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Abstract

Background: Sensitizing effects of poly-ADP-ribose polymerase inhibitors have been studied in several preclinical models, 
but a clear understanding of predictive biomarkers is lacking. In this study, in vivo efficacy of veliparib combined with 
temozolomide (TMZ) was evaluated in a large panel of glioblastoma multiforme (GBM) patient-derived xenografts (PDX) and 
potential biomarkers were analyzed.

Methods: The efficacy of TMZ alone vs TMZ/veliparib was compared in a panel of 28 GBM PDX lines grown as orthotopic 
xenografts (8–10 mice per group); all tests of statistical significance were two-sided. DNA damage was analyzed by γH2AX 
immunostaining and promoter methylation of DNA repair gene O6-methylguanine-DNA-methyltransferase (MGMT) by Clinical 
Laboratory Improvement Amendments–approved methylation-specific polymerase chain reaction.

Results: The combination of TMZ/veliparib statistically significantly extended survival of GBM models (P < .05 by log-rank) 
compared with TMZ alone in five of 20 MGMT-hypermethylated lines (average extension in median survival = 87 days, 
range = 20–150 days), while the combination was ineffective in six MGMT-unmethylated lines. In the MGMT promoter–
hypermethylated GBM12 line (median survival with TMZ+veliparib = 189 days, 95% confidence interval [CI] = 59 to 289 days, vs 
TMZ alone = 98 days, 95% CI = 49 to 210 days, P = .04), the profound TMZ-sensitizing effect of veliparib was lost when MGMT 
was overexpressed (median survival with TMZ+veliparib = 36 days, 95% CI = 28 to 38 days, vs TMZ alone = 35 days, 95% CI = 32 
to 37 days, P = .87), and a similar association was observed in two nearly isogenic GBM28 sublines with an intact vs deleted 
MGMT locus. In comparing DNA damage signaling after dosing with veliparib/TMZ or TMZ alone, increased phosphorylation of 
damage-responsive proteins (KAP1, Chk1, Chk2, and H2AX) was observed only in MGMT promoter–hypermethylated lines.

Conclusion: Veliparib statistically significantly enhances (P < .001) the efficacy of TMZ in tumors with MGMT promoter 
hypermethylation. Based on these data, MGMT promoter hypermethylation is being used as an eligibility criterion for 
A071102 (NCT02152982), the phase II/III clinical trial evaluating TMZ/veliparib combination in patients with GBM.
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Temozolomide (TMZ) is a critical component of therapy for 
patients with glioblastoma (GBM), but the ultimate efficacy of 
TMZ is limited. Poly ADP ribose polymerase (PARP) enzymes 
play a critical role in repair of TMZ-induced DNA damage (1,2), 
and multiple preclinical studies have demonstrated excellent 
TMZ sensitizing effects of PARP inhibitors (3–6). While dis-
ruption of repair theoretically should sensitize essentially all 
tumors, the effects of PARP inhibitors are heterogeneous across 
tumor models (7,8). Moreover, for the PARP inhibitors in devel-
opment, minimal brain penetration and/or excessive toxicity in 
combination with TMZ preclude use of some inhibitors in GBM 
(9,10). Based on initial promising results (6,11–13), the focus of 
this study was to define potential biomarkers associated with 
response to veliparib/TMZ in a panel of GBM patient-derived 
xenografts (PDXs).

PDX models provide a robust platform for evaluation of novel 
therapeutic strategies. By exclusive maintenance of tumors in 
mice, these models faithfully preserve the molecular, epigenetic, 
and genetic features of the original human specimens (14,15). 
The Mayo Clinic has developed a panel of GBM PDXs that are 
extensively characterized (16). The panel contains all major GBM 
expression subtypes (proneural, neural, classical, mesenchymal) 
(17), and molecular analyses demonstrate excellent genomic 
preservation between patient and xenograft tissues (unpub-
lished results). The PDX models maintain promoter methyla-
tion of DNA repair gene O6-methylguanine-DNA-methyltransferase 
(MGMT), and similar to clinical experience MGMT promoter 
methylation in PDX models correlates with in vivo response to 
TMZ (18,19). These data suggest that the GBM PDX models are 
ideally suited for evaluation of TMZ sensitizing strategies.

In this study, extensive in vivo preclinical testing of TMZ/
veliparib was used to guide the design of Alliance A071102 
(NCT02152982), a randomized phase II/III clinical trial testing 
adjuvant TMZ combined with veliparib/placebo. Using a clini-
cally relevant, cyclical dosing regimen, the efficacy of TMZ/veli-
parib was tested in orthotopic therapy studies in 28 GBM PDX 
models. In conjunction with studies in near-isogenic models dif-
fering in MGMT expression, the goal of this study was to deline-
ate predictive biomarker strategy to enrich patients most likely 
to benefit from TMZ/veliparib combination.

Methods

Cell Culture, Drugs, and Antibodies

Short-term explant cultures of GBM12 were grown on laminin-
coated flasks in neurobasal media (Life Technologies, Carlsbad, 
CA) (13). TMZ from the Mayo Clinic Pharmacy (Rochester, MN) 
was suspended in Ora-plus (Perrigo, Allegan, MN); veliparib from 
the Cancer Therapy Evaluation Program was diluted in saline. 
Antibodies used were phospho-S345-Chk1, phospho-T68-Chk2, 
γH2AX, Histone-H3, β-Actin, and PARP1 (Cell Signaling, Danvers, 
MA); Chk1, Chk2 (Millipore); phospho-S824-KAP1 (Abcam, 
Cambridge, MA); PAR (Trivigen, Gaithersburg, MD); KAP1 (Santa 
Cruz, Dallas, TX); MGMT (R&D, Minneapolis, MN). Western 
blotting was performed as described (13). Antibody dilutions 
and detailed methods for western blotting are provided in the 
Supplementary Methods (available online).

Genetic and Molecular Analyses

DNA extraction and polymerase chain reaction (PCR) were 
performed as described in Supplementary Methods (available 
online) (19–21). MGMT promoter methylation was analyzed 

using a Clinical Laboratory Improvement Amendments–vali-
dated quantitative real-time methylation-specific (MS-) PCR (22). 
Gene copy number was assessed using the Affymetrix 6.0 SNP 
array; the R package DNAcopy was used to detect abnormal copy 
number regions by circular binary segmentation (23).

Xenograft Studies

Studies were approved by the Mayo Clinic Institutional Animal 
Care and Use Committee, and all animal care procedures were 
followed. PDXs were maintained as previously described (16,18). 
Female athymic nude (Hsd:Athymic Nude-Foxn1nu, aged 6–7 weeks 
from Harlan, Indianapolis, IN) with established orthotopic tumors 
were randomized (8–10 mice per group) and treated with vehi-
cle, TMZ, and/or veliparib by oral gavage, observed daily by staff 
blinded to treatment group, and euthanized upon reaching a mor-
ibund state. Pharmacokinetic assessment of veliparib in plasma 
and brain was as described previously and reported as mean ± 
standard deviation (13). For pharmacodynamic assessments, mice 
with established tumors were randomized (3 mice per group) and 
treated for five days and euthanized two or 72 hours after the last 
dose of TMZ. Immunostaining for γH2AX was as described (13,24).

Lentivirus Production and Cell Transduction

MGMT cDNA was cloned into pSIN-Luc-UbEm (25), lentivirus 
was packaged in HEK293T cells, and short-term explant cul-
tures of GBM12 were transduced as previously described (13). 
Following transduction cells were FACS sorted and propagated 
as flank tumors.

Statistical Analyses

Survival was defined as time from tumor implantation to reach 
a moribund state. Median survival was estimated by the Kaplan-
Meier method with corresponding 95% confidence interval (CI). 
Differences in survival across groups were assessed using the 
log-rank test. Survival ratios (fold change in median survival 
for TMZ or TMZ/veliparib treatment relative to placebo) were 
compared across treatment groups using the paired signed 
rank test. Differences in survival ratios between GBM lines with 
different molecular alterations or status were compared using 
two-sample Wilcoxon rank-sum test. Mead’s resource equation 
was used to determine the sample size for each experiment (26). 
Two-sided P values of less than .05 were considered statistically 
significant.

Results

Defining Optimal Dose and Schedule

The pharmacokinetics of TMZ is similar between mice and 
humans (27), and equivalent exposures of veliparib can be 
modeled with twice-daily dosing in mice (11). With this sched-
ule, maximal plasma and brain veliparib concentrations were 
370.1 ± 76.4 and 173.3 ± 21.5 ng/mL, respectively (Figure  1A), 
which are similar to peak plasma exposure for veliparib in 
humans (28). Based on this and previous studies (6,12,29), veli-
parib was dosed at 12.5 mg/kg twice daily, and all therapy evalu-
ations were performed in orthotopic models.

An initial study was performed to evaluate three dosing 
schedules in the GBM12 model. Similar to previous results (12), 
a profound sensitizing effect was observed with conventional 

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv369/-/DC1
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dosing of TMZ (50 mg/kg, days 1–5) and veliparib (median sur-
vival = 113 days, 95% CI = 76 to 176) compared with TMZ alone 
(median survival = 60, 95% CI = 56 to 64, P < .001) (Figure 1B). In 
contrast, a dose-dense TMZ regimen (25 mg/kg, days 1–5, 8–12, 
and 15–19) combined with veliparib resulted in increased tox-
icity-related deaths (5 of 10 mice) during therapy and did not 
statistically significantly extend survival compared with TMZ 
alone (Figure 1C). Metronomic TMZ (15 mg/kg, days 1–5, weekly) 
with concurrent veliparib had inferior survival as compared 
with metronomic TMZ alone (Figure  1D). Similar results were 
seen in the GBM28B xenograft line, which lacks MGMT expres-
sion (Supplementary Figure 1, available online). Veliparib com-
bined with standard TMZ statistically significantly extended 
median survival (189 days, 95% CI = 59 to 289) compared with 
TMZ alone vs (98, 95% CI = 49 to 210, P  =  .04), while veliparib 
combined with dose-dense TMZ was no different than mono-
therapy (Supplementary Figure 1, A and B, available online). In 
a subsequent GBM12 experiment, extending veliparib treat-
ment beyond the end of TMZ therapy had no impact on efficacy 

(Figure 1E). Collectively, these data suggest that TMZ and veli-
parib dosed days 1–5 every 28 may provide superior efficacy and 
is better tolerated than alternative schedules.

Effect of MGMT Promoter Methylation Status on 
Treatment Efficacy

The efficacy of cyclical TMZ/veliparib was evaluated in 28 GBM 
PDXs; six models were MGMT promoter unmethylated, 20 hyper-
methylated, one indeterminate, and one MGMT deleted. As 
shown in Table  1, combined TMZ/veliparib provided a statisti-
cally significant but limited gain in median survival in only one 
unmethylated model (GBM6: 64 days, 95% CI = 57 to 69 vs 58, 95% 
CI = 50 to 58 with TMZ alone, P = .007). However, statistically sig-
nificant increases (P < .05 by log-rank) in survival were observed 
in five of 20 MGMT promoter-hypermethylated GBM xenograft 
models, with an average increase in median survival of 87 days 
(range = 20–150 days) (Table-1; Supplementary Figures 2 and 3, 
available online). Despite an indeterminate MGMT status, GBM75 

Figure 1. Pharmacokinetics and dosing schedule evaluation. A) Brain and plasma veliparib levels were measured up to six hours after the ninth dose (12.5 mg/kg), 

administered twice daily; presented in the graphs are the averages from five observations, and vertical bars represent standard deviation. B-D) Evaluation of different 

dosing schedules for placebo, temozolomide (TMZ) alone, or combined with continuous veliparib were evaluated in a single experiment (n = 10 mice per group). Veli-

parib was dosed at 12.5 mg/kg bid Monday through Friday (M-F) for six weeks combined with various TMZ regimens. B) Standard TMZ: 50 mg/kg daily M-F x 1 week, (C) 
dose dense TMZ: TMZ 25 mg/kg daily M-F x 3 weeks, and (D) metronomic TMZ: 15 mg/kg M-F x 6 weeks. E) Standard TMZ (50 mg/kg x 5 days) in combination with veli-

parib 12.5 mg/kg bid x 5 or 12 days for two 28-day cycles (n = 10 mice per group, except TMZ group had n = 9 mice). P values by log-rank are reported for the comparison 

of TMZ vs TMZ + veliparib in all cases, except that the P value in E compares TMZ combined with veliparib x 5 days vs TMZ with veliparib x 12 days. All statistical tests 

were two-sided. AUC = area under the curve; TMZ = temozolomide.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv369/-/DC1
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was highly sensitive to TMZ (placebo: median survival = 52, 95% 
CI = 36 to 73 vs 254; TMZ: 95% CI = 178 to 268, P < .001) and TMZ/veli-
parib was associated with a statistically nonsignificant (P = .08) 
but potentially meaningful 54-day (range = 26–71 days) median 
prolongation in survival as compared with TMZ alone (Table-1). 
Based on these results, the impact of MGMT status on response 
was analyzed by comparing the survival ratio (median survival 
for treatment relative to placebo) and the survival ratio differ-
ence (TMZ/veliparib - TMZ alone). As shown in Figure 2A, com-
pared with the survival ratio difference in MGMT unmethylated 
lines (0.08, range  =  -1.53-0.24), the benefit in hypermethylated 
lines was statistically significantly greater (0.45, range  =  -0.48–
8.64, P =  .04). When stratified by methylation status, there was 
no statistically significant difference for unmethylated tumors 
in median survival ratio for TMZ/veliparib (1.7, range = 1.03–2.8) 
vs TMZ alone (1.5, range = 1.07–4.36), while for hypermethylated 
tumors there was a statistically significant increase in median 
survival ratio (TMZ/veliparib: 3.91, range = 1.2–12.6; TMZ alone: 
3.1, range = 1.1–5.6, P < .001) (Figure 2, B and C). No statistically 

significant survival ratio difference (TMZ/veliparib vs TMZ 
alone) by PTEN (P = .22), p53 (P = .22), or EGFR (P = .37) status was 
observed (Supplementary Table 1 and Supplementary Figure 4, 
available online). In summary, meaningful and statistically sig-
nificant prolongation in survival with TMZ/veliparib was limited 
to tumors with MGMT hypermethylation.

Impact of TMZ and Veliparib on DNA Damage 
Signaling

The potential association of MGMT promoter hypermethylation 
on pharmacodynamic effects of TMZ/veliparib was explored 
in two MGMT-hypermethylated (GBM12 and GBM39) and two 
MGMT-unmethylated (GBM6 and GBM43) models (Figure  3, 
A  and B). Veliparib only treated tumors were harvested either 
two hours after (GBM12 and GBM39) or 72 hours after (GBM6 
or GBM43) the last dose of drug, and as expected there was 
more profound PARP activity suppression in tumors harvested 
at the earlier time point. TMZ alone resulted in more robust 

Table 1. Response to treatment in orthotopic models of glioblastoma patient-derived xenografts*

GBM lines
Treatment

start, d

Median survival (95% CI), d Survival ratio†

Placebo Veliparib TMZ
TMZ

+veliparib TMZ
TMZ+

veliparib Δ-ratio‡

MGMT unmethylated
GBM6 12 41 (13 to 44) NA 58 (50 to 58) 64§ (57 to 69) 1.41 1.56 0.15
GBM14R 6 27 (21 to 27) NA 62 (27 to 69) 69 (32 to 81) 2.30 2.56 0.26
GBM28A 10 26 (26 to 31) NA 33 (28 to 40) 33 (26 to 62) 1.27 1.27 0
GBM43 7 14 (14 to 22) NA 61 (53 to 65) 39 (14 to 39) 4.36 2.79 -1.57
GBM79 5 30 (29 to 31) NA 32 (29 to 33) 31 (29 to 31) 1.07 1.03 -0.04
GBM122 63 80n=9 (66 to 96) 82 (72 to 87) 124 (90 to 149) 140 (63 to 156) 1.55 1.75 0.20

MGMT hypermethylated
GBM5 19 103n=9 (78 to 107) 106n=9 (58 to 114) 185 (19 to 267) 268 (19 to 303) 1.80 2.60 0.80
GBM8 14 59 (49 to 61) 52 (45 to 55) 260 (160 to 296) 231n=9 (146 to 314) 4.41 3.91 -0.50
GBM12 4 15 (15 to 17) NA 59 (3 to 62) 189§ (75 to 257) 3.93 12.60 8.67
GBM15 34 71 (62 to 79) 69 (61 to 72) 249 (116 to 350) 438 (171 to 452) 3.51 6.17 2.66
GBM22 7 20 (18 to 22) 19 (17 to 32) 58 (51 to 67) 94§ (11 to 222) 2.90 4.70 1.80
GBM39 17 28n=8 (27 to 28) 30 (26 to 31) 138 (109 to 141) 288§,n=7 (85 to 327) 4.93 10.29 5.36
GBM46R 23 34 (25 to 45) 38 (29 to 45) 36 (23 to 43) 49 (23 to 57) 1.06 1.44 0.38
GBM59 16 42n=20 (38 to 44) NA 100n=20 (80 to 131) 182n=20 (122 to 271) 2.38 4.33 1.95
GBM61 14 236 (152 to 278) 315 (179 to 439) 331 (125 to 465) 435 (328 to 456) 1.40 1.84 0.44
GBM63 47 82n=9 (77 to 141) 95 (76 to 117) 263 (103 to 289) 276 (224 to 294) 3.21 3.37 0.16
GBM76R 17 77 (73 to 78) 76 (73 to 78) 216 (158 to 259) 317§ (198 to 349) 2.81 4.11 1.31
GBM84 26 56 (46 to 67) 58 (36 to 68) 191 (159 to 234) 219 (153 to 267) 3.41 3.91 0.50
GBM85 25 79n=9 (54 to 109) 85 (64 to 101) 233 (27 to 303) 270 (211 to 325) 2.95 3.42 0.47
GBM102R 25 71.5 (66 to 75) 69 (65 to 69) 160 (145 to 169) 180§ (160 to 223) 2.24 2.52 0.28
GBM114 53 82 (74 to 93) 95 (79 to 104) 234 173 to 245 235 (84 to 245) 2.85 2.87 0.02
GBM115 23 140.5 (93 to 194) 167 (134 to 210) 173 (92 to 217) 169 (116 to 187) 1.23 1.20 -0.03
GBM116 25 61n=9 (42 to 219) 59.5 (48 to 69) 339 (140 to 366) 343 (218 to 366) 5.56 5.62 0.06
GBM117 33 64.5 (60 to 91) 62 (55 to 76) 289 (199 to 328) 279 (93 to 328) 4.48 4.33 -0.15
GBM143R 13 53.5 (38 to 71) 56 (48 to 60) 184 (21 to 202) 183 (139 to 229) 3.44 3.42 -0.02
GBM151 42 57 (54 to 63) 58 (54 to 71) 288 (103 to 423) 317 (103 to 343) 5.05 5.56 0.51

MGMT methylation indeterminate
GBM75 18 52n=9 (36 to 73) 55 (35 to 59) 254 (178 to 268) 318 (235 to 326) 4.88 6.11 1.23

MGMT deleted
GBM28B 12 25 (23 to 25) 26 (23 to 26) 90 (35 to 91) 124§ (96 to 268) 3.60 4.96 1.36

* Each treatment group had 10 mice, with exceptions indicated by the superscript. CI = confidence interval; MGMT = O6-methylguanine DNA methyltransferase; 

NA = not available; R = tumor line was established from a recurrent tumor; TMZ = temozolomide.

† Survival ratio was calculated by dividing the median survival in TMZ or TMZ+veliparib groups by median survival in placebo group.

‡ Δ-ratio was the difference in survival ratios between TMZ+velparib and TMZ groups.

§ Two-sided log-rank statistic P < .05 comparing median survival between TMZ vs TMZ+veliparib groups.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv369/-/DC1
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DNA damage-induced phosphorylation of Chk1, Chk2, KAP1, 
and H2AX in hypermethylated compared with unmethylated 
tumors. Exclusively in the hypermethylated lines, the combi-
nation of TMZ/veliparib resulted in greater phosphorylation of 
KAP1 and H2AX as compared with TMZ alone (Figure 3, A and B). 
Interestingly, in the unmethylated GBM6, veliparib/TMZ resulted 
in a modest increase in Chk1 phosphorylation but no other 
signaling proteins. To validate the results from this flank tumor 
study, γH2AX foci staining was evaluated in GBM12 orthotopic 
tumors treated with TMZ or TMZ/veliparib. Consistent with the 
western blotting results, the fraction of cells with γH2AX stain-
ing was subtly higher following treatment with TMZ/veliparib 
vs TMZ alone (Figure 3C). Taken together, these results suggest 
that the addition of veliparib to TMZ treatment results in greater 
DNA damage in MGMT-hypermethylated lines.

Impact of MGMT Expression on TMZ/Veliparib 
Efficacy

Promoter hypermethylation suppresses MGMT gene expression 
and is associated with enhanced TMZ sensitivity, while lack of 
methylation and increased MGMT expression is mechanisti-
cally linked to TMZ resistance. Our preceding results suggest 
MGMT expression may be an important determinant of veli-
parib sensitizing effects. Therefore, the impact of MGMT expres-
sion was evaluated in GBM12 using two different models: MGMT 
overexpression via lentiviral transduction (GBM12-MGMT) or 
acquired TMZ resistance associated with MGMT expression 
(GBM12TMZ#3080) (Figure  4A) (30). As expected, both MGMT-
overexpressing models were highly resistant to TMZ alone 
(Figure 4, B and C). Moreover, MGMT expression was associated 
with prominent lack of efficacy for the combination of TMZ/veli-
parib compared with TMZ alone (GBM12-MGMT: median sur-
vival = 36 days, 95% CI = 28 to 38 days, vs 35 days, 95% CI = 32 
to 37 days, respectively, P =  .87; GBM12TMZ#3080: median sur-
vival = 17 days, 95% CI = 15 to 24 days, vs 15 days, 95% CI = 14 to 
15 days, respectively, P  =  .001). Compared with the responsive 

parental GBM12 line, the lack of veliparib efficacy in these two 
MGMT-overexpressing models indicates that MGMT can reverse 
veliparib-mediated TMZ sensitization.

The influence of MGMT expression on veliparib sensitization 
was further explored in GBM28. During routine passage, a GBM28 
variant was identified, denoted as GBM28B, that harbored a bi-
allelic deletion of MGMT as defined by genomic PCR (Figure 5A); for 
clarity, the parental line with intact MGMT is denoted as GBM28A. 
GBM28A has monosomy of chromosome 10, and comparing 
gene copy number across the genome the only the difference 
detected was a focal genetic deletion in GBM28B at chromosome 
10 (band 10q26.3; base pair 130370868 to 131992367)  (Figure 5B; 
Supplementary Figure 5, available online). This region encodes for 
three protein-encoding genes: MGMT, early B-cell factor 3 (EBF3), 
and glutaredoxin 3 (GLRX3). The PTEN gene on band 10q23.31 
remained intact. As noted in Table 1 and Figure 5, C and D, GBM28A 
was highly resistant to TMZ alone or TMZ/veliparib (median sur-
vival = 33 days, 95% CI = 28 to 40 days, vs 33 days, 95% CI = 26 to 
62 days, respectively, P = .24), while GBM28B was highly sensitive 
to TMZ compared with placebo (median survival = 90 days, 95% 
CI = 35 to 91 vs 25 days, 95% CI = 23 to 25 days, respectively, P 
< .001) (Figure 5D) and TMZ/veliparib was associated with a fur-
ther prolongation of median survival (124  days, 95% CI  =  96 to 
268 days, P < .001). Collectively, these results support the concept 
that lack of MGMT expression is important for the sensitizing 
effects of veliparib combined with TMZ in vivo.

Discussion

PARP inhibitors enhance the efficacy of TMZ in multiple preclini-
cal models and are a promising strategy for GBM (11,31–33). In 
vitro studies have demonstrated profound sensitization by PARP 
inhibitors in chemotherapy-resistant lines (3,34–36). In contrast, 
we recently reported that in vitro sensitizing effects of veliparib/
TMZ in resistant lines are only possible at drug concentrations 
intolerable for mice (12,13). This is especially important in GBM 
as the blood brain barrier may further limit achievable drug levels 

Figure 2. Comparison of temozolomide (TMZ)/veliparib vs TMZ response in Mayo glioblastoma multiforme (GBM) patient-derived xenograft (PDX) models based on 

MGMT promoter methylation status. Ratio of median survival for treatment (TMZ/veliparib or TMZ alone) relative to placebo (survival ratio) and the difference of 

survival ratio for TMZ/veliparib minus survival ratio for TMZ alone (survival ratio difference) are presented as boxplots. A) Boxplots show the survival ratio difference 

based on O6-methylguanine DNA methyltransferase (MGMT) methylation status for 26 PDX lines. B) Boxplots show the survival ratio for TMZ/veliparib or TMZ alone 

for six MGMT promoter-unmethylated PDX models and (C) 20 MGMT promoter-hypermethylated PDX GBM models. For each xenograft line, mice with established 

orthotopic xenografts were randomized to therapy with placebo, veliparib (12.5 mg/kg bid x 5 days), TMZ alone (50 mg/kg x 5 days), or the combination of TMZ/veliparib 

for three cycles. Mice were observed daily and killed upon reaching a moribund state. The P values denote a Wilcoxon rank-sum test for graph in (A) and a paired 

signed rank test for graphs in (B and C). All statistical tests were two-sided. Δ-MS ratio = survival ratio difference; MGMT = O6-methylguanine DNA methyltransferase.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv369/-/DC1
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(37,38). Notably, veliparib has moderate brain penetration with 
a brain to plasma ratio of approximately 50% (Figure  1A) (11). 
Previous preclinical efficacy studies have investigated the combi-
nation of veliparib and TMZ in several models using established 
cancer cell lines from a variety of tumors, including a rat glioma 
model and four established human GBM cell lines (11,39–41). 

Glioma genetically engineered mouse models (GEMMs) also 
have been used to investigate veliparib/TMZ (42), and the use 
of selected PDX models was reported previously by our group 
(12). Here, the efficacy of TMZ and veliparib was assessed in a 
much larger panel of 28 genetically diverse orthotopic GBM PDXs 
with a dosing regimen similar to that used clinically (29,43–45). 

Figure 3. DNA damage signaling following temozolomide (TMZ)/veliparib treatment. Western blotting analysis of DNA damage response following treatment of flank 

tumor xenografts for five days with either placebo, veliparib, TMZ, or TMZ/veliparib (pooled samples from 3 mice per group) as in Figure 2 in (A) GBM12 vs GBM6 and 

(B) GBM39 vs GBM43. Tumor samples were harvested 72 hours after the last dose of TMZ, except veliparib-treated samples in GBM12 and GBM39 were harvested at two 

hours as denoted by an asterisk (*). C) Mice with orthotopic GBM12 tumors were treated as in (A) and processed for immunofluorescence for γH2AX (green) and DAPI 

(blue) 72 hours after the last dose of TMZ. Images captured with a 20X objective on a Leica AF6000 microscope; bar = 50 µm. Chk1 = checkpoint kinase 1; Chk2 = check-

point kinase 2; DAPI = 4’,6-diamidino-2-phenylindole; KAP1 = KRAB-associated protein 1; MGMT = O6-methylguanine DNA methyltransferase; PAR = poly ADP-ribose; 

PARP1 = poly ADP-ribose polymerase 1.
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These experiments demonstrate that a subset of PDX models 
profoundly benefit from the addition of veliparib to TMZ in vivo.

Clinically significant survival extension with veliparib/TMZ 
treatment was limited to models that were inherently sensitive to 
TMZ. Consistent with clinical experience, MGMT hypermethyla-
tion best defined sensitivity to TMZ in the GBM PDX models, and 
five of seven veliparib/TMZ-responsive models also were hyper-
methylated. The remaining two highly responsive models were 
MGMT deleted (GBM28B) or MGMT methylation indeterminate 

(analytical gray zone between methylated/unmethylated). While 
one unmethylated line had a six-day prolongation in survival, 
MGMT expression in isogenic PDX models (Figures 4–5) dem-
onstrated that MGMT overexpression markedly suppresses the 
TMZ-sensitizing effects of veliparib. Although correlation of 
MGMT expression with in vivo response to TMZ/veliparib has 
not been explored previously, association between low MGMT 
expression and sensitizing effects of talazoparib in pediatric 
tumor PDX models was reported recently (46). MGMT expres-
sion is dynamically regulated in response to alkylation damage 
(19), which may explain why MGMT mRNA or protein levels are 
less robust predictors of TMZ efficacy in clinical studies (47–49). 
In contrast, promoter hypermethylation defines a closed chro-
matin state that limits MGMT upregulation following alkylator 
treatment, and the prognostic value of MGMT hypermethylation 
has been validated extensively in clinical trials (50–56). Based on 
these data, we identified MGMT promoter hypermethylation as 
a potential predictive biomarker that could enrich for patients 
most likely to benefit from TMZ/veliparib.

Utilization of large PDX panels for evaluation of novel thera-
pies provides a platform to explore heterogeneity of response 
and potential predictive biomarkers. PDX models consistently 
preserve histopathological, genetic, and epigenetic profiles 
of the original tumors (18,30,57), while established tumor cell 
lines suffer from substantial genetic drift associated with long-
term cell culture (58,59). GEMMs are powerful tools for dissect-
ing genetic features associated with treatment response, but 
to date these models do not recapitulate the diverse epige-
netic profiles of human cancers (60). Because response to TMZ 
is critically influenced by DNA methylation within the MGMT 
promoter, GEMMs may be less useful in dissecting the spectrum 
of response associated with TMZ-based therapies. Several stud-
ies from our group and others have correlated heterogeneous 
responses across PDX models with previously defined predictive 
biomarkers identified by analysis of large clinical patient data-
sets (18,61–64). These and other results have spurred tremen-
dous interest in using PDX models to screen for novel therapies 
and identify corresponding predictive biomarkers to facilitate 
development of focused clinical trials. The current study repre-
sents the first example for any solid tumor in which a predictive 
biomarker was identified for a novel combination, exclusively 
based on an analysis of a large PDX panel, and subsequently 
used as an inclusion criteria for a definitive phase II/III clinical 
trial testing that combination.

The primary limitation of the current study is the paucity of 
MGMT-unmethylated tumor lines tested. Additionally, by testing 
28 PDX lines and using P value threshold of .05, we would expect 
two of the 28 lines to have a statistically significant difference 
by chance. Therefore, P values were interpreted with caution 
and presented with effect sizes. However, the additional studies 
in GBM12 and GBM28 evaluating the impact of MGMT expres-
sion on treatment efficacy validate the primary conclusion that 
tumors expressing MGMT are unlikely to benefit from the com-
bination. With only a quarter of MGMT-hypermethylated PDX 
lines benefiting from the TMZ/veliparib combination, additional 
mechanistic studies will be required to define a more precise 
predictive algorithm, and the availability of multiple sensitive 
and resistant models defined in this study will be instrumental 
for these studies. Ultimately, the utility of MGMT hypermethyla-
tion as an enrichment strategy will be defined in the ongoing 
A071102 clinical trial.

The definition of MGMT promoter hypermethylation as a pre-
dictive biomarker for response to adjuvant veliparib/TMZ in the 
current study was directly incorporated as an eligibility criterion 

Figure  4. O6-methylguanine DNA methyltransferase (MGMT) overexpres-

sion decreases sensitizing effects of veliparib. A) Western blot analysis of 

GBM12, GBM12-MGMT (GBM12 cells transduced with pSIN-MGMT-UbEm), or 

GBM12TMZ#3080 (temozolomide [TMZ]-resistant derivative of GBM12 with 

acquired MGMT expression). Assessment of efficacy of TMZ, veliparib, or the 

combination in orthotopic models (n = 10 mice per group) of (B) GBM12-MGMT 

and (C) GBM12TMZ#3080 using the dosing regimen in Figure 1B. The P values 

denote a log-rank test comparing survival in TMZ/veliparib vs TMZ alone. All 

statistical tests were two-sided. MGMT = O6-methylguanine DNA methyltrans-

ferase.
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for the Alliance A071102 (NCT02152982) randomized phase II/III 
clinical trial testing adjuvant TMZ combined with veliparib or 
placebo. Other ongoing or previous trials testing veliparib/TMZ 
in brain tumors—RTOG-0929 (65), ABTC-0801 (66), PBTC-033 (67), 
hepatocellular carcinoma (NCT01205828) (45), breast cancer 
(NCT01009788) (43), and colorectal cancer (NCT01051596) (44)—
without a biomarker enrichment strategy may be underpowered 
because only a fraction of patients with TMZ-sensitive tumors 
may respond to the combination. Furthermore, trials in an unse-
lected population of newly diagnosed GBM patients, in which 
70% are MGMT promoter unmethylated, would require approxi-
mately 3400 patients to detect a survival benefit, as compared 
with 400 patients in the current design of A071102 restricted to 
patients with MGMT promoter hypermethylation. This enhance-
ment in trial efficiency was only possible through a systematic 
evaluation of PARP inhibitor strategy in a panel of GBM PDXs. 
Beyond GBM, this same strategy may provide a paradigm for 
preclinical testing of novel therapeutics in other tumors types. 
Similar approaches are being pursued in industry and academic 
collaborations, such as the Pediatric Consortium (68,69), and the 
ultimate success of this paradigm will be judged based on the 
outcome of A071102 and other preclinically informed trials.
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