
R E V I EW

Current and Emerging Therapeutic Approaches
for Extracranial Malignant Rhabdoid Tumors
Karolina Nemes1, Pascal D Johann1,2, Stefanie Tüchert3, Patrick Melchior4, Christian Vokuhl5,
Reiner Siebert6, Rhoikos Furtwängler 7, Michael C Frühwald1

1Paediatrics and Adolescent Medicine, Swabian Children’s Cancer Center, University Medical Center Augsburg, Augsburg, Germany; 2Division of Pediatric
Neurooncology, German Cancer Consortium (DKTK), German Cancer Research Center (DKFZ), Heidelberg, Germany; 3Department of Diagnostic and
Interventional Radiology, University Hospital Augsburg, Augsburg, Germany; 4Department of Radiation Oncology, University of Saarland, Homburg,
Germany; 5Section of Pediatric Pathology, Department of Pathology, University Hospital Bonn, Bonn, Germany; 6Institute of HumanGenetics, UlmUniversity
& Ulm University Medical Center, Ulm, Germany; 7Department of Pediatric Hematology and Oncology, University of Saarland, Homburg, Germany

Correspondence: Michael C Frühwald, EU-RHAB Registry, Swabian Children’s Cancer Center, Paediatrics and Adolescent Medicine, University Medical
Center Augsburg, Stenglinstr. 2, Augsburg, 86156, Germany, Tel +49 821 400 9342, Fax +49 821 400 179201, Email Michael.fruehwald@uk-augsburg.de

Abstract: Extracranial malignant rhabdoid tumors (extracranial MRT) are rare, highly aggressive malignancies affecting mainly
infants and children younger than 3 years. Common anatomic sites comprise the kidneys (RTK – rhabdoid tumor of kidney) and other
soft tissues (eMRT – extracranial, extrarenal malignant rhabdoid tumor). The genetic origin of these diseases is linked to biallelic
pathogenic variants in the genes SMARCB1, or rarely SMARCA4, encoding subunits of the SWI/SNF chromatin-remodeling complex.
Even if extracranial MRT seem to be quite homogeneous, recent epigenome analyses reveal a certain degree of epigenetic hetero-
geneity. Use of intensified therapies has modestly improved survival for extracranial MRT. Patients at standard risk profit from
conventional therapies; most high-risk patients still experience a dismal course and often therapy resistance. Discoveries of clinical and
molecular hallmarks and the exploration of experimental therapeutic approaches open exciting perspectives for clinical and molecu-
larly stratified experimental treatment approaches. To ultimately improve the outcome of patients with extracranial MRTs, they need to
be characterized and stratified clinically and molecularly. High-risk patients need novel therapeutic approaches including selective
experimental agents in phase I/II clinical trials.
Keywords: extracranial malignant rhabdoid tumors, eMRT, RTK, experimental therapy, immunotherapy

Introduction
Epidemiology
Malignant rhabdoid tumors (MRT) are rare, aggressive malignancies arising predominantly in infants and young children
<3 years. As a separate entity, they were initially described in 1978 as morphologically distinct from Wilms tumors.1 The
term rhabdoid was conceived to account for the histological resemblance of MRT cells to rhabdomyoblasts.2 MRT are
commonly located in the central nervous system (~65%) (ATRT – atypical teratoid/rhabdoid tumor), but also extracranial
(~35%) in the kidneys (RTK – RT of the kidney) and other soft tissues (eMRT – extracranial, extrarenal malignant RT)
(eg, liver, neck, thorax, retroperitoneum, pelvis) (Figure 1A).3,4 The 5-year overall- and disease-free survival for
extracranial MRT are significantly better than for ATRT, due to a higher percentage of gross total resection (GTR),
radiotherapy (RTx) and older age at diagnosis.5,6

Within the UK and Germany, the age-standardized annual incidence rates of eMRT are 5–5.7 per million in the
first year of life and decrease to 0.1–0.2 at age 5 years.3,4 According to the comprehensive database of the International
Incidence of Childhood Cancer study (IICC) including 14 world regions, and five ethnic groups in the US, 327 cases of
RTK were reported in children aged 0 to 14 years between 2001 and 2010, representing age standardized incidence rates
of 0.2 per million, amounting to 2% of renal tumors, respectively.7 Figure 1B and C present the distribution of patients
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Figure 1 Localization of extracranial MRT (EU-RHAB registry data). (A) Anatomical localization of patients with extracranial MRT (n=185) registered between 2007 and
2020. The most common localizations of primary tumors are highlighted bold. (B) Distribution of patients with extracranial MRT (n=185) by age and localization registered
between 2004 and 2020. * Patients with ATRTand RTK or eMRT. (C) Distribution of patients with eMRT (n=118) by age and primary site registered between 2004 and 2020.
*Other sites: bladder (n=2), heart (n=1), skin (n=2), pancreas (n=1), adrenal gland (n=1), clavicle (n=1), brachial plexus (n=1).
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with extracranial MRT (n = 185) by age and primary site registered within the EU-RHAB registry between 2004 and
2020.

While initial clinical reports of extracranial MRTs distinguished renal (RTK) from extrarenal sites (eMRT), extra-
cranial MRTs seem genetically to be quite homogeneous; nevertheless, there are certain differences between the two
tumor types: RTK tend to present earlier in life, usually within the first year8,9 (median age range 10.6 to 13 months)
compared to eMRT with a median age of 16.8.10 RTK is furthermore characterized by an early onset of local and distant
metastases. As many as 10% to 15% of patients with RTK present synchronous ATRT at diagnosis, and in many cases
exhibit pathogenic germline variants in SMARCB1 (or rarely SMARCA4).4

Genetics and Molecular Subgroups
Essentially, all MRT are genetically characterized by biallelic loss of function mutations in SMARCB1, a classic tumor
suppressor gene encoding BAF47 (also called INI1)11,12 or rarely in SMARCA413–15 in chromosome 22q11.23 and
19p13.2, respectively. SMARCB1 encodes a core subunit, SMARCA4 the catalytic subunit of the SWI/SNF chromatin-
remodeling complex. SMARCB1 is suggested to be the primary gene associated with MRT development.16

Despite a certain phenotypic as well as epigenetic heterogeneity (localization, response to therapy, survival) no other
recurrent genetic alterations apart from SMARCB1 (SMARCA4) mutations have been identified. This is in accordance
with experimental studies that suggest epigenetic mechanisms as the key drivers of cancers resulting from SMARCB1
loss.17 While the significance of epigenetic mechanisms for the intracranial counterpart, ATRT, is well established5 and
while DNA methylation profiling is an important asset in the diagnostics of childhood CNS tumors, its role is less clear,
but currently actively investigated in sarcomas and associated neoplasias.18–20

Cooperative studies demonstrated that ATRT comprise three molecular subgroups with distinct epigenomic, tran-
scriptional, clinico-pathologic, and therapeutic features.19,21–26 Employing differential gene expression analyses, Chun
et al demonstrated two distinct molecular subgroups in extracranial MRT (subgroups 1 and 2), which exhibit ATRT- and
RTK-like gene expression profiles. Within subgroup 1, significantly overexpressed genes were linked to BMP signaling
and differentiation. In subgroup 2, the most significantly overexpressed genes were linked to cell adhesion and migration,
WNT signaling and differentiation.19

In an integrative analysis of genomic, transcriptomic and epigenomic profiles of 301 MRT, five DNA methylation
subgroups wereassociated with anatomic sites, SMARCB1 mutation patterns, gene expression pathways, DNA methyla-
tion pathway enrichment and immune cell infiltration: Group 1 – “ATRT-MYC-like”, Group 2 – “ATRT-TYR-like”,
Group 3 – “RTK-like”, Group 4 – “Extrarenal MRT-like”, Group 5 – “ATRT-SHH-like”).23 Notably, the expression
subgroup 2 largely corresponded to Group 3 (“RTK-like”), while there was no clear equivalent for subgroup 1.

Group 1 – “ATRT-MYC-like”, 3 – “RTK-like” and 4 – “Extrarenal MRT-like” overexpressed the HOX- and other
homeobox-containing genes, involved in mesodermal development. The Group 2 – “ATRT-TYR-like and Group 5 –
“ATRT-SHH-like” demonstrated increased expression of genes involved in neural or neural crest development. These
results suggest that extracranial MRT share molecular features with ATRT-MYC.23 Another feature – distinguishing
Group 2 – “ATRT-TYR-like and Group 5 – “ATRT-SHH-like” from most other pediatric brain tumors is genome wide
hypermethylation (Figure 2).

Thus far, it remains speculative whether this feature has therapeutic implications: A study by Brocks et al described
an induction of cryptic transcription start sites (and thus putative neoantigens) following exposure to demethylating
agents.27 Whether this characteristic may also be found in a priori hypomethylated tumors remains to be studied.

Information on the specific molecular characteristics of SMARCA4-deficient extracranial MRT has been sparse until
very recently. A recent study shed light on the specific transcriptomic and methylation characteristics of these entities.28

While SMARCB1-deleted extracranial MRT clustered together with ATRT-MYC, the SMARCA4-deficient counterparts
tended to form a separate cluster. Along a similar line, the transcriptomic characteristics of SMARCA4-deficient
extracranial MRT differed from SMARCB1-deficient extracranial MRT. The molecular characteristics of the different
extracranial MRT subgroups are depicted in Figure 2.

Recent in vivo and in vitro studies using tyrosine kinase inhibitors (dasatinib, nilotinib) demonstrated inhibition of
ATRT-MYC cells and were correlated with upregulation of PDGFRB.22 Alimova et al showed that in group 2 “ATRT-TYR-
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like” the MYC oncogene is involved in tumorigenesis, representing unique promoter occupancy. MYC inhibition by genetic
and chemical agents in vitro as well as in vivo repressed tumorigenesis in ATRT cells.29

Germline Mutation
Approximately 25–30% of patients exhibit apathogenic germline mutation in SMARCB1 (rhabdoid tumor predisposition
syndrome (RTPS 1)) or SMARCA4 (RTPS 2). Individuals with RTPS typically present prior to their first birthday
frequently with synchronous, multifocal tumors and extensive disease.30 Germline pathogenic mutations in SMARCB1
associated with RTPS1 occur in most cases de novo and pedigrees with transmission across generations are rare. In
contrast, germline pathogenic mutations of SMARCA4 associated with RTPS2 are inherited from a parent in more than
50%,13,14,31 suggesting incomplete penetrance. Nevertheless, our current understanding of potential (germline) mosai-
cism as well as of factors influencing penetrance of RTPS and related disorders remain poorly understood.

Current Conventional Therapeutic Approaches in Extracranial MRT
Due to the rarity of extracranial MRT and the lack of controlled clinical trials, large data sets of uniformly treated patients
are exceptional. Most information on therapeutic success comes from retrospective studies (Table 1). Currently, there is
no established standard treatment approach for extracranial MRT, and most individuals are treated on intensive multi-
modal regimens, combining early surgical resection of primary tumor (if feasible GTR), chemotherapy including
intensive multidrug regimens and local radiotherapy to all sites of disease involvement or high dose chemotherapy
(HDCT) followed by autologous stem-cell rescue. Certain cytostatics such as anthracyclines, alkylating, platinating
agents and vinca alkaloids are employed in all current approaches.6,8–10,32–34

The National Wilms Tumor Study Group Trial (NWTSG) registered 142 patients with renal rhabdoid tumors between
1969 and 2002. The effect of treatment was problematic to interpret as patients had not been treated uniformly. Initial
analyses did not demonstrate any improvement compared to historical cohorts. The 4-year overall survival was only
23.2%. Age at diagnosis was a highly significant prognostic factor (p < 0.001). Patients diagnosed beyond 2 years of age,
demonstrated a 41.1% (95% CI: 16–51%) 4-year overall survival rate. Higher stage, specifically the presence of a CNS

Figure 2 Overview of molecular features of the different extracranial MRT subgroups (based on Chun et al23 and Andrianteranagna et al28).
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lesion, was predictive of poor prognosis. Patients with stages I and II demonstrated significantly superior 4-year overall
survival rates with 41.8% compared to outcome of patients with stage III/IV/V (15.9%).8

In the SIOP series, 107 patients with renal rhabdoid tumors were registered and treated between 1993 and 2005. The
intention of the SIOP trials was to apply preoperative chemotherapy which consisted of weekly vincristine and 2-weekly
actinomycin D (VA) for a period of 4 weeks for stages I–III tumors and vincristine, actinomycin D and doxorubicin (VAD)
for stage IV tumours for a period of 6 weeks. In case of stage V, treatment was started with VA, and if the response was not
satisfactory, doxorubicin was added after 4 weeks. A total of 60 out of 107 patients with RTK received preoperative
chemotherapy. The advantages of preoperative chemotherapy could not be analyzed in this study; in 38 patients with SIOP
stages I, II or III, vincristine and actinomycin D were applied for 4 weeks and in 22 patients with stage IV vincristine,
actinomycin D and doxorubicin was given for 6 weeks. Postoperative treatment was a four-drug regimen consisting of
etoposide, carboplatin, ifosfamide/cyclophosphamide and epi/doxorubicin. Additional radiotherapy was given to patients
with SIOP stage II, III and IV stage. Unfortunately, the 5-year overall- and event-free survival of 26% (95% CI: 18–37%) and
22% (95% CI: 14–33%) did not show any improvement over other historical controls. The most important prognostic factor
was young age at diagnosis; patients younger than 12 months at diagnosis demonstrated a 9.6% (95% CI: 3.7–25%) 5-year
event-free survival (EFS) compared to patients older than 24 months (39.5%, 95% CI: 24–65.2%). There was also
a significant difference in 5-year EFS between stage I (50%, 95% CI: 18.8–100%) and other stage groups.9

In an analysis of the Surveillance, Epidemiology, and End Results (SEER) program, 229 patients (ATRT = 81, eMRT
= 103, RTK = 45) with malignant rhabdoid tumors of any anatomical region were included (1986 and 2005). The 5-year
overall survival for the whole cohort was 33 ± 3.4%. Univariate and multivariate analyses disclosed that age (>2 years) at
diagnosis, localized stage, and use of radiotherapy were significantly associated with improved survival. Multivariate
analyses demonstrated that age (less than 2 years at diagnosis; hazard ratio (HR) – 1.79), distant metastasis (HR – 4.56)
and absence of radiotherapy (HR – 1.89) were independent predictors of inferior survival.32

In the European Paediatric Soft Tissue Sarcoma Study Group (EpSSG) trial on Non-Rhabdomyosarcoma Soft Tissue
Sarcoma 2005 (EpSSG NRSTS 2005) a total of 100 patients (eMRT=83, RTK=17) were prospectively registered and
treated (2005–2014). The 3-year OS and EFS were 38.4% (95% CI: 28.8–47.9%) and 32.3% (95% CI: 23.2–41.6%),
respectively. Older age (> 1 year) at diagnosis was the only significant prognostic factor on univariate analysis. The
4-year OS and EFS of patients <1 year at diagnosis were 20.1% (95% CI: 7.9–36.3%) and 17.2% (95% CI: 6.3–32.7%).
Multivariate analyses disclosed that age at diagnosis (<1 year) (HR – 2.6) and gender (males) (only in advanced stage)
(HR – 2.9) were independent prognostic factors for inferior survival.10

In a retrospective single-institution experience of the Beijing Children’s Hospital, 53 non-uniformly treated patients
with extracranial MRT (eMRT = 21, RTK = 32) were included between 2007 and 2017. The 3-year OS- and EFS were
poor (23.7% and 14.5%, respectively). Age (<1 year) and advanced stage at diagnosis were significantly associated with
inferior survival.34

From 2009 until 2018, a total of 100 patients with extracranial MRT (n = 70 eMRT, n = 30 RTK) were included into
the EU-RHAB registry. The 5-year OS and EFS estimates for the whole cohort were 45.8 ± 5.4% and 35.2 ± 5.1%,
respectively. On univariate analyses, age at diagnosis (≥12 months), localized stage, absence of synchronous tumors,
absence of a germline mutation (GLM), gross total resection (GTR), radiotherapy and achievement of a complete
remission (CR) were significantly associated with favorable outcomes. In a multivariate, stepwise Cox regression model,
presence of a GLM, advanced stage and lack of a GTR remained independent prognostic factors. Two risk groups are
distinguishable: 1) patients at standard risk (SR) with localized disease (M0), gross total resection (GTR+) and without
proof of a germline mutation (GLM-) demonstrated significantly superior 5-year OS rates (72.2 ± 9.9%), compared to
those of a 2) high-risk group (HR) with one of the features; distant metastasis (M+) and/or incomplete resection (GTR-)
and/or GLM+ (32.5 ± 6.2%).6

High-Dose-Chemotherapy (HDCT)
The role of high-dose-chemotherapy (HDCT) followed by autologous stem-cell rescue in intracranial rhabdoid tumors
(ATRT) has been evaluated repeatedly.35,36 Its role in the treatment of extracranial MRT remains ill defined. Data of 251
patients diagnosed with nephroblastoma included in three consecutive SIOP/GPOH studies demonstrated a potential
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survival benefit of HDCT for certain relapse situations.37 Venkatramani et al described a benefit of HDCT on survival in
patients with extracranial MRT, however only 4/10 initially intended patients received HDCT.33 In a retrospective
analysis of all 58 patients with RTK (1991 to 2014) treated according to SIOP9/GPO, SIOP93-01/GPOH, SIOP2001/
GPOH, and the European Rhabdoid Tumor Registry, comparable outcome with and without HDCT was detected.38

Similarly, no survival benefit for patients with extracranial MRT treated with HDCT according EU-RHAB protocol was
recently reported in the EU-RHAB registry (n = 100).6

Role of Radiotherapy
Based on currently available data, the exact role of the timing, target volumes and optimal doses of radiotherapy (RTx)
has not been established on an evidence-based level. The NWTS series suggests a role of RTx in the local control of
RTK. The 4-year OS was 28.5% in patients treated with RTx compared to patients without (12%), however following
adjustment of data for age and stage, significant benefits of RTx disappeared.8 The SEER series indicated improved
survival rates for patients treated by RTx. In a multivariate model RTx was an independent prognostic factor for survival
(p = 0.0006), however only 23% of patients <3 years received RTx.32 The EpSSG study did not confirm a significant
benefit of RTx. This could have been confounded by age and/or stage.10 In fact, RTx was administered to older patients
(reluctance to apply RTx to very young children) and those with advanced stages. In EU-RHAB patients treated by RTx
(according to protocol-defined dose and volume), survived significantly longer compared to those without RTx (5-year
OS 56.6 ± 6.9% vs 22.5 ± 7.7%). Nevertheless, the benefits of RTx in patients with SIOP stage I or IRS I await further
definition. Within the EU-RHAB registry, none of the non-irradiated patients with stages IRS I or SIOP I relapsed.6

Melchior et al analyzed 58 patients with RTK treated by multimodality strategies. None of the five non-irradiated patients
with local stage I relapsed.39

Role of Anatomical Location: EMRT versus RTK
Anatomical localization of extracranial rhabdoid tumors seems to have an impact on survival. The 5-year OS for RTK is
in general considered to be inferior compared to eMRT (36.5% versus 50.1%).6 The poorer survival of patients with RTK
may possibly be related to clinical (see above) and anatomical characteristics. RTK patients are often younger, present
with synchronous tumors at diagnosis and in advanced stages with consecutive survival rates of only 20–25%. However,
patients with SIOP stage I have an excellent survival.6,40 A distinct chemotherapy resistance characterizes RTK. Young
age often delays radiotherapy. In addition, early recurrence of disease is more frequent, which may be attributable to
a higher rate of GLM in RTKs.6,40 In fact, 33% of all completely characterized patients with RTK demonstrated a GLM
contrasting with 16% in eMRT. Although eMRT often present with large primary tumors (> T3), patients demonstrated
mostly a favorable response to induction chemotherapy commonly followed by local radiotherapy (Figure 3).

Potential Targeted Therapeutic Approaches to Extracranial MRT
Until very recently, preclinical investigations have mainly focused on the specific interrogation of SMARCB1-related
biology and dysfunctionality of the SWI/SNF complex, which may affect a whole spectrum of associated oncogenic
signaling pathways (Table 2).41–67 SWI/SNF chromatin remodeling complexes exist in three distinct, final-form com-
plexes: canonical BAF (cBAF), PBAF, and ncBAF. Inhibition of the BRD9 subunit of the SWI/SNF complex decreased
MRT cell proliferation and thus presented potential new cancer-specific therapeutic targets.68,69

Targeting the Epigenome
Epigenetic modifications are tightly associated with the function of the SWI/SNF complex. Changes in the chromatin
structure affect the modulation of gene expression.70,71 The inhibition of enzymatic activities involved in epigenetic
regulation by enzymes such as HDAC (histone deacetylases), DNMT (DNA methyltransferases) or EZH2 (enhancer of
zeste homolog 2) is the subject of active clinical trials.
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HDAC (Histone Deacetylases) Inhibitors
Targeting histone acetylation is an attractive tool in the treatment of MRT as several HDAC are overexpressed in primary
tumors and cell lines.72 Preclinical studies in MRT demonstrated synergistic effects of the HDAC inhibitor (HDCAi)
vorinostat (SAHA) in combination with fenretinide, tamoxifen and doxorubicin in inducing cell cycle arrest and
apoptosis.73 Low-dose panobinostat (LBH589) caused growth arrest, intra-tumor ossification and lineage maturation of
malignant rhabdoid tumor cells in vitro and in vivo.74 Custers et al discovered that combined HDAC and mTOR
inhibition mimics MRT differentiation.75 Recently, a small molecule epigenetic modulator known as domatinostat (4SC-
202), inhibiting both class I HDACs and Lysine Demethylase (LSD1) was investigated, and cytotoxic and cytostatic
effects on malignant rhabdoid tumor cells were detected.76 The histone deacetylase inhibitor, OBP-801 induced apoptosis
in malignant rhabdoid tumor cells by epigenetically releasing the silencing of NOXA, a key mediator of MRT
apoptosis.77 HDACi potentiate the antiproliferative effects of radiotherapy on MRT in vivo and in vitro.78,79 The
HDAC inhibitor vorinostat was tolerated well when used alone or in combination with bortezomib or temozolomide
in clinical trials including MRTs (NCT01076530, NCT00217412).80,81 Valproic acid was evaluated in a Phase I trial in
children with refractory, solid tumors including CNS tumors; however, only one patient with ATRT was included, and

Figure 3 Response to standardized chemotherapy in a patient with extensive primary eMRT – Imaging results. (A) Diagnostic imaging at 27 months of age with inoperable,
abdominal eMRT (14x14x9.8 cm), without distant metastasis, without germline mutation. (B) MRI before confirmed pathological diagnosis of eMRT, one course I2-VAd
(ifosfamide, vincristine, Adriamycin) according CWS VAIA protocol, and after confirmed diagnosis, two courses ICE (ifosfamide, cyclophosphamide, etoposide) according
EU-RHAB were given. After three courses of chemotherapy, tumor regression (5.6x8.8x4.2 cm), and stable disease < 25% was detected. (C) Imaging following
chemotherapy according EU-RHAB was continued with one course of DOX (doxorubicin) and VCA (vincristine, cyclophosphamide, actinomycin D). Eventually the
tumor was resected subtotally, and stable disease < 10% was achieved. (D) Following resection radiotherapy of the tumor bed (for abdomen up to 36 Gy) with boost to
celiac trunk (up to 45 Gy) was performed, and therapy was completed with one course of VCA (vincristine, cyclophosphamide, actinomycin D), IC (ifosfamide,
cyclophosphamide), VC (vincristine, cyclophosphamide) and DOX (doxorubicin) was given. The patient achieved complete remission, and is alive at 32 months following
diagnosis.
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Table 2 Overview of Preclinical Studies on Pediatric MRT

Inhibitors Group Target Preclinical Studies References

Epigenetic Inhibitors Histone deacetylase inhibitors (HDACi) Vorinostat (SAHA), valproic acid,
domatinostat, OBP-801

[41,73,76-78,81,82]

DNA methyltransferase inhibitor (DNMT) 5-AZA-2′-deoxycytidine (decitabine) [41]

EZH2 3-Deazaneplanocin A (DZNep), tazemetostat,

EPZ011989

[41,87–89]

Bromo/BET JQ1 [29]

BRD9 BI-9564, I-BRD9 [68]

Cell Cycle Inhibitors CDK4/6 Cyclin D1 inhibitor Flavopiridol, Palbociclib [93,94]

Kinase Inhibitors AKT MK-2206 [42]

ALK, TGFbeta SB431542 [43]

Aurora A kinase inhibitor Alisertib [96,97]

IGF-1R NVP-AEW451 [42]

MEK inhibitor Selumetinib, binimetinib [44,45]

mTORC1/2 TAK228 (sapanisertib) [46]

Multikinase inhibitor Dasatinib, imatinib, crizotinib, kw-2449,
r-1530, nilotinib

[22,47,48]

PDGFR/FGFR Ponatinib, pazopanib [123,124]

EGFR/HER2 Lapatinib [49]

PLK1 Volasertib [50]

PLK4 CFI-400945, CFI-400437, centrinone,
centrinone-B

[48,51,52]

PTK7 Vatalanib [53]

VEGF Axitinib, pazopanib [48,54,123]

Pathway Specific

Compounds

BMP Dorsomorphin [22]

Notch DAPT [22]

Wnt/beta-catenin inhibitor Casin, niclosamide, pyrvinium, WNT-c59 [55]

Oncolytic virus Measles virus (MV) [56]

Immunotherapy CAR-T-cell Chimeric CAR-T-cell receptor [120,122]

PD-L1/PD-1 inhibitor Atezolizumab, Nivolumab [111]

(Continued)
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one confirmed partial response (glioblastoma multiforme) and only one minor response (brainstem glioma) were
observed.82

DNMT (DNA Methyltransferases) Inhibitors
The DNMT inhibitors, 5-azacytidine and 5-aza-2ʹdeoxycytidine (decitabine) suppress tumor growth by blocking the cell
cycle, inducing apoptosis and promoting cellular differentiation.83 Decitabine in combination with doxorubicin and
cyclophosphamide has shown promising effects in phase I trials in children with neuroblastoma and other solid tumors
exclusive of MRT.84 An ongoing phase I trial employs decitabine and pembrolizumab (PD-1 monoclonal antibody) in
patients with relapsed, refractory or progressive lymphomas and solid tumors including extracranial MRT
(NCT03445858).

EZH2 (Enhancer of Zeste Homolog 2) Inhibitors
The antagonistic relationship between SWI/SNF and the polycomb repressive complex 2 (PRC2) plays a critical role in
gene transcription.85,86 EZH2 (enhancer of zeste homolog 2) is a core enzymatic subunit of PRC2. Preclinical studies
demonstrated that the EZH2 inhibitor, DZNep (3-deazaneplanocin A) inhibited cell growth in MRT in vitro and strongly
potentiated the effects of ionizing radiation on ATRT cells.87 Tazemetostat (EPZ-6438) is a selective orally bioavailable
inhibitor of EZH2ʹs enzymatic activity. In EZH2-mutant xenografts tazemetostat caused dose-dependent growth inhibi-
tion and reduction in H3K27me3 levels in malignant rhabdoid tumors.88 Furthermore, EPZ011989 in combination with
standard of care reagents significantly improved time to event in MRT, although this effect was observed in only
a minority of the combination experiments.89 In this first-in-human trial, tazemetostat disclosed a favorable safety profile
and antitumor activity in patients with refractory B-cell lymphoma and advanced solid tumors.90 Preliminary data
indicate that tazemetostat is generally well tolerated in children, and displays promising antitumor activity in ATRT.91

In an recently closed phase I/II trial, tazemetostat was applied to children with relapsed, refractory or progressive solid
tumors including extracranial MRT (NCT02601937, NCT03155620, NCT03213665).

Tyrosine Kinase Inhibitors Targeting the CDK4/CDK6/Cyclin D1/RB Pathway
Biallelic inactivation of SMARCB1 in MRT cells increases the expression of cyclin D1, and upregulation of D-type
cyclin-dependent kinases 4 and 6 (CDK4/6) promotes activation of the transcription factor E2F resulting in cell cycle
progression.92 Non-specific CDK inhibitors such as flavopiridol combined with tamoxifen affected cyclin D1 and

Table 2 (Continued).

Inhibitors Group Target Preclinical Studies References

Other ALDH inhibitor Disulfiram [57]

LOX inhibitor BAPN [58]

Exosome release inhibitor GW4869 [59]

MDM2, MDM4, MDMX Idasanutlin, ATSP-7041 [60]

Proteasome inhibitor Bortezomid, carfilzomib, marizomib [61–63]

Protein translation inhibitor Homoharringtonine [64]

Forkhead box transcription factor 1

inhibitor (FOXM1)

Thiostrepton [65]

Runt-related transcription factor 1

(RUNX1)

Alkylating conjugated pyrrole-imidazole (PI) [66]

Phospholipid ethers inhibitor (PLEs) CLR 131 [67]
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inhibited malignant rhabdoid tumor cell growth in vitro.93 Palbociclib (PD0332991) and ribociclib (LEE011) are both
orally bioavailable selective cyclin-dependent kinase 4/6 inhibitors. In vitro palbociclib combined with radiotherapy
promoted apoptosis in ATRT cells, in vivo a combination of both inhibited tumor growth.94

Recently, a phase I trial of the CDK4/6 inhibitor ribociclib (NCT017747876) in MRT, neuroblastomas and other
CDK4/6-amplified malignancies demonstrated acceptable safety and favorable pharmacokinetics in children. Fifteen
patients with MRT (n = 13 ATRT, n = 2 eMRT) received ribociclib, and two patients with ATRT achieved prolonged
disease stabilization.95 In ongoing phase I/II studies, abemaciclib (NCT02644460, NCT04238819) and palbociclib
(NCT03526250, NCT03709680) are applied to children with relapsed, refractory or progressive solid tumors includ-
ing MRT.

Aurora Kinase A Inhibitors
Aurora kinase A (AURKA) is a direct downstream target of SMARCB1 and overexpressed in rhabdoid tumors. Targeting
AURKA in malignant rhabdoid tumor cell lines in vitro and in xenografts demonstrated strong responses to the selective
aurora kinase A inhibitor, alisertib (MLN-8237).96 Preclinical data moreover demonstrated that aurora kinase
A inhibition enhanced radiation sensitivity of malignant rhabdoid tumor cell lines, making this compound an attractive
agent for combination therapy.97 Alisertib (MLN-8237) is currently in clinical trials (phase I/II) for different tumor
indications in adults and children including ATRT. Disease stabilization and/or regression of tumors was detected in four
children with ATRT.98 In a Phase II trial of alisertib in children with recurrent/refractory solid tumors (n = 139), none of
the four patients included with MRT (ATRT = 2, eMRT = 2), demonstrated a response; the response rate of alisertib as
a single agent in the whole cohort was less than 5%.99 In a phase I trial of patients with advanced solid tumors (excluded
MRT), addition of TAK-228 (mTOR inhibitor) to alisertib potentiated the antitumor activity of alisertib in vivo, resulting
in increased cell death and apoptosis, the combination treatment was well tolerated.100 In a phase II trial of alisertib, as
a single-agent in patients <22 years with recurrent or progressive malignant rhabdoid tumors (NCT02114229), the drug
was well tolerated in children with recurrent ATRT. A third of the patients demonstrated disease stabilization for >6
months.101

Immunotherapy Approaches
Immunotherapy is an attractive anti-cancer strategy. This approach may particularly suit targeting diffuse, infiltrative
tumors. Currently, FDA has approved immune modulators such as checkpoint inhibitors, chimeric antigen receptor
T-cells (CAR T-cells), monoclonal antibodies and bispecific T-cell engagers (BiTEs) for use in children with cancer
(Figure 4).102

Checkpoint Inhibitors
Success of immunotherapies based on immune checkpoint blockade is associated with the promotion of T-cell responses
against tumor antigens. Currently, two classes of checkpoint inhibitors have been approved, those inhibiting the
programmed death receptor 1 (PD-1) or its ligand (PD-L1) and inhibitors of the cytotoxic T-cell lymphocyte-
associated protein 4 (CTLA-4).103

Recent studies describe a critical role for the composition of the tumor immune microenvironment (TIME) in tumor-
immune interaction and in response to therapy.104,105 According to the effectiveness of tumor immune therapies,
tumors are frequently described as “hot” or “cold”.106 Hot” tumors are frequently characterized by a high tumor mutation
burden (TMB) in the coding genome, expression of PD-1 ligand, and by infiltration of cytotoxic lymphocytes expressing
PD-1.107 Childhood tumors are generally considered “cold” due to low TMB,108 PD-1 expression and T-cell infiltrates.109

Recently, unique immune signatures for each ATRT subgroup were described, as well as for extracranial MRT. Despite
the typical low TMB in MRT, a high rate of immune infiltration by a CD8+T subpopulation was detected, specifically in
extracranial MRT and in ATRT-MYC.23 Grabovska et al described the TIME approach in more than 6000 pediatric
tumors including MRTs and detected increased CD8+ T infiltration in extracranial MRT associated with inferior
survival.110
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In an experimental MRT model, checkpoint blockade therapy induced tumor-regression and immune response.111

A patient with eMRT treated with the anti-PD-L1 checkpoint inhibitor, atezolizumab demonstrated a transient objective
response.112 In a phase I/II trial of the anti-PD-L1 compounds, atezolizumab and pembrolizumab in children and young
adults with solid tumors, both compounds were well tolerated; however, responses were restricted, and observed in only
a few rare PD-L1-positive tumor types.113,114 In a case report, partial response to conventional chemotherapy combined with
atezolizumab was described in a high-grade metastatic tumor with rhabdoid features.115 The low tumor mutational burden in
most pediatric cancers limits the number of neoantigens for immunotherapies. The routine use of checkpoint inhibitors in
monotherapy has thus moved towards combinations with other targeted agents, conventional cytostatics as well as other
modalities, such as surgery or radiotherapy.116 Inhibiting EZH2 in combination with immune checkpoint blockade has
emerged as an attractive approach based on the immunologic effects seen in both regulatory T-cells and tumors, including
increases in PD-L1 expression, in the setting of EZH2 inhibition. Wang et al demonstrated that disruption of EZH2 function
in regulatory T-cells (Tregs) promotes potent cancer immunity.117 Goel et al described an increase in tumor immunogenicity
due to suppression of the proliferation of Tregs following CDK4/6 inhibition. This provides a rationale for new combination
regimens comprising CDK4/6 inhibitors and immunotherapies.118 PD-1 and CTLA-4 function on different levels of the
immune response; combination therapy may enhance the response. In an ongoing trial PD-1/CTLA-4 signaling blockade in
combination is tested in recurrent/refractory pediatric cancers, including extracranial MRT (NCT04416568).102

Current findings help to define future strategies for immune checkpoint inhibitors either by focusing research on
specific disease subpopulations (eg, ATRT-MYC, extracranial MRT), or by providing the means to identify therapeutic
combination partners that augment T-cell infiltration and proliferation in “immune cold” tumor microenvironments.119

Figure 4 Overview of immunotherapy in pediatric MRT.
Note: *For pediatric extracranial MRT not yet studied.
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CAR T-Cells
T-cells expressing chimeric CD-specific antigen receptors (CARs) target tumor-associated antigens directly on the tumor
cell surface. However, many solid tumor antigens are expressed in lower levels on the surface of cancer cells, and that
low-density antigen expression is insufficient for optimal CAR activation. B7-H3 (CD276) is a checkpoint molecule
expressed highly on pediatric tumors. Immunotherapy employing B7-H3-targeted CAR T-cells are currently investigated
clinically in children and adults with refractory extracranial solid tumors.120,121 Theruvath et al discovered that ATRTs
express high levels of B7-H3, and B7-H3 CAR T-cells were highly active in ATRTs in vitro and in vivo in a xenograft
murine model.122

Monoclonal antibodies bind to a specific tumor surface antigen and activate NK cells and macrophages via Fc
receptor binding. The currently best studied monoclonal antibody for pediatric solid tumors is the anti-GD2, dinutux-
imab, FDA approved for neuroblastoma. However monoclonal antibodies targeting other pediatric solid tumors have
been less successful.102 BiTEs (bi-specific T-cell engagers) are synthetic molecules that connect and activate T-cells with
tumor-specific antigens. This leads to T-cell activation and subsequent cytolysis of the tumor. BiTEs for pediatric solid
tumors are just beginning to be explored. One example is a phase I trial with anti-GD2 BiTE in neuroblastoma and
osteosarcoma (NCT02173093).

Future Directions
Even though survival rates for patients with extracranial MRT demonstrated little improvement in recent years, multi-
modal treatment resulted in a remarkable survival benefit for a substantial part of patients with standard risk profiles.6

Albeit another group of patients (patients with high-risk factors) certainly need innovative therapeutic options. In the near
future, it will be extremely important to implement careful patient selection for trial stratification. Recently, two risk
groups have been identified:6

1) Standard risk group characterized by localized disease, gross total resection and without a germline mutation
demonstrated significantly superior 5-year OS 72.2% compared to

2) High-risk group presenting with one of the features distant metastasis and/or incomplete resection and/or germline
mutation (5-year OS 32.5%).

Standard risk patients may be treated with conventional chemotherapy approaches such as the EU-RHAB or EpSSG
approaches, to avoid the uncertainties of experimental drug trials. For this group, it is imperative to minimize treatment
toxicity among others by optimizing the sequence of modalities, the intensity of treatment, the doses and use of advanced
techniques of radiotherapy. Current technical innovations in radiotherapy and changes in concepts using highly con-
formal radiotherapy fields, limit damage to surrounding normal tissue and improve the therapeutic utility of modern
techniques, especially in very young children. However, for patients with SIOP or IRS stage I omission of RTx may be
an option. More data and pooling of international series are urgently needed.

Patients with high-risk factors may benefit from inclusion into phase I trials using mechanism specific, epigenetic
approaches (eg, HDAC-, DNMT- or EZH2-inhibitors) but also as target specific (eg, CDK4/6 inhibitor, ribociclib)
frontline therapy. Preliminary results of phase I/II trials of EZH2 inhibitors demonstrated (NCT02601937,
NCT03155620, NCT03213665) promising antitumor activity in ATRT.91 A number of promising targeted agents are
currently in early phase clinical trials for patients with extracranial rhabdoid tumors, including inhibitors of HDACs,
vorinostat (NCT04308330) and CUDC-907 (HDAC + PI3K inhibitor) (NCT02909777), CDK4/6 inhibitors, abemaciclib
(NCT02644460, NCT04238819) and palbociclib (NCT03709680, NCT03526250), and the inhibitor of aurora kinase A,
alisertib (NCT02114229) (Table 3).

Tyrosine kinase inhibitors consistently demonstrated antitumor activity in malignant rhabdoid tumors,22,123,124 multi-
kinase inhibitors as single agents or in combination with other agents are involved in 10 phase I/II ongoing studies for
extracranial MRT (Table 3). Immunotherapy, especially checkpoint blockade has become a major focus of preclinical and
clinical investigations in high risk extracranial RT.23,111,113,114 Currently, 14 ongoing clinical trials including immu-
notherapies enrolling patients with extracranial MRT are listed at clinicaltrials.gov (Table 3).

Due to the modest number of patients with extracranial MRT, for the most promising targeted agents, it may be
advisable, after careful in vitro and in vivo studies, to initiate limited trials with small patient numbers and smart
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Table 3 Overview of Ongoing Experimental Clinical Trials in Pediatric Extracranial MRT

Inhibitor Group Inhibitor NCT
Number

Phase Study Completion

Epigenetic

Inhibitors

Histone deacethylase inhibitor +

PI3K

CUDC-907 NCT02909777 1 2022

Histone deacethylase inhibitor Vorinostat (SAHA) NCT04308330 1 2022

EZH2 inhibitor Tazemetostat NCT02601937 1 2022

EZH2 inhibitor Tazemetostat NCT03155620 2 2027

EZH2 inhibitor Tazemetostat NCT03213665 2 2024

DNA methyltransferase inhibitor

+ PD-1 monoclonal antibody

Decitabine + Pembrolizumab NCT03445858 1 2025

Cell Cycle

Inhibitors

CDK4/6 Cyclin D1 inhibitor Abemaciclib NCT02644460 1 2022

CDK4/6 Cyclin D1 inhibitor Palbociclib NCT03526250 2 2025

CDK4/6 Cyclin D1 inhibitor Palbociclib NCT03709680 1 2025

CDK4/6 Cyclin D1 inhibitor Abemaciclib NCT04238819 1 2023

Kinase
Inhibitors

Aurora A kinase inhibitor Alisertib NCT02114229 2 2027

mTOR inhibitor Sirolimus NCT02574728 2 2022

mTOR inhibitor +pan VEGFR,

FGFR, PDGFRα, KIT, RET
inhibitor

Everolimus + Lenvatinib NCT03245151 1, 2 2022

WEE1 inhibitor Adavosertib NCT02095132 1, 2 2021

VEGFR, TIE2, KIT, RET, RAF-1,

BRAF, BRAFV600E, PDGFR, FGFR

inhibitor

Regorafenib NCT02085148 1 2023

panEGFR inhibitor Neratinib NCT02932280 2021

VEGFR, FGFR, KIT, PDGFR

inhibitor

Pazopanib NCT03628131 1, 2 2025

TRK inhibitor Larotrectinib NCT03834961 2 2022

ABL, SRC, VEGFR, FGFR inhibitor Ponatinib NCT03934372 1, 2 2024

c-Met, VEGFR2, AXL, RET

inhibitor

Cabozantinib NCT02867592 2 2021

c-Met, VEGFR2, AXL, RET
inhibitor

Cabozantinib NCT03611595 1 2021

VEGFR, FGFR, PDGFRα, KIT, RET
inhibitor

Lenvatinib NCT04447755 2 2024

Pathway
specific

coumpounds

Wnt/beta-catenin inhibitor Tegavivint NCT04851119 1, 2 2028

(Continued)
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biostatistical approaches. Thus, a selection of compounds that deserve going on to phase II combination trials for upfront
treatment may be rapidly detected. On the other side, many basket phase I/II studies recruit only a very small number of
MRT patients among a broader patient group. Thus, recruiting sufficient numbers of extracranial MRT patients in
a stratified fashion according to novel risk factors and biomarkers (such as molecular subgroups), in collaborative,
international consortia is imperative.

Discovery of heterogeneity in extracranial MRT especially on an epigenetic level has enormous potential for future
risk and treatment stratification. Together with integrated risk stratification, precise risk-adapted treatment options will be
developed for this very young population. It is imperative to characterize the relevance of germline disposition
syndromes (RTPS), ie, whether the mono-allelic germline mutation in the SWI/SNF complex has an impact on patient

Table 3 (Continued).

Inhibitor Group Inhibitor NCT
Number

Phase Study Completion

Immunotherapy CAR-T-cell 4–1BBζ B7H3-EGFRt-DHFR
(selected) + 2nd generation 4–1BBζ
CD19-Her2tG

NCT04483778 1 2040

CAR-T-cell 2nd generation 4–1BBζ EGFR806-
EGFRt + 2nd generation 4 1BBζ
CD19-Her2tG

NCT03618381 1 2038

AGAR-T-cell AGAR T-cells NCT04377932 1 2040

CAR-T-cell CAR-T-cell NCT04715191 1 2040

PD-1 monoclonal antibody Nivolumab NCT03465592 1, 2 2026

PD-1 monoclonal antibody +

Histone deacethylase inhibitor

Nivolumab + Entinostat NCT03838042 1, 2 2023

PD-1 monoclonal antibody + anti-

CTLA-4 monoclonal antibody

Nivolumab + Ipilimumab NCT04416568 2 2025

PD-1 monoclonal antibody Nivolumab NCT03585465 1, 2 2028

PD-1 monoclonal antibody Pembrolizumab NCT02332668 1, 2 2022

PD-1 monoclonal antibody REGN2810 NCT03690869 1, 2 2025

PD-L1 monoclonal antibody Avelumab NCT03451825 1, 2 2021

PD-L1 monoclonal antibody Atezolizumab NCT04796012 2 2023

PD-1 monoclonal antibody +
DNA methyltransferase inhibitor

Pembrolizumab + Decitabine NCT03445858 1 2025

PARP inhibitor + PD-1
monoclonal antibody

Niraparib + Dostarlimab NCT04544995 1 2030

Other
compounds

MDM2, MDM4, MDMX inhibitor ALRN-6924 NCT03654716 1 2022

MDM2 inhibitor Idasanutlin NCT04029688 1, 2 2024

Plasmid encoding human wild-type

p53

SGT-53 NCT02354547 1 2021

Phospholipid ethers inhibitor

(PLEs)

CLR 131 NCT03478462 1 2024
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pharmacogenomics or immune response. An improved understanding of the genotype-phenotype correlation and its
consequences for therapy is of rather high importance.
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