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Abstract
Background. The tumor suppressor TP53 (p53) is frequently mutated, and its downstream effectors inactivated in 
many cancers, including glioblastoma (GBM). In tumors with wild-type status, p53 function is frequently attenu-
ated by alternate mechanisms including amplification and overexpression of its key negative regulator, MDM2. We 
investigated the efficacy of the MDM2 inhibitor, BI-907828, in GBM patient-derived brain tumor stem cells (BTSCs) 
with different amplification statuses of MDM2, in vitro and in orthotopic xenograft models.
Methods.  In vitro growth inhibition and on-target efficacy of BI-907828 were assessed by cell viability, 
co-immunoprecipitation assays, and western blotting. In vivo efficacy of BI-907828 treatments was assessed with 
qPCR, immunohistochemistry, and in intracranial xenograft models.
Results.  BI-907828 decreases viability and induces cell death at picomolar concentrations in both MDM2 ampli-
fied and normal copy number TP53 wild-type BTSC lines. Restoration of p53 activity, including robust p21 expres-
sion and apoptosis induction, was observed in TP53 wild-type but not in TP53 mutant BTSCs. shRNA-mediated 
knock-down of TP53 in wild-type BTSCs abrogated the effect of BI-907828, confirming the specificity of the in-
hibitor. Pharmacokinetic-pharmacodynamic studies in orthotopic tumor-bearing severe combined immunodefi-
ciency (SCID) mice demonstrated that a single 50 mg/kg p.o. dose of BI-907828 resulted in strong activation of p53 
target genes p21 and MIC1. Long-term weekly or bi-weekly treatment with BI-907828 in orthotopic BTSC xenograft 
models was well-tolerated and improved survival both as a single-agent and in combination with temozolomide, 
with dose-dependent efficacy observed in the MDM2 amplified model.
Conclusions.  BI-907828 provides a promising new therapeutic option for patients with TP53 wild-type primary 
brain tumors.

Key Points

•	 BI-907828 decreases viability and induces cell death in TP53 wild-type GBM BTSC lines.

•	 BI-9078278 dramatically improves survival in orthotopic GBM xenograft models.

•	 BI-907828 is a promising new therapeutic option for TP53 wild-type GBM 
patients.
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The tumor protein 53 (TP53/p53), the so-called “guardian 
of the genome,” is a pivotal tumor suppressor protein 
and a mainstay of the body’s cellular anti-cancer defense 
system.1 As a transcription factor, p53 regulates multiple 
downstream target genes that are involved in cell cycle ar-
rest or senescence, DNA repair, and apoptosis.1–4 Under 
normal conditions it is therefore critical that intracellular 
levels of p53 are kept at a low, basal state, which is achieved 
by rapid (proteasome-mediated) degradation of p53.1–5 In 
cells that are exposed to stress signals or are damaged, 
TP53 is rapidly activated while it is kept in check in normal 
cells and in tumor cells in which the TP53 gene is frequently 
mutated. Although the incidence of TP53 mutations differs 
significantly between different cancer types, TP53 is one of 
the most frequently mutated genes in human cancers with 
about 50% of all cancers displaying mutations or deletions 
in this gene.6,7 Remaining human cancers have tumors with 
TP53 wild-type status but the function of p53 is frequently 
attenuated by other mechanisms, including overexpression 
or amplification of its key negative regulator, human 
MDM2.6,7

Glioblastoma (GBM) is the most common and aggressive 
form of brain cancer and despite the current therapy of sur-
gical resection, followed by radiation and chemotherapy, 
the median survival of patients is a mere 15 months.8 GBM 
is an invasive, highly drug-resistant, and ultimately in-
curable disease that requires continued research into its 
inherent biology to identify novel therapeutic avenues. 
In glioma, TP53 mutations are frequent in grade II and III 
astrocytomas and consequently in secondary GBMs that 
arise from the progression of these lower-grade tumors.9 
The Cancer Genome Atlas (TCGA) findings have demon-
strated that direct mutation or homozygous deletion of 
TP53 occurs in 35% of primary GBMs, particularly in as-
sociation with IDH1/2 mutations.10,11 Moreover, nearly half 
of all GBMs have functional inactivation of p53 due to de-
letion or amplification of MDM2 or MDM4 or CDKN2A10 
resulting in accelerated p53 degradation and inactivation 
of p14ARF inhibition of MDM2 function. Thus, while MDM2 
inhibitors are not of relevance in tumors with TP53 mu-
tations, tumors with CDKN2A deletion or MDM2 ampli-
fication, and those retaining a wild-type TP53 status, are 
potentially treatable with MDM2 inhibitors (reviewed in 
Ref. 12).

Preclinical data show that mutations in TP53 not only 
contribute to tumor development but also maintain 

tumor growth of established tumors, as restoration of 
p53 function by genetic means in established TP53 mu-
tant tumors causes tumor regressions in preclinical cancer 
models.13–16 Based on these data, stabilization and activa-
tion of wild-type p53 by the inhibition of p53 binding to its 
negative regulator MDM2 have been explored as a novel 
approach to cancer therapy. Several MDM2-p53 protein-
protein interaction (PPI) inhibitors are currently being 
evaluated in early clinical development16–19 (reviewed in 
Ref.20). Idasanutlin (RG7388), has shown promising results 
in a phase I trial in patients with acute myeloid leukemia 
(AML) and has advanced to phase III trial for relapsed/
refractory AML.21 AMG-232 is in phase I clinical trials for 
GBM, sarcoma, and myeloid malignancies.22 However, 
the development of resistance to MDM2 inhibitors, based 
on mutations in TP53, has been reported.23 Additionally, 
thrombocytopenia has been further shown to be an on-
going concern in this class of inhibitors.17,23–26 Hence 
there is a need for less frequently dosed MDM2 inhibitors 
to potentially improve the therapeutic window for these 
inhibitors.

BI-907828 is a MDM2 inhibitor that blocks the interac-
tion between MDM2 and p53 by binding to MDM2.27–32 This 
prevents MDM2 from inactivating p53, thereby restoring 
p53 function in tumors with wild-type p53 and inducing 
target gene expression involved in processes such as cell-
cycle arrest and DNA repair, senescence, and apoptosis.32 
BI-907828 is undergoing investigation in several phase 
I  trials as a monotherapy in patients with TP53 wild-type 
solid tumors.33,34

We investigated the efficacy of BI-907828 in TP53 wild-
type GBM patient-derived brain tumor stem cell (BTSC) 
lines with different amplification statuses of MDM2 both 
in vitro and in orthotopic xenograft models. We find that 
BI-907828 decreases viability and induces cell death in 
both MDM2 amplified and normal copy number (CN) 
TP53 wild-type GBM BTSC lines and demonstrates in 
vivo on-target efficacy in orthotopic models derived from 
these cell lines. Long-term treatment with BI-907828 as 
a monotherapy or in combination with the standard of 
care temozolomide (TMZ) is well-tolerated and a signifi-
cant survival benefit was observed in all treatment groups 
compared to vehicle-treated control animals. BI-907828 
should be further evaluated as a promising novel thera-
peutic option for patients with TP53 wild-type primary 
brain tumors.

Importance of the Study

MDM2 inhibitors block the interaction between p53 and 
its key negative regulator, MDM2, and represent a new 
therapeutic concept for cancer. MDM2 inhibitors are 
designed to restore p53 activity in TP53 wild-type tu-
mors and several MDM2 inhibitors are currently being 
evaluated for clinical development. BI-907828 is a novel, 
potent oral MDM2 inhibitor suitable for intermittent dose 
schedules with optimized drug-like properties such as 
high permeability, good physiological solubility, a low 

systemic clearance, and high oral bioavailability. Here, 
we show that BI-907828 crosses the blood-brain barrier 
and that treatment of TP53 wild-type patient-derived 
GBM models, with or without MDM2 amplification, in-
duces tumor cell death, reduces tumor burden, and in-
creases survival using weekly dose schedules over an 
extended period. BI-907828 provides a promising novel 
therapeutic option for patients with TP53 wild-type pri-
mary brain tumors.
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Materials and Methods

Cell Culture

GBM BTSC lines (n  =  19) were cultured from a series of 
tumor specimens obtained during surgical resection and 
approval from the University of Calgary Ethics Review 
Board as previously described35–39 and in Supplemental 
Methods. Human induced pluripotent stem cells (hiPSCs) 
were obtained from American Type Culture Collection 
(ATCC). Neural progenitors (NPs) were cultured from 
hiPSCs as per ATCC protocols and astrocytes derived from 
HF-NSCs (human fetal neural stem cells) and hiPSCs-NSCs 
were cultured in the Dulbecco’s Modified Eagle Medium 
with 10% fetal bovine serum.

MDM2 CN and TP53 Status

MDM2 status was determined from previous exome 
sequenced (30× coverage) data for the BTSC lines used 
in this study. The algorithm used to determine CN status 
was an Hiden Markov model (HMM)-based approach as de-
scribed.40 The CN values mean the CN status compared to 
normal and have integer values from 0 to 5: 0- 2–copy loss; 
1- one–copy loss; 2- no copy change; 3- one-copy gain; 4- 
2-copy gain; 5- 3 or more copies gain. TP53 somatic muta-
tions were detected by variant calling from SAMTools and 
Strelka.

Viability and Cytotoxicity Assays

Four GBM-derived BTSC lines with an MDM2 CN amplifi-
cation of CN ≥ 3, 7 BTSC lines with MDM2 CN 2 on a TP53 
wild-type background and 8 BTSC lines with TP53 mu-
tant background (Supplemental Table 1), NPs, HF Astros, 
and ips Astros were tested in concentration-response 
experiments with BI-907828. One thousand to two thou-
sand five hundred cells/well were plated in 96-well plates. 
Increasing drug concentrations were added to cells after 
24  h with 3 replicate wells per concentration. Viability 
was assessed for cell lines between 5 and 14  days by 
generating IC50 dose-response curves using alamarBlue™ 
assays. IncuCyte™ Cytotox Red Reagent (Sartorius) was 
used to measure cell death following treatment with 
BI-907828. Cells were allowed to form neurospheres for 
3–5 days and treated for 48 h with different concentrations 
of BI-907828. Cytotox Red was added, and cells were im-
aged for 8 h. Percent death was calculated as the percent 
red fluorescence over the percent total cell occupancy. 
Details of drugs and stock concentrations are provided in 
Supplemental Methods.

Annexin V Cell Survival Assays

The cell viability in BI treated and untreated p53 knock-
down BTSC lines were assessed with the Alexa Fluor™ 488 
Annexin V Apoptosis Detection Kit as per manufacturer’s 
guidelines (BD Biosciences). Briefly, the BTSC cells were 
dissociated and 1.0 × 105 cells were resuspended in binding 

buffer and stained with Annexin V- Alexa Fluor™ 488 and 
7-amino actinomycin D (7AAD) for 15 min. Flow cytometry 
analysis was performed using CytoFLEX LX (Beckman 
Coulter) and results were analyzed using FACSDiva soft-
ware version 6.1.3 (BD Biosciences).

In Vivo Experiments

All animal procedures were performed according to our 
animal ethics protocol (AC21-0162), approved by the 
Animal Care Committee of the University of Calgary and 
operating under the Guidelines of the Canadian Council 
on Animal Care. A total of 100 000 viable BTSCs were re-
suspended in 2 μl of phosphate buffered saline for stere-
otactic implantation into the striatum of the right cerebral 
hemisphere of 6- to 8-week-old CB-17 SCID mice (Charles 
River) as previously described36 and in Supplemental 
Methods. For pharmacokinetic/pharmacodynamic (PK/PD) 
studies, on day 64 post-tumor implantation (BT48 model) 
and day 60 post-tumor implantation (BT67 model), 3 mice 
from each cell line were used as a pretreatment group and 
the remaining mice were treated with a single oral dose 
of 50  mg/kg BI-907828 and randomized for collection of 
samples at various time points (6 h, 24 h, 48 h, 72 h, and 
168 h post-dose). Plasma, brain, and thigh/leg muscle sam-
ples were collected from n  =  3 mice per time point. For 
Kaplan–Meier studies, treatment conditions were vehicle 
controls, 2 mg/kg, 10 mg/kg, 15 mg/kg BI-907828, 50 mg/
kg BI-907828, 30 mg/kg TMZ, and combination treatments 
of 30 mg/kg TMZ + 15 mg/kg BI-907828 or 30 mg/kg TMZ + 
2 mg/kg BI-907828 (BT89 study). Treatments were started 
on day 43, day 58, and day 50 post-implantation with BT48, 
BT67, and BT89 respectively. Treatments were qw with 
2 mg/kg, 10 mg/kg, 15 mg/kg BI-907828, or 30mg/kg TMZ 
and combination arms and q2w treatment for the 50 mg/
kg BI-907828 arm in the BT48 and BT 67 models, continued 
for the duration of the study. Animals were sacrificed when 
experimental endpoints, according to animal care guide-
lines, were reached. Brains from each group were cryo-
sectioned and stained with H&E and anti-human nucleolin 
antibody (1:1000, Abcam, # AB13541, Cambridge, UK) and 
Ki67 (1:250, Vector labs, VP-K451).

mRNA Expression

Following RNA isolation and cDNA synthesis 
(Supplemental methods), mRNA expression of human and 
mouse genes was analyzed with the following primers from 
Life Technologies: CDKN1a (p21) (cat # Hs99999142_m1, 
Human only), GAPDH (cat# Hs99999905_m1, Human only), 
(CDKN1a (p21) Mm01303209_m1, Mouse only), GAPDH 
(cat# Mm99999915_g1, Mouse only), GDF15/MIC-1 (cat# 
Hs00171131_m1, Human only). qPCR was performed using 
the MxPro3005P under the following conditions: Initial de-
naturation, 95°C 1 cycle for 10 min, annealing 15 s at 95°C, 
40 cycles and extension at 60°C for 1 min. Ct values were 
normalized to GAPDH of the respective species, generating 
delta Ct values: Ct value for gene of interest − Ct value for 
GAPDH = delta CT value. Relative expression values were 
determined based on the following formula:2^-DCt values. 
Fold changes of the gene of interest were calculated based 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
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on the following formula: 2^-DCt treatment group/2^-DCt 
control group.

Western Blotting

Total protein samples were extracted using 
radioimmunoprecipitation assay (RIPA) buffer and used for 
western blotting. Blots were probed with target and con-
trol antibodies overnight at 4°C, followed by washing and 
incubation with horseradish peroxidase-conjugated sec-
ondary antibodies. Blots were imaged with SuperSignal 
and Amersham Imager 600 (General Electric). A full list of 
antibodies used is provided in Supplemental Methods.

Co-immunoprecipitation Assays

BTSC lines, BT48, BT67, and BT119 were treated with 
10 nM BI-907828 or dimethyl sulfoxide (DMSO) for 24 h. 
Immunoprecipitation reactions (IP) were performed as de-
scribed in Supplemental Methods.

Proximity Ligation Assays

In situ proximity ligation assays (PLAs) were performed to de-
tect PPIs between the proteins of interest using (PLA) Duolink® 
Kit (cat# DUO92002, Sigma-Aldrich) as per manufacturer’s 
protocol and Supplemental Methods. Slides were imaged on 
a high-capacity Olympus VS120 slide scanner at 40× magnifi-
cation. A minimum of 30 nuclei were processed for PLA foci 
quantification using the Fiji Image analysis tool with con-
sistent noise level settings for all images.

Stable Lentiviral Knockdown

Stable knockdown of TP53 or MDM2 were performed 
using three independent shRNA sequences for each gene 
(Supplemental Methods) and their respective scrambled 
shRNA controls (GeneCopoeia). The lentiviral particles 
were generated as previously described.41 The shRNA 
sequences for targeting TP53 and MDM2 were tagged 
with red-fluorescent proteins (mCherry) or green- (GFP) 
respectively as a marker of transduction efficiency. TP53 
knockdown cells were selected using hygromycin and pu-
romycin was used for the selection of MDM2 knockdown 
cells. Knockdown efficiency of each shRNA sequence was 
validated by western blot.

Statistical Analyses

Images of BTSC cultures were captured using the IncuCyte 
Zoom (Essen Bioscience). An Olympus Slide Scanner 
was used to image the brain sections. OlyVIA (Olympus 
Life Science) software was used to analyze the images. 
Nonlinear curve fit/log inhibitor vs normalized response 
formula was used to generate IC50 data. Data illustrated in 
bar graphs show mean ± SD and statistically significant dif-
ferences were evaluated by means of analysis of variance 
(ANOVA). Statistical differences in median survival were 
determined by the log-rank test for Kaplan Meier studies. 

Analyses were performed using GraphPad Prism Version 
9.0.

Results

BI-907828 Decreases BTSC Viability at Picomolar 
Concentrations

We first confirmed MDM2 CN, TP53 mutational, and 
MGMT promoter methylation status of the (previously 
whole genome sequenced42) BTSC lines used in this study 
(Supplemental Table 1). We further verified the protein ex-
pression of MDM2 and p53 for the 19 BTSC lines used in 
this study by western blotting (Figure 1A). We then asked 
whether BI-907828 could reduce BTSC viability. Four TP53 
wild-type BTSC lines with an MDM2 CN of ≥3, 7 TP53 wild-
type BTSC lines with a MDM2 CN of 2 and 8 TP53 mutant 
cell lines with a MDM2 CN of 2 were treated with BI-907828 
at increasing concentrations between 0.5 pM and 40 nM 
in serum-free culture conditions. We also used NP cells 
and astrocytes derived from iPSCs (iPS Astros) and astro-
cytes derived from normal neural fetal cells (HF Astros) as 
additional controls. BI-907828 was potent at decreasing 
viability in both MDM2 amplified and normal CN TP53 
wild-type cell lines (Figure 1B and D and MDM2 status in 
Supplemental Table 1). BI-907828 decreased the viability of 
the NPs, iPS Astros, and HF Astros but at much higher IC50 
(1–2 log fold) values than for the BTSC cells. The IC50 values 
for the 11 TP53 wild-type BTSC cultures tested ranged from 
21.1 pM to 424.9 pM (Figure 1C). IC50 values were not deriv-
able for the mutant cell lines (Figure 1D).

TMZ is currently the standard of care chemotherapy for 
GBM and is widely used for most GBM patients. We thus 
tested a clinically relevant concentration of TMZ (10  μg/
ml)43 in 8 BTSC (Supplemental Figure 1) lines to verify 
sensitivity to TMZ based on MGMT promoter methylation 
status. TMZ response was as predicted by MGMT methyla-
tion status, with methylated cell lines BT48, 50, 67, and 127 
responding to TMZ treatment and unmethylated cell lines 
BT69, 140 and 208, and 301 being less sensitive to TMZ 
treatment (Supplemental Figure 1).

BI-907828 appears to be highly effective at decreasing 
the viability of TP53 wild-type BTSCs in vitro, irrespec-
tive of MDM2 CN or MGMT promoter methylation status 
(Supplemental Table 1).

BI-907828 Inhibits Proliferation and Induces 
Cell Death in TP53 Wild-type But Not TP53 
Mutant BTSCs

Our response data showed reduced cell viability at low 
concentrations of BI-907828 in TP53 wild-type BTSCs, sug-
gesting that MDM2 may be a suitable target for pharma-
cological modulation in glioma with wild-type TP53 status. 
We treated a mutant (BT73) line alongside TP53 wild-type 
lines (BT48 and BT67) and assessed cell viability after 
5  days by Alamar blue staining. We observed that while 
both TP53 wild-type cell lines showed a strong reduction 
in growth when treated with the lowest concentration of 
12.8 pM and a complete abrogation of cell viability at higher 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
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Figure 1.  Effects of BI-907828 on viability of TP53 wild-type GBM brain tumor stem cell (BTSC) lines with amplified or normal copy numbers 
(CNs) of MDM2. (A) Protein expression of MDM2 and p53 in BTSC lines. (B) BI-907828 decreased cell viability in TP53 wild-type BTSCs with 
MDM2 amplified or normal CN status. (C) IC50 values extracted from IC50 curves are depicted in (B).
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Figure 2.  BI-907828 effectively decreases viability, increases cell death and has on-target activity on downstream targets in TP53 wild-type brain 
tumor stem cells (BTSCs). (A) Relative viability and (B) relative cell death in TP53 wild-type cell lines with either MDM2 amplified (BT48) or normal 
MDM2 copy number (CN) (BT67) and TP53 mutant normal MDM2 CN (BT73). (C) p21 and PUMA protein expression levels and cleaved poly-ADP ribose 
polymerase (PARP) following treatment with 12.8 pM, 320 pM, and 40 nM of BI-907828 in TP53 wild-type BT48 and BT67 cell lines and TP53 mutant 
cell-line BT73. Actin was used as a loading control. Shown as representative blots of 3 biological replicates. Error bars represent the standard error 
of the mean for n = 3 biological replicates. P-values were calculated using one-way ANOVA with Tukey’s multiple comparisons tests (A, B), *P < .01,  
**P < .001, ****P < .0001. n.s. = not significant.  
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concentrations (Figure 2A, Supplemental Figure 2), TP53-
mutant BT73 showed no response even at the highest con-
centration of 40  nM (Figure 2A, Supplemental Figure 2). 
Using a cell-impermeable fluorescent DNA stain, we further 
found that treatment increased cell death after 48 h treat-
ments in the 2 TP53 wild-type BTSC lines with cell death ob-
served in TP53 mutant BT73 BTSC line only at the highest 
concentration tested (Figure 2B, Supplemental Figure 2B).

We further confirmed that BI-907828 induced 
upregulation of p53 transcriptional targets p21 and PUMA 
(Figure 2C), mediating p53-dependent cytostasis and ap-
optosis, respectively, in TP53 wild-type BT48 and BT67, 
but not in the TP53 mutant BT73 cell line. We observed 
increased cleaved PARP, in the TP53 wild-type BTSC lines 
with increasing concentrations of BI-907828 (Figure 2C), 
further demonstrating cell death and apoptosis induc-
tion in the TP53 wild-type lines following BI-907828 treat-
ments. In contrast, the fast-growing TP53 mutant BT73 
cell line, which displays higher basal levels of cell death 
in neurosphere cultures, showed no noticeable increase in 
the levels of cleaved PARP (Figure 2C) or uptake of the cell-
impermeable fluorescent DNA stain (Supplemental Figure 
2B) at even the highest concentrations of BI-907828 versus 
DMSO control.

We further showed an increase of the protein level of p53 
in the TP53 wild-type cell lines BT48 and BT67 following 
treatment (24 h) with low doses of BI-907828 (Figure 2D) as 
well as an increase in total ubiquitinated proteins in these 2 
cell lines (Supplemental Figure 2C). These effects were not 
observed in a TP53 mutant cell line, BT119 (Figure 2D and 
Supplemental Figure 2C). Taken together, these data show 
that BI-907828 inhibits the interaction of MDM2 with p53 
and the resulting degradation of wild-type p53. This may 
then engage the proteasome degradation machinery and 
accumulation of ubiquitinated proteins ultimately leading 
to increased cell death.

Taken together, these data confirm that BI-907828 is ef-
fective at reducing viability and inducing apoptosis in TP53 
wild-type BTSCs in vitro.

BI-907828 Disrupts the Specific Interaction 
Between MDM2 and p53 in p53 Wild-type BTSCs

We next asked whether the inhibitory effects of BI-907828 
were specific to the interaction between MDM2 and p53. 
We performed co-immunoprecipitation assays, following 
treatment of BTSCs with 10  nM BI-907828 or DMSO ve-
hicle control in 2 TP53 wild-type cell lines (BT48 and BT67) 
and a TP53 mutant (BT119) cell line. We observed a reduc-
tion in the level of immunoprecipitated p53 protein, when 
an MDM2 antibody was used for IP in BI-907828-treated 
BTSC lysates compared to vehicle-treated samples in 
the p53 wild-type cell lines but not in the mutant cell line 
(Figure 3A(i)). Conversely, a reduced pull down of MDM2 
protein was observed following IP with a p53 antibody, 
in BI-907828 treated BTSC lysates compared to vehicle-
treated samples (Figure 3A(ii)). Treatment with BI-907828 
did not disrupt the interaction between MDM2 and MDM4 
(Figure 3A(iii)).

We further confirmed these findings using in situ PLAs. 
We observed a significantly higher number of PLA foci per 

nuclei, following incubation with anti-p53  + anti-MDM2 
antibodies, in vehicle-treated cells compared to BI-907828 
treated TP53 wild-type cells (Figure 3B(i, ii)). As expected, 
there were fewer foci in the BT119 TP53 mutant cell line 
and no difference was observed in vehicle or BI-907828 
treatments (Figure 3B(i, ii)). Furthermore, there was no ef-
fect of the inhibitor on the PLA foci in samples probed with 
anti-MDM2 + anti-MDM4 antibodies (Figure 3B(i, ii)). These 
data further confirm that BI-907828 specifically disrupts the 
interaction between MDM2 and p53.

TP53 Knock-down Abrogates the Effect of 
BI-907828 in p53 Wild-type Cells

We next asked whether the p53 knockdown would re-
duce the effect of BI-907828. We used 3 different shRNA 
sequences to knock-down TP53 in the TP53 wild-type 
cell lines BT48 and BT67 and in the TP53 mutant cell line, 
BT119 (Figure 4A). We observed a decrease in sphere 
size in scrambled shRNA targeted control cells treated 
with BI-907828, but no effect of BI-907828 on the TP53-
knock down cells in the TP53 wild-type cell line BT48, fol-
lowing TP53 knockdown (Figure 4B). We further confirmed 
these results in BTSC lines treated with 10 nM BI-907828 
for 5  days. Annexin V/7AAD staining followed by flow 
cytometric analysis showed a greater increase in the fre-
quency of Annexin V+/7AAD+ cells (dead cells) in scram-
bled shRNA targeted p53 wild-type cell lines (BT48 and 
BT67) than in the knockdown cells treated with BI-907828 
(Figure 4C, Supplemental Figure 3A). These results are 
analogous to the lack of effect observed when treating 
the p53 mutant cell line BT119 with BI-907828 (Figure 4C, 
Supplemental Figure 3A).

We further investigated the effect of knocking down 
MDM2 in p53 wild-type BTSCs. (Supplemental Figure 3B 
and C). While the shRNA target sequences reduced the pro-
tein expression of MDM2 in the p53 wild-type cell lines, 
we observed increased cell death in the targeted cell lines 
following selection as evidenced by smaller neurosphere 
sizes (Supplementary Figure 3C). We were not able to dis-
tinguish drug effects of the BI-907828 inhibitor from the in-
trinsic cell death observed with the knock-down of MDM2 
in these cell lines. We have previously reported MDM2 as 
being a highly essential gene for viability in GBM BTSC 
lines.41 These data further support that targeting MDM2 in 
TP53 wild-type GBM cells is a promising strategy in GBM.

Administration of a Single Dose of BI-907828 
Demonstrates Target Gene Induction in 
Intracranial Orthotopic Xenografts of BTSCs

Previous pharmacokinetic studies with BI-907828 
showed low systemic clearance and high bioavailability 
in mice, rats, dogs, and minipigs.27 Here, we assessed 
brain concentration (PK) and PD biomarker modulation 
of BI-907828 in 2 orthotopic GBM patient-derived BTSC 
models (BT48 and BT67) in SCID mice. Tumor engraft-
ment was confirmed in sentinel animals on day 44 (BT48 
model) or day 41 (BT67 model) (Figure 5A). On day 64 
post-tumor implantation (BT48 model) or on day 60 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
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Figure 3.  BI-907828 disrupts the interaction between MDM2 and wild-type p53 in brain tumor stem cells (BTSCs). (A) Co-immunoprecipitation 
assays in dithiobis succinimidyl propionate (DSP) crosslinked BT48, BT67, and BT119 cells. IP-immunoprecipitation, ID-immunodepleted samples, 
immunoglobulin G (IgG)-antibody controls for nonspecific pull-down. (B) (i) In situ proximity ligation assays (PLAs) determined a disruption of 
protein-protein interactions between MDM2 and p53 following treatment with 1 nM BI-907828 in p53 wild-type, BT48 and BT67 cells but not in p53 
mutant, BT119 cells. (ii) Quantitative representation of the average number of PLA foci counted in 30 nuclei/reaction in BI-907828 treated BT48, 
BT67, and BT119 cells. Data are represented as mean ± SE; N = 3. ****P < .000. MDM2/4 protein-protein interaction was used as positive control 
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post-tumor implantation (BT67 model), SCID mice with 
established brain tumors were treated with a single 
oral dose of 50 mg/kg BI-907828 and plasma, brain, and 
thigh/leg muscle samples were collected from n = 3 mice 
per time point at various time points post-dose (pretreat-
ment, 6 h, 24 h, 48 h, 72 h, and 168 h post-dose). Plasma 

concentration, brain tissue concentration, muscle tissue 
concentration, and PD biomarker modulation (= p53 
target gene induction, ie, induction of mouse CDKN1a 
[p21] mRNA, human CDKN1a [p21] mRNA, or human 
GDF15 [MIC-1] mRNA  =  human MIC-1 mRNA) in brain 
tissue was assessed in these samples. The non-engrafted 

  

p53

A

B

C

Scrambled

BT48

0

Scr
am

ble
d

Scr
am

ble
d-

BI

p5
3K

D

p5
3K

-B
I

10

%
 A

nn
ex

in
 V

/7
A

A
D

/
m

C
he

rr
y 

po
si

tiv
e 

ce
lls 20

0

Scr
am

ble
d

Scr
am

ble
d-

BI

p5
3K

D

p5
3K

-B
I

15

10

5

BT67

0

Scr
am

ble
d

Scr
am

ble
d-

BI

p5
3K

D

p5
3K

-B
I

15

10

5

BT119

Scrambled+BI (10 nM) p53 KD

BT48

p53 KD+BI

BT48 (MDM2 CN5/p53 wt) BT67 (MDM2 CN2/p53 wt) BT119 (MDM2 CN5/p53 mt)

Scr
am

ble
d

sh
RNA se

q 
A

sh
RNA se

q 
B

sh
RNA se

q 
C

Scr
am

ble
d

sh
RNA se

q 
A

sh
RNA se

q 
B

sh
RNA se

q 
C

Scr
am

ble
d

sh
RNA se

q 
A

sh
RNA se

q 
B

sh
RNA se

q 
C

β-actin

Figure 4.  The effect of BI-907828 is abrogated in p53 knock-down brain tumor stem cells (BTSCs). (A) Validation of p53 knockdown by Western 
blot using 3 independent shRNAs to target p53 in wild-type BT48, BT67, and mutant BT119 cells. (B) Fluorescent and brightfield images of shRNA 
mediated KD of p53 in BT48 cells and their respective scrambled control images. Treatment with BI-907828 showed a decrease in sphere size in 
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Figure 5.  Treatment of GBM patient-derived brain tumor stem cells (BTSCs) tumor-bearing mice with a single dose of BI-907828 leads to a signifi-
cant increase in PD biomarkers in the brain. (A) Anti-human nucleolin immunohistochemistry (IHC) on tumor sections from satellite animals on day 
44 for the BT48 model and on day 41 for the BT67. (B) Treatment with a single oral dose of BI-907828 at 50 mg/kg led to a significant increase in all 
measured human indirect target engagement PD biomarkers. PD biomarkers tested (CDKN1a and GDF15 shown) in both models (BT48 and BT67), 
as assessed by their mRNA induction. Human CDKN1a mRNA induction normalized to human GAPDH mRNA (fold change relative to pretreatment 
levels). Human GDF15 (MIC-1) mRNA induction normalized to human GAPDH mRNA (fold change relative to pretreatment levels). (C) Mean brain/
plasma, muscle/brain, and muscle/plasma ratios of BI-907878 in BT48 and BT67 tumor-bearing mice after a single dose of 50 mg/kg. Mean values 
and standard deviations are derived from measurements of 3 individual animals for each time point. Scale bars on left panels represent 1 mM and 
scale bars on right higher magnification panels represent are 100 μm.  
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Figure 5.  Treatment of GBM patient-derived brain tumor stem cells (BTSCs) tumor-bearing mice with a single dose of BI-907828 leads to a signifi-
cant increase in PD biomarkers in the brain. (A) Anti-human nucleolin immunohistochemistry (IHC) on tumor sections from satellite animals on day 
44 for the BT48 model and on day 41 for the BT67. (B) Treatment with a single oral dose of BI-907828 at 50 mg/kg led to a significant increase in all 
measured human indirect target engagement PD biomarkers. PD biomarkers tested (CDKN1a and GDF15 shown) in both models (BT48 and BT67), 
as assessed by their mRNA induction. Human CDKN1a mRNA induction normalized to human GAPDH mRNA (fold change relative to pretreatment 
levels). Human GDF15 (MIC-1) mRNA induction normalized to human GAPDH mRNA (fold change relative to pretreatment levels). (C) Mean brain/
plasma, muscle/brain, and muscle/plasma ratios of BI-907878 in BT48 and BT67 tumor-bearing mice after a single dose of 50 mg/kg. Mean values 
and standard deviations are derived from measurements of 3 individual animals for each time point. Scale bars on left panels represent 1 mM and 
scale bars on right higher magnification panels represent are 100 μm.  

brain hemisphere was assessed for tissue concentration 
of BI-907828, and the engrafted hemisphere was used to 
assess PD biomarker modulation. Strong PD biomarker 
induction was observed for all human indirect target en-
gagement PD biomarkers tested (CDKN1a [p21] and GDF 
15 [MIC-1]), in a time-dependent manner in both models 
(BT48 and BT67), as assessed by their mRNA induc-
tion (Figure 5B). No induction was observed for mouse 
CDKN1a (Supplemental Figure 5A). These data show that 
target gene induction was detected in the human tumor 
lesion but not in the surrounding mouse brain tissue.

Treatment of tumor-bearing mice with a single oral 
dose of BI-907828 at 50 mg/kg led to high plasma concen-
trations with a mean cmax of 13.5 μM in the BT48 tumor 
model, reached at 6  h, and 12.0  μM in the BT67 model, 
reached at 24  h (Supplemental Figure 5B). Plasma con-
centrations remained high (> 2 μM) from 6 to 72 h in both 
models and dropped to concentration levels below 1 μM 
at 168  h (Supplemental Figure 5B). Overall, variability in 
plasma concentrations between individual animals was 
high in both studies (Supplemental Figure 5B). However, 
average brain and muscle concentrations from 3 mice 
showed a high correlation (Figure 5C). Therefore, brain/
plasma, muscle/plasma, and muscle/brain ratios could be 
determined with high accuracy. At time points between 
6 and 72  h, brain/plasma ratios were determined to be 
0.038 ± 0.011 and muscle/plasma ratios were determined to 
be 0.22 ± 0.09. Muscle/brain ratios were determined to be 
constant with 5.67 ± 1.1 on average over all animals tested.

Taken together, these PK-PD studies thus demonstrate that 
a single oral dose of BI-907828 leads to exposure levels that 
are sufficient to modulate p53 target genes in brain tumor 
tissue in 2 BTSC-derived orthotopic GBM models. These find-
ings suggest that BI-907828 can pass the blood-brain barrier 
and confirm previous findings of low systemic clearance.

Treatment With BI-907828 Increased Median 
Overall Survival in Intracranial Orthotopic 
Xenograft BTSC Models

We next assessed the efficacy of BI-907828 treatment in vivo 
with orthotopic xenografts of both a MDM2 amplified (BT48; 
CN = 5) and a normal CN (BT67; CN = 2), TP53 wild-type BTSC 
model. BI-907828 was administered orally once a week at 
15 mg/kg. For the 50 mg/kg treatment arm, treatment was 
started at 51 days and 58 days post-tumor cell injection for 
BT48 and BT67 respectively. The first 2 doses were adminis-
tered for 2 consecutive weeks as loading doses, followed by 
dosing every 2 weeks. Median survival of treated animals 
was significantly increased compared to vehicle-treated 
control animals in both models (Figure 6A). BT48: (vehicle 
vs 15 mg/kg BI-907828: 75 vs 102 days; P < .0001; log-rank 
test; vehicle vs 50 mg/kg BI-907828: 75 vs 115 days, respec-
tively; P < .0001; log-rank test). BT67: (vehicle vs 15  mg/
kg BI-907828: 163 vs 191 days; P < .0001; log-rank test; ve-
hicle vs 50 mg/kg BI-907828: 163 vs 189 days, respectively; 
P = .0002; log-rank test). However, dose-dependent efficacy 
was only observed in the MDM2 amplified BT48 model 
with the 50  mg/kg treatment, demonstrating a significant 
improvement in survival over the 15 mg/kg treatment arm 
(50  mg/kg BI-907828 vs 15  mg/kg BI-907828: 115  days vs 
102 days; P < .001) but not in the BT67 model.

Given that TMZ is a current standard of care for GBM, 
we further assessed whether a combinatorial treatment 
with TMZ (30 mg/kg weekly p.o.) would show efficacy over 
TMZ alone or the BI-907828 single-agent arm (15 mg/kg 
weekly p.o.). BT48 and BT67 both have MGMT promoter 
methylation and are sensitive to TMZ treatment in vitro 
(Supplemental Table 1, Figure 1). Interestingly, while im-
proved survival was observed with long-term TMZ treat-
ment in monotherapy in both models, a striking additional 
survival benefit was seen with a combinatorial treatment 
of 15 mg/kg BI−907828 + 30 mg/kg TMZ in the BT67 model 
(Figure 6). Given these results, we assessed whether com-
binatorial treatments with TMZ (30  mg/kg weekly p.o.) 
would improve efficacy over a single-agent treatment 
with TMZ alone or the BI-907828 single-agent arm (2 mg/
kg or 15  mg/kg weekly p.o.) in another model, BT89, 
with a similar molecular profile as BT67 (Supplemental 
Table 1). Survival benefit was again observed in all the 
single treatment arms including the 2 mg/kg and 15 mg/
kg BI-907828 dose groups (vehicle vs 2 mg/kg BI-907828: 
163 vs 181days; P < .006; log-rank test; vehicle vs 15 mg/
kg BI-907828: 163 vs 233 days, respectively; P < .0001; log-
rank test). Interestingly, similarly to BT67, an additional 
survival benefit was observed with a combinatorial treat-
ment of 15 mg/kg BI-907828 + 30 mg/kg TMZ in the BT89 
model (Figure 6). Survival was long-term and median sur-
vival was not reached for the animals from the 15 mg/kg 
BI−907828 + 30 mg/kg TMZ combinatorial treatment arm in 
either the BT67 or the BT89 model. All remaining animals 
were sacrificed at ~365 days post tumor cell injection at 
the study endpoint, at which point the remaining animals 
started displaying age-related co-morbidities and were 
sacrificed according to animal care guidelines.

Treatment With BI-907828 Decreases 
Tumor Burden in Intracranial Orthotopic 
Xenograft Models

We further assessed the differences in tumor burden 
at the study endpoint in mice treated with BI-907828 
compared to vehicle control mice. H&E staining and 
immunohistochemistry with an antibody specific for 
the human homolog of nucleolin demonstrated re-
duced tumor burden at endpoint in both BT48 and BT67 
models in all arms of the study compared to vehicle con-
trols (Supplemental Figure 5). These differences were es-
pecially noticeable in the MDM2 amplified BT48 model. 
Immunostaining with the proliferation marker Ki67 further 
showed very few positive cells in either the 15 mg/kg or 
50 mg/kg treated arms of the BT48 model and Ki67 in the 
50 mg/kg treatment arm of the BT67 model. These results 
highlight that BI-907828 is highly effective at reducing 
tumor burden in BTSC-derived, orthotopic models of GBM.

Discussion

GBM is a devastating disease with limited treatment op-
tions. Here, we show that BI-907828 is effective at re-
ducing the viability of TP53 wild-type BTSCs irrespective 
of MDM2 amplification status in vitro. BI-907828 further 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac271#supplementary-data
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Figure 6.  Long-term systemic administration of BI-907828 prolongs animal survival of mice orthotopically xenografted with TP53 wild-type 
brain tumor stem cells (BTSCs). Oral administration of BI-907828 significantly increased median survival compared to vehicle treatments. Efficacy 
of temozolomide (TMZ) at a weekly oral dose of 30 mg/kg was observed in all three models. Additional benefit was seen in animals xenografted 
with BT67 and in BT89 with a combinatorial treatment of 15 mg/kg BI-907828 + TMZ.
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Figure 6.  Long-term systemic administration of BI-907828 prolongs animal survival of mice orthotopically xenografted with TP53 wild-type 
brain tumor stem cells (BTSCs). Oral administration of BI-907828 significantly increased median survival compared to vehicle treatments. Efficacy 
of temozolomide (TMZ) at a weekly oral dose of 30 mg/kg was observed in all three models. Additional benefit was seen in animals xenografted 
with BT67 and in BT89 with a combinatorial treatment of 15 mg/kg BI-907828 + TMZ.
  

demonstrates preclinical efficacy, penetrates the blood 
brain barrier (BBB), and significantly improves survival in 
three BTSC orthotopic xenograft models.

Our in vitro dose-response experiments with 11 TP53 
wild-type BTSC lines demonstrate that BI-907828 re-
duces BTSC viability and induces cell death with IC50s at 
picomolar concentrations. BI-907828 has no obvious effect 
at similar concentrations in 8 TP53 mutant BTSC lines. We 
further confirmed that BI-907828 displays on-target activity 
and induces downstream p53 target genes that are ef-
fectors of cell cycle arrest (p21), and apoptosis (PUMA and 
cleaved PARP). These data further highlight that patients 
with TP53 wild-type mutational status would benefit from 
therapy with BI-907828 in a clinical setting.

In the past few years, several molecules have been de-
veloped to release p53 from the control of MDM2 and re-
store its tumor suppressor activity (reviewed in Ref. 23). 
Clinical data suggest thrombocytopenia is an on-target, 
dose-limiting toxicity for this class of inhibitors.17,23,25,26 
Thrombocytopenia could limit the clinical utility of MDM2 
inhibitors in solid tumor indications. Hence there is a 
need for less frequently dosed MDM2 inhibitors to allow 
bone marrow recovery, mitigate clinical side effects and 
potentially improve the therapeutic window for these in-
hibitors. We show here that BI-907828 is a highly potent 
MDM2 inhibitor capable of achieving efficacy in preclin-
ical mouse models of human GBM with less frequent 
dosing. Significant and striking differences in survival 
were achieved with a single weekly 15 mg/kg or bi-weekly 
dosing of 50  mg/kg BI-907828. In a follow-up study, we 
have further found that treatment with BI-902878 can be 
reduced to weekly doses as low as 2 mg/kg and 10 mg/
kg and achieve efficacy in the MDM2 amplified BT48 
and normal CN BT67 model, respectively (Supplemental 
Figure 5C). Thus, compared to currently available MDM2 
inhibitors, the high potency, and the favorable pharma-
cokinetic properties of BI-907828 allow for optimized 
dose schedules that may reduce myelosuppression, an 
on-target, dose-limiting toxicity for this class of inhibitors, 
thereby presumably enabling the successful treatment of 
GBM tumors in humans.

A major challenge in investigating new treatment 
strategies for GBM is finding drugs that effectively pen-
etrate the BBB. The previously described PK properties 
of BI-907828 enable a variety of different clinical dosing 
schedules with the potential to improve the therapeutic 
index with respect to on-target safety.27 Our in vivo studies 
in three different orthotopic xenograft models of GBM 
clearly demonstrate that BI-907828 could be delivered to 
mice over a long period of time (>6 months) at low doses 
(2 mg/kg, 10mg/kg, and 15 mg/kg) once a week or higher 
doses (50 mg/kg) every 2 weeks with significant survival 
improvement. It was also evident that co-administration 
of BI-907828 and the standard of care, TMZ, was well tol-
erated in these models. In the context of combinatorial 
TMZ treatment with 15  mg/kg BI-907828, there was a 
striking survival improvement in the combinatorial arm in 
the BT67 and BT89 models. Our results provide a strong 
rationale for clinical testing of BI-907828, with the right 
dosing schedules to mitigate risks of myelosuppression 
and thrombocytopenia, in GBM patients with TP53 wild-
type tumors, both as a single agent and in combination 
with the standard of care TMZ.
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