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ABSTRACT

In cancer, complex intracellular and intercellular signals constantly evolve for the advantage of the tumour cells
but to the disadvantage of the whole organism. Decades of intensive research have revealed the critical roles of
cellular signalling pathways in regulating complex cell behaviours which influence tumour development, growth
and therapeutic response, and ultimately patient outcome. Most studies have focussed on specific pathways and
the resulting tumour cell function in a rather linear fashion, partly due to the available methodologies and partly
due to the traditionally reductionist approach to research. Advances in cancer research, including genomic
technologies have led to a deep appreciation of the complex signals and pathway interactions operating in
tumour cells. In this review we examine the role and interaction of three major cell signalling pathways, PI3K,
MAPK and cAMP, in regulating tumour cell functions and discuss the prospects for exploiting this knowledge to
better treat difficult to treat cancers, using glioblastoma, the most common and deadly malignant brain cancer,
as the example disease.

1. Introduction

Glioblastoma (GBM), is an aggressive and invariably lethal form of
malignant brain tumour. GBM is highly heterogeneous and invasive,
which accounts for the fact that it has one of the worst survival rates
across all types of cancers. The highly complex nature of GBM also
impacts advances toward the development of better treatments. The
best current standard treatment across the globe relies on surgery,
radiotherapy and a single drug, temozolomide (TMZ) [1]. The median
survival time with optimal treatment is about 14 months, while the 5-
year survival rate is close to or below 5% [2]. The uniformly poor

prognosis in the majority of GBM patients highlights the importance of
research needed to understand the molecular pathways and mechan-
isms which drive GBM pathology as a means to identify better and safer
treatments.

1.1. Primary and secondary GBM

GBM can occur as a primary, de novo tumour, or as a secondary
tumour developing from pre-existing lower grade glioma tumours. In
primary GBM, tumours develop rapidly, within several months, without
evidence of pre-existing symptoms or neoplasms. Secondary GBM arises

Abbreviations: AC, Adenylyl cyclase; AKT, AKT8 virus oncogene cellular homolog; ATP, Adenosine triphosphate; BBB, Blood brain barrier; Bim, BCL2-Like 11
protein; cAMP, Cyclic adenosine 3’,5’-monophosphate; CRAF, C-Raf proto-oncogene; CREB, cAMP Response Element Binding Protein; EGFR, Epidermal growth factor
receptor; ERK, Extracellular signal-regulated kinase; GBM, Glioblastoma; GDP, Guanosine diphosphate; GPCR, G-protein-coupled receptor; GRB2, Growth factor
receptor bound protein-2; GTP, Guanosine triphosphate; IDH1, Isocitrate dehydrogenase 1; LGG, Low grade glioma; MAPK, Mitogen-activated protein kinase;
MAPKKK, Mitogen-activated protein kinase kinase kinase; MEK, MAPK/ERK kinase; MMP, Matrix-metalloproteinase; mTOR, Mammalian target of rapamycin; NF1,
Neurofibromin 1; PD-1, Programmed cell death-1 protein; PDE, Phosphodiesterase; PDGFRA, Platelet derived growth factor receptor alpha; PDK, 3-phosphoinositide-
dependent protein kinase; PD-L1, Programmed death-ligand 1; PI3K, Phosphoinositide 3-kinase; PKA, Protein kinase A; PTEN, Phosphatase and tensin homolog; RAF,
Rapidly accelerated fibrosarcoma; RAPTOR, Regulatory-associated protein of mtor; RHEB, Ras homolog enriched in brain; RSK, Ribosomal s6 kinase; RTK, Receptor
tyrosine kinase; SOS, Son of sevenless homolog; TCGA, The Cancer Genome Atlas; TMZ, Temozolomide; TORC, Target of rapamycin complex; TP53, Tumour protein

53; TSC, Tuberous sclerosis complex

* Corresponding author at: Department of Microbiology and Immunology, The University of Melbourne, Melbourne, VIC 3000, Australia.

E-mail address: theom@unimelb.edu.au (T. Mantamadiotis).
1 Equal contribution.

https://doi.org/10.1016/j.cellsig.2019.01.011

Received 17 January 2019; Received in revised form 29 January 2019; Accepted 29 January 2019

Available online 30 January 2019
0898-6568/ © 2019 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/08986568
https://www.elsevier.com/locate/cellsig
https://doi.org/10.1016/j.cellsig.2019.01.011
https://doi.org/10.1016/j.cellsig.2019.01.011
mailto:theom@unimelb.edu.au
https://doi.org/10.1016/j.cellsig.2019.01.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellsig.2019.01.011&domain=pdf

N.H. Fung et al.

from a lower grade tumour. For example, diffuse astrocytoma, a grade II
tumour, can gradually progress into malignant anaplastic astrocytoma
(grade III), and ultimately into GBM (grade IV). Progression from low
grade glioma (LGG) to GBM is slow, occurring over the course of several
years, which is reflected in the longer median survival time of LGG
patients compared to GBM patients [3].

2. Genomics and GBM biology
2.1. GBM subtypes

In a landmark study by The Cancer Genome Atlas (TCGA) con-
sortium involving the consolidation of clinical data together with DNA
sequencing, expression analysis via microarray and RNA sequencing of
hundreds of patient tumours, four GBM molecular subtypes have been
identified which, in part, explain some variations in clinical the char-
acteristics observed and patient outcomes [4].

2.1.1. Classical GBM

The classical subtype of GBM can be identified by the amplification
of the epidermal growth factor receptor (EGFR) gene, as well as point
mutations or variant III (vII[) mutations within the EGFR gene [5].
Tumour protein 53 (TP53) is not typically mutated in the classical
subtype, despite being frequently altered in the other subtypes. Patients
with classical GBM also respond best to aggressive treatment, possibly
because of the lack of TP53 mutations in tumour cells [4].

2.1.2. Mesenchymal GBM

Tumours in the mesenchymal subtype are associated with a higher
rate of neurofibromin 1 (NF1) and phosphatase and tensin homolog
(PTEN) mutations, which are regulatory components of the mitogen-
activated protein kinase (MAPK) and the phosphoinositide 3-kinase
(PI3K) pathways respectively. TP53 mutations are also common in
mesenchymal GBM. Like classical GBM, aggressive treatment sig-
nificantly improves the overall survival of GBM patients with this
subtype [4].

2.1.3. Proneural GBM

The proneural subtype correlates with younger patients and is
characterized by focal amplification on chromosome 4ql2, within
which the platelet derived growth factor receptor alpha (PDGFRA) gene
is located [6]. Although this amplification is also seen in other subtypes,
only in proneural GBM is it accompanied by high levels of PDGFRA
expression. In addition, isocitrate dehydrogenase 1 (IDH1) and TP53
mutations are also closely associated with proneural GBM. Interest-
ingly, these features are also characteristic of many secondary GBM,
which are also enriched for the proneural subtype. Patients with pro-
neural GBM have a longer median survival time, are younger but are
less responsive to aggressive treatment [4].

2.1.4. Neural GBM

Unlike other subtypes, there is no obvious pattern of gene amplifi-
cation or mutation in the neural subtype. Rather, neural GBMs are
characterized by their expression of typical neuronal genes. Patients
with neural GBM have the worst survival rate of all subtypes, and this is
only marginally improved with aggressive treatment [4].

2.2. Tumour cell invasion in GBM

GBMs are highly proliferative and invasive, making complete sur-
gical resection of tumours virtually impossible. Thus, even with ad-
juvant radiotherapy and chemotherapy after surgery, almost all cases of
GBM recur within 6-9 months of initial treatment, often within 1-2 cm
of the original tumour [7].

In GBM the expression of matrix-metalloproteinases (MMPs) 2 and 9
are upregulated [8]. Up-regulation of these matrix-metalloproteinases
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are the result of several deregulated signalling pathways in GBM, in-
cluding the phosphoinositide 3-kinase (PI3K) pathway [9]. Such upre-
gulation of MMPs is thought to contribute greatly to the invasiveness of
GBM as it allows GBM cells to degrade the extracellular matrix and
invade neighbouring tissues via structures known as invadopodia
[10,11]. Furthermore, PI3K is activated via several extracellular sig-
nals, such as growth factor receptor signalling, and shown to promote
invadopodia formation [12], while PI3K inhibitors such as LY294002,
inhibit invadopodia formation [13].

2.3. Cellular heterogeneity in GBM

The original full name for GBM, glioblastoma multiforme, describes
the heterogeneous histopathological appearance of these tumours.
Advances in gene technology has extended observations of the mor-
phological heterogeneity of GBM, to include the genetic heterogeneity
that underlies the histopathology. Improved imaging and antibody
biomarkers has also led to a more sophisticated understanding of the
cellular composition of GBM and an appreciation of the role and con-
tribution of non-tumour cells, including endothelial cells and immune
cells, to disease progression, treatment resistance and recurrence
[14,15].

3. Drug resistance

GBM is relatively resistant to therapy, with recurrent GBM being
even more resistant, even to highly aggressive treatment and is the
result of a complex interplay of factors. A primary reason for poor ef-
ficacy of many anticancer drugs which are used for other cancers, is
inefficient drug penetrance due to the impediment of the Blood Brain
Barrier (BBB) and high tumour interstitial pressure [16,17]. This is
compounded by genomic instability induced by widespread alterations
in genetic material which results in extensive genotypic and phenotypic
heterogeneity producing clonal populations of cells which are resistant
to any single course of therapy, including TMZ [18,19]). GBM is also an
extremely invasive cancer, rapidly spreading to neighbouring structures
and extending through into healthy brain tissue [20]. Invading cells
extend past the visible tumour mass margin, escaping surgical resection
and radiation therapy and the cells serve as a source of tumour recur-
rence. The tumour mass also harbours rare cancer stem-like cells and it
is this population of cells which exhibit robust radio-resistance, which
may contribute to cellular heterogeneity [19,21].

4. Multiple signal transduction pathways promote GBM
carcinogenesis

4.1. MAPK signalling

The activity of the mitogen activated protein kinase (MAPK)
pathway is frequently altered in GBM. This pathway has key roles
regulating cell proliferation, cell survival and metastasis (J.-Y. [22,23]).
High levels of phosphorylated (activated) MAPK has been linked to
poor patient survival in GBM [24].

The MAPK pathway can be activated when growth factor ligands
such as epidermal growth factor (EGF) bind to their corresponding re-
ceptors, which belong to the receptor tyrosine kinase (RTK) family
(Fig. 1). Upon ligand binding the RTK undergoes dimerization and
autophosphorylation which triggers a cascade of phosphorylation
events via various protein substrates. RTK autophosphorylation leads to
the recruitment of adaptor proteins, such as growth factor receptor
bound protein-2 (GRB2), and Son of sevenless homolog (SOS) [25]. SOS
promotes the removal of guanosine diphosphate (GDP) from Ras and
recruitment of guanosine triphosphate (GTP) [26]. This conversion
activates Ras which binds and activates the kinase RAF at the mem-
brane which then activates MEK (also known as MAPK kinase) which in
turn activates MAPK. This pathway is negatively regulated by the
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Fig. 1. The MAPK Pathway. The pathway is activated by a ligand binding to its
corresponding receptor tyrosine kinase (RTK), resulting in the receptor di-
merization and phosphorylation. This recruits adaptor proteins which activate
RAS. This begins a signalling cascade in which Ras activates RAF, which in turn
activates MEK which then activates MAPK (ERK1/2). MAPK has a number of
downstream effects such as proliferation, survival and migration. NF1 nega-
tively regulates this pathway by converting GTP to GDP, inactivating RAS.
Vemurafenib is a drug which inhibits RAF (BRAF), as indicated by the dotted
line.

tumour suppressor NF1 via the hydrolysis of GTP, converting it to GDP
and inactivating Ras [27].

In cancer, multiple components of this signalling cascade may been
transformed resulting in hyperactivation of this pathway, which dives
tumour malignancy. The epidermal growth factor receptor (EGFR) gene
is the most commonly amplified gene in GBM [28], seen in approxi-
mately 40% of GBM which drives the hyper-activation of both the
MAPK and phosphoinositide 3-kinase (PI3K) pathways. The negative
regulator NF1 is deleted or mutationally inactivated in 14% of GBM
cases, according to The Cancer Genome Atlas [29]. This aberration is
most often seen in mesenchymal GBM, with occurrences in up to 37% of
cases. The activation of one of the terminal MAPK substrates, such as
ERK (extracellular signal-regulated kinase) or p38, leads to nuclear its
translocation where it exerts a number of effects via activation of sev-
eral transcription factors. These transcription factors include the proto-
oncogenes, Elkl, c-myc, Ets and cAMP Response Element Binding
Protein (CREB) [30-32].

4.2. PI3K signalling

The PI3K pathway is one of the most frequently perturbed pathways
in cancer and regulates multiple cellular functions including cell dif-
ferentiation, adhesion, motility, invasion, proliferation and survival
[33,34]. Similar to the MAPK pathway, PI3K signalling occurs via
multiple steps and is a tightly regulated process (Fig. 2). Activation can
occur following growth factor stimulation of receptor tyrosine kinases
(RTKs) resulting in activation of PI3K via interaction of the catalytic
p110 and p85 regulatory subunits and conversion of phosphatidylino-
sitol (4, 5)-bisphosphate (PIP,) lipids to phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). PKB/Akt binds to PIP; at the plasma membrane,
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Fig. 2. The PI3K Pathway. This pathway is activated by binding of ligand to a
receptor tyrosine kinase (RTK). This causes the dimerization and phosphor-
ylation of the RTK. PI3K is recruited to the RTK via the regulatory subunit p85
and activates the catalytic subunit, p110. PI3K can also be activated by active
members of the Ras family. The p110 catalytic subunit converts PIP2 to PIP3, a
process which is negatively regulated by PTEN. PIP3 causes AKT to undergo
phosphorylation and activation. AKT signals to a number of downstream factors
including mTOR, to promote cell survival, proliferation and protein synthesis.
BKM120 is a drug which inhibits PI3K, as indicated by the dotted line.

triggering PDK1 to phosphorylate and activate Akt [35]. PI3K can also
be activated by members of the Ras family [36]. Akt has several
downstream targets, one of which is mTOR. In the homeostatic or non-
cancer state, mTOR monitors cellular conditions to regulate cell growth
and proliferation [37] and upon hyperactivation of the PI3K pathway,
mTOR is also hyperactivated and acts on multiple targets which pro-
mote protein synthesis. A key negative regulatory mechanism of the
PI3K pathway involves the actions of the phosphatase and tensin
homolog (PTEN) protein, which dephosphorylates PIP; to suppress
signalling [38]. Multiple components of the PI3K pathway may be
mutated or amplified in GBM, including mutation and/or amplification
the EGFR [28], activating mutations or amplification of PIK3CA, the
gene encoding the p110 catalytic subunit of PI3K or inactivating mu-
tations or deletion of tumour suppressor PTEN [5].

4.3. Crosstalk and convergence between the PI3K and MAPK pathways

Apart from self-regulation, the PI3K and MAPK pathways also cross-
regulate each other at multiple levels at many points along their sig-
nalling cascades. Importantly, both pathways can be activated by the
same cell surface receptors, including RTKs and GPCRs. RAS, which
typically involved in MAPK signalling, also activates PI3K [36] (Fig. 4).
Moreover, the GAB1 protein which can bind to the GRB2-SOS complex
is also an activator of PI3K [39]. Like AKT, ERK can inhibit the
downstream PI3K factor, TSC1/2, leading to the upregulation of RHEB-
GTP, and subsequent activation of mTORC1 [40]. In addition, ERK can
also directly promote mTORC1 by phosphorylating the mTORC1 com-
ponent regulatory-associated protein of mTOR (RAPTOR) [41] and/or
ribosomal s6 kinase (RSK) [42].

Apart from cross-activation, ERK also possesses cross-inhibitory
functions. ERK can downregulate the PISK/AKT pathway by phos-
phorylating and inhibiting GAB1, which reduces activation of PI3K
[39]. On the other hand, the PI3K/AKT pathway can also downregulate
the MAPK pathway through the action of AKT which can phosphorylate
RAF to inhibit it [43].
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Fig. 3. The cAMP pathway. Upon ligand binding to G-Protein-Coupled
Receptors (GPCR), the enzyme Adenylyl Cyclase (AC) converts Adenosine
Triphosphate (ATP) to cAMP. cAMP in turn activates Protein Kinase A (PKA) to
inhibit tumour biology. The enzyme phosphodiesterase (PDE) negatively reg-
ulates this pathway. The pathway can be activated to promote apoptosis via
drug agonists such as forskolin/Fsk or phosphodiesterase inhibitors (PDEi), as
indicated by the dotted lines.
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5. cAMP signalling

The cyclic adenosine 3’, 5-monophosphate (cAMP) pathway reg-
ulates multiple cellular functions. Signalling typically begins with the
binding of a ligand to a G-protein-coupled receptor (GPCR) [44]. This
causes G-proteins to activate the enzyme adenylyl cyclase (AC) which
converts adenosine triphosphate (ATP) to the second messenger cAMP
(Fig. 3). Subsequently, cAMP can activate several effectors including
the cAMP dependent protein kinase A (PKA). An important regulatory
mechanism of this pathway is that occurs via negative regulation by
phosphodiesterases (PDEs), which degrade cAMP [45]. The cAMP
pathway interacts with other pathways, including MAPK and PI3K. For
example, cAMP activated PKA can inhibit the MAPKKK, Raf [46].
However, PKA has also be shown to inhibit the ERK tyrosine phos-
phatase, PTP, increasing ERK signalling [47]. Likewise, the cAMP
pathway can interact with the PI3K pathway, exemplified by the effect
of follicle stimulating hormone, FSH, in ovarian cells [48].

Compared to MAPK and PI3K signalling, research into the role of the
cAMP pathway in tumours has been less prominent but long-studied.
This is perhaps due to observations that cAMP activation in tumours is
generally low, unlike the increased activation of MAPK and PI3K sig-
nalling. Furman and Shulman's work, published in 1977, investigated
the levels of cAMP and AC in brain tumour samples compared to normal
brain tissue and found a significant reduction in both cAMP and AC
levels in the tumours samples [49]. Notably, GBM and other higher
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Fig. 4. Convergence of PI3K, MAPK and cAMP pathways on CREB. Signals are initiated by ligand binding to specific receptors, either G-Protein-Coupled Receptors
(GPCR) or receptor tyrosine kinases (RTK). CREB sits at a hub downstream of the pathways and the terminal kinases from each pathway phosphorylate CREB, at
amino acid Ser133, which leads to recruitment of transcriptional co-activators and the RNA polymerase complex, to activate the expression of target genes. The
precise spectrum of target genes expressed will differ depending on level of the upstream signal and cooperation with other transcription factors and will regulate
many cellular functions including metabolism, proliferation, survival, invasion and stemness. There are several pathway interaction points indicated where cross-
talk/cross-regulation (activation or inhibition) can occur. Asterisks indicate key positions in the pathways where drug targeted inhibition can be achieved, noting that
at transcription factor hubs, where signals converge onto CREB in this example, would potentially overcome bypass due to drug-induced adaptation at a single

upstream node, as indicated by the double asterisk.
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tumour grade glioma samples had some of the lowest cAMP levels,
compared to lower grade tumours. While mutations in this pathway are
not common in cancer, there is evidence that altered expression of AC
and PDE may be responsible for decreased levels of cAMP in tumours
[50]. The inverse relationship between cAMP levels and tumour ma-
lignancy and a view that cAMP signalling is tumour suppressive, has
more recently generate renewed interest in this pathway in cancer
biology and the possibility the pathway is a potential therapeutic target
in cancers such as GBM. Supporting this view, the elevation of cAMP
levels via inhibition of PDEs has been shown to inhibit growth, increase
differentiation and promote apoptosis in GBM cells [50,51]. Similarly,
upon administering a PDE inhibitor in an orthotopic xenograft mouse
model of brain cancer, tumour growth rate was inhibited [52]. More-
over, the chemical nature of some PDE inhibitors, such as diazepam
(Valium), and the reason for their use and FDA-approval for neurolo-
gical disorders means these drugs should efficiently cross the BBB [53];
a key drug property for effective GBM treatment. Recent research
suggests that PDE4 inhibitors may be tailored to use for brain cancer
therapy (reviewed in [53,54]).

5.1. Integration of multiple signalling pathways in the nucleus

Multiple signalling pathways converge on transcriptional hubs,
which function to coordinate upstream signals and regulate and fine-
tune cellular responses. The cAMP response element-binding protein
(CREB) is a transcription factor with numerous downstream functions,
including neurogenesis and cancer [55]. CREB activation via phos-
phorylation of a key serine residue (Ser133) is regulated by several cell
signalling pathways including the cAMP, PI3K and MAPK pathways
(Fig. 4) [55,56]. CREB is important for normal brain development and
its deletion in mouse brain leads to neurodegeneration in the devel-
oping brain, and hippocampal and striatal neurodegeneration in post-
natal brain [57]. Other in vivo models show that CREB is required for
efficient neurogenesis and that CREB overexpression results in neural
stem/progenitor cell hyper-proliferation [58,59]. Elevated CREB ex-
pression, CREB deletion or inhibition modulates tumour growth in
various experimental models [60-62]). Moreover, CREB expression and
activation correlates with patient survival in various malignant diseases
[63,64].

6. Targeting signal transduction pathways in brain cancer
6.1. Targeting the PI3K and MAPK pathways

The PI3K and MAPK pathways regulate GBM development and tu-
mour growth but the precise cellular behaviours regulated by each
pathway is not fully understood. Given the limited treatment strategies
currently available to patients, the development of new drugs which
target the PI3K and MAPK pathways could potentially improve overall
patient survival and quality of life significantly. In fact, numerous
preclinical studies and clinical trials have been undertaken using in-
hibitors of the PI3K and MAPK pathways in GBM.

One of the most promising drugs is the potent pan-PI3K inhibitor,
BKM120 (Buparlisib). It targets the PI3K heterodimer and therefore
downregulates all downstream effectors of the PI3K pathway [65]
(Fig. 2). It is currently in multiple phase I/II/1II clinical trials for several
cancers including breast cancer and GBMs [66,67]. Preclinical studies
have shown that BKM-120 suppresses invasiveness of GBM cells in vitro
and in vivo [68].

Vemurafenib is a MAPK pathway inhibitor which targets the BRAF
protein, downstream of Ras (Fig. 1). It is currently FDA approved for
the treatment of late-stage melanoma [69], and is also approved for
metastatic melanoma patients with the BRAF'®°°® mutation [70].
Several clinical studies have also shown great promise for the use of
vemurafenib in GBM treatment. A case study using vemurafenib re-
ported complete regression of a recurrent paediatric GBM with a
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BRAFV®°E mutation [71], with further clinical studies providing evi-
dence of selective efficacy in subsets of GBM patients [72]).

Drugs targeting receptor tyrosine kinases (RTK) or their ligands
have also been tested in GBM patients. Erlotinib is an EGFR inhibitor
and is FDA-approved for several cancers including non-small cell lung
cancer [73]. A phase II trial combining erlotinib and bevacizumab with
standard first line therapy for newly diagnosed GBM patients found
that, although patients experienced longer progression-free survival,
overall survival was not significantly increased [66]. In a remarkable,
although a single case report, a patient with recurrent GBM has sur-
vived for eight years while undergoing therapy using a combination of
bevacizumab and erlotinib [74].

6.2. Co-targeting the PI3K/MAPK Pathways in GBM

Inhibitors that target specific components of the PI3K and MAPK
pathways are in clinical use, but the success of these has been limited by
the drug resistance that develops over time. Studies have shown that
tumour cells respond to chronic drug treatment by adapting their sig-
nalling circuitry, taking advantage of pathway redundancy, to maintain
their growth and function. For example, in colorectal cancer, activation
of ErbB2 signalling can bypass the block, induced by EGFR antibody
inhibitors [75]. Using specific combinations of drugs will enforce
multiple signalling blocks that cannot be circumvented, enhancing the
prospects of tumour cell growth inhibition or tumour cell death. Two
independent studies examined the effects of using a combination of
PI3K and MAPK drugs in glioma models to show that drug resistance
was suppressed and malignancy reduced [76,77].

6.3. Targeting pathway convergence and crosstalk nodes

An alternative approach to minimize or delay the development of
treatment resistance by alternate pathway activation, could be to target
downstream signalling hubs. Considering the pro-oncogenic signals
transmitted via the MAPK and PI3K pathways, targeting the CREB
transcription factor on which these pathways converge may be an ef-
fective approach. By targeting specific pathway nodes and signalling
hub transcription factors, such as CREB, the problem of alternate pro-
oncogenic pathway activation would also be minimized, compared to
inhibition of only one pathway. Moreover, toxicity may be minimized
by using a single agent which inhibits multiple pathways, rather than a
combination of drugs targeting each pathway individually, to achieve
similar biochemical effect. Recent research showed that two structu-
rally-related small molecule CREB inhibitor drugs were able to inhibit
leukemia cells in vivo and small cell lung cancer cells, in vitro [78,79],
raising the possibility of targeting CREB in cancer patients, for more
effective tumour cell inhibition.

6.4. Targeting the cAMP pathway

The close association of cAMP with other oncogenic cell signalling
pathways and the association between low cAMP levels and tumour
malignancy makes this pathway a promising target for therapeutics. A
recent study showed that activation of the cAMP pathway using the AC
activator, forskolin (FSK) and the PDE inhibitor, iso-
butylmethylxanthine (IBMX) induced cell death in A172 and T98G
GBM cell lines, via Bim-regulated apoptosis [50]. Interestingly, in the
same study, other GBM cell lines exhibited significant resistance to
cAMP-induced cell death at the same drug concentrations. It turns out
that the resistant cells exhibited relatively high MAPK activation and
that when a combination of MAPK inhibitor and cAMP activation was
used, Bim expression increased and apoptosis-mediated cell death was
triggered.

As the cAMP pathway normally activates CREB, there appear to be
opposing pro- and anti-oncogenic functions activated, when also con-
sidering PI3K- and MAPK-dependent CREB activation. Although, the
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Table 1
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Examples of targeted combination therapies and immunotherapies used in recent or current clinical trials for glioblastoma. mAb: monoclonal antibody.

Therapy Mode Drug Clinical trial/pre-clinical model Trial National Clinical Trial ID/
phase Reference
Combined angiogenic + PI3K Bevacizumab (anti-VEGF mab) + bkm120 (PI3K Clinical trial )i NCT01349660
inhibitors inhibitor)
Combined angiogenic + EGFR Bevacizumab (anti-VEGF) + erlotinib (anti-EGFR) Clinical trial I NCT005255525
inhibitors mabs
Combined angiogenic inhibitor + Bevacizumab (anti-VEGF) + pembrolizumab (anti- Clinical trial I NCT02337491
immunotherapy PD-L1) mabs
Combined MAPK + PI3K inhibitors MAPK inhibitors: trametinib, selumetinib Pre-clinical mouse models: genetically - [77]
PI3K inhibitors: buparlisib, dactolisib engineered mice & patient-derived
enografts
Combined MAPK + PI3K inhibitors MAPK inhibitor: trametinib Preclinical mouse model: cell xenografts - [76]

PI3K inhibitor: everolimus

precise CREB-dependent signals activated in GBM cells via cAMP are
not fully understood, our studies show that cAMP-induced Bim ex-
pression and apoptosis, does not involve CREB [50]. Rather, a complex
interaction between the cAMP and MAPK pathways exists, where cAMP
activation may inhibit the MAPK pathway via PKA inhibition of CRAF
[801.

7. The influence of signalling pathways on the GBM
microenvironment

Activation of MAPK and PI3K pathways are linked to im-
munosuppression in GBM. Upregulation of pERK1/2 in the MAPK
pathway and inactivation of PTEN in the PI3K pathway are associated
with increased expression of PD-L1 on the surface of GBM cells [81,82].
PD-L1 is an immune checkpoint which can induce T-cell apoptosis
when interacting with PD-1 on the T-cell surface. GBM tumours har-
bouring PTEN inactivating mutations are known to upregulate PD-L1
expression in monocytes through IL-10 modulation [83]. In melanoma,
inhibiting PI3K and MAPK pathway can reverse this effect, although the
reversal is more effective via MAPK inhibition [84]. Furthermore,
combination therapy using MAPK or PI3K inhibitors with PD-L1 in-
hibitor shows great promise in mouse cancer models [85,86]. Although
similar studies have not been done in GBM, combination targeted
therapy and immunotherapy may be key to more effective treatments
for GBM patients. Although tumour cells require multiple signalling
pathways to function, in GBM tissue there is evidence that there is re-
gional and specific activation of the PI3K and MAPK pathways, sug-
gesting that although these pathways can cooperate, they can also
function independently [87]. In the same study, analysis of GBM mRNA
expression data further suggests that both pathways can activate spe-
cific CREB target genes to promote specific cellular functions. Overall,
this suggests that modulation of several signal transduction pathways
provides dynamic cooperative and pathway-specific functions in GBM
cells, which allow the tumour cells to quickly respond to their micro-
environment, including development of resistance to exogenous ther-
apeutic challenge.

8. Conclusions

Backed by the evidence from a vast array of research so far, it seems
possible that specific targeting of three key cellular signal transduction
pathways may lead to an improved clinical management of difficult to
treat cancers, such as GBM. Targeting individual pathways in GBM is
unlikely to provide effective tumour control, but using a combinatorial
drug approach, each targeting distinct, pivotal positions or nodes in
multiple pathways may lead to safer treatment and improved patient
outcome. Experimental evidence suggests that a combinatorial drug-

based treatment will target critical cancer cell functions, killing cells
and minimising drug resistance. Indeed, as GBM exhibits heterogeneous
activation of the PI3K and MAPK pathways [87]), at the very least, both
of these pathways need to be targeted. To further maximise the impact
on GBM cell viability, activation of the suppressed cAMP pathway could
potentially trigger apoptotic mechanisms to enhance GBM control. Of
course, there are a number of critical issues which need to be carefully
determined when drug combinations are to be used in patients. Most
importantly, toxicity of drug combinations needs to be determined in
the context of the minimal tumour effective drug concentration. The
effectiveness of targeted anti-cancer drugs also needs to be determined
in the context of standard brain cancer therapeutic modalities, in-
cluding TMZ chemotherapy and radiotherapy in GBM. Moreover, BM,
will likely require additional treatments to provide long-term im-
provement in patient outcome, including the use of novel im-
munotherapies. Evidence of the innovative multimodal approach to
GBM treatment is seen through the establishment of recent clinical
trials using drugs which target multiple kinases and signalling nodes in
the MAPK and PI3K pathways, as well as testing the efficacy of novel
immunotherapeutic approaches, in combination with the pathway in-
hibitors (Table 1).
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