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Chapter 3
Rhabdoid Tumors

Jaclyn A. Biegel and Jacquelyn J. Roth

Abstract  Rhabdoid tumors are rare malignancies that typically present in infants 
and children. The most common anatomic locations are the central nervous system, 
where they are referred to as atypical teratoid/rhabdoid tumor (AT/RT), the kidney, 
and other soft tissues (extra-renal rhabdoid tumor). The vast majority of rhabdoid 
tumors arise as the result of homozygous inactivation of the SMARCB1 gene on 
chromosome 22. Predisposing germline mutations or copy number alterations of 
SMARCB1 are present in approximately 25% of patients. Germline and acquired 
mutations of the SMARCA4 locus have also been described in probands and family 
members with rhabdoid tumors. This chapter will address the spectrum of altera-
tions seen in rhabdoid tumors and related malignancies associated with SMARCB1, 
as well as summarize our current and evolving approaches to genetic counseling for 
this disease.

Keywords  Rhabdoid tumor · SMARCB1 · SWI/SNF · DiGeorge syndrome · 
Schwannomatosis

Rhabdoid tumor is a rare, clinically aggressive, and often fatal malignancy that typi-
cally arises in infants and young children. The most common anatomic locations are 
the central nervous system, referred to as atypical teratoid/rhabdoid tumor (AT/RT), 
kidney (malignant rhabdoid tumor, MRT or RTK), and soft tissues (extra-renal rhab-
doid tumor), including the lung, liver, orbit, neck, skin, and extremities. Rhabdoid 
tumors account for approximately 1–2% of renal [1] and brain tumors [2] in the 
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pediatric population. There is a slight male predominance [1, 2]. Rhabdoid tumors in 
all anatomic locations have a peak incidence in the first 3 years of life, and those infants 
diagnosed in the neonatal period through the first year of life have the worst prognosis 
[1]. Patients often present with metastatic disease at diagnosis, which impacts therapy 
and is a negative predictor of outcome. Successful treatment requires surgery and com-
bination chemotherapy regimens, often accompanied by stem cell rescue, with or with-
out radiation therapy [3–11]. Although 5-year survival rates were originally less than 
11% [3, 4], limited institution [5] and European collaborative group studies (EU-RHAB) 
[10] and the first prospective Children’s Oncology Group Trial ACNS0333 [9] suggest 
that short-term survival may approach 40% with the introduction of more intensive 
regimens. However, the associated morbidity that results from high-dose chemother-
apy and radiation, especially in infants with AT/RT, is significant. Novel strategies uti-
lizing direct injection of oncolytic viruses or poly(beta-amino ester) nanoparticles 
containing herpes simplex virus type I thymidine kinase are in development, based on 
their effective inhibition of rhabdoid tumor cell proliferation both in vitro and in xeno-
graft studies using RT cell lines [12–14], and may help avoid some of the toxicity 
associated with chemotherapy and cranial radiation.

Rhabdoid tumor of the kidney was initially described as a rhabdomyosarcoma-
tous variant of Wilms tumor [15], although it is now known that the genetic etiolo-
gies for Wilms tumor, rhabdomyosarcoma, and MRT are quite distinct. During the 
next two decades, histologically similar tumors in the brain and soft tissues were 
described [16, 17]. The most interesting of these reports was a case series that 
included seven patients with synchronous embryonal tumors of the brain and MRT 
[18]. In the first extensive report from the National Wilms Tumor Study Group, 15 
of 111 patients with MRT also had a malignant brain tumor, suggesting that they 
had a genetic cancer predisposition syndrome [19].

Rorke et al. [2] reported the first large series of patients with rhabdoid tumors of 
the brain, in which they described the complex histology of these tumors. Less than 
15% of the tumors presented with pure rhabdoid histology. The rhabdoid cells had 
large eccentrically placed nuclei with prominent nucleoli and abundant and eosino-
philic cytoplasm composed of whorls of intermediate filaments, visible by electron 
microscopy, which showed positive staining with antibodies to epithelial membrane 
antigen (EMA) and vimentin (Fig. 3.1). In addition to the rhabdoid component, the 
vast majority of tumors had areas composed of densely cellular tumor mimicking 
primitive neuroectodermal tumor (PNET). Epithelial differentiation was normally 
confined to a few small, gland-like spaces, and a fascicular architecture lent a 
sarcoma-like or mesenchymal appearance. This combination of malignant histo-
logic components was reminiscent of what is seen in teratomas and led Rorke to 
coin the name “atypical teratoid tumor” (ATT). The term in use today, AT/RT, 
exemplifies the finding that tumors may contain a variety of distinct histologic 
areas, with or without a predominant rhabdoid component. Although the cell of 
origin has not been confirmed and may be age-dependent, in vitro and in vivo mod-
els of rhabdoid tumors have suggested that they arise from pluripotent or neural 
stem cells [20–22]. In mice, the phenotype is exquisitely sensitive to gestational age 
and promoter used for inactivating the key driver of rhabdoid tumors, SMARCB1.
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Renal and extra-renal soft tissue rhabdoid tumors also demonstrate complex his-
tologic patterns with rhabdoid cells and primitive neuroepithelial, epithelial, spin-
dle, and lymphoid cells [17, 19, 23, 24]. This is especially true for epithelioid 
sarcomas, which may be difficult to distinguish from extra-renal rhabdoid tumor.

3.1  �Identification of SMARCB1 Alterations 
in Rhabdoid Tumors

Cytogenetic studies yielded the first clues as to the genetic etiology of rhabdoid 
tumors. Several case reports and small clinical cohorts of children with MRT, AT/
RT, and extra-renal rhabdoid tumors described overlapping deletions in chromo-
some band 22q11.2, suggesting the presence of a tumor suppressor gene that 
mapped to this region of the genome. Versteege et al. [25] first reported somatic 
mutations of the hSNF5 (INI1) gene in MRT and extra-renal rhabdoid tumors, 

Fig. 3.1  Representative histopathology of AT/RT. (a) AT/RT cells demonstrate peripherally 
placed nuclei, prominent nucleoli, and eosinophilic cytoplasm (H&E, magnification—400×). (b) 
Immunohistochemistry analysis shows loss of SMARCB1 protein expression is seen in AT/RT 
cells along with positive SMARCB1 staining in the endothelial cells (SMARCB1, magnifica-
tion—200×). (c) Scattered AT/RT cells show immunoreactivity for epithelial membrane antigen 
(EMA) (EMA, magnification—200×). (d) AT/RT cells are strongly immunoreactive for vimentin 
(vimentin, magnification—200×). (Figure provided by Dr. Mariarita Santi)
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followed shortly thereafter by the report from Biegel et al. of germline and somatic 
mutations in INI1/hSNF5 in patients with rhabdoid tumors of the brain, kidney, and 
soft tissues [26]. SMARCB1, for SWI/SNF-related, matrix-associated, actin-
dependent regulator of chromatin, subfamily B, member 1, is now the recommended 
nomenclature for this gene, replacing the former names human sucrose nonferment-
ing gene number 5 (hSNF5), integrase interactor 1 (INI1), and 47-Kd Brg1/Brm-
associated factor (BAF47).

SMARCB1 is a member of the human SWI/SNF complex [27, 28]. The SWI/SNF 
complex acts in an adenosine triphosphate (ATP)-dependent manner to remodel 
chromatin and both activates and represses gene transcription. In the cancer setting, 
SMARCB1 functions as a tumor suppressor gene. Tumors arise as a consequence of 
inactivation of both copies of the gene, due to mutations, structural alterations, and 
mitotic recombination events leading to loss of heterozygosity. The homozygous 
inactivation of the genomic locus results in loss of nuclear expression of the 
SMARCB1 protein, which facilitated the development of a specific immunohisto-
chemistry (IHC) assay for SMARCB1 (Fig. 3.1) [29]. The IHC assay has had unsur-
passed clinical utility for distinguishing rhabdoid and related SMARCB1-associated 
tumors from other brain tumors, including medulloblastoma, primitive neuroecto-
dermal tumor (PNET), and choroid plexus carcinoma (CPC) [29], as well as a vari-
ety of tumors in soft tissues [30]. Rhabdoid tumors may also arise in the setting of 
a previously benign tumor, in both the brain [31, 32] and peripheral nervous system 
[33, 34], following acquisition of a SMARCB1 mutation and/or deletion. The loss of 
expression of SMARCB1 by IHC clearly distinguishes the rhabdoid areas from the 
other (less malignant) components of the tumor. Although SMARCB1 is the pre-
dominant gene altered in rhabdoid tumors, approximately 2–3% of tumors with 
rhabdoid histology retain expression of the SMARCB1 protein by IHC and do not 
display inactivating mutations in the gene. Less than 1% of these tumors arise as a 
consequence of germline and/or somatic alterations of a second rhabdoid tumor 
predisposition locus, SMARCA4 [35, 36]. The majority of germline SMARCA4 
mutations have been associated with small cell carcinoma of the ovary hypercalce-
mic type (SCCOHT) [37, 38], leading to the hypothesis that SCCOHT is a variant 
of extra-renal rhabdoid tumor with a different cell of origin. It is likely that the 
remaining rhabdoid tumors without SMARCB1 inactivation will also demonstrate 
alterations in other members of the SWI/SNF or another chromatin-remodeling 
complex.

A combination of approaches has been used to characterize the spectrum of alter-
ations of SMARCB1 and chromosome 22 in patients with rhabdoid tumors, includ-
ing standard cytogenetic analysis and preparation of karyotypes, fluorescence in 
situ hybridization (FISH), Sanger-based and next-generation sequencing of genomic 
DNA or cDNA, and single-nucleotide polymorphism (SNP)-based genomic arrays 
[25, 26, 39–42]. A representative SNP array profile for chromosome 22 is shown in 
Fig. 3.2, demonstrating a large deletion in the proximal part of 22q and a smaller 
deletion that includes exons 6–9 of SMARCB1. Confirmation of the exon 6 to 9 
deletion was performed by multiplex ligation probe amplification (MLPA). MLPA 
is currently the most sensitive clinical assay used for detecting intragenic deletions 
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or duplications in SMARCB1 and has revealed a spectrum of single or multi-exon 
deletions and duplications in SMARCB1 in both the germline and tumor tissue in 
patients with rhabdoid tumors from all anatomic locations [42–44].

Despite the fact that rhabdoid tumors are one of the most clinically aggressive 
tumors in the pediatric population, the tumors are typically diploid with few genetic 
alterations other than SMARCB1 and chromosome 22 loss [41, 42]. Genomic inac-
tivation of SMARCB1 (and related SWI/SNF complex members) may be the only 
sequence-level event necessary for a tumor to develop. Whole exome and genome 
sequencing studies of rhabdoid tumors demonstrated mutations or deletions of 
SMARCB1 in virtually every tumor, and there were no other consistently mutated or 
altered genes [41]. Rhabdoid tumors, in fact, exhibit the lowest frequency of muta-
tions overall compared to every other tumor type analyzed to date [45]. While coop-
erating genetic events in early murine models of rhabdoid tumors implicated a role 
for Tp53 and Smarcb1 [46], or Rb and Smarcb1 [47] in tumor development, the 
human tumors do not appear to have TP53 or RB1 mutations [41, 48].

The distribution of SMARCB1 and chromosome 22-inactivating mutations, dele-
tions, and copy number neutral loss of heterozygosity (CN-LOH) in 193 sporadic 
AT/RTs, MRTs, and extra-renal rhabdoid tumors are shown in Table  3.1. In the 
majority of tumors (45.5%), there is a mutation in one allele, and the second copy 
of the gene is lost due to either a structural deletion in 22q11.2, monosomy 22, or as 
a result of an acquired CN-LOH event. Compound heterozygous mutations are 
infrequent in these patients (4%). Partial deletions and duplications, revealed by 
SNP array or MLPA, are detected in 15.5% of tumors. Homozygous deletions of 
exons 1–9 of SMARCB1 are present in 39% of rhabdoid tumors overall, although 
there is an unequal distribution with respect to anatomic location. Approximately 
25% of AT/RTs, 40% of MRTs, and 70% of extra-renal rhabdoid tumors have 
homozygous deletions of the entire locus.

CABIN1SMARCB1 DERL3 SLC2A11 MIF GSTT2
DDTL

DDT
GSTT2 GSTT4 GSTT1 GSTTP2

Fig. 3.2  Intragenic homozygous deletion in SMARCB1 revealed by Illumina (San Diego, CA) 
Human610-Quad single-nucleotide polymorphism (SNP) array. The upper plot shows the B-allele 
frequency and the lower plot the intensity (LogR) ratio for chromosome 22 in a single rhabdoid 
tumor. A deletion of the proximal portion of chromosome 22 from 22q11.1 to 22q12.1 is apparent 
from the loss of heterozygous alleles and the lower intensity ratio. An overlapping deletion in 
22q11.23, demonstrated by the further decrease in the intensity plot, encompasses the genes shown 
in the blue boxes, resulting in a homozygous deletion of exons 6–9 of SMARCB1. Genes are not 
drawn to scale
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The mutations in sporadic rhabdoid tumors include single base-pair point muta-
tions and insertion/deletion (indel) or frameshift mutations that are predicted to 
introduce a novel stop codon. The majority of mutations have been proposed to 
result in nonsense-mediated decay, although this has not formally been proven in 
most cases. The highest frequency of coding sequence mutations among the spo-
radic tumors is seen in exon 9. Single base deletions in codons 382 and 383 are 
somatic in origin and associated exclusively with AT/RT [26, 44]. Mutations in 
exons 2 and exons 4–7 are frequently observed in MRT and AT/RT. Four specific 
mutations, c.118C>T, c.157C>T, c.472C>T, and c.601C>T, in exons 2, 2, 4, and 5, 
respectively, are highly recurrent, although they do not appear to be specific for the 
brain or kidney [26, 43, 44]. Mutations in exons 1, 3, and 8 are rare. A low fre-
quency of splice site mutations has been documented in sporadic rhabdoid tumors, 
resulting in loss of an exon in the processed message, similar to that predicted by 
MLPA. In contrast to the above mentioned nonsense mutations and indels, missense 
mutations do not appear to lead to inactivation of SMARCB1 in primary rhabdoid 
tumors. Interchromosomal balanced translocations result in loss of SMARCB1 in 
renal medullary carcinomas [49] and could mediate loss of protein expression of 
SMARCB1  in the small number of rhabdoid tumors with only one documented 
inactivating deletion or mutation of this locus. Mutations in non-coding regions of 
the SMARCB1 locus may also lead to altered splicing in rhabdoid tumors, which 
may be present in the germline and missed by routine clinical copy number and 
sequencing-based assays [50].

Table 3.1  Acquired SMARCB1 alterations in 193 sporadic rhabdoid tumors

Allele 2 alteration

TotalMutation
Partial gene deletion/
duplication

Whole gene 
deletion CN-LOH

Allele 1 
alteration
Mutation 8 (4%) 1 (0.5%) 52 (27%) 27 (14%) 88 

(45.5%)
Partial gene
deletion/
duplication

– 5 (3%) 14 (7%) 11 (5.5%) 30 
(15.5%)

Whole gene
deletion

– – 75 (39%) – 75 (39%)

Total 8 (4%) 6 (3.5%) 141 (73%) 38 
(19.5%)

193 
(100%)
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3.2  �Germline Alterations in SMARCB1 Predispose 
Individuals to the Development of Rhabdoid Tumor

The initial hypothesis that there was a genetic predisposition to rhabdoid tumor was 
based on reports of individuals who presented with a synchronous brain and kidney 
tumor or with bilateral renal tumors [18, 19]. The histology of the two tumors was 
distinct, and they did not appear to be metastases. Lynch et al. [51] reported one 
family in which two sisters developed paravertebral tumors, but the classic presenta-
tion of multi-generation families with rhabdoid tumors was not observed. This was 
likely due to the fatal nature of these malignancies, which was confirmed once 
SMARCB1 was identified as the primary rhabdoid tumor predisposition locus [26]. 
In fact, germline mutations, deletions, or intragenic duplications of SMARCB1 are 
most often de novo [43, 44]. Early reports of patients with inherited SMARCB1 
mutations highlighted families with two or more affected first-degree relatives who 
inherited a mutation from an unaffected parent [40, 52–54]. There was reduced 
penetrance for the germline mutations of SMARCB1 and rhabdoid tumor in these 
families, and as of yet estimates of cancer risk in carriers have not been established. 
Sevenet et al. [53] described two families with multiple affected siblings and pre-
sumed gonadal mosaicism in one of the parents, which has subsequently been con-
firmed in additional families [44, 55]. Plon et al. [40] also reported one patient with 
an apparently de novo, germline mosaic, single-exon deletion in SMARCB1, indi-
cating that sensitive detection methods are required to effectively rule out the pres-
ence of a predisposing germline alteration in affected individuals.

Twenty-five to 35% of newly diagnosed patients with rhabdoid tumor, and almost 
all children with two primary tumors, have a germline alteration of SMARCB1 that 
predisposed them to cancer [43, 44, 56, 57]. These children are much more likely to 
be diagnosed in the first year of life than patients with sporadic malignancies 
(Fig. 3.4). In our patient cohort, the median age at diagnosis for the patients with 
germline SMARCB1 alterations was 0.5 years (range, 1 day to 5 years) compared to 
a median age at diagnosis of 1.5 years (range, 1 day to 32 years) for patients with 
sporadic tumors (Fig. 3.3).

The spectrum of germline mutations, deletions, and duplications from patients 
with rhabdoid tumors generally reflects that seen in sporadic tumors (Table 3.2 and 
Fig. 3.4). Approximately 20% of the germline alterations are deletions in chromo-
some band 22q11.2 that include all of SMARCB1, whereas 25% of the patients have 
a partial deletion or duplication involving one to five exons of the gene. The remain-
ing patients have a variety of truncating mutations due to single base point muta-
tions or indels leading to a frameshift. Splice site mutations are the least common 
type of mutations observed in children who first present with a rhabdoid tumor [58].

Three specific mutations, c.118C>T in exon 2, c.157C>T in exon 2, and 
c.472C>T in exon 4, are the most frequently detected germline mutations [26, 43, 
44]. With the exception of the two exon 9 frameshift mutations described below, the 
same mutations predispose carriers to AT/RT, MRT, and to a lesser extent extra-
renal tumors, even in the same patient. In contrast, the two most common mutations 
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in AT/RT, the single base deletions c.1144del and c.1148del (exon 9), have not been 
detected as a predisposing mutation in the blood from these patients [58]. These two 
frameshift mutations are not predicted to be subject to nonsense-mediated decay 
and theoretically would result in the addition of 100 amino acids to the protein. 
Similar to the other rhabdoid tumors with coding sequence alterations, there is no 
expression of the protein by immunohistochemistry in AT/RTs with these two exon 
9 deletions [29]. It is possible that this mutation functions as a dominant negative 
mutation during early development, which is an area for future research.
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Fig. 3.4  Proportion of germline mutations and gene-level copy number alterations in SMARCB1 
in patients with rhabdoid tumors
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Fig. 3.3  Distribution of the age at diagnosis for 61 rhabdoid tumor patients with predisposing 
germline alterations of SMARCB1 and 164 patients with sporadic tumors
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The distribution of the second inactivating events in tumors from the patients 
with germline SMARCB1 alterations is shown in Table 3.2. The most frequent sec-
ond hit is a large 22q deletion or monosomy 22 or a CN-LOH-generating event that 
unmasks the mutation or deletion on the remaining allele.

The most common chromosomal deletion syndrome in the general population is 
the 22q11.2 deletion associated with DiGeorge and Velocardiofacial syndrome 
(DGS/VCFS) [59]. Patients with this genomic disorder have a constellation of abnor-
malities, including cleft palate, immune deficiency, abnormal ears, heart defects, 
learning differences, and an increased risk for schizophrenia [59]. The majority of 
patients with classic DGS/VCFS have deletions mediated by low copy repeats A to 
D in chromosome band 22q11.2 [59–61]. More distal deletions, which typically 
include BCR (breakpoint cluster region), are associated with a less severe and more 
variable phenotype [62–66]. Those patients with deletions that extend to low copy 
repeat G are deleted for SMARCB1 and thus are at increased risk for rhabdoid tumor 
[39, 44, 67–71]. With the adoption of high-resolution genomic arrays as the first-tier 
test for patients with a suspected genomic disorder [72], the identification of infants 
and young children with distal 22q11.2 deletions that include SMARCB1 as an inci-
dental finding is becoming more common. This will likely increase as whole-genome 
copy number analysis and sequencing are utilized in the prenatal setting. Genetics 
professionals will need to counsel these families about the risk for malignancies in 
these patients as well as a future risk for development of schwannoma.

Patients with other constitutional structural abnormalities of chromosome 22, 
including ring chromosomes [73] or deletions of distal 22q13 [74], also appear to be 
at increased risk for development of rhabdoid tumors. The unstable nature of these 
structurally altered chromosomes is likely related to the increased risk for mono-
somy 22, a frequent somatic event in rhabdoid tumors. In contrast, cancers in indi-
viduals with the supernumerary derivative chromosome 22 derived from the t(11;22)
(q23;q11.2) have only rarely been reported [75, 76].

Table 3.2  Germline and acquired SMARCB1 alterations in 65 patients predisposed to developing 
rhabdoid tumors

Somatic alteration

TotalMutation
Partial gene deletion/
duplication

Whole gene 
deletion CN-LOH

Germline 
alteration
Mutation 2 (3%) 1 (1.5%) 20 (31%) 12 (18%) 35 (54%)
Partial gene
deletion/
duplication

2 (3%) 1 (1.5%) 6 (9%) 7 (11%) 16 (24.5%)

Whole gene
deletion

7 (11%) – 5 (8%) 2 (3%) 14 (21.5%)

Total 11 (17%) 2 (3%) 31 (48%) 21 (32%) 65 (100%)
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Rare patients have also been reported with a rhabdoid tumor and another genetic 
disorder, including Beckwith-Wiedemann syndrome [77], neurofibromatosis type 1 
(NF1) [78], epidermolysis bullosa [79], and Goldenhar syndrome [67]. Modena 
et al. [80] also reported a patient with a germline SMARCB1 mutation and mosaic 
Klinefelter syndrome. At the present time, the occurrence of the two genetic disor-
ders appears to be coincidental.

In contrast to the known risk, albeit with reduced penetrance, for carriers of 
SMARCB1 alterations to develop rhabdoid tumors, there are no established risk fac-
tors for the development of sporadic tumors. Heck et al. [81] performed the first 
population-based epidemiologic analysis as part of an Air Pollution and Childhood 
Cancer Study in the state of California. Demographic data and pregnancy history 
were collected from a total of 105 children with rhabdoid tumors and 208,178 con-
trols under 6 years of age. Fathers were more likely to be white and non-Hispanic, 
and mothers to have completed a higher level of education than controls. Cases were 
also more likely to have had private health insurance. The significant findings from 
the study were an association with low birthweight, preterm birth, and late-term 
delivery. Of interest, twin pregnancies were seen in association with rhabdoid 
tumor, which has also been noted by Bourdeaut et al. [43], and in a single-institution 
case series by Nicolaides et al. [82] that included one twin pregnancy born after 
in vitro fertilization (IVF). Cecen et al. [83] also reported a single case of a rhabdoid 
tumor in a patient born after IVF, and we have studied an additional three tumors 
from children conceived by IVF who had de novo germline SMARCB1 mutations 
[unpublished data]. Although some studies suggest a small increased risk for cancer 
with the use of assisted reproductive technologies [84], this remains controversial 
[85]. While at present there is only anecdotal evidence to suggest that children born 
after IVF may be at risk for development of rhabdoid tumors, this should be a sub-
ject for further research.

Long-term genotype-phenotype studies are necessary in the context of clinical 
trials to determine the association of germline and acquired mutations and copy 
number alterations in SMARCB1 and SMARCA4 with patient outcome. Although 
patients with germline alterations in SMARCB1 typically present at an earlier age 
than patients with sporadic tumors, it is not yet known whether this accounts for the 
apparent increased risk for death in the youngest patients [1, 5, 9, 10]. Patients with 
germline mutations and deletions of SMARCB1 have an increased risk for develop-
ment of second primary tumors, and virtually all patients with second tumors die of 
their disease. Whether this is due to the underlying presence of the mutation in all 
cells of their body or resistance to current therapies is also unknown.

3.3  �Familial Schwannomatosis and SMARCB1

Neurofibromatosis type 2 is associated with alterations of the NF2 locus in chromo-
some band 22q12, and patients typically present with bilateral acoustic neuromas or 
vestibular schwannomas (OMIM#101000). Schwannomatosis is a distinct disorder, 
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characterized by the presence of multiple schwannomas, which although histologi-
cally benign may result in severe morbidity (OMIM#162091). Treatment of schwan-
nomas is challenging, since the goal is to avoid exposure to mutagenic and 
carcinogenic agents in a patient with a cancer predisposition syndrome [86]. Tumors 
that undergo malignant transformation, typically to malignant peripheral nerve 
sheath tumors, require surgery and chemotherapy.

Genetic association studies of patients with familial schwannomatosis initially 
demonstrated linkage to chromosome 22; however there were no constitutional 
mutations of the most likely candidate gene, NF2 [87]. Boyd et al. [88] and Hadfield 
et  al. [89] demonstrated that approximately one third of patients with familial 
schwannomatosis have germline mutations in the SMARCB1 gene. Early genotype-
phenotype studies suggested that both splice site mutations and mutations in exon 1 
were more common in the familial schwannoma cases than in rhabdoid tumors. A 
link to NF2 was nonetheless established with published reports of concomitant 
deletions in NF2 in the tumors from these patients. As monosomy 22, large 
22q11.2–22q12 deletions, and CN-LOH can all result in loss of the wild-type copy 
of both SMARCB1 in 22q11.23 and NF2 in 22q12, the inactivation of either or both 
of these loci may influence the phenotype and malignant potential of schwannomas 
in these families [86].

Some of the most interesting families that have been reported to date are those in 
which the same germline-inactivating mutation of SMARCB1 results in schwan-
noma in older individuals and classic AT/RT in the second and/or third generation 
[44, 55, 90, 91]. We reported one family in which the proband presented with an AT/
RT in infancy [44]. She was found to have a characteristic germline c.472C>T 
SMARCB1 mutation. Her father and paternal grandmother were subsequently shown 
to carry the same germline mutation, and each was also reported to have one or 
more schwannomas that presented in adulthood. Of note, the proband’s paternal 
great-uncle died in childhood from a malignant brain tumor, which in retrospect was 
likely an AT/RT. Similar families have been reported with single-exon deletions, 
duplications, and splice site mutations [55, 91].

It is noteworthy that the families that are ascertained due to the occurrence of a 
child with a rhabdoid tumor often have a history of a relative who died at a young 
age with one or more tumors [55], but adult members of the family who are muta-
tion carriers are typically unaffected or develop schwannomas. This suggests that 
there is a window of time during the early years when the risk for a rhabdoid tumor 
is the greatest and that the risk decreases with age. This is more typical of families 
with embryonal tumors, such as retinoblastoma or Wilms tumor, as compared to 
carriers of mutations in more commonly altered tumor suppressor genes such as 
BRCA1 or PTEN. The majority of adults with rhabdoid tumors appear to have spo-
radic disease [92] with acquired inactivating SMARCB1 mutations and deletions not 
present in matched blood samples. This is consistent with the hypothesis that the 
cells that are most vulnerable to sustaining SMARCB1 mutations or deletions 
decrease with age, leading to a lower incidence of tumors in older individuals. It is 
also interesting to note that isolated, sporadic schwannomas do not appear to be due 
to genomic alterations of either NF2 or SMARCB1 (reviewed by [86]). Notably, 
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Voisin et al. [93] recently reported a sellar AT/RT in a 51-year-old mother from a 
three-generation family with SMARCB1-related brain tumors due to a splice site 
loss of function mutation in exon 7, confirming that lifelong surveillance will be 
required for carriers of mutations or inactivating copy number alterations in rhab-
doid tumor cancer predisposition genes.

3.4  �Molecular Subgrouping of AT/RT

Although inactivation of SMARCB1 and to a lesser extent SMARCA4 is the hallmark 
of rhabdoid tumors, at least three molecular subgroups have been defined on the 
basis of gene expression and DNA methylation profiling of primary AT/RTs [94]. 
The ATRT-TYR subgroup is characterized by overexpression of the enzyme tyrosi-
nase, and most tumors in this group can be distinguished by IHC to the protein [95]. 
ATRT-TYR tumors are also characterized by upregulation of the bone morphogenic 
protein (BMP) pathway, as well as PDGFRB, and OTX2. The tumors often demon-
strate focal loss involving 22q11.2 in one copy of chromosome 22 and mutation of 
the remaining copy of SMARCB1; patients are less than 3 years of age at diagnosis; 
and tumors are most often located in infratentorial locations. Cribriform neuroecto-
dermal tumors (CRINETs) demonstrate mutations in SMARCB1 [96–98] and have 
a similar expression profile to this group of AT/RTs. Patients with CRINET can 
achieve a response to combination therapeutic strategies and appear to have a some-
what improved prognosis compared to patients with AT/RT [96]. Clinical and 
molecular studies of additional patients with CRINET as well as the patients with 
ATRT-TYR will be required to substantiate these early predictions.

The ATRT-SHH subgroup demonstrates overexpression of sonic hedgehog 
(SHH) and notch pathway members, including GL12 and ASCL1, respectively. 
Most tumors have compound heterozygous mutations in SMARCB1 and fewer dele-
tions in 22q11.2. Patients fall into an intermediate age group, with a median age of 
20 months. Two subgroups of ATRT-SHH (ATRT-SHH-1 and ATRT-SHH-2) are 
distinguished by their supratentorial and infratentorial locations, respectively.

The ATRT-MYC subgroup was named based on the increased expression of the 
MYC oncogene, but without amplification of this locus, and overexpression of sev-
eral HOXC gene clusters. The tumors often demonstrate homozygous deletions of 
SMARCB1 and fewer point mutations. The median age of patients in this subgroup 
is the highest of the three subgroups (median 27 months), but there is a broad range. 
Spinal cord AT/RTs, as well as other extra-cranial rhabdoid tumors, fall into the 
ATRT-MYC subgroup, although at least half of the AT/RTs are supratentorial 
in location.

Fruhwald et al. [10] reported that age less than 1 year and a non-TYR subgroup, 
as determined by DNA methylation profiling, are independent negative prognostic 
markers of overall survival for patients with AT/RT. Reddy et al. [9] demonstrated a 
trend for a worse outcome for patients with germline SMARCB1 mutations and age, 
but molecular subgroup was not a prognostic factor in the recently reported COG 
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ACNS0333 randomized clinical trial. Establishing the prognostic significance of 
molecular subgroup in AT/RT will therefore require large cooperative group clinical 
trials in which classification according to molecular subgrouping is performed.

3.5  �Loss of SMARCB1 Expression in Other Tumors

Although initial studies of childhood tumors suggested that SMARCB1 inactivation 
was specific for rhabdoid tumors [29, 30], we now know that a variety of other 
tumors also demonstrate loss of SMARCB1, either at the genomic or protein level 
[24]. These include peripheral tumors such as epithelioid sarcoma, malignant 
peripheral nerve sheath tumor, extraskeletal chondrosarcoma, myoepithelial carci-
noma, and de-differentiated chordomas. The spectrum of tumors associated with 
germline mutations and deletions in SMARCB1 in the same individual or family is 
also expanding, which has made it challenging for pathologists to rely on SMARCB1 
or SMARCA4 (Brg1) IHC analysis for the differential diagnosis of soft tissue 
tumors and CNS malignancies. Epithelioid sarcomas are typically associated with 
homozygous deletions of SMARCB1, and yet the frequency of mutations of the gene 
is extremely low [99, 100]. Neither of these findings can be used to distinguish epi-
thelioid sarcoma from extra-renal rhabdoid tumor. Renal medullary carcinoma, 
often seen in patients with sickle cell disease, is characterized by loss of SMARCB1 
expression by IHC [101], due to balanced chromosomal translocations that interrupt 
the SMARCB1 locus [49]. A small percentage of rare collecting duct carcinomas of 
the kidney may also demonstrate reduced or absent expression of SMARCB1 by 
IHC, although genomic studies have not yet been performed [102].

3.6  �The SWI/SNF Complex and Cancer

SMARCB1 codes for a protein that is a component of the SWI/SNF chromatin-
remodeling complex [27, 28]. This complex contains approximately 15 subunits, 
which requires either SMARCA4 (Brg1) or SMARCA2 (Brm) as the core ATPase 
for its function [28]. SMARCB1 is considered to be a necessary component of the 
SWI-SNF complex in all cell types; however the composition of the other subunits 
appears to depend on developmental state and organ system [27, 103–106]. It is 
likely that this variability contributes to the predilection for tumors to develop in the 
brain, kidney, and soft tissues and only extremely rarely in the hematopoietic sys-
tem [107]. A variety of malignancies in both children and adults have now been 
described in association with mutations or deletions in almost all of the SWI/SNF 
members, including the loss of ARID1A in ovarian, breast, and endometrial cancers 
and SMARCA4 in lung tumors and medulloblastoma [108].

The mechanism by which loss of SMARCB1 drives cancer formation is an active 
area of research, yet early studies have already led to the development of several 
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therapeutic approaches to reverse the epigenetic phenotype of rhabdoid tumors, 
including HDAC and EZH2 inhibitors [109]. Wang et al. [110] demonstrated that 
loss of SMARCB1 results in altered enhancer targeting by the SWI/NF complex, 
particularly at genes required for differentiation, while binding of the complex is 
retained at super-enhancers. Erkek et al. [111] demonstrated genome wide loss of 
both H3K27ac and H3K27me3 in SMARCB1-deficient AT/RT cell lines. The resid-
ual SWI/SNF complex (containing SMARCA4) and Polycomb complex (contain-
ing EZH2) were co-localized at active genes in AT/RTs, whereas the REST complex 
was postulated to impede SWI/SNF residual binding at repressed genes, notably 
neuronal differentiation genes. The interplay of both activating and repressive 
mechanisms of gene expression appears to restore tumor cells to a state that is simi-
lar to embryonic stem cells.

3.7  �Genetic Counseling and Screening

Despite the fact that the genetic etiology for rhabdoid tumors has been known for 
more than 30 years, genetic counseling for individuals who are at risk for malig-
nancy due to an associated SMARCB1 or SMARCA4 mutation is not a common 
practice outside of tertiary care centers, and surveillance guidelines are not firmly 
established. This is due in part to the fact that there have been few long-term survi-
vors, and it is only recently that late second malignancies in patients treated in 
infancy have been reported in patients with predisposing germline mutations. 
Prenatal genetic counseling is further complicated by the recent reports of SWI/
SNF mutations, notably ARID1A, ARID1B, SMARCA2, SMARCE1, and SMARCB1, 
in patients with genomic disorders such as Coffin-Siris syndrome (CSS) [112–115] 
or Nicolaides-Barrister syndrome (NBS) [116–118] who do not appear to be at an 
increased risk for cancer. Most patients with CSS and SMARCB1 alterations have 
heterozygous missense mutations, which are distinct from the typical nonsense 
mutations seen in patients with rhabdoid tumors or the splice site mutations often 
seen in familial schwannomatosis. Moertel et al. [119] reported one patient with 
CSS and a missense mutation in exon 9 who developed multiple schwannomas but 
not rhabdoid tumor. As whole-genome and whole-exome sequencing move into the 
arena of prenatal testing, the prediction of whether such mutations will result in a 
genomic disorder or increased risk for malignancy will become extremely 
challenging.

At the present time, any individual with a germline SMARCB1 deletion or muta-
tion should be offered baseline ultrasound or magnetic resonance imaging (MRI) 
studies to rule out a brain or kidney tumor. The Children’s Oncology Group Rhabdoid 
Tumor Working group initially recommended monthly serial abdominal and trans-
cranial ultrasonography and MRI performed every 3 months during the first year of 
life, with continued surveillance into the second and third year of life [120]. Rapid 
whole-body MRI in adult carriers of SMARCB1 mutations has successfully been 
utilized to identify schwannomas [121]. Current guidelines for screening patients 
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with SMARCB1 and SMARCA4 alterations are based upon the high penetrance of 
SMARCB1 mutations and the high likelihood that a germline SMARCA4 mutation is 
inherited but with reduced penetrance [56, 122]. These include monthly physical 
examinations for the first year, baseline brain and spine MRI, and abdominal ultra-
sound, followed by brain, spine, and abdominal ultrasounds every 3 months for the 
first year. Nemes et al. [56] recommend brain and spine or whole-body MRI every 
3 months until age 4 or 5 years for patients with AT/RT and abdominal or pelvic 
ultrasounds or whole-body MRI for patients with extra-cranial rhabdoid tumors. 
Patients should then be followed in a cancer surveillance clinic with twice yearly 
physical exams and targeting imaging. For patients with SMARCA4-related ovarian 
tumors, patients should have abdominal and pelvic ultrasounds every 6 months.

Unfortunately, given the rapid development and growth of malignant rhabdoid 
and related tumors, this may not be a sufficiently effective protocol for early detec-
tion and treatment. We are aware of at least two infants diagnosed prenatally with 
familial SMARCB1 mutations who developed AT/RT during the first year of life, 
despite clinical surveillance [43]. Furthermore, patients with germline alterations in 
SMARCB1 have developed second primary tumors as late as 15 years after success-
ful treatment for a AT/RT [[123, 124], unpublished data].

Parents of probands should be counseled regarding the risk of recurrence in other 
children as well as potential family members who may be at risk. This should 
include counseling regarding gonadal mosaicism if the parents of a child with a 
germline mutation have negative test results from peripheral blood. Although the 
risk for gonadal mosaicism has not yet been determined, the theoretical risk for 
inheriting a mutation from a carrier of a SMARCB1 or SMARCA4 is 50%. Siblings 
and unaffected carriers should be offered the same type of surveillance described 
above, depending on their age.

SMARCB1 was the first tumor suppressor gene in the SWI/SNF chromatin-
remodeling complex linked to the development of cancer. Although they are rare in 
the population, rhabdoid tumors are one of the most clinically aggressive malignan-
cies in the brain, kidney, and soft tissues in children. Identification of SMARCB1 
alterations as the initiating events in tumorigenesis have formed the basis for an 
entirely new field of cancer biology which has far-reaching implications for both 
constitutional genetic disorders and tumors associated with alterations in SWI/SNF 
function.
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