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Abstract

Introduction Atypical teratoid rhabdoid tumor (ATRT) is a rare, often lethal brain tumor of childhood characterized by a
complex epigenetic landscape amongst a simple genetic background. Recent molecular studies have defined key biologic
events that contribute to tumorigenesis and molecular subtypes of ATRT.

Methods Seminal studies on ATRT are reviewed with an emphasis on molecular pathogenesis and its relevance to novel
therapeutics.

Results In this review, we summarize the key clinicopathologic and molecular features of ATRT, completed and ongoing
clinical trials and outline the translational potential of novel insights into the molecular pathogenesis of this tumor.
Conclusions SMARCBI loss is the key genetic event in ATRT pathogenesis that leads to widespread epigenetic dysregulation
and loss of lineage-specific enhancers. Current work is defining subtype-specific treatments that target underlying molecular

derangements that drive tumorigenesis.
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Introduction

Atypical teratoid rhabdoid tumor (ATRT) is a central nerv-
ous system (CNS) cancer of early childhood characterized by
multi-lineage differentiation and a pathologically primitive
phenotype [1, 2]. In the 1990s, seminal studies of rhabdoid
tumor predisposition syndrome (RTPS) demonstrated loss
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of the long arm of chromosome 22 as a recurrent molecu-
lar event in rhabdoid tumors including ATRT, and further
molecular analyses defined loss of SMARCBI, a core subu-
nit of the SWI/SNF chromatin-remodeling complex (CRC),
as the sole recurrent genetic event in the vast majority of
ATRTs [3-5]. In stark contrast to the genetic simplicity
of this tumor, recent epigenetic studies have demonstrated
shared as well as subtype-specific epigenetic derangements
that drive tumorigenesis, and current work is aimed at dis-
covering how these unique changes might be exploited using
novel therapeutics [6-8].

Epidemiology and clinical management

Although ATRT only accounts for 1-2% of all pediatric
CNS tumors, it is a relatively frequent malignant tumor of
early childhood: three-quarters of patients with ATRT are
less than three years old. ATRT accounts for about 20% of
embryonal CNS tumors in this age group and up to 40-50%
of all CNS malignancies in the first year of life [9-12].
While ATRT may rarely arise in teens and adults, the median
age at diagnosis is 16-30 months [13—17], and there is a
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consistent male predominance, with a male-to-female ratio
ranging from 1.1 to 2 [11, 18-20]. The most common pri-
mary location for ATRT is infratentorial, but location varies
with age: posterior fossa tumors predominate in the first year
of life, supratentorial tumors are more common in toddlers,
and spinal tumors are more common in children 3 years of
age and older [20-23]. Metastatic dissemination at initial
presentation occurs in 20-40% of cases and has been incon-
sistently associated with survival [11, 14, 24-26]. In a recent
meta-analysis of 130 cases of metastatic ATRT, Underiner
et al reported a 3-year overall survival (OS) of 25% (95%
CI 18-35%) [27].

Imaging and staging

Atypical teratoid rhabdoid tumors may arise anywhere in the
CNS and should be considered as a diagnosis when evaluat-
ing any aggressive-appearing intracranial tumor in a young
child. They classically present as a large, heterogeneous
mass with variable evidence of necrosis, hemorrhage and
peritumoral edema, and while typically intra-axial, ATRTSs
may also arise along cranial nerves or even within the skull
base [28, 29]. Owing to their dense cellularity, ATRTSs
frequently demonstrate restricted diffusion on MRI. The
appearance of a thick, wavy and irregularly enhancing wall
surrounding a central cystic region may be more specific for
ATRT compared to other tumors in young children, being
present in up to 28% of cases [30-32]. Specific patterns of
presentation on MRI also have associations with ATRT sub-
types, which are discussed in more detail below. In one small
study, ATRT-MYC tumors tended to have more pronounced
peritumoral edema, and ATRT-SHH tumors were reported
to be less likely to display no enhancement [30], although
larger studies are needed to confirm this finding (Fig. 1).
Multiple intracranial lesions and/or the presence of
extracranial lesions at presentation, especially in very
young children, should raise suspicion of RTPS, which is
most commonly characterized by germline mutations in
SMARCBI or, less commonly, SMARCA4 [33, 34]. The
incidence of SMARCBI germline mutations in patients with
ATRT ranges 15-35% [26, 35], and the rate may be as high
as 82% in children under one year of age. However, this
estimate may be inflated by the tendency to test for germline
SMARCBI mutations in very young patients: in the most
recent study with centralized, systematic testing for ger-
mline mutations using exon sequencing and multiplex liga-
tion-dependent probe amplification (MLPA), only 17% of
patients enrolled in the study were found to have a germline
mutation, although this testing approach is known to miss
more complex chromosomal rearrangements [6, 21, 26]. In
a recent review of 26 patients with ATRT aged one year
or younger in the Canadian ATRT registry, three patients
(11.5%) presented with multiple MRTSs with primary CNS
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disease, and a review of prior studies indicated a similar rate
of 6.7% [21]. Given these findings, very young children (1
year old or younger) in whom ATRT is suspected should
undergo screening for not only disseminated CNS disease
but also extra-CNS disease, particularly in the kidney, to
rule out RTPS.

Clinical management

There is currently no standard-of-care treatment for ATRT.
Treatment strategies have evolved toward an aggressive mul-
timodal approach with an overall trend toward improved out-
come. However, the relative contribution of each modality
(surgery, high-dose chemotherapy [HDC], intrathecal [IT]
chemotherapy, radiotherapy) is yet unclear and may be influ-
enced by unique tumor biology.

ATRT tends to present as a large, highly invasive, hyper-
vascular mass, sometimes in eloquent brain, often preclud-
ing upfront gross total resection (GTR). The rate of GTR
following surgery for ATRT ranges 30-68%, and its impact
on outcome varies by study. While initial studies indicated a
significant survival benefit following GTR, this has not been
borne out in recent studies, and this finding may relate to the
delivery of early adjuvant radiotherapy for residual disease
in some studies [13, 14, 25, 26, 36] . Nevertheless, given the
limited therapeutic options for ATRT, the state-of-the-art
recommendation is to achieve as complete a tumor resection
as possible and pursue second-look surgery when post-oper-
ative findings demonstrate safely resectable residual tumor.

Early studies of single-modality conventional chemo-
therapy for infants with ATRT demonstrated no clear sur-
vival benefit [37, 38]. The first clinical trial dedicated to
ATRT (rhabdomyosarcoma-like therapy IRS III) was based
on conventional chemotherapy used in conjunction with
IT chemotherapy and adjuvant radiotherapy. With this
approach, in a small cohort of patients, objective response
rate to chemotherapy prior to radiotherapy was 58%, indi-
cating chemosensitivity in ATRT. This multimodal strategy,
which used pre-radiation chemotherapy, led to a two-year
2 event-free (EFS) and overall survival (OS) of 53% and
70%, respectively (median OS not yet reported), but with
significant associated toxicity [13]. Similarly, the EuroRhab
study, using a registry-based regimen of conventional chem-
otherapy consisting of anthracycline and alkylating agents
combined with intraventricular chemotherapy and age-
stratified radiotherapy, was associated with a six-year EFS
and OS 45% and 46%, respectively [16]. In North America,
treatment strategies evolved more toward the use of HDC
with stem-cell transplantation to avoid or delay the use of
radiotherapy. In light of earlier observations of sustained
responses in patients with ATRT [39, 40], a dedicated ATRT
protocol from the Children’s Oncology Group (COG; ACNS
0333) was developed combining consolidative chemotherapy
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Fig.1 A spectrum of clinical imaging findings of ATRT. ATRT
should be considered in any young child with imaging features of a
highly aggressive brain tumor. a A 9-month-old boy presented with
vomiting followed quickly by coma. MRI demonstrated a 6-cm
pineal-region mass with minimal, heterogeneous enhancement and
abundant vascularity on susceptibility-weighted imaging. b Diffuse
leptomeningeal enhancement of the spinal cord and cauda equina
were noted at the time of diagnosis (arrowheads). He underwent a
gross total resection (GTR) via suboccipital craniotomy followed by
ACNSO0333 chemotherapy, stem cell rescue and proton beam radio-
therapy with adjuvant craniospinal radiation (CSI). He currently
has no evidence of disease three and a half years after diagnosis. ¢

with HDC and age-stratified radiotherapy. This large trial,
the only cooperative group study of its time, enrolled 65
patients and provided a four-year EFS and OS of 48% and
57%, respectively, a significant survival improvement com-
pared to historical studies with conventional chemotherapy
[26]. Slavc et al also reported significant improved outcome
with the MUV-ATRT regimen with HDC, IT chemotherapy
and focal radiotherapy [17]. However, the Headstart strat-
egy based on high-dose methotrexate-based induction and
myeloablative HDC failed to achieve similar outcomes, sug-
gesting a potentially detrimental effect of prolonged induc-
tion [41]. To sort out the relative benefit of HDC, Schrey
et al performed a meta-analyses of studies implementing
various protocols and demonstrated a survival benefit for

A 13-month-old girl presented with coma and was found to have a
4-cm left frontotemporal, minimally enhancing mass encasing several
large feeding blood vessels (T2-weighted image with contrast shown).
She underwent GTR followed by adjuvant chemotherapy using the
ACNSO0333 protocol, stem-cell transplant and CSI. She is currently
seven years since diagnosis and remains disease-free. d A 4-year-
old girl presented with nausea, vomiting and lethargy. MRI demon-
strated a 3-cm, homogeneously enhancing fourth ventricular mass
(T1-weighted image with contrast shown). She underwent near-total
resection via suboccipital craniotomy, adjuvant chemotherapy with
the SIMB-06 protocol and CSI. She is free of disease six years post-
operatively

patients receiving HDC (median OS 19 months vs. 10.2
months; median recurrence-free survival 8§ months vs. 4.4
months) [42].

Despite the very young age of patients with ATRT, the
lack of therapeutic options has necessitated that radiotherapy
remain part of the contemporary arsenal against this tumor.
Adjuvant radiotherapy has been used at various doses, fields
and timing and remains a controversial topic. While some
studies have indicated an increased risk of relapse with
delayed radiation [43, 44], others have deferred or com-
pletely omitted up-front radiotherapy [15, 17]. In a Cana-
dian registry-based study, six of the 12 long-term survivors
did not receive radiation [14]. Furthermore, the ACNS0333
study, using an HDC backbone, demonstrated no negative
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impact on outcomes with an approach of using delayed,
focal radiotherapy for most patients and avoiding craniospi-
nal irradiation (CSI) altogether for patients older than three
years of age [26]. Taken together, there are some data to
suggest that radiotherapy has some efficacy against ATRT
but might be delayed or deferred without a detriment to
overall survival. However, these results must be interpreted
with caution: as discussed below, ATRT subtypes are dis-
tinct in their age of presentation, and outcomes following
radiotherapy stratified by age group may simply reflect dif-
ferent underlying radiosensitivity between subtypes. In fact,
in ATRT-SHH tumors, withholding radiotherapy altogether
appears to have no detrimental impact on overall survival
[7].

Intrathecal chemotherapy (IT) has been added to conven-
tional or HDC and/or radiotherapy regimens either for CNS
prophylaxis or to treat microscopic dissemination [13, 14,
16, 17]. The most commonly used agents are methotrexate,
cytarabine and topotecan. A 2009 meta-analysis demon-
strated a survival benefit from IT chemotherapy in ATRT
[24], but given its use as part of a complex multi-modal regi-
men, its contribution to survival in ATRT remains unclear.
Most recently, a meta-analysis of 44 studies including 123
patients with metastatic ATRT demonstrated a benefit in OS
following IT chemotherapy (three-year OS 32% vs. 22%),
indicating these patients, in particular, may benefit from this
approach [27].

Pathology

Atypical teratoid rhabdoid tumor is an embryonal brain
tumor that is distinct in its poorly differentiated, multi-
lineage phenotype that may include variable components
of glial, mesenchymal and even epithelial differentiation
(Fig. 2a). As its name suggests, rhabdoid cells are a useful
feature when identified, and are characterized by eosino-
philic cytoplasm and eccentrically located nuclei with prom-
inent nucleoli, morphologically resembling rhabdomyoblasts
(Fig. 2b). These rhabdoid cells are often intermingled within
areas composed of cells with primitive (“small blue cell”)
morphology, which often form the predominant component.
The presence of rhabdoid cells and multi-lineage differentia-
tion are unique to ATRT and help distinguish it from other
embryonal tumors of the CNS [1, 2].

As a result of the primitive cell state and multi-lineage
differentiation, the immunohistochemical features of ATRT
are highly variable. While vimentin and epithelial membrane
antigen (EMA) are expressed in nearly all tumors, nests of
cells are often positive for synaptophysin, glial fibrillary
acidic protein (GFAP), cytokeratin and smooth muscle
actin (SMA). In light of seminal molecular studies detailed
below, contemporary diagnosis is made by demonstrating
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Fig.2 Histological features of ATRT. a The hypercellular tumor is
usually predominantly composed of primitive-appearing cells with
scant cytoplasm and hyperchromatic nuclei. Mitotic figures, apoptotic
bodies and necrosis may all be readily identified. b A subset of cells
may show abundant, globular eosinophilic cytoplasm, reminiscent
of rhabdoid cells. ¢ SMARCBI1 (INI1/BAF47/SNF5) immunohisto-
chemistry shows uniform loss of expression in the tumor cells, while
expression is retained in endothelial nuclei serving as positive inter-
nal controls. (a, b Hematoxylin and Eosin stain, X400 magnification;
¢ BAF47 clone (BD Biosciences), X200 magnification)
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absence of expression of SMARCBI (also known as INI1,
BAF47 and SNF5; Fig. 2c¢). In the appropriate clinical and
histopathologic context, diffuse absence of SMARCBI
expression is diagnostic of ATRT [1, 2]. A small propor-
tion of ATRTs will retain expression of SMARCBI, and
most SMARCB 1-retained ATRTs contain mutations in
SMARCA4, an ATPase subunit of the SWI/SNF complex,
which are usually detectable by Sanger sequencing [45, 46].

Genetics and molecular impact of SMARCB1
loss

Seminal cytogenetic studies in the late 1990s and early
2000s demonstrated recurrent loss of part or all of the long
arm of chromosome 22 as a recurrent event in rhabdoid
tumors [3, 4]. Analysis of overlapping areas of 22q dele-
tions across a panel of rhabdoid tumor cell lines identified
loss of Chr22q11.2, which harbors SMARCBI, as the sole
shared deleted region amongst tested cell lines, and of those
cell lines with structurally intact Chr22, all contained loss-
of-function mutations in SMARCB], the first indication of
SMARCBI loss as the key genetic event in rhabdoid tumor
pathogenesis [5].

A large body of work over the next two decades not only
reaffirmed the central role of SMARCBI1 loss in ATRT
but also yielded insights into the normal function of the
SWI/SNF complex and shed light onto novel epigenetic
mechanisms of tumorigenesis. Whole-genome sequencing
studies of ATRTs have confirmed that in the vast major-
ity of cases, the only recurrent mutation or major structural
genomic event is bi-allelic inactivation of SMARCBI, either
through whole-gene deletion as part of a large chromosomal
event, truncating nonsense or frameshift mutation, mis-
sense mutation or (rarely) a gene fusion that leads to pro-
tein instability [13, 34, 47]. Furthermore, rhabdoid tumors
are unique amongst cancer in their chromosomal stability:
most rthabdoid tumors, including ATRTSs, contain fewer than
10 exomic alterations, virtually none of which are shared
amongst tumors [47]. While it remains to be seen whether
these additional mutations are simply “passenger’” mutations
or somehow contribute to tumorigenesis, SMARCBI loss is
clearly the key molecular event in the pathogenesis of ATRT.

SMARCBI is a core subunit of the SWI/SNF chroma-
tin-remodeling complex (CRC) that is known to be neces-
sary for normal cell differentiation and cell lineage deter-
mination. Our understanding of the normal function of the
SWI/SNF complex has evolved in parallel with large-scale
efforts to understand the molecular origins of ATRT and
cancer broadly. By the mid-2000s, SMARCBI loss was
accepted as a key diagnostic criterion for ATRT, but a few
cases were known to retain SMARCBI1 expression. Using
targeted sequencing, SMARCB1-retained ATRTs were

found to contain loss-of-function mutations in SMARCA4
[45, 46]. Further emphasizing its role in guiding normal
cellular development, a plethora of studies over the past
decade has identified loss-of-function mutations in at least
one SWI/SNF CRC family member in about a fifth of can-
cers, most commonly SMARCA4, SMARCA2, ARIDIA and
ARIDIB, among others [48]. The striking frequency of
mutations in SWI/SNF CRC family members across multi-
ple types of cancer and specifically SMARCBI in rhabdoid
tumors highlights a critical need to understand its normal
biology and tumor suppressor functions.

The intact SWI/SNF complex serves as a beacon for
a host of transcription factors and chromatin-remodeling
enzymes that together have far-reaching effects on cell
viability, proliferation and differentiation. Recent stud-
ies have shown SMARCBI1 loss leads to widespread loss
of H3K27Ac at typical enhancers, stretches of DNA that
facilitate transcription of nearby genes in cis that are fre-
quently involved in cell differentiation programs [49-51].
Intact SWI/SNF complex recruits the histone acetylase
(HAT) P300 to surrounding H3K27 residues, and loss
of SMARCBI precludes H3K27 acetylation [49]. Inter-
estingly, loss of H3K27Ac in rhabdoid tumors results in
selective loss of typical enhancers, which are distinguished
from super enhancers by their specificity to cell-lineage
differentiation programs and more focal neighboring
H3K27Ac modifications [52].

In addition to H3K27Ac loss, multiple studies have
identified deranged PRC2 complex-related signaling as
a key molecular event in ATRT [8, 50, 53]. PRC2, via
its methylase subunit EZH2, facilitates trimethylation of
H3K27 (H3K27me3), a chromatin mark associated with
enhancer silencing. Interestingly, integrated ChIP analyses
have identified significant overlap between lost enhancers
and EZH2-bound chromatin in ATRT [50]. Suppression of
EZH?2 abrogates tumorigenesis following SMARCB]1 loss
[54], and expression of EZH2 targets appears to be depend-
ent on residual SWI/SNF function. It was previously known
that SMARCAA4 is necessary for tumorigenesis following
SMARCBI loss [55], and ChIP data revealed that most
SMARCA4-bound targets are also bound by EZH2 [50].
Heuristically, it is easy to conceive of a yin-and-yang rela-
tionship between SWI/SNF- and PRC2-mediated enhancer
modification via opposing actions at enhancers. However,
re-expression of SMARCBI1 in ATRT cell lines actually
increases H3K27 trimethylation by an unclear mechanism
[50], indicating a spatial relevance of histone modification
in this epigenetic framework that relies on residual SWI/
SNF complex. While more work is required to elucidate
the functional interplay between the SWI/SNF chromatin-
remodeling complex and PRC2, this observation has gener-
ated significant interest in EZH2 inhibitors as a potential
therapy for ATRT.
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In summary, SMARCBI loss is a key feature in ATRT
tumorigenesis, and this event leads to preferential loss of
typical enhancers involved in normal cellular development.
While much has been learned about the normal function of
the SWI/SNF complex, it is important to note that composi-
tion varies widely between cell types, and our current under-
standing of SWI/SNF function is based on limited data from
few distinct cell types. Future work must determine how cell
lineage specificity of SWI/SNF composition contributes to
heterogeneity in tumor subtypes [56].

Molecular subtypes of ATRT

Despite the near-universal feature of SMARCBI (and to a
lesser extent, SMARCA4) loss, multiple studies have dem-
onstrated that ATRT is comprised of multiple molecular,
clinically relevant subtypes. Unsupervised hierarchical
clustering analyses of gene expression and DNA methyla-
tion array data from ATRTSs reveal three distinct molecular
subtypes, and this finding has been reproduced across three
independent cohorts [7, 8, 57]. A recent consensus statement
defined these subgroups as ATRT-MYC, ATRT-SHH and
ATRT-TYR[20].

Each molecular subgroup clusters around a specific clin-
icopathologic phenotype that may have implications on
prognosis and therapeutic vulnerabilities [7, 8, 57]. ATRT-
TYR tumors tend to occur in infants in the infratentorial
compartment and are defined by a mesenchymal gene
expression pattern centered on bone morphogenic protein
(BMP) and melanogenesis signaling pathways. ATRT-
SHH tumors usually occur in slightly older infants and
toddlers and may occur in either the supra- or infratento-
rial compartment. Importantly, the defining molecular fea-
tures within this subgroup appear to vary with tumor loca-
tion, with molecular clustering between tumors arising in
the supratentorial (ATRT-SHH-1) or infratentorial space
(ATRT-SHH-2) [20]. In addition to its namesake, ATRT-
SHH tumors prominently feature deranged NOTCH signal-
ing and display a primitive neuronal gene expression pattern.
Both ATRT-TYR and ATRT-SHH tumors tend to have focal
aberrations in SMARCBI, whereas ATRT-MYC tumors tend
to have broad deletions affecting Chr22q11.2. ATRT-MYC
tumors tend to occur in older children and are characterized
by dysregulated MYC signaling and over-expression of HOX
cluster genes. An early study indicated that ATRT-SHH
tumors may have a slight but significantly better prognosis,
and although this has not been uniformly borne out in sub-
sequent studies, the most recent study from the Children’s
Oncology Group demonstrated a strong trend toward longer
EFS and OS in ATRT-SHH tumors, with a 6-month EFS
of 100% [26]. Importantly, defining unique molecular sub-
groups has facilitated the identification of logical, targeted
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therapeutics with subgroup-specific efficacy, as is discussed
in the following section (Fig. 3).

If the genetic landscape of ATRT is so bland, why is
there such molecular heterogeneity? Chromatin immuno-
precipitation (ChIP) analyses demonstrate that residual super
enhancer activity guides expression of key cancer-related
and subgroup-specific signature genes, such as GLI2 in
ATRT-SHH and MYC and HOX genes in ATR-MYC [6,
8], but the mechanism of this residual enhancer activity is
unclear. It is widely held that these patterns are remnants of
cell differentiation programs indicating unique cells of ori-
gin, but this remains an active area of study. Further work is
needed to define the molecular mechanisms of tumorigenesis
between ATRT subgroups.

Novel therapeutics and future directions

Early in vitro studies and molecular subtyping of ATRT have
led to an effort to stratify risk, refine current protocols and
develop targeted therapeutics using clinical and molecu-
lar criteria [7, 25]. Using molecular data from each tumor
subgroup to inform drug choice, Torchia et al performed a
limited drug screen of agents targeting subgroup-specific
pathways in ATRT-SHH and ATRT-MYC cell lines [6]. The
results from this early drug screen demonstrate subgroup-
specific therapeutic vulnerabilities that can be predicted by
tumor subtype.

ATRT-SHH tumors appear to be more critically depend-
ent on multiple targetable epigenetic regulators for survival
than other tumor subtypes. While increased EZH2 activity
may be a shared feature amongst multiple ATRT subtypes, it
is a prominent feature in ATRT-SHH tumors, and inhibition
with an EZH2 inhibitor (UNC1999) is selectively toxic to
cell lines from this subgroup. Similarly, bromodomain inhi-
bition with the experimental compound JQ1 demonstrated
significant toxicity in all ATRT-SHH cell lines tested as well
as some ATRT-MYC cell lines [6]. A phase-I trial using
the EZH?2 inhibitor tazemetostast for relapsed or refractory
SMARCB1-deficient tumors is ongoing (NCT02601937).
While it is tempting to speculate ATRT-SHH tumors may
be responsive to SHH pathway inhibitors such as vismod-
egib and arsenic trioxide, the absence of mutations SHH
pathway members PTCHI, SMO and SUFU, as in SHH-
subtype medulloblastoma, indicate SHH signaling is likely
an indirect result of SMARCBI loss and not the dominant
molecular driver in these tumors [20].

In contrast to ATRT-SHH tumors, the ATRT-MYC
and ATRT-TYR subtypes display a critical depend-
ence on receptor tyrosine kinase pathways, particularly
PDGFR. The tyrosine kinase inhibitors (TKIs) dasatinib
and nilotinib display selective toxicity to ATRT-MYC
cell lines, and dasatinib significantly improved survival
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Fig.3 Enhancer landscape

in ATRT and specificity to
molecular subtypes. Loss of
SMARCBI results in selec-
tive loss of typical enhancers
(TEs) involved in cell lineage
determination via residual
activity of the SWI/SNF com-
plex, loss of histone acetylase 60
activity and increased relative
PRC2/EZH2 activity. However,
super enhancer (SE) activity is
selectively retained at genes that
contribute to cell proliferation
and immortality in one of three
specific patterns. These three
molecular subgroups of ATRT
are relevant to developing
logical, targeted therapies and
potentially prognostication

SWI/SNF

rel. H3K27Ac ChIP signal

in an intracranial orthotopic xenograft model [6]. In a
genome-wide CRISPR screen of eight rhabdoid tumor cell
lines, cells derived from extracranial malignant rhabdoid
tumors (MRTs) and ATRT-MYC tumors were found to
be dependent on numerous tyrosine kinases [58]. While
in vivo data from this study used MRT cell lines, there is
some overlap in the DNA methylation patterns between
ATRT-MYC tumors and extracranial MRTs, which raises
the possibility these two tumor types may share therapeu-
tic vulnerabilities.

Given the role of H3K27Ac loss in ATRT, histone dea-
cetylases inhibitors (HDACis) have also attracted interest as
a potential therapy across all molecular subtypes of ATRT.
Torchia et al found toxicity to the HDACi LAQ824 across
multiple ATRT-SHH and ATRT-MYC cell lines [6]. The
HDAC: vorinostat (also known as SAHA) has been shown
to have efficacy against ATRT cell lines in vitro [59] and
acts as a radiosensitizer in an MRT mouse model [60]. Two
phase-I trials of vorinostat enrolling patients with ATRT
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have been completed, but results are not yet available (NCT
00217412, NCT 01076530).

SMARCBI functions as a tumor suppressor in part by
inducing cell cycle arrest in G1 phase, and SMARCBI loss
results in increased pl6INK4a and Aurora Kinase A (AKA)
activity, leading to cell cycle progression [61-63]. In a series
of four patients with recurrent ATRT treated with alisertib,
each tumor demonstrated chemotherapeutic response, and
durable tumor regression was noted in two [63]. In a phase-
I dose-escalation trial including 13 patients with ATRT,
two patients demonstrated disease stabilization with the
CDK4/6 inhibitor ribociclib [64]. Early-phase clinical tri-
als of these agents in ATRT are ongoing (NCT03387020,
NCTO01076530).

In addition to small molecule inhibitors that target
either specific molecular subgroups or ATRT generally,
T cell-based immunotherapy is increasingly recognized
as a potentially efficacious approach to treating rhabdoid
tumors. Leruste et al demonstrated that rhabdoid tumors
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induce a robust immune response. Using a syngeneic model
of ATRT-MYC in immunocompetent mice, blockade of
PD-L1 led to a significant reduction in tumor growth and
prolonged survival of tumor-bearing mice. Interestingly, this
study also demonstrated endogenous retroviruses (ERVs) are
re-expressed in rhabdoid tumors in a manner that requires
SMARCBI deficiency, defining a potential mechanism for
their immunogenicity in the absence of high mutational bur-
den [65]. Additionally, Theruvath et al demonstrated ATRTs,
but not normal infant or pediatric brain, express B7-H3, a
target of immunotherapies that are currently in clinical trial.
Using an patient-derived xenograft model, they showed
intratumoral or intraventricular injection of B7-H3-target-
ing chimeric-antigen receptor (CAR) T cells led to tumor
regression in all animals tested [66]. Taken together, these
findings indicate T cell-based immunotherapy is a promising
potential treatment for rhabdoid tumors including ATRT,
particularly ATRT-MYC.

The discovery of multiple molecular subtypes in ATRT
has revealed numerous previously unknown therapeutic
options to this highly aggressive tumor. Nevertheless, in an
era when long-term survival after treatment for embryonal
brain tumors is increasingly common, particular attention
should be paid to the toxicity associated with aggressive
multimodal regimens and novel therapeutics. Risk stratifi-
cation should be further investigated by taking into account
treatment response in each molecular subgroup, particularly
to radiotherapy. Lessening the burden of therapy to limit the
complications of neurocognitive delay, infertility and endo-
crinologic dysfunction should remain a priority in future
clinical trials of ATRT [67].

Conclusion

Atypical teratoid rhabdoid tumor remains a difficult-to-
treat disease that is often lethal. An aggressive multi-modal
therapeutic approach that centers on maximal safe surgical
resection and high-dose chemotherapy with stem-cell trans-
plantation has significantly improved survival rates but with
significant associated morbidity. Bi-allelic SMARCBI loss
is the critical genetic event in the vast majority of ATRTs,
and despite their genetic homogeneity, ATRTs are an epi-
genetically diverse group of tumors with distinct enhancer
landscapes. At least three molecular subtypes of ATRT exist,
each with unique targetable pathways and potential thera-
peutic vulnerabilities. Ongoing clinical trials and labora-
tory research are focused on translating these exciting new
insights into efficacious therapeutics to improve outcome in
this devastating disease.
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