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Molecular genetics of atypical teratoid/rhabdoid tumors
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Rhabdoid tumors are extremely aggressive malignancies that generally occur in infants and young children. The
most common locations are the kidney and central nervous system (atypical teratoid/rhabdoid tumor [RT]), although
RTs can also arise in most soft-tissue sites. Rhabdoid tumors in all anatomical locations have a similar molecular ori-
gin. Mutation or deletion of both copies of the ASNF5/INII gene that maps to chromosome band 22q11.2 is observed
in approximately 70% of primary tumors. An additional 20 to 25% of tumors have reduced expression at the RNA or
protein level, indicative of a loss-of-function event. The INI1 protein is a component of the SWI/SNF chromatin-
remodeling complex. The complex is recruited to promoters of a large variety of genes involved in cell signaling,
growth, and differentiation. This review summarizes what is currently known regarding the molecular genetics of RTs.
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Rhabdoid tumors are highly malignant neoplasms that
predominantly occur in infants and young children. The
peak incidence is between birth and 3 years of age. Orig-
inally described as an aggressive tumor in the kidney,? it is
now apparent that an RT can arise in most soft-tissue sites,
as well as the brain and spinal cord.?*? The cell of origin is
not known. Because they can exhibit divergent differentia-
tion along neural, epithelial, and mesenchymal lines and
can arise in multiple parts of the body, it is assumed that the
cell of origin must be a primitive stem cell, possibly de-
rived from the neural crest.?

The most common locations for RTs are the kidney and
the CNS.%32 Central nervous system AT/RTs account for
approximately 1 to 2% of pediatric brain tumors and ap-
proximately 10% of CNS tumors in infants. The majority of
such tumors are identified in children between the 1st and
4th years of life. They occur in both supratentorial and infra-
tentorial locations, notably in the cerebellopontine angle.*
Most AT/RTs are composed of rhabdoid cells juxtaposed to
areas of primitive neuroepithelial tissue, which resembles a
PNET and has mesenchymal and/or epithelial elements.
This complex histological pattern has routinely led to mis-
classification of AT/RT—most often as PNET, but also as
choroid plexus carcinoma, germ cell tumor, ependymoma,
and glioblastoma.’*? Positive staining of the rhabdoid cells
with antibodies to epithelial membrane antigen can often be

Abbreviations used in this paper: AT/RT = atypical teratoid/rhab-
doid tumor; CNS = central nervous system; CPC = choroid plexus
carcinoma; FISH = fluorescence in situ hybridization; INI1 = inte-
grase interactor-1; LOH = loss of heterozygosity; PNET = primitive
neuroectodermal tumor; RT = rhabdoid tumor; RT-PCR = reverse
transcription—polymerase chain reaction.
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used to distinguish AT/RTs from other CNS malignancies.*
Although AT/RTs are often refractory to therapy, some suc-
cess in treating them has been achieved with surgery, radia-
tion, and myeloablative chemotherapy with stem cell res-
cue.”® The tumors often initially respond to chemotherapy,
but patients quickly relapse, exhibiting signs of both local
and metastatic disease. Current estimates suggest a 2-year
survival rate of 15% for children suffering from AT/RT.
Compared with the fatal outcome for most patients harbor-
ing AT/RTs, the 5-year survival rate for a standard-risk
medulloblastoma—PNET is much higher, at approximately
85%. An accurate diagnosis is therefore essential so that ap-
propriate therapy can be given.

Because RTs are generally considered tumors of infancy,
their occurrence in adults has been called into question. The
presence of rhabdoid cells alone is not a sufficient criterion
on which to make the diagnosis, as these cells may be pre-
sent in a variety of solid tumors. Composite RTs of the CNS
or soft tissues demonstrate rhabdoid cells but otherwise
have little in common with the typical childhood RT.?”” Re-
cently, we have confirmed the occurrence of RTs in the
CNS in several adult patients by providing cytogenetic and
molecular evidence for inactivation of INII.* The avail-
ability of molecular and immunohistochemical assays to
distinguish the clinically aggressive RT from other benign
or malignant tumors should allow clinical oncologists to
tailor treatment appropriately.

The recognition of AT/RT as a distinct pathological enti-
ty has been supported by findings of cytogenetic studies,
which demonstrated that RTs had minimal alterations and
did not contain the isochromosome 17q typical of medullo-
blastoma/PNETs.¢ Rhabdoid tumors of the brain are most
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often characterized by loss of one copy of the entire chro-
mosome 22 (monosomy 22) or a deletion or translocation
specifically involving chromosome band 22q11.2. Rhab-
doid tumors of the kidney also demonstrate deletions of
chromosome 22. As for AT/RTs, the deletions can be sub-
microscopic and are best identified by FISH studies.”® Soft-
tissue extrarenal RTs are most often characterized by trans-
locations of chromosome 22, although in almost every
case, the translocation results in a submicroscopic deletion
at the translocation breakpoint.” Interstitial deletion in the
cytogenetically normal—appearing chromosome 22 leads to
homozygous deletion of the RT locus. Loss of one copy of
chromosome 22, with concomitant duplication of the re-
maining allele or mitotic recombination, results in LOH for
alleles on chromosome 22 and is typically observed in tu-
mors with cytogenetically normal karyotypes for which
FISH studies demonstrated normal findings. The identifi-
cation of deletions involving chromosome band 22q11.2
implied the presence of a tumor suppressor gene for RTs.
Positional cloning strategies ultimately resulted in the iden-
tification of hSNF5/IN111/BAF47/SMARCBI*% as a rhab-
doid tumor suppressor gene for renal and soft-tissue RTs.*
We first described the occurrence of germline and somatic
mutations of INI1 in CNS AT/RTs, confirming the hypoth-
esis that RTs in different sites had a common molecular ori-
gin8

The INI1 protein is one of at least 10 in the BAF (BRG-
associated factor) or SWI/SNF complex,”®# an adenosine
triphosphate-dependent chromatin-remodeling complex.**
Each complex contains INI1 and either the adenosine tri-
phosphatase member Brgl or Brm, so INI1 is therefore
expressed in all normal cells at all stages of development.
Structural studies have demonstrated that the SWI/SNF
complex disrupts the nucleosome by removing DNA from
the histone octomer surface.” The complex can interact with
multiple DNA sites, a function consistent with the possibil-
ity that nucleosomes at distal regulatory elements, such as
enhancers and promoters, could simultaneously be disrupt-
ed. The remodeling of chromatin by SWI/SNF complexes
facilitates transcriptional activation and repression, although
the mechanisms related to the targeting of SWI/SNF com-
plexes to specific regions of the genome (for example, pro-
moters) are still not understood. At present, it is unclear
whether INI1 might have distinct functions independent of
its role as a member of the SWI/SNF complex.

Several in vitro studies have suggested that INI1 sup-
presses tumor formation by regulation of the p16-CDK4/
cyclin D-Rb-E2F pathway (reviewed in Imbalzano and
Jones'). Introduction of INII into INII-deficient RT cell
lines results in flat cell morphology, changes in the actin cy-
toskeleton, accumulation of cells in G/G,, and, as found in
some studies, apoptosis or cellular senescence.*?>*# The
mechanism by which INI1 activates p16 is not completely
understood. It appears to act in a cell type—specific manner
to recruit the SWI/SNF complex to the pl6 promoter.
Increased expression of p16 leads to inhibition of the cyclin
D1-CDK4 complex, retaining Rb in its hypophosphorylat-
ed antiproliferative state.> Whereas expression of pl6
appears to be necessary for INI1-associated suppression of
cell growth, expression of cyclin D1 appears to be neces-
sary for tumor development.® Both of these genes are
markers of cell proliferation, and thus may not be the direct
targets of INII responsible for tumor initiation. Vries, et
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al.,* have recently suggested that inactivation of INI1 may
lead to polyploidy and chromosomal instability, due to ab-
normal chromosomal segregation.*' I, my colleagues, and
others have shown that primary RTs are usually diploid and
have minimal regions of LOH.%# It is possible that the chro-
mosomal instability noted in the studies reported by Vries,
et al.,* is related to the nature of the experimental system
that was used.

Murine knockout models have provided functional evi-
dence for Inil/Snf5 as a tumor-suppressor gene.'>*'** The
Inil/Snf5 null mutants die in the periimplantation stage in
embryogenesis. Directly or through its function in the SWI/
SNF complex, INil represses or activates a large number of
genes required for early stage development. Gresh, et al.,"
recently inactivated Inil in the developing liver, which led
to early postnatal lethality. Mice that are Inil/Snf5 haploin-
sufficient develop tumors that resemble RTs histologically,
but these tumors arise most often in soft tissues, often on
the face. In contrast to those in humans, murine tumors
rarely develop in the brain or kidney. Roberts and cowork-
ers’' have constructed a conditional knockout of Inil/Snf5
in which mice developed rapidly lethal tumors that resem-
bled mature T-cell lymphomas. Interestingly, coinactivation
of pl6Ink4a or Rb did not have a significant effect on tumor
formation, presumably because this pathway has already
been activated by Inil/Snf5 loss. Coinactivation of p53 led
to a dramatic decrease in the time to tumor development,'
however, indicating that alterations in other pathways, such
as DNA damage and repair, may impact tumorigenesis and
perhaps response to therapeutic agents. Zhang, et al.,* dem-
onstrated that the introduction of INII into an INII-defi-
cient cell line repressed transcription of cyclin D1. Using an
immunohistochemical approach, they showed that RTs
with inactivation of INII expressed the cyclin D1 protein.
In recent studies, Tsikitis, et al.,*® developed Inil */~ hetero-
zygous mice that spontaneously develop RTs, yet crossing
these mice with cyclin DI—-deficient mice abrogated tumor
predisposition. By 15 months, 25% of the Inil*~Cyclin
DI1** or Cyclin DI1*~ mice developed tumors, whereas
none of the Inil*~ Cyclin DI~ mice developed tumors.
Tsikitis, et al., propose that cyclin D1 expression is neces-
sary for RT growth and thus may be a good target for ther-
apy. Because the cyclin D1-Rb pathway is one of the key
modulators of cell cycle progression, the absence of cyclin
D1 in the progenitor cells may not allow these cells to be-
come fully transformed and give rise to detectable tumors.
That does not negate the possibility, however, that one or
more upstream genes may be the initial targets for INI1-
induced tumorigenesis.

Consistent with the proposed characterization of INII as
a tumor suppressor gene, a deletion and mutation analysis of
CNS have demonstrated biallelic alterations of INI! in both
renal and extrarenal RTs.”#4 Tumors have been shown to
harbor a homozygous deletion of INII or a deletion of one
copy of the INII gene with a mutation in the remaining ho-
mologue. The majority of the mutations are point or frame-
shift changes that introduce a novel stop codon, and thus
predict premature truncation of the protein.

A summary of the deletion and mutation studies for 119
RTs studied in the author’s laboratory follows and is high-
lighted in Figs. 1 and 2. The data represent the results from
79 brain and spinal cord tumors, 25 renal tumors, and nine
extrarenal RTs, as well as brain and renal or brain and soft-
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Fig. 1. Bar graph depicting the distribution of 96 coding-sequence mutations in the INII gene.

tissue RTs in six children. Twenty-six tumors had homozy-
gous deletions of INI1, including 16 (20%) of the brain and
spinal cord tumors, four (17%) of the kidney tumors, and
six (67%) of the extrarenal RTs. Coding-sequence muta-
tions were detected in 63 (80%) of the brain tumors, 21
(84%) of the kidney tumors, and three (33%) of the soft-
tissue tumors, as well as in brain and renal or extrarenal
RTs in six children (100%). The distribution of coding-se-
quence mutations among the nine exons of the INII gene is
shown in Fig. 1. Two tumors of the brain and one soft-tis-
sue tumor had two different mutations, presumably on dif-
ferent alleles. The tumors with single mutations had a loss
of the wild-type allele, due either to a deletion, mitotic re-
combination, or loss and duplication of the mutant allele.

As shown in Figs. 1 and 2, we have not yet detected any
mutations in exon 8, and exons 1 and 3 are greatly under-
represented. Exons 5 and 9 appear to be hotspots for the
CNS tumors. Coding-sequence mutations in exon 2 were
common among the renal RTs. As shown in Fig. 2, 48 of the
96 mutations were single-base pair-point mutations. All but
one of these were nonsense mutations, predicting prema-
ture truncation of the protein. One missense mutation was
detected in exon 9 (G1130A; arginine — histidine). In exon
5, a common C601T mutation was found in a total of 12
tumors, including 10 brain tumors, one renal tumor, and
one patient with primary tumors of the brain and lung. It is
likely that a germline mutation occurred in the latter, but we
did not have normal tissue for confirmation. A C472T mu-
tation was found in a total of seven tumors, including three
brain tumors, three renal tumors (two in the germline), and
a tumor of the skin. The C472T mutation does not appear
to be associated with a particular site, but it is often ob-
served in the germline.

There were four intragenic deletions of one or two ex-
ons, seven duplications (four to 19 bases), six insertions
(one to 28 bases), and 31 deletions. The most frequent dele-
tion was in exon 9, which accounted for a total of 20 of the
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mutations, and all in tumors of the brain or spinal cord. Of
note, we have not yet detected this mutation in the blood of
any of the patients. Fourteen of the mutations involved a
deletion of one of four cytosines in bases 1145 to 1148. The
remaining six mutations were single deletions of one of two
guanines at position 1143 or 1144. Both mutations are pre-
dicted to cause a frame shift, with addition of an extra 96
amino acids to the end of the protein. If expressed, howev-
er, the protein is unstable, as it was not detected by Western
blot analysis of three tumors or by immunohistochemical
analysis with an INI1 antibody.

The majority of RTs in all sites demonstrate deletions
and/or mutations of INII. In a substantial number of cases,
there is no coding-sequence mutation, but quantitative RT-
PCR analysis demonstrates low expression of INI1. Hyper-
methylation of the INII promoter could result in reduced
expression of INI1 in the absence of a coding-sequence
mutation; however, identification of the promoter region
and methylation studies demonstrated that the INII pro-
moter region is unmethylated.** Genomic rearrangements,
such as inversions, intragenic deletions, or translocations
of 22q11.2 could result in loss of expression of INI1 and
would be difficult to detect using PCR-based approaches.
Alternative epigenetic modifications, disruption of binding
to an enhancer sequence, or a second RT locus that may
function upstream of INII could also lead to reduced INI1
expression.

Although it is clear that patients with INI] alterations
and/or a diagnosis of RT have an extremely poor progno-
sis, it is not apparent that the type of genetic alteration af-
fects overall survival. At present, we have the clinical fol-
low-up information for 45 children with AT/RTs. Although
there was no apparent association of mutation with out-
come, these patients underwent a variety of treatments,
making it difficult to discern the contribution of genotype
to outcome. Oncologists attempt to avoid radiation therapy
to the brain in children younger than 3 years of age, which
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Fig. 2. Graph depicting distribution of INI// mutations in RTs.

could affect the overall survival of this study population.
An association of mutation with prognosis can best be elu-
cidated in the context of a therapeutic trial that will control
for treatment effects. Such a trial is currently in develop-
ment with the Children’s Oncology Group.

To develop accurate risk estimates for tumor develop-
ment, one of our continuing goals is to determine the fre-
quency of germline mutations in patients with RTs of the
CNS, kidney, and/or soft tissues. The expectation is that
children who present with more than one primary tumor, or
who have a family history of RT, are most likely to have
a germline INI1 mutation. Patients with soft-tissue tumors
would be the least likely to demonstrate a germline muta-
tion, because the tumors are most often homozygously de-
leted for INII.

To date, we have obtained matched blood and/or samples
of second primary tumor tissue from 49 patients with RTs
and coding-sequence mutations in /N/1. As shown in Table
1, we identified germline mutations in 16 (33%) of the 49
individuals, two of whom were siblings. This estimate of
the risk of germline mutation may be high because physi-
cians and parents may have been more likely to contribute
blood samples once a mutation was identified in the tumor
tissue. This aspect may be balanced, however, by the fact
that alterations resulting in decreased expression of INI1 at
the RNA and protein level that have not yet been elucidat-
ed may also be present in the germline. Twenty percent of
AT/RTs and 67% of extrarenal RTs have homozygous dele-
tions of INII as identified by FISH studies. The extrarenal
soft-tissue tumors generally showed homozygous deletions
due to deletion at the breakpoint of an apparently cytoge-
netically balanced chromosome 22 translocation and a
submicroscopic deletion in the remaining chromosome 22
homologue. We hypothesize that some of these patients
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may have constitutional /NI/ deletions below the level de-
tected by the FISH assays currently in use.

There were several notable findings among the patients
with germline mutations. First, as expected, children with
two primary tumors were most likely to have germline mu-
tations (five of six patients). The frequency of these muta-
tions was higher in the children with renal tumors (six of
11; 55%) compared with children with brain or spinal cord
tumors (five of 27; 18%). The lower frequency of germline
mutations in children with brain tumors may be biased by
the high frequency of exon 9 mutations that appear to be of
somatic origin and the high rate of homozygous deletion.

As shown in Table 1, germline coding-sequence muta-
tions have been detected in exons 2, 4, 5, 6, and 7. All of the
mutations result in the introduction of a novel stop codon.
Little is known regarding the structural function of the pro-
tein, and, interestingly, all of the mutations appear to result
in loss of protein expression. Two single base-pair muta-
tions were seen in two individuals each. The C472T in exon
4 and C601T in exon 5 both result in arginine — stop mu-
tations, and, in fact, cytosine — T transitions predominated.
Most interesting, however, is the fact that we have not yet
detected the most frequently occurring mutations, the single
G or C deletion in exon 9, in any patient with an RT of the
CNS. This finding suggests that a dominant negative effect
of this mutation may exist that is incompatible with a term
pregnancy.

Patients with germline mutations of IN// are predisposed
to RTs of the brain, kidney, and soft tissues and may present
with more than one primary tumor. These tumors are most
often identified within the 1st year of life, and tend to have
the worst prognosis.*® Reports of familially associated cas-
es of AT/RT in the literature are, however, limited. Sevenet,
et al.,*® reported on three families with multiple affected
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TABLE 1
Germline mutations of the INI1 gene in patients with RTs
Location Exon Codon Mutation Parent of Origin

brain 2 51 G152A unknown
brain 4 123 C367T mother
brain 4 125 373 dup 4 bp mother
brain 5 201 C601T mother
kidney 2 47 or 48 141/4 ins C mother
kidney 2 153 C157T unknown
kidney 4 158 C472T unknown
kidney 4 158 C472T unknown
kidney 5 206 G617A unknown
kidney 7 266 797 del 10bp unknown
brain & lung 5 201 C601T unknown
brain & kidney 2 66 C197A mother
brain & kidney 5 198 C592T unknown
brain & kidney 6 257 C769T mother
brain & kidney 7 297 889 del 7bp unknown

siblings who were shown to carry germline mutations of
INI1. None of the parents carried the mutation; thus, gonad-
al mosaicism was implicated as a potential mechanism to
explain the familial predisposition to these tumors. Izycka-
Swieszewska, et al.,'s reported the occurrence of an AT/RT
in an infant, with simultaneous presentation of a PNET of
the spinal cord in the child’s father. Although the father’s
tumor revealed a homozygous missense mutation at codon
174 in the TP53 gene that was not present in the child, a full
analysis of the INII gene was not performed in either the
child or her father.

To date, authors of only two reports discuss an inherited
INII mutation.'”” In the family reported by Taylor, et al.,”
a child with AT/RT inherited a germline exon 7 splice site
mutation in the INII gene from her unaffected mother, a
carrier. The mother’s brother carried the identical mutation
and had died as a child after diagnosis of a CPC. We have
recently studied a family with two half brothers who pre-
sented at ages 2 and 17 months with cerebral AT/RT."” The
maternal uncle was reported to have had a medulloblastoma
and a renal RT, and he died at 2 years of age. The two chil-
dren carried the identical germline mutation in exon 4 of the
INII gene, which was also inherited from the unaffected
mother. The affected uncle was a half sibling, and thus the
grandmother is also likely to be the carrier of the same IN//
mutation. The occurrence of a second family with unaffect-
ed carriers supports the hypothesis that the risks of an RT
developing in the context of a germline mutation may be
variable. It is possible that the risk of RT decreases with
age, in contrast to germline mutations of 7P53 or BRCA.
This age-related risk may be better understood once the cell
of origin for RTs is identified. It is also interesting to note
that the mutation was inherited from the mother in both of
these families. Although the frequency of deletions or LOH
of the paternal or maternal allele appear to be equal in pa-
tients with sporadic RTs, we have noted a bias in the parent
of origin of the mutated allele in children with germline
INII mutations. In our series, six of six germline mutations
were in the maternal allele.

The ability to study the effect of coding-sequence muta-
tions or altered RNA expression on protein expression has
been greatly facilitated by our development of an immuno-
histochemical assay for INI1."” We have shown that all RTs
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with coding-sequence mutations or reduced RNA expres-
sion demonstrate loss of nuclear expression in the tumor
cells. Furthermore, a majority of histologically confirmed
RTs without mutations of INII also showed loss of protein
expression. Most important, we have shown the clinical
utility of this assay for distinguishing AT/RTs from tumors
with overlapping histological features, such as PNETS, cho-
roid plexus carcinomas, and rhabdoid meningiomas. 81927

Normal cells exhibit nuclear expression of INI1; thus, in-
filtrating lymphocytes, blood vessels, and fibroblasts serve
as an internal positive control. Our first set of experiments
was designed to determine if loss of INI1 expression, as de-
tected by immunohistochemical analysis, was correlated
with INII deletion and mutation.'* We analyzed 20 AT/RTs
that had either a homozygous deletion or mutation of INI1
or a decreased expression of INI1 as determined by quanti-
tative RT-PCR. All 20 tumors showed retained expression
of INII in blood vessels and infiltrating lymphocytes, with
loss of expression in the tumor cells. The antibody recog-
nizes an epitope between amino acids 257 and 359 in the C
terminus of the protein. We expected that tumors with 5’
mutations would show loss of protein expression and were
surprised to find that all mutations led to loss of protein ex-
pression, including those in tumors with an exon 9 delC or
delG mutation that was predicted to result in the addition of
96 amino acids to the end of the protein. These results were
confirmed by Western blot analysis, which also dem-
onstrated loss of the INI1 protein in tumors with exon 9 mu-
tations. Ten tumors with classic features of medulloblas-
toma/PNET all showed retained expression of INI1. This
finding was consistent with results of our previous mutation
studies that did not demonstrate /NII mutations in these
tumors.’ The most interesting cases in this study involved a
series of seven tumors with histological features or immu-
nophenotypic profiles that were equivocal for PNET (par-
ticularly the anaplastic or large-cell variant) or that carried
an initial diagnosis of AT/RT but had no mutation of INII.
All seven tumors retained nuclear staining of INI1, consis-
tent with a revised diagnosis of medulloblastoma/PNET. In
at least two cases, the identification of cytogenetic abnor-
malities (such as isochromosome 17q and MYC amplifica-
tion) typically seen in medulloblastoma/PNET was used to
support the diagnosis.

The remaining 23 tumors in this study'® included a vari-
ety of histological subtypes. Only one tumor, an oligoden-
droglioma, demonstrated loss of INI1 expression, but there
was insufficient material for mutation analysis, suggesting
that loss of INI1 is specific to AT/RTs. This assay also ap-
pears to be more sensitive than mutation detection for dis-
tinguishing AT/RTs from other malignancies. To date, we
have analyzed 26 tumors with classic histological features
of AT/RTs that have loss of protein expression and no IN//
mutation. Loss of INI1 expression in the absence of a mu-
tation may identify a subgroup of tumors with epigenetic
modification of the INI1 locus or alterations in another
gene that could modify INI1 expression.

The most controversial tumor type with respect to INI]
mutation status has been CPC. Sevenet, et al., initially re-
ported that four of six CPCs had mutations of INI1I. Gessi,
et al.,'” have also suggested that 40 to 50% of CPCs have
mutations in INI!. Distinguishing CPCs from AT/RTs on
histological grounds alone can be difficult in cases that
show overlapping features (that is, extensive epithelial dif-
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ferentiation within an AT/RT or limited epithelial differenti-
ation in a CPC) because the immunoprofiles of these two tu-
mors overlap extensively. We obtained a series of 28 tumors
with an initial diagnosis of CPC from seven different in-
stitutions and the Cooperative Human Tissue Network.'®
Twenty-one of the 28 cases had classic features of CPC, and
all retained expression of INI1. Seven of the tumors demon-
strated loss of expression of INI1. An independent review of
the 28 tumors was performed by several expert neuropath-
ologists who had no knowledge of the results of the immu-
nohistochemical analysis. The seven tumors that tested neg-
ative for INI1 expression were either reclassified as AT/RTs,
or had features of the tumors that suggested AT/RT. We
therefore concluded that a loss of INII is specific for AT/
RTs, and that CPCs with INII mutations have been classi-
fied as such due to the difficult nature of distinguishing
these two entities.'®

Combined mutation analysis and INI1 immunohistoche-
mical assays have also been useful in elucidating the nature
of AT/RTs seen in the setting of progressive disease. We re-
cently studied an optic pathway ganglioglioma that evolved
into an AT/RT in an 11-year-old child after 10 years of treat-
ment.! A mutation in exon 9 was identified in formalin-fixed
tissue from the composite AT/RT—ganglioglioma. Expres-
sion of INI1 detected by immunohistochemical analysis was
found in the ganglioglioma component and normal cells on-
ly and was absent in the RT cells. The transformation to AT/
RT was probably due to acquisition of the I/N// mutation,
resulting in a therapy-resistant and ultimately fatal tumor.

Similar to CNS malignancies, renal and extrarenal RTs
are characterized by loss of protein expression of INI1 as
determined by immunohistochemical assays, the use of
which has shown the greatest clinical utility in distinguish-
ing soft-tissue RTs from other malignancies. Epithelioid sar-
comas are a complex histological group of tumors that
occur in both children and adults. A recognized subgroup,
termed “proximal epithelioid sarcoma,” has a multinodular
pattern of growth, rhabdoid cells, and an aggressive
course—features that overlap with RTs. Cytogenetic and
LOH studies have demonstrated loss of sequences in 22q.
We previously characterized two epithelioid sarcomas with
homozygous deletions of INI/ in an adult and in a child (un-
published data). In both cases, the pathologists revised the
diagnosis to RT. Modena, et al.,” recently identified homo-
zygous deletions of INI! in five of 11 epithelioid sarcomas,
all of the proximal type. They suggest that INI] alterations
may not be specific for RTs but highlight the fact that no
mutations of INII were identified. This scenario raises at
least two possibilities: 1) that the proximal type of epithe-
lioid sarcoma is a variant of RT, with a similar genetic ori-
gin and clinical course, and 2) that a locus close to INI] is
involved in the development of proximal epithelioid sarco-
mas (and that INII is deleted by virtue of its proximity to
that locus). Both possibilities can be addressed by analyzing
a larger series of tumors.

Deletion and mutation analyses of INI1, as well as func-
tional studies of the gene, are of interest for several reasons.
From the clinical diagnostic standpoint, we need to supple-
ment routine histological evaluation with molecular genet-
ic analysis to identify patients who need extremely aggres-
sive therapy to enhance survival. The identification of
germline NI/ mutations in patients with AT/RTs of the
CNS is a basis for beginning to understand the molecular
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origin of what had been considered a sporadic pediatric tu-
mor. We will be able to determine if family members or
cancer survivors are at risk for developing RTs. From a bas-
ic science perspective, understanding the role of INII as a
member of the SWI/SNF complex in tumorigenesis will be
critical for identifying downstream target genes and, ulti-
mately, for designing biologically based therapeutic strate-
gies.
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