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Gliomas are the most frequently occurring brain tumour,
of which glioblastomas (WHO grade IV gliomas) are
the most common subtype and carry a particularly poor
prognosis, leading to 5-year survival rates of just 9.8% (1,2).
Radiation is an effective treatment modality although
dose escalation is limited by the narrow therapeutic index.
Consequently, there is a clear and unmet clinical need for
effective radiosensitisation strategies for glioblastoma which
enhance anti-tumour efficacy without increasing doselimiting normal tissue toxicity. The paucity of effective
clinically validated radiosensitisers further highlights the
need for novel therapeutic targets for radiosensitisation of
glioblastoma.
Fibroblast growth factor receptor (FGFR) aberrations,
in the form of mutations, amplifications or translocations
are commonly found in breast and non-small cell lung
cancer (3,4). In glioblastoma, FGFR mutations are found
in 3% of cases and are the result of fusions between the
tyrosine kinase coding domain of the FGFR gene with
the transforming acidic coiled-coil (TACC) domain of
the evolutionary conserved TACC1 and TACC3 genes
involved in mitotic spindle localisation (5,6). FGFR1
has been shown to have a role in resistance to cytotoxic
and hormonal therapies in a variety of tumour types (7,8).
FGFR1 expression levels have been shown to be a
poor predictive marker of overall survival and time to
progression in patients treated with chemo-radiotherapy
in glioblastoma (9). The predictive role of FGFR1 may
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be due to modulation of the tumour microenvironment
and angiogenic response which may in turn influence
tumour radiosensitivity. Cohen-Jonathan-Moyal and
colleagues have investigated extensively the role of FGFR
signalling in contributing to radiosensitivity (10) and have
also shown that the pan-FGFR inhibitor, SSR128129E,
increases radiosensitivity in glioblastoma both in vitro and
in vivo (11). Most recently, they demonstrated for the first
time that the FGFR1 pathway is implicated in the in vitro
and in vivo radioresistance of glioblastoma (12). In their
study they made use of human glioblastoma cell lines,
U87 and LN18 which are known to express FGFR1, in
combination with shRNA and siRNA to silence FGFR1 in
both in vitro and in vivo settings. Using clonogenic assays
to measure the surviving fraction after 2 Gy irradiation
(SF2), it was shown that FGFR1 inhibition increased the
radiosensitivity of both cell lines (12). Further investigation
demonstrated that the increase in radiation-induced death
was associated with mitotic cell death as evidenced by an
increased percentage of giant multinucleated cells and
increased centrosome overduplication following silencing of
FGFR1 (12).
Next, Gouazé-Andersson et al., investigated the
mechanism by which FGFR1 mediates a radioprotective
effect and determined that this was at least in part
dependent on phospholipase C gamma (PLCγ). The SF2
of cells deficient in PLCγ (using siRNA) decreased by 28%
in U87 cells and 33.9% in LN18 cells compared to control
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Figure 1 A schematic representation of glioblastoma radiosensitisation
by inhibiting FGFR1 and PLCγ signalling (12). FGF, fibroblast growth
factor.

lines. Likewise, the percentage of giant multinucleated cells
and centrosome overduplication increased upon depletion
of PLCγ (12). Together, these results strongly suggest that
FGFR1-mediated radioresistance is dependent, at least
partly, on PLCγ signalling. Further mechanistic insight
could be achieved by assessing radiosensitivity in FGFR1
null cell lines following PLCγ inhibition which may help
to clarify the relative contribution of PLCγ signalling to
FGFR1-mediated radioresistance (Figure 1).
Glioblastomas are characterised by areas of hypoxia
and necrosis which drives hypoxia-mediated tumour
growth (13). HIF1 signalling is the primary orchestrator
of the cellular response to hypoxia (14). HIF1 is a
heterodimeric transcription factor consisting of α and β
subunits which increase expression of genes implicated in
gliomagenesis, angiogenesis and invasion (13). In a recent
meta-analysis, high HIF1α expression was confirmed as a
poor prognostic marker in glioblastoma (15). Most work
to date has investigated the role of HIF1α signalling in the
context of hypoxia. However, HIF1α can also be expressed
and regulated under conditions of normal oxygen levels
through the activity of oncogenes, growth factors and free
radicals (16). For example, activation of Epidermal Growth
Factor Receptor (EGFR) signalling has been shown to
increase HIF1α expression via the phosphatidylinositide
3-kinase/protein kinase B/mammalian target of rapamycin
(PI3K/PKB/mTOR) pathway in thyroid cancer (17).
HIF1α expression levels vary between different
glioblastoma cell lines in normoxia. Previous work on
U251MG and U343MG human glioblastoma cell lines have
shown low levels of HIF1α (18) whereas the cell lines, U87
and LN18, used in this study show high levels of HIF1α in
normoxia (12). The significance of these varying expression
levels on tumour progression and therapy response
remains unclear. In this study it was demonstrated that
silencing FGFR1 and PLCγ decreased HIF1α expression
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in normoxia. Specifically, in the U87 cell line, HIF1α
expression decreased 11.1 fold and 2.38 fold upon depletion
of FGFR1 and PLCγ respectively (12). Reductions in
HIF1α levels were also seen in the LN18 cell line upon
silencing FGFR1 and PLCγ. Loss of PLCγ expression
produced a greater (11.1 fold) decrease in HIF1α
expression, suggesting that additional factors may be
involved in the FGFR1 and PLCγ mediated regulation of
HIF1α expression (12). These are the first published data
suggesting an interconnecting role of FGFR1 and PLCγ
signalling in mediating radioresistance in glioblastoma.
Further exciting insight may be gained by contrasting the
effect of FGFR1 and PLCγ silencing in the context of
hypoxia and normoxia.
FGFR1-silenced U87 cells were then used in xenograft
studies and showed that FGFR1 inhibition alone had no
impact on the rate of tumour growth. However, increased
radiosensitivity was seen when FGFR1 inhibition was
combined with a single 5 Gy fraction of irradiation (12). As
the commonly used radiation schedules for glioblastoma
involve fraction doses of 1.8–5 Gy, this combination of
FGFR1 depletion and irradiation suggests a feasible and
effective radiosensitisation strategy. A similar approach
was not taken in vivo combining knockdown of PLCγ and
irradiation, although the prediction is that this would also
increase radiosensitivity. In addition, it would be interesting
to extend these studies to evaluate the impact of varying
fraction sizes and fractionation schedules to reflect the
spectrum of radiation dosing being used in clinical practice.
In support of their findings in vitro, when the
FGFR1-silenced xenograft tumours were assessed using
immunohistochemistry for HIF1α expression, a reduction
was seen in both small (100 mm3) and large (3,000 mm3)
tumours (12). It would be reasonable to expect and
amenable to formal demonstration that hypoxic regions
exist in these tumours. These data are consistent with
previous reports showing that a pan-FGFR inhibitor
reduces HIF1α expression levels in hypoxia (11). However,
despite the decreased HIF1α expression in the FGFR1
depleted tumours there was no apparent change in the
density or morphology of intra-tumoural blood vessels
which suggests HIF1α levels remained sufficient to promote
angiogenesis (12). As HIF1α has numerous roles including
the regulation of cell proliferation, glucose metabolism
and migration, it is possible that the FGFR1-mediated
loss of HIF1α expression may impact other aspects of
HIF biology. Of particular interest is the role of HIF1α
expression in regulating radiosensitivity. Previous studies
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suggest HIF1 may increase radiosensitivity by maintaining
glucose metabolism and ATP production in murine
mammary and human colorectal xenograft models (19). On
the other hand, pre-clinical evidence has also shown that
combining radiation with HIF1α inhibition can overcome
radioresistance in malignant gliomas (18). The difference
in radiosensitivity outcomes may be related to the diverse
roles of HIF1α signalling in pathways known to influence
radiosensitivity such as cell proliferation (19) and the
inherent variation seen between varying tumour models and
experimental technique.
Currently, there are both selective and non-selective
FGFR tyrosine kinase inhibitors (TKI) in phase I and II
clinical development. Of the inhibitors available the use
of monoclonal antibodies against FGFR offer the most
selectivity, however these studies are in their infancy (20).
Non-selective FGFR inhibitors, such as dovitinib, have
shown modest bioactivity against FGFR signalling in
metastatic breast cancer (21). Tolerability was low due to
off-target VEGF inhibition by these non-selective FGFR
inhibitors, resulting in hypertension and proteinuria (22).
More selective and potent FGFR TKIs, for example
BGJ398, are being investigated in a range of solid tumours
with the hope of an improved toxicity profile (22). There
are no current studies evaluating FGFR inhibition in
glioblastoma as either monotherapy or in combination with
radiotherapy. Therefore, the opportunity exists to combine
these preclinical data with the available and developing
clinical tools to translate preclinical mechanistic insight to a
clinical setting for a malignancy of significant unmet need.
Deciphering the mechanisms of radioresistance in
glioblastoma could significantly improve our therapeutic
outcomes in this poor prognostic disease. In this study,
there is evidence that FGFR1 signalling contributes to the
radioresistant phenotype. FGFR1 may also be implicated in
normoxia-dependent regulation of HIF1α expression. Many
mechanistic questions remain unanswered which must be
addressed to develop the therapeutic avenues essential in
improving the clinical efficacy of radiation in glioblastoma.
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