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The outlook for patients with glioblastoma is
bleak. Although a proportion of patients
benefit from conventional therapy comprising

surgery, radiotherapy and chemotherapy, most of
these aggressive tumours are resistant to treatment
and will recur within one to two years. Novel
treatments are urgently required that overcome this
resistance without exacerbating the damage that
current treatment inflicts on normal brain tissue.

The successful use of chemical inhibitors of
poly(ADP-ribose) polymerase (PARP) to treat
advanced breast or ovarian cancers in patients
carrying hereditary mutations of the BRCA1 or
BRCA2 genes has generated much excitement in the
oncology community. PARP inhibitors are non-toxic
agents that can be taken for extended periods with
minimal side effects, and in these specific cancer
patient groups have shown very encouraging efficacy
[1,2]. The mechanism underlying the sensitivity of
BRCA1 and BRCA2 deficient cancers to PARP
inhibitors hinges upon the critical role that these two
proteins play in the homologous recombination (HR)
DNA repair pathway. In the absence of functional
HR, cells cannot repair DNA damage that occurs in
replicating cells when they are continuously exposed
to PARP inhibitors. The unrepaired DNA breaks can
result in cell death either by apoptosis or by
chromosomal breakdown when the cells attempt to
divide. In contrast, cells with intact HR pathways can
repair the DNA damage caused by the PARP
inhibitors and can proliferate normally [3,4]. 

Mutations in BRCA1 and BRCA2 are not a feature
of glioblastoma, and defects in HR function have not
been reported. Why then are PARP inhibitors
creating a stir in the world of neuro-oncology? 

PARP inhibitors enhance the effects of other
cytotoxic agents
Like BRCA1 and BRCA2, PARP is a DNA repair
protein. It recognises and binds to nicks and breaks
in the DNA double helix, and helps activate the base
excision repair (BER) pathway. Different cytotoxic
agents induce different types of DNA damage, and
PARP seems to play a particularly important role in
detecting and resolving lesions arising from
treatment with alkylating agents (e.g.
temozolomide), topoisomerase I inhibitors (e.g.
irinotecan) and radiotherapy.  Exposing cells to PARP
inhibitors slows down the DNA repair process and
causes particular problems in replicating cells
because the unrepaired lesions can intefere with the
DNA replication machinery to generate complex
double stranded breaks that are potentially lethal.

There is a wealth of evidence showing that PARP
inhibitors increase the sensitivity of glioblastoma cell
lines to radiotherapy, temozolomide and irinotecan.
Pre-clinical studies show promising enhancement of

tumour growth delay in vivo [5]. Since the current
gold-standard treatment for glioblastoma comprises
radical radiotherapy with concomitant and adjuvant
temozolomide [6], the prospect of adding a PARP
inhibitor to this regime is very enticing. As with any
new combination, however, caution must be
exercised when intensifying a regime that is already
associated with significant acute and late toxicity.

Tumour specificity is of paramount importance
Many agents have radiosensitising properties, but very
few are used in the clinic. The main reason is that in
most cases any improvement in tumour control is
accompanied by a similar increase in acute or, more
worryingly, late toxicity. Similarly, any agent that
increases the anti-tumour effects of a chemotherapy
drug runs the risk of exacerbating dose-limiting side
effects. This phenomenon was illustrated in a
beautifully designed study of the PARP inhibitor AGO
14699 in combination with temozolomide in the
treatment of advanced malignant melanoma [7].
Although tumours responded, the incidence and
severity of haematological toxicity increased and the
combination was not pursued futher. What then is the
rationale for adding PARP inhibitors to the
glioblastoma formulary?

Taking radiotherapy first, there is good reason to
believe that the radiosensitivity of the critical normal
tissue – the brain – will not be affected by PARP
inhibition. Unlike rapidly proliferating glioblastoma,
the adult brain is composed almost entirely of post-
mitotic, non-dividing cells. Evidence shows that
PARP inhibition has no effect on the radiosensitivity
of non-replicating cells, and DNA replication is
necessary to convert unrepaired single-strand DNA
breaks to cytotoxic double-strand breaks [8,9]. With
glioblastoma, therefore, the radiosensitising effects of
PARP inhibitors are predicted to be tumour specific
(for more detail see [10]).

There are additional mechanisms by which this
tumour specificity might be enhanced. It has
frequently been observed that the radiosensitising
effects of PARP inhibitors on tumour growth in
animal models are more pronounced than the in vitro
data would predict. There are a number of plausible
explanations for this: (1) pharmacokinetic and
pharmacodynamic data from in vivo studies indicate
that PARP inhibitors preferentially accumulate in
tumour tissue, perhaps as a consequence of elevated
levels of DNA damage in tumour cells [11]; (2) the
radiosensitising effects of PARP inhibitors are
maintained under conditions of hypoxia, and may
even be enhanced [12]; (3) because most inhibitors
compete with NAD+ at its binding site in the
catalytic domain of PARP, many of the compounds
exhibit a nicotinamide-like activity. In tumours, this
can cause vasodilation, reducing the incidence of
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acute hypoxic episodes (thus increasing
tumour radiosensitivity) and enhancing
tumour penetration by the drugs [13].

What about bone marrow toxicity?
As mentioned above, systemic delivery of
cytotoxic drugs in combination with PARP
inhibitors carries an increased risk of bone
marrow suppression. In the treatment of
glioblastoma, temozolomide is given in two
different schedules: daily low dose treatment
(75mg/m2) throughout the six weeks of
radiotherapy, and subsequently at a higher
dose (200mg/m2) for five days of each 28 day
cycle. The latter schedule is associated with
neutropenia and thrombocytopenia and
previous clinical experience predicts that the
addition of a PARP inhibitor would increase
the incidence and severity of serious adverse
events. In contrast, daily low dose
temozolomide very rarely affects neutrophil
or platelet counts, and is more commonly
associated with a manageable lymphopenia
that does not require interruption of treatment
or dose modification [6]. It is reasonable to
predict that PARP inhibition could be safely
combined with daily temozolomide as part of
concomitant chemoradiation, but clinical

safety data are clearly required before such a
regime could be widely adopted. 

The first study to investigate these
combinations is now underway. Preliminary
safety data from a trial of the BiPAR
compound BSI-201 were reported at ASCO
2010; somewhat surprisingly, they indicated
that both concomitant and adjuvant
temozolomide regimes could be safely
delivered in combination with this agent
[14]. The different pharmacokinetic and
toxicity characteristics of the various PARP
inhibitors in clinical and pre-clinical
development will undoubtedly result in
different side effects of these combination
regimes, but the early data are encouraging.

Designing and executing combination
studies in glioblastoma is not easy
Despite the promising pre-clinical data,
progress in bringing PARP inhibitors into the
neuro-oncology clinic has been frustratingly
slow for a number of reasons. Clinical trial
orthodoxy demands demonstration of
adequate tumour penetration and inhibition
of target activity by the investigational agent.
In glioblastoma, this is difficult to achieve
because patients usually undergo a single

neurosurgical procedure during the course of
their illness; a definitive diagnosis has not
been obtained prior to this procedure.
Imaginative trial protocols are required to
obtain the necessary pharmacological and
molecular information while giving patients
the opportunity to participate in clinical
studies of promising new agents without
compromising their safety. 

Further complications arise when
combining novel sensitising agents with
radiotherapy for glioblastoma. A traditional
dose escalation trial design is probably not
appropriate because patients have only one
opportunity to receive radical dose
radiotherapy, and there would be a high risk
of under-treating the early cohorts in a study
combining PARP inhibition with increasing
doses of radiation. Another problem is
measurement and detection of toxicity. A
critical issue is whether combination therapy
will exacerbate the late neurological effects
of cerebral irradiation. Since these effects are
not clinically detectable until between 2 and
10 years after treatment, it is unrealistic to
delay implementation of a novel regime until
the possibility of increased late toxicity has
been definitively excluded. Also most of
these patients are not expected to live long
enough to experience such effects.

Can acute toxicity be used as a surrogate for
late effects? The answer is almost definitely
no: the acute side effects of cerebral irradiation
are poorly defined and overlap extensively
with symptoms related to the tumour.
Furthermore, intensive cytotoxic treatment of
glioblastoma is frequently associated with
increased cerebral oedema and tumour
enhancement that is extremely difficult to
distinguish from tumour progression.
Approximately 50% of patients with apparent
radiological deterioration within one to three
months of radiotherapy treatment will in fact
be experiencing a ‘pseudoprogression’ that
resolves without additional intervention [15].

How best to proceed? It is helpful to draw
inspiration from the landmark EORTC/NCIC
study that established the benefit of
combined treatment with radiation and
temozolomide in this cancer [6]. The
radiotherapy dose was not reduced, despite
the addition of a potential radiosensitiser,
and acute toxicity was measured in the usual
way. A small but significant cohort of
patients has survived for more than five
years, and no obvious increase in late
neurotoxicity has been reported. While all
clinical trials should incorporate the best
available assessments of adverse events, the
absence of validated tools to predict late
toxicity should not prevent new agents being
made available to patients for whom current
treatments are inadequate.

PARP inhibitors and glioblastoma 
– the future
In addition to the BiPAR study described
earlier, a number of early phase clinical trials

Tumour specific radiosensitisation
• sensitisation of replicating cells only
• DNA repair defects enhance sensitisation

Chemosensitisation
• overcome temozolomide resistance

Vasoactive effects
• reduce hypoxia, improve drug delivery

Favourable pharmacology
• low toxicity, accumulate in tumour tissue

Figure 1
Four reasons why PARP inhibitors have a 
promising role in the treatment of glioblastoma.
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are in development. These will combine various PARP
inhibitors with either temozolomide, radiotherapy or
concomitant treatment, and are aimed at establishing the
safety and toxicity profiles of these combinations. In
addition to generating conventional pharmacokinetic
and pharmacodynamic data, an important aspect of
these early phase studies will be to investigate potential
biomarkers that might predict a good response to PARP
inhibition.

As single agents, they are extremely well tolerated,
and preclinical data indicate a very promising role in
combination with radiotherapy and chemotherapy.
Whether PARP inhibitors and glioblastoma will turn out
to be “a match made in heaven” should become
apparent in the next few years. n

Learning points:

• Glioblastomas are the most common primary brain tumour
and carry a very poor prognosis because they are resistant
to conventional cytotoxic therapies.

• PARP is a nuclear protein that facilitates repair of DNA
damage induced by radiotherapy and temozolomide
chemotherapy.

• PARP inhibitors delay DNA repair and increase sensitivity
of replicating tumour cells to both radiotherapy and
temozolomide.

• Normal brain tissue is composed of non-replicating cells
that are not sensitised by PARP inhibitors, suggesting that
the enhanced cytotoxic effects will be tumour specific

• PARP inhibitors are very well tolerated and could be
combined with radiotherapy and/or temozolomide in a
broad range of patients.

• Clinical trials are in development that will document the
safety and toxicity of these combinations, and may
indicate which patients are likely to benefit. 
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