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Tissue-Tek). To measure plaque size, longitudinal sections (about 30 per
mouse) of the aortic arch were analysed microscopically for all mice. For this
purpose, a 3-mm segment of the lesser curvature of the aortic arch was defined
proximally by a perpendicular axis dropped from the right side of the
innominate artery origin (Fig. 6, dashed line) and the aortic-arch wall
area subtended by this 3-mm stretch of intima was calculated for each
section of all mice by computerized image analysis (Fig. 6, green line). The
aortic-arch wall thickness was determined on this same segment of the
lesser curvature (Fig. 6, red line). The maximal area and thickness of the
inner-aortic-arch wall of each mouse were used to compute averages per
group.

For immunofluorescence double-staining, cryostat sections (5 mm) of the
aortic arch were cut, air-dried, fixed in acetone, and stained with anti-CD40L,
anti-CD40, or anti-VCAM-1 antibodies (PharMingen), or with the respective
cell-specific antibody (anti-CD31 for endothelial cells, anti-a actin for smooth-
muscle cells, anti-MAC3 for macrophages, and anti-CD3 for T lymphocytes;
Dako) as described5. Areas that stained positive for macrophages were mea-
sured using computer-assisted image quantification (Optimas 5.2, Optimas
Corporation). Lymphocytes identified by anti-CD3 staining were counted
microscopically by two blinded observers. Controls for specificity included
staining with the species-respective immunoglobulin (mouse myeloma protein
MOPC-21, Sigma; rat and rabbit immunoglobulin, Dako). The abdominal
aortas were fixed with 10% buffered formalin and stained for lipid deposition
with Sudan IV (Fisher Scientific). The aortas were then opened longitudinally
to the iliac bifurcation and pinned out on black wax surface using 0.2-mm steel
pins. The percentage of stain deposition was calculated within the total surface
area (15 mm from the iliac bifurcation to the thoracic section of the aorta)
using computer analysis26,27.
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Malignant rhabdoid tumours (MRTs) are extremely aggressive
cancers of early childhood. They can occur in various locations,
mainly the kidney, brain and soft tissues1,2. Cytogenetic and
molecular analyses have shown that the deletion of region 11.2
of the long arm of chromosome 22 (22q11.2) is a recurrent genetic
characteristic of MRTs, indicating that this locus may encode a
tumour suppressor gene3–8. Here we map the most frequently
deleted part of chromosome 22q11.2 from a panel of 13 MRT cell
lines. We observed six homozygous deletions that delineate the
smallest region of overlap between the cell lines. This region is
found in the hSNF5/INI1 gene, which encodes a member of the
chromatin-remodelling SWI/SNF multiprotein complexes9–12. We
analysed the sequence of hSNF5/INI1 and found frameshift or
nonsense mutations of this gene in six other cell lines. These
truncating mutations of one allele were associated with the loss of
the other allele. Identical alterations were observed in corre-
sponding primary tumour DNAs but not in matched constitu-
tional DNAs, indicating that they had been acquired somatically.
The observation of bi-allelic alterations of hSNF5/INI1 in MRTs
suggests that loss-of-function mutations of hSNF5/INI1 contri-
bute to oncogenesis.

To map in detail the homozygous deletions of chromosome band
22q11.2 that are observed in MRTs7,8, we amplified 22q11.2 loci
from MRT DNAs using the polymerase chain reaction (PCR). We
used DNAs from established cell lines to avoid DNA contamination
from non-tumour tissues. First, we tested 167 chromosome-22 loci
from the DNA of a recently described MRT cell line8. For nine
markers, specific PCR products were not detected in the tumour
DNA, although the matched constitutional DNA promoted efficient
amplification (cell line DL; Fig. 1). This suggested that the loci
defined by these markers lay within the previously suspected
homozygous deletion of 22q11.2 in DL8. These 9 markers and 49
flanking markers were then tested on the DNA from 12 other MRT
cell lines. Loss of heterozygosity (LOH) was detected at poly-
morphic loci in three cases for which constitutional DNA was
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available (cell lines LP, WT and MT; Fig. 1), and highly probable in
four other tumour DNAs with a single allele at numerous 22q11.2
polymorphic loci (cell lines AS, 2004, KD and Wa2; Fig. 1). We
observed a complete absence of amplification of several loci in four
additional cell lines (G401, TM, LM and MON; Fig. 1). From these
results we could delineate a common region of deletion that
includes markers A006E25, SGC32593, MMP11 and GCT10.

To eliminate the possibility that we were detecting artefacts of
PCR, we confirmed that these loci were homozygously deleted
by Southern blotting and hybridization of MRT DNAs with 32P-
labelled PCR products of the markers. This showed the complete
absence, as compared with control DNAs, of the expected fragments
in the DNAs from DL, G401, TM, LM and MON cell lines, an
observation in agreement with the PCR results (data not shown).
We used these markers to screen human bacteriophage P1-based
artificial chromosome (PAC) and chromosome-22-specific cosmid
libraries. The analysis of overlapping clones indicated that the
common region of deletion spans less than 150 kilobases (kb) of
DNA (data not shown).

A006E25 is an expressed sequence tag (EST) for hSNF5/INI1, a
human homologue of the yeast SNF5 gene9,10. hSNF5/INI1 encodes
a member of the SWI/SNF complexes, which are thought to
facilitate the transcriptional activation of inducible genes through
the remodelling of chromatin11–15. We focused on this gene because
hybridization of a Southern blot of MRT DNAs with a 59-hSNF5/
INI1 probe revealed an altered migration pattern of the germline 25-
kb EcoR1 fragment of KD DNA (Fig. 2). To study this alteration
further, we determined the genomic organization of the hSNF5/INI1
gene on cosmid DNA by direct sequencing of exon/intron bound-
aries with primers derived from the complementary DNA sequence.

This indicated that the peptide sequence of the hSNF5/INI1 gene
is encoded by nine exons and that this gene extends over ,50 kb
(Fig. 3). The amplification by reverse transcription with PCR (RT-
PCR) and sequence of hSNF5/INI1 messenger RNAs from the KD
cell line showed an out-of-frame junction between exons 3 and 6.
Furthermore, no PCR products were obtained for exons 4 and 5
using genomic DNA from this cell line as a template. The hybridiza-
tion of the Southern blot of MRT DNAs with an hSNF5/INI1 cDNA
probe consisting of exons 4 and 5 detected the expected 25-kb
fragments from control DNAs, but no signal from the KD DNA,
showing that the altered migration pattern of this fragment was
linked to a genomic deletion that includes these two exons (Fig. 2).
These results showed that the smallest region of homozygous
deletion observed in MRTs lay within the hSNF5/INI1 gene.

We searched for mutations of the hSNF5/INI1 gene in the seven
non-homozygously deleted cell lines by direct sequencing of both
RT-PCR-amplified hSNF5/INI1 mRNAs and PCR products of
individual exons obtained with primers derived from intron
sequences. In six cases, DNA variants were identified (Table 1).

Figure 1 The commonly deleted region in MRTs contains markers A006E25,

SGC32593, MMP11 and GCT10. Results of the analysis of a subset of the markers

tested by PCR amplification are indicated. At the left, the distances between

markers are indicated in cM (centimorgans)29. Filled squares indicate complete

absence of amplification of a marker in the tumour DNA. Open and filled circles

indicate retention and loss-of-heterozygosity of a marker sequence, respectively.

A dash indicates the presence of a single PCR product in constitutional and/or

tumour DNA. The type of marker is indicated: CA, dinucleotide polymorphic

marker; TRI, trinucleotide polymorphic marker. The black bar at the right indicates

the common region of deletion.

Figure 2 Homozygous deletion of exons 4 and 5 of hSNF5/INI1 in the KD cell line.

EcoR1-digested DNAs migrated on a 0.8% agarose gel were Southern-blotted

and hybridized successively with a 59-hSNF5/INI1 cDNA probe (exon 1–6) (59-h

SNF5) and an exon 4–5 cDNA probe. Black arrows indicate the 25-kb germline

DNA fragment and the white arrow shows the rearranged fragment in KD DNA.

As a control for the quality of DNA in the 25-kg range, the same blot was

hybridized with the SHGC-33468 EST probe.

Figure 3 Genomic organization of the hSNF5/INI1 gene and position of the stop

codons generated by mutations of the coding sequence. The gene is shown at

the top, and the protein at the bottom. Black boxes (top) indicate the position of

exons (numbered 1–9). The localization of exons 5, 7 and 8 is not precisely known

within respective EcoR1 sites (indicated by open circles). The hatched area

represents the SNF5 domain. The grey box (bottom left) indicates a peptide

sequence that can be present or absent in the protein, depending on the use of a

cryptic splice donor site in exon 2. The black and grey bars above the hSNF5

protein indicate the peptide repeats of the SNF5 domain and the possible C-

terminal coiled-coil structure, respectively. Arrows indicate the position of stop

codons generated by point mutations in the different tumours.



Nature © Macmillan Publishers Ltd 1998

8

letters to nature

NATURE | VOL 394 | 9 JULY 1998 205

Frameshifts due to nucleotide deletions and/or insertions were
detected in five cases and a TAC-to-TAA nonsense mutation was
observed in one case (Table 1). These alterations were observed in
both cDNAs and corresponding genomic sequences. Double
sequences, which might have been indicative of the presence of a
wild-type hSNF5/INI1 allele, were not detected. This observation
confirmed LOH analyses and showed the alteration of both alleles in
these six cases.

To exclude in vitro growth as a cause of these mutations, we
analysed DNAs isolated from the matched primary tumours.
Identical mutations were observed in all tested cases, establishing
their presence in the original tumour cells (Table 1). Matched
constitutional DNA was available in six cases. For four cases in
which precise sequence alterations were found in tumour DNA
(tumours LP, WT, MT and 2004), matched constitutional DNAs
contained wild-type sequences. In two tumours with homozygous
deletions (DL and MON), constitutional DNAs exhibited hetero-
zygosity at the GCT10 locus (Table 1). Finally, neither LOH nor
aberrant sequences could be detected in the 1783 tumour DNA. This
may indicate that subtle mutations affecting non-coding sequences,
including the promoter region, may have occurred in this tumour.
Alternatively, it may indicate that, in rare cases of MRT, hSNF5/INI1
may not be altered, or that, the diagnosis of MRT frequently being
difficult, 1783 may be a different pathological entity to MRT.

These data show that bi-allelic, somatic alteration of hSNF5/INI1,
arising through a combination of complete deletions of the gene,
frameshift alterations and nonsense mutations, is a frequent, if not
constant, feature of MRTs. This is fully consistent with the paradigm
of the ‘two-hit’ recessive model of oncogenesis and supports the
hypothesis that hSNF5/INI1 is the MRT tumour suppressor gene.
Although constitutional mutations were not detected in this study,
which was based on sporadic tumours, previous reports of multi-
focal and/or familial MRTs indicate that constitutional inactivation
of one allele of hSNF5/INI1 could be responsible for hereditary
cases5,16. Given the low incidence of MRTs and its aggressive
evolution, which leads to frequent death at a young age, familial
cases, if existing, are expected to be rare. Most of the mutations
described here are predicted to truncate the phylogenetically con-
served 200-amino-acid domain that mediates interactions with
hbrm and with the HIV integrase9,17. However, the mutation in
the WT cell line mainly results in the truncation of the 68 carboxy-
terminal amino acids that probably form a coiled-coil structure,
suggesting that the impairment of hSNF5/INI1-specific interac-
tions, mediated by this C-terminal domain, is essential for progres-
sion of MRTs (Fig. 3).

The alteration of chromosome 22 was the only recurrent cyto-
genetic abnormality found in this series of tumours (Table 1)3–8.

These observations and the high frequency of truncating mutations
of hSNF5/INI1 that we observed indicate that alteration of this gene
is a major oncogenic event in MRT and could thus recapitulate
several characteristics of this highly malignant paediatric cancer,
including abnormal proliferation, local invasiveness and high prop-
ensity to undergo metastasis.

Accumulating evidence indicates that altered chromatin organi-
zation at specific DNA sites might be crucial in the process of
oncogenesis. Indeed, the regulation of post-translational modifica-
tions of histones has been shown to be the target of alteration in
cancer18–22. The SWI/SNF complexes, which have been identified in
organisms from yeasts to humans, are also thought to be important
in the remodelling of chromatin structure. Members of these
complexes have also been linked to the control of cell proliferation,
in particular by binding to the retinoblastoma protein23–25. Our
results are, to our knowledge, the first to show that a member of the
SWI/SNF complexes has characteristics of a tumour suppressor. The
results indicate that the transcription of key genes involved in
growth, differentiation or apoptotic processes could be selectively
regulated by these complexes. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Patients’ samples. The TM87-16 (TM), G401, DL, 2001 and Wa2 cell lines
have been described7,8,26,27. Other cell lines were established through in vitro
growth of MRT cells in RPMI 1640 medium plus 10% fetal calf serum. Part of
the primary tumour samples was directly frozen in liquid nitrogen. Histo-
pathological analysis of all cases showed that the cells were round to polygonal
in shape, with vesicular nuclei, prominent nucleoli, eosinophilic cytoplasm and
rare but typical cytoplasmic inclusions. The cells stained positive for both
keratin and vimentin and negative for desmin. Constitutional material was
obtained from blood or non-tumour tissues. DNAs and RNAs were isolated
using standard procedures.
PCR. The sequences of the primers were retrieved from the Genome Database
(mirror site at http://gdb.infobiogen.fr/), the Whitehead Institute/MIT genome
center (http://www-genome.wi.mit.edu/), the Human Gene Map (http://
www.ncbi.nlm.nih.gov/SCIENCE96/), the Cooperative Human Linkage Center
(http://www.chlc.org:80/), the Stanford Human Genome Center (http://www-
shgc.stanford.edu) and the Sanger Center (http://www.sanger.ac.uk/). PCR was
performed using the GeneAmp PCR kit (Perkin Elmer) according to the
programmes provided by the above centres.
PACs and cosmid screening and sequencing. Filters from a gridded human
PAC library (RPCI1,3-5 from the Lawrence Livermore National Laboratory)28

provided by the Ressourcen Zentrum Primardaten Bank, and from a chromo-
some-22 library (LL22NC03), were screened with labelled PCR products from
the hSNF5/INI1 cDNA. After amplification of the positive clones, DNA was
isolated using the Qiagen Plasmid kit and used to determine the EcoR1
restriction map of the hSNF5/INI1 locus. Sequences of exon/intron boundaries

Table 1 Analysis of the hSNF5/INI1 gene in cell lines, primary tumours and constitutional DNAs from MRT patients

Name of cell line Age* Localization Cytogenetics Analysis of RNA and DNA

Cell lines Primary

Allele 1 Allele 2 tumour† Constitutional
...................................................................................................................................................................................................................................................................................................................................................................

DL 14 Lung 46XY, t(1;22) Deletion Deletion — Two alleles
LP 12 years Kidney 46XY 47TAC/TAA Deletion id Two alleles, NS
WT 21 Kidney 46XY,-15,der15 t(1;15) 317, del 1 bp Deletion id Two alleles, NS
MT 1 Soft tissue 46XY 31, ins 72bp‡ Deletion id Two alleles, NS
G401 3 Kidney 46XY Deletion Deletion — —
MON 6 Abdomen 46XY,t(7;22) Deletion Deletion — Two alleles
TM 21 Retroperitoneal 46XY,t(11;22) Deletion Deletion — —
2004 6 Kidney 46XY 258, del 13bp, ins 2bp Deletion id Two alleles, NS
1783 6 Kidney 46XY NAD NAD — —
KD 11 Abdomen 46XX, 9p+ Deletion of exons 4 and 5 Deletion — —
LM 8 Liver 46XX,3p+, 22q− Deletion Deletion — —
Wa2 17 Intraspinal 46XY,t(18;22) 196, dup 17bp Deletion — —
AS 7 Abdomen 46XX 37, del 19bp Deletion — —
...................................................................................................................................................................................................................................................................................................................................................................
*Age of the patient is shown in months except for the LP cell line. † Tumour material is derived from surgical biopsy. ‡This insertion contains an in-frame stop codon. Deletion indicates a
complete deletionof the hSNF5/INI1 gene;NAD, no alterationdetected; dash, no materialavailable foranalysis; id, identical alterationsobserved in the primary tumourand in the cell line;NS,
normal sequence. For each point mutation, the position of the codon and the type of alteration are indicated; bp, base pairs; del, deletion; ins, insertion; dup, duplication.
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were obtained through direct sequencing of DNAs from overlapping cosmids
with primers derived from the cDNA sequence using the AmpliTaqFS BigDye
Terminator kit (Applied Biosystems). Sequencing reactions were resolved on an
ABI 377 Prism automated sequencer.
Southern blot analysis. 10 mg EcoR1-digested cell-line and constitutional
DNAs from MRT patients and from non-affected controls were subjected to
electrophoresis in 0.8% agarose gel, transferred to nylon membranes (Hybond
N+) and successively hybridized with 32P-labelled PCR products from
A006E25, MMP11 and SGC32593 DNAs, 59-hSNF5/INI1 cDNA (exon 1–6),
39-hSNF5/INI1 cDNA (exon 6–9), exons 4–5 hSNF5/INI1 cDNA and the
SHGC-33468 EST probes.
Mutation detection. We completely analysed the coding sequences of both
strands of both the hSNF5/INI1 cDNAs and the genomic DNAs from each cell
line. RNAs were reverse-transcribed with oligo-dT primers and resulting
cDNAs were amplified using the GeneAmp RNA PCR core kit (Perkin Elmer).
In each case, two overlapping PCR products corresponding to 59-hSNF5/INI1
and 39-hSNF5/INI1 cDNA were analysed. For the analysis of genomic DNA, we
designed primer couples located in introns and used these primers to PCR-
amplify the nine exons of hSNF5/INI1 individually. All PCR amplification
reactions were performed using the GeneAmp RNA PCR kit (Perkin Elmer) in
1.5 mM MgCl2 with the following parameters: denaturation, 94 8C for 30 s;
annealing, 60 8C for 30 s; and extension, 72 8C for 30 s. PCR products were
directly sequenced using the AmpliTaqFS Dye or BigDye Terminator kits
(Applied Biosystems) on automatic 373A or 377 Prism sequencers. Primer
sequences are available on request.
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