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Abstract
Introduction  Temozolomide (TMZ) is a life prolonging DNA alkylating agent active against glioblastomas (GBM) in which 
the O6-methylguanine-DNA methyltransferase (MGMT) gene is silenced by promoter methylation. Unfortunately acquired 
TMZ resistance severely undermines its clinical efficacy. Using an in vitro model, we tested whether poly (ADP-ribose) 
polymerase-1 and -2 (PARP) inhibition could suppress the emergence of resistance to enhance the effectiveness of TMZ.
Methods  Using the MGMT-methylated GBM line U251N, in which TMZ resistance can be induced, we developed a method 
to rapidly recreate mechanisms of TMZ resistance seen in GBMs, including MMR mutations and MGMT re-expression. 
We then assessed whether TMZ resistant U251N sub-clones could be re-sensitized to TMZ by co-treatment with the PARP 
inhibitor ABT-888, and also whether the emergence of resistance could be suppressed by PARP inhibition.
Results  U251N cultures chronically exposed to TMZ developed discrete colonies that expanded during TMZ treatment. 
These colonies were isolated, expanded further as sub-clones, and assessed for mechanisms of TMZ resistance. Most resist-
ant sub-clones had detectable mutations in one or more mismatch repair (MMR) genes, frequently MSH6, and displayed 
infrequent re-expression of MGMT. TMZ resistance was associated with isolated poly(ADP-ribose) (pADPr) up-regulation 
in one sub-clone and was unexplained in several others. TMZ resistant sub-clones regressed during co-treatment with TMZ 
and ABT-888, and early co-treatment of U251N parental cultures suppressed the emergence of TMZ resistant colonies.
Conclusion  In a model of acquired resistance, co-treatment with TMZ and a PARP inhibitor had two important benefits: 
re-sensitization of TMZ resistant cells and suppression of TMZ resistance.
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Introduction

Since its discovery 25 years ago, Temozolomide (TMZ) has 
been the chemotherapy of choice for Glioblastoma (GBM). 
The unequivocal life-prolonging benefits of TMZ for GBM 
patients are enhanced by its favourable safety profile and 
oral bioavailability [1–3]. Unfortunately, nearly all TMZ 
responsive GBMs become resistant to TMZ through pro-
longed drug exposure [4]. The most common mechanism of 
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acquired resistance is loss of DNA mismatch repair (MMR), 
either by gene mutation or loss of protein expression. Indeed, 
Johnson et al. showed that half of recurrent low-grade glio-
mas exposed to TMZ developed one or more MMR muta-
tions in MSH6, MSH2, MSH3, MLH1, PMS1, or MLH3 [5], 
while others have shown similarly high rates of mutation 
(up to 60%) after TMZ exposure, predominantly of MSH6 
[6–9]. TMZ resistance and recurrence of GBM have also 
been associated with loss of expression of MSH6, MSH2, 
MLH1 and PMS2. By comparing 43 newly diagnosed GBMs 
with their matched recurrences, Felsberg et al. observed 
reductions in MSH6, MSH2, or PMS2 protein expression 
in over 50% of tumours compared to their pre-TMZ treated 
counterparts, and reductions in MLH1 expression were seen 
in 33% [10]. Other glioma studies have also shown TMZ 
resistance is associated with loss of MMR proteins [11–13]. 
Although less common than MMR loss, resistance has also 
been associated with O6-methylguanine-DNA methyltrans-
ferase (MGMT) re-expression [14, 15] and with intact base 
excision repair (BER); the latter of which corrects secondary 
cytotoxic N7-methylguanine (N7-MeG) and N3-methylad-
enine (N3-MeA) DNA adducts induced by TMZ [16, 17].

One strategy to overcome TMZ resistance involves block-
ing BER through inhibition of poly (ADP) ribose polymer-
ase-1 and -2 (collectively referred to as ‘PARP’). Indeed, 
we demonstrated that co-treatment with the PARP-inhibitor 
ABT-888 restored TMZ sensitivity in brain tumor initiating 
cells (BTICs) and xenografts that had acquired resistance 
through TMZ exposure; re-sensitization by PARP inhibi-
tion was seen in the setting of MSH6 mutation and MGMT 
expression [18], an observation corroborated recently by 
Higuchi et al. [19]. To further explore the role of PARP 
inhibition in the treatment of GBM and its potential to 

mitigate acquired TMZ resistance, we sought a pre-clinical 
model for rapid drug screening, and turned to a published 
in vitro system in which mutations of MSH6 occurred in 
TMZ treated GBM cells [8]. Herein, using this model we 
show that persistent exposure of U251N cells to TMZ pro-
motes the emergence of resistant sub-clones which harbour 
the exact mechanisms of resistance seen in recurrent GBMs. 
We then demonstrate that PARP inhibition restores TMZ 
sensitivity to resistant colonies, and reveal for the first time 
that inhibition suppresses the emergence of acquired resist-
ance. Finally, we show that prolonged exposure to TMZ may 
undermine the beneficial effect of PARP inhibition.

Results

A clinically relevant model of acquired TMZ 
resistance using MGMT‑methylated U251N cells

U251N cultures were expanded in flasks and treated with 
TMZ for 3  weeks using the TMZ-resistance protocol 
described by Yip et al. [8]. Within 14 days widespread 
cell death and the emergence of discrete cell colonies was 
observed. These colonies had become resistant to TMZ and 
continued expanding in the face of continuous TMZ expo-
sure (Fig. 1). To investigate the biological basis of TMZ 
resistance 24 colonies were isolated from the TMZ-treated 
parental culture and expanded in media containing TMZ to 
establish 18 independent TMZ-resistant sub-clones.

Western blotting on these sub-clones was performed to 
assess expression of MMR proteins. Sub-clones from colo-
nies 6, 9, 12, 13, 20, 23 and 24 had a decrease in MSH6 
expression ranging from 70–93%, while those from 1, 2, 16 

Fig. 1   Chronic TMZ exposure in the MGMT-methylated GBM cell 
line U251N leads to Temozolomide-resistant cell colonies that har-
bor known mechanisms of TMZ resistance. Bright-field photomicro-
graphs (2 × magnification) showing the emergence of drug-resistant 
colonies in a U251N culture treated with TMZ (100 µM) for 3 weeks. 

No colonies emerged in a parallel culture treated with TMZ delivery 
vehicle. Arrows denote the number of TMZ doses administered. “P” 
indicates that the culture was passaged at a 1:4 dilution between pho-
tomicrographs
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and 18 had no detectable expression (Fig. S1A). Sub-clones 
from colonies 2, 6, 9, 12, 16 and 20 had a 49–64% reduc-
tion in MSH2 levels, while sub-clones from 1 and 18 had 
no detectable protein (Fig. S1B). All sub-clones retained 
levels of expression of MLH1 similar to the parental line 
(Fig. S1C), while sub-clones from colonies 2 and 23 had a 
48–68% decrease in PMS2 (Fig. S1D). MGMT expression 
was assessed in all sub-clones; only one displayed MGMT 
re-expression (Fig. S1E).

Based on patterns of protein expression we then selected 
a subset of TMZ-resistant sub-clones to assess the muta-
tional status of MMR genes frequently mutated in TMZ-
treated, recurrent GBMs (Table S1) [5–9]. As seen clinically, 
MSH6 was the most commonly mutated gene: sub-clones 
from colonies 6, 7, 9 and 12 displayed de novo missense 
mutations in MSH6, while sub-clones 6 and 9 had multiple 
mutations in MSH6. The mutation in sub-clone 9 (amino 
acid residue 864) has been reported in recurrent methylated 
GBM [20]. Mutations in MLH1 were found in sub-clones 
12 and 15. A deletion of exon 1 of MSH2 was found in sub-
clone 1. Most mutations were guanine-to-adenine transition-
type nucleotide substitutions often observed in the hyper-
mutation phenotype exhibited by TMZ treated GBMs [21]. 
For all missense mutations, both the mutant and wild type 
nucleotides were detected suggesting allelic heterozygo-
sity or multiple populations of cells within each sub-clone 
(Table. S2). All sub-clones harboured a silent mutation and 
two single-nucleotide polymorphisms (SNPs) in PMS2 
(Table S1), an alteration common in the general population 
and not associated with cancer susceptibility or other known 
pathologies [22, 23].

Concomitant PARP inhibition restores TMZ 
sensitivity in emerging U251N resistant colonies

Previously we observed that brain tumour initiating cell 
(BTIC) cultures derived from TMZ-treated patients could be 
re-sensitized to TMZ by co-treatment with a PARP inhibitor 
[18]. We revisited this observation in the U251N model sys-
tem using colonies which had acquired resistance to TMZ. 
First, we induced resistant colonies in U251N parental cul-
tures as described above. When colonies emerged, cultures 
were exposed to TMZ alone (100 µM) or TMZ plus ABT-
888 (10 µM). TMZ-treated colonies continued to expand 
(Fig. 2A), whereas co-treated colonies regressed (Fig. 2B). 
Over the ensuing 3 weeks, co-treated colonies did not 
resume expanding despite being maintained in in TMZ-free 
media. These observations reveal PARP inhibition restores 
sensitivity to TMZ and can have a sustained effect.

To document extent of cell death Annexin V staining 
was performed five days following treatment on three sub-
clones derived from resistant colonies 1, 5 and 15 (Fig. 3). 
Lower drug concentrations produced variable responses with 

sub-line 15 having the greatest sensitivity to co-treatment: 
10 µM TMZ induced significant apoptosis (p < 0.01) when 
combined with 10 µM ABT-888, and as little as 1 µM ABT-
888 induced apoptosis in a significant proportion of cells 
(p < 0.05) when combined with 100 µM TMZ. At higher 
concentrations of TMZ (100 µM) and ABT-888 (10 µM) 
apoptosis was induced in 54–61% of resistant cells in all 
sub-clones. These results suggest that apoptosis is the 
mechanism of cell death in TMZ resistant cells that have 
responded to the combination of TMZ and ABT-888, and 
that the degree of apoptosis is dose and sub-clone dependent.

Concomitant PARP inhibition and TMZ treatment 
suppress the emergence of resistant colonies

Having shown that co-treatment with ABT-888 was cyto-
toxic to TMZ resistant cells, we then asked if the emergence 
of TMZ resistance could be prevented. To test this possibil-
ity, we assessed parental U251N cultures during exposure to 
TMZ (100 µM) alone or co-treated with TMZ and ABT-888 
(10 µM). TMZ resistant colonies emerged as expected in 
the cultures exposed to TMZ alone. However, TMZ resist-
ant colonies did not appear in the cultures co-treated with 
ABT-888; these cultures displayed extensive cell death 
(Fig. 3). This effect of co-treatment was sustained; U251N 
parental cultures did not recover from co-treatment over a 
3-week period of post-treatment while maintained in TMZ-
free media. The suppression of the formation of resistant 
colonies suggests that PARP inhibition either enhances the 
cytotoxic effect of TMZ, or selectively prunes resistant cells 
when they first arise in parental U251N cultures.

MMR mutant and MGMT expressing resistant 
sub‑clones are sensitive to co‑treatment

Next, we asked whether benefit from co-treatment was 
seen in both MMR-mutant and MGMT-expressing sub-
clones. Co-treatment of a sub-clone harbouring a deletion 
in exon 1 of MSH2 with 10 µM ABT-888 led to a decrease 
in cell viability ranging from 78% in cultures treated with 
1 µM TMZ (p < 0.0001) to 97% in cultures treated with 
100 µM TMZ (p < 0.0001; Fig. 4A). Concomitant treatment 
with 1 µM ABT-888 and 100 µM TMZ resulted in a 94% 
decrease in viability (p < 0.0001). Co-treatment of the sub-
line re-expressing MGMT with ABT-888 led to a signifi-
cant decrease in culture viability; a dose of 10 µM ABT-888 
led to a decrease in viability that ranged from 60% in the 
presence of 1 µM TMZ (p < 0.0001) to 97% when treated 
with 100 µM TMZ (p < 0.0001; Fig. 4B), and co-treatment 
with as little as 1 µM ABT-888 lead to a 96% decrease in 
viability in the presence of 100 µM TMZ (p < 0.0001). These 
results demonstrate that co-treatment can be effective in both 
MMR-mutant and MGMT expressing resistant GBM cells. 
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We have made similar observations in TMZ resistant BTICs 
derived from recurrent GBMs [18].

Early co‑treatment with a PARP inhibitor may be 
an important strategy

Although all resistant sub-clones responded favourably 
to co-treatment, this beneficial effect became progres-
sively less apparent for the sub-line from colony 5. After 
80 days in TMZ-containing media, sensitivity to 10 µM 
TMZ was restored by co-treatment with 10 µM ABT-888; 
compared to TMZ alone, there was an 81% decrease in via-
bility with co-treatment (p < 0.0001; Fig. 5A). This effect 
waned after extended culturing, however. After 160 days 
in TMZ-containing media this sub-line became less sensi-
tive to co-treatment; 10 µM ABT-888 with 10 µM TMZ 
was less cytotoxic (22%, p < 0.0001; Fig. 5B). The extent of 
re-sensitization declined further after sub-line 5 had been 
in TMZ for 180 days. At this point, no re-sensitization by 
ABT-888 was detected except at the highest doses of both 

drugs; a significant decrease in cell viability was only seen 
when 100 µM TMZ was combined with 10 µM ABT-888 
(97%; p < 0.0001; Fig. 5C). Potential mechanisms for loss 
of sensitization in sub-line 5 were then considered further. 
Sub-line 5 did not have a mutation in MSH6, MSH2, MLH1, 
or PMS2, and did not re-express MGMT. However, sub-line 
5 expressed a high level of the poly(ADP-ribose) (pADPr) 
protein, the enzymatic by-product of activated PARP, com-
pared to parental U251N cells (Fig. 5D). Taken together, 
these additional findings raise the possibility that prolonged 
TMZ exposure may diminish the beneficial effect of co-
treatment with a PARP inhibitor.

Discussion

TMZ is an effective chemotherapy for GBM but acquired 
resistance compromises its effectiveness. Here, we tested 
the hypothesis that acquired resistance to TMZ could 
be prevented or delayed by co-treatment with a PARP 

Fig. 2   Co-treatment with TMZ and ABT-888 restores sensitivity to 
TMZ-resistant U251N cells. Bright-field photomicrographs (2 × mag-
nification) showing the regression of emerging U251N drug-resist-
ant colonies following the addition of ABT-888 (10  µM) to TMZ 

(100  µM) (B). In contrast, colonies continued to grow when TMZ 
monotherapy was continued (A). Arrows indicate the number of drug 
doses administered
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Fig. 3   Assessment of cell death 
in ABT-888 and TMZ treated 
cells. Annexin V-FITC and 
PI analysis by flow cytometry 
suggests that apoptosis was 
induced by co-treatment with 
TMZ (1, 10 or 100 µM) and 
ABT-888 (0.1, 1 or 10 µM) in 
TMZ-resistant sub-clones. Con-
trol samples were treated with 
drug delivery vehicles (Veh), 
ABT-888 alone or TMZ alone. 
The One-Way ANOVA and 
Tukey multiple comparisons 
tests were applied to assess dif-
ferences (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001). 
*Comparisons between the 
proportion of early apoptotic 
cells. #Comparisons between 
the proportion of viable cells
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inhibitor using a model first described by Yip et al. [8] in 
which resistance to TMZ and mutations of MSH6 could 
be induced in the MGMT-methylated, TMZ sensitive cell 
line, U251N. In our hands, exposure of U251N cultures 
to TMZ resulted in the emergence of discrete sub-clones 
which continued to expand despite continuous treatment 
with TMZ. Furthermore, TMZ-resistant sub-clones had a 
spectrum and frequency of mutations in DNA repair genes 
identical to those found in recurrent GBMs. Indeed, simi-
lar to TMZ refractory recurrent GBMs, more than half 
of the sub-clones displayed loss of expression in at least 
one of MSH6, MSH2, or PMS2, all of which are crucial 
for the initiation of MMR signalling in TMZ-induced 
apoptosis [10–13]. Additionally, six of nine sequenced 
colonies had one or more mutations in MSH6, MSH2, or 
MLH1 [5–9], with alterations consisting of guanine to 
adenine transition-type nucleotide substitutions, typical of 
post-TMZ recurrent GBMs [21]. Moreover, we observed 
MGMT re-expression, another mechanism of TMZ resist-
ance in GBMs [14, 15]. Together these findings spoke to 
the authenticity of the U251N model system of inducible 
TMZ resistance.

Armed with a clinically relevant model of acquired TMZ 
resistance, we asked whether inhibition of PARP during 
treatment with TMZ had the potential to suppress the emer-
gence of TMZ resistance. Indeed, we observed that while 
treatment of U251N with TMZ led to the rapid appearance 
of drug-resistant colonies, co-treatment with ABT-888 sup-
pressed their emergence. Further, ABT-888 co-treatment led 
to the regression of expanding resistant colonies, suggesting 
ABT-888 may be preventing resistance by eliminating resist-
ant subpopulations that pre-exist within the parental line or 
which develop de novo during TMZ exposure. Although 
we were unable to distinguish between these possibilities, 
both are consistent with the experimental observation that 

preventing emergence and resistance to TMZ is mitigated 
by PARP inhibition.

Recent work by Touat et al. [24] reinforces the associa-
tion between MMR mutation, resistance to TMZ, and hyper-
mutation in GBM, and further underscore the tragedy of 
acquired drug resistance because hypermutated tumours do 
not respond to immunotherapies, as many had hoped. Solu-
tions to acquired resistance to TMZ are badly needed and the 
subject of active investigation. For example, Stritzelberger 
et al. [25] showed that the combination of TMZ and Lomus-
tine (CCNU) was toxic to TMZ-resistant U251N cells, and 
hypothesized that this drug combination might be an effec-
tive therapy for recurrent MGMT-methylated GBM that had 
acquired resistance to TMZ. This concept was tested in a 
small phase 3 trial of newly diagnosed methylated GBMs, 
and as predicted, TMZ/CCNU was superior to single agent 
TMZ [26], These results and our findings give hope that 
resistance to TMZ can be circumvented by drug combina-
tions that are easy and safe to prescribe.

Materials and methods

Cell culture

U251N was originally obtained from the American Type 
Culture Collection (ATCC). While this line is no longer 
available from ATCC, it may be obtained from other sup-
pliers. U251N was maintained as previously described [8], 
and authenticated by our group to be U251N using short 
tandem repeat analysis.

Induction of TMZ resistance

A TMZ resistance strategy was adapted from Yip et al. [8]. 
At the end of the induction regimen, discrete TMZ resistant 
colonies became visible. These colonies were treated with 
1 × Trypsin–EDTA and transferred into fresh culture dishes. 
Cultures were then re-treated with the resistance-inducing 
regimen. To ensure TMZ resistance was retained lines were 
exposed to TMZ (100 µM; Sigma Cat#T2577) after each 
passage.

Viability of TMZ resistant sub‑clones 
following co‑treatment

Cells were dispersed in 12-well plates (25,000 cells per 
well) and 24 h later treated for 10 consecutive days. On each 
treatment day, cells were given TMZ (1, 10 or 100 µM), 
ABT-888 (Santa Cruz Cat#sc-202901; 0.1, 1 or 10 µM), or 
TMZ (1, 10 or 100 µM) plus ABT-888 (0.1, 1 or 10 µM). 
For the co-treated group, TMZ and ABT-888 were given 
concurrently with 0.1% DMSO and 0.1% 1 × PBS applied 

Fig. 4   Co-treatment with TMZ and ABT-888 prevents the emergence 
of TMZ-resistant U251N cells and is independent of MMR mutations 
or MGMT re-expression. Bright-field photomicrographs (2 × magni-
fication) showing that co-treatment with TMZ (100  µM) and ABT-
888 (10  µM) suppresses the emergence of drug-resistant colonies 
and causes widespread cell death in a parental U251N culture. In 
contrast, resistant colonies emerged in a parallel culture treated with 
TMZ alone. Treatment with ABT-888 alone or drug delivery vehicles 
did not affect U251N growth. Arrows indicate the number of drug 
doses administered. “P × #” indicates that cultures were passaged 
the indicated number of times at a 1:4 dilution between photomicro-
graphs (A). Average viability (n = 3, ± SD) inferred using the Alamar-
blue assay of an MMR-mutant (B) and an MGMT re-expressing (C) 
U251N subline on Day 10 of treatment with TMZ (1, 10 or 100 µM), 
ABT-888 (0.1, 1 or 10  µM) or the combination of TMZ and ABT-
888. Both MMR-mutant and MGMT re-expressing cells displayed 
sensitivity to various combinations of TMZ and ABT-888. Control 
cultures were treated with drug-delivery vehicles. The One-Way 
ANOVA and Tukey multiple comparisons tests were applied to assess 
differences (****p < 0.0001)

◂
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Fig. 5   Prolonged exposure 
to TMZ is associated with 
increased resistance to the co-
treatment strategy and may be 
explained by pADPr upregu-
lation in U251N sub-line 5. 
Average viability (n = 3 ± SD), 
inferred by the Alamarblue 
assay, of sub-line 5 on Day 10 
of co-treatment with TMZ (1, 
10 or 100 µM) and ABT-888 
(0.1, 1 or 10 µM) following 80 
(A), 160 (B) or 180 (C) days of 
pre-exposure to TMZ. Greater 
pre-exposure to TMZ was 
observed with diminished sen-
sitivity to lower doses of TMZ 
and ABT-888. Assessments and 
statistical comparisons were 
performed as described in Fig. 4 
(****p < 0.0001). Western blot 
analysis reveals that sub-line 
5 demonstrated induction of 
pADPr expression, the enzy-
matic by-product of activated 
PARP (D). “+” denotes the 
positive control. “P” denotes the 
parental U251N sample
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as controls. On exposure day 10, cell viability was inferred 
using the AlamarBlue™ assay. Experiments were completed 
in triplicate, with three independent replicates. Differences 
were assessed using the One-Way ANOVA and Tukey mul-
tiple comparisons tests.

Assessment of the response of emerging TMZ 
resistant colonies to co‑treatment

On every third day starting on Day 17 after TMZ resistance 
had been established resistant colonies were co-treated with 
100 µM TMZ and 10 µM ABT-888 or 100 µM TMZ alone. 
Experiments were completed in triplicate, with three inde-
pendent replicates.

Assessing emergence of resistant colonies 
with early co‑treatment

To test whether co-treatment would prevent the emergence 
of TMZ resistant colonies, U251N parental cells were co-
treated with 100 µM TMZ and 10 µM ABT-888 with the 
dosing schedule used to induce resistance. ABT-888 and 
TMZ were given concurrently. Experiments were completed 
in triplicate, with three independent replicates.

Western blotting of U251N and sub‑clones

Western blotting was executed as previously described 
[27]. Primary antibodies: Abcam Cat #ab39253, MGMT; 
BD Transduction Laboratories Cat #610918 MSH6; 
Abcam Cat#ab70270, MSH2; Abcam Cat MLH1; Abcam 
Cat#ab110638, PMS2; Santa Cruz Cat#sc-56198, pADPr; 
and Cell Signaling Technologies Cat#8457S or Cat#3700S, 
�-actin. Secondary antibodies: Bio-Rad Cat#170-6516, and 
Bio-Rad Cat#170-6515. Western blots were cropped for 
presentation in Supplementary Fig. 1. Uncropped versions 
of these blots are displayed in Supplementary Fig. 4.

Sanger sequencing of U251N parental cells and TMZ 
resistant sub‑clones

RNA was extracted using the Qiagen RNeasy Mini-Kit 
(Qiagen Cat#74104). Reverse transcription was performed 
using Takara PrimeScript™ High Fidelity RT-PCR Kit 
(Takara Cat#R022A), and transcripts amplified using 
the FastStart™ High Fidelity PCR Kit (Roche Cat#03-
553-400-001) with gene-specific primers (Supplemen-
tary Table 1). Sequences were aligned with NCBI refer-
ences by Clustal Omega to find genetic variants (MSH2: 
NM_000251.2/NP_000242.1; MSH6: NM_000179.2/
NP_000170.1; MLH1: NM_000249.3/NP_000240.1; PMS2: 
NM_000535.7/NP_000526.2).

Apoptosis assay

Apoptosis was assessed using flow cytometry on Day 5 
after co-treatment with TMZ and ABT-888 as per manu-
facturer’s protocol (Abcam, ab14085). Experiments were 
completed in triplicate, with three independent replicates. 
Different proportions of early apoptotic and viable cells 
were assessed using the One-Way ANOVA and Tukey mul-
tiple comparisons tests.
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