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BH3 mimetics targeting BCL-XL impact the senescent 
compartment of pilocytic astrocytoma
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Abstract
Background.  Pilocytic astrocytoma (PA) is the most common pediatric brain tumor and a mitogen-activated 
protein kinase (MAPK)-driven disease. Oncogenic MAPK-signaling drives the majority of cells into oncogene-
induced senescence (OIS). While OIS induces resistance to antiproliferative therapies, it represents a poten-
tial vulnerability exploitable by senolytic agents.
Methods. We established new patient-derived PA cell lines that preserve molecular features of the primary 
tumors and can be studied in OIS and proliferation depending on expression or repression of the SV40 large 
T antigen. We determined expression of anti-apoptotic BCL-2 members in these models and primary PA. 
Dependence of senescent PA cells on anti-apoptotic BCL-2 members was investigated using a comprehen-
sive set of BH3 mimetics.
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Results.  Senescent PA cells upregulate BCL-XL upon senescence induction and show dependency on BCL-XL 
for survival. BH3 mimetics with high affinity for BCL-XL (BCL-XLi) reduce metabolic activity and induce mito-
chondrial apoptosis in senescent PA cells at nano-molar concentrations. In contrast, BH3 mimetics without 
BCL-XLi activity, conventional chemotherapy, and MEK inhibitors show no effect.
Conclusions.  Our data demonstrate that BCL-XL is critical for survival of senescent PA tumor cells and pro-
vides proof-of-principle for the use of clinically available BCL-XL-dependent senolytics.

Key Points

•	 New patient-derived PA models for studies in oncogene-induced senescence and 
proliferation.

•	 BH3 mimetics targeting BCL-XL induce apoptosis in senescent PA cells.

•	 BCL-XL is the first reported target for senolytic treatment of PA.

Pilocytic astrocytomas (PA) are the most frequent pediatric 
brain tumors and the largest subgroup of pediatric low-
grade gliomas (pLGG).1 In contrast to the excellent 10-year 
overall survival of over 90%, the event-free survival of pLGG 
patients is only ca. 50%.2 More than half of the incompletely 
resected patients treated with conventional chemotherapy 
progress and require one or more lines of salvage therapy.2 
PAs are characterized by activation of the mitogen-activated 
protein kinase (MAPK) pathway.3,4 Although the mitogen-
activated protein kinase (MEK) inhibitors (MEKi) selumetinib 
and trametinib were shown to be well tolerated and effec-
tive in progressive or relapsing pLGGs in phase I/II clinical 
trials and retrospective case studies,5–10 tumors may relapse 
or progress shortly after discontinuation of treatment.5,8,9 
Therefore, development of complementary new treatment 
strategies is needed to improve long-term outcome of PA 
patients.

MAPK pathway activation leads to oncogene-induced 
senescence (OIS) in PA.11 Less than 5% of primary PA cells 
express the proliferation marker Ki67,12 indicating that the 
majority of cells is not cycling. While cells in OIS are not 
responsive to anti-proliferative treatments and may consti-
tute a reservoir of tumor cells that can lead to tumor re-
lapse upon cessation of anti-proliferative therapies,13 OIS 
might represent a yet unexploited complementary vulner-
ability of PA targetable by senolytic drugs.

In 2015, Zhu et  al. identified the activation of pro-
survival networks in senescent cells and silenced ex-
pression of the key nodes of these networks to target 
senescent cells.14 Subsequently, pharmacological 
clearance of senescent cells by compounds of mecha-
nistically diverse classes including BH3 mimetics was 
described.14–17 BH3 mimetics are inhibitors of the anti-
apoptotic B-cell lymphoma 2 (BCL-2) family members,15–18 
which comprise BCL-2, BCL-XL, Bcl-2-like protein 2 (BCL-
W), induced myeloid leukemia cell differentiation protein 
(MCL-1) and BCL2 related protein A1 (BFL-1). Within the 
tightly balanced process of intrinsic apoptosis, the main 
function of these anti-apoptotic BCL-2 members is to pre-
vent the induction of mitochondrial membrane potential 
breakdown and apoptosis.19

Previous data from our group indicated the senolytic ac-
tivity of the BH3 mimetic navitoclax, an inhibitor of BCL-2, 
BCL-XL, and BCL-W, in PA.20 The lack of more PA models, 
that would allow for validation and comprehensive testing 
of senolytic compounds in OIS, is a major obstacle. While 
short-term cultures can only be incompletely characterized 
and do not yield enough material for comprehensive studies, 
the few existing long-term pLGG-derived in vitro models 
(BT40,21 JHH-NF1-PA1,22 Res186, Res25923) are not suited for 
testing in senescence because they continuously proliferate 
and do not recapitulate the PA senescence biology.

Importance of the Study

PAs are the most common pediatric brain tumors. 
Incompletely resected tumors frequently progress 
after cessation of anti-proliferative treatments. 
Relapses and multiple lines of salvage-therapy 
cause substantial long-term morbidity and toxicity. 
Because most PA cells are in OIS, they are not sen-
sitive to anti-proliferative treatments and can there-
fore serve as source for relapse and progression. 
OIS may, thus, be an unexploited vulnerability of PA 

cells targetable by senolytic drugs. We here report 
the first evidence supporting the use of BCL-XLi to 
target the so far un-targeted senescent compart-
ment of PA. Senolysis induced by clinically avail-
able BCL-XLi could open a new avenue to improve 
long-term outcomes of PA patients. Based on the 
data presented, conceptualization of a clinical trial 
investigating BCL-XLi in relapsed and progressive 
PAs is currently being discussed.
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The aim of the present study was to evaluate the 
senolytic properties of BH3 mimetics in PA and to decipher 
their translational potential. We made use of our PA cell 
line DKFZ-BT6624 and a set of three completely newly es-
tablished PA cell lines suitable for testing in proliferation 
and OIS depending on expression or repression of SV40 
large T antigen. The aim was to identify the BCL-2 members 
essential for survival of senescent PA cells, which need to 
be targeted by BH3 mimetics to induce senolysis.

Materials and Methods

Processing of Primary Patient Samples

Primary PA tumor material (DKFZ-BT308, DKFZ-BT314, 
and DKFZ-BT317) was collected during therapeutic inter-
vention. Informed consent for sample collection and use 
was obtained within the study S-304/2014, which was ap-
proved by the institutional review board of the University 
of Heidelberg. Clinical, histopathological, and molecular 
data of the samples are summarized in Supplementary 
Table 1. For processing and culture of primary samples, see 
Supplementary Methods.

Inducible Expression of Simian Vacuolating Virus 
40 Large T Antigen (SV40-TAg)

For generation of pCW57.1 GFP-TAg, allowing for 
doxycycline-inducible co-expression of destabilized GFP 
(dsGFP) and SV40-TAg, see Supplementary Methods. 
Primary PA cell cultures were transduced after 2 to 7 days 
in culture with 3  ml pCW57.1 GFP-TAg supernatant in 
6-well plates (Corning). ABM medium and 1  μg/ml dox-
ycycline were added 6 h after infection. Work with lenti-
viruses was approved by the authorities (internal project 
number 80935)  and performed in a biosafety level two 
laboratory.

Cell Culture and Drugs

DKFZ-BT66, DKFZ-BT308, DKFZ-BT314, and DKFZ-BT317 
cell lines were grown as described before.24 For details, see 
Supplementary Methods.

Metabolic Activity, DSS Calculation, and Drug 
Combination Profiling

For measurement of metabolic activity see Supplementary 
Methods. Drug sensitivity scores were calculated based 
on dose–response data using the R package DSS (v 1.2).25 
DSS3 mode was used, with output ranging from 0 (insensi-
tive) to 100 (highly sensitive).

Cell Viability Assessment and Cell Counting

Five days prior to treatment 0.8  ×  106 cells/well were 
seeded in 6-well plates (Corning) without doxycycline. 
Medium changes were performed every second to third 

day. Cells were then incubated with different BH3 mimetics 
at concentrations indicated or DMSO. After 72  h, the re-
maining attached cells were collected and cell number as 
well as viability were assessed using trypan-blue based au-
tomated cell counting (Vi-CELL XR automated cell counter; 
Beckmann Coulter).

Senescence-associated β-Galactosidase Staining

Senescence-associated (SA) β-galactosidase staining 
was performed as described.24 1 × 105 cells were seeded 
per well of a 6-well plate (Corning) 5  days prior to fixa-
tion without doxycycline. Images were taken with a Nikon 
Eclipse Ts2 microscope and Nikon Elements software (v 
5.20).

Gene Expression Analysis

Gene expression analysis of PA cell lines was performed 
using Human Genome U133 Plus 2.0 chips (Affymetrix 
GeneChips®) with n  =  3 independent biological repli-
cates per condition. Affymetrix U133 Plus 2.0 expression 
array data of primary PA and normal cerebella was from 
R2 (Tumor Pilocytic astrocytoma (DKFZ) - Kool; R2 internal 
identifier: ps_mkheidel_mkdkfz209_u133p2). Array data 
was MAS5.0 normalized. Gene expression data of cell lines 
were downloaded from GDSC database (GDSC2).26 Gene 
set enrichment analysis (GSEA) was done using GSEA 
software (v 4.1.0).27,28 Single sample GSEA (ssGSEA)29 was 
performed using the public server of GenePattern (www.
genepattern.org).30 BCL2 and BCL2L1 expression was ana-
lyzed in previously published single cell RNA sequencing 
data of primary PA.31

Western Blot and Immunoprecipitation

For information about antibodies used see Supplementary 
Methods. Western blot analysis was performed as de-
scribed before.24 Immunoprecipitation (IP) was done 
using Dynabeads™ Protein G Immunoprecipitation Kit 
(Invitrogen, 10007D) following the manufacturer's instruc-
tions. Antibodies were crosslinked to Dynabeads™ using 
freshly dissolved 20 mM dimethyl-pimelimidate (DMP) in 
0.2 M triethanolamine buffer.

Tissue Micro Array and Immunohistochemical 
Staining

A tissue micro array of 83 PAs (CNS WHO grade I), part of 
the LOGGIC Core study, was generated and stained, for 
details, see Supplementary Methods. Inconspicuous CNS 
tissue adjacent to low-grade gliomas was used as normal 
controls (n = 16).

shRNA Mediated Gene Silencing

The lentiviral vector pGIPZ (Horizon Discovery 
Biosciences Limited) was used for shRNA knockdowns 
of BCL-XL. A  mix of four shRNAs with the following 
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clone IDs (all from Horizon Discovery Biosciences 
Limited) and mature antisense sequences were 
used: V3LHS_641297 (GCATCTCCTTGTCTACGCT); 
V3LHS_413478 (AAATTCTAGAAAACTAGCT); 
V2LHS_269487 (TTTCCGACTGAAGAGTGAG); 
V3LHS_393128 (CACTAAACTGACTCCAGCT). For de-
tails on lentivirus production and infection, see 
Supplementary Methods. Protein samples for deter-
mination of knockdown efficiency were harvested 96 h 
after transduction. The amount of remaining attached 
cells was counted 14  days after transduction using 
Vi-CELL XR automated cell counter (Beckmann Coulter).

Real Time Quantitative Reverse Transcription 
Real-time PCR (RTqPCR)

RNA extraction, cDNA synthesis, and RTqPCR were per-
formed as described before.24 For information about pri-
mers used, see Supplementary Methods.

Gene Panel Sequencing and DNA Methylation 
Analysis

Capture-based next-generation DNA sequencing was per-
formed on a NextSeq 500 instrument (Illumina) and DNA 
methylation analysis done as described.32,33 For details, 
see Supplementary Methods.

Droplet Digital PCR (ddPCR)

All ddPCR experiments were conducted on the QX200 
Droplet Digital PCR System (Bio-Rad) and analysis was 
performed using QuantaSoft Analysis Pro software (Bio-
Rad), for details, see Supplementary Methods.

BH3 Profiling and Caspase-3 Activity

BH3 profiling experiments were performed as described 
before,34 for details as well as on caspase-3 activity meas-
urement see Supplementary Methods.

Measurement of Mitochondrial Membrane 
Potential (MMP)

Loss of MMP was measured using a tetramethyl rhoda-
mine ethylester (TMRE) mitochondrial membrane potential 
assay kit (Cayman chemicals, Item No. 701310)  following 
the manufacturer's instructions. For details see 
Supplementary Methods.

Data Availability and Statistics

Data were generated by the authors and are available 
on request. For details on statistics see Supplementary 
Methods.

Results

Establishment of New Patient-derived PA In 
Vitro Models

Short-term cultures from native tissue of three fresh PA 
tumors (Supplementary Table 1) were transduced with 
pCW57.1 GFP-TAg, allowing for doxycycline inducible 
expression of SV40-TAg to circumvent OIS. Culture of 
transduced primary cells in the presence of doxycycline 
allowed for establishment of long-term cell lines (>15 pas-
sages). DNA-methylation patterns, established for mo-
lecular classification of brain tumors,33 revealed a stable 
methylome of all patient-derived cell lines at passage 7 
and 15 clustering close to the DNA-methylation group 
of the corresponding primary samples (Figure 1A). Copy 
number plots (CNPs) derived from these DNA-methylation 
analyses were flat as expected for PA (Supplementary 
Figure. 1A).35 CNPs indicated the presence of a BRAF-
fusion in DKFZ-BT308 and DKFZ-BT317 (Supplementary 
Figure 1A) confirmed by ddPCR and RTqPCR on DNA 
and mRNA level (Supplementary Figure 1B–E). Gene 
panel sequencing detected a BRAF V600E mutation in 
DKFZ-BT314 (Supplementary Table 2), confirmed by ddPCR 
(Supplementary Figure 1F). ddPCR experiments indi-
cated a nearly 100% tumor cell purity of all new models 
(Supplementary Figure 1B, C and F) explaining the close 
proximity but distinct difference from primary PA bulk tu-
mors (containing also microenvironmental cells) on DNA-
methylation level (Figure 1A).

The MAPK Pathway Activity Score (MPAS)36 (Figure 
1B) as well as phosphorylation status of ERK1/2 (Thr202/
Tyr204) (Supplementary Figure 1 G) revealed activation 
of the MAPK-pathway in all cell lines. Robust prolifera-
tion of the new cell lines was observed only in the pres-
ence of doxycycline (proliferation; +DOX), and withdrawal 
of doxycycline (OIS; −DOX) led to growth arrest in all cell 
lines (Figure 1C) following repression of SV40 TAg (Figure 
1D). All PA cell lines showed expression of the senescence 
marker p21Cip1 on protein level (Figure 1E) and marked 
SA-beta-galactosidase positivity (Supplementary Figure 
1H) in OIS mode. Gene expression analysis revealed 
upregulation of gene sets known to be upregulated in se-
nescence (BUHL SASP,20 FRIDMAN SENESCENCE UP,37 and 
BT66 OIS UP24) and downregulation of gene sets known 
to be downregulated in senescence (BT66 OIS DOWN24) 
in all three new cell lines in the absence of doxycycline 
(Figure 1E). In summary, we established three new patient-
derived PA cell lines that preserved molecular characteris-
tics of their primary tumors and that are uniquely suitable 
for drug studies in OIS conditionally induced by repression 
of SV40-TAg after expansion.

BH3 Mimetics with High Binding Affinity for 
BCL-XL Preferentially Decrease Metabolic 
Activity of PA Cells in Oncogene-Induced 
Senescence

Navitoclax, a BH3 mimetic targeting BCL-2, BCL-XL, and 
BCL-W, decreased metabolic activity of DKFZ-BT66, 
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−BT314, and −BT317 at nano-molar concentrations, 
validating the preferential susceptibility in OIS previously 
described in DKFZ-BT6620 in two more models (Figure 2A). 
DKFZ-BT308 was relatively resistant to navitoclax in OIS 
and proliferation.

To identify the precise inhibitory profile needed for the 
induction of senolysis in PA, we tested a comprehensive 
set of BH3 mimetics with different inhibitory profiles (Table 
1), compared to chemotherapeutics and MEKi (Figure 2B). 
Vincristine and vinblastine showed high DSS25 (indicating 
high sensitivity) only in proliferation (DSS > 30 for all cell 
lines) but not in OIS (DSS = 0), as expected. The DSS for 
venetoclax, a BCL-2 selective inhibitor, MCL-1 inhibitors 
(A-1210477, S63645, AZD5991), and MEKis (trametinib, 
selumetinib, binimetinib) were overall low (<7), inde-
pendent of OIS and proliferation. In contrast, the DSS for 
all inhibitors with strong affinity to BCL-XL indicated sen-
sitivity of DKFZ-BT66, −BT314, and −BT317 in OIS (DSS 
> 33). IC50 values in OIS for all tested BCL-XLi were in 
the nanomolar range (Figure 2C) and the cell lines were 
among the most navitoclax-sensitive compared to 751 cell 
lines from the GDSC2 database (ranks: DKFZ-BT66:10/755; 
DKFZ-BT314: 39/755; DKFZ-BT317: 43/755) (Supplementary 
Figure 2A). DKFZ-BT308 was relatively resistant to all BCL-
XLi, in OIS and proliferation. The differential DSS (dDSS; 
DSSOIS minus DSSproliferation) for all BCL-XLi were positive 
in the BCL-XLi sensitive cell lines, indicating a preferential 
susceptibility in senescence and a senolytic mechanism 
of action (Figure 2D). No positive dDSS was observed for 
BH3 mimetics without BCL-XL affinity or MEK-inhibitors. 
The dDSS of vinca alkaloids were negative, indicating 
sensitivity only in proliferation. The IC50s of the BCL-XLi 
navitoclax, A-1331852, and A-1155463 were at least 8.5-
fold higher in nonneoplastic brain-derived control NHA 
TAg cells compared to the BCL-XLi sensitive PA cell lines 
(Figure 2E and Supplementary Figure 2B). Taken together, 
we identified senolytic activity of BCL-XLi on metabolic ac-
tivity level in senescent PA cell line models.

BCL-XL is Expressed in Primary PA, PA Tumor 
Cell Lines, and Upregulated in Oncogene-induced 
Senescence

Following the observation of exclusive sensitivity to BCL-
XLi in the responsive PA cell lines, we investigated the 
expression of anti-apoptotic BCL-2 members in PA with a 
specific focus on BCL-XL. Expression of BCL2L1 (encoding 
BCL-XL) mRNA (Figure 3A) and abundance of BCL-XL pro-
tein were confirmed in primary PA samples (Figure 3B and 
C; Supplementary Table 3). Of note, BCL2L1 mRNA expres-
sion was significantly higher in normal CNS tissue but 
BCL-XL protein was significantly higher expressed in PA. The 
four PA cell lines expressed BCL2L1/BCL-XL and showed 
upregulation in OIS compared to proliferation (Figure 3D 
and E). Upregulation in OIS was not detected for the re-
maining anti-apoptotic Bcl-2 members BCL-2, BCL-W, and 
MCL-1 (Supplementary Figure 3A and B). BCL2 transcrip-
tion was significantly lower in the PA cell lines compared 
to bulk PA and no BCL-2 protein was detected by Western 
blot in the PA cell lines, consistent with the observation that 
BCL-2, in contrast to BCL-XL, is predominantly expressed in 
the tumor infiltrating immune cells (Supplementary Figure 

3C). In summary, we confirmed BCL-XL target expression 
in primary PA and cell lines, and showed upregulation of 
BCL-XL in senescence in PA cell lines.

BCL-XL Inhibition Reduces Viable Cell Number 
and Induces Mitochondrial Apoptosis in 
Senescent PA Cells

Navitoclax treatment led to displacement of anti-apoptotic 
BCL-XL from pro-apoptotic BAK in all PA cell lines 
demonstrating target engagement (Figure 4A). The BCL-
XLi A-1331852 and navitoclax significantly reduced the vi-
able cell numbers at a concentration of 40 nM and higher in 
DKFZ-BT314 and −BT317 (Figure 4B). In contrast, the BCL-2 
inhibitor venetoclax and the MCL-1 inhibitor S63845 did not 
significantly impact the number of viable cells in DKFZ-BT314 
and only to a limited extent in DKFZ-BT317 (Figure 4B). This 
observation was in line with the respective metabolic ac-
tivity data: metabolic activity IC50s for venetoclax and S63845 
were >3  µM in both models. A-1331852 and navitoclax led 
to a significant loss of MMP in the senescent PA cell lines 
DKFZ-BT314 and DKFZ-BT317 (Figure 4C) and an activation 
of caspase-3 (Figure 4D) indicating induction of mitochon-
drial apoptosis. Caspase 3 activation upon navitoclax treat-
ment was significantly lower in proliferating DKFZ-BT314 
and DKFZ-BT317 indicating a preferential induction of apop-
tosis in senescent PA cells (Supplementary Figure 4A). Taken 
together, this data confirmed the on-target effect and an 
in-class effect of BCL-XLi on viable cell number, mediated by 
mitochondrial apoptosis in senescent PA cells.

Senescent PA Cell Lines Depend on BCL-XL to 
Maintain Viability and to Prevent Mitochondrial 
Outer Membrane Permeabilization (MOMP)

DKFZ-BT308 showed relative resistance to BCL-XLi. We 
therefore tested the dependence on BCL-XL protein in 
all four PA models in OIS. The number of viable cells rela-
tive to non-silencing control shRNA was reduced in all cell 
lines after BCL-XL knockdown with comparable efficiency 
(Supplementary Figure 4B and C), indicating a dependence 
on the protein for cell survival (Figure 4E), however without 
conclusive difference between the BCL-XLi resistant line and 
the sensitive lines (Figure 4E). Treatment with the two spe-
cific synthetic sensitizer BH3 peptides, BCL-2-antagonist of 
cell death (BAD; specific for dependence on BCL-2/BCL-XL) 
and activator of apoptosis harakiri (HRK; specific for depend-
ence on BCL-XL) induced mitochondrial outer membrane 
permeabilization (MOMP) as measured by cytochrome c 
release to a similar extent in BCL-XLi sensitive (DKFZ-BT66) 
and resistant (DKFZ-BT308) cells (Figure 4F and G). In sum-
mary, target dependence and BCL-XL dependent priming 
were validated, however without differences to explain the 
low BCL-XLi sensitivity of DKFZ-BT308.

A Xenobiotics Metabolism Gene Set Upregulated 
in DKFZ-BT308 Predicts Navitoclax Resistance

We performed GSEA to discover potential differences be-
tween BCL-XL sensitive and resistant cell lines at mRNA level. 
50 hallmark gene sets covering a wide range of biological 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
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Fig. 2  Impact of BH3 mimetics on metabolic activity. (OIS (−DOX), oncogene-induced senescence, 5 days doxycycline withdrawal; proliferation 
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processes38 were investigated in DKFZ-BT308 versus the 
BCL-XLi sensitive lines in OIS (Figure 5A). Among all gene 
sets, only the drug metabolism gene set “HALLMARK_
XENOBIOTIC_METABOLISM” was significantly enriched in 
DKFZ-BT308 compared to the remaining cell lines (Figure 5B). 
Thirty eight genes of the gene set contributed to the core en-
richment and were used to derive a new BT308_UP signature 
(Supplementary Table 4). To test a potential relation of this sig-
nature to BCL-XLi resistance, we used an independent data 
set of 751 cell lines (GDSC2)26 (Figure 5C). GSEA and ssGSEA 
confirmed a significant enrichment of the BT308_UP signa-
ture in the group of navitoclax resistant cell lines (Figure 5D 
and E), as well as ABT-737 (another BCL-XLi) resistant cell 
lines (Supplementary Figure 5A). Binary logistic regression 
analysis revealed that expression of BT308_UP (independent 
continuous predictor) was able to predict “navitoclax resist-
ance” at an optimal ssGSEA threshold score between −217 
and −197 with p = 3.37e−9, a sensitivity of 85.53%, and a spec-
ificity of 75.00% (Supplementary Figure 5B). Primary PAs 
showed a wide variability of BT308_UP signature expression, 
but all primary samples tested expressed the signature to a 
lower extent compared to the resistant cell line DKFZ-BT308 
(Figure 5F). Taken together, we identified upregulation of a 
drug metabolism gene set in DKFZ-BT308 that could explain 
the phenotypical differences in BCL-XLi sensitivity.

Discussion

OIS is a well-known feature of PA11,39 but currently not 
therapeutically exploited. The lack of preclinical data sup-
porting senolytic drugs can be explained by the lack of 

PA OIS models. In this respect, the three new cell lines 
(DKFZ-BT308, DKFZ-BT314, and DKFZ-BT317) described 
in the present study are outstanding because they can be 
analyzed in OIS and complement the previously published 
DKFZ-BT66 model.

Using our four PA models, we discovered that BCL-XL 
is essential for PA cells in OIS and BH3 mimetics induce 
senolysis via inhibition of BCL-XL. Several recent studies 
have highlighted the potential role of senolysis in glioma 
therapy including BCL-XL inhibition.40–42 However, these 
studies are fundamentally different from the pediatric low-
grade glioma/OIS background of the present work since 
they investigated senolytics in another glioma type (adult 
high-grade glioma) and in the context of a different form of 
senescence (therapy-induced senescence). Beyond the first 
proof of BCL-XL as a target in PA, our study provides sev-
eral translational implications. We confirmed abundance of 
the target BCL-XL in primary PA and higher expression of 
BCL-XL protein compared to normal CNS tissue. Of note, 
a broad variability in BCL2L1/BCL-XL expression among 
all primary samples was observed. However, this may not 
necessarily indicate differences in BCL-XLi susceptibility, as 
BCL2L1 expression levels per se were not found to be pre-
dictive for dependence on BCL-XL in a recent study using 
different cancer cell lines.43 Several BCL-XLi are already 
in clinical testing and therefore potentially available for 
studies in PA. Thrombocytopenia was a major dose-limiting 
toxicity observed in navitoclax phase I trials.44,45 However, 
adjusted treatment schedules led to improved tolera-
bility in adult patients46 and two other BCL-Xli, AZD0466, 
and pelcitoclax, have shown lower platelet toxicity while 
maintaining anti-tumor activity.47,48 The BCL-Xli responsive 

  
Table 1   Information on BH3 Mimetics

Compound Inhibitory Profile Approval/Clinical 
Trial Status in Adults 

Example Clinical 
Trial 

Achievable Non-
toxic Cmax (nM) 

Reference 
(PMID) (Ki Cell Free Assays; nM)

BCL-2 BCL-XL BCL-W MCL-1 

venetoclax <0.01 48 245 >440 FDA approved (CLL; 
SLL)

n.a. 2533 ± 1612 23291630; 
32171069

navitoclax <1 <0.05 <1 550 Phase 3 NCT02591095 6607 ± 3262 18451170; 
21094089(±40) (ovarian cancer)

AZD4320 3.9 4.5 n.a. n.a. Phase 1 (dendrimer 
conjugate; AZD0466)

NCT04214093 n.a. 32988967

(Hematologic or 
Solid Tumors)

APG-1252 
(pelcitoclax)

0.7 <1 n.a. n.a. Phase 1/2 NCT03080311 n.a. 24901320

NCT04210037

(SCLC, other 
solid tumors)

AZD5991 n.a. n.a. n.a. 0.7 Phase 1/2 NCT03013998 n.a. 30559424

(AML)

A-1331852 6 <0.01 4 142 Preclinical n.a. n.a. 25787766

A-1155463 74 <0.01 8 >444 Preclinical n.a. n.a. 25787766

A-1210477 132 >660 2280 <0.5 Preclinical n.a. n.a. 25590800

S63845 >10000 >10000 n.a. <1.2 Preclinical n.a. n.a. 27760111

n.a.: not available. 
Ki values below 1.5 nM indicating strong target inhibition are marked in bold.

  

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac199#supplementary-data
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PA models were among the most navitoclax sensitive cell 
lines compared to cell lines from the GDSC2 database. 
The IC50 values of lower than 300 nM seem clinically rele-
vant in the context of a navitoclax Cmax of 6607 ± 3262 nM 
at RP2D.44 No data is available on blood–brain barrier 
(BBB) penetrance of clinically available BCL-XLi. The rela-
tively high molecular weight of navitoclax (974.61 g/mol), 
AZD4320 (954.5  g/mol) and pelcitoclax (1159.78  g/mol) 
might militate against an effective BBB penetrance per se. 
However, many PAs have a disrupted BBB, which is evident 
from the uptake of MR contrast agent in these tumors,49,50 
indicating that high molecular weights do not a priori pre-
clude effective tumor concentrations of these compounds.

The BCL-XLi resistant cell line DKFZ-BT308 differed from 
the sensitive cell lines in expression of a xenobiotics and 
drug metabolism related gene set. This gene set was able 
to predict navitoclax resistance in an independent dataset, 
indicating that the genes differentially regulated in the re-
sistant PA cell line are related to and involved in the observed 

resistance phenotype. Moreover, the BT308_UP signature 
was also enriched in cells resistant to the BH3 mimetic ABT-
737, indicating an in-class relevance of this gene set. While 
resistance to BH3 mimetics has been linked to upregulation 
of non-inhibited BCL-2 members,51 innate resistance caused 
by upregulation of drug metabolism genes has not been 
described in the context of BH3 mimetics so far and repre-
sents a new and possibly general observation that might be 
important also for many other cancer entities. A potential 
limitation of our observation is the lack of validation of this 
signature for the other BH3 mimetics used, as independent 
sensitivity data for these BH3 mimetics was not available. 
Expression of BT308_UP is variable within primary PA sam-
ples according to the presented data. Although the larger 
proportion of primary tumors shows an expression of the 
signature similar or lower compared to our sensitive cell 
lines, a smaller proportion showed higher expression of the 
BT308_UP signature, possibly indicative of relative resist-
ance to BH3 mimetics. The clinical relevance and predictive 
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validity of the signature described here needs to be prospec-
tively validated in a clinical BCL-XLi trial.

In summary, our study provides the first reported 
target for senolytic treatment of PA cells. In contrast 
to chemotherapeutics and MEKi currently used in the 

treatment of PA, BCL-XLi induces apoptosis in PA cells 
in OIS. The main limitation of this study, as for most pre-
clinical pLGG studies, is the lack of in vivo data. To our 
knowledge, there are no in vivo models of true molec-
ular PA available to date that could be used for testing of 
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senolytic drugs in the context of OIS to surmount this ob-
stacle. Based on the in vitro data presented here, BCL-XL 
inhibition is a promising treatment approach and the first 
attempt to target the so far un-targetable senescent com-
partment of PA tumors. The translation of our findings into 
clinical trials exploring the safety and efficacy of clinically 
available BCL-XLi in PA patients is urgently needed.
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