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SUMMARY

Atypical teratoid/rhabdoid tumor (ATRT) is one of the most common brain tumors in infants. Although the
prognosis of ATRT patients is poor, some patients respond favorably to current treatments, suggesting
molecular inter-tumor heterogeneity. To investigate this further, we genetically and epigenetically analyzed
192 ATRTs. Three distinct molecular subgroups of ATRTSs, associated with differences in demographics,
tumor location, and type of SMARCB1 alterations, were identified. Whole-genome DNA and RNA sequencing
found no recurrent mutations in addition to SMARCB1 that would explain the differences between sub-
groups. Whole-genome bisulfite sequencing and H3K27Ac chromatin-immunoprecipitation sequencing of
primary tumors, however, revealed clear differences, leading to the identification of subgroup-specific reg-
ulatory networks and potential therapeutic targets.

Significance

Our data demonstrate that ATRTSs are not just one biological entity. The three molecular subgroups of ATRTs, termed ATRT-
TYR, ATRT-SHH, and ATRT-MYC, are genetically similar but epigenetically very different. Whether this molecular heteroge-
neity may also explain the differences seen in response to current treatments needs to be validated in clinically well-anno-
tated and similarly treated ATRT cohorts within clinical trials. The identification of molecular subgroups, (super-)enhancers,
subgroup-specific regulatory networks and pathways, including potential therapeutic targets like MITF, will help to develop
more effective, subgroup-specific, treatment options, which are urgently needed for this often still fatal disease. Finally, the
different epigenetic profiles may also give a better insight into the potentially different cellular origin(s) of ATRTSs.
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INTRODUCTION

Atypical teratoid/rhabdoid tumors (ATRTs) are among the most
common aggressive brain tumors in infants (Ginn and Gajjar,
2012). Approximately 70% of all cases arise in children younger
than 1 year of age and over 90% of cases occur before 3 years of
age. The genetic hallmark of ATRTs are mutations in SMARCBT,
present in the vast majority of cases (Biegel et al., 1999; Ver-
steege et al., 1998), and frequently already present in the germ-
line as part of a predisposition syndrome (Sredni and Tomita,
2015). Biallelic mutations of SMARCB1 in the tumors result
in complete abrogation of the SMARCB1 protein, which is as-
sessed by immunohistochemistry in routine clinical practice
and serves as a specific diagnostic marker. Rare cases that
lack SMARCB1 mutations and retain SMARCB1 protein harbor
mutations in SMARCA4 (Hasselblatt et al., 2014). Both
SMARCB1 and SMARCA4 are essential components of the
ATP-dependent chromatin remodeling SWI/SNF complex,
which is important for lineage specification, maintenance of
stem cell pluripotency, and gene regulation (Wilson and Roberts,
2011).

ATRTs were first described in the 1980s (Biggs et al., 1987) but
were recognized as a separate tumor entity by the World Health
Organization only in 1993 (Kleihues et al., 1993). They occur both
in supratentorial and infratentorial regions of the brain. Infraten-
torial tumors located in the cerebellar hemispheres, cerebello-
pontine angle, or brain stem are more frequent in the first 2 years
of life (Louis et al., 2007; Rorke et al., 1996). Overall survival of
ATRT patients is poor with median survival around 17 months
(Ginn and Gajjar, 2012). Treatment of ATRTs depends on the
location of the tumor, initial staging, and age of the patient. While
a multimodal approach combining maximal safe surgery, cranio-
spinal irradiation (CSI), and intensive chemotherapy is consid-
ered optimal for long-term cure, the young age of many patients
and involvement of critical structures within the CNS limits the
use of this approach. Gross total resection is for instance impos-
sible in alarge number of patients, and CSI, although an effective
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component of therapy, is avoided in infants due to severe long-
term neurocognitive and neuroendocrine sequelae (Squire et al.,
2007). Despite this, advances in treatment for this disease have
been realized, especially with the introduction of anthracycline-
containing chemotherapy regimens, albeit with overall signifi-
cant morbidity (Chi et al., 2009).

Despite the overall poor survival, long-term survival has been
reported in a proportion of patients with ATRTSs, but the biolog-
ical basis for this clinical heterogeneity is unknown (Ginn and
Gajjar, 2012; Lafay-Cousin et al., 2015; Slavc et al., 2014;
Tekautz et al., 2005). Some studies of rather small tumor cohorts
suggested that molecular heterogeneity may affect treatment
responses (Birks et al., 2011; Torchia et al., 2015). Exome
sequencing studies, however, revealed that rhabdoid tumors
harbor very few, if any, recurrent genetic abnormalities apart
from SMARCB1 mutations (Kieran et al., 2012; Lee et al,
2012). This suggests either that SMARCBT1 inactivation is
sufficient to initiate ATRTs or that other potentially synergistic
events result from variations in the non-coding genome or from
epigenetic deregulation. We therefore set out to elucidate the
molecular landscape and heterogeneity of ATRTs.

RESULTS

Molecular Profiling of ATRTs Identifies Three Molecular
Subgroups

To explore the inter-tumor heterogeneity of ATRTs we generated
DNA methylation profiles and gene expression profiles of 192
histologically diagnosed primary ATRTs, almost all (188, 98%)
characterized by loss of SMARCB1 expression (Table S1).
Four cases had retained SMARCB1 expression, of which three
cases were confirmed to have a SMARCA4 mutation. Unsuper-
vised hierarchical clustering of the DNA methylation data using
7,500 probes with the highest SD across the entire dataset iden-
tified three distinct molecular subgroups (Figure 1A). We termed
the groups ATRT-TYR (n = 52), ATRT-SHH (n = 65), and ATRT-
MYC (n = 33) for reasons explained later. Both consensus
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Figure 1. Unsupervised Cluster Analyses Identify Three Distinct Molecular Subgroups of ATRTs

(A) Unsupervised hierarchical clustering of 150 ATRT methylation profiles using the 7,500 most variant probes. Information on the concordance with the gene
expression clustering as well as the SMARCB1 and SMARCA4 status is displayed in the lower bar. The level of DNA methylation (as beta value) is represented
with a color scale as depicted.

(B) Unsupervised hierarchical clustering of 67 ATRT gene expression profiles using the 1,500 most differentially expressed genes. Information on the concor-
dance with the 450k clustering is displayed in the lower bar.

(C) Pie charts showing tumor locations in the three ATRT subgroups (p = 0.00052). Absolute numbers for every localization and tumor subgroup are indicated in
white.

(D) Age distributions of ATRT patients. Stacked barplots indicate frequencies and actual number of patients per age subgroup and within each ATRT subgroup.
(E) Pie charts showing gender distributions between the three ATRT subgroups (p = 0.295). Absolute numbers for both genders and tumor subgroups are
indicated in white.

(F) Boxplots displaying the expression levels of representative marker genes for each of the three ATRT subgroups (boxes represent the middle 50% of data
ranging from the 25% to 75% quantile a central line at the median). Whiskers represent extremes (up to 1.5-fold box size).

(G) Immunohistochemical staining for tyrosinase in one representative case from each ATRT subgroup. Scale bars denote 100 um.

See also Figure S1 and Tables S1 and S2.
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clustering and principal component analysis of the 450k DNA
methylation microarray data supported the number of three
distinct subgroups (Figure S1A and S1B). Three molecular sub-
groups were also identified when performing unsupervised hier-
archical cluster analysis of gene expression profiles of 67
tumors, including 18 profiles generated by Birks et al. (2011),
and including 26 cases for which we also had generated DNA
methylation profiles (Figure 1B). Clustering of these cases using
the 1,500 most differentially expressed genes showed a good
concordance (adjusted Rand Index r = 0.88) between the two
methods, with only three cases classified differently using either
DNA methylation or gene expression data. All three SMARCA4
mutant cases plus the SMARCB1-positive case (presumably
also SMARCA4 mutant) clustered closely together in the
ATRT-SHH subgroup (Figure 1A).

In line with other brain tumor entities such as glioblastoma
(Sturm et al., 2012), ATRT subgroups showed a strong enrich-
ment for different locations in the brain. ATRT-TYR tumors
were more common in infratentorial regions, while ATRT-MYC
tumors mostly occurred in the supratentorial compartment.
ATRT-SHH tumors located both infra- and supratentorially (Fig-
ure 1C; Table S1; p = 0.00052). Interestingly, when clustering the
ATRT-SHH tumors only, three subsets were identified, of which
two were associated with a supratentorial location and the third
more with an infratentorial location (Figures S1C and S1D). Age
at diagnosis was also different between the three molecular sub-
groups (Figure 1D). In the group of very young children (age 0-1
year), the TYR group was most prominently present, whereas
patients in the ATRT-MYC group tended to be older. Finally,
gender distributions between the subgroups did not show signif-
icant differences (Figure 1E).

Gene expression data show that ATRT-TYR tumors are char-
acterized by overexpression of several melanosomal markers,
such as MITF, TYR or DCT. TYR, encoding the enzyme tyrosi-
nase, is highly expressed in almost every case in this subgroup,
but not at all in any case of the other two subgroups (Figures 1F
and 1G). TYR may therefore serve as a specific biomarker, and is
the reason we propose the designation ATRT-TYR, for this
molecular class. Another characteristic of this subgroup is the
overexpression of many genes involved in ciliogenesis (such as
DNAH11 and SPEFT1) (Gene Ontology analyses, Table S2). The
SHH subgroup is characterized by SHH signaling as demon-
strated by high overexpression of MYCN and GL/2 (Figure 1F
and Table S2). NOTCH signaling is also active in this subgroup
shown by overexpression of ASCL1, HES5/6, and DLL1/3. The
MYC subgroup is named after the marked overexpression of
the MYC oncogene (Figure 1F) in most cases of this subgroup.

Other characteristics for the MYC subgroup include high expres-
sion of HOTAIR and many other HOX cluster genes (Figure 1F
and Table S2).

Genes that are highly expressed in almost all ATRTs
compared with normal brain included those encoding compo-
nents of the PRC2 complex such as EZH2, SUZ12, and EED,
confirming previous reports that suggest an antagonistic func-
tion of the SWI/SNF complex and PRC2 complex members
and supporting the need for investigating treatment strategies
that employ PRC2/EZH2 inhibition. Other drug targets overex-
pressed across ATRT subgroups include AURKA and HDAC1/2.
In addition, VEGFA (upregulated in ATRT-TYR), CDK6 (upregu-
lated in ATRT-SHH), and ERBB2 (upregulated in ATRT-TYR
and ATRT-MYC) represent potential subgroup-specific drug
targets (Figure S1E).

These results show that ATRTSs are biologically heterogeneous
despite sharing a loss of SMARCB1 function as the common
tumorigenic event.

Whole-Genome Sequencing of ATRTs

To investigate whether other, subgroup-specific genetic aberra-
tions not identified by exome sequencing may exist in the ATRT
genome, we selected genomic DNA from 18 pairs of fresh-frozen
(FF) primary ATRTs (TYR, 7; SHH, 9; MYC, 2) and corresponding
blood for whole-genome sequencing (WGS) (average coverage
34x) (Tables S1 and S3). In line with the exome study (Lee
et al., 2012), the overall number of coding mutations (SNVs
plus indels) per sample was low (median, 7; range, 0-59) and
no recurrent coding mutations besides SMARCB1 were identi-
fied except for ARMCX4, which was somatically mutated in
two cases but only at low allele frequencies (Table S3). RNA
sequencing was used to validate coding SNVs in samples for
which we had both DNA and RNA sequencing data (SNV valida-
tion rate of 70%). The genome-wide mutation rate was also low,
with a median of 508 (range 162-5,321) somatic SNVs and 299
(range 230-851) somatic indels per sample.

Four tumors from the ATRT-SHH subgroup had many more
mutations than all other tumors in this series. All four had a supra-
tentorial location (Figure 2A and Table S3). Tumors with a lower
number of mutations were almost all located infratentorially.
Reasons for these elevated mutation rates in these four tumors
were unclear as they did not have mutations in mismatch repair
genes or POLE, and mutation signatures were also not signifi-
cantly different from the other tumors (data not shown).

Overall, we confirmed that ATRTs display stable genomes
(Hasselblatt et al., 2013). The locus, which was most fre-
quently affected by overlapping structural variations (SVs), was

Figure 2. WGS Confirms SMARCB1 as the Only Highly Recurrent Hit in ATRTs
(A) Barplots showing the total number of all genome-wide somatic mutations (SNVs, filled boxes; indels, open boxes) identified by WGS plotted per sample.

Localization of the tumor is indicated in a panel below the barplots.

(B) Graph showing the number of samples (y axis) that have a breakpoint within a defined genomic bin (x axis). Candidate genes in these affected regions are

indicated in the plot.

(C) Plot displaying different structural variations around the SMARCB1 gene identified in different ATRTs from the WGS cohort. Genes surrounding SMARCB1 are

indicated in black.

(D) Pie charts showing the chromosome 22 copy number aberrations as derived from the 450k arrays. Numbers within the segments display the absolute number

of cases for each category. p <2.2 x 1076,

(E) Heatmap displaying copy number profiles derived from the 450k data in a region around the SMARCB1 gene with gains (red) and losses (blue). Every row
denotes one sample; subgroup assignment is indicated in the bars on the left side of the figure.

See also Figure S2 and Table S3.
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SMARCB1 and neighboring genes at chromosome 22 (Fig-
ure 2B). In addition to previously described focal deletions and
SNVs affecting SMARCB1, we found inversions and losses of
the whole chromosome 22 as additional genetic events that all
lead to the loss of one allele of SMARCBT1 (Figure 2C). Other
loci affected by overlapping SVs, in two to four cases only,
were found on chromosomes 3, 4, 7, 9, 10, 13, 19, and X (Fig-
ure 2B). However, RNA-seq analyses of 24 cases did not identify
any recurrent fusion genes (data not shown).

Notably, the type of inactivating SMARCB1 mutation as iden-
tified from the WGS cohort clearly differed between the ATRT
subgroups. For instance, tumors of the ATRT-TYR subgroup
mainly harbored large deletions affecting SMARCB1 and sur-
rounding genes on chromosome 22q, which was much less
prevalent in the other two subgroups. These differences
affecting chromosome 22q were validated using the larger
cohort of ATRTs analyzed by 450k arrays (n = 150). We classified
all copy number changes affecting chromosome 22q in this
cohort as loss of chromosome 22q, focal deletions, focal aberra-
tions (affecting only SMARCBT), or no detectable deletions
(suggestive for SMARCB1 missense/nonsense mutations or
small indels), and again identified significant differences be-
tween the three molecular subgroups (p < 2.2 x 10~'%; Figures
2D, 2E, and S2). ATRT-TYR tumors indeed primarily (77%) dis-
played monosomy chromosome 22, which was much less prev-
alent in ATRT-SHH (20%) and ATRT-MYC tumors (12%).
Instead, ATRT-SHH and ATRT-MYC tumors most frequently
showed no chromosome 22 copy aberrations, particularly in
ATRT-SHH (48%), focal gains (ATRT-SHH, 23%), or focal dele-
tions (ATRT-MYC, 79%). These results were confirmed by multi-
plex ligation-dependent probe amplification (MLPA), Sanger
sequencing, and fluorescence in-situ hybridization (FISH) in a
subset of these tumors (n = 58, Table S1).

ATRTs Have Hypermethylated Genomes with Subgroup-
Specific Differentially Methylated Regions

To investigate differences between the molecular subgroups
at the epigenetic level in more detail, 17 ATRT cases (ATRT-
TYR, 7; ATRT-SHH, 7; ATRT-MYC, 3) were subjected to
whole-genome bisulfite sequencing (WGBS) (Table S1). Unsu-
pervised hierarchical clustering of the WGBS data recapitulated
the subgroup structure found in the array data (Figure S3A).
Strikingly, a global analysis of the WGBS data revealed
genome-wide hypermethylation for both ATRT-TYR and ATRT-
SHH subgroups in comparison to normal cerebellum or other
pediatric brain tumors like medulloblastoma, glioblastoma, or
ependymoma (Bender et al., 2013; Hovestadt et al., 2014;
Mack et al., 2014), with levels as high as in IDH7-mutated glio-
blastoma, which is known for its genome-wide hypermethylation
(Figure 3A). CpG methylation levels in ATRT-MYC tumors were
more comparable to those seen in other pediatric brain tumors.
450k array data confirmed the genome-wide hypermethylation
seen in ATRT-TYR and ATRT-SHH tumors (Figure S3B).

To see whether any particular regions of the genome were
relatively more hypermethylated than others, we dissected the
genome into intragenic, exonic, intronic, and promoter regions
(£1 kb around the transcriptional start site [TSS]) and compared
methylation levels in these regions across all brain tumors and
normal cerebellum. These analyses showed that hypermethyla-
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tion in ATRTs was present throughout all parts of the genome,
but particularly in promoter regions ATRT-TYR and ATRT-
SHH cases displayed the highest differences in methylation
compared with other brain tumors and normal cerebellum (Fig-
ures 3B and S3C-S3E).

The pattern of promoter hypermethylation prompted us
to investigate which genes were potentially silenced by
methylation. We therefore performed ANOVA statistical analyses
to identify differentially methylated promoter regions when
comparing ATRT subgroups with each other or with normal cer-
ebellum controls. These analyses revealed 2,104 differentially
methylated promoter regions, which we compared with the
gene expression levels of the associated genes in each particular
subgroup (Table S4). In total we found 369 promoters to
be differentially hypermethylated in ATRT-TYR, 765 in ATRT-
SHH, and 63 in ATRT-MYC. Among the respective genes we
identified several tumor-suppressor genes, including GLIPR1,
displaying strong promoter hypermethylation and downregu-
lated in ATRT-TYR and ATRT-SHH (Figure 3C and Table S4).
Methylation levels at promoters in the 450k dataset was concor-
dant with the WGBS data and was used as a validation set
(Table S4).

Several other methylation elements have been proposed to in-
fluence gene expression. For example, partially methylated
domains (PMDs) are domains of disordered methylation, some-
times covering up to 30% of the total genome (Hovestadt et al.,
2014). We therefore investigated whether there might be a
subgroup-specific distribution of PMDs that could account for
the global methylation differences seen between the ATRT
subgroups. As shown in Figure 3D, PMDs were almost
completely absent in ATRT-TYR cases, showed a variable distri-
bution in ATRT-SHH cases, and were most prevalent in ATRT-
MYC cases where they occupied up to 36% of the genome,
partly explaining the observed global hypermethylation in
ATRT-TYR and (to a lesser extent) ATRT-SHH subgroups (Fig-
ure S3F). Being linked to inactive chromatin and lamina-associ-
ated domains (Berman et al., 2012), genes inside MYC sub-
group-specific PMDs showed a significantly lower expression
than non-PMD genes in this subgroup. Interestingly, genes pre-
sent in an ATRT-MYC subgroup-specific PMD were significantly
upregulated in other subgroups when the PMD in these other
subgroups was no longer hypomethylated (Figure 3E). For
example, VAV3, a known oncogene in various cancer types
(Uen et al., 2015), is located in a PMD on chromosome 1 in
ATRT-MYC cases and therefore lowly expressed in tumors of
this subgroup. However, in ATRT-TYR tumors where this PMD
is not present, VAV3 displayed a significantly higher expression
(Figures 3F and 3G). The distinct distribution of PMDs across the
subgroups thus may contribute to the different subgroup-spe-
cific transcriptomes.

DNA Methylation Valleys Are Highly Enriched for
H3K27Ac and BRD4 Marks

The overall number and fraction of the genome occupied by
smaller unmethylated genomic elements, such as DNA methyl-
ation valleys (DMVs) or lowly methylated regions (LMRs), did
not significantly differ between the ATRT subgroups and was
in general lower in the tumors than in the controls (Figures S3D
and S4A). Almost all DMVs (1,392 out of 1,554, 89%) showed
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H3K27Ac and BRD4, a chromatin reader
and transcriptional coactivator required
for enhancer activity, for 14 primary tumor
samples (ATRT-TYR, 5, ATRT-SHH, 5,
ATRT-MYC, 4) for H3K27Ac (Table S1)
and assessed the occupancy of DMVs
! and LMRs with these marks.
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Across the 14 ATRT samples, we called
42,619 active enhancers (defined by the
H3K27Ac peaks, but excluding those
that occurred in promoter regions [+ kb
of TSS]). As expected, DNA methyla-
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tion and H3K27Ac signals were overall
strongly non-correlative (Figure 4A), while
H3K27Ac and BRD4 signals were highly
correlative (Figure 4B). DMVs displayed
high signals for H3K27Ac, symmetrically
expanding around the center of the valley.
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overlap with a gene or encompassed it completely (166 out of
1,554, 10%) (Figure S4B). Notably, the median expression levels
of genes that were encompassed by a DMV was significantly
higher than the genes demonstrating no overlap with a DMV
(p =2 x 1072°, Figure S4C).

To obtain insights into whether regulatory elements character-
ized by lack of DNA methylation (DMVs and LMRs) are enriched

In contrast, H3K27Ac signals at LMRs
were faint (Figure 4C). The same pattern
was observed when analyzing the BRD4
signal at DMVs and LMRs (Figure 4C).
Most DMVs overlapped with enhancers,
but the average number of enhancers
per sample was much higher than the average number of
DMVs (Figure 4D). Overlap between LMRs and enhancers was
lower (Figure 4E). OTX2, which encodes a brain-developmental
transcription factor (TF), represents a prototypic example for
the ATRT-TYR subgroup, displaying high H3K27Ac levels at a
DMV in association with subgroup-specific overexpression
(Figure 4F).
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Figure 4. DNA Methylation Valleys Are
Highly Enriched for the H3K27Ac Mark and
BRD4 Mark

(A and B) Scatter and density plots showing
the correlation between DNA methylation and
H3K27Ac signals (A) and between BRD4 and
H3K27Ac signals (B) at enhancers. Spearman cor-
relation coefficients are indicated within the plots.
(C) Plots showing the relative occupancy of
H3K27Ac or BRD4 in a region of +5 kBp around the
center of the DMV or LMR.

(D and E) Venn diagrams showing the overlap of
DMVs (D) or LMRs (E) with H3K27Ac enhancers.
Values represent the mean values for overlapping
and non-overlapping DMVs or LMRs and en-
hancers, averaged over all samples for which
H3K27Ac ChIP-seq and WGBS data were available.
(F) Metatracks of indicated subgroups showing
methylation signals (heatmap at the top) and
H3K27Ac signal (graph at the bottom) for a
genomic region encompassing OTX2. Expression
values for OTX2 are indicated in boxplots on the
left. Representation of the data by boxplots is the
same as in Figure 1F.

See also Figure S4.
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may exist (Jin et al., 2013). Therefore, we
‘ J[ addressed the question of gene-enhancer
assignment using a quantitative approach
by correlating H3K27Ac signals of en-
hancers present in one topologically asso-
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Subgroup-Specific Enhancers Shape Subgroup Identity
of the ATRT Epigenome

From all active enhancers that we called in our H3K27Ac data,
4,899 (11.5%) were unique to ATRTs when compared with those
identified in non-neoplastic tissues by others (Maher, 2012;
Roadmap Epigenomics Consortium et al., 2015) (Figure 5A). Hy-
pothesizing that the transcriptional diversity between ATRT sub-
groups is established by subsets of active enhancers that are
specific for each subgroup, we applied ANOVA to identify these
differential, active enhancers (false discovery rate [FDR] <5%,
4,211 of 42,619 enhancers, 10%). Using k-means clustering
we discerned four distinct enhancer subclasses among these
differential enhancers, corresponding to the three ATRT sub-
groups and one subclass of enhancers that showed a strong
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ciated domain (TAD; Pope et al., 2014)
with expression levels of genes (as quanti-
fied by RNA sequencing) located within
the same TAD. The gene whose expression best correlates
with the H3K27Ac signal of one enhancer was assigned as the
most probable target of the respective enhancer (see Supple-
mental Experimental Procedures for details). Using this
approach, we were able to assign 51% of differential enhancers
to their potential targets (FDR <10%) (Table S5). While the major-
ity (66.8%) of genes was assigned to one enhancer (Figure S5A),
some genes could be linked to two or more enhancers. GLI/2, for
example, highly overexpressed in ATRT-SHH, is regulated by
two enhancers that are both specific for ATRT-SHH tumors (Fig-
ure 5C). Vice versa, a subset of enhancers was found to regulate
more than one gene (Table S5 and Figure S5B).
A subclass of active enhancers, known as super-enhancers
(SEs), is characterized by broad spatially co-localized enhancer
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Figure 5. Subgroup-Specific (Super-)enhancers and Correlation to Gene Expression
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(A) Venn-diagram showing the intersection of all ATRT enhancers with enhancers identified in ENCODE and Roadmap. The pie chart shows the fraction of
identified enhancers unique to ATRT.

(B) Heatmap showing the grouping of differentially regulated enhancers (n = 4,211) into four clusters, TYR-specific (n = 2,048), MYC-specific (n = 495), TYR_SHH
high (n = 542), and SHH-specific (n = 1,126) using k-means clustering. The H3K27Ac signal at differentially regulated enhancers is shown; 1,000 enhancers were
randomly chosen for visualization purposes.

(C) Meta-track showing the H3K27Ac signal at GL/2 in the TYR subgroup. Dot plots on both sides display the correlation between H3K27Ac signal and the
enhancers regulating GL/2 (termed E1 and E2) and the expression of GL/2.

(D) Plots showing enhancers ranked by increasing levels of H3K27Ac signal. Enhancers with H3K27Ac signal beyond the inflection point are qualified as SEs.
Examples of SE-associated genes are highlighted on the plot for each subgroup.

(E) Metatracks displaying the H3K27Ac signal of the genes IGFBP7, BOC, and HOXC9 associated with SEs for the respective subgroups. Boxplots to the right of
the H3K27Ac plots display expression levels of the respective genes as derived from the RNA sequencing data. Data representation by boxplots in the whole
figure is the same as in Figure 1F.

See also Figure S5 and Table S5.
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~ (A) Heatmaps displaying the enrichment of TFs
(left), and their corresponding expression values
(right) across ATRT subgroups for selected TFs
with highly enriched binding sites in subgroup-
specific enhancers of ATRT-TYR.
(B) Plot showing the regulatory network of ATRT-
TYR. Yellow/orange-colored nodes display TFs
(“sources”), which show a high enrichment of their
respective binding sites and differential over-
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ranked and the font sizes of labels are scaled
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Source labels are shaded according to the level of
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domains (Hnisz et al., 2013), and may play an essential role in es-
tablishing cell identity. SEs are established by TFs at the termini
of signaling pathways (Hnisz et al., 2015). In multiple entities, SEs
have been shown to drive oncogenes, genes required for main-
tenance of tumor cell identity, and genes associated with cell-
type-specific functions.

To identify SEs in each of the ATRT subgroups, we determined
and ranked the average H3K27Ac occupancy of every H3K27Ac
peak across samples of a subgroup. This resulted in 894 distinct
SE-containing loci, with approximately 400 SEs identified per
subgroup (Table S5). Compared with typical enhancers, sub-
group SEs showed higher occupancy of BRD4 and greater
enhancer signal dynamic range between subgroups. Targets of
differential enhancers contained within SEs (i.e., SE target
genes) included several ATRT subgroup-specific signature
genes like GLI2, BOC, or NOTCH1 in subgroup ATRT-SHH (Fig-
ures 5D and 5E), and members of the melanogenesis pathway
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See also Figure S6 and Table S6.

Glycan biosynthesis

(MITF, TYR) but also cell-cycle-related
genes (e.g., CCND1 or IGFBP?7) in groups
ATRT-TYR and ATRT-SHH (Figures 5D,
5E, S5C, and S5D). Although the number
of SEs identified in ATRT-MYC was lower
than in the other groups, a specific pattern
of SEs could also be identified, mainly
including HOX cluster genes such as
HOXC9 (Figures 5D and 5E). Overall, we
detected a significant enrichment for TFs (p = 0.015) and can-
cer-related genes (p = 0.029) among the SE-regulated genes.
Identification of these SE-regulated genes may thus indicate
the master regulators of each ATRT subgroup.

Subgroup-Specific Regulatory Networks Converge on a
Small Number of Genes

Pursuant to the idea that specific enhancers may regulate sub-
group identity, we next analyzed the enrichment of transcription
factor-binding sites (TFBSs) within nucleosome-free regions of
subgroup-specific enhancers. These analyses identified, for
each of the three molecular subgroups, a set of specific TFs
whose binding motifs were significantly enriched in subgroup-
specific enhancers of the respective subgroup. Interestingly, en-
riched TFs were also overexpressed in the respective subgroup
(Figures 6A, S6A, and S6B). For example, TFBSs for OTX2 and
LMX1A, both homeodomain TFs that have been implicated to
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Figure 7. MITF as a Regulatory Hub in ATRT-TYR Subgroup
(A) Metatracks showing the H3K27Ac signal at DCT, MITF, and TYR (averaged over all samples of the respective subgroup) of the indicated subgroups. Boxplots
on the right indicate the expression levels of the genes per subgroup.
(B) Barplot showing the fraction of subgroup-specific enhancers that overlap with MITF peaks. ATRT-TYR-specific enhancers show the highest identity with
MITF peaks.
(C) Metatracks displaying the MITF and H3K27Ac signal around the BMP4 locus (averaged over samples dkfz_ ATRT_14 and dkfz_ ATRT_16).
(D) Boxplots displaying expression of BMP4 per subgroup as measured by the RNA-seq data.
(E) Network representing the MITF target genes. The font sizes of gene labels are scaled according to the number of ATRT-TYR-specific enhancers overlapping
MITF peaks.

(legend continued on next page)
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play arole in other embryonal brain tumors such as medulloblas-
toma, were highly enriched in the ATRT-TYR subgroup, and both
factors were also highly overexpressed in this subgroup. TFBS-
enrichment analysis combined with gene expression analyses
for ATRT-SHH tumors further underpin a central role for SHH ef-
fectors. For instance, GLI2 is highlighted as a central TF whose
binding motif is highly enriched in ATRT-SHH-specific en-
hancers (Figure S6A). The enrichment pattern for the ATRT-
MYC subgroup is more diverse. Factors that are enriched and
overexpressed in this subgroup include CEBPB and RARG (Fig-
ure S6B), but also MYC itself.

We next hypothesized that TFs identified from the TFBS-
enrichment analyses may have a role in the regulation of sub-
group-specific genes. We tested this by analyzing the presence
of these TFBSs in subgroup-specific enhancers and inferred
regulatory networks from these analyses for each molecular
subgroup (Figures 6B, S6C, and S6D, Table S6). The fraction
of overexpressed genes among the targets increased by the
degree of inward binding, indicating that the targets which we
infer are key molecules of the respective subgroup (Figures
6C, S6E, and S6F).

In order to validate the robustness of the constructed network
for ATRT-TYR tumors, we performed OTX2 ChIP sequencing for
two ATRT-TYR primary tumors as OTX2 was identified as mas-
ter regulator in this molecular subgroup (Figure 6B). ChiP-seq
data indicated that most predicted OTX2 target genes indeed
displayed high occupancy with this TF, thus validating our
model for the ATRT-TYR subgroup with respect to OTX2. Fig-
ure 6D shows snapshots of OTX2 binding to the HMGA2 and
the MITF loci, two predicted OTX2 targets in the ATRT-TYR
subgroup. Data were validated by ChIP-PCR (Figure S6G).
Interestingly, when examining the OTX2 occupancy at
H3K27Ac peaks, we found that this TF centrally binds to spe-
cific enhancers of the TYR subgroup, thus underlining its
general importance as a master regulator in the ATRT-TYR sub-
group (Figure 6E).

In the networks for the TYR subgroup, MITF was among the
three most commonly targeted genes. This gene is a well-char-
acterized protagonist in melanoma biology, where it is frequently
amplified and has been implicated in the aberrant activation of
the MAP-kinase pathway (Johannessen et al., 2013). Pathway-
enrichment analyses performed on the genes regulated by sub-
group-specific enhancers further supported this notion (Figures
6F and S6H-S6I for the other subgroups). Aside from WNT
signaling, the melanogenesis pathway was among the highly en-
riched pathways. This is consistent with the pathway analyses
performed on our gene expression array dataset (Table S2)
that highlight the melanogenesis pathway in the ATRT-TYR sub-
group. We thus hypothesized that microphthalmia-associated
transcription factor (MITF) may also act as a master regulator
in ATRT-TYR tumors and may govern the overexpression of sub-
group-specific signature genes.

MITF target genes, like DCT and TYR, have previously been
examined in the context of melanoma biology. We investigated
the H3K27Ac signal in the regions of DCT and TYR and found
these genes to be occupied by supergroup- or subgroup-spe-
cific enhancers and differentially expressed between the ATRT
subgroups (Figure 7A). Following the hypothesis that MITF
targets ATRT-TYR-specific enhancers, we determined the
genome-wide binding pattern of MITF in two primary samples
from the ATRT-TYR subgroup by ChIP sequencing. Consistent
with its role as a TF, the majority of MITF peaks were found in
or near promoter regions (Figure S7A). The MITF signal
expanded symmetrically around transcription start sites (Figures
S7B and S7C). Strikingly, the fraction of ATRT-TYR subgroup-
specific enhancers that overlapped with MITF peaks was
considerably higher than with other subgroup-specific en-
hancers (Figure 7B). An example is BMP4, upregulated in sub-
group ATRT-TYR, which displays a high MITF signal (Figures
7C and 7D). These data support the idea that MITF preferentially
targets enhancer regions of the ATRT-TYR subgroup. The high
degree of intersection between MITF peaks and subgroup-spe-
cific enhancers permitted the definition of preferential MITF tar-
gets (Figure 7E). Besides BMP4, OTX2 itself was targeted by
MITF, thus revealing a feedback loop between these two factors
in the ATRT-TYR subgroup.

Identification of these regulatory networks and the master
regulators in each of the ATRT subgroup-specific networks not
only provides insight in the biology of these subgroups but
may also help in identifying drug targets for subgroup-specific
therapies.

MITF Is Susceptible to In Vitro Inhibition
In melanoma, considerable efforts have been directed toward
identifying drugs targeting MITF, resulting in the identification
of the MITF inhibitor ML329 using a compound screen (Faloon
et al., 2010). ML329 downregulates MITF mRNA expression
and decreases cell viability in MITF-dependent melanoma cell
lines. We therefore tested this compound on ATRT cell lines
with low (BT16) and high (BT12) MITF expression (Figure S7D).
Interestingly, we observed a considerable difference in the
susceptibility of these cell lines toward MITF inhibition with
BT12 displaying a 15-fold lower median inhibitory concentra-
tion of 460 nM (Figure 7F). This value compared favorably to
MITF-dependent melanoma cell lines that have been tested in
the validation runs for this compound (Faloon et al., 2010).
The reduction in cell viability was found to be mainly due to
an induction of apoptosis, detected by Annexin V and 7-AAD
staining (Figure 7G). These results suggest that MITF inhibition
could be used as a therapeutic principle to target ATRT-TYR
tumors.

The epigenetic as well as demographic characteristics of the
three ATRT subgroups described here are synoptically shown
in Figure 8.

(F) Dose-response curve after exposure of ATRT cell lines BT12 (high MITF expression, red curve) and BT16 (low MITF expression, blue curve) to the MITF

inhibitor ML329.

(G) Scatterplots displaying apoptosis rates of BT12 cells after treatment with vehicle control (1% DMSO, 72 hr; left panel) or ML329 (1 uM, 72 hr; right panel). The
y axis shows the fraction of 7AAD-positive cells, the x axis indicates the Annexin V signal.

Data representation by the boxplots in this figure is the same as in Figure 1F.
See also Figure S7.
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level, epigenetic differences were remark-
1 able. WGBS revealed that the ATRT-TYR
- subgroup, and to a lesser extent also the
ATRT-SHH subgroup, but not the ATRT-
MYC subgroup, were characterized by
a hypermethylated genome. This can at
least in part be explained by a different
distribution of PMDs between the three
subgroups: being almost absent in the
ATRT-TYR subgroup, PMDs cover up to
36% of the genome in the ATRT-MYC
subgroup. As shown by us and others in
previous studies (Hovestadt et al., 2014;
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Lister and Ecker, 2009), these differentially
methylated regions have a large impact on
the expression of genes located in these
PMDs, including tumor suppressors that
are silenced in subgroup-specific PMDs
or oncogenes that are activated in sub-

GLI2

DISCUSSION

Recent years have seen a surge in preclinical studies trying
to identify molecular targets in ATRT. However, the vast
majority of these experiments still relied on the use of cell
lines, while the transcriptomic and epigenomic landscape
of primary ATRT remains largely uncharted territory. Given
the previously recognized differences between in vitro
models and primary tumors, the use of primary material is
pivotal to obtain a better understanding of the disease and
to identify more effective targets for molecularly based
therapies.

PLXND1 groups in which the PMD is not present.

The regulatory circuitries built for each

of these three subgroups identified

several protagonists that may represent the oncogenic drivers

of a molecular subgroup. These genes may also be good

targets for therapy, as we have shown for example for MITF

that was identified as one of the core TFs in the ATRT-TYR
subgroup.

In summary, our data provide fundamental insights into the
transcriptomic and epigenomic organization of ATRTs, which
will pave the way for further in vitro and in vivo studies aiming
at the functional validation of therapeutic vulnerabilities. Finally,
data from this study may also give hints for different cellular ori-
gin(s) of ATRTs and will form the basis for the development of
mouse models recapitulating the ATRT subgroups.
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EXPERIMENTAL PROCEDURES

Patient Samples

Patient samples, FF or formalin-fixed paraffin-embedded (FFPE) tumor sam-
ples, and peripheral blood samples, were obtained from the EU-RHAB registry
and the following single institutions: University Hospital Heidelberg, NN
Burdenko Neurosurgical Institute, University of Muenster, McGill University,
University of Barcelona, University of Prague, St. Judes Children’s Research
Hospital, University of Bonn, University of Zuerich. All tumors were banked
at the time of primary diagnosis between 2009 and 2015 in accordance with
research ethics board approval from the respective institutes. Informed con-
sent was obtained from all subjects included in the study.

All samples were histologically verified ATRTSs (as diagnosed by local pathol-
ogists using INI1 and SMARCA4 immunohistochemistry). DNA and RNA were
isolated from the FF tumor samples, and only DNA was isolated from the FFPE
tumor and blood samples using standard procedures. In a subset of tumor
samples, the type of SMARCB1 mutation was characterized using MLPA,
Sanger sequencing, or FISH as described above (Jackson et al., 2009). Molec-
ular subgrouping was performed using either the 450k methylation or Affyme-
trix gene expression data (for subgroup information see Table S1).

Microarray Profiling

ATRT samples for which RNA of sufficient quantity and quality was available
(n = 49, with 18 additional cases taken from literature) were analyzed on
the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array at the
Microarray Department of the University of Amsterdam, the Netherlands. For
details see the Supplemental Experimental Procedures. For 450k methyla-
tion array profiling, 150 ATRT samples were arrayed using the lllumina
HumanMethylation450 BeadChip according to the manufacturer’s instruc-
tions. Please see Supplemental Information for more details.

ACCESSION NUMBERS

Data for whole-genome DNA and RNA sequencing, whole-genome bisulfite
sequencing, and ChIP sequencing for H3K27Ac, BRD4, OTX2, and MITF
have been deposited at the European Genome-phenome Archive, EGA Study
Accession ID EGAS00001001297. The accession number for the DNA methyl-
ation and gene expression data reported in this paper are GEO: GSE70460 and
GSE70678, respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and six tables and can be found with this article online at
http://dx.doi.org/10.1016/j.ccell.2016.02.001.
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