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A B S T R A C T

Atypical teratoid/rhabdoid tumor (AT/RT) is a highly malignant embryonal brain tumor driven by genetic al-
terations inactivating the SMARCB1 or, less commonly, the SMARCA4 gene. Large-scale molecular profiling 
studies have identified distinct molecular subtypes termed AT/RT-TYR, -SHH and -MYC. Despite the increasing 
knowledge of AT/RT biology, curative treatment options are still lacking for certain risk groups and outcomes of 
these patients remain poor. We performed an in vitro high-throughput drug screen of 768 small molecule drugs 
covering conventional chemotherapeutic agents and late-stage developmental drugs in 13 AT/RT cell lines and 
determined intra- and inter-entity differential responses to unravel specific vulnerabilities. Our data demon-
strated in vitro preferential activity of mitogen-activated protein kinase kinase (MEK) and mouse double minute 2 
homolog (MDM2) inhibitors in AT/RT cell lines compared to other high-grade brain tumor cell lines including 
medulloblastoma and malignant glioma models. Moreover, we were able to link distinct drug response patterns 
to AT/RT molecular subtypes through integration of drug response data with large-scale DNA methylation and 
RNASeq-based expression profiles. Subtype-dependent drug response profiles demonstrated sensitivity of AT/RT- 
SHH cell lines to B-cell lymphoma 2 (BCL2) and heat shock protein 90 (HSP90) inhibitors, and increased activity 
of microtubule inhibitors, kinesin spindle protein (KSP) inhibitors, and the eukaryotic translation initiation factor 
4E (eIF4E) inhibitor briciclib in a subset of AT/RT-MYC cell lines. In summary, our in vitro pharmacogenomic 
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ombrabulin hydrochloride (PubChem CID: 
6918404)

approach revealed preclinical evidence of tumor type- and subtype-specific therapeutic vulnerabilities in AT/RT 
cell lines that may inform future in vivo and clinical evaluations of novel pharmacological strategies.

1. Introduction

Atypical teratoid/rhabdoid tumor (AT/RT) is a malignant embryonal 
brain tumor affecting toddlers and infants, and is associated with poor 
outcome as indicated by a 5-year overall survival of only 34.7 % [1]. 
AT/RT is molecularly driven by biallelic genetic inactivation of the 
SWI/SNF-related, matrix-associated, actin-dependent regulator of 
chromatin, subfamily B, member 1 (SMARCB1) in chromosome band 
22q11.23 [2–4]. Less commonly, AT/RT feature biallelic inactivation of 
SMARCA4 [5]. Other recurrent mutations have not been identified 
despite comprehensive whole genome sequencing studies [6,7]. How-
ever, three AT/RT subtypes with distinct epigenetic and clinical char-
acteristics have been delineated using DNA methylation and expression 
profiling: AT/RT-TYR, -SHH and -MYC [8]. Further studies revealed a 
mechanistic interaction between SMARCB1 inactivation and the epige-
netic landscape in AT/RT, and suggested that SMARCA4-dependent 
activation of super enhancers drives AT/RT tumorigenesis [9].

Several early clinical trials investigated targeted therapies based on 
these epigenetic findings, but none have succeeded in establishing new 
therapies for AT/RT beyond the current standard of care involving 
surgical resection, (high-dose) chemotherapy and radiotherapy. Among 
the pharmacological approaches evaluated for the treatment of AT/RT, 
different small molecule inhibitors were investigated in clinical trials, 
including the cyclin-dependent kinase 4/6 (CDK 4/6) inhibitor riboci-
clib [10], ribociclib combined with the mammalian target of rapamycin 
(mTOR) inhibitor everolimus [11], the aurora kinase inhibitor alisertib 
[12], the enhancer of zeste homolog 2 (EZH2) inhibitor tazemetostat 
[13], the histone deacetylase (HDAC) inhibitor vorinostat combined 
with the DNA alkylator temozolomide [14] and the gamma secretase 
inhibitor MK-0752 [15]. However, clinical efficacy remained limited. 
Trials investigating the poly(ADP-ribose) polymerase (PARP) inhibitor 
veliparib combined with temozolomide (NCT00946335), the vascular 
endothelial growth factor receptor (VEGFR) inhibitor AZD2171 
(NCT00326664), the farnesyl transferase inhibitor SCH 66336 
(NCT00015899), the gamma secretase inhibitor RO4929097 
(NCT01088763), the HDAC inhibitor panobinostat (NCT04897880) and 
the exportin 1 (XPO1) inhibitor selinexor combined with the mouse 
double minute 2 homolog (MDM2) inhibitor idasanutlin 
(NCT05952687) were prematurely terminated. Ongoing trials are 
evaluating the efficacy of the mTOR inhibitor sirolimus (NCT02574728, 
NCT01331135), the CDK4/6 inhibitor ribociclib, the hedgehog inhibitor 
sonidegib and the mitogen-activated protein kinase kinase (MEK) in-
hibitor trametinib (NCT03434262), the CDK4/6 inhibitor palbociclib 
(NCT03709680), the PARP inhibitor talazoparib combined with the 
topoisomerase I inhibitor irinotecan (NCT04901702), the dopamine 
receptor D2 (DRD2) antagonist ONC206 (NCT04541082) and combi-
natory treatments involving programmed cell death 1 ligand 1 (PD-L1) 
antibodies (NCT04416568, NCT05407441 and NCT05286801) as well 
as chimeric antigen receptor (CAR)-T-cell-based therapy 
(NCT04483778, NCT03618381, NCT04897321, NCT05835687, 
NCT04099797 and NCT03638167). An ongoing phase II trial is further 
investigating the efficacy of tazemetostat (NCT03213665). More recent 
preclinical studies identified sensitivity of AT/RT to MEK inhibitors 
[16–20], mouse double minute 2 homolog (MDM2) inhibitors [21], 
Polo-like kinase 1 (PLK1) inhibitors [22], proteasome inhibitors [23–25]
and B-cell lymphoma 2 (BCL2) inhibitors [26].

Here, we employed high-throughput in vitro drug screening of AT/RT 
cell lines combined with large-scale DNA methylation and RNASeq- 
based expression profiling to characterize novel pharmacological vul-
nerabilities of AT/RT and its molecular subtypes.

2. Materials and methods

2.1. Cell lines

In total, we investigated thirteen AT/RT, eleven medulloblastoma 
and eight glioblastoma cell lines. Table S1 provides an overview of all 
investigated cell lines, their sources, and in vitro culture conditions. 
ATRT-310-FHTC, ATRT-311-FHTC, BT-12SF, BT-16SF and CHLA-266SF 
showed an adherent growth pattern after the addition of 5 µg/ml 
(2.5 µg/ml in drug screening) laminin (Cat. No. 354232, Corning, NY, 
USA) to the cell suspension before plating. Mycoplasma testing was 
regularly performed using the Venor GeM Advance Kit (Cat. No. 11- 
7096, Minerva Biolabs, Berlin, Germany) according to the manufac-
turer’s instructions. Cross-contamination was excluded by short tandem 
repeat (STR) profiling (Genomics & Transcriptomics Laboratory (GTL), 
Biological And Medical Research Center (BMFZ), Heinrich Heine Uni-
versity Düsseldorf, Düsseldorf, Germany). Seeding density in 384-well 
plates was optimized for each cell line by performing serial dilutions 
and subsequent evaluation by estimating confluency or measuring 
viability plateaus using the CellTiter-Glo assay (G7573, Promega, 
Madison, WI, USA) (see Section 2.3).

2.2. Drug library and microtiter plate preparation

In vitro drug screening was conducted by printing drug libraries onto 
384-well microplates (Cat. No. 3570, Corning, NY, USA) using the 
D300e Digital Dispenser (Tecan, Männedorf, Switzerland). The Clinical 
Library Standard (CLS) and the Clinical Library Extended (CLE) drug 
libraries were obtained from MedChemExpress (Monmouth Junction, 
NJ, USA). The Tocriscreen Epigenetics Toolbox (EG) and the Tocriscreen 
Kinase Inhibitor Toolbox (KI) were purchased from Tocris (Minneapolis, 
MN, USA). Libraries were aliquoted to smaller stock volumes prior to 
dispensing to avoid repeated thawing. All drugs were printed in a ran-
domized fashion using T8 + dispensehead cassettes (Cat. No. 30097370, 
Tecan, Männedorf, Switzerland) and afterwards dimethyl sulfoxide 
(DMSO) volumes were normalized using D4+ dispensehead cassettes 
(Cat. No. 30097371, Tecan, Männedorf, Switzerland). Multiple plate 
replicates were prepared in printing cycles, then sealed with parafilm 
and stored deep frozen at − 80 ◦C until drug screening was conducted. 
Each plate contained positive controls (Staurosporine, NH 125), at least 
three DMSO-only wells for normalization and three non-treated wells as 
negative controls.

2.3. In vitro drug screening

Deep-frozen printed 384-well microtiter plates were thawed at room 
temperature for approximately 1 h. Simultaneously, cells were har-
vested and diluted to the previously determined seeding density. Spe-
cific information for each cell line is available in Table S1. Each well was 
filled with 30 µl of cell suspension using the MultiDrop Combi (Thermo 
Fisher Scientific, Waltham, MA, USA). After plating, cells were incu-
bated at 37 ◦C and 5 % CO2 for 72 h. The readout was conducted by 
measuring viability using the CellTiter-Glo Assay (G7573, Promega, 
Madison, WI, USA), diluted 1:2 in phosphate-buffered saline. Equal 
volumes of the reagent were dispensed using the MultiDrop Combi and 
incubated for 10 min. Then luminescence signal intensity was measured 
using the Spark plate reader (Tecan, Männedorf, Switzerland) at an 
integration time of 500 ms.

D. Pauck et al.                                                                                                                                                                                                                                   



Pharmacological Research 213 (2025) 107660

3

2.4. RNA sequencing

Total RNA was isolated from cell pellets lysed in TRIZol (Cat. No. 
15596018, Thermo Fisher Scientific, Waltham, MA, USA) according to 
the manufacturer’s instructions. After assessing quality and quantifying 
the RNA using the Agilent RNA 6000 Nano Kit (Cat. No. 5067-1511, 
Agilent, Santa Clara, CA, USA), the library preparation was performed 
using the TruSeq RNA Library Preparation Kit v2 (Cat. No. RS-122-2001, 
Illumina, San Diego, CA, USA). Library concentrations were quantified 
by means of the Qubit DNA HS Assay-Kit (Cat. No. Q32851, Thermo 
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s 
instructions and library quality was assured through the High Sensitivity 
DNA Kit (Cat. No. 5067-4626, Agilent, Santa Clara, CA, USA). RNA 
sequencing was performed as described by Forget et al. [27].

2.5. DNA methylation profiling

DNA was isolated from cell pellets using the Bionano Prep Blood and 
Cell Culture DNA Isolation Kit (Cat. No. 80038, Bionano Genomics, San 
Diego, CA, USA) and then quantified using the QuantiFluor ONE dsDNA 
System (Cat. No. E2670, Promega, Madison, WI, USA). DNA methylation 
profiling was conducted using 850k EPIC bead arrays (Illumina, San 
Diego, CA, USA) as described by Capper et al. [28]. DNA methylation 
profiling data were functionally normalized using NOOB background 
correlation and Dye correction in Partek Genomics Suite (Partek, 
Chesterfield, MO, USA) for the hierarchical clustering analysis and 
analyzed with the Brain Tumor Classifier v12.5 (www.molecula 
rneuropathology.org) in parallel. Cell lines were assigned to the 
methylation class AT/RT and the respective subclasses (AT/RT-SHH, 
-MYC) based on the calibrated classifier scores provided. Principles of 
the classifier and DNA methylation classes/subclasses have been pub-
lished by Capper et al. [28]. DNA copy number profiles were addition-
ally derived from the array data using the “conumee” package for R 
(http://bioconductor.org/packages/conumee).

2.6. Data analyses

Drug activity (i.e. dose-dependent reduction of tumor cell growth) 
was measured using fitted area under the curve (fAUC) data, relative 
IC50 (i.e. the drug concentration that achieves half-maximal growth 
reduction in nM), and bottom levels (i.e. maximum growth inhibition 
achieved in %), all of which were determined in Prism 7 (GraphPad, San 
Diego, CA, USA). Specifically, we use a five-parametric logistic fitting 
employing constraints of the top level, the bottom level and the IC50 
range. The fAUC was calculated by normalizing to a flat dose-response 
curve which indicated no effect (i.e. growth inhibition) up to a con-
centration of 25.000 nM. An fAUC of 0 thus indicates no effect and an 
fAUC of 1 indicates maximum growth inhibition at lowest concentra-
tions. A negative fAUC may occur if a drug caused growth acceleratory 
effects. For the analyses in this study, negative fAUC values were con-
strained to zero. To visualize the data dose-response curves and vol-
cano/scatter plots were rendered in Prism 7. Significance in drug 
screening data was assessed using the Mann-Whitney-U test on fAUC 
data of different sets of cell lines. P-values < 0.05 were considered sig-
nificant. Hierarchical clustering analyses and corresponding heatmaps 
were generated in RStudio (Posit, Boston, MA, USA) using the com-
plexheatmap and factoextra packages. Spearman correlation was used 
for distance calculation of the drug screening data, if not stated other-
wise, and Pearson correlation for the DNA methylation profiling and 
RNASeq-based expression profiling data. Average linkage was used for 
agglomeration in all analyses.

3. Results

3.1. AT/RT cell lines exhibit a specific sensitivity to MEK and MDM2 
inhibitors

To identify drugs with selective activity in AT/RT cell lines, we 
compared drug screening data from 13 AT/RT cell lines to a reference 
cohort consisting of eleven medulloblastoma cell lines and eight glio-
blastoma cell lines. For this purpose, data obtained with all four drug 
libraries were pooled, amounting to the in vitro evaluation of 735–772 
distinct drugs. We calculated fold changes and p-values, and filtered the 
data for a mean fitted area under the curve (fAUC) of 0.2 in AT/RT cell 
lines to eliminate drugs with low activity. A volcano plot was generated 
that revealed multiple AT/RT-selective inhibitors, specifically multiple 
mitogen-activated protein kinase kinase (MEK) (n = 11) and mouse 
double minute 2 homolog (MDM2) (n = 4) inhibitors (Fig. 1A). Drug 
class-wise analyses (Fig. S1A) confirmed the preferential inhibition of 
AT/RT cell lines by MEK and MDM2 inhibitors with mean fAUC scores of 
0.289 (0.101–0.502) and 0.298 (0.187–0.393) and IC50 values of 
1311 nM (430–2878 nM) and 2514 nM (1500–4825 nM) in AT/RT cell 
lines compared to mean fAUC scores of 0.120 (0.025–0.482) and 0.129 
(0.028–0.391) and IC50 values of 4782 nM (256–8863 nM) and 
5653 nM (1042–13164 nM) in the control cohort of glioblastoma and 
medulloblastoma cell lines, which corresponds to fold changes of 2.41 
and 2.31 and p-values of 0.00007 and 0.0024, respectively. A detailed 
collection of activity parameters of drugs with significantly increased 
activity in AT/RT cell lines is provided in Table S3. The individual dose- 
response curves of the most active drugs revealed an early onset of effect 
(lower IC50 values) for the MEK inhibitor GDC-0623 (Fig. 1B) and the 
MDM2 inhibitor idasanutlin (Fig. 1C), but later onset of effect (higher 
IC50 values) for the fibroblast growth factor receptor (FGFR) inhibitor 
zoligratinib (Fig. 1D) and the epidermal growth factor receptor (EGFR) 
inhibitor poziotinib (Fig. 1E). Consistently, the ratio of drug activity and 
fold change was higher for MEK and MDM2 inhibitors than for FGFR and 
EGFR inhibitors (Fig. S1B). With respect to EGFR inhibition, further 
analyses indicated that three AT/RT cell lines (BT-16SF, CHLA-266SF 
and VU397) were exceptionally sensitive (Fig. S1C). Moreover, 
ATRT13808 displayed rapidly accelerated fibrosarcoma (RAF) 
inhibitor-sensitivity (Fig. S1D). Thus, our comparative analysis of the 
most common malignant brain tumors in infants, children, and adults 
revealed sensitivity of AT/RT to targeted therapeutic approaches 
including MEK and MDM2 inhibition.

3.2. DNA methylation and RNASeq-based gene expression profiling reveal 
that heterogenous drug response profiles are linked to molecular subtypes 
of AT/RT

We analyzed for heterogenous drug responses using hierarchical 
clustering analysis, which derived two main clusters among the AT/RT 
cell lines (Fig. 2A). We complemented the drug screening data with 
additional DNA methylation and RNASeq-based gene expression data 
(paired-end sequencing, at least 60x coverage) from the corresponding 
cell lines and performed hierarchical clustering analysis with these 
layers of data. Notably, the drug screening data-based subgroups were 
corroborated in both datasets (Fig. 2B and C). Performing methylation 
class prediction using the Brain Tumor Classifier (v12.5) revealed that 
these subgroups corresponded to the biological subtypes of AT/RT, 
comprising six AT/RT-SHH cell lines (ATRT-310-FHTC, ATRT-311- 
FHTC, CHLA-02, CHLA-04, CHLA-05 and HHU-ATRT-01) and seven 
AT/RT-MYC cell lines (ATRT13808, BT-12SF, BT-16SF, CHLA-06, 
CHLA-266SF, JC-ATRT and VU397) (Table S2). AT/RT-TYR cell lines 
were not present among the investigated AT/RT models, as there are 
currently none known for this particular subtype. In summary, heter-
ogenous drug response profiles were attributed to molecular subtypes of 
AT/RT.
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Fig. 1. In vitro drug screening reveals specific activity of MEK and MDM2 inhibitors in AT/RT cell lines. Drug screening results obtained by comparing drug responses 
of AT/RT cell lines (n = 13) against drug responses of a control cohort of medulloblastoma cell lines (n = 11) and glioblastoma cell lines (n = 8). (A) Volcano plot 
based on p-value (Mann-Whitney-U test) and fold change of fitted area under the curve (fAUC) data depicting drugs with significantly increased activity in AT/RT cell 
lines compared to medulloblastoma and glioblastoma cell lines. Drug classes with multiple occurrences are highlighted and the top candidate drugs are labeled. The 
dotted lines indicate a fold change of 0.8 or 1.2 or a p-value of 0.05. (B-E) Cumulative dose-response curves of AT/RT, medulloblastoma and glioblastoma cell lines 
showing increased activity in AT/RT cell lines with early onset of effect of the mitogen-activated protein kinase kinase (MEK) inhibitor GDC-0623 (B) and the mouse 
double minute 2 homolog (MDM2) inhibitor idasanutlin (C), compared to lower activity with later onset of effect of the fibroblast growth factor receptor (FGFR) 
inhibitor zoligratinib (D) and the epidermal growth factor receptor (EGFR) inhibitor poziotinib (E). P-values below the dose-response curves rely on a Mann-Whitney- 
U test of fAUC data from AT/RT cell lines vs. medulloblastoma and glioblastoma cell lines. Error bars indicate SD.
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Fig. 2. DNA methylation profiling and RNASeq-based expression profiling link heterogenous drug response patterns to molecular subtypes of AT/RT. Hierarchical 
clustering analyses of fitted area under the curve (fAUC) data from drug screening (A), beta values from DNA methylation profiling (B) and normalized expression 
from RNASeq-based expression profiling (C). (A) The drug screening data were filtered to exceed an fAUC of 0.1 in at least one AT/RT cell line to remove any drugs 
with no activity. Thus, the top 50 drugs according to standard deviation were used for clustering. Two clusters with distinct drug sensitivity profiles emerged. (B) Beta 
values from DNA methylation profiling data using 850k EPIC bead arrays. The top 5.000 sites according to standard deviation are shown. (C) RNASeq-based 
expression profiling data including the top 10 % of differentially regulated genes based on standard deviation. Both DNA methylation profiling and RNASeq- 
based expression profiling corroborated the drug screening-based subgrouping of the AT/RT cell lines. All clusters were associated with the molecular subtypes 
of AT/RT by means of classification using the Brain Tumor Classifier v12.5 (http://www.molecularneuropathology.org/mnp), see Table S2.
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3.3. Pharmacogenomic approach reveals subtype-specific vulnerabilities 
in AT/RT

For the identification of subtype-specific inhibitors, we compared 
both subtypes defined previously using (epi-)genomic data and gener-
ated a volcano plot (Fig. 3A), calculating fold changes and p-values from 
the comparison of AT/RT-SHH vs. -MYC. The AT/RT-SHH subtype cell 
lines showed an enrichment for multiple B-cell lymphoma 2 (BCL2) 
(n = 3) and heat shock protein 90 (HSP90) (n = 4) inhibitors. The mean 
fold changes were 4.49 (p-value 0.001) and 1.47 (p-value 0.018) for the 
top candidates, ABT-737 (BCL2 inhibitor) and 17-AAG (HSP90 inhibi-
tor), respectively, which corresponded to mean fAUC values of 0.370 
and 0.629 and mean IC50 values of 510 nM and 36 nM in AT/RT-SHH 
cell lines compared to mean fAUC values of 0.083 and 0.428 as well 
as mean IC50 values of 6127 nM and 506 nM in AT/RT-MYC cell lines, 
respectively. The corresponding dose-response curves are depicted in 
Fig. 3B and C, and a collection of activity parameters of drugs with 
significantly increased activity in AT/RT-SHH cell lines is provided in 
Table S4. In addition, Notch inhibitors (n = 3) exhibited low activity in 
AT/RT-SHH cell lines, while we observed no activity in AT/RT-MYC cell 
lines, as indicated by a high drug class-wise fold change of 3.41 
(Fig. S2A), but low activity in the corresponding dose-response curve of 
the top candidate MK-0752 (Fig. S2C). Consequently, Notch inhibitors 
show low ratios of drug activity vs fold change (Fig. S2E). Regarding 
drugs with selective activity in the AT/RT-MYC subtype, we identified a 
subset of microtubule inhibitors, along with the eukaryotic translation 
initiation factor 4E (eIF4E) inhibitor briciclib as being preferentially 
active. The dose-response curves of the top candidates ombrabulin hy-
drochloride and briciclib are depicted in Fig. 3D and E. Moreover, the 
dose-response curve of pelitinib, an EGFR inhibitor, displays narrow but 
significant (p-value 0.018) selectivity for AT/RT-MYC cell lines 
(Fig. S2D). However, a drug class-wise analysis indicated no significant 
enrichment of drug classes in AT/RT-MYC (Fig. S2B). Detailed activity 
parameters of drugs with significantly increased activity in AT/RT-MYC 
cell lines are provided in Table S5. Notably, more detailed analyses 
indicated that AT/RT-MYC cell lines separate into four cell lines with 
increased sensitivity to microtubule inhibitors (Microtubule-sensitive 
(MT-s) cohort), and three cell lines exhibiting sensitivity profiles similar 
to those of AT/RT-SHH cell lines (Microtubule-resistant (MT-r) cohort) 
(Fig. 4A). We thus compared drug response profiles in cell lines from the 
MT-s cohort vs. all other AT/RT cell lines. Thereby, we detected multiple 
drugs related to microtubule functioning to be significantly enriched, 
like kinesin spindle protein (KSP) inhibitors, and found further enrich-
ment of the microtubule inhibitor ombrabulin hydrochloride (Fig. 4B) 
and the eIF4E inhibitor briciclib (Fig. 4C). Table S6 summarizes detailed 
drug activity parameters of the MT-s cohort of AT/RT-MYC cell lines. 
Notably, we found an activation of eIF4E signaling using the data from 
RNASeq-based expression profiling comparing the MT-s cohort vs. other 
AT/RT cell lines (data not shown). Taken together, our pharmacoge-
nomic approach detected subtype-specific targeted therapies for the 
treatment of AT/RT-SHH and -MYC subtypes.

4. Discussion and conclusion

Our pharmacogenomic study of AT/RT cell lines combines compre-
hensive in vitro drug screening of clinically available and late-stage 
developmental drugs with large-scale DNA methylation and RNASeq- 
based gene expression profiling, providing evidence for novel subtype- 
specific targeted therapeutic approaches.

The clinical aggressiveness of AT/RT is evident, as overall and 
progression-free survival rates remain poor despite intensive multi-
modal treatment. In addition, aggressive therapy of AT/RT often causes 
lasting sequelae in the rare long-term survivors, specifically because of 
the early disease onset, mostly during infancy. While these facts high-
light the urgent need for targeted therapies to be developed for the 
effective and safe treatment of AT/RT, such treatments are not yet 

available even though tremendous progress has been made toward the 
understanding of AT/RT’s biology. Notably, our approach initially 
compared drug sensitivity profiles of AT/RT models with other highly 
aggressive brain tumor models derived from glioblastomas and medul-
loblastomas. Comparative analysis of high-resolution dose-response 
data with six to eleven dilution steps comprised 768 drugs from four 
different libraries, most of which contained drugs that are clinically 
available, including conventional chemotherapeutic agents [29,30] and 
established antiproliferative drugs [31,32], or currently undergoing the 
late stages of drug development. The results indicated preferential 
therapeutic activity of multiple MEK and MDM2 inhibitors, further 
promoting the efficacy of these drug classes for the treatment of AT/RT, 
in line with previous reports [16–21].

In addition, we provide preclinical evidence of molecular subtype- 
specific drug activities by the incorporation of DNA methylation 
profiling and RNASeq-based gene expression data, which allowed us to 
separate our cohort of 13 AT/RT cell lines into six AT/RT-SHH cell lines 
and seven AT/RT-MYC cell lines. Thus, heterogenous drug response 
profiles resolved into subtype-specific response patterns. We found 
highly specific class-wide activity of BCL2 inhibitors in AT/RT-SHH cell 
lines, with ABT-737 and ABT-199 (venetoclax) being most selective. 
Sensitivity of AT/RT-SHH cell lines to venetoclax was previously 
described by Paassen et al. [26]. Moreover, preferential and potent in-
hibition of AT/RT-SHH cell lines at low-nanomolar range was observed 
for HSP90 inhibitors, most prominently 17-AAG (tanespimycin). A 
subset of the AT/RT-MYC cell lines showed increased sensitivity to 
microtubule inhibitors, KSP inhibitors and the eIF4E inhibitor briciclib. 
Vincristine, one of the microtubule inhibitors with preferential activity 
in AT/RT-MYC, is frequently administered to AT/RT patients during 
adjuvant chemotherapy, which raises the question of whether these 
patients exhibit prolonged survival, especially when stratified for the 
AT/RT-MYC subtype. Consequently, it may be of interest to explore the 
efficacy-safety profile of drugs with comparable efficacy to vincristine, 
such as ombrabulin hydrochloride or lexibulin, and potentially optimize 
treatment protocols by increasing dosages of microtubule inhibitors, if 
possible, and omitting the application of other drugs in order to prevent 
unnecessary additional toxicity. Notably, ombrabulin hydrochloride and 
lexibulin did not exhibit such a distinct response pattern as other 
microtubule-targeted drugs in AT/RT-MYC cell lines segregated ac-
cording to the general response of this drug class (Tables S5 and S6). 
This indicates that these two inhibitors may constitute highly attractive 
drug candidates for the majority of AT/RT-MYC tumors. A potential 
approach to further increase the efficacy of the identified (sub-
type-specific) drugs lies in a combination treatment using two or more 
drugs, which could promote synergistic effects, and thus, reduce the 
required dosages for each drug. Since in vitro models of AT/RT-TYR are 
not yet available, we unfortunately cannot provide any results con-
cerning the chemosensitivity of this AT/RT subtype.

Pharmacokinetic properties like oral bioavailability and brain 
permeability in the setting of an intact blood brain barrier constitute a 
critical aspect for the efficacy of drugs used in patients with brain tu-
mors. MEK inhibitors are increasingly used for the treatment of low- 
grade gliomas, showing superior response rates over conventional 
chemotherapy [33–35], and the MDM2 inhibitor idasanutlin has been 
proven to sufficiently cross the blood brain barrier in previous studies 
[36]. Thus, the pan-AT/RT candidate drugs identified in our study fulfill 
these pharmacokinetic requirements. However, we believe future ther-
apy of AT/RT should focus on subtype-specific approaches, as they take 
certain biological traits of AT/RT tumorigenesis into account. Further-
more, subtype determination using DNA methylation profiling-based 
classification has become part of routine clinical diagnostic workup. 
Regarding the subtype-specific drugs, ABT-737 lacks oral bioavail-
ability, which is why navitoclax, an orally bioavailable derivative of 
ABT-737, was developed [37,38]. ABT-199 (venetoclax) comprises 
another derivative of ABT-737 that is orally bioavailable and brain 
permeable [39]. In our study, both navitoclax and ABT-199 deliver 
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Fig. 3. Pharmacogenomic approach reveals subtype-specific drug vulnerabilities in AT/RT. Analysis of heterogeneity in AT/RT drug screening data by subtype 
stratification. (A) A volcano plot based on p-value (Mann-Whitney-U test) and fold change revealed numerous drugs with selective activity in AT/RT-MYC cell lines 
(left side of the plot) and AT/RT-SHH cell lines (right side of the plot). Drug classes that appeared multiple times were highlighted, and the top drugs of each drug 
class were labeled. The dotted lines indicate a fold change of 0.8 or 1.2 or a p-value of 0.05. (B-C) AT/RT-SHH cell lines showed increased sensitivity to B-cell 
lymphoma 2 (BCL2) and heat shock protein 90 (HSP90) inhibitors, most prominently the BCL2 inhibitor ABT-737 (B) and the HSP90 inhibitor 17-AAG (C), as 
visualized in the corresponding dose-response curves. (D-E) AT/RT-MYC cell lines showed increased sensitivity to microtubule inhibitors, most prominently 
ombrabulin hydrochloride (D), and the eukaryotic translation initiation factor 4E (eIF4E) inhibitor briciclib (E), as visualized in the corresponding dose-response 
curves. P-values below the dose-response curves rely on a Mann-Whitney-U test of fAUC data from AT/RT-SHH cell lines vs. AT/RT-MYC cell lines. Error bars 
indicate SD.
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selectivity for AT/RT-SHH, but lower activity/fold change compared to 
ABT-737 (Table S4). 17-AAG, one of the HSP90 inhibitors that was 
discovered to harbor AT/RT-SHH-selective properties in our study, 
demonstrated some limited brain permeability, but poor oral bioavail-
ability, and also caused dose-limiting hepatotoxicity [40,41]. Ganetes-
pib and NVP-AUY922, both of which are second-generation HSP90 
inhibitors, delivered lower fold changes compared to 17-AAG, but still 
demonstrate selectivity for AT/RT-SHH (Table S4). Second-generation 
HSP90 inhibitors lack hepatotoxic effects [42], which may justify 
prioritizing these over first-generation HSP90 inhibitors, especially in 
light of prolonged treatment duration, although they also require 
parenteral administration [43,44] and robust data pertaining to their 
brain permeability is still lacking. Regarding the proposed candidates 
for the treatment of AT/RT-MYC, both ombrabulin hydrochloride and 
lexibulin performed equally in drug screening. However, among these 
two candidate drugs, lexibulin has documented oral bioavailability, 
making it more attractive for further clinical evaluation [45,46].

Taken together, our pharmacogenomic in vitro study substantiates 

known targets in AT/RT and reveals experimental evidence for thera-
peutic vulnerabilities for this high-risk brain tumor in infants in a 
subtype-specific manner. Further studies are necessary to functionally 
validate the identified drug responses and characterize their underlying 
mechanisms. Moreover, the analysis of a larger cohort of AT/RT samples 
may allow to gain more profound insights into the drivers of (subtype- 
dependent) drug sensitivities to potentially establish reliable bio-
markers. Irrespective of further in vitro studies, the identified targets and 
drugs are promising candidates for further preclinical in vivo evaluation 
and eventually clinical translation into novel therapeutic strategies that 
might hopefully lead to improved outcomes of AT/RT patients.
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