
Abstract. Background/Aim: Poly (ADP-ribose) polymerase
(PARP) inhibition could enhance the efficacy of
temozolomide and prolong survival in patients with
glioblastoma. The aim of this study was to evaluate the
combination of the PARP inhibitor olaparib with
temozolomide in the treatment of glioblastoma. Materials
and Methods: The in vitro and in vivo antitumor effects of
the PARP inhibitor olaparib together with temozolomide
were evaluated. The in vitro experimental glioblastoma
model involved O6-methylguanine methyltransferase
(MGMT) promoter-methylated (U87MG, U251MG) and
MGMT promoter-unmethylated (T98G) glioblastoma cell
lines using In this model cell viability and apoptosis were
assessed. For the in vivo studies, nude mice bearing
orthotopically xenografted glioblastoma cell lines (U87MG)
were randomized to four experimental groups: i) the
untreated, ii) temozolomide alone, iii) olaparib alone and iv)
olaparib and temozolomide combination groups. Mice were
treated daily for 4 weeks and monitored for tumor growth
and survival. Results: In vitro we found that the combination
of olaparib with temozolomide enhanced temozolomide-
induced cytotoxicity in all glioblastoma cell lines regardless
of the status of MGMT promoter methylation. In vivo, mice
treated with temozolomide alone or in combination with

olaparib showed greater survival than those untreated or
with the olaparib monotherapy, as well as significantly
decreased tumor volume. There was no significant difference
in survival and tumor volume between temozolomide alone
and the combination treatment. Conclusion: The combination
of the PARP inhibitor olaparib with temozolomide could be
promising candidates for combination therapy of
glioblastoma regardless of the MGMT promoter methylation
status.

Glioblastoma is the most common and deadliest glioma
subtype in adults, with an age-adjusted incidence of 0.59 to
3.69 per 100,000 persons (1). Glioblastoma has a highly
aggressive behavior, and, without any treatment, its median
overall survival (OS) is limited to approximately 3 to 6
months. The standard care includes maximal safe resection,
followed by concurrent chemoradiotherapy with
temozolomide (TMZ) and subsequent treatment with adjuvant
temozolomide, which is named Stupp’s protocol (2).

Although patients with glioblastoma are treated
multimodally, the prognosis remains poor. The median OS is
still limited to 14.6 months, while the OS rate after 2 years
is 27%, dropping down to 3% to 7% after 5 years (2, 3).
Additionally, almost all glioblastoma patients’ relapse, and
over 86% of their recurrences are in the irradiation field (4).
The difficulty of treating glioblastoma is due to several
complicating factors. As glioblastoma is a brain tumor,
treatments are restricted by the blood-brain barrier (BBB)
and by the risks it bears due to the uniqueness of the brain
tissue, profound susceptibility to interstitial chemotherapy
and limited repair capacity (5). In addition, glioblastoma
cells are considered chemo- and radioresistant (2, 6, 7).

The resistance to treatment could be explained by the
presence of glioblastoma stem cells (GSCs). GSCs are a
specific subpopulation of glioblastoma cells with
characteristics of tumor stem cells, such as self-renewal,
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differentiation, metastatic abilities, unlimited proficiency,
and high DNA repair capacity (6, 7). Among the properties
of GSCs, their high DNA repair capacity is widely believed
to participate in their resistance against chemotherapy and
radiotherapy. In GSCs, proteins that respond to DNA
damage, such as checkpoint kinase 1 (CHK1), ATR
serine/threonine kinase (ATR), ATM serine/threonine kinase
(ATM), and poly (ADP-ribose) polymerase 1 (PARP1), are
upregulated (6, 8). It can, therefore, be appreciated that both
GSCs and their DNA repair mechanisms could be considered
as targets for future therapeutic strategies.

TMZ, which is essentially used in conventional
chemotherapy for glioblastoma, is a monoalkylating agent
that methylates DNA bases. The main cytotoxic lesions
induced by TMZ are N3-methyladenine (N3MeA), N7-
methylguanine (N7-MeG), and O6-methylguanine (O6-MeG)
(9). N3MeA and N7-MeG are repaired by base-excision
repair (BER), whereas O6-MeG generated by TMZ is
repaired by O6-methylguanine-DNA-methyltransferase
(MGMT). Inhibition of either repair pathway can sensitize
glioblastoma cells to TMZ cytotoxicity, but BER is naturally
potent in GSCs; thus, it contributes minimally to overall
TMZ responsiveness. In contrast, MGMT expression has
been suppressed by promoter methylation in approximately
40% of glioblastomas; thus, the amount of MGMT expressed
in tumor cells determines whether the tumor cells are
susceptible or resistant to TMZ (9, 10). In tumors that show
insufficient MGMT expression, persistent O6-MeG lesions
are incorrectly paired with thymidine and trigger replicative
stress of mismatch repair (MMR), resulting in replication
fork-associated DNA double-strand breaks (DSBs) and
cytotoxicity (11). On the other hand, in patients who have
tumors with an abundant expression of MGMT, even TMZ
could not improve their prognosis (9, 11).

Poly (ADP-ribose) polymerase (PARP) is an important
family of enzymes that contribute to repairing DNA damage,
achieving genomic stability of tumor cells to promote
survival (7, 9, 11). Therefore, inhibiting PARP has been
considered to enhance the potency of cytotoxic agents. PARP
inhibitors in combination with TMZ were first used in clinical
trials against advanced tumors in 2003 (12). Since the
introduction of the concept of synthetic lethality by Bryant et
al. (13) and Farmer et al. (14) in 2005, which appeared in
homologous recombination-deficient cells exposed to PARP
inhibitors, there is a large number of studies on PARP
inhibitors as potential antitumor sensitizing agents (7, 11).
Therefore, several preclinical and clinical studies have
confirmed the effect of PARP inhibitors in BRCA-mutant
tumors, such as hereditary breast and ovarian cancer (12).
Similarly, the efficacy of PARP inhibitors as potent
radiosensitizers has also been investigated in gliomas several
times (12, 15). Despite this, there is not enough evidence to
demonstrate that combination therapy with PARP inhibitors

and TMZ for treating glioblastoma merits a clinical trial.
In this study, we evaluated whether combination therapy

of the PARP inhibitor olaparib with the alkylating agent
temozolomide could be a promising treatment for
glioblastoma in preclinical models. We tested cell viability
and used an orthotropic xenograft model to determine the
efficacy of the treatment.

Materials and Methods

Cell culture. The human glioma cell lines used in the studies were
selected based on their MGMT expression, which is related to
temozolomide sensitivity. The MGMT promoter-methylated cell
lines (U87MG, U251MG) and the MGMT promoter-unmethylated
cell line (T98G) were all purchased from the American Type Culture
Collection (ATCC, Manassas, VA, UAS) in 2019. Cells were
cultured in complete media with Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich, Germany) supplemented with
10% heat-inactivated fetal bovine serum (FBS) and incubated at
37˚C and 5% CO2. We used differentiated cell cultures (FBS-
supported monolayers) instead of undifferentiated cell cultures
(neurospheres) based on a previous study, which found that there
were no significant differences between the two cell culture systems
in TMZ-induced DNA damage (16).

Cell viability test. We conducted cytotoxicity tests of olaparib. All
cells (U87MG, U251MG, T98G) were seeded in 96-well plates
(5×103 cells/well) and incubated for 24 h. The media used during
incubation were discarded and replaced with 200 μl of complete
media mixture containing serial increasing concentrations of olaparib
(1 nM, 10 nM, 100 nM, 1 μM, 10 μM, 100 μM, and 1 mM). The
cytotoxicity of olaparib, TMZ and a combination of olaparib and
TMZ was measured in each cell line. The concentration of TMZ was
chosen experientially after several tests to determine the proper
concentration that showed a definite inhibition (minimum inhibitory
concentration). All groups of cells were plated first in triplicate and
then in quadruplicate for statistical analysis.

Cell viability was tested using CCK-8 assays (Dojindo Molecular
Technologies, Inc., Tokyo, Japan) according to the manufacturer’s
protocol. We replaced the treatment solution with 200 μl of
complete media mixture containing 10 μl of CCK-8 solution in each
well and incubated for 2 h. CCK-8 absorbance was then measured
using an ELISA reader (VERSAmax microplate reader, Molecular
Devices, San Jose, CA, USA) at 450 nm. The viability of the tumor
cells was assessed by calculating the Optical Density (OD) ratio of
the specific OD in each sample to the one of the control sample.
The data were analyzed using SoftMax Pro software (Molecular
Devices).

Apoptosis analysis. The apoptosis assay was carried out using the
FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen™, Cat.
556547) according to the manufacturer’s protocol. U87MG cells
(1×106) were seeded in seven 100 mm petri dishes and incubated in
complete media for 24 h. Further incubation was carried out for 48
h after replacing the media with the following: i) serum-free DMEM
(four dishes, control groups), ii) 500 μM TMZ in serum-free
DMEM (TMZ group), iii) 10 μM olaparib in serum-free DMEM
(Ola group) and iv) 500 μM TMZ+10 μM olaparib in serum-free
DMEM (TMZ+Ola group). Subsequently, the cells were harvested
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and incubated with 5 μl of FITC Annexin V and 5 μl PI for 15 min
in the dark at RT. The number of apoptotic cells was evaluated by
manually counting four random microscopic fields (400× original
magnification) per subject. Cells were analyzed using a FACSCanto
II (Becton Dickinson) flow cytometer.

Mouse glioblastoma xenograft model. This study was approved by
the Institutional Animal Care and Use Committee of the Medical
Science Research Institute, Seoul National University Bundang
Hospital (Gyeonggi-do, Republic of Korea; authorization No. BA-
1906-274-033-08). Twenty-two six-week-old BALB/c nude mice
were used for the orthotopic xenograft model (Orient Bio,
Seongnam-si, Korea; distributor for Charles River, Wilmington, MA,
USA). After anesthetizing them by 30 mg/kg/intraperitoneal(i.p.)
Zoletil and 10 mg/kg/i.p. Rompun, we used a stereotactic frame
(Kopf Instruments, Tujunga, CA) to fix them during implantation.
Using a 10 μl Hamilton syringe, we injected 2×105 U87MG cells
resuspended in 2 μl of Dulbecco’s phosphate buffered solution (PBS)
intracranially at an identical site (0.5 mm anterior and 2.0 mm right
lateral from bregma). Injection lasted for 4 min (0.5 μl/min), and the
needle was removed after exactly 4 min at a speed of 1 mm/min. The
hole made after the injection in the skull was blocked by dental
cement (Prime Dental Manufacturing, Chicago, IL, USA).

Treatment Preparation. The weight/volume percentage concentration
of the treatment solutions was 10%. A 10% hydroxypropyl-β-
cyclodextrin (HBC) solution was prepared with 0.1 g HBC
powder/10 ml of PBS. First, we vortexed a solution of 100 mg of
TMZ powder in 17 ml of 10% HBC solution, and then a 3 ml
solution of dimethyl sulfoxide (DMSO) was then vortexed to
optimally solubilize TMZ. Olaparib solution was prepared in the
reverse order with the 10% HBC solution being vortexed after
DMSO was added. This procedure ensured that the substrates were
sufficiently dissolved. The prepared treatment solutions were then
aliquoted in PCR tubes and cryopreserved for later use. When
required, the olaparib and TMZ solutions were thawed for two min
in a 37˚C water bath before the i.p. injection.

Treatment protocol and evaluation. Tumor-bearing mice were
randomly allocated to four groups and treated differently after a
week of implantation: i) untreated (control group, n=6), ii) TMZ
alone (TMZ group, n=6), iii) olaparib alone (Ola group, n=5), and
iv) combination with olaparib and TMZ (combination group, n=5).
The dosages for olaparib and TMZ were 50 mg/kg. The mice were
received an i.p. injection for 4 consecutive days per week, and the
treatment cycle was conducted for 4 weeks. Then, the animals were
monitored for 2 months to analyze their survival before sacrifice
and measurement of the tumor volume. The humane endpoint was
defined as a weight reduction of >20% of the initial weight. If
weight loss in all mice remained above this threshold, all surviving
mice were anaesthetized and humanely sacrificed at the end of the
study. Following sacrifice, the brains of the mice were removed
following vascular perfusion with a solution containing PBS and
fixed with 4% formaldehyde for 1 week. Then, the brains were
embedded in paraffin and sectioned coronally into slices of 5 μm
thickness using a microtome (RM2255, Leica Biosystems,
Richmond, IL, USA). The slices were mounted on individual slides
and stained with hematoxylin and eosin. The maximal length (L),
width (W), and height (H) of each tumor were measured, and tumor
volume was calculated using the following formula: tumor volume
(V)=4/3 π (L/2×W/2×H/2).

Statistics. Statistics between groups were performed using t-tests.
The results with a p-Value <0.05 were considered statistically
significant. The Kaplan-Meier method was used for the survival
analysis of the experimental animals. Differences with regard to
survival were tested for significance using the two-sided log-rank
test. All analyses were performed using the SPSS statistical software
package (version 21.0; SPSS, Inc., Chicago, IL, USA).

Results

Cell viability test of olaparib. Since the cytotoxicity of
olaparib is unknown in glioma cell lines, it was initially
assessed by the cell viability test. The half maximal inhibitory
concentration (IC50) of olaparib seemed similar in all three
cell lines and was between 0.1 and 1 mol/l: i) 228 mol/l for
U87MG, ii) 177mol/l for U251MG, and iii) 260mol/l for
T98G. The IC50 values of the three cell lines were similar in
terms of olaparib toxicity regardless of the MGMT promoter
methylation, and the viability patterns overlapped (Figure 1). 

The efficiency of the PARP inhibitor olaparib to sensitize
cells to TMZ and help suppress glioblastoma was evaluated
in a cell viability test. We found that the degree of viability
decreased in the order of i) control, ii) olaparib, iii)
temozolomide, and iv) their combination (Figure 2A-C).
Olaparib enhanced the TMZ-induced cytotoxicity in all
glioblastoma models regardless of the MGMT promoter
methylation status. In addition, the difference in cell viability
between the Ola and the combination group in T98G, the
MGMT promoter-unmethylated cell line, was larger
compared to the other two groups (Figure 2C).

Apoptosis analysis. Apoptosis is a natural course of DNA-
damaged cells. Since TMZ is a monoalkylating agent that
affects DNA, apoptosis instead of necrosis should occur after
treatment. Our FACS data showed that after 48 h of TMZ
and olaparib treatment, there were few cells that underwent
necrosis (0.93% of 10,000 cells in the TMZ+Ola group),
while a considerable number of cells underwent apoptosis
(early apoptosis 3.69% vs. late apoptosis 12.24% in the
TMZ+Ola group) (Figure 3A). Comparing the 3h to the 48h
treatment group, we found that there were more cells
undergoing early apoptosis in the first group (3 h, 7.61%, 48
h, 3.69%) but fewer cells were fully destroyed (3 h 3.88%,
48 h 12.24%) (Figure 3). In summary, olaparib and
temozolomide cotreatment led glioblastoma tumor cells to
undergo apoptosis rather than necrosis.

Cotreatment efficacy in vivo. An orthotopic xenograft model
was used to identify the efficacy of PARP inhibitors in
sensitizing TMZ to mimic the clinical situation. Animals
were treated for 4 weeks with TMZ or PARP inhibitor or
both. The inhibitory effects on tumor growth were evaluated
by tumor volume assessment. We obtained the mean tumor
volume from each group, including the untreated control
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animals. The mean tumor volume in the TMZ (14.02±5.53
mm3) and the combination group (13.35±7.03 mm3) was
significantly smaller than both the control (45.20±7.67 mm3)
and the Ola group (45.06±3.88 mm3). The mean tumor
volume in the combination group was a bit smaller than that
of the TMZ group, however, there was no statistical
significance (p=0.865) (Figure 4A and B). 

Figure 4C shows the survival analysis on the orthotopic
mouse model. The mean survival period of the i) control, ii)
Ola, iii) TMZ, and iv) combination group was: i) 55, ii) 52,
iii) 77, and iv) 77 days, respectively. The overall survival in
both the TMZ (p=0.018) and the combination group
(p=0.030) was significantly high compared to the control
group. There was no significant difference between the TMZ
and combination groups.

Discussion

Olaparib enhanced the cytotoxicity of TMZ on glioblastoma
in our in vitro studies. All the glioblastoma cell lines tested
were more vulnerable to mixed conditions of TMZ and
olaparib than TMZ alone. However, the orthotopic
glioblastoma mouse model treated with mixed therapy had

no evidence of a survival gain compared to the one offered
by TMZ monotherapy. This result shows that combination
therapy with a PARP inhibitor and TMZ has promising
effects even on glioblastoma, as previous studies have
proved its efficiency on BRCA-mutant tumors (12), still with
some hurdles in in vivo studies and real clinical settings.

The combined effect of PARP inhibitors and TMZ could
be understood at a molecular level. As mentioned above, the
resistance of glioblastoma stem cells to TMZ arises from
their potent repair system, represented by BER and MGMT.
Several components are needed to activate their repair
systems, such as PARPs. PARP1, which can be inhibited by
olaparib, detects the presence of DNA lesions and then
activates signaling pathways to promote relevant cell
responses for DNA repair, including BER. When DNA
single-strand breaks (SSBs) are detected, they recruit and
activate several BER factors as a necessary scaffold to repair
SSBs before replication (17, 18). Thus, inhibiting PARP1
could prevent GSCs from activating the repair system,
making them vulnerable to temozolomide.

In 2015, Erice et al. (19) reported that MGMT expression
predicts PARP-mediated resistance to temozolomide. The
study verified the sensitizing effect of PARP inhibitors in
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Figure 1. Cell viability of glioma cell lines in olaparib. The half maximal inhibitory concentration (IC50) of olaparib seemed similar in all three
cell lines: 228 mol/l for U87MG, 177mol/l for U251MG, and 260mol/l for T98G. The overall cell viability pattern was similar within the three
glioblastoma cell lines, regardless of the MGMT status. MGMT: O6-methylguanine-DNA-methyltransferase.
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Figure 2. The anti-tumor effect of olaparib, temozolomide, or their combination on the viability of the different cell lines. These cell lines (A; U87MG,
B; U251MG, C; T98G) were seeded in 96-well-plates and treated with olaparib only, temozolomide only, or a combination of the two. Olaparib
enhanced the TMZ-induced cytotoxicity in all cell lines. CTR: Control; TMZ: temozolomide. *p<0.05, and **p<0.001.



temozolomide-resistant cell lines, especially in the most
commonly temozolomide-treated tumors (melanoma,
colorectal cancer, and glioblastoma cancer). In their study,
PARP inhibitors showed sensitizing effects only in MGMT-
overexpressing cell lines, which are TMZ-resistant. The
authors noted that cell lines that do not express MGMT by
promoter methylation did not change their response
following the addition of a PARP inhibitor to temozolomide
therapy.

According to a previous paper of Erice et al. (19), we
assessed the viability of each cell line used in that study to
the combination therapy before implanting them into the
xenograft model. We found that both MGMT promoter-
methylated as well as -unmethylated cells were sensitive to
the treatment of PARP inhibitors with TMZ. As cell line of
MGMT promoter methylation status does not matter, we
generated an orthotopic xenograft model by U87MG as
previously described (20).

MGMT is a “suicide” DNA repair enzyme whose level is
important to maintain genomic stability (21). When MGMT is
overexpressed, DNA alkylation formed by chemotherapeutics
could be easily repaired, resulting in high resistance (10).
However, because PARP inhibitors participate in different
DNA repair pathways, base excision repair could make
MGMT-overexpressing cell lines vulnerable to temozolomide.
This is a great advantage of PARP inhibitors against
glioblastoma; however, it does not mean that PARP inhibitors
are only effective in MGMT promoter-unmethylated-derived
glioblastoma. Given our results, a PARP inhibitor can also
enhance the effect of ΤΜΖ in MGMT promoter-methylated-
derived glioblastoma, which is another advantage of PARP
inhibitor use against glioblastoma.

The difference in the coverage of PARP inhibitors
between other and our studies could be hidden by
proportional statistics. In Erice’s study (19), the researchers
used half maximal growth inhibition concentration (GI50) as
a sensitization marker. This marker could proportionally
evaluate how the susceptibility of a cell line changed by a
sensitizer. Since GI50 is the concentration for half the
maximal inhibition of cell proliferation, this value could rise
substantially for agents to which there is resistance, resulting
in a significant difference between sensitized and non-
sensitized lines. Importantly, in already sensitive lines, this
method could underestimate the effect of the agent, although
there could be a significant enhancement of reactivity. In our
study, we compared the viability of different cell lines under
the same temozolomide concentration. This procedure has
the benefit that this fixed dose of TMZ, since efficient, could
be used for glioblastoma patients. In addition, analysis of cell
viability showed that a sufficient amount of PARP inhibitor
could enhance the cytotoxicity of TMZ.

Interestingly, against our expectations, we failed to
demonstrate the survival gain of olaparib and TMZ
combination treatment compared to TMZ monotherapy in the
in vivo study. This could be partly explained based on the
assumption of an ineffective drug penetration into the brain due
to the blood-brain barrier. According to Parrish et al., the PARP
inhibitor rucaparib does not potentiate TMZ in the orthotopic
GBM models (22), which does not agree with the findings of
an in vivo study in flank tumor models (23). Blood-brain
barrier remains a hurdle to most chemotherapeutics in tumors
of the central nervous system, and olaparib is not an exception.
Besides, we could not evaluate the tumor model before
treatment. Despite the fact that each treatment group showed
no difference in mouse weight or general health status, there
might have been a difference in tumor volume, which can
affect the efficacy of drugs.

Recently, two phase I trials use olaparib in glioblastoma
patients and their results appear to be promising. In the first
trial olaparib combined with radiotherapy was well tolerated
in newly diagnosed glioblastoma patients (24). In the second
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Figure 3. Apoptosis assay of combination treatment in U87MG cell line.
FACS data (A; 48h, B; 3h) of Annexin V/PI apoptosis analysis showed
that using Olaparib (O) and Temozolomide (T) induces apoptosis, not
necrosis. UL: Upper left; UR: upper right; LL: lower left LR: lower right.
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Figure 4. The tumor volume and survival in the glioblastoma xenograft model. (A) Hematoxylin and eosin-stained coronal histological section of
mouse brain of each group analyzed 1 month after treatment. (B) The mean tumor volume of the TMZ group and the combination treatment group
was significantly lower than the control group, however, between them, there was no statistical significance. (C) Survival of the glioma xenograft
mouse model. Most of the control group and the Olaparib (Ola) group mice died within 40 days. However, mice in the remaining groups lived to
the end of the experiment. In addition, there was no difference between the TMZ group and the combination group. TMZ: Temozolomide.



trial, olaparib and temozolomide combination therapy was
conducted in patients with relapsed glioblastoma, and the
researchers found that olaparib penetrates the core and
margins of recurrent glioblastoma, with good tolerance (25).

Only a handful of studies have assessed the use of PARP
inhibitors in glioblastoma. In 2017, Ohmoto et al. (26)
indicated four research tasks needed to apply PARP inhibitors
in specific tumor treatments. First, the most suitable drugs
should be determined among several PARP inhibitors.
Second, a new treatment target should be found in cases of
homologous recombination repair (HHR)-proficient tumors.
Third, the regimen that could increase the overall survival and
progression-free survival should be decided, and fourth,
proper biomarkers that could measure the efficacy, side
effects, and clinical resistance should be found.

Our study has some limitations. First, we could not
evaluate the penetration or accumulation of olaparib or
temozolomide, which would affect the efficacy of treatment.
Many other studies have noted the limited role of olaparib
due to the blood brain barrier, limiting the exact role of novel
drugs. Second, the initial tumor volume was not considered
due to technical limitations. The initial tumor volume could
confound the interpretation of the results. 

Additional studies with different cell lines or other PARP
inhibitors and further evaluation of drug distribution in brain
tumors would be beneficial to determine the effect of PARP
inhibitors in patients with glioblastoma.
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