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SUMMARY

Atypical teratoid/rhabdoid tumors (ATRTSs) are highly malignant embryonal tumors of the central nervous sys-
tem with a dismal prognosis. Using a newly developed and validated patient-derived ATRT culture and xeno-
graft model, alongside a panel of primary ATRT models, we found that ATRTSs are selectively sensitive to the
nucleoside analog gemcitabine. Gene expression and protein analyses indicate that gemcitabine treatment
causes the degradation of sirtuin 1 (SIRT1), resulting in cell death through activation of nuclear factor kB (NF-
kB) and p53. Furthermore, we discovered that gemcitabine-induced loss of SIRT1 results in a nucleus-to-
cytoplasm translocation of the sonic hedgehog (SHH) signaling activator GLI2, explaining the observed
additional gemcitabine sensitivity in SHH-subtype ATRT. Treatment of ATRT xenograft-bearing mice with
gemcitabine resulted in a >30% increase in median survival and yielded long-term survivors in two indepen-
dent patient-derived xenograft models. These findings demonstrate that ATRTs are highly sensitive to

gemcitabine treatment and may form part of a future multimodal treatment strategy for ATRTSs.

INTRODUCTION

Atypical teratoid/rhabdoid tumors (ATRTSs) are highly malignant
embryonal tumors of the central nervous system (CNS), often
found in infants and young children. ATRTs have historically
been considered incurable tumors, and even though outcomes
have recently improved slightly due to multimodal therapy, stan-
dardized treatment regimens are often absent, and between
57% and 70% of all patients with ATRT succumb within 5 years
post-diagnosis.’®> ATRTs are characterized by bi-allelic loss of
function of the tumor suppressor SMARCB1, or in rare cases,
SMARCA4, which are core subunits of the SWitch/Sucrose
Non-Fermentable (SWI/SNF) chromatin remodeling complex.®
Genome-wide methylation and RNA sequencing experiments
have distinguished three distinct molecular subgroups of
ATRT, all typically characterized by low mutational burden and

bland chromosomal copy-number variation profiles: sonic
hedgehog (SHH), Myc (MYC), and tyrosinase (TYR).”® More
recently, the SHH group has been further divided into the sub-
groups SHH-1A, SHH-1B, and SHH-2.° This subdivision of
ATRT into specific molecular groups is an important step in un-
derstanding these clinically heterogenic malignancies, enabling
researchers and clinicians to seek novel tailored therapeutic
strategies. SHH-ATRT is the most common of the three sub-
groups and is characterized by activation of the SHH signaling
pathway, as demonstrated by strong overexpression and activa-
tion of GLI family zinc finger 2 (GLI2) and MYCN.”'° SHH-ATRTs
harbor a compact, hypermethylated chromatin structure with a
strong epigenetically dysregulated expression profile, including
overexpression of EHMT2 (G9a), EZH2, and several bromodo-
main-containing proteins.”® Aside from the differences between
each subgroup, most ATRTSs share the similarity of having intact,
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but epigenetically repressed, tumor suppressor genes, like
p53_11,12

In this study, we developed a new SHH-1B subtype ATRT cul-
ture and xenograft model and found, in multiple primary models,
that ATRTSs are specifically sensitive to treatment with the clini-
cally registered chemotherapeutic agent gemcitabine. Using
RNA sequencing, protein analysis, knockdown, and knockout
experiments, we established that this ATRT-specific gemcita-
bine sensitivity results from suppression of sirtuin 1 (SIRT1),
which causes p53 activation. We validated our findings in
ATRT xenograft mouse models that showed significant in-
creases in survival upon gemcitabine treatment. Furthermore,
we discovered additional tumor-specific toxicity of gemcitabine
treatment in SHH-subgroup ATRT, caused by gemcitabine-
induced inhibition of the SHH signaling pathway. The results of
our study warrant further clinical investigation of gemcitabine
as a potential therapy for patients with ATRT.

RESULTS

Establishment of a patient-derived ATRT culture and
xenograft model

Tumor tissue was obtained through resection from an 11-year-
old girl, suffering from a high-grade malignant, embryonal brain
tumor. MRI imaging showed a large diffuse mass in the right
fronto-temporal part of the cerebral hemisphere (Figure 1A).
Immunohistochemistry revealed a complete loss of SMARCB1
in the nuclei of all tumor cells, corroborating the diagnosis of
ATRT (Figure 1B). Genome-wide DNA methylation profiling
confirmed the diagnosis and assigned the tumor to the SHH sub-
type (Figure S1). Fresh tumor tissue was put into culture (VUMC-
ATRT-03) and maintained as neurospheres. Upon stable growth,
VUMC-ATRT-03 cells were orthotopically injected into athymic
nude mice. These mice developed tumors that, like the primary
tumor, were characterized by a loss of SMARCB1 as shown by
immunohistochemistry (Figure 1C). Genome-wide DNA methyl-
ation profiling on VUMC-ATRT-03 cells harvested from mice
confirmed the maintenance of the SHH subtype within the model
(Figure S2). In addition, a panel of immunohistochemical stain-
ings confirmed that high proliferation (Ki-67), multilineage differ-
entiation (GFAP, S100, and vimentin), and loss of blood-brain
barrier (BBB) integrity (GLUT1, BCRP, P-gp, and CD31) were
present in both the original tumor tissue and mouse orthotopic
xenografts of this neoplasm (Figures 1D and 1E). Furthermore,
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chromosomal copy-number variations as detected based on
the genome-wide methylome analysis revealed that the
VUMC-ATRT-03 mouse passage model and original tumor tis-
sue are largely overlapping, revealing that chromosomal alter-
ations were maintained stable through modeling (Figure S2).
Further clustering of the VUMC-ATRT-03 DNA methylation pro-
files against 130 other ATRT cases from two previous studies’+
confirmed that the VUMC-ATRT-03 model clusters to the SHH-
1B subgroup, which explains the relatively old age of onset
and rough copy-number profile of this tumor (Figures 1F and
1G). Another ATRT model (VUMC-ATRT-01), that was recently
established and presented by our team, clustered within the
SHH-1A subgroup (Figures 1F and 1G).

Gemcitabine is an effective ATRT-specific
chemotherapeutic in vitro

We conducted an epigenetic compound library screen (#11076,
Cayman Chemical, USA) using the VUMC-ATRT-03 cells and a
panel of ten other primary pediatric high-grade brain tumor neu-
rosphere cultures. This screen indicated that only the ATRT
model responded strongly to the clinically registered nucleoside
analog gemcitabine (Figure 2A; Table S1)."® To study if this
sensitivity applied to other ATRT cultures, we tested the effect
of gemcitabine on a panel of seven primary ATRT models and
found all ATRTSs to be over a 10-fold more sensitive to gemcita-
bine compared to non-ATRT pediatric CNS tumor models (Fig-
ure 2B). Additionally, we observed that SHH-subtype ATRT
models respond significantly more sensitive to gemcitabine
treatment compared to MYC-subtype ATRT models.

Gemcitabine treatment activates p53 signaling through
the depletion of ATRT-specific SIRT1 overexpression

To study the mechanisms underlying the ATRT-specific gemci-
tabine sensitivity, we investigated if known gemcitabine targets
are upregulated in ATRT compared to other tumors. Using this
approach, we identified that the gemcitabine target SIRT1 is
significantly overexpressed in a dataset consisting of 49 ATRT
samples compared to healthy brain, cerebellum, and other
high-grade brain tumor tissues (Figure 3A). Consequently, we
validated SIRT1 protein expression in ATRT neurosphere models
in vitro and found that gemcitabine treatment depletes SIRT1
protein expression in these cultures (Figures 3B and S3). To
further assess the impact of SIRT1 inhibition in ATRT, we per-
formed differential expression analysis on six ATRT cultures

Figure 1. Establishment of a novel patient-derived SHH-ATRT culture and xenograft model
(A) Diagnostic T2-weighted MRI of the patient from which VUMC-ATRT-03 was derived (top, coronal plane; bottom, sagittal plane).

(B) Immunohistochemistry of patient-derived resection material depicting SMARCB1 expression in brown, revealing typical loss of nuclear SMARCB1 exclusively
in tumor cells. The positive nuclei of non-neoplastic and microvascular cells serve as a positive internal control.

(C) Immunohistochemistry for SMARCB1 in a mouse brain carrying a VUMC-ATRT-03 xenograft confirming the absence of SMARCB1 in the nuclei of tumor cells.
(D) Panel of immunohistochemical images depicting ATRT hallmarks in patient-derived resection material (high proliferation: Ki-67; patches of multilineage
differentiation: GFAP, S100, vimentin, and keratin; loss of BBB integrity: GLUT-1, BCRP, P-gp, and CD31). Loss of GLUT1 (indicated by the red arrow) indicates
intratumor vascular malformations and loss of BBB integrity.

(E) Panel of immunohistochemical images depicting ATRT hallmarks in a mouse brain carrying VUMC-ATRT-03 xenografts (high proliferation: Ki-67; patches of
multilineage differentiation: GFAP, S100, vimentin, and keratin; loss of BBB integrity: GLUT-1, BCRP, P-gp, and CD31).

(F) Unsupervised t-distributed stochastic neighbor embedding (t-SNE) clustering of DNA methylation profiles of 134 ATRT samples. Cases are annotated based
on previously described subgrouping analysis.” VUMC-ATRT-01 and VUMC-ATRT-03 methylation profiles annotate to the SHH cluster.

(G) Unsupervised t-SNE clustering of DNA methylation profiles of 94 SHH-ATRT samples. Here, VUMC-ATRT-01 clusters with the SHH-A1 group and the VUMC-
ATRT-083 with the SHH-1B group.
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Figure 2. Epigenetic compound screening identifies gemcitabine as an effective therapeutic in ATRT

(A) Compound library screen cell viability readout in a panel of primary pediatric CNS tumor models. Lower: the gemcitabine-treated cell viability readout is
highlighted, revealing that the only ATRT model among the panel shows a complete loss of viability upon gemcitabine treatment (1,000 nM, 96 h).

(B) Cell viability IC50 curves of gemcitabine treatment in a panel of seven primary ATRT culture models; two pediatric high-grade glioma (HGG) cell cultures are
used as controls. SHH-subtype ATRT models show higher gemcitabine sensitivity compared to an MYC-subtype ATRT model, while controls show no sensitivity.

treated with gemcitabine and mapped the differential expression
of SIRT1 downstream targets (Figure 3C). We found that gemci-
tabine activates components of the nuclear factor kB (NF-kB)
and p53 pathways, which are known to be suppressed by
SIRT1."7'® Conversely, differential expression analysis revealed
a highly significant downregulation of SHH pathway components
after gemcitabine treatment (Figure 3C). In parallel, we found that
gemcitabine treatment did not upregulate mRNA expression of
NF-kB subunits in other pediatric brain tumor cultures (Fig-
ure 3D). Furthermore, RNA expression data revealed that gemci-
tabine upregulates transcription of the full NF-xB signaling
pathway (Figures 3E and S4). Using western blotting, we
confirmed that gemcitabine treatment activates the NF-xB
signaling pathway by increasing the phosphorylation of the p65
NF-kB subunit in our primary ATRT models (Figure 3F). Since
SIRT1 and NF-kB are both modulators of p53 and the majority
of ATRTs do not harbor a TP53 mutation, we hypothesized that
p53 may play a role in ATRT-specific gemcitabine sensi-
tivity."”?" Therefore, we assessed p53 protein expression in
five primary ATRT models, before and after gemcitabine treat-
ment, and found that all ATRT models show elevated p53 protein
expression upon gemcitabine treatment (Figure 3G). Further-
more, RNA expression data revealed that gemcitabine treatment
activates the overall (Kyoto Encyclopedia of Genes and Ge-
nomes [KEGG] defined) p53 signaling machinery, as well as
p53 transcriptional targets in our ATRT models, while several

4 Cell Reports Medicine 5, 101700, September 17, 2024

cell cycle regulators are downregulated (Figures 3H and S5).
Since p53 activation causes apoptosis over other forms of cell
death, we assessed cleaved poly [ADP-ribose] polymerase
(PARP) protein expression in our ATRT cell lines and found that
gemcitabine indeed increases this apoptosis hallmark in four of
five tested ATRT cell cultures, while cleaved PARP did not in-
crease in two diffuse midline glioma (DMG) cell lines (Figure S6).
Additionally, since patients with ATRT often receive NF-kB-sup-
pressing corticosteroids, we tested if dexamethasone would
suppress gemcitabine effectivity in our ATRT models. No anti-
synergy was found between dexamethasone and gemcitabine
at clinically relevant doses (Figure S7).

Gemcitabine-induced SIRT1 depletion causes p53-
mediated cell death in ATRT

To study the role of SIRT1 and p53 in ATRT cells, we engineered
VUMC-ATRT-01 and VUMC-ATRT-03 cells in which SIRT1 is
downregulated by stable short hairpin RNA (shRNA) expression
(Figure 4A) and used CRISPR-Cas9 to make stable p53 knock-
outs of these models (Figure 4C). The SIRT1 knockdown in
ATRT cells did not show loss of cell viability in culture, but
when treated with gemcitabine, we observed a 2- to 10-fold
increased sensitivity compared to wild-type ATRT (Figure 4B).
Adversely, TP53 knockout in ATRT cells caused a complete
loss of sensitivity to gemcitabine (Figure 4D), demonstrating
the pivotal role of p53 in gemcitabine toxicity in ATRT (Figure 4E).



Cell Reports Medicine @ CelPress

OPEN ACCESS

A B C
2 Diff. Expr. SIRT1 downstream targets
SIRT1 . :
e )
700 1
o 18
o VUMC-ATRT-01 °
600 .
© ° [} 5 10 nM gemcitabine %
S 500 A o 3 . °
2 SIRT1 M  — ”
@ °
o - -
g " bActin e GHD
i = a

300 o

VUMC-ATRT-03

H
: :
g 2
8 s
< s
o b4 2
0] & 0 5 10 nM gemcitabine  §
SIRT1 (e s g
100 5 i s R
bActin e— e o=
0
< o0 DI O D D>
s 2 5885283 3
22 g3 ozxZcs 2
55 22 52353 3
NG g N @ o 5 T 3 = 3 25 2 45 1 05 0 05 1 15 2 25 3
TR 2 EwT 3 2 3 dmso? logfold gemcitabine?
Sg=3es gs
£3 3B
o . "
o= Gemcitabine
D g E i F VUMC-ATRT-01
gg §§ 0 5 10 nM gemcitabine
&g &%
_— NFKE G o o=
TIRAP
70 140 CHUK PNFKB + « sl st
TAB3
60 120 ICAM1
IRAK1 i
50 100 IRAK?2 bACtln — _ —
P 60 B NFKBIA %
: B N VUMC-ATRT-03
2 . i %Igg; 0 5 10 nM gemcitabine
O gyeessoin 2 RNE25
8 ML L LR NFKB g ow—m e—
o Samples ordered by NFKB1 TNF
. Control TR%E_; PNFKB = s o
PHGG VUMC- Gemcitabine AIM2
ATRT-03 bActin
average Il W - - -
-2 2
score [ e
G H Diff. Expr. KEGG: P53_Signaling_Pathway
22 RTZ EXDYESS?OI‘\
VUMC- ! 2
ATRT-01 CHLA-2
10 20 =— 10 20 18 s

pssb--—-‘g s ‘

PACHIN o — . . o= = %
ng ° ‘ L]
CHLA-4 CHLA-6 o o W
] L o o
—_ 10 20 ; =— 10 20 :;L_,10 ® o
ps3 T o JER e |
- e 3,

bActin S — - S — o—

CHLA-5
— 10 20 4
p53 e e— i
bACtin (umy S S— 3

0 X
logfold gemcitabine?

(legend on next page)

Cell Reports Medicine 5, 101700, September 17, 2024 5



¢ CellPress

OPEN ACCESS

Gemcitabine blocks SHH activity through the loss of
GLI2 nuclear localization

As described earlier, we observed differential gemcitabine sensi-
tivity between the SHH-ATRT and MYC-ATRT models and found
downregulation of SHH pathway components upon gemcitabine
treatment. Therefore, we investigated differential mMRNA expres-
sion between SHH-ATRT and non-SHH-ATRT in a publicly avail-
able expression dataset consisting of 49 ATRT samples (Fig-
ure 5A). As anticipated, we identified SIRT1 as being
significantly upregulated in SHH- compared to non-SHH-ATRT
(Figure 5B). No significant differences in SIRT1 expression
were observed between SHH-1A and SHH-2 groups, although
data are limited (Figure S8). Besides its role as a p53 suppressor,
SIRT1 is also known to be an activator of GLI2, the hallmark pro-
tein for SHH signaling activity, through GLI deacetylation, which
allows for nuclear translocation.?? As such, we hypothesized that
gemcitabine-induced loss of SIRT1 would inhibit GLI2 deacety-
lation, thus preventing nuclear localization of GLI2. Therefore, we
performed GLI2 immunofluorescence stainings in VUMC-ATRT-
01 and VUMC-ATRT-03 cells, before and after gemcitabine
treatment, and found that this treatment causes a significant
loss of GLI2 nuclear localization, indicating lost SHH signaling
activity (Figures 5C-5E). Furthermore, parametric analysis of
gene set enrichment (PAGE) revealed negative regulation of
expression of genes involved in SHH signaling in our cultures
upon treatment with gemcitabine (Table S2). These results indi-
cate that gemcitabine-induced loss of SIRT1 acts as a double-
edged sword in SHH-ATRT through both activation of p53 and
inhibition of SHH signaling activity (Figure 5F).

Gemcitabine treatment prolongs survival in ATRT
xenograft models

To evaluate the therapeutic efficacy of gemcitabine in vivo, we
tested this compound in athymic nude mice carrying patient-
derived ATRT xenografts (VUMC-ATRT-03). Treatment
(14 days) started 8 days after tumor transplantation, at which
time f mice were stratified into two equivalent groups (control
and gemcitabine) based on the average trend in body weight.
No treatment-related toxicities were observed, and all mice
developed ATRT, as determined by postmortem immunohisto-

Cell Reports Medicine

chemistry. We observed over 30% prolonged survival (p =
0.003) in the gemcitabine group compared to control mice,
based on >20% weight loss or severe neurological symptoms
as exclusion criteria (Figures 6A and S9A). Besides the fronto-
temporal ATRT xenograft model VUMC-ATRT-03, we also tested
therapeutic efficacy of gemcitabine in an orthotopic xenograft of
a cerebellar ATRT model (VUMC-ATRT-01). To this second
in vivo trial, we added a doxorubicin group as positive treatment
control. Here, we found a similar 30% prolonged survival (p =
0.0008) of gemcitabine-treated mice compared to both control
and doxorubicin-treated mice (Figures 6B and S9B). Addition-
ally, in both trials, we found one long-term survivor among gem-
citabine-treated mice, which were sacrificed upon the deter-
mined endpoint of each trial (day 120 and 180, respectively).
To evaluate the hypothesized underlying mechanisms of gemci-
tabine efficacy, we collected brains from five pre-selected mice
at the end of their treatment cycles on which we conducted
immunohistochemistry. In line with our in vitro data, we found
that gemcitabine treatment activates p53 (Figure 6C), while
causing a loss of SIRT1, concordant with our previous findings
(Figure 6D). Immunohistochemistry also confirmed that all
mice, including both long-term survivors, developed ATRT.

DISCUSSION

In the current study, we show that gemcitabine selectively acts
as a potent chemotherapeutic agent in ATRT compared to
non-ATRT in vitro and in vivo pediatric brain tumor models.
From expression data, we observed that this sensitivity corre-
lates to the expression of SIRTT mRNA, which is thought to act
as a promoter of tumorigenesis and drug resistance by hyperme-
thylating the promoter regions of several tumor suppressor
genes.”*2¢

Gemcitabine is a clinically well-known chemotherapeutic that
was approved for medical use in 1995 and was even added to
the World Health Organization’s List of Essential Medicines.?’
Several subsequent studies investigated the brain penetration
of gemcitabine and found that gemcitabine does cross the
BBB, albeit to a limited extend. However, the gemcitabine con-
centrations found in glioblastoma biopsies, taken from patients

Figure 3. ATRT-specific SIRT1 upregulation suppresses NF-kB and p53 activity, which can be reversed through gemcitabine treatment
(A) mRNA expression levels of SIRT1 in normal brain, cerebellum, and various tissues (in green, GSE: 11882, GSE: 3526, GSE: 7307) compared to adult and
pediatric CNS tumor tissues (in blue, GSE: 7696, GSE: 16011, GSE: 26576, GSE: 19578, GSE: 74195, GSE: 64415) and ATRT tissues (in red, GSE: 70678).
(B) Western blot analysis depicting SIRT1 expression in VUMC-ATRT-01 and VUMC-ATRT-03 cells after gemcitabine treatment (0, 5, and 10 nM) for 24 h.

(C) Volcano plot depicting —log10 false discovery rate (FDR)-corrected p value of differential expressed genes between DMSO (n = 6) and gemcitabine-treated
(n = 6) ATRT cell cultures VUMC-ATRT-01, VUMC-ATRT-03, CHLA-02, CHLA-05, CHLA-06, and CHLA-266. Downstream targets of SIRT1 (SHH, PTCH1, TP73,
CDKN1A, NFKB2, RELB, RELA, NFKB1, FOXO3, TP53, E2F1, XRCC6, FOXO1, PPARG, LXR, and PPARGC1A) are marked in red.

(D) Untreated (blue) vs. gemcitabine (red)-treated mMRNA expression of NFKB1 (black) and NFKB2 (magenta) in VUMC-ATRT-03 and a panel of pediatric HGG
models.

(E) Heatmap representation illustrating mRNA expression of the KEGG NF-«B gene set in VUMC-ATRT-01 and VUMC-ATRT-03 cells before and after gemci-
tabine treatment (PAGE FDR p < 0.05).

(F) Western blot analysis depicting p65-NF-«B and phospho-p65-NF-«kB (pNF-kB) expression in VUMC-ATRT-01 and VUMC-ATRT-03 cells after gemcitabine
treatment (0, 5, and 10 nM) for 24 h.

(G) Western blot analysis depicting p53 expression in VUMC-ATRT-01, VUMC-ATRT-03, CHLA-ATRT-02, CHLA-ATRT-04, CHLA-ATRT-05, and CHLA-ATRT-06
cells after gemcitabine treatment (0, 10, and 20 nM) for 24 h.

(H) Volcano plot depicting —log10 FDR-corrected p value of differential expressed genes between DMSO (n = 6) and gemcitabine-treated (n = 6) ATRT cell
cultures VUMC-ATRT-01, VUMC-ATRT-03, CHLA-02, CHLA-05, CHLA-06, and CHLA-266. All 69 genes of the “KEGG p53_signaling_pathway” are highlighted in
red.
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treated with a clinically relevant dose of 1,000 mg/m2, exceeded
the lethal gemcitabine dose for our SHH-ATRT in vitro models.?®
In pediatric patients, weekly gemcitabine doses up to 2,100 mg/
m? are well tolerated, suggesting that relevant gemcitabine brain
concentrations in these patients are feasible.® Additionally, in a
previous study, we found that ATRTs share significant physio-
logical BBB deficiencies and that even non-BBB-penetrable
drugs can penetrate ATRT in xenograft models.*® As such, we
do expect that gemcitabine penetrates the brain and can be
used for potential clinical treatment of ATRT.

The tumor suppressor p53 is considered the main inducer of
cell-cycle arrest and apoptosis, and the vast majority of cancers
harbor either a TP53 mutation or have lost the ability to induce
p53. In this study, we show that gemcitabine mainly exerts its
cytotoxic effect on ATRT cells through activation of p53. These
results indicate that gemcitabine would only be effective in p53
wild-type tumors, which underlines the clinical relevance of this
study, since ATRTSs rarely carry TP53 mutations.'? Furthermore,
we show that the p53 inhibitor SIRT1 is overexpressed in ATRT
compared to other CNS tumors, which might explain why p53
is often suppressed in ATRT, contributing to its highly malignant
behavior.

In correlation with p53, we found that NF-«kB is activated upon
gemcitabine treatment in our ATRT models, and we suggest that
this activation works synergistically with p53 to induce apoptosis.
For decades, there has been discussion on the pro-apoptotic
versus the anti-apoptotic roles of NF-«B signaling. Despite con-
tradictory studies that have shown both anti- and pro-apoptotic
functioning of NF-kB activity, even within the same cell lines or
cancers, today there is an overall consensus that NF-«B is a
context-dependent apoptosis regulator.'®*'*? As a modulator
of apoptosis, excessive NF-kB activation has been described
to contribute to p53-regulated apoptosis in several cancers, cor-
responding to our observations in this study.>*

Since some other aggressive tumors like acute myeloid leuke-
mia, colon cancer, and pancreatic cancer also overexpress
SIRT1, gemcitabine treatment may also be applicable to those
tumor types. This is confirmed by the observation that a direct
link between SIRT1 expression and gemcitabine treatment effi-
cacy has been found in pancreatic cancers.***® These thorough
and exclusive studies show that pancreatic ductal adenocarci-
noma rely on high SIRT1 expression for their proliferation and
migration capacities and that the inhibition of SIRT1 directly sen-
sitizes these tumors to gemcitabine treatment.

Interestingly, like SHH-ATRT, pancreatic cancers often are
characterized by highly active hedgehog signaling.*®*” Several
recent studies show that gemcitabine resistance in pancreatic
tumors is the result of reactivation of SHH signaling, which in-

Cell Reports Medicine

duces stemcellness and embryonal development.*®*° These re-
sults support our findings that show how loss of SHH signaling in
SHH-subtype ATRT causes strong gemcitabine sensitivity.

In this study, systemic treatment of murine ATRT orthotopic
xenograft models with gemcitabine prolonged survival signifi-
cantly. As such, in the second in vivo trial, we compared the ef-
ficacy of monotherapy gemcitabine with that of doxorubicin, a
currently used chemotherapeutic agent in ATRT treatment regi-
mens.”* Our results show that gemcitabine monotherapy
causes a significantly stronger antitumoral effect in ATRT than
doxorubicin, without causing any adverse effects in vivo, which
alludes to the potential of gemcitabine as part of multimodal ther-
apy in ATRT.

Several studies showed that gemcitabine can cause signifi-
cant immunomodulatory effects on the tumor microenviron-
ment.*°~*? Therefore, the therapeutic response of gemcitabine
may be different in immune-competent in vivo models. Unfortu-
nately, there is still a lack of immunocompetent ATRT syngeneic
mouse models, especially those that do not harbor a TP53 mu-
tation. Even though gemcitabine is not known to cause adverse
immune-associated symptoms in patients—and this manuscript
aims to support rapid translation of gemcitabine to patients with
ATRT—future studies with gemcitabine in immunocompetent
syngeneic models may help to improve its efficacy and identify
synergistic gemcitabine strategies with immunotherapies, as
has recently been found for other malignancies.***

In conclusion, we demonstrate that ATRTs are highly sensitive
to the clinically registered chemotherapeutic gemcitabine. We
found that gemcitabine treatment hampers ATRT-specific
SIRT1 overexpression, causing p53 activation and cell death in
these tumors. Additionally, we demonstrate that gemcitabine
sensitivity is more pronounced in SHH-subtype ATRT, suppos-
edly because of the GLI-activating role of SIRT1, which is dimin-
ished upon gemcitabine treatment. Subsequently, we demon-
strate that gemcitabine significantly prolongs the survival of
mice with orthotopic ATRT xenografts compared to both control
and conventional doxorubicin treatment. Overall, gemcitabine
treatment may offer an easily translatable opportunity to improve
outcomes for patients with ATRT, for whom effective treatment
options are still scarce.

Limitations of the study

In this study, we did not include any TYR-subtype ATRT cell cul-
tures, as these are notoriously difficult to grow. Thus, while ample
TYR-ATRT samples are present in the presented expression data-
sets, gemcitabine drug sensitivity may be different in TYR-ATRT
cells in vitro. Furthermore, the presented mechanistic rationale
for SIRT1-mediated gemcitabine sensitivity has not yet been

Figure 4. Gemcitabine treatment induces p53-mediated cell death, through SIRT1 depletion in ATRT
(A) Western blot analysis depicting SIRT1 expression in VUMC-ATRT-01 and VUMC-ATRT-03 cells transduced with a variety of SIRT1 shRNA (Sh#1, 2, and 3) ora

control construct (wild type [WT)).

(B) 1C50 viability curves of VUMC-ATRT-01 and VUMC-ATRT-03 cells transduced with control (scrambled) or one of three SIRT1 shRNA treated with different

gemcitabine concentrations for 96 h.

(C) Western blot analysis depicting p53 expression in VUMC-ATRT-01 WT and p53 knockout cells (KO1 and KO2), as established through CRISPR-Cas9.
(D) IC50 viability curves of CRISPR-Cas9-modified VUMC-ATRT-01 WT, scrambled, and p53 knockout cells, treated with different gemcitabine concentration for

96 h.

(E) lllustration of the proposed mechanism through which gemcitabine causes tumor toxicity in ATRT.
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Figure 6. Gemcitabine treatment reveals prolonged survival in two SHH-ATRT xenograft models

(A) Survival analysis of VUMC-ATRT-03 orthotopic xenograft-bearing mice treated with vehicle (black line, n = 8) and gemcitabine (red line, n = 8). The gemci-
tabine-treated group shows significant survival benefit over vehicle-treated mice (p = 0.003, log rank test).

(B) Survival analysis of VUMC-ATRT-01 orthotopic xenograft-bearing mice treated with vehicle (black line, n = 9), doxorubicin (blue line, n = 7), and gemcitabine
(red line, n = 10). The gemcitabine-treated group shows significant benefit over vehicle and doxorubicin-treated mice (p = 0.0008, log rank test).

(C) p53 immunohistochemical staining (in brown) in VUM-ATRT-01 xenograft patches, isolated at final day of treatment. Gemcitabine-treated mice show a higher

ratio of p53-positive nuclei in their tumors compared to vehicle-treated animals.
(D) SIRT1 immunohistochemical staining (in brown) in VUM-ATRT-01 xenograft patches, isolated at final day of treatment. Gemcitabine-treated mice show lower

SIRT1 expression compared to vehicle-treated animals.

validated in vivo due to limited funds and the translational scope if e KEY RESOURCES TABLE
this study. Finally, this study does not investigate the impact of o RESOURCE AVAILABILITY
gemcitabine on the tumor immune-microenvironment, while there © Lead contact
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Figure 5. Gemcitabine deactivates SHH signaling in SHH-ATRTSs through loss of SIRT1, increasing SHH-ATRT-specific drug sensitivity

(A) t-SNE clustering of 49 individual tumor samples of patients with ATRT (dataset GSE: 70678) based on overall mMRNA expression profiles (perplexity: 12). SHH
subgroup is shown as a distinct group from other ATRT samples in upper-left corner as confirmed by overall high GLI2 expression (blue to red) versus low GLI2
expression in the non-SHH ATRT (yellow to green).

(B) mRNA expression levels of SIRT1 in SHH ATRT (n = 16) versus non-SHH ATRT (n = 33) (Wilcoxon rank-sum: p = 0.028).

(C) Immunofluorescent stainings of GLI2 (green), a-tubulin (red), and DAPI (blue) in VUMC-ATRT-03 cells treated with 20 nM gemcitabine for 24 h show the loss of
nuclear localization of GLI2. Upper: an average depiction of all wells. Lower: zoomed depictions of the indicated area in the upper panels.

(D) Quantification of percentage nuclear (DAPI) overlap with GLI2 between DMSO and gemcitabine-treated VUMC-ATRT-01 (n = 20) and VUMC-ATRT-03 cells
(n = 20) (one-way ANOVA: ***p < 0.0001).

(E and F) Quantification of total GLI2-positive nuclei per well between DMSO and gemcitabine-treated VUMC-ATRT-01 (n = 20) and VUMC-ATRT-03 cells (n = 20)
(one-way ANOVA: ***p < 0.0001). (F) lllustration of the proposed mechanism through which gemcitabine causes tumor toxicity in ATRT, including the mech-
anisms that cause extra sensitivity in SHH-subgroup ATRT.
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Mouse anti- SIRT1 Abcam Cat# ab110304, RRID:AB_10864359

Rabbit anti- NF-kB p65 (D14E12)
Rabbit anti- phospho-NF-kB p65 (Ser536)
Mouse anti- beta Actin (C4)

IRDye® 680RD Goat anti-Mouse IgG
IRDye® 800CV Goat anti- rabbit IgG
Mouse anti- BAF47/SMARCB 1

Rabbit anti- Ki-67

Mouse anti- GFAP

Rabbit anti- S100

Rat anti- BCRP

Rabbit anti- ABCB1 (P-gp)

Rabbit anti- CD31

Mouse anti- p53 (D07)

Rabbit anti- GLUT-1

Rabbi anti- Gli2 (QHCLC)

Mouse anti- a-Tubulin

Alexa Fluor 488 Goat anti- rabbit IgG
Alexa Fluor 568 Goat anti- mouse I1gG

Cell Signaling Technology
Cell Signaling Technology
Millipore

LI-COR Biosciences
LI-COR Biosciences

BD Biosciences

Abcam

BioTrend
DakoCytomation

Abcam

Cell Signaling Technology
Thermo Fisher Scientific
DAKO/Agilent

Millipore

Abcam

Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 8242, RRID:AB_10859369

Cat# 3033, RRID:AB_331284

Cat# MAB1501, RRID:AB_2223041
Cat# 926-68070, RRID:AB_10956588
Cat# 926-32211, RRID:AB_621843
Cat# 612111, RRID: AB_399481

Cat# ab15580, RRID:AB_443209
Cat# BT46-5002-80, RRID:AB_2278911
Cat# 20311, RRID:AB_10013383
Cat# ab24115, RRID:AB_447879
Cat# 13978, RRID:AB_2798357

Cat# PA5-16301, RRID:AB_10981955
Cat# M7001, RRID:AB_2206626
Cat# 07-1401, RRID:AB_1587074
Cat# ab277800, RRID:AB_449559
Cat# T9026, RRID:AB_477593

Cat# A-11008, RRID:AB_143165
Cat# A-11004, RRID:AB_2534072

Bacterial and virus strains

NEB® 5-alpha Competent E. coli

pRSV-Rev lentiviral packaging plasmid (3™ gen)
pMDLg/pRRE lentiviral packaging plasmid (3" gen)
pMD2.G lentiviral envelope plasmid (3™ gen)

New England Biolabs
Dull et al.*®
Dull et al.*®

Dull et al.*®

C2987H

Addgene: #12253
Addgene: #12251
Addgene: #12259

Biological samples

ATRT tissues obtained through surgical resection

Pathology dept. Amsterdam
UMC/Netherlands Brain bank

Protcol: METC VUmc 2009/237

Chemicals, peptides, and recombinant proteins

Epigenetic Screening Library Cayman Chemical Company #11076
Gemcitabine (CAS: 95058-81-4) MedChemExpress LLC HY-17026
Doxorubicin (CAS: 23214-92-8) MedChemExpress LLC HY-15142
Critical commercial assays

CellTiter-Glo® 3D Luminescent Cell Viability Assay Promega #G9683
GeneJET Gel Extraction Kit Thermo Fisher Scientific #K0691

Deposited data

Raw RNA-seq data belonging to the ‘Gemcitabine
therapeutically disrupts essential SIRT1-mediated
p53 repression in Atypical Teratoid/Rhabdoid
Tumors’ manuscript.

Mendeley Data

https://doi.org/10.17632/gfx5dwt2tg.1

Experimental models: Cell lines

HEK293T/17

CHLA-ATRT-02
CHLA-ATRT-04
CHLA-ATRT-05

ATCC
ATCC
ATCC
ATCC

el Cell Reports Medicine 5, 101700, September 17, 2024
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REAGENT or RESOURCE SOURCE IDENTIFIER
CHLA-ATRT-06 ATCC RRID:CVCL_AQ42
CHLA-ATRT-266 Gift from Dr Alonso RRID:CVCL_M149
VUMC-ATRT-01 Own lab N/A
VUMC-ATRT-03 Own lab N/A
VUMC-DIPG-A Own lab RRID:CVCL _IT43
VUMC-DIPG-F Own lab N/A
VUMC-DIPG-10 Own lab RRID:CVCL _IT43
VUMC-DIPG-11 Own lab N/A
VUMC-HGG-09 Own lab N/A
JHH-DIPG-01 Gift from Dr Raabe RRID:CVCL_IT47
HSJD-DIPG-07 Gift from Dr Montero Carcaboso RRID:CVCL_VU70
SU-pcGBM-02 Gift from Dr Monje RRID:CVCL_IT42
Experimental models: Organisms/strains

Athymic nude mice (Crl:NU(NCr)-Foxn1™ Envigo #069

BALB/c outbred)

Oligonucleotides

shSIRT1 #1: GCAAAGCCTTTCTGAATCTAT GE Healthcare N/A

in pLKO.1 vector

shSIRT1 #2: CCTCGAACAATTCTTAAAGAT GE Healthcare N/A

in pLKO.1 vector

shSIRT1 #3: GCGGGAATCCAAAGGATAATT GE Healthcare N/A

in pLKO.1 vector

TP53 exon4 FWD primer: This paper N/A
caccGAAGGGACAGAAGATGACAG

TP53 exon4 REV primer: This paper N/A
aaacCTGTCATCTTCTGTCCCTTC

hSpCas9 U6 Seq FWD: This paper N/A
GAGGGCCTATTTCCCATGATTCC

Recombinant DNA

LentiCRISPR v2 vector Addgene #52961

pLKO.1 vector Addgene #136035

Software and algorithms

R2: Genomics Analysis and Visualization Platform

Established by Jan Koster

https://hgserver2.amc.nl/

MARS Data Analysis Software BMG LABTECH ID: # 81306

LAS X Life Science Microscope Software Platform Leica https://www.leica-microsystems.com
RStudio: Integrated Development for R RStudio, PBC, http://www.rstudio.com/

Image Studio Lite v5.7 Li-Cor https://www.licor.com/bio/image-studio-lite/
GraphPad Prism 10.0.0 GraphPad Software www.graphpad.com

Imaged (FIJI) ImagedJ Software https://doi.org/10.1038/nmeth.2019

Other

Tecan D300e picoliter dispenser

Cell-repellent 96-well F-bottom plates
SCREENSTAR® 96-well plates

lllumina Nextseq 500 sequencing system

LI-COR® Odyssey xF fluorescent imager model 9120

Tecan Group
Greiner Bio-one
Greiner Bio-One
lllumina

Surplus Solutions

N/A
#650971
#655-866
N/A

N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, dr. Esther

Hulleman (e.hulleman@prinsesmaximacentrum.nl).
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Materials availability
VUMC-ATRT-03 cells (SHH-1B ATRT) generated in this study are available from the lead contact with a completed Materials Transfer
Agreement.

Data and code availability
® Raw and analyzed RNA-seq data are publicly available at Mendeley Data Repository under DOl number: https://doi.org/10.
17632/gfx5dwt2tg.1.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient material

Tumor tissue was obtained through surgical resection from an 11-year old patient that underwent surgery in the Amsterdam Univer-
sity Medical Center (Amsterdam, the Netherlands) for a tumor of which the clinical pathological diagnosis was ATRT. All patient ma-
terial was collected according to national and institutional guidelines (Research Ethics Committee approval: #METC VUmc 2009/237)
and in accordance with the declaration of Helsinki and put into culture as described previously.*®

Cell cultures

CHLA-ATRT-02 (SHH-ATRT), CHLA-ATRT-04 (SHH-ATRT), CHLA-ATRT-05 (SHH-ATRT) and CHLA-ATRT-06 (MYC-ATRT) cultures
were obtained from the American Type Culture Collection (ATCC). VUMC-ATRT-01 (SHH-ATRT)*° and VUMC-ATRT-03 (SHH-ATRT)
were established from tumor tissue obtained by surgical resection at the Amsterdam UMC (Amsterdam, the Netherlands) as
described previously.*® CHLA-ATRT-266 (MYC-ATRT) was a kind gift from Dr Alonso (University of Navarra, Pamplona, Spain). Using
Sanger sequencing and expression analysis, no TP53 mutations were observed in any of the ATRT cultures.

Non-ATRT pediatric glioma models VUMC-DIPG-A, VUMC-DIPG-F, VUMC-DIPG-10, VUMC-DIPG-11, and VUMC-HGG-09, were
established through autopsy or resection material and characterized as described previously.*® Non-ATRT models JHH-DIPG-01,
HSJD-DIPG-07, and SU-pcGBM-02 were kind gifts from Dr Raabe (Johns Hopkins Hospital, Baltimore, USA), Dr Montero Carcaboso
(Hospital San Joan de Déu, Barcelona, Spain) and Dr Monje (Stanford University, Stanford, USA), respectively.

All cells were cultured as neurospheres as described previously.*~*¢ Cells were only used when confirmed mycoplasm negative
and short-tandem repeat (STR) analysis was used to ensure cell line identities.

Mice
Both xenograft modeling and in vivo efficacy studies were performed in 4-week old female athymic nude mice (BALB/c outbred back-
ground, Envigo). Animals were provided food and water ad libitum for the entire duration of the experiments.

Animal ethics statement

All animal experiments were approved by local and governmental animal experimental committees and carried out according to na-
tional and institutional guidelines (national project permit: AVD114002017841) (protocol 0841-NCH17-01A1 and 0841-NCH20-13 an-
imal welfare committee, Vrije Universiteit, Amsterdam).

METHOD DETAILS

Human mRNA expression datasets

Expression datasets that were used in this study to compare mRNA between patients were the following: Healthy brain (GSE:
11882),"° healthy cerebellum (GSE: 3526),°° healthy various (GSE: 7307, Human body index project; accession code:
PRJUNA98081), ATRT (GSE: 70678),” glioblastoma (GSE: 7696),° glioma (GSE: 16011),°? pediatric DIPG (GSE: 26576),°° pediatric
glioma (GSE: 19578).5

Chemicals

The epigenetic compound library (#11076) was purchased from Cayman Chemical Company (Ann Arbor, Michigan, USA). Gemcita-
bine (CAS: 95058-81-4) and doxorubicin (CAS: 23214-92-8) were purchased from MedChemExpress LLC (Monmouth Junction, New
Jersey, USA). For in vitro studies, all chemicals were dissolved in DMSO and stored as 10mM stock concentration at —20°C. For
in vivo studies, both doxorubicin and gemcitabine where freshly dissolved in 0.9% saline before infusion.

Compound screening and cell viability assays

For compound screening assays, cells were plated in TSM-medium at a density of 5000 cells/well in cell-repellent 96-well F-bottom
plates (#650971, Greiner Bio-one, Kremsmiuinster, Austria). Compounds were dispersed 24h after cell seeding, using a Tecan D300e
picoliter dispenser (Tecan Group Ltd, Switzerland) and incubated at 37°C and 5% CO, for 96h. The number of viable cells was
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measured using CellTiter-Glo 3D Luminescent Cell Viability Assay (#G9683, Promega, Madison, USA) according to the manufac-
turers protocol. The concordant luminescence was measured using a Tecan Infinite 200 reader using iControl 1.10 software.

Methylation profiling
DNA methylation arrays and copy number profiles were performed and analyzed using the Heidelberg classifier, as described
previously.”

RNA-sequencing

For the first batch, VUMC-ATRT-03, VUMC-DIPG-10, VUMC-DIPG-11, VUMC-HGG-09, JHH-DIPG-01, HSJD-DIPG-07, and SU-
pcGBM-2 neurospheres were treated with 10nM gemcitabine or DMSO as control. For the second batch, VUMC-ATRT-01,
VUMC-ATRT-03, CHLA-02, CHLA-05, CHLA-06, and CHLA-266 neurospheres were treated with 10nM gemcitabine or DMSO as
control. After 24h, cells were collected and processed as described previously.*® Sequencing, performed on an lllumina Nextseq
500 sequencer, data processing in the R2 platform (R2.amc.nl), and statistical analysis were also assessed as previously
described.*®°°

Western blotting

Immunoblotting was performed as described previously.®® Protein isolation was conducted using RIPA lysis buffer supplemented
with protease and phosphatase inhibitors. Membranes were incubated with mouse anti-SIRT1 (1:1000, #ab110304, Abcam, Cam-
bridge, UK), rabbit anti-NF-kB p65 (D14E12) (1:1000, #8242, Cell Signaling Technology, Danvers, Massachusetts, USA), Rabbit anti-
phospho-NF-kB p65 (Ser536, 93H1) (1:2000, #3033. Cell Signaling Technology), mouse anti-p53 (Clone DO-7) (1:1000, #M7001,
DAKO, Agilent, Santa Clara, California, USA) and mouse anti-beta Actin (Clone C4) (1:10.000, MAB1501, Millipore, Burlington, Mas-
sachusetts, USA). Subsequently, membranes were incubated with secondary goat anti-mouse IRDye©680RD antibody (1:10.000,
LI-COR®, Lincoln, NA, USA) and/or goat anti-rabbit IRDye©800CV antibody (1:10.000, LI-COR®). Signals were detected using
an LI-COR® Odyssey fluorescent imager (model 9120, Surplus Solutions, LLC).

Immunohistochemistry and immunofluorescent imaging

For immunohistochemistry, fresh tissues were fixed in 4% PFA for 48h, followed by paraffin embedding. Embedded tissues were cut
into 4.5um coronal sections and stained for SMARCB1 (1:100; 612111, BD Biosciences), Ki-67 (1:3000; ab15580, Abcam), glial fi-
brillary acidic protein (GFAP) (1:500; BT46-5002-04, BioTrend), S100 (1:1000; Z0311, DakoCytomation), human vimentin (1:4000;
MO0725, DakoCytomation), breast cancer resistance protein (BCRP) (1:1000; ab24115, Abcam), permeability glycoprotein (P-gp)
(1:1000, #13978, Cell Signaling Technologies), CD31 (1:200, #PA5-16301, Thermo Fisher Scientific), p53 (1:500, Clone D07,
M7001, DAKO), NF-kB (1:500, #D14E12, Cell Signaling technology), Sirtuin 1 (SIRT1) (1:100, #ab110304, Abcam, Cambridge,
UK), glucose transporter 1 (GLUT1) (1:100-2000; 07-1401, Millipore) and hematoxylin for background contrast. Primary antibody
detection was achieved through secondary peroxidase/DAB+ staining using the Dako REAL EnVision Detection System (Agilent,
DAKO, #K5007).

For immunofluorescence, VUMC-ATRT-01 and VUMC-ATRT-03 cells were cultured in TSM supplemented with FCS for 12h, to
ensure adherence, in Greiner SCREENSTAR 96-well plates (#655-866) specialized for fluorescent imaging. Cells were treated
with gemcitabine for 24h, fixed and stained for GLI2 (1:200, Abcam, #ab277800) and a-Tubulin (1:500, Merck & Co. Inc., #T9026)
as previously described.*® As secondary step Alexa Fluor 488 (goat anti-rabbit, 1:10,000, Invitrogen, #A-11008) and Alexa Fluor
568 (goat anti-mouse, 1:10,000, Invitrogen, #A-11004) were incubated for 1h at RT. Imaging was performed using a Leica DMi8 in-
verted microscope (Leica Camera AG, Wetzlar, Germany), including automated stage and 3D Thunder deconvolution, using a 20x
dry objective equipped with a Leica DFC700GT camera. 10 wells per condition were scanned and imaged were deconvoluted and
stitched by LASX (Leica). Subsequently, images were analyzed in Imaged (FIJI): DAPI and Gli2 positive areas were mapped using the
Threshold and ROI selection and Watershed functions. Subsequently, ROI regions that overlap were quantified within ROl manager.

Establishment of stable shRNA expressing cells

SIRT1 knockdown cells were established using the pLKO.1-shSIRT1.1, pLKO.1-shSIRT1.2, and pLKO.1-shSIRT1.3 (GE Healthcare,
Chicago, USA) plasmids as described previously.*” pLKO.1-Scrambled plasmids (Addgene, #136035) were used as negative con-
trol. shRNA sequences are described in Table S3.

Establishment of stable TP53 knockout cells

VUMC-ATRT-01 cells were transduced (lentiviral) with a LentiCRISPR v2 plasmid (#52961, Addgene) that was cloned with a p53-
sgRNA (Table S4) according to the applied protocol (#rev20140208, Zhang Lab). Using puromycin (2.0png/mL) selection for
7 days, successfully transduced cells were selected. Knockout efficiency and location of the indel were confirmed through sanger
sequencing, using TIDE analysis (tide.nki.nl) (Figure S10). Loss of p53 protein was assessed through western blotting.
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Xenograft modeling and in vivo efficacy studies

For modeling, mice were stereotactically injected with 500.000 patient-derived VUMC-ATRT-03 cells into the frontotemporal region
of the left cerebral hemisphere (from bregma: X(-2), Y(0.5), Z(-3)mm), concordant with the original location of the tumor. Cells were
injected in an injection volume of 5 uL at a flow rate of 2.5 pL/min to minimize the neurological side effects of the procedure, as well as
potential backflow of cells. Mice were euthanized upon developing severe neurological symptoms or >20% weight loss. Brains were
fixed in 4% PFA for 48h for immunohistochemistry, or tumor cells were harvested and put in culture to establish VUMC-ATRT-03
mose passage cultures. For in vivo efficacy studies, mice were stereotactically injected (as mentioned above) with 500.000
VUMC-ATRT-01 cells into the cerebellum (from lambda: X(-1), Y(-2.3), Z(-2.3)mm) or with 500.000 VUMC-ATRT-03 cells into the fron-
totemporal region of the left cerebral hemisphere, concordant with the original location in the patients. After eight days, mice were
randomized into groups based on average body weight and received gemcitabine (200 mg/kg), doxorubicin (20 mg/kg) or 0.9% sa-
line once per week for three weeks via I.P. injection. All animals developed tumors as confirmed by immunohistochemistry. Humane
endpoints were set as either >20% weight loss or severe neurological symptoms.

QUANTIFICATION AND STATISTICAL ANALYSIS

mRNA expression between groups from RNA-sequencing data was assessed using the one-way analysis of variance (ANOVA). Also
quantification of ROl overlap between groups in immunofluorescent analyses was assessed using one-way ANOVA. In vitro cell sur-
vival percentages were compared using the independent t-test (two-sided). In vivo survival differences between groups were tested
using the log rank (Mantel-Cox) test. The statistical analyzes were performed using GraphPad Prism (version 6). A p-value <0.05 was
considered statistically significant.
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