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Abstract 81 

Background: Pilocytic astrocytoma (PA) is the most common pediatric brain tumor and a 82 

mitogen-activated protein kinase (MAPK)-driven disease. Oncogenic MAPK-signaling drives 83 

the majority of cells into oncogene-induced senescence (OIS). While OIS induces resistance 84 

to anti-proliferative therapies, it represents a potential vulnerability exploitable by senolytic 85 

agents. 86 

Methods: We established new patient-derived PA cell lines that preserve molecular features 87 

of the primary tumors and can be studied in OIS and proliferation depending on expression 88 

ore repression of the SV40 large T antigen. We determined expression of anti-apoptotic BCL-89 

2 members in these models and primary PA. Dependence of senescent PA cells on anti-90 

apoptotic BCL-2 members was investigated using a comprehensive set of BH3-mimetics. 91 

Results: Senescent PA cells upregulate BCL-XL upon senescence induction and show 92 

dependency on BCL-XL for survival. BH3 mimetics with high affinity for BCL-XL (BCL-XLi) 93 

reduce metabolic activity and induce mitochondrial apoptosis in senescent PA cells at nano-94 

molar concentrations. In contrast, BH3 mimetics without BCL-XLi activity, conventional 95 

chemotherapy and MEK inhibitors show no effect.  96 

Conclusions: Our data demonstrates that BCL-XL is critical for survival of senescent PA tumor 97 

cells and provides proof-of-principle for the use of clinically available BCL-XL-dependent 98 

senolytics.  99 

 100 

Key words 101 

pilocytic astrocytoma, BH3 mimetics, BCL-XL, oncogene-induced senescence 102 

 103 

Key Points 104 

• New patient-derived PA models for studies in oncogene-induced senescence and 105 

proliferation 106 
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• BH3 mimetics targeting BCL-XL induce apoptosis in senescent PA cells 107 

• BCL-XL is the first reported target for senolytic treatment of PA 108 

Importance of the Study 109 

PAs are the most common pediatric brain tumors. Incompletely resected tumors frequently 110 

progress after cessation of anti-proliferative treatments. Relapses and multiple lines of 111 

salvage-therapy cause substantial long-term morbidity and toxicity. Because most PA cells are 112 

in OIS, they are not sensitive to anti-proliferative treatments and can therefore serve as source 113 

for relapse and progression. OIS may thus be an unexploited vulnerability of PA cells 114 

targetable by senolytic drugs. We here report the first evidence supporting the use of BCL-XLi 115 

to target the so far un-targeted senescent compartment of PA. Senolysis induced by clinically 116 

available BCL-XLi could open a new avenue to improve long-term outcomes of PA patients. 117 

Based on the data presented, conceptualization of a clinical trial investigating BCL-XLi in 118 

relapsed and progressive PAs is currently being discussed.  119 
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Introduction 120 

Pilocytic astrocytomas (PA) are the most frequent pediatric brain tumors and the largest 121 

subgroup of pediatric low-grade gliomas (pLGG).1 In contrast to the excellent 10-year overall 122 

survival of over 90%, the event-free survival of pLGG patients is only ca. 50%.2 More than half 123 

of the incompletely resected patients treated with conventional chemotherapy progress and 124 

require one or more lines of salvage therapy.2 PAs are characterized by activation of the 125 

mitogen-activated protein kinase (MAPK) pathway.3,4 Although the mitogen-activated protein 126 

kinase kinase (MEK) inhibitors (MEKi) selumetinib and trametinib were shown to be well 127 

tolerated and effective in progressive or relapsing pLGGs in phase I/II clinical trials and 128 

retrospective case studies,5-10 tumors may relapse or progress shortly after discontinuation of 129 

treatment.5,8,9 Therefore, development of complementary new treatment strategies is needed 130 

to improve long-term outcome of PA patients.  131 

MAPK pathway activation leads to oncogene-induced senescence (OIS) in PA.11 Less than 132 

5% of primary PA cells express the proliferation marker Ki67,12 indicating that the majority of 133 

cells are not cycling. While cells in OIS are not responsive to anti-proliferative treatments and 134 

may constitute a reservoir of tumor cells that can lead to tumor relapse upon cessation of anti-135 

proliferative therapies,13 OIS might represent a yet unexploited complementary vulnerability of 136 

PA targetable by senolytic drugs. 137 

In 2015 Zhu et al identified  the activation of pro-survival networks in senescent cells and 138 

silenced expression of the key nodes of these networks to target senescent cells.14 139 

Subsequently, pharmacological clearance of senescent cells by compounds of mechanistically 140 

diverse classes including BH3 mimetics was described.14-17 BH3 mimetics are inhibitors of the 141 

anti-apoptotic B-cell lymphoma 2 (BCL-2) family members,15-18 which comprise BCL-2, BCL-142 

XL, Bcl-2-like protein 2 (BCL-W), induced myeloid leukemia cell differentiation protein (MCL-143 

1) and BCL2 related protein A1 (BFL-1). Within the tightly balanced process of intrinsic 144 

apoptosis, the main function of these anti-apoptotic BCL-2 members is to prevent the induction 145 

of mitochondrial membrane potential breakdown and apoptosis.19  146 
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Previous data from our group indicated the senolytic activity of the BH3 mimetic navitoclax, an 147 

inhibitor of BCL-2, BCL-XL and BCL-W, in PA.20 The lack of more PA models, that would allow 148 

for validation and comprehensive testing of senolytic compounds in OIS, is a major obstacle. 149 

While short term cultures can only be incompletely characterized and do not yield enough 150 

material for comprehensive studies, the few existing long-term pLGG-derived in vitro models 151 

(BT4021, JHH-NF1-PA122, Res186, Res25923) are not suited for testing in senescence because 152 

they continuously proliferate and do not recapitulate the PA senescence biology.  153 

The aim of the present study was to evaluate the senolytic properties of BH3 mimetics in PA 154 

and to decipher their translational potential.  We made use of our PA cell line DKFZ-BT6624 155 

and a set of three completely newly established PA cell lines suitable for testing in proliferation 156 

and OIS depending on expression or repression of SV40 large T antigen. The aim was to 157 

identify the BCL-2 members essential for survival of senescent PA cells, which need to be 158 

targeted by BH3 mimetics to induce senolysis.   159 
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Materials and methods  160 

Processing of primary patient samples 161 

Primary PA tumor material (DKFZ-BT308, DKFZ-BT314 and DKFZ-BT317) were collected 162 

during therapeutic intervention. Informed consent for sample collection and use was obtained 163 

within the study S-304/2014, which was approved by the institutional review board of the 164 

University of Heidelberg. Clinical, histopathological and molecular data of the samples are 165 

summarized in Supplementary Table 1. For processing and culture of primary samples see 166 

Supplementary Methods. 167 

 168 

Inducible expression of simian vacuolating virus large T antigen (SV40-TAg) 169 

For generation of pCW57.1 GFP-TAg, allowing for doxycycline-inducible co-expression of 170 

destabilized GFP (dsGFP) and SV40 TAg, see Supplementary Methods. Primary PA cell 171 

cultures were transduced after 2 to 7 days in culture with 3 ml pCW57.1 GFP-TAg supernatant 172 

in 6-well plates (Corning). ABM medium and 1µg/ml doxycycline were added 6 hours after 173 

infection. Work with lentiviruses was approved by the authorities (internal project number 174 

80935) and performed in a biosafety level two laboratory. 175 

 176 

Cell culture and drugs 177 

DKFZ-BT66, DKFZ-BT308, DKFZ-BT314 and DKFZ-BT317 cell lines were grown as described 178 

before 24. For details see Supplementary Methods. 179 

 180 

Metabolic activity, DSS calculation and drug combination profiling 181 

For measurement of metabolic activity see Supplementary Methods. Drug sensitivity scores 182 

were calculated based on dose-response data using the R package DSS (v 1.2)25. DSS3 mode 183 

was used, with output ranging from 0 (insensitive) to 100 (highly sensitive).  184 

 185 
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Cell viability assessment and cell counting 186 

Five days prior to treatment 0.8 x 106 cells/well were seeded in 6-well plates (Corning) without 187 

doxycycline. Medium changes were performed every second to third day. Cells were then 188 

incubated with different BH3 mimetics at concentrations indicated or DMSO. After 72 hours 189 

the remaining attached cells were collected and cell number as well as viability was assessed 190 

using trypan-blue based automated cell counting (Vi-CELL XR automated cell counter; 191 

Beckmann Coulter). 192 

 193 

Senescence-associated β-galactosidase staining  194 

Senescence-associated (SA) β-galactosidase staining was performed as described.24 1 x 105 195 

cells were seeded per well of a 6-well plate (Corning) 5 days prior to fixation without 196 

doxycycline. Images were taken with a Nikon Eclipse Ts2 microscope and Nikon Elements 197 

software (v 5.20). 198 

 199 

Gene expression analysis 200 

Gene expression analysis of PA cell lines was performed using Human Genome U133 Plus 201 

2.0 chips (Affymetrix GeneChips®) with n=3 independent biological replicates per condition. 202 

Affymetrix U133 Plus 2.0 expression array data of primary PA and normal cerebella was from 203 

R2 (Tumor Pilocytic astrocytoma (DKFZ) - Kool; R2 internal 204 

identifier:  ps_mkheidel_mkdkfz209_u133p2). Array data was MAS5.0 normalized. Gene 205 

expression data of cell lines were downloaded from GDSC database (GDSC2).26  Gene set 206 

enrichment analysis (GSEA) was done using GSEA software (v 4.1.0).27,28 Single sample 207 

GSEA (ssGSEA)29 was performed using the public server of GenePattern 208 

(www.genepattern.org).30 BCL2 and BCL2L1 expression was analyzed in previously published 209 

single cell RNA sequencing data of primary PA.31 210 

 211 
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Western blot and immunoprecipitation 212 

For information about antibodies used see Supplementary Methods. Western blot analysis was 213 

performed as described before.24 Immunoprecipitation (IP) was done using Dynabeads™ 214 

Protein G Immunoprecipitation Kit (Invitrogen, 10007D) following the manufacturer´s 215 

instructions. Antibodies were crosslinked to Dynabeads™ using freshly dissolved 20 mM 216 

dimethyl-pimelimidate (DMP) in 0.2 M triethanolamine buffer.  217 

 218 

Tissue micro array and immunohistochemical staining 219 

A tissue micro array of 83 PAs (CNS WHO grade I), part of the LOGGIC Core study, was 220 

generated and stained, for details see Supplementary Methods. Inconspicuous CNS tissue 221 

adjacent to low-grade gliomas was used as normal controls (n=16). 222 

 223 

shRNA mediated gene silencing 224 

The lentiviral vector pGIPZ (Horizon Discovery Biosciences Limited) was used for shRNA 225 

knockdowns of BCL-XL. A mix of four shRNAs with the following clone IDs (all from Horizon 226 

Discovery Biosciences Limited) and mature antisense sequences were used: V3LHS_641297 227 

(GCATCTCCTTGTCTACGCT); V3LHS_413478 (AAATTCTAGAAAACTAGCT); 228 

V2LHS_269487 (TTTCCGACTGAAGAGTGAG); V3LHS_393128 229 

(CACTAAACTGACTCCAGCT). For details on lentivirus production and infection see 230 

Supplementary Methods. Protein samples for determination of knockdown efficiency were 231 

harvested 96 h after transduction. The amount of remaining attached cells was counted 14 232 

days after transduction using Vi-CELL XR automated cell counter (Beckmann Coulter). 233 

 234 

Real time quantitative reverse transcription real-time PCR (RTqPCR) 235 

RNA extraction, cDNA synthesis and RTqPCR were performed as described before.24  For 236 

information about primers used see Supplementary Methods. 237 
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 238 

Gene panel sequencing and DNA methylation analysis 239 

Capture-based next-generation DNA sequencing was performed on a NextSeq 500 instrument 240 

(Illumina) and DNA methylation analysis done as described.32 33 For details see Supplementary 241 

Methods. 242 

 243 

Droplet digital PCR (ddPCR) 244 

All ddPCR experiments were conducted on the QX200 Droplet Digital PCR System (Bio-Rad) 245 

and analysis was performed using QuantaSoft Analysis Pro software (Bio-Rad), for details see 246 

Supplementary Methods.  247 

 248 

BH3 profiling and caspase-3 activity 249 

BH3 profiling experiments were performed as described before,34 for details as well as on 250 

caspase-3 activity measurement see Supplementary Methods. 251 

 252 

Measurement of mitochondrial membrane potential (MMP) 253 

Loss of MMP was measured using a tetramethyl rhodamine ethylester (TMRE) mitochondrial 254 

membrane potential assay kit (Cayman chemicals, Item No. 701310) following the 255 

manufacturer´s instructions. For details see Supplementary Methods.  256 

 257 

Data availability and statistics 258 

Data were generated by the authors and are available on request. For details on statistics 259 

see Supplementary Methods.  260 
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Results 261 

Establishment of new patient-derived PA in vitro models  262 

Short-term cultures from native tissue of three fresh PA tumors (Supplementary Table 1) were 263 

transduced with pCW57.1 GFP-TAg, allowing for doxycycline inducible expression of SV40-264 

TAg to circumvent OIS. Culture of transduced primary cells in the presence of doxycycline 265 

allowed for establishment of long-term cell lines (>15 passages). DNA-methylation patterns, 266 

established for molecular classification of brain tumors,33 revealed a stable methylome of all 267 

patient-derived cell lines at passage 7 and 15 clustering close to the DNA-methylation group 268 

of the corresponding primary samples (Figure1A). Copy number plots (CNPs) derived from 269 

these DNA-methylation analyses were flat as expected for PA (Supplementary Figure. 1A).35 270 

CNPs indicated the presence of a BRAF-fusion in DKFZ-BT308 and DKFZ-BT317 271 

(Supplementary Figure1A). confirmed by ddPCR and RTqPCR on DNA and mRNA level 272 

(Supplementary Figure 1B-E). Gene panel sequencing detected a BRAF V600E mutation in 273 

DKFZ-BT314 (Supplementary Table 2), confirmed by ddPCR (Supplementary Figure 1F). 274 

ddPCR experiments indicated a nearly 100% tumor cell purity of all new models 275 

(Supplementary Figure 1B, C and F) explaining the close proximity but distinct difference from 276 

primary PA bulk tumors (containing also microenvironmental cells) on DNA-methylation level 277 

(Figure 1A). 278 

The MAPK Pathway Activity Score (MPAS)36 (Figure 1B) as well as phosphorylation status of 279 

ERK1/2 (Thr202/Tyr204) (Supplementary Figure 1 G) revealed activation of the MAPK-280 

pathway in all cell lines. Robust proliferation of the new cell lines was observed only in the 281 

presence of doxycycline (proliferation; +DOX), and withdrawal of doxycycline (OIS; -DOX) led 282 

to growth arrest in all cell lines (Figure 1C) following repression of SV40 TAg (Figure 1D). All 283 

PA cell lines showed expression of the senescence marker p21Cip1 on protein level (Figure 1E) 284 

and marked SA-beta-galactosidase positivity (Supplementary Figure 1H) in OIS mode. Gene 285 

expression analysis revealed upregulation of gene sets known to be upregulated in 286 

senescence (BUHL SASP20, FRIDMAN SENESCENCE UP37 and BT66 OIS UP24) and 287 

downregulation of gene sets known to be downregulated in senescence (BT66 OIS DOWN24) 288 
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in all three new cell lines in the absence of doxycycline (Figure 1E). In summary, we 289 

established three new patient-derived PA cell lines that preserved molecular characteristics of 290 

their primary tumors and that are uniquely suitable for drug studies in OIS conditionally induced 291 

by repression of SV40 TAg after expansion.  292 

 293 

BH3 mimetics with high binding affinity for BCL-XL preferentially decrease metabolic 294 

activity of PA cells in oncogene-induced senescence 295 

Navitoclax, a BH3 mimetic targeting BCL-2, BCL-XL and BCL-W, decreased metabolic activity 296 

of DKFZ-BT66, -BT314 and -BT317 at nano-molar concentrations, validating the preferential 297 

susceptibility in OIS previously described in DKFZ-BT6620 in two more models (Figure 2A). 298 

DKFZ-BT308 was relatively resistant to navitoclax in OIS and proliferation.  299 

To identify the precise inhibitory profile needed for the induction of senolysis in PA, we tested 300 

a comprehensive set of BH3 mimetics with different inhibitory profiles (Table 1), compared to 301 

chemotherapeutics and MEKi (Figure 2B). Vincristine and vinblastine showed high DSS25 302 

(indicating high sensitivity) only in proliferation (DSS>30 for all cell lines) but not in OIS (DSS 303 

= 0), as expected. The DSS for venetoclax, a BCL-2 selective inhibitor, MCL-1 inhibitors (A-304 

1210477, S63645, AZD5991) and MEKis (trametinib, selumetinib, binimetinib) were overall low 305 

(<7), independent of OIS and proliferation. In contrast, the DSS for all inhibitors with strong 306 

affinity to BCL-XL indicated sensitivity of DKFZ-BT66, -BT314 and -BT317 in OIS (DSS >33). 307 

IC50 values in OIS for all tested BCL-XLi were in the nanomolar range (Figure 2C) and the cell 308 

lines were among the most navitoclax-sensitive compared to 751 cell lines from the GDSC2 309 

database (ranks: DKFZ-BT66:10/755; DKFZ-BT314: 39/755; DKFZ-BT317: 43/755) 310 

(Supplementary Figure 2A). DKFZ-BT308 was relatively resistant to all BCL-XLi, in OIS and 311 

proliferation. The differential DSS (dDSS; DSSOIS minus DSSproliferation) for all BCL-XLi were 312 

positive in the BCL-XLi sensitive cell lines, indicating a preferential susceptibility in senescence 313 

and a senolytic mechanism of action (Figure 2D). No positive dDSS was observed for BH3 314 

mimetics without BCL-XL affinity or MEK-inhibitors. The dDSS of vinca alkaloids were 315 
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negative, indicating sensitivity only in proliferation. The IC50s of the BCL-XLi navitoclax, A-316 

1331852 and A-1155463 were at least 8.5-fold higher in non-neoplastic brain-derived control 317 

NHA TAg cells compared to the BCL-XLi sensitive PA cell lines (Figure 2E and Supplementary 318 

Figure 2B). Taken together, we identified senolytic activity of BCL-XLi on metabolic activity 319 

level in senescent PA cell line models. 320 

 321 

BCL-XL is expressed in primary PA, PA tumor cell lines and upregulated in oncogene-322 

induced senescence 323 

Following the observation of exclusive sensitivity to BCL-XLi in the responsive PA cell lines we 324 

investigated the expression of anti-apoptotic BCL-2 members in PA with a specific focus on 325 

BCL-XL. Expression of BCL2L1 (encoding BCL-XL) mRNA (Figure 3A) and abundance of 326 

BCL-XL protein was confirmed in in primary PA samples (Figure 3B and C; Supplementary 327 

Table 3). Of note, BCL2L1 mRNA expression was significantly higher in normal CNS tissue 328 

but BCL-XL protein was significantly higher expressed in PA. The four PA cell lines expressed 329 

BCL2L1/BCL-XL and showed upregulation in OIS compared to proliferation (Figure 3D and E). 330 

Upregulation in OIS was not detected for the remaining anti-apoptotic Bcl-2 members BCL-2, 331 

BCL-W and MCL-1 (Supplementary Figure 3A and B). BCL2 transcription was significantly 332 

lower in the PA cell lines compared to bulk PA and no BCL-2 protein was detected by Western 333 

blot in the PA cell lines, consistent with the observation that BCL-2, in contrast to BCL-XL, is 334 

predominantly expressed in the tumor infiltrating immune cells (Supplementary Figure 3C). In 335 

summary, we confirmed BCL-XL target expression in primary PA and cell lines, and showed 336 

upregulation of BCL-XL in senescence in PA cell lines. 337 

 338 

BCL-XL inhibition reduces viable cell number and induces mitochondrial apoptosis in 339 

senescent PA cells  340 

Navitoclax treatment led to displacement of anti-apoptotic BCL-XL from pro-apoptotic BAK in 341 

all PA cell lines demonstrating target engagement (Figure 4A). The BCL-XLi A-1331852 and 342 
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navitoclax significantly reduced the viable cell numbers at a concentration of 40 nM and higher 343 

in DKFZ-BT314 and -BT317 (Figure 4B). In contrast, the BCL-2 inhibitor venetoclax and the 344 

MCL-1 inhibitor S63845 did not significantly impact the number of viable cells in DKFZ-BT314 345 

and only to a limited extent in DKFZ-BT317 (Figure 4B). This observation was in line with the 346 

respective metabolic activity data: metabolic activity IC50s for venetoclax and S63845 were 347 

>3µM in both models. A-1331852 and navitoclax led to a significant loss of MMP in the 348 

senescent PA cell lines DKFZ-BT314 and DKFZ-BT317 (Figure 4C) and an activation of 349 

caspase-3 (Figure 4D) indicating induction of mitochondrial apoptosis. Caspase 3 activation 350 

upon navitoclax treatment was significantly lower in proliferating DKFZ-BT314 and DKFZ-351 

BT317 indicating a preferential induction of apoptosis in senescent PA cells (Supplementary 352 

Figure 4 A). Taken together, this data confirmed the on-target effect and an in-class effect of 353 

BCL-XLi on viable cell number, mediated by mitochondrial apoptosis in senescent PA cells. 354 

 355 

Senescent PA cell lines depend on BCL-XL to maintain viability and to prevent 356 

mitochondrial outer membrane permeabilization (MOMP) 357 

DKFZ-BT308 showed relative resistance to BCL-XLi. We therefore tested the dependence on 358 

BCL-XL protein in all four PA models in OIS. The number of viable cells relative to non-359 

silencing control shRNA was reduced in all cell lines after BCL-XL knockdown with comparable 360 

efficiency (Supplementary Figure 4B and C), indicating a dependence on the protein for cell 361 

survival (Figure 4E), however without  conclusive difference between the BCL-XLi resistant 362 

line and the sensitive lines (Figure 4E). Treatment with the two specific synthetic sensitizer 363 

BH3 peptides, BCL-2-antagonist of cell death (BAD; specific for dependence on BCL-2/BCL-364 

XL) and activator of apoptosis harakiri (HRK; specific for dependence on BCL-XL) induced 365 

mitochondrial outer membrane permeabilization (MOMP) as measured by cytochrome c 366 

release to a similar extent in BCL-XLi sensitive (DKFZ-BT66) and resistant (DKFZ-BT308) cells 367 

(Figure 4F and G). In summary, target dependence and BCL-XL dependent priming were 368 

validated, however without differences to explain the low BCL-XLi sensitivity of DKFZ-BT308.  369 
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 370 

A xenobiotics metabolism gene set upregulated in DKFZ-BT308 predicts navitoclax 371 

resistance 372 

We performed GSEA to discover potential differences between BCL-XL sensitive and resistant 373 

cell lines at mRNA level. 50 hallmark gene sets covering a wide range of biological processes38 374 

were investigated in DKFZ-BT308 versus the BCL-XLi sensitive lines in OIS (Figure 5A). 375 

Among all gene sets, only the drug metabolism gene set 376 

“HALLMARK_XENOBIOTIC_METABOLISM” was significantly enriched in DKFZ-BT308 377 

compared to the remaining cell lines (Figure 5B). 38 genes of the gene set contributed to the 378 

core enrichment and were used to derive a new BT308_UP signature (Supplementary Table 379 

4). To test a potential relation of this signature to BCL-XLi resistance, we used an independent 380 

data set of 751 cell lines (GDSC2)26 (Figure 5C). GSEA and ssGSEA confirmed a significant 381 

enrichment of the BT308_UP signature in the group of navitoclax resistant cell lines (Figure 382 

5D and E), as well as ABT-737 (another BCL-XLi) resistant cell lines (Supplementary Figure 383 

5A). Binary logistic regression analysis revealed that expression of BT308_UP (independent 384 

continuous predictor) was able to predict “navitoclax resistance” at an optimal ssGSEA 385 

threshold score between -217 and -197 with p= 3.37e-9, a sensitivity of 85.53% and a specificity 386 

of 75.00% (Supplementary Figure 5B). Primary PAs showed a wide variability of BT308_UP 387 

signature expression, but all primary samples tested expressed the signature to a lower extent 388 

compared to the resistant cell line DKFZ-BT308 (Figure 5F). Taken together, we identified 389 

upregulation of a drug metabolism gene set in DKFZ-BT308 that could explain the phenotypical 390 

differences in BCL-XLi sensitivity.  391 
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Discussion 392 

OIS is a well-known feature of PA11,39 but currently not therapeutically exploited. The lack of 393 

preclinical data supporting senolytic drugs can be explained by the lack of PA OIS models. In 394 

this respect the three new cell lines (DKFZ-BT308, DKFZ-BT314 and DKFZ-BT317) described 395 

in the present study are outstanding because they can be analyzed in OIS and complement 396 

the previously published DKFZ-BT66 model.  397 

Using our four PA models we discovered that BCL-XL is essential for PA cells in OIS and BH3 398 

mimetics induce senolysis via inhibition of BCL-XL. Several recent studies have highlighted 399 

the potential role of senolysis in glioma therapy including BCL-XL inhibition.40-42 However, 400 

these studies are fundamentally different from the pediatric low-grade glioma/OIS background 401 

of the present work since they investigated senolytics in another glioma type (adult high-grade 402 

glioma) and in the context of a different form of senescence (therapy-induced senescence). 403 

Beyond the first proof of BCL-XL as a target in PA, our study provides several translational 404 

implications. We confirmed abundance of the target BCL-XL in primary PA and higher 405 

expression of BCL-XL protein compared to normal CNS tissue. Of note, a broad variability in 406 

BCL2L1/BCL-XL expression among all primary samples was observed. However, this may not 407 

necessarily indicate differences in BCL-XLi susceptibility, as BCL2L1 expression levels per se 408 

were not found to be predictive for dependence on BCL-XL in a recent study using different 409 

cancer cell lines.43 Several BCL-XLi are already in clinical testing and therefore potentially 410 

available for studies in PA. Thrombocytopenia was a major dose-limiting toxicity observed in 411 

navitoclax phase I trials.44,45 However, adjusted treatment schedules led to improved 412 

tolerability in adult patients46 and two other BCL-Xli, AZD0466 and pelcitoclax, have shown 413 

lower platelet toxicity while maintaining anti-tumor activity.47,48 The BCL-Xli responsive PA 414 

models were among the most navitoclax sensitive cell lines compared to cell lines from the 415 

GDSC2 database. The IC50 values of lower than 300 nM seem clinically relevant in the context 416 

of a navitoclax Cmax of 6607 ± 3262 nM at RP2D.44 No data is available on blood brain barrier 417 

(BBB) penetrance of clinically available BCL-XLi. The relatively high molecular weight of 418 

navitoclax (974.61 g/mol), AZD4320 (954.5 g/mol) and pelcitoclax (1159.78 g/mol) might 419 
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militate against an effective BBB penetrance per se. However, many PAs have a disrupted 420 

BBB, which is evident from the uptake of MR contrast agent in these tumors 49,50, indicating 421 

that high molecular weights do not a priori preclude effective tumor concentrations of these 422 

compounds. 423 

The BCL-XLi resistant cell line DKFZ-BT308 differed from the sensitive cell lines in expression 424 

of a xenobiotics and drug metabolism related gene set. This gene set was able to predict 425 

navitoclax resistance in an independent dataset, indicating that the genes differentially 426 

regulated in the resistant PA cell line are related to and involved in the observed resistance 427 

phenotype. Moreover, the BT308_UP signature was also enriched in cells resistant to the BH3 428 

mimetic ABT-737, indicating an in-class relevance of this gene set. While resistance to BH3 429 

mimetics has been linked to upregulation of non-inhibited BCL-2 members51, innate resistance 430 

caused by upregulation of drug metabolism genes has not been described in the context of 431 

BH3 mimetics so far and represents a new and possibly general observation that might be 432 

important also for many other cancer entities. A potential limitation of our observation is the 433 

lack of validation of this signature for the other BH3 mimetics used, as independent sensitivity 434 

data for these BH3 mimetics was not available. Expression of BT308_UP is variable within 435 

primary PA samples according to the presented data. Although the larger proportion of primary 436 

tumors show an expression of the signature similar or lower compared to our sensitive cell 437 

lines, a smaller proportion showed higher expression of the BT308_UP signature, possibly 438 

indicative of relative resistance to BH3 mimetics. The clinical relevance and predictive validity 439 

of the signature described here needs to be prospectively validated in a clinical BCL-XLi trial. 440 

In summary, our study provides the first reported target for senolytic treatment of PA cells.  In 441 

contrast to chemotherapeutics and MEKi currently used in the treatment of PA, BCL-XLi induce 442 

apoptosis in PA cells in OIS. A main limitation of this study, as for most preclinical pLGG 443 

studies, is the lack of in vivo data. To our knowledge, there are no in vivo models of true 444 

molecular PA available to date that could be used for testing of senolytic drugs in the context 445 

of OIS to surmount this obstacle. Based on the in vitro data presented here, BCL-XL inhibition 446 
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is a promising treatment approach and the first attempt to target the so far un-targetable 447 

senescent compartment of PA tumors. The translation of our findings into clinical trials 448 

exploring the safety and efficacy of clinically available BCL-XLi in PA patients is urgently 449 

needed.   450 
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Figure Captions 601 

 602 

Figure 1: Characterization of new patient-derived PA in vitro models DKFZ-BT308, 603 

DKFZ-BT314 and DKFZ-BT317. A t-SNE analysis of DNA methylation profiles of pediatric 604 

brain tumors (selected tumor types from mnp V12.3 reference set; 605 

www.molecularneuropathology.org), midline PA (PA_MID) and posterior fossa PA (PA_PF) 606 

enlarged on the right. Dashed circles: PA cell lines from p7 and p15 (passage 7 and 15), closed 607 

circles: corresponding primary samples. B MPAS signature ssGSEA scores. normal: normal 608 

cerebellum, PA:  primary PA. *** Tukey multiple comparisons of means adjusted p-value: 2.7 609 

x10-6. Expression data:  ps_mkheidel_mkdkfz209_u133p2. C Cell counts of PA cell lines in 610 

proliferation or OIS. DOX: doxycycline. DKFZ-BT66: historical data. D Western blot of SV40 611 

TAg and p21Cip1. OIS: 5 days of doxycycline (DOX) withdrawal. E ssGSEA z-scores of 612 

senescence gene sets. n=3 independent expression samples per condition. DOX: doxycycline. 613 

 614 

Figure 2: Impact of BH3 mimetics on metabolic activity. (OIS (-DOX): oncogene-induced 615 

senescence, 5 days doxycycline withdrawal; proliferation (+DOX): +1µg/ml doxycycline. D: 616 

DMSO; BCL-Xli: BCL-XL inhibitors) A Relative metabolic activity after treatment with navitoclax 617 

(ATP-based measurement of viable cells; mean +/- SD of at least n=3 biological replicates). B 618 

DSS (DSS3) of BH3 mimetics, chemotherapeutics and MEKi in OIS and proliferation (n=3 619 

biological replicates for each drug, cell line and mode). C Plot of log10 of absolute IC50 values 620 

of indicated drugs in OIS (n=3 biological replicates +/-SD). 10µM (highest concentration 621 

applied) was assumed whenever insufficient drug effects precluded IC50 calculation. D Mean 622 

differential DSS (dDSS) of indicated drugs across three BCL-XLi sensitive PA cell lines (+/-623 

SD). dDDS = DSS of proliferating cells - DSS of cells in OIS. E Relative metabolic activity 624 

(ATP-based measurement of viable cells) after treatment withnavitoclax in normal human 625 

astrocytes NHA TAg compared to PA cell lines in OIS (mean +/- SD; at least n=3). Numbers 626 

in dose-response plots are absolute IC50.  627 
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 628 

Figure 3: BCL-XL expression in PA. (OIS (-DOX): oncogene-induced senescence, 5 days 629 

doxycycline withdrawal; proliferation (+DOX): +1µg/ml doxycycline) A BCL2L1 mRNA 630 

expression in primary PA compared to normal cerebellum. Expression 631 

data:  ps_mkheidel_mkdkfz209_u133p2. Unpaired t-test: * p<0.05. B H-scores of BCL-XL 632 

protein staining intensity in 75 primary PA samples compared to 16 inconspicuous CNS tissues 633 

adjacent to low-grade gliomas. Unpaired t-test: * p<0.05. C Exemplary microscopic images of 634 

BCL-XL immunohistochemistry in PA showing strong (PA 15), medium (PA 23) and weak (PA 635 

4) staining. neg. ctrl.: negative control, muscle tissue. Scale bars indicate a distance of 100 636 

µm. D BCL2L1 mRNA expression in four PA cell lines in proliferation vs. OIS compared to 637 

normal cerebellum (n=18) and primary PA (n=191) (ps_mkheidel_mkdkfz209_u133p2). 638 

Unpaired t-test: * p<0.05, ** p<0.01, *** p<0.001. E Western blot of BCL-XL protein in 639 

proliferation vs. OIS mode.  640 

 641 

Figure 4: On-target activity and cell death induction upon BCL-XLi treatment. (OIS (-642 

DOX): oncogene-induced senescence; 5 days doxycycline withdrawal) A Western blot of BCL-643 

XL and BAK after immunoprecipitation (IP) of BCL-XL after 4h treatment of PA cells in OIS 644 

with 1 µM navitoclax. B Relative viable attached cells after 72h of drug treatment (mean +/- 645 

SD, n=3 biological replicates). Grey boxes indicate drugs´ inhibitory profiles (Ki <1nM). 646 

Unpaired t-test: * p<0.05, ** p<0.01, *** p<0.001. ****p<0.0001 (comparison to DMSO). C Loss 647 

of mitochondrial membrane potential (MMP) measured by TMRE incorporation after 24h 648 

treatment (mean +/- SD, n=3). Unpaired t-test. * p<0.05, ** p<0.01, *** p<0.001 (comparison 649 

to DMSO). D Relative caspase 3 activity after 24h of treatment with 100 nM navitoclax or 100 650 

nM A-1331852, control: DMSO (mean +/- SD, n=3). E Relative viable cells 14 days after BCL-651 

XL knock-down (100%: control shRNA) (mean +/- SD, n=3). * Tukey multiple comparisons of 652 

means adjusted p-value <0.01. F, G Relative cytochrome c released into the cytosol after 1h 653 

of treatment with 10µM BAD peptide (F) or 100µM HRK peptide (G), respectively, relative to 654 

DMSO (mean +/- SD, n= at least 3). rel.: relative; c: concentration. 655 



N-O-D-22-00379R1 

 

27 
 

 656 

Figure 5: Identification of a gene signature differentiating the BCL-XLi resistant cell 657 

line DKFZ-BT308 from BCL-XLi sensitive cell lines. A Flowchart depicting the deduction of 658 

BT308_UP signature. B GSEA of the HALLMARK_XENOBIOTIC_METABOLISM gene set in 659 

BT308 vs. BCL-Xli sensitive PA cell lines. C Work-flow of BT308_UP signature validation in 660 

the independent GDSC2 dataset. D Comparison of BT308_UP signature expression in the 661 

GDSC group “navitoclax resistant” vs. the GDSC group “navitoclax sensitive”. E ssGSEA 662 

scores of BT308_UP signature in the two GDSC groups “navitoclax resistant” and “navitoclax 663 

sensitive”. F BT308_UP signature ssGSEA z-scores in the four PA cell lines in OIS mode (n= 664 

3 samples per cell line) and in primary PA (ps_mkheidel_mkdkfz209_u133p2). GSEA; geneset 665 

enrichment analysis; ssGSEA; single sample GSEA. NES: normalized enrichtmen score; 666 

norm.: normalized; FDR: false discovery rate. 667 


