachment

of cell protrusion to the extracellular matrix. The cell body is pulled forward by the

contractile tension of stress fiber, and focal adhesion turnover at the rear of cell leads

to released cell-to-ECM adhesion to allow cell retraction. These steps are repeated

to drive cell movement.

Focal adhesion is a cellular structure providing attachment of cells through

integrin-mediated linkage of actin cytoskeleton and ECM components such as

fibronectin, collagen, laminin and vitronectin. Focal adhesion complex consists of

integrin clusters and other scaffold proteins like paxillin, talin, p130Cas, zyxin,

vinculin and a-actinin [366]. When ECM ligands bind to the extracellular domain of

integrin, the latter undergoes dimerization and recruit talin, vinculin and a-actinin to

build the connection with actin filaments and regulate various cellular processes [303,

367]. FAK and Src kinase play crucial roles in integrin-mediated signal transduction.

The cytoplasmic domain of integrin 1 has been shown to interact with FAK [368].

Autophosphorylation of FAK at Tyr397 leads to its binding to the SH2 domain of Src

and Fyn kinases, and then phosphorylates the focal adhesion proteins paxillin and

p130Cas [369]. PI3K p85 subunit is also recruited to FAK through SH2 domain and

then phosphorylation of FAK at Tyr925 in the C-terminal region triggers the

Ras-dependent activation of MAPK pathway [370]. Evidence demonstrates that

knockout of FAK in mouse embryonic fibroblasts inhibits cell spreading and impedes

PI3K-mediated Rac1 activation, leading to altered location of Rac1 at focal adhesion

[371]. These findings suggest that integrin/FAK/Src/PI3K/Rac1 signaling axis plays
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an essential role in cell migration and focal adhesion.

The balance between focal adhesion formation and turnover are crucial to cell

adhesion and migration. More active focal adhesion turnover than formation leads to

unstable adhesion and rapid cell migration [366]. Enhanced formation and retarded

turnover of focal adhesion have been shown in FAK-deficient cells [372]. FAK

phosphorylation status at Tyr925 is vital to cell migration and focal adhesion turnover.

Inhibition of FAK phosphorylation at Tyr925 reduces phosphorylation of paxillin and

activates Rac1, leading to stabilization of focal adhesion, inhibition of cell protrusion

and migration [327].

Zyxin is a zinc-binding phosphoprotein located at focal adhesion and actin

cytoskeleton. It recruits Ena/VASP family through N-terminal ActA proline-rich

domain to regulate actin filament assembly, and facilitates focal adhesion by

interacting with specific proteins through C-terminal LIM domains [322]. Ena/VASP

proteins including Mena, VASP and EVL, which are accumulated in focal adhesions,

lamellipodia and filopodia, directly regulate actin polymerization and F-actin

branching, protect the barded end of actin filament from binding with capping

proteins [373, 374]. Ena/VASP-deficient cells display slow movement of lamellipodia

and short actin filaments, suggesting Ena/VASP proteins regulate cell migration

through elongation of actin filaments and reduced protrusion of lamellipodia [373,

375]. The LIM domain is a protein domain with zinc-finger structure that provides

protein-binding interface [376]. LIM domain plays an important role in targeting zyxin

to focal adhesion and stress fiber [377, 378]. The interaction of LIM domains and
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adaptors requires phosphorylation of zyxin at Ser142 [323]. Zyxin also interacts with
a-actinin to locate at focal adhesion and stress fiber [379]. Evidence shows that
knockdown or inhibition of zyxin leads to blockade of cell spreading and migration
[324]. Besides, zyxin is involved in stress fiber stabilization and remodeling through
its recruitment to stress fibers and interaction with Ena/VASP and a-actinin [325,
326]. P130Cas regulates the focal adhesion localization of zyxin and a-actinin, and
activation of MAPK pathway controls zyxin phosphorylation at stress fiber [325].
Here, we showed that inhibition of JNK activity gave rise to decreased
phosphorylation of zyxin and stabilization of focal adhesion, indicating that JNK may
control the regulation of zyxin in migration.

As cell migration is a crucial step in glioblastoma progression, inhibition of
integrin/FAK/Src/PI3K/Rac1 and JNK/zyxin/Ena/VASP/a-actinin signaling axes may

be promising for GBM treatment.

6.3 Therapeutic implications of pharmacological inhibition and
siRNA-induced gene silencing

Pharmacological inhibition is an approach for studying protein functions, which
utilizes chemical compounds to directly inhibit the activity of target protein without
affecting its expression. Selective protein kinases inhibitor is not only a useful tool for
investigating the role of the given target in diseases, but also a promising therapeutic
approach. To date, more than 50 protein kinase are identified as oncoproteins, and

more than 130 kinase inhibitors have entered into clinical trials for cancer treatment
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[380, 381]. For example, gefitinib and erlotinib are selective tyrosine kinase inhibitor

for EGFR are approved for the treatment of non-small cell lung cancer (NSCLC), and

have entered phase I/ll clinical trials for glioblastoma treatment [37, 38]. Most of the

kinase inhibitors exert their roles in an ATP-competitive manner, through binding to

the ATP-binding sites of kinases. Similar with siRNAs-induced gene silencing, kinase

inhibitors also have off-target effects, since the capacity of blocking ATP binding may

display the same effect on other classes of kinases [382]. To control this off-target

effect, ICso value of kinase inhibitor on target inhibition should be measured to ensure

the specificity.

RNA interference (RNAI) is a post-transcriptional gene silencing approach which

is carried out by synthetic siRNAs or endogenous microRNAs (miRNAs) to

selectively silence target genes. The guide strand of siRNA or microRNA is

incorporated into the RNA-induced silencing complex (RISC), and then guides the

silencing complex to target mRNA, leading to mRNA degradation or translation

attenuation [383, 384]. RNAI is now widely used to investigate gene functions and

emerging as a novel approach for disease treatment. However, off-target effects and

limitation of siRNA delivery in vivo greatly constrain its therapeutic application. The

off-target effects are classified into three categories: microRNA-like off-target effects,

immune response, and saturation of endogenous RNAi machinery [385, 386]. The

microRNA-like off-target effect is the most common effect induced by the 5’ end of

siRNA guide strand mismatching to the 3'UTR of non-target mRNA, and the siRNA

acts as a microRNA to prevent a number of genes from translating. This type of
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off-target effect is able to trigger cytotoxicity and phenotype alternation, resulting in

false-positive phenotypes and much more complicated outcomes [386]. Pooling of

multiple siRNAs targeting the same gene and chemical modification of the seed

region of siRNA have been shown to be favorable strategies to attenuate this

off-target effect.

Immune response-mediated off-target effect is due to the siRNAs being

recognized as foreign pathogen-associated molecules by Toll-like receptors [387].

The innate immune system is stimulated, followed by released of cytokines and

interferons, leading to cytotoxicity in a nucleotide sequence-dependent manner.

Therefore, optimized design of siRNA sequence and chemical modification such as

2'-0O-methyl modification could suppress Toll-like receptors-mediated siRNA

recognition and minimize the immune response [388, 389]. Exportin 5 is a

dsRNA-binding protein that mediates nuclear export of pre-microRNA or shRNAs

(short hairpin RNAs). Due to the limited capacity of this protein, it can be easily

saturated by exogenous siRNAs or shRNAs, and thus affects endogenous miRNAs

function. Moreover, the major barriers, including rapid degradation by nucleases,

excretion by renal filtration, nonspecific accumulation and poor cellular uptake, can

give rise to the low efficiency and specificity of siRNAs-mediated gene silencing in

vivo [390, 391]. Owing to these limitations, there is still a long way to go before

siRNA could be used as a therapeutic approach.

The phenotypes arising from pharmacological inhibition and siRNAs-induced

gene silencing are different due to the distinct mechanisms invovled. Selective
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kinase inhibitor disrupts the functions of target protein through attenuating its activity,
whereas the protein expression level is decreased by siRNAs via degradation of
target mMRNA. Therefore, protein-protein interaction and kinase-independent function
mainly contribute to the divergent phenotypes. Some kinases still exert other
functions even if their kinase domains are inhibited by selective inhibitors or
expression of kinase-dead mutant. For example, FAK knockout mice show
embryonic lethality, while expression of kinase-dead mutant of FAK in those mice is
sufficient to support embryonic development, indicating that the kinase-independent
function of FAK is crucial for embryogenesis [392]. Besides, kinase inhibitors and
siRNAs have divergent effects on protein-protein interaction. This interaction is
disrupted by siRNAs due to the reduced expression of the protein, whereas the
protein treated with inhibitor still maintains the interaction with other proteins. It has
been shown that the competitive interaction between p110a and p1103 for RTK
binding sites gives rise to distinct phenotypes induced by p110f knockout and its
selective inhibitor [301]. Knockout of p110f leads to more active p110a binding to
RTKs and elevated PI3K activityy, which in turn potentiates tumorigenesis.
Conversely, a p110B selective inhibitor suppresses tumor formation by inhibiting
PI3K activity and Akt activation, since inactive p110p still occupies the binding sites

of RTKs [301].
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6.4 Drug resistance to single agent and implications for combination
therapies

Emerging drug resistance to kinase inhibitors has become the major challenge
for cancer treatment. Point mutation occurring at the gatekeeper residue, usually a
threonine close to the active sites of protein kinases, influences the affinity for ATP
binding, which is regarded as the main cause of resistance to kinase inhibitors [381].
The gatekeeper mutations at T670I residue in c-Kit, as well as at T315I residue in
BCR-ABL, have been reported to confer resistance to imatinib in chronic myeloid
leukemia (CML) and GIST patients [393, 394]. In addition, in response to the
inhibition of target kinase, compensatory activation of other signaling pathways
may restore downstream signaling and leads to drug resistance. For example,
rapamycin and its analogs targeting mTOR complex 1 (mTORC1) trigger a negative
feedback loop to augment Akt activation, leading to the resistance in glioblastoma
[162, 395]. Inhibition of PI3K also results in the compensation of MEK/ERK signaling
induced by activation of RTKs such as HER2 (human epidermal growth factor
receptor 2) in breast cancer [396]. Amplification of MET proto-oncogene leads to
activation of hepatocyte growth factor (HGF)/MET signaling, and confers resistance
in colorectal cancer to anti-EGFR drugs cetuximab or panitumumab [397].

Since clinical response to a single drug may be limited in cancer treatment,
combination of different kinase inhibitors is an attracting alternative to overcome
drug resistance and achieve high efficacy. The inhibitors in the combination could

simultaneously target kinases either in the same or different pathways. A well-known
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combination therapy using inhibitors targeting PI3K/Akt/mTOR and Ras/MEK/ERK
signaling pathways has been shown to overcome the resistance to PI3K inhibitor in a
diverse range of cancers. Preclinical studies show that combined inhibition of PI3K
and MEK has synergistic effect on blockade of tumor growth and induction of
apoptosis in pancreatic cancer and nasopharyngeal carcinoma [398, 399]. This
combination therapy has entered the phase | clinical trials [400].

In addition, dual blockade of PI3K and other kinases such as mTOR,
cyclin-dependent kinase (CDK), MKK4, HER3 or JAK2 also exhibits synergism on
cancer treatment [96, 97, 256, 401, 402]. Combination of CDK1/2 and PI3K inhibitors
efficiently induces apoptosis in glioma cells in vitro and in vivo [97]. Inhibition of
PI3K/mTOR also trigger a negative feedback loop in the activation of JAK2/STAT5
signaling pathway, and dual inhibition of PIBK/mTOR and JAK2 abrogates this
feedback loop and display synergistic effect on suppressing tumor growth and
metastasis in breast cancer [402]. Thus, the work focusing on kinase inhibitors is
helpful to better understand the mechanism of emerging drug resistance and

develop novel molecular targets for effective combination therapy.

6.5 Anti-cancer effect and therapeutic implications of natural flavonoids

Paclitaxel, vinblastine and the derivative of camptothecin such as irinotecan and
topotecan from natural plants have been widely used for cancer treatment,
suggesting that natural chemical compounds could be promising anti-cancer drugs

[403-406]. As a natural kinase inhibitor, flavonoids exhibit potent anti-cancer effect in
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a wide range of cancers. Evidence shows that baicalein and myricetin among 11
flavonoids exhibit cytotoxic effect on CML cells rather than peripheral blood
mononuclear cells [407]. The pro-apoptotic effect of 22 flavonoids on lymphoma cells
has been evaluated, and chrysin, genistein, apigenin, quercetin, fisetin, luteolin,
a-naphtoflavone, galangin and 3,7-dihydroxyflavone significantly impede cell viability
and promote apoptosis through activation of caspases-3 and -8 [408].

Preclinical studies also suggest the inhibitory effects of flavonoids on
tumorigenesis, tumor growth and progression. Natural polyphenolic compounds
quercetin and ellagic acid significantly decrease incidence of lung cancer in mice
induced by N-Nitrosodiethylamine through inhibition of lipid peroxidation, highlighting
the chemopreventive effect of flavonoids [409]. Quercetin and apigenin suppress
melanoma growth and metastatic potential to the lung in mice [410]. Luteolin
combined with ellagic acid and punicic acid from pomegranate juice inhibit prostate
cancer growth, angiogenesis and metastasis in vivo by blocking IL-8 and VEGFR
activation [411].

Several flavonoids have entered clinical trials due to the encouraging findings of
their anti-cancer effects in vitro and from preclinical studies. Flavopiridol (Alvocidib™)
is a synthetic flavone derived from rohitukine, which is isolated from an Indian plant
Dysoxylum binectariferum. It is the first ATP-competitive CDKs inhibitor for clinical
trials and has been approved by FDA for the treatment of acute myeloid leukemia
(AML) [412]. To date, flavopiridol has been tested in numerous clinical trials for the

treatment of a variety of cancers including non-Hodgkin's lymphoma, multiple
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myeloma, melanoma, prostate, lung, pancreatic and ovarian carcinomas [413-419].

Other flavonoids such as quercetin, epigallocatechin-3-gallate and genistein have

also been tested in clinical trials [420-422].

A number of flavonoids such as quercetin, myricetin, luteolin, wogonin and

genistein have been shown to exert potent anti-cancer effect on glioma cells in vitro

[279, 339, 423-425]. However, few studies have reported their effects in vivo or in

clinical trials, suggesting that there are lots of challenges such as blood-brain barrier,

systematic delivery and tissue specificity to be overcome before being used for GBM

treatment.

6.6 Conclusions

In summary, the isoform-selective PI3K inhibitors displayed distinct effects on

glioblastoma cell proliferation, migration and invasion in vitro. Inhibition of p110a was

sufficient to suppress glioblastoma cell viability, migration and invasion. The p110f3

and p1100 inhibitors exhibited synergistic effects with JNK inhibitor to suppress

glioblastoma cell proliferation and migration through inhibition of Akt, FAK and zyxin

phosphorylation, resulting in the blockade of lamellipodia and membrane ruffles

formation. More importantly, these inhibitors, either alone or in combination, are

much less toxic to astrocytes than glioblastoma cells. Based on the results from this

study, a competition model between p110a, p110B and p1100 was proposed, in

which p1108 and p1108 compete with p110a for RTK binding, and a crosstalk model

between PI3K isoforms and JNK is suggested to illustrate the combination effects of
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isoform-selective PI3K inhibitors and JNK inhibitor. A natural flavonoid myricetin
targeting p110a, p110B, p1100 and JNK also showed inhibitory effects on
glioblastoma cell proliferation, migration and invasion. Taken together, combination
therapy via concurrent inhibition of PI3K/Akt and JNK pathways, especially p110f or

p1108 and JNK, is a promising approach for glioblastoma treatment.

6.7 Suggestions for future research

Synergistic effects of concurrent inhibition of p110B/p1106 and JNK on
glioblastoma cell viability and motility in vitro were observed in this study. However,
SP600125 is a reversible ATP-competitive inhibitor with broad spectrum against
JNK1, JNK2 and JNK3, and also has off-target effects on the activation of Aurora A,
TrkA, FLT3 kinases with similar selectivities [288, 426]. It also inhibits the activities of
MKK4 and p38 kinases at high concentrations [288, 427]. Therefore, it is important to
clarify which JNK isoform(s) is(are) involved in the synergism with PI3K. In addition,
in vivo study using a glioblastoma xenograft model in nude mice is required to further
evaluate the combination effects of p110B/p1100 and JNK inhibition on glioblastoma
growth and progression.

Both JNK1 and JNK2 play important roles in cancer cell migration and invasion.
Knockdown of both JNK7 and JNK2 sensitizes glioblastoma cells to cisplatin, leading
to decreased cell viability and colony formation [428]. JNK2a2 isoform is
constitutively activated and involved in the tumor formation and growth of

glioblastoma [232]. In this study, inhibition of JNK was able to impede glioblastoma
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cell migration and invasion. However, the role and mechanism of individual JNK

isoform in glioblastoma cell motility is not fully elucidated. Novel strategies including

zinc finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN)

and clusters of regularly interspaced short palindromic repeats and the Cas9

endonuclease (CRISPR/Cas9)-mediated systems become very effective and

promising genome editing approaches in vitro and in vivo [429-431]. Therefore,

knockout of JNK71 and JNK2 in glioblastoma cells can be performed using one of

these gene editing systems to further investigate the individual role of JNK isoforms

in glioblastoma cell motility.

Given that knockdown of PIK3CD showed inhibitory effects on glioblastoma cell

proliferation, migration and invasion, p1100 may be required for the development

and progression of glioblastoma multiforme. Overexpression of p1100 has been

shown in glioblastoma cell lines and ex vivo culture of GBM specimens [104, 292].

However, the expression level of p11008 in glioma tissues, as well as its correlation

with prognosis and tumor grade have not been systematically determined. Therefore,

future investigation into these will provide insights on the importance of p110d in

glioblastoma multiforme.

The mechanism in which myricetin suppresses glioblastoma cell motility is

unclear yet. Further evaluation of lamellipodia, membrane ruffles and invadopodia

formation, as well as activation of related signaling pathway molecules such as FAK,

paxillin, zyxin, Rac1, MMP family, and uPA is required. Although quercetin is able to

cross the blood-brain barrier, whether myricetin can do the same needs further
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investigation [259]. Considering that no study has reported the anti-cancer effect of
myricetin on glioblastoma in vivo, future studies can be carried out using xenograft

and allograft glioblastoma models.
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Source of materials and reagents

Antibodies

Anti-Akt (#9272)

Anti-c-Jun (#9165)

Anti-EGFR (C7489) (#2646)

Anti-FAK (#3285)

Anti-GAPDH (#2118)

Anti-goat, HRP-conjugated antibody
Anti-mouse, HRP-conjugated antibody
Anti-p110a (#4255)

Anti-p1108 (C33D4) (#3011)
Anti-p1100 (#ab32401)

Anti-p85a (#GTX101106)

Anti-p85@3 (T15) (#GTX74710)
anti-phospho-Akt (Ser473) (#9271)
anti-phospho-Akt (Thr308) (#9275)
anti-phospho-c-Jun (Ser63) (#2361)
anti-phospho-FAK (Tyr925) (#3284)
anti-phospho-SAPK/JNK (Thr183/Tyr185) (#9251)

anti-phospho-zyxin (Ser142/143) (#8467)
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Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Santa Cruz Biotechnology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Abcam

GeneTex

GeneTex

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
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Anti-PTEN (Ab-2) (#RB1-072-P1)
Anti-rabbit, HRP-conjugated antibody
Anti-Rac1 (#240106)

Anti-RhoA (#2117)

Anti-SAPK/JNK (#9258)

Anti-zyxin (#3553)

Reagents

BSA

CAL-101

CNBr-activated Sepharose 4B
cOmplet protease inhibitor cocktail

DMSO (Tissue culture grade)

FastStart Universal SYBR Green Master

FBS

Fermentas RevertAid First Strand cDNA Synthesis Kit

HEPES

Lipofectamine 2000

Mitomycin C

MTT

Myricetin

Opti-MEM | Reduced Serum Medium
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Lab Vision/Nemoarkers

Cell Signaling Technology

Cell Biolabs

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Sigma-Aldrich

Selleckchem

GE Healthcare

Roche

Sigma-Aldrich

Roche

Life Technologies

Thermo Scientific

Life Technologies

Life Technologies

Life Technologies

Life Technologies

Cayman

Life Technologies
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PBS

PhosSTOP phosphatase inhibitor cocktail
Pierce BCA Protein Assay Kit

PIK-75

Platinum Quantitative PCR SuperMix-UDG
Polyester (PET)-Transwell insert

ProLong Gold antifade mountant with DAPI
SP600125

TGX-221

Trizol reagent

Trypsin-EDTA

Tween-20

a-MEM

B-mercaptoethanol

Equipment

ABI PRISM 7500 System

BenchMark Plus™ microplate spectrophotometer
ChemiDoc MP Imaging System

DMI4000 B phase contrast microscope
NanoDrop 2000 spectrophotometer

TSC SP8 confocal laser scanning microscope
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Sigma-Aldrich

Roche

Thermo Scientific

Selleckchem

Life Technologies

Corning

Life Technologies

Sigma-Aldrich

Selleckchem

Life Technologies

Life Technologies

Sigma-Aldrich

Life Technologies

Sigma-Aldrich

Applied Biosystems

BioRad Laboratories

BioRad Laboratories

Leica Microsystems

Thermo Scientific

Leica Microsystems
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