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Molecular targets in glioblastoma

Maira Zorzan', Enrico Giordan', Marco Redaelli*?, Antonio Caretta?3
& Carla Mucignat-Caretta®"?

ABSTRACT Glioblastoma is the most lethal brain tumor. The poor prognosis results
from lack of defined tumor margins, critical location of the tumor mass and presence
of chemo- and radio-resistant tumor stem cells. The current treatment for glioblastoma
consists of neurosurgery, followed by radiotherapy and temozolomide chemotherapy. A
better understanding of the role of molecular and genetic heterogeneity in glioblastoma
pathogenesis allowed the design of novel targeted therapies. New targets include different
key-role signaling molecules and specifically altered pathways. The new approaches include
interference through small molecules or monoclonal antibodies and RNA-based strategies
mediated by siRNA, antisense oligonucleotides and ribozymes. Most of these treatments are
still being tested yet they stay as solid promises for a clinically relevant success.

The WHO classification of the CNS tumors relies on histomorphological criteria to differentiate
15 tumor categories [1]. Gliomas are graded as low (I/II) and high grade (IIT/IV). The latter comprise
85% of all gliomas and are still incurable. The WHO classification includes a combination of criteria
for tumor grading, which drives the choice on the use of adjuvant radiation therapy and specific
chemotherapic protocols [1]. Besides histological appearance, additional criteria are: patient’s clinical
condition, performance status, tumor localization, radiological characteristics, extent of surgical
resection, proliferation index and genetic alterations. Noteworthy, most low-grade gliomas eventually
progress to a higher grade [2], which leads them to a malignant phenotype, characterized by clonal evo-
lution of transformed cells, after abrogation of cell cycle control and activation of cellular proliferation
signals. Supported by increased angiogenesis, tumor cells invade the surrounding tissue [3].
Gliomas showing necrosis and malignant cytology, including mitotically active behavior
(grade IV, glioblastoma [GB]) result in a poor clinical prognosis. GB is the most frequent and
encompasses 51% of all gliomas [4]. Its incidence is three to five cases per 100,000 persons every
year, with a peak between the V and VI decade. Due to location in the brain, aggressiveness
and low survival time, GB is considered one of the most lethal forms of cancer [s]. The overall
median survival time for GB patients is 14.6 months: only about 3% of patients survive longer
than 5 years [5]. The surgical outcome of GB resection is uncertain due to the lack of a defined
tumor margin and to the location in close proximity to vital anatomical structures in the brain.
A better outcome in eradication can be achieved with subsequent radiotherapy (RT) and adjuvant
chemotherapy. However, the presence of chemo-resistant and radio-resistant glioma stem cells
(GSCs), which may play a role in initiating relapse [6], should be considered during the evaluation
of prospective therapeutic targets. Malignant tumors possibly derive from a population of cells
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that share some biologic properties with normal
adult stem cells [7]. Cells with stem-like feature
in human brain tumors were first described in
surgery specimens of human GB [8]. GSCs may
be involved in controlling the molecular tumor
phenotype and in promoting the recruitment
of vascular and stromal cells to sustain tumor
growth; they may contribute to resistance and
hamper the efficacy of drugs [9]. It is thus nec-
essary to re-evaluate current strategies and find
alternative approaches to eradicate malignant
gliomas, and revisit the fundamental biol-
ogy to explore the potential cancer resistance
mechanisms in GB.

Treatment & protocols

Current standard treatment for GB patients is
neurosurgery, when feasible, followed by frac-
tionated external beam RT and chemotherapy
with systemic temozolomide (TMZ) adminis-
tration [5]. TMZ is a prodrug converted into
its own active form, monomethyl—triazeno—
imidazole—carboxamide, in all cells at physi-
ological pH. The cytotoxicity of monome-
thyl—triazeno—imidazole—carboxamide results
from various events, including methylation
of adenine at N3, which accounts for 9% of
compounds, and most importantly of gua-
nine, mainly at N7, accounting for 70% of
compounds, and at O6, for a minor extent [10].
However, TMZ preferentially targets guanine
triplet sequences in their middle guanine resi-
due, to create O6-methyl-guanine (O6MeG):
this is indeed the most potent killing agent [11].
TMZ can cross the blood—brain barrier, result-
ing in almost complete bioavailability [12]. A
study by the European Organization for the
Research and Treatment of Cancer and the
National Cancer Institute of Canada Clinical
Trials Group (EORTC/NCIC) revealed a sig-
nificant increase in the overall median survival
of patients, from 12.1 months in the controls to
14.6 months in the TMZ-treated group, which
results in an increase in the 2-year survival,
from 10% to 27% [13.14]. Hence, the methyla-
tion status of MGM T is used as a GB prognostic
factor, since it is the most relevant biomarker for
response to TMZ treatment. MGMT isa DNA
repair enzyme that restores the TMZ-induced
O6MeG damage [12]. It irreversibly binds to
O6MeG adducts leading to their degradation.
In this way, it may counteract the cytotoxicity
of TMZ or alkylating drugs. In patients with
recurrent GB, O6-benzyl-guanine (O6-BG)
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may restore TMZ sensitivity [15], an approach
that may be further ameliorated by gene therapy
(trial NCT00669669) [16]. Moreover, MGMT
activity correlates with resistance to methylating
chemotherapeutic drugs [17]. Most importantly,
a better response to TMZ may be observed in
patients that show methylation of MGMT pro-
moter, since their median survival increases up
to 21.7 months [18]. However, till now, despite
all the treatment options, the average lifespan
after diagnosis for GB patients remains limited
by a high rate of recurrences [19].

Molecular diagnosis of malignant gliomas
Classification of malignant gliomas is switching
from morphology-based guidelines to molecu-
lar criteria, with the definition of a glioma
genomic landscape and a better understanding
of its relationship with tumor development [20].
Mechanisms of tumorigenesis, growth and
resistance to treatment are critical for develop-
ment and efficacy of new-targeted therapies.
Various alterations acting on gene expression
and protein functions have been identified
in GB. These span from activation of onco-
genes to silencing of tumor-suppressor genes
(Figure 1). Based on gene expression analyses and
DNA sequencing, The Cancer Genome Atlas
(TCGA) research network confirmed that three
signaling pathways are frequently altered in GB.
They are related to receptor tyrosine kinase
(RTK)/Ras/PI3K, p53 and retinoblastoma (Rb)
signaling. TGCA ranks GBs into mesenchymal,
proneural, neural and classical subtypes [20].
The mesenchymal subtype presents an overex-
pression of YKL-40 (CHI3L1), MET, CD44
and MERTK, but is mostly characterized by
deletions of emizygotic 17q11.2, which com-
prises NFI gene. The proneural type displays
amplification of PDGFRA, mutations of IDH1
and of p53, while genes such as PDGFRA,
NKX2-2 and OLIG2, which are related to oli-
godendrocytic lineage, are upregulated. The
neural subtype expresses tumor markers such
as NEFL, GABRA1, SYT1 and SLC12A5. The
classical subtype overexpresses neural stem cell
markers such as nestin, as well as components
of Notch and Sonic Hedgehog (SHH) signaling
pathways, in addition to upregulation of pl16,
INK4A and p14ARE. It also shows an amplifi-
cation of chromosome 7, which affects EGFR
expression.

In adult gliomas, p53 is mutated in 87% of
GB, Rb in 78% and RTK/Ras/PI3K pathway

future science group



Cytoplasm

@)
BMP

Molecular targets in glioblastoma REVIEW

NICD Notch

y-secretase complex

Recruit \
Express:on
Dissociation -
|

Figure 1. Signaling pathways altered in malignant gliomas.
2-HG: 2-Hydroxyglutarate; AC: Adenylate cyclase; BMP: Bone morphogenetic protein; cAMP: Cyclic AMP; CAT: PKA catalytic subunit;
EGFR: EGF receptor; GsR: G-proteins receptor; Gx: G-protein generic; HAT: Histone acetyltransferase; HDAC: Histone deacetylase; IGFR:
IGF receptor; NCSTN: Nicastrin; NICD: Notch intracellular domain; PDGFR: PDGF receptor; PKA: Protein kinase A; PSEN: Presenilin; R: PKA
regulatory subunit; RTK: Receptor tyrosine kinase; Sos: Son of Sevenless; VEGFR: VEGF receptor.

in 88% of malignant gliomas. Among these, the
RTK/Ras/PI3K pathway is now considered one
of the most suitable pathways for pharmacologi-
cal intervention. Mutations such as amplification
of EGFR can be found in 45% of GBs, gain of
function of PI3K in 15% and loss of PTEN in
36% [21]. This activates the lipid kinase PI3K and
its target, Akt, that has over 40 downstream tar-
gets, including GSK-3, PRAS40, FOXO, BAD,

mTOR and the TSC1/2 proteins. Alterations in
these pathways are essential for the development
of GB, but it is still possible that other path-
ways will be revealed through different types
of biomolecular analysis [22]. The study of the
molecular profile of GB aims at establishing a
personalized therapy for each tumor subtype [20].

These observations point to a better
understanding of the molecular and genetic
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Table 1. Main agents acting on intracellular pathways® that have been tested in glioblastoma

studies.
Pathway Agents
IDH AGI-5198, IDH1 inhibitor

AG-120, inhibitor of the mutated form of the IDH1 enzyme
AG-221, inhibitor of the mutated IDH2 protein
PI3K/Akt/mTOR  LY294002, inhibitor of PI3Ks
Wortmannin, inhibitor of PI3Ks
GDC-0941 (thienopyrimidine), PI3K inhibitor
Perifosine, Akt inhibitor
Temsirolimus, mTOR inhibitor
Rapamycin
XL765, inhibitor of PI3K and mTOR
BKM 120, inhibitor of the pan-class | PI3K family
INC280, MET inhibitor
XL147, inhibitor of PI3K
EGFR Gefitinib,first generation of EGFR inhibitors
Erlotinib, first generation of EGFR inhibitors
Afatinib, first generation of EGFR inhibitors
Canertinib, new class of EGFR inhibitors
Pelitinib, new class of EGFR inhibitors
Bay846, new class of EGFR inhibitors
Lapatinib, new class of EGFR inhibitors
Cetuximab, monoclonal antibody against EGFRvIII
Panitumumab, monoclonal antibody against EGFR
Nimotuzumab, monoclonal antibody against EGFR
Rindopepimut, EGFRvIII-targeted peptide vaccine

NOTCH MKO0752, y-secretase inhibitor
R0O4929097, y-secretase inhibitor
VEGF Bevacizumab, humanized monoclonal antibody against VEGF

Cabozantinib (XL-184, Exelixis), inhibitor of MET/VEGFR2
Dasatinib, SFK inhibitor
Cediranib, inhibitor of VEGFR tyrosine kinases
PDGF Imatinib (Gleevec), PDGFR inhibitor
Sunitinib (Sutent), PDGFR inhibitor
Sorafenib (Nexavar), PDGFR inhibitor
Vandetanib (Caprelsa), PDGFR inhibitor
Tandutinib, inhibitor of type Ill receptor tyrosine kinases
SHH Vismodegib, Smo inhibitor
Itraconazole
Arsenic trioxide
LDE225, Smo antagonist
TGF-B SD-208, novel TGF-BR1 kinase inhibitor
LY364947, inhibitor of TGF-f type1 receptor
Trabedersen, TGF-B-specific antisense oligonucleotide
LY2157299, TGF-BR1 and TGF-BR2 kinase inhibitor
GC1008, human anti-TGF-B monoclonal antibody
Cilengitide, integrin inhibitor
Several agents act indirectly on PTEN, see text. Drugs acting on Protein kinase A have not yet been tested on glioblastoma

patients.
EGFR: EGF receptor.

anomalies in GB to improve therapy, by using  effectively target these pathways in patients
single agents or combination protocols, to  (Table 1).
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Novel targeted therapies for malignant
glioma

e |IDH

Somatic mutations in the metabolic enzyme
isocitrate dehydrogenase (IDH) have been
identified in different human cancers, includ-
ing gliomas [23.24]. The mechanism by which
mutant IDHI1 contributes to the pathogenesis
of human glioma is still not completely clear.
Mutations of IDH1 are found in 50-80% of
human low-grade gliomas, in 50% of anaplastic
gliomas and in approximately 5% of GBs [2s].
Further studies revealed that /DHI mutation is
an independent prognostic marker of favorable
prognosis 26]. The aberrant function of mutated
IDHI is the conversion of alphaketoglutarate to
2-hydroxyglutarate [27]. However, its role may
extend beyond epigenetic effects [28]. Mutant
IDH1 (mIDHI1) action was investigated in
fully transformed cells with endogenous IDHI
mutations by using a selective IDHI inhibi-
tor (AGI-5198) that impedes the formation of
R-2-hydroxyglutarate (R-2HG) by the mutant
enzyme, resulting in histone H3K9me3 demeth-
ylation and in subsequent action on genes related
to glial differentiation. This effect is not present
in non-mutated glioma cells, while it is sufficient
to block the growth of IDHI-mutant cells. At
present, at least two clinical trials are targeting
mutated IDH in various tumors, including glio-
mas (e.g., NCT02073994 and NCT02273739,

as listed in www.clinicaltrials.gov).

e PTEN

PTEN suppresses Akt phosphorylation through
reversion of PI3K-induced phosphorylation,
with the consequent inhibition of PIP3 sign-
aling and the suppression of cell proliferation.
Even though the status of PTEN in GSCs has
not been elucidated yet, it is considered one of
the most important targets involved in GSC
activity. P7EN mutations are common in pri-
mary GBs, but are rare in secondary GBs and
are considered a potential prognostic marker.
Low PTEN transcript levels are associated with
a significantly shorter survival, compared with
patients with high levels of PTEN mRNA. Also,
PTEN may sensitize glioma cells to chemother-
apy and RT, and also to CD95L-induced apop-
tosis [29]. Recent studies suggest the importance
of PTEN in defining the response to EGFR
tyrosine kinase inhibitors (TKIs). The expres-
sion of mutant EGFR and wild-type PTEN

enhances the tumor’s response to erlotinib and
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gefitinib. In contrast, loss-of function mutations
in PTEN and phosphorylation at tyrosine 240
are associated with resistance to these drugs [30].
The response of PTEN-deficient tumors to TKIs
can be increased by simultaneous inhibition of
EGEFR and downstream signaling molecules of
PI3K/Akt pathway (31]. However, the role of
PTEN in determining sensitivity/resistance to
EGFR-TKI therapy is unclear [32]. Several stud-
ies showed that various miRNAs, which act
as gene regulators, may be involved in glioma
development, since they appear deregulated in
GB specimens and cell lines (3334]. These miR-
NAs act directly or indirectly on the modulation
of the EGFR/PTEN/Akt pathway [35-37]. For
example, the oncogenic miR-26a is upregulated
in some high-grade gliomas, where it co-occurs
with mono-allelic P7EN loss and Akt activation.
This correlation was confirmed also in a murine
model, in which miR-26a downregulated PTEN
and facilitated glioma formation [3839]. PTEN
is also a target for other miRNAs, including
miR-21, which however may modulate the
EGFR/Akt pathway in a PTEN-independent
way. The complex interplay of miRNAs in
gliomas is still under scrutiny [39.40], as is the
response of gliomas to PTEN modulators [41].

e PI3K/Akt/mTOR

Cell growth and proliferation require the activa-
tion of the PI3K/Akt/mTOR pathway. Several
indications suggest that PI3K, Akt and mTOR
may represent potential therapeutic targets for
malignant glioma treatment [31]. Preclinical
studies demonstrated that LY294002 and wort-
mannin can inhibit PI3K, while the thieno-
pyrimidine drug GDC-0941 was active as an
anticancer drug [42]. Akt has also been deeply
investigated as a molecular target for drugs. The
phospholipid perifosine may possibly interfere
with the association of the Akt PH domain
with PIP3, and is currently in Phase II clini-
cal trials for different tumors [43]. Another pos-
sible target, the mTOR kinase, is also strictly
related to PI3K/Akt pathway and hence may
be involved in the regulation of various aspects
of cell survival, from protein synthesis to cell
growth [44]. Actually, mTOR inhibitors such as
temsirolimus have been already tested in clinical
trials for glioma treatment. Despite the fact that
this molecule alone could not increase survival,
it could ameliorate it when given in combined
regimens [45]. Recent studies showed that mul-
tiple mechanisms may exist related to mTOR
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inhibitor resistance, some of which might be
exploitable [46,47], like the promyelocytic leu-
kemia (PML) gene. GBs may be very resistant
to mTOR-targeted therapy, an effect appar-
ently mediated by PML (48], which is variously
related to PI3K/Akt/mTOR pathway. PML may
prevent mTOR and EGFR inhibitor-dependent
cell death. It may oppose the function of nuclear
Akt [49] and act as repressor of mTOR during
hypoxia [s0] and as repressor of transcriptional
activity from the EGFR gene promoter [s1]. It
is possible that PML by acting via the RTK/
PI3K/Akt/mTOR pathway may influence the
GB cell cycle and ultimately results in resist-
ance to various agents, including rapamycin,
ATP-competitive mTOR kinase inhibitors, and
EGEFR tyrosine kinase inhibitors. Inhibition
of PML expression reverses the resistance to
mTOR kinase inhibitors iz vive and results in
tumor growth inhibition and cell death. PML
is degraded by arsenic trioxide [s2]. Therefore,
PML acts as a major player in the resistance
to mTOR and EGFR inhibitor drugs, urging
for the inclusion of PML as an additional tar-
get in the therapeutic schedule [48]. At present,
various agents are being evaluated in clinical
trials (e.g., NCT00704080, NCT01576666,
NCT01349660, NCT01870726,NCT01339052
and NCT01240460) [s3].

¢ EGFR pathway

EGFR gene amplification and high EGFR pro-
tein expression levels are reported in 40—-60%
of GB cases [54]. EGFR activation may affect
the PI3K/Akt pathway. Development of EGFR-
targeting molecular approaches to control the
growth and recurrence of GB resulted in major
progress in the last few years and revealed many
factors that may significantly affect in vivo
treatment.

The first generations of EGFR inhibitors such
as gefitinib, erlotinib and afatinib have been
studied in clinical trials ss], but gave no satisfac-
tory outcomes [56]. Gefitinib is an effective thera-
peutic option for a subset of patients carrying
an activating EGFR mutation [57], while in vitro
Afatinib, an irreversible erbB family blocker, is
active in tumor cells which are resistant to revers-
ible EGFR TXKI [s8]. Irreversible TKIs that cova-
lently bind to cysteines in the ATP cleft of the
EGFR-TK domain represent the newest class of
EGFR inhibitors [59]. This class of EGFR inhibi-
tors includes canertinib and pelitinib, which are
still in clinical studies [60], while lapatinib showed
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no significant activity in GB patients [61]. Also
Bay846 is a recently developed irreversible small
molecule inhibitor, which is more potent than
lapatinib [62]. Altogether, despite the increasing
in vitro potency of this group of drugs, TKIs
are not demonstrated to have an in vivo effect
in GB as in other cancers [59,63]. Monoclonal
antibodies against EGFRVIII are being explored
as therapeutic agents for GB (see e.g., clinical
trial NCT00643097) and in some cases may
increase the survival time [64.65]. Preclinical stud-
ies have shown an effect of cetuximab against
GB, studies on the potential adjuvant effect in
combination with RT and TMZ are ongoing.
In a single case report, combination therapy
including cetuximab and bevacizumab resulted
in 20 months of progression-free survival in
a patient with recurrent GB [66]. Additional
monoclonal antibodies against EGFR, such as
panitumumab and nimotuzumab, have shown
similar efficacy as cetuximab [67.68]. However,
first-line use of bevacizumab did not improve
overall survival in GB patients: progression-free
survival was prolonged but not enough to reach
the target [69].

Several strategies may focus on the translation
of selected molecules at the RNA level, these
include antisense oligonucleotides, RNAi and
ribozymes. All these three RNA-based strategies
have been used in experimental systems to induce
GB cell death [70]. Injection of vectors contain-
ing antisense RNAs that target EGFRVIII into
a GB xenograft induces significant inhibition of
tumor growth [71].

siRNA targeting the TK domain of EGFR
can prolong survival in glioma cell lines and
in an intracranial xenograft model of GB [72].
Cyclodextrin-modified dendritic polyamine
complexes (DexAms) have been applied as vehi-
cles to translocate siRNAs and deliver EGFRvIII-
specific siRNAs selectively to GB: these lead to
decrease systemic toxicity and mortality associ-
ated with the intervention [73]. Anti-EGFRvIII
hairpin ribozymes can also significantly reduce
the expression of EGFRVIII and inhibit glial
tumor proliferation in cell culture [74]. Both
monoclonal and vaccine approaches are influ-
enced by the immunogenicity of the target, and
intrinsic and extrinsic factors that control the
host’s immune response. The success of RNA-
based therapies, besides experimental studies, is
still dependent on a large number of factors that
we need to consider [75], so a clinical translation
is far.

future science group



Notch pathway

Notch signaling affects the survival of non-neo-
plastic neural precursors by acting on prolifera-
tion and differentiation signals. It is aberrantly
activated in embryonic brain tumors [76]. This
pathway activates the PI3K/Akt pathway and the
prosurvival protein Mcl-1, and thus is involved
in the response to DNA damage (77]. The inhibi-
tion of Notch pathway via y-secretase inhibitors
(GSIs; MKO0752) affects cell growth and sur-
vival, reduces tumor formation and sensitizes
GSCs to radiation [78]. Several studies demon-
strated that MSI1, a RNA-binding protein, acts
as a translational repressor for Numb protein
mRNA (791, which is a negative regulator of the
Notch pathway [80]. MSII expression is increased
in glioma (s1], astrocytoma [82] and other solid
tumors [83]. In human gliomas, a correlation was
demonstrated between the expression of MSI1
and the grade of malignancy, proliferative activ-
ity and cell differentiation [81]. At present, the
link between MSI1 and GB is still obscure.
A recent study examined the role of MSI1 in
glioma cells growth [84]. MSI1 knock-down
repressed Notch signaling and led to the accu-
mulation of Numb. Since MSI1 represses Numb
translation, it increases Notch signaling [ss]. In
many tumors MSI1 acts as an upregulating agent
of Notch signaling activity (84]. Increased prolif-
eration and inhibition of apoptosis are both hall-
marks of tumorigenesis and are increased by the
nuclear translocation of Notch1, which activates
its downstream pathway (86]. Notchl is upregu-
lated while Notch2 appears downregulated in
most glioma specimens and in GB cell lines [87].
Knock down of Notchl by siRNAs in GB cells
leads to inhibition of cell growth and invasion,
and to induction of apoptosis. In addition upreg-
ulation of Notch2 suppressed cell growth and
invasion and caused apoptosis. These data reveal
that Notchl and Notch2 play different roles in
the regulation of GB growth [ss].

¢ VEGF signaling

Anti-angiogenic agents have emerged as
important therapeutic options in glioma treat-
ment [89-93]. The humanized monoclonal
antibody against VEGF, Bevacizumab, was
approved in 2009 by FDA for treating recur-
rent GB. A large randomized Phase III trial is
currently evaluating its combination with the
standard-of-care therapy in patients with newly
diagnosed GB [94]. However, several preclinical
and clinical studies suggest that anti-angiogenic
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GB therapy increases tumor invasiveness [95-98].
This appears to be a consequence of the Src fam-
ily kinases (SFKs) activation, associated with
induced hypoxia [99.100] or with the activation
of c-Met signaling [101]. Combined inhibition
of angiogenesis and tumor cell invasion is now
being investigated as a potential more effective
therapeutic approach [102]. Treatment of mice
carrying highly aggressive orthotopic glioma
xenografts with the inhibitor of MET/VEGFR2
cabozantinib (XL-184, Exelixis), resulted in a
significant increase in overall survival, not
observed with other previously used angiogenesis
inhibitors [102]. Bevacizumab-induced invasion
and infiltration of orthotopically xenografted
GB cells were effectively blocked by treat-
ment with the SFK inhibitor dasatinib [103],
a molecule otherwise ineffective in patients
with recurrent bevacizumab-resistant GB [104].
In 2013 the results of a randomized Phase III
study comparing cediranib, a potent inhibi-
tor of VEGEFR tyrosine kinases and lomustine
(CCNU) in patients with recurrent GB proved
no significant increase in progression-free sur-
vival or overall survival, despite some secondary
beneficial effects [105]. Other clinical trials are
now evaluating the efficacy of cediranib either
as monotherapy or in combination with other
agents [29], or y-secretase inhibitor blocking the
activation of Notch receptors (clinical trials
NCT01122901, NCT01269411, NCT01119599
and NCT01189240) [s3].

¢ PDGF signaling

PDGF and its receptor PDGEFR sustain gliom-
agenesis [106]. Alterations in PDGF signaling are
commonly observed in high-grade gliomas [20,107]
and many PDGEFR inhibitors have been intro-
duced in clinical trials, among which imatinib
(Gleevec) [108], sunitinib (Sutent) [109], sorafenib
(Nexavar) [110] and vandetanib (Caprelsa) [111].
Imatinib inhibits the BCR, ABL, KIT tyrosine
kinase proteins and PDGFR by blocking their
ATP binding site [106]. A randomized Phase I1I
study of patients with progressive, TMZ-
refractory GB indicates that there is no clinical
benefit of combined imatinib and hydroxyurea
therapy [112]. Single-agent imatinib showed lim-
ited activity with moderate toxicity in recurrent
oligodendroglioma and mixed oligoastrocytoma
patients [113]. Sunitinib, an oral small molecule
inhibitor of multiple RTKs including PDGFR-a.
and -, was tested for treating recurrent GB and
anaplastic astrocytoma in a Phase II trial, but it
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demonstrated no significant activity [114,115]. A
Phase I/11 trial is evaluating tandutinib for treat-
ment of recurrent or progressive GB. Sorafenib
and vandetanib had only limited or no signifi-
cant activity for recurrent glioma in Phase II
trials [111.116], but other studies are underway to
further evaluate their efficacy.

¢ SHH signaling

The Hedgehog (Hh) pathway modulates cell
differentiation and self-renewal during embryo
development but is usually silenced in adult tis-
sues [117]. Sonic Hedgehog (SHH) activates a
signal transduction cascade that comprises the
membrane proteins PTCHI1 and SMO, leading
to the action of GLI transcription factors [118].
Aberrant activation of this signaling pathway
has been described previously in basal skin
carcinoma and in medulloblastoma [119] and
mutations in Hh pathway have been connected
to the pathogenesis of up to 30% of sporadic
medulloblastomas [120]. SHH-GLI signaling
is implicated not only in glioma growth and
survival but also for GSC survival and prolif-
eration [121]. Based on current research on SHH
pathway, different Smo inhibitors are currently
under clinical evaluation for the treatment of
different cancers [122]. A Phase I clinical trial
demonstrates that the Smo inhibitor vismodegib
has a good tolerability and an acceptable safety
profile in refractory locally advanced metastatic
solid tumors such as basal cell carcinoma and
medulloblastoma [123]. Phase II trials are now
ongoing to study vismodegib in patients with
recurrent or refractory medulloblastoma and
patients with recurrent GB. Itraconazole and
arsenic trioxide are two agents inhibiting Hh
signaling by mechanisms distinct from that of
current Smo antagonists: treatment with these
molecules has recently been proved to inhibit
the growth of medulloblastoma with acquired
resistance to Smo inhibitors [124].

Protein kinase A

The cAMP/protein kinase A (PKA) pathway is
deeply involved in the regulation of cell growth,
differentiation and apoptosis of both normal and
cancer cells. Abnormalities in PKA activity or
expression have been reported in many differ-
ent cancers [125-129]. SHH-driven proliferation
of cerebellar granule cell progenitors is inhib-
ited by pituitary adenylate cyclase activating
polypeptide through a mechanism that involves
activation of protein kinase A, a major inhibitor

Future Oncol. (2015) 11(9)

of SHH signaling. Despite this, elevated total
PKA activity can coexist with moderately high
levels of SHH signaling. To explain this appar-
ent paradox it has been proposed that SHH
regulates a compartmentalized pool of PKA,
whereas a second PKA pool responds to stimu-
lation by G-protein-coupled receptors (GPCRs)
distributed throughout the plasma membrane.
The interplay between PKA pools results in
fine-tuning of the SHH-induced transcriptional
activity and plays a role in cerebellar healthy
development or disease [130].

Many studies indicate that activation of
cAMP/PKA pathway in glioma cells induces cell
cycle arrest, differentiation and apoptosis [131-
134]. In a previous study we showed a distinctinve
presence of PKA RIla regulatory subunit in the
Golgi complex of glioma cells, not detectable in
the healthy tissue and in other types of central
nervous system cancers [125.135]. PKA-dependent
phosphorylation of Dock180 mediates EGFRVIII
stimulation of GB tumorigenesis and invasion,
suggesting that EGFRVIII-PKA-Dock180-Racl
axis may represent a novel target to develop
therapeutic tools for malignant gliomas [136].

« TGF-B

TGF-B is involved in different cellular processes.
Cell growth, differentiation and survival, but
also migration and immune cell activation are
differentially affected by TGF-f according to cell
type and extracellular environment [137.138]. High
serum levels of TGF-3 were observed in malig-
nant gliomas: they directly correlate with tumor
grade and outcome [139-142]. TGF-f3 acts on mul-
tiple targets by promoting the malignant phe-
notype of gliomas, which includes invasiveness,
stemness, angiogenesis, immunosuppression,
chemo- and radio-resistance [143].

In preclinical models, various molecules tar-
geting TGF-f have been exploited and were
demonstrated to possess antitumor activity [143].
In orthotopic glioma murine models, a novel
TGF-BR1 kinase inhibitor (SD-208) promoted
tumor infiltration by natural killer cells, CD8T
cells and macrophages and increased the median
survival [144]. The treatment of cultured murine
and human glioma cell lines with an inhibitor
of TGF-P typel receptor (LY364947) increased
the sensitivity to radiation. Murine and human
glioma models treated with the TGF-f inter-
fering agents following irradiation and stand-
ard chemotherapy showed a decrease in tumor
growth [145,146].
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A number of TGF-f targeting molecules
are currently under evaluation in early clinical
studies showing good tolerability and safety for
glioma patients [143]. In three Phase I/II studies
evaluating the TGF-B-specific antisense oligo-
nucleotide Trabedersen, a prolonged survival
compared with literature data was observed in
patients with recurrent or refractory high-grade

Molecular targets in glioblastoma

glioma [147]. Moreover, a randomized controlled
dose-finding Phase IIb study showed significant
effects compared with standard chemotherapy in
patients with anaplastic astrocytoma receiving
10 uM Trabedersen [148]. Other clinical trials
are ongoing with the TGF-BR1 and TGF-fR2
kinase inhibitor LY2157299 and the human
anti-TGF-B monoclonal antibody GC1008.

EXECUTIVE SUMMARY
High-grade gliomas

e Malignant gliomas are the most aggressive tumors affecting the CNS. Despite advances in treatments and
therapeutics, the prognosis of these tumors is still poor. The mean survival of patients with glioblastoma, the most
malignant glioma subtype, is 14.6 months, with only 3% of patients surviving longer than 5 years.

Current approach

e The treatment approved by the US FDA for glioblastoma is total or subtotal resection followed by radiotherapy and
concomitant systemic chemotherapy with temozolomide, a prodrug converting to an alkylating agent. This treatment
results in 2-year survival in 27% of patients.

Failure of the current approach

e Asan outcome of decades of studies, the improvement due to temozolomide treatment is still unsatisfactory. Many
factors account for this failure: the lack of defined tumor margins, the critical localization of the tumor and the
presence of different subpopulations of cells such as glioma stem cells.

Molecular signature

e Molecular biology is strongly conditioning the clinical practice due to its accurate and reliable results. For this reason a
new molecular signature of malignant gliomas could improve not only the quality of diagnosis and prognosis, but also
the effectiveness of new therapeutic tools.

Molecular targeting

e Inrecent years, the basis for different fates of glioblastoma patients has been unraveled by the discovery of molecular
and genetic heterogeneity of this tumor. Different alterations have been demonstrated to lead to different outcomes.
In particular key-role signaling molecules have been identified in many pathways specifically altered in glioblastoma:
isocitrate dehydrogenase, PTEN, PI3K/Akt/mTOR, EGF, Notch, VEGF, PDGF, Sonic Hedgehog, Protien Kinase A and TGF-p.
Targeting these molecules with specific chemical and/or biological agents can be the necessary step toward a new
generation of therapeutics.

Main advantage

e The molecular signature of glioblastoma patients points to the advent of new more effective personalized therapies.
This, hopefully, should increase the quality of the outcome and as a consequence the survival rate.

Main disadvantage

e The advantage of the personalized molecular therapy is also to be seen as a disadvantage. That's why, even if a
personalized therapy should be more effective, we have to consider the economical impact of such a strong change in
the clinical practice, at least in the first period when new tools may be costly. The diagnosis will be more expensive and
also the direct and indirect costs of the treatment will increase.

Conclusion & future perspective

e Alarge number of the approaches presented in this review are still under preclinical and clinical evaluation, but none
of these looks like the piece that will solve the puzzle. It is possible that single-shot approaches will not work, while
multitargeted strategies appear more likely to succeed. The focus today should be oriented also toward a better
integration of all these pieces of information to reach a unified model clarifying the large number of still obscure
points. This will allow, hopefully in 10 years, to reach the reliable and affordable personalized molecular therapy.
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Downregulation of the TGF-f3 pathway in
GB has been explored by interfering with the
expression or function of specific integrins
through neutralizing antibodies, gene silencing
through RNA interference or pharmacologi-
cal inhibition with cilengitide. This molecule
proved satisfactory until Phase II trial, but failed
Phase 1T [149,150].

Despite these results, the inhibition of integ-
rin remains a promising therapeutic strategy to
block TGF-B-dependent features of malignancy
in human GB [151].

Metabolic targets

The last frontier to fight GB appears to involve
GB cell metabolism, which is related to an
increased oxidation of acetate in the citric acid
cycle, to support biosynthetic pathways and his-
tone modification [152]. The enzyme ACSS2 is
the main actor of this pathway; interestingly its
expression is correlated with GB survival, there-
fore it may represent an exploitable target.

Conclusion

The complexity of malignant gliomas opens a
large number of questions and controversies to
discussion and investigation. Our knowledge
on malignant gliomas is continuously increas-
ing thanks to the application of new techniques
and to the integration of new findings within a
multidisciplinary framework. We are now able
to design therapies targeting specific altered
pathways and to hypothesize new connections
between them. Despite these new evidences,

at present the approaches targeting various
pathways have been proved unsatisfactory.
There may be different reasons for such failure,
including poor study design and suboptimal
administration schedule/formulation. A better
outcome may result from combining multistep
approaches, targeted at different mechanisms.
Today we are still looking to turn these new
advances into clinical protocols, to translate all

this knowledge from the lab bench to the patient
bed.

Future perspective

The current understanding of malignant glio-
mas is providing a wide range of opportunities
to improve the accuracy of diagnostic tools and
the efficacy of therapies. Many data are still
needed to elucidate what is the role of each
single molecular mechanism in tumor develop-
ment and progression. The major goal will be the
integration of all these results and new findings
into a complex multifocal model clarifying the
glioma ethiopathogenesis. This will justify all
the efforts of the last decades providing a real
outstanding progress.
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