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Glioblastoma multiforme (GBM) is the most aggressive
brain tumor characterized by intratumoral heterogeneity at
cytopathological, genomic and transcriptional levels. Despite
the efforts to develop new therapeutic strategies the median
survival of GBM patients is 12-14 months. Results from large-
scale gene expression profile studies confirmed that the
genetic alterations in GBM affect pathways controlling cell
cycle progression, cellular proliferation and survival and
invasion ability, which may explain the difficulty to treat GBM
patients. One of the signaling pathways that contribute to the
aggressive behavior of glioma cells is the protein kinase C (PKC)
pathway. PKC is a family of serine/threonine-specific protein
kinases organized into three groups according the activating
domains. Due to the variability of actions controlled by PKC
isoforms, its contribution to the development of GBM is poorly
understood. This review intends to highlight the contribution
of PKC isoforms to proliferation, survival and invasive ability of
glioma cells.

Introduction

Glioblastoma multiforme (GBM) is the most common and bio-
logically aggressive type of astrocytoma, composed by poorly
differentiated neoplastic astrocytes that present heterogeneity at
the transcriptional and genomic levels. Despite recent therapeu-
tic advances the median survival time for GBM patients remains
approximately 12—14 months."

Several factors contribute to the reduced efficacy of treat-
ment in GBM: (1) the existence of the blood-brain barrier that
limits the delivery of therapeutic agents, in fact, several alkylat-
ing agents were used (carmustine, BCNU and lomustine) but
patients developed toxicity due to the high doses used to achieved
adequate concentrations in central nervous system (CNS); (2) the
diffuse infiltration of the tumor into the surrounding brain, mak-
ing total ablastic tumor resection impossible; (3) the existence of
a population of brain resident cells that expresses stem cells prop-
erties that have tumorigenic properties and (4) tumor cell char-
acteristics such as uncontrolled cellular proliferation, propensity
for necrosis, angiogenesis, genomic instability and resistance to
apoptosis.’”’

Thebesttreatmentcurrentlyavailable consists of cytoreductive
surgery, followed by simultaneous radiation and chemotherapy
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Standard chemotherapy
consists in alkylating drug regimens, being temozolomide
(TMZ) considered the gold standard of GBM treatment after a
randomized study performed by Stupp et al.>*%1>14 The limited
success of TMZ in GBM treatment appears to be related to the
occurrence of chemoresistance and to the inability of TMZ to
induce tumor cell death.!>' Previous studies, indicated that the
resistance to the treatment could be modulated by the action
of the O -methylguanine-DNA methyltransferase (MGMT)
and/or by the mismatch repair (MMR) system" and also by
the ability of glioma cells to activate different survival signaling
pathways.*'®'7 Recent studies showed thatin TMZ-treated GBM
cells only a reduced percentage of cells underwent apoptosis and
also that there is an increased expression of light chain 3 (LC3),
an autophagy-associated protein that may contribute to maintain

and then chemotherapy alone.®

glioma cells in a quiescent life during chemotherapy.''® In
addition, it was also reported that the phosphorylation status
of phosphatidylinositol (3,4,5)-triphosphate/serine-threonine
kinase (Pi3K/AKT) and extracellular signal-regulated protein
kinase/mitogen-activated protein kinase (ERK1/2 MAPK),
which is significantly increased as compared with that in
control cells, was maintained during the treatment with TMZ,
suggesting that these signaling pathways may also contribute to
glioma cells escape from TMZ-induced cell death.®!"1*2

The activation of protein kinases is associated to molecu-
lar abnormalities that characterized GBMs. Primary GBMs
typically harbor amplification and/or a high rate of epidermal
growth factor receptor (EGFR) mutation, cyclin dependent
kinase inhibitor 2A (CDKN2A/p16), deletion in chromosome
9p and phosphatase and tensin homolog (PTEN) deletion in
chromosome 10. The most common EGFR mutant type—
variant 3 (EGFRvIII)—is an in-frame deletion of exons 2—7
that due to the receptor autophosphorylation turns the EGFR-
mediated signal-transduction pathway constitutively active.?"*
Upon autophosphorylation, several signal transduction path-
ways downstream of EGFR become activated such as the
Ras/Raf/MAPK pathway, the PI3K/Akt pathway, the signal
transduction and transcription activator (STAT), the protein
kinase C (PKC) among others.?>* Activation of PKC is one
of the earliest events in a cascade that controls a variety of cel-
lular responses, including gene expression, cell proliferation,
survival and migration. Since the activation and regulation of
the PKC activity is complex and depends on cell type and on
stimuli the contribution of PKC isoforms to the gliomagenesis
is not clear.
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PKC Structure and Classification

Protein kinase C is a serine/threonine that belongs to the PKC
family and was initially classified as lipid-sensitive enzyme since
it was first identified as a receptor for diacylglycerol (DAG).»%
The PKC isoforms are members of the AGC (cAMP-dependent,
c¢GMP-dependent and protein kinase C) family of protein kinases
that contains a highly conserved catalytic domain and a regula-
tory domain responsible for the maintenance of the enzyme in
an inactive conformation. These kinases contain four homolo-
gous domains termed C1, C2, C3 and C4. Localized between
the homologous domains it is possible to identify the variable
domains V1, V2, V3, V4 and V5 domain, which are accessible to
proteolytic cleavage upon activation and conformational change
of PKC. Cleavage at the variable domains leads to the release of a
constitutively active catalytic domain.?326-28

According to the activating domains, PKC isoforms were
organized into three groups: (1) the classical isoforms a, BI, BII
and v, (2) the novel PKC isoforms 8, €, 0, m and ., and (3) the
atypical PKC isoforms /N and { (Table 1).25!

The classical (or conventional) PKC isoforms (cPKC) are
dependent on DAG and phosphatidylserine (PS) that bind C1
domain and also on calcium since C2 domain binds anionic lip-
ids in a Ca**-dependent manner. The C3 region contains the cat-
alytic site and the ATP-binding site, and the C4 region appears to
be necessary for recognition of the substrate to be phosphorylated
(Table 1).2323¢

The novel PKC isoforms (nPKC) bind DAG through C1
domain, but are calcium independent since they have a C2
domain variant that is unable to link Ca?*, however their affin-
ity for DAG is two orders of magnitude higher than that for the
cPKCs (Table 1).2837%

The atypical PKC isoforms (aPKC) are calcium-indepen-
dent and do not require DAG for activation since they contain
a variant of the C1 domain that binds PIP3 or ceramide (not
DAG or PMA). Nevertheless, the aPKC are characterized by a
protein-protein interaction PB1 (Phox and Bem 1) domain that
mediates interactions with other PBl-containing scaffolding
proteins including p62, partitioning defective-6 (PAR-6) and
MAPK, which modulates mitogen-activated protein kinase 5
(MEKS5) 27402 The human PKCu and mouse PKCN are ortho-
logs with 98% overall amino acid sequence identity and thus are

referred to as PKCu/\ (Table 1).%!
PKC Expression and Subcellular Localization

Regarding PKC isoforms expression, previous studies reported
that most of the isoforms are ubiquitous and many cells coexpress
multiple PKC isoforms. Nevertheless, there are some exceptions:
PKCy has been shown to be specifically expressed in neuronal
tissue, whereas PKCP is preferentially expressed in pancreatic
islets, monocytes and brain, and PKCH is expressed primarily
by skeletal muscle, lymphoid organs and hematopoietic cell
1ines'28,37—39,41,43

The subcellular localization of PKC isoforms differs with the

activation status. When PKCs are inactive they localize in the
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Table 1. Classification of PKC

Isoforms Activity
Classical isoforms  «, BI, BlI, v Dependent on DAG, PS and Ca?
Novel PKC 5.6 0 Bind DAG but are calcium
isoforms 7@ bWy (2 independent
. Bind PIP3 or ceramide but are
Atyplcal PKC v/Nand calcium-independent and do not
isoforms

require DAG

cytoplasm, but after activation PKC isoforms translocate to the
plasma membrane, cytoplasmic organelles or nucleus.

Translocation of PKCa, $3, 8, € and { to plasma membrane,
mitochondria, Golgi, nucleus or perinuclear regions results in
regulation of mitosis, cell survival pathways, apoptosis, cell to
cell adhesion and migration, (Fig. 1).28:37:341.43

The PKCs that rest in the cytosol interact with several
proteins, including receptors for activated C kinase (RACKS), the
product of the par-4 gene, zeta-interacting protein and lambda-
interacting protein. PKCs may also phosphorylate specific PKC
substrates such as the myristoylated alanine-rich PKC substrate
(MARCKS) protein and pleckstrin contributing to remodelling
the actin cytoskeleton, Figure 1.2

In addition, PKC could translocate to specialized membrane
compartments such as lipid rafts (sphingolipid- and cholesterol-
enriched plasma membrane) that form ceramide or caveolae
(sphingolipid- and cholesterol-enriched detergent-resistant mem-
brane), (Fig. 1).3%374

Mechanism of PKC Activation

The initial results based on the study of PKCa, reported that
after the activation of growth factor receptors, there was activa-
tion of the phospholipase C (PLC) signaling pathway.?®*® Upon
PLC activation, phosphatidylinositol 4,5-bisphosphate (PIP2)
is hydrolyzed, DAG and inositol trisphosphate (IP3) are gener-
ated, cytoplasmatic Ca?* concentration increases, Ca** inter-
acts with C2 domain of PKCa and increases its affinity for the
membrane.???*3° Once anchored to membrane, PKCa diffuses
within the plane of the lipid bilayer and interacts with a second-
ary CI1A domain which involves DAG and PS. Due to this inter-
action PKCa establishes a high-affinity binding to membrane
and suffers a conformational change that expels the autoinhibi-
tory pseudosubstrate domain from the substrate-binding pocket
allowing PKC activation. When activated, PKC could be trans-
located from one intracellular compartment to another, thus
being able to affect cellular processes such as cell proliferation,
differentiation, apoptosis, tumor promotion and neuronal activ-
ity, (Fig. 1).26:28.37:41

This mechanism explains the activation of the cPKC, but it
is not enough to explain the activation of PKC isoforms that are
independent of calcium and even in ¢PKC isoforms there are
some variations in the activation mechanism. Subsequent studies
reported that activation of PKC could be achieved by several other
mechanisms: (1) phosphorylations on both serine/threonine and
tyrosine residues that influence the stability; (2) cleavage by
caspases, generating a catalytically active kinase domain and a
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Figure 1. PKC isoforms signaling pathways.

free regulatory domain fragment that can act both as an inhibitor
of the full-length enzyme and as an activator of certain signaling
responses and (3) activation by lipid cofactors (such as ceramide
or arachidonic acid) or through lipid-independent mechanisms
(such as oxidative modifications or tyrosine nitration) that allows
PKC signaling throughout the cell, not just at DAG containing
membranes. There is also the possibility to activate PKC
pharmacologically using tumor-promoting phorbol esters such as
phorbol 12-myristate 13-acetate (PMA) or 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), which induce the translocation of
PKCa and PKCS from the cytosol to the plasma membrane and
nucleus and of PKCe to the Golgi membranes (Table 2).2%31:3436

Activation of PKC through C-terminal phosphorylation
allows the enzyme to achieve a favorable conformation to cataly-
sis since phosphorylation of the threonine residue introduces a
negative charge that aligns residues in the catalytic pocket and
stabilizes the active conformation of the enzyme. After the first
phosphorylation cPKCs and nPKCs undergo two other auto-
phosphorylation reactions that stabilize the enzyme. The aPKCs
contain a phosphomimetic Glu in place of the phosphorylatable
hydrophobic motif Ser/Thr residue and do not require this pro-
cessing mechanism.?®*

Regarding the PKC activation by caspase, previous stud-
ies reported that only PKC3, PKC6, PKCe and PKC{ undergo

caspase-dependent cleavage in response to a range of apoptogenic
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stimuli; the atypical PKC-\ and -u isoforms do not appear to be
regulated by caspases since they lack caspase cleavage sites.?**®
The caspase-dependent cleavage occurs at the hinge region and
allows the release of a catalytic domain, which in PKCe is cata-
lytically active but in PKC{ is catalytically inactive. The differ-
ences in activity of the release domain could be related to the
phosphorylation of Ser/Thr residues but further studies will be
need to clarify the caspase activation of PKC.?2¢

Regarding the contribution of lipid cofactors such as ceramide
to PKC activation, it was reported that PKC8 may activate acid
sphingomyelinase (ASM), the enzyme which catalyzes the hydro-
lysis of sphingomyelin to form ceramide at the plasma membrane.
The accumulation of ceramide at the plasma membrane has two
effects: it provides a nonspecific mechanism to localize signaling
proteins such as PKCs to membrane rafts and leads to the recruit-
ment and activation of PKC{.2344%

Independently of the activation mechanism, after activation
PKC may phosphorylate downstream targets and posteriorly it
could be downregulated by ubiquitination and proteasomal degra-
dation.?*?¢28 In this regard, it has been demonstrated that the PH
domain leucine-rich repeat protein phosphatase (PHLPP) regu-
lates the dephosphorylation step that precedes the downregulation
of PKC. This process represents the termination of the life cycle of
conventional and novel PKC isoenzymes. In the absence of chronic
stimulation, these PKC isoforms have a long half-life.2%22¢
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Table 2. Mechanisms of PKC activation

Mechanisms of PKC activation PKC isoforms

Dependent on DAG and Ca?* Classical isoforms: a, Bl, B, y

Phosphorylations on both serine/ Classical isoforms: o, BI, BII, -y

threonine and tyrosine residues Novel PKC isoforms: 3, &, 6, 1,

Novel PKC isoforms: §, 0, &
Cleavage by caspases . .
Atypical PKC isoform: {

Activation by lipid cofactors or by Novel PKC isoforms: &

lipid-independent mechanisms Atypical PKC isoform: ¢

PKC Contribution to Tumor Development

The first evidence showing the involvement of PKC in tumori-
genesis came from the discovery that tumors induced by phorbol
esters were associated to the activation of PKC. After that, recent
studies showed that PKC isoforms may regulate signaling path-
ways involved in cellular proliferation, survival and migration
and also signaling pathways involved in chemoresistance such as
the Pgp 170 pathway.?>2420:284647 Although, there are some stud-
ies reporting that several isoforms of PKC may act as tumor sup-
pressors since they can activate pro-apoptotic pathways.®2%34
Regarding PKCa several studies reported that this PKC iso-
form is overexpressed in tissue samples of prostate, endometrial
and high-grade urinary bladder tumors and also that its activa-
tion contributes to cell proliferation and migration and therefore
to tumor progression.*“" Moreover, it was showed that in intes-
tinal, pancreatic and mammary cells PKCa has anti-proliferative
effects. In fact, it was shown that treatment of intestinal cells
with PMA causes cell-cycle arrest in G, in a PKCa-dependent
manner and deletion of PKCa promoted polyp formation in

3448 Tn breast cancer, several studies showed that

wild-type mice.
overexpression of PKCa in MCF-7 cells contributes to increase
the ability of tumor cells to metastasis. Thus, regarding breast
cancer there is evidence for a promoting and a suppressing role for
PKCoa.! In addition, it was also reported that after PKCat activa-
tion by phorbol ester tumor-promoters, there was stabilization of
F-actin and inactivation of E-cadherin, highlighting the role of
PKCa in the regulation of cell to cell contact (Fig. 1).°

The activation of PKCR seems to contribute to colon carcino-
genesis since increased expression of PKC was observed in both
aberrant crypt foci and colon tumors, as compared with normal
colonic epithelium.” Consistent with this, mice lacking PKCB
have increased resistance to AOM (azoxymethane)-induced
colon tumorigenesis and treatment with a PKCB-specific inhibi-
tor decreased colon tumor formation in AOM-treated mice
(Table 3).%

The PKC3 isoform has been associated to tumorigenesis in
human breast cancer since McKiernan et al. found an association
between elevated PKC8 mRNA and poor outcome.”> However,
other results also reported that activation of PKC8 by caspase
induces DNA fragmentation contributing to activation of pro-
apoptotic signaling pathway, indicating that PKC3 may also
function as a tumor suppressor. In fact, it was observed that acti-
vation of PKCS causes proliferation defects in G, and G, phases
of the cell cycle through the modulation of cyclin expression or

290 Cancer Biology & Therapy

modulation of cyclin dependent kinases activity.”” In accordance
with the tumor suppressor hypothesis, recent studies showed that
in phorbol-ester treated lung adenocarcinoma cells, the activation
of PKC3 induced G, arrest.”” The reason for the dual behavior
of PKC3 it is not known, but Steinberg et al. hypothesize that
it could be due to differential tyrosine-phosphorylation status
(Table 3).38

Moreover, PKCe was associated to tumor development and is
considered the isoform with the highest carcinogenic potential
of all PKC isoforms. Overexpression of PKCe was detected in
several tumors such as the following: bladder, brain, breast, skin,
head, liver, thyroid, neck, lung and prostate.”>#>%>¢ The studies
initially performed by Mischaks et al. showed that the activation
of PKCe increased the proliferation of NIH 3T3 fibroblasts and
also that all mice injected with these cells overexpressing PKCe
developed tumors.”” Further studies showed that PKCe activated
the Ras/Raf/MAPK pathway and through it activated the cyclin
D1 promoter inducing an increased proliferation. PKCe may also
exert its effects through the modulation of anti-apoptotic signal-
ing pathways such as caspases and B-cell lymphoma 2 (Bcl-2)
family members and through the modulation of survival path-
ways such as AKT/protein kinase B(PKB).>”* Furthermore, Pan
et al. demonstrated that silencing PKCe decreased in vitro inva-
sion and motility as well as incidence of lung metastases in a pre-
clinical animal model. In agreement with this results, Toton et al.
showed that zapotin, which selectively activates PKCe leading
to its down-modulation, was associated to an increased percent-
age of apoptotic cells and a decreased in cell migration (Table 3;
Fig. 1).7556

In addition, the activity of the PKCn isoform was associated
with increased proliferation of MCF-7 and of GBM cells but other
studies reported that the increased activity of this PKC isoform
induced cell cycle arrest in NIH3T3 cells and keratinocytes.”®

The atypical PKC, PKC{ and v/\ have been also implicated in
tumorigenesis. However, the role of PKC is less understood and
more controversial. Previous studies reported that PKC{ stimu-
lates motility and maturation of human CD34* hematopoietic
stem and progenitor cells and may also stimulates motility of
human MDA-MB-231 breast cancer cells and pancreatic cancer
cells. Although, Nazarenko et al. reported that PKC{ exhibits a
proapoptotic function in ovarian cancer (Table 3).7¢!

On the other hand, PKCu/N plays an active role in tumori-
genesis of many cancers such as leukemia, breast cancer, alveolar
rhabdomyosarcoma, pancreatic, prostate, colon cancer and non-
small cell lung cancer (NSCLC).***¢ Upon activation PKCu/\
may regulate several signaling pathway such as calpains, nuclear
factor kinase B (NFkB), MAPk, controlling invasion, tumor
growth, survival and chemoresistance.®

Role of PKC in Glioblastoma Multiforme

Over the years, many studies have been made to achieve an
adequate treatment for GBM and to find molecular targets in
order to control cellular proliferation, diffuse infiltration, pro-
pensity for necrosis, angiogenesis and resistance to apoptosis of

1,16,29,67,6

glioma cells. 8 Several signaling pathways that were noted
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Table 3. Role of PKC isoforms in tumor development

. PKC Tumor Suppressor
isoforms
PKC Intestinal, pancreatic and breast tumor cells
PKC B
PKC3 Lung adenocarcinoma and glioma cells
PKCe
PKCn NIH3T3 cells and keratinocytes
PKC ¢ Ovarian tumor cells
PKCu/\

as therapeutic targets are EGFR, PI3K/AKT/ mammalian target
of rapamycin (mMTOR), Ras/MEK/MAP kinase and PKC among
others."”%® Due to the variability of actions controlled by PKC
isoforms, the contribution of this kinase family to the develop-
ment of GBM is poorly understood.

The PKCa exerts a pro-mitotic and pro-survival effect
in glioma cell lines and loss of PKCa was associated with an
increased sensitivity to a variety of apoptotic stimuli.*® It was
also reported that PKCa contributes to cell proliferation in
head and neck cancer cell lines and could be used as a predic-
tive biomarker for disease-free survival in head and neck cancer
patients.” The mechanism by which PKCa contributes to the
glioma cell proliferation seems complex since it involves differ-
ent signaling mechanisms. Fan et al. demostrated that in glioma
cells an AKT-independent, PKCa dependent mechanism links
PI3K with mTORCI, which is required for malignant glioma
formation.?® On the other hand, mTORC2, which is activated
by PI3K, has as substrate PKCa and therefore the activation of
PKCua is also dependent on AKT activation.”®® In addition, it
was described that in glioma cells, PKCa isoform is the main
modulator of the ERK1/2 signaling pathway, which is required
for the constitutive expression of the basic fibroblast growth fac-
tor, a potent mitogen for glioma cell growth.'®”® Furthermore,
Mut et al. reported that PKCa induced phosphorylation of
NFkB/p65 which is a pro-survival and proliferative factor.”! Hu
et al. also reported that phosphorylation of PKCa is a prerequi-
site for regulating C6 cell migration indicating that PKCa con-
tributes not only to the survival and proliferation of glioma cells
but also to the motility of these tumor cells.* In agreement with
these observations are the results presented by Kohutek et al.
who showed that PKCa regulates N-cadherin cleavage which is
involved in cell migration.”” Taking together these results show
that PKCa is involved in survival, proliferation and migration
of glioma cells.

Regarding PKCR it was reported that this isoform was
involved in vascular endothelial growth factor receptor 2
(VEGFR2) signaling which is important in glioma angiogenesis.
Furthermore, PKCP interacts with the phosphatase and tensin
homolog (PTEN)/PI3K/AKT pathway, contributing to increase
the proliferation and the resistance to apoptosis of glioma cells.
Due to the fact that PKCP could contribute to angiogenesis, pro-
liferation and survival of glioma cells, several studies using spe-
cific inhibitors were performed in vitro. Enzastaurin (LY317615)
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Tumor promoter

Prostate, endometrial, breast, glioma and high-grade urinary bladder tumor cells

Colon and glioma tumor cells

Breast and glioma tumor cells

Bladder, brain, breast, skin, head, neck, glioma thyroid, liver, lung and prostate tumor cells

MCF-7 and GBM

Hematopoietic, breast and pancreatic tumor cells

Leukemia, breast, alveolar rhabdomyosarcoma, pancreatic, glioma prostate, colon

and NSCLC tumor cells

is a selective inhibitor of PKCP that in in vitro studies induced
a significant reduction of glioma cell proliferation.”””> However,
when enzastaurin was tested in a randomized phase III trial, in
patients with recurrent GBM, the results were disappointing,
indicating that other pathways than PKCP contribute to the
aggressive behavior of gliomas.”

As previously described, PKCS acts as a pro or anti-apoptotic
kinase depending on the cell type, on the apoptotic stimulus
and on the phosphorylated tyrosine residues. In glioma cells, the
results are also different and depend on the phosphorylation site.
Therefore, Okhrimenko et al. reported that phosphorylation of
PKCS3 on tyrosine 155 protected glioma cells from the apoptosis
induced by TNF-related apoptosis-inducing ligand (TRAIL).”
On the other hand, Lu et al. demonstrated that when PKCS3 is
phosphorylated on tyrosine 311 by c-Abl it mediated the apop-
totic effect of H,O, in glioma cells.”® In addition to the contribu-
tion to survival, Sarkar et al. demonstrated that in the presence
of rottlerin, a relatively selective PKC3 inhibitor, the tenascin-
dependent invasive ability of glioma cells was decreased, indicat-
ing that this PKC isoform also contributes to the invasion ability
of glioma cells.*

Overexpression of PKCe was detected in histological samples
from anaplastic astrocytoma, GBM and gliosarcoma and is con-
sidered an important marker of negative disease outcome.” In
GBM cell cultures, PKCe expression was found to be elevated
between three to 30 times that of normal protein levels.”” The
study of the PKCe contribution to gliomagenesis showed that
the introduction of dominantnegative PKCe or the knockdown
of PKCe sensitized glioma cells to apoptosis.”>**’® In addition,
it was also shown that PKCe may positively regulate integrin
dependent adhesion and motility through the scaffolding protein
receptor for activated C kinase 1 (RACKI) of glioma cells.”s-
More recently, it was demonstrated that PKCe/vimentin may
contribute to the trafficking of integrin-betal confirming that
PKCe participates in cell to cell adhesion process.*!

PKCn also contributes to increased GBM cells prolifera-
tion.””828 Aeder et al. demonstrated that this proliferative stimu-
lus was mediated by the activation of the downstream targets of
PKCn AKT and mTOR.” In addition, it was demonstrated that
the activation of mTOR by PKCm was independent of AKT.”
More recently, Uht et al. showed that the increased proliferation
induced by PKCn is also associated with the activation of MEK/
MAP signaling pathways.*
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The activation of PKCu in glioma may occur by aberrant
upstream PI3K signaling.’ Once activated it seems that this PKC
isoform may promote motility and invasion of GBM cells by
coordinating lamellipodia and may stimulate cell cycle progres-
sion contributing to glioma cells escape from apoptosis and to the
increased proliferation of these tumor cells.* The contribution
of PKCu to proliferation was also demonstrated in experiments
where the silencing of PKCu induced a decrease in the prolifera-
tion of glioma cells. >4

Regarding PKC, it is known that it can mediated a mito-
genic phenotype in GBMs by activating the mTOR pathway
in parallel to the PI3K/AKT pathway.”” In addition, it was
also demonstrated that PKC{ is involved in the signaling cas-
cade that controls the transcription of the MMP-9 gene via the

NF-kB-dependent pathway in the C6 glioma cells.®>*¢ Since
MMP-9 contributes to tumor invasion and to the disruption of
the blood-brain barrier, it seems that PKC{ plays a very impor-
tant role in gliomagenesis.

Taken altogether, these results show that although PKCs have
a clear role in the development of glioma, the contribution of
each isoform depends on phosphorylation of tyrosine residues,
occurrence of oncogenic mutations, type of stimuli and cell envi-
ronment. Therefore, in spite of the apparent value of PKC as a
therapeutic target, additional work is needed before PKC is a
value-added tool in the clinical decision-making process.
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