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ABSTRACT
Germ-line and somatic mutations of thehSNF5/INI1

gene have been reported in atypical teratoid/rhabdoid tu-
mors (AT/RTs) of the brain, consistent with its role as a
tumor suppressor gene. In the present study, we determined
the frequency of deletions and mutations ofINI1 in 52
children whose original diagnosis was medulloblastoma
(MB) or primitive neuroectodermal tumor (PNET) of the
central nervous system. Mutations were detected in DNA
isolated from four tumors, all from children less than 3 years
of age at diagnosis. Two of the four were reviewed and
reclassified as atypical teratoid tumor, whereas there was
insufficient material to establish this diagnosis in the two
remaining cases. The relatively low frequency of mutations,
even in a large series of infants, suggests that loss of se-
quences from chromosome 22 and/or mutations ofINI1 do
not account for the poor prognosis of children with MB or
PNET who are less than 3 years of age at diagnosis. Never-
theless, chromosome 22 deletion andINI1 -mutation analysis
of infants with MB/PNET should be considered for all chil-
dren who are less than 1 year of age. Detection of these
mutations suggests that the child has an AT/RT, rather than
a MB/PNET, a finding with important prognostic value.

INTRODUCTION
MB3 and supratentorial PNET are the most common ma-

lignant brain tumors of childhood, affecting approximately 1 in
200,000 children per year (1). The incidence of MB peaks
between 3 and 4 years, and again between 8 and 9 years,
although newborns and young adults may present with such
tumors (1, 2). Similarly, most patients with supratentorial PNET
are diagnosed between birth and 10 years of age. Prognostic
factors have been identified from both single-institution and
large collaborative-group trials. Total surgical resection of tu-
mor, infratentorial location, lack of metastatic disease, age
greater than 3 years, and high TrkC expression are each asso-
ciated with an improved prognosis, especially in children treated
with combined radiation and chemotherapy (2–5). The biolog-
ical basis for the poor prognosis seen in children with MB/
PNET who are less than 36 months of age has not yet been
elucidated (2, 3).

AT/RTs of the brain are clinically aggressive malignancies
that have overlapping clinical, histological, and radiographic
features with MB/PNET (6). AT/RT of the brain is almost
exclusively a tumor of infants, with the majority of patients
being diagnosed in the first 2 years of life. In the past, the
majority of AT/RTs have been misclassified as MB/PNETs
because two-thirds of AT/RTs contain fields of primitive neu-
roepithelial cells characteristic of MB/PNET (6, 7). Cytogenetic
and molecular studies are a useful adjunct in the differential
diagnosis of children with malignant brain tumors. An isochro-
mosome 17q is present in approximately 30–40% of MBs and
has not, to date, been observed in AT/RT (8–10). Conversely,
although monosomy or deletion of chromosome 22 is seen in the
majority of rhabdoid tumors in all anatomical sites, the nonran-
dom association of monosomy 22 with MB/PNET is still a
subject of debate (8).

Identification ofhSNF5/INI1as a candidate tumor suppres-
sor gene on chromosome 22 for malignant rhabdoid tumors was
recently reported (11). ThehSNF5/INI1 (12, 13) gene is a
component of the mammalian SWI/SNF complex, which func-
tions in an ATP-dependent manner to remodel chromatin, thus
allowing transcription factor binding to DNA (14). We demon-
strated germ-line and somatic mutations ofINI1 in CNS AT/
RTs as well as in rhabdoid tumors in the kidney and soft tissue
(15). We, therefore, hypothesized that the deletion or mutation
of INI1, which is associated with an aggressive and usually fatal
clinical course in children with AT/RT, could also account for
the poor prognosis observed in some infants with classified
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MB/PNET. At the same time, the specificity ofINI1 mutations
for rhabdoid tumors in the CNS could be determined.

In the present study, we evaluated MB/PNET biopsy sam-
ples from 52 children by FISH and molecular genetic techniques
to detect deletions and to determine loss of heterozygosity in
chromosome 22. Tumors were then analyzed for intragenic
deletions and mutations in theINI1 gene by a combination of
heteroduplex and direct sequence analysis.

MATERIALS AND METHODS
Biopsy specimens were obtained after informed consent

from children having surgery at The Children’s Hospital of
Philadelphia (17 cases), the Mayo Clinic (24 cases), or other
outside institutions (11 cases) participating in approved Chil-
dren’s Cancer Group biology studies under the direction of one
of the authors (J. A. B.). Patients were diagnosed between 1988
and 1998 and were treated according to institutional protocols
open during this time period.

Karyotypes were prepared from 10 primary tumors and
have previously been published (9). Cytogenetic pellets or touch
preparations from frozen tumor tissue were analyzed by inter-
phase FISH (10 cases) using cosmid probes forINI1 in 22q11.2
and EWS in 22q12 (15). DNA isolated from fresh or frozen
tissue was analyzed by PCR-based microsatellite analysis (49 of
52 cases) for loss of heterozygosity using probes that map to 22q
according to previously reported methods (15, 16).

The 28 tumors analyzed at The Children’s Hospital of
Philadelphia were screened by PCR and heteroduplex analysis
of each of the 9 coding exons of theINI1 gene, as described
previously (15). Exons with bandshifts suggestive of a mutation
were then sequenced to identify the base alteration. For the 24
Mayo Clinic cases, the 9 exons and corresponding exon/intron
boundaries were directly sequenced if there was evidence of loss
of heterozygosity for markers on chromosome 22 (5 tumors) or
if loss of heterozygosity could not be determined (1 tumor; Ref.
11, 16).

RESULTS
Clinical Findings. The 52 patients had an original diag-

nosis of MB, PNET, or supratentorial PNET. Areas of rhabdoid
cells that were suggestive of AT/RT were noted in 1 of the 52
cases.

The patients ranged in age between 4 days and 20 years,
with a median age at diagnosis of 4 years. Twenty-three (44%)
of the 52 children were#3 years of age at diagnosis. The
Children’s Hospital of Philadelphia patients were selected from
a larger cohort based on age and available DNA samples, and,
therefore, the high percentage of young children in this study
does not reflect the natural age-specific incidence of MB/PNET.

Two children (4 days and 1 year of age) received no further
therapy after surgery and died within a year of diagnosis. Two
patients (6 and 7 years of age) were treated with surgery and
radiation therapy and are alive 9 and 12 years from diagnosis.
The other 48 patients were treated with combined chemotherapy
according to one of six different protocols. Forty of the 48
patients also received radiation treatment. Ten (43%) of 23
patients#3 years of age have died, and 10 (34%) of 29 patients
.3 years of age at diagnosis have died. A multivariate statistical

analysis to assess correlations between age at diagnosis and
outcome with respect to mutation or deletion status could not be
performed because of the variability in treatment protocols.

Deletion and INI1 Mutation Analysis. As shown in
Table 1, a total of 16 (30%) of 52 cases demonstrated mono-
somy 22, deletion of 22q11.2, or loss of heterozygosity for
markers that map to 22q11-q12. None of the tumors were
homozygously deleted for theINI1 region in chromosome
22q11.2. Eight (35%) of the 23 patients who were#3 years of
age at diagnosis had loss of chromosome 22, whereas 8 (28%)
of 29 patients.3 years of age demonstrated loss of chromo-
some 22 in their tumors.

As shown in Table 2, mutations ofINI1 were identified in
4 of the 16 tumors with loss of chromosome 22. All 4 of the
mutations were found in children less than 3 years of age.
Eighteen tumors without loss of chromosome 22 (11 cases,3
years of age; 7 cases.3 years of age) were also screened for
alterations in theINI1 gene, but no additional mutations were
identified.

The first child was 6 months of age at the time of diagnosis.
As previously reported (15), the only cytogenetic abnormality
identified in the tumor karyotype was monosomy 22, which was
subsequently confirmed by interphase FISH. An alteration of the
first exon/intron ofINI1 was identified by PCR amplification
using primers that amplify the first exon and the 59 and exon1/
intron 1 boundaries. Limited material for histology review was
available, and a diagnosis of MB was confirmed in the absence
of immunohistochemical studies. The child relapsed and died
within one year of diagnosis.

The second case was a pineoblastoma (PNET of the pineal
gland) diagnosed in a 7-month-old infant. Karyotypes demon-
strated monosomy 22 as the only abnormality. A missense
mutation in exon 2 inINI1 was identified in the remaining allele.
A C3T bp change that introduces a novel stop codon (codon
40) in place of an arginine is predicted to result in premature
truncation of the protein. Normal tissue was not available, and
thus a germ-line mutation could not be ruled out. The histology
and immunophenotyping was reviewed; however, based on the
limited material available, there was no evidence to support a
change in diagnosis to AT/RT. This child also died because of
disease progression.

An identical single bp deletion of one of four cytosines in
codons 382 or 383 (exon 9) was detected in cases 3 and 4. The
sequence profile from one of the tumors is shown in Fig. 1. This
mutation is predicted to result in the addition of an extra 100
amino acids to the end of the INI1 protein (Fig. 2). Normal
tissue was not available in either case to determine whether the
mutation was constitutional.

One of the children with an exon 9 mutation was 2 years 7
months at the time of diagnosis. On the basis of a deletion of
22q11.2 detected by FISH, the histology of this case was re-

Table 1 Deletion analysis of MB/PNET patients

Age #3 yr Age .3 yr

No. of patients 23 29
Deletion of 22q11 8 8
Mutation of INI1 4 0
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viewed. After exhaustive analysis of the biopsy material, a small
region of rhabdoid cells was observed, and the diagnosis was
changed to AT/RT. The child died of fungal sepsis 6 months
after the initiation of chemotherapy (Children’s Cancer Group
Protocol 99703).

The other patient with the exon 9 mutation was diagnosed
at 8 months of age with a brain stem tumor. The original
diagnosis was PNET, although small areas with rhabdoid cells
were noted in the histological sections from the surgical sample.
Microsatellite analysis of DNA isolated from the formalin-fixed
and paraffin-embedded tumor tissue demonstrated loss of alleles
at three markers from 22q11.2, consistent with loss of heterozy-
gosity. The loss of chromosome 22 and subsequent identifica-
tion of the exon 9 mutation in a tumor with rhabdoid cells is

consistent with a diagnosis of AT/RT. The child had been
treated on a Children’s Cancer Group therapeutic study (CCG-
9921) with combined induction chemotherapy consisting of
ifosphamide, vincristine, etoposide, and carboplatin, followed
by maintenance chemotherapy and delayed radiation therapy at
36 months of age. At last follow-up, she was 6 years of age and
showed no evidence of disease.

DISCUSSION
The aim of the present study was to determine the fre-

quency of INI1 deletions and mutations in MBs and supraten-
torial PNETs. In particular, we sought to determine whether the
poor prognosis associated with age less than 3 years in patients
with MB/PNET could be attributable to alterations of theINI1
rhabdoid tumor suppressor gene.

Cytogenetic and/or molecular genetic deletions of chromo-
some 22 were identified in 16 of 52 tumors. Coding sequence
mutations in INI1 were identified in 4 of these 16 tumors.
Eighteen additional tumors were screened by heteroduplex anal-
ysis and/or direct sequencing, but there were no apparent mu-
tations. The remaining 17 tumors without loss of heterozygosity
for markers on chromosome 22 were not screened for anINI1
mutation. Bi-allelicINI1 mutations could have been missed in
these cases. This possibility is reduced by the fact that, to date,
we have only identified one rhabdoid tumor with mutations in
both alleles and no loss of chromosome 22 (Ref. 15 and unpub-
lished data).4

In two of the four patients (cases 3 and 4 in Table 2), the
finding of an INI1 mutation provided evidence for a change in
diagnosis from MB to AT/RT. Because of insufficient tissue for
the first two cases, additional studies that may have been used to
confirm a diagnosis of AT/RT could not be performed. Because
at least two-thirds of AT/RTs contain areas of tumor that re-
semble PNET (6), it is not possible to exclude a diagnosis of
AT/RT based on the histological identification of such tissue in
the biopsy specimen. Expression of epithelial membrane anti-
gen, often used to make a diagnosis of AT/RT in this setting,
could not be tested in the first case and was negative in the
second case. However, this might also be expected if only a
small sample of the tumor were available. Given that both
children were less than 1 year of age at the time of diagnosis, the
possibility of AT/RT must be considered.

The mutations identified in the present report are consistent
with what others and we have previously published forhSNF5/

4 J. A. Biegel, unpublished data.

Table 2 Chromosome 22 deletions andINI1 mutations in four children with MB/PNET

Case Age Deletion Mutation Effect
Final

diagnosis Outcome

1 6 mo Monosomy 22 Alteration in exon/intron 1 No expression MB DODa

2 7 mo Monosomy 22 C118T ARG3STOP Pineoblastoma DOD
3 2 yr 7 mo 22q11.2 deletion delC Frameshift AT/RT DOT
4 8 mo LOH for 22 delC Frameshift AT/RT Alive

a DOD, died of disease; DOT, died of toxicity; LOH, loss of heterozygosity.

Fig. 1 Sequence profile for the deletion observed in cases 3 and 4. The
normal sequence (top) contains four cytosines, whereas the mutant
sequence (bottom) contains only three cytosines.

Fig. 2 Schematic representation of the frameshift mutation shown in
Fig. 1. Deletion of one cytosine causes a change in the reading frame,
eliminating the normal stop codon at position 385. A novel stop codon
is created 300 bp downstream and is predicted to add 100 amino acids
to the protein.
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INI1 (11, 15, 17, 18). In fact, an identical exon 9 deletion was
noted in two other sporadic CNS AT/RTs in our previous series
of tumors (15). Recently, Sevenetet al. (17, 18) screened a
series of brain tumors for deletions or mutations ofhSNF5/INI,
including 53 MB/PNETs. Two of 17 PNETs and 5 of 36 MBs
had mutations inINI1. Interestingly, mutations were also de-
tected in four of six choroid plexus carcinomas. These authors
suggest that a variety of CNS tumors, including MB, “central”
PNET, and choroid plexus carcinoma share a common molec-
ular genetic pathway in tumor development based on the finding
of INI1 deletions and mutations in each of these tumor types.
Historically, most AT/RTs have been misclassified as MBs,
ependymomas, germ cell tumors, choroid plexus carcinomas, or
supratentorial PNETs (6, 7). We recently reported a patient with
a constitutional mutation of exon 7 who developed a CNS tumor
and, 6 months later, presented with a renal rhabdoid tumor (19).
Although the original diagnosis of the brain tumor was choroid
plexus carcinoma, it was reclassified as an AT/RT by histology
and immunophenotyping before the identification of anINI1
mutation. Sevenetet al. (17) did not indicate whether the his-
tology of their cases withINI1 mutations was reviewed. This
might rule out the possibility that tumors withINI1 mutations
identified as MB, PNET, or choroid plexus carcinoma were
actually AT/RT. Regardless of the histology, however, the find-
ing of a homozygous deletion or mutation inINI1 suggests that
these tumors be considered the same disease.

Sevenetet al. (17) also noted that the tumors withINI1
mutations seemed to be clustered among the younger patients.
Mutations were identified in 4 of 9 MB/PNET patients who
were less than 36 months of age, compared with only 3 of 44
patients who were older than 36 months at diagnosis. In the
present study, we selected additional tumors from children less
than 3 years of age from our larger cohort of brain tumor
patients to increase the likelihood of detecting mutations. Over-
all, the frequency ofINI1 mutations in this series of MB/PNET
patients was quite low. Not surprisingly, all of the mutations we
found were in tumors from young children. In fact, three of the
four children were less than 1 year of age at diagnosis. Statistical
analysis of the survival data were not feasible in this study
because the patients were collected over a ten-year time period,
and they were treated with one of six different protocols. How-
ever, it is notable that one of the children with a mutation in
exon 9 mutation was still alive six years from the date of
diagnosis. Clinical correlative studies designed to compareINI1
deletion and mutation status and outcome will clearly be of
interest.

Our findings also suggest that the poor prognosis associ-
ated with young age at diagnosis for children with MB/PNET is
not likely to be associated with a deletion of chromosome 22q11
or mutation of theINI1 gene. As shown in Table 1, there was a
higher frequency of chromosome 22 deletions in the younger
age group (35% in children less than 3 yearsversus28% in
children greater than 3 years). However, if we exclude the two
patients with INI1 mutations for whom the diagnosis was
changed to AT/RT, then 6 (29%) of 21 children#3 years at
diagnosis had loss of chromosome 22, which is similar to what
was seen in the older children. The finding that approximately
one-fourth (14 of 52, or 27%) of MB/PNETs may have loss of
heterozygosity for markers that map to 22q suggests the pres-

ence of another tumor suppressor gene that maps to this chro-
mosome. Future studies will be designed to explore this possi-
bility as novel candidate genes from chromosome 22 are
identified. At present, because of the clinically aggressive nature
of AT/RT, we suggest that newly diagnosed infants with ma-
lignant CNS tumors be screened for loss of chromosome 22 and
mutation of theINI1 gene. This will become critical as tumor-
specific treatment protocols for AT/RT and MB/PNET are de-
veloped.
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