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Abstract Malignant rhabdoid tumors are highly aggres-
sive neoplasms found primarily in infants and young chil-
dren. The majority of rhabdoid tumors arise as a result of
homozygous inactivating deletions or mutations of the INI//
gene located in chromosome band 22q11.2. Germline muta-
tions of INII predispose to the development of rhabdoid
tumors of the brain, kidney and extra-renal tissues, consis-
tent with its function as a tumor suppressor gene. We now
describe five patients with germline deletions in chromo-
some band 22q11.2 that included the INII gene locus, lead-
ing to the development of rhabdoid tumors. Two patients
had phenotypic findings that were suggestive but not diag-
nostic for DiGeorge/Velocardiofacial syndrome (DGS/
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VCES). The other three infants had highly aggressive dis-
ease with multiple tumors at the time of presentation. The
extent of the deletions was determined by fluorescence
in situ hybridization and high-density oligonucleotide based
single nucleotide polymorphism arrays. The deletions in the
two patients with features of DGS/VCES were distal to the
region typically deleted in patients with this genetic disor-
der. The three infants with multiple primary tumors had
smaller but overlapping deletions, primarily involving INI].
The data suggest that the mechanisms underlying the dele-
tions in these patients may be similar to those that lead to
DGS/VCEFS, as they also appear to be mediated by related,
low copy repeats (LCRs) in 22q11.2. These are the first
reported cases in which an association has been established
between recurrent, interstitial deletions mediated by LCRs
in 22q11.2 and a predisposition to cancer.
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Introduction

Malignant rhabdoid tumors (MRT) are rare, highly aggres-
sive neoplasms found most commonly in infants and young
children. Although they may present in any location in the
body, they are predominantly found in the kidney and cen-
tral nervous system. Rhabdoid tumors comprise approxi-
mately 1-2% of infant brain and renal tumors. Patients may
present with apparently sporadic tumors in one anatomic
site, or with multiple primary tumors arising in the brain,
kidney and/or soft tissues. Isolated cases of adults with
rhabdoid tumors have also recently been reported (Raisa-
nen et al. 2005).

Initial cytogenetic studies suggested an association
between rhabdoid tumors and alterations of chromosome
22 (Biegel etal. 1990). More recently, the INII/hSNF5/
SMARCBI1/BAF47 [MIM 601607] gene has been impli-
cated in the development of MRT (Versteege et al. 1998).
The INII gene is located in chromosome band 22q11.2.
Mutations and deletions of /NII have been identified in
renal and extra-renal rhabdoid tumors as well as central
nervous system atypical teratoid/rhabdoid tumors (AT/RT)
(Biegel et al. 1999, 2002; Versteege et al. 1998). The INII
gene codes for one of at least ten subunits of the SWI/SNF
complex, an ATP dependent chromatin-remodeling com-
plex. INII is an invariant component of all SWI/SNF com-
plexes, and is thus expressed in all normal cells at all stages
of development. Studies in model organisms have shown
that at least one copy of INI! is required for normal devel-
opment. The SWI/SNF complex appears to regulate tran-
scriptional activity, resulting in both repression and
activation of a wide variety of target genes (Biggar and
Crabtree 1999; Muchardt and Yaniv 1999). The function of
INI1 and the SWI/SNF complex and its role in the develop-
ment of rhabdoid tumors has recently been reviewed
(Biegel 2006; Muchardt and Yaniv 1999).

Since the initial reports implicating somatic alterations
(mutations or deletions) of INI/ in the development of
rhabdoid tumors, more than 30 individuals with germline
alterations of INI1 and rhabdoid tumors of the brain, kidney
and soft tissues have been reported (Biegel 2006, 1999,
2002; Bourdeaut et al. 2007; Janson et al. 2005; Kusafuka
et al. 2004; Sevenet et al. 1999; Taylor et al. 2000; Wieser
et al. 2005). The incidence of rhabdoid tumors due to germ-
line mutations is estimated to be between 15 and 30% (Bie-
gel 2006). As with somatically acquired mutations, the vast
majority of these alterations are point or frameshift muta-
tions that result in the introduction of a novel stop codon.
To date, only three patients with germline deletions of IN/I
have been described (Bourdeaut et al. 2007; Kusafuka et al.
2004; Wieser etal. 2005). Families have also been
described with multiple affected members, but these reports
are rare, likely due to a failure to obtain sustained cures in
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patients with this disease. The penetrance of germline INI/
mutations is not yet known, as we are aware of only two
unaffected carriers of germline /NI/ mutations (Janson
et al. 2005; Taylor et al. 2000).

DiGeorge/Velocardiofacial syndrome (DGS/VCES) is a
common microdeletion syndrome with an estimated inci-
dence of approximately 1 in 4,000 live births. Patients with
DGS/VCES present with a complex of structural and devel-
opmental anomalies that may include congenital cardiac
defects; craniofacial abnormalities, such as ear anomalies
and cleft palate; hypoplasia or absence of the thymus and
parathyroid glands; and neuropsychiatric disorders. Ninety
percent of patients with DGS/VCES have a 3 Mb deletion
of chromosome band 22q11.2, which is proximal to the
BCR and INII genes. DGS/VCFS associated deletions
appear to be mediated by low copy repeat (LCR) sequences
or segmental duplications (SDs) that map to this region of
chromosome 22 (Shaikh etal. 2000). LCRs represent a
class of low copy repetitive DNA elements that have
evolved by duplication of large segments of genomic DNA
ranging in size from 10 to 500 kb (Bailey etal. 2002;
Lander et al. 2001). The duplicated segments share >95%
of their nucleotide sequence identity with each other, which
can lead to aberrant recombination due to misalignment
between non-allelic sequences on homologous chromo-
somes (Shaikh et al. 2000; Shaw and Lupski 2004). There
are a total of eight known LCRs within 22q11. Despite the
high incidence of deletions in 22q11.2, there are only iso-
lated case reports of malignancies in patients with DGS/
VCEFS, including renal cell carcinoma, hepatoblastoma,
neuroblastoma, and lymphoma (McDonald-McGinn et al.
2006). Only one case of a renal rhabdoid tumor has been
described in a patient with features of DGS/VCFS and a
complex chromosomal rearrangement of 22q11.2 (Wieser
et al. 2005).

Oligonucleotide-based microarrays are slowly emerging
as the platform of choice for genome-wide analysis due to
their high-throughput and high-resolution (Bignell et al.
2004; Friedman et al. 2006; Janne et al. 2004; Ming et al.
2006; Zhao et al. 2004). Further, single nucleotide poly-
morphism (SNP) based oligonucleotide microarrays allow
for the detection of copy number neutral loss of heterozy-
gosity (LOH) events that are prevalent in cancers (Langdon
et al. 2006; Maris et al. 2005). In the present study, we uti-
lized high-density SNP oligonucleotide arrays to determine
the extent of 22ql1.2 deletions involving INII in five
patients with rhabdoid tumors. As most array platforms
avoid LCR regions when designing probes due to a lack of
localizing specificity, we utilized fluorescence in situ
hybridization (FISH) as well to further characterize the
deletions. Two of the patients had initial genetic evalua-
tions due to phenotypic features seen in DGS/VCFS. The
remaining three infants had two or more primary tumors,
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consistent with a genetic predisposition to malignancy.
Such approaches provide a rapid diagnostic tool for patient
management. Furthermore, the high density of probes allow
for a more precise localization of deletion breakpoints
which may lead to a better understanding of the mecha-
nisms responsible for the deletions in patients with congen-
ital disorders and malignancies.

Materials and methods

Tumor tissue, cell lines, and peripheral blood samples were
obtained from the five patients for INI/ analysis according
to procedures approved by the Institutional Review Board
at The Children’s Hospital of Philadelphia. In each case the
parents signed consent forms for genetic testing. In two
cases parental blood samples were also obtained to rule out
an inherited germline deletion.

Fluorescence in situ hybridization

Touch imprints from frozen tissue, formalin fixed tissue
sections, or fixed cell pellets from blood or established cell
lines were analyzed by FISH. Probe sets were selected
based on location relative to LCR regions. The BCR/ABL
and TUPLEI probe sets were purchased from Vysis
(Abbott Laboratories, Downer’s Grove, IL). The remain-
ing cosmid (C2C9, 61E11, 45C9, 118D7, 120E12) or BAC
clones (20P18 and 297M14) were labeled by nick transla-
tion with ChromoTide® AlexaFluor 594-dUTP or Chrom-
oTide®fluorescein-12-dUTP (Molecular Probes, Eugene,
OR). Probes for the Ewing’s sarcoma (EWS) region in
22q12 (120E12) were used simultaneously with the probes
for 22q11.2 to assess copy number and as an internal con-
trol. The probes were applied to slides of the tumor cells or
lymphocytes and co-denatured at 75°C on an Isotemp
125D heat block (Fisher Scientific, Pittsburgh, PA). Slides
were incubated at 37°C overnight in a moist slide moat
(Boekel Scientific, Feasterville, PA). They were then
washed in a 0.4X SSC solution at 73°C for 2 min, followed
by a 1 min wash in 2X SSC/0.1% NP-40 and counter-
stained with DAPI (Sigma, St Louis, MO). Fluorescent
signals from 100 to 200 cells were evaluated at 100X with
a Nikon Eclipse E800 fluorescence microscope equipped
with the proper filter sets. An Applied Imaging System
(Santa Clara, CA) was used to record images of represen-
tative cells.

Mutation analysis
DNA was extracted from tumor tissue, peripheral blood

lymphocytes or lymphoblastoid cell lines using a Puregene
kit (Gentra Systems, Minneapolis, MN). Oligonucleotide

primers for exons 1-9 of the INII gene were designed from
the intron/exon boundary sequences (GenBank accession
nos. AP000349-350) for PCR. PCR products for individual
exons were analyzed by the heteroduplex method and/or
direct sequencing as previously described (Biegel et al.
2002). Sequencing of the PCR products was performed by
the nucleic acid/protein core facility of the Children’s Hos-
pital of Philadelphia.

High-density SNP oligonucleotide array analysis

The oligonucleotide array experiments were performed
using the Affymetrix GeneChip 50 K Xba and 250 K Nsp
chips as previously described (Ming et al. 2006). About
250 ng of genomic DNA from the tumor or blood samples
(as indicated) were processed and labeled using reagents
and protocols supplied by Affymetrix. After hybridization,
the microarrays were processed in the Affymetrix Gene-
Chip Fluidics Station 450 and the resultant images were
analyzed with the Affymetrix GeneChip® Genotyping
Analysis Software (GTYPE). The SNP call rate for all
experiments was >98%. The median call rate (MCR) for all
experiments was >95%. For the 50 K Xba arrays, the
GTYPE output file ((CHP) was then analyzed using the
Affymetrix Chromosome Copy Number Analysis tool
(CNAT 2.0). Deletions and LOH were identified as previ-
ously described (Ming et al. 2006). The 250 K Nsp arrays
were analyzed using the Copy Number Analyzer for Gene-
Chip (CNAG) version 2.0, a publicly available software
package which allows for the detection of copy number
alteration using the signal intensities of the probes (http://
www.genome.umin.jp) (Nannya et al. 2005).

In order to maintain uniformity in analysis, the 50 K Xba
arrays were also re-analyzed with CNAG. The controls
used in the CNAG analysis included samples obtained from
Affymetrix which had previously been genotyped using the
GeneChip Mapping 100 and 500 K SNP arrays (http://
www.affymetrix.com/support/technical/sample_data/copy_
number_data.affx). The output from CNAG includes a
graphical view of the log, ratios for each chromosome as
well as raw output which contains information regarding
the SNP IDs, chromosomal location, log, ratio of the signal
intensity and LOH scores. The program outputs suspected
regions of copy number variation and LOH. These regions
were then checked manually by review of the raw data to
ensure that the mean log, ratio for the region met criteria
for loss or gain (defined as —0.3 for loss and 0.3 for gain).
Regions that did not meet these criteria were not included.

The proximal breakpoints were considered to be
between the last non-deleted and first deleted SNP while
the distal breakpoints were considered to be between the
last deleted and first non-deleted SNP. These coordinates
were then compared to the coordinates of the LCR regions,
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Table 1 Summary of clinical features of five patients with germline deletions of INT1

a

Patient Age Sex Features

Tumor location

Kidney, metastatic to lungs and right
ventricle of the heart

Spinal cord

Right axilla, mediastinum, liver, kidney

Brain, kidney, right ulna, lungs

1 5 years M Cleft palate, gastroesophageal reflux, upslanting palpebral fissures,
epicanthal folds, simple ears, facial asymmetry,
mild tapering of fingers, VSD, developmental delay, hearing loss
2 1 year F Cleft palate, gastroesophageal reflux, ASD and VSD,
upslanting palpebral fissures, Brushfield spots,
malar flatness, fifth finger clinodactyly
3 5 weeks M
4 8 months M
5 6 months M

Brain, liver, left and right kidneys

* Age at diagnosis of first malignancy

given in Supplemental Table 1 (http://www.genome.ucsc.
edu; Shaikh et al. 2000, 2007).

Results
Clinical findings
Patient 1

A 3-year-old boy was seen in Genetics clinic due to perva-
sive developmental delay, submucous cleft palate, and sen-
sorineural hearing loss. Clinical findings are summarized in
Table 1. He was noted to have gastroesophageal reflux in the
newborn period. His gross motor milestones were normal
although his fine motor skills were delayed. He had signifi-
cant language difficulties. His growth parameters were nor-
mal. He had upslanting palpebral fissures, small epicanthal
folds bilaterally, and simple ears. There was mild facial
asymmetry, with the right ear approximately one-half centi-
meter smaller than the left ear (Fig. 1a). He had small joint
hyper-extensibility and mild tapering to his fingers. Genetic
analysis performed at that time did not reveal an underlying
diagnosis, as his chromosome analysis and FISH for a probe
(TUPLEI) in the DGS/VCEFS region were normal.

At 5 years of age he presented with weight loss and hema-
turia. He was diagnosed with a left renal rhabdoid tumor,
which was considered metastatic to the right ventricle of the
heart and lungs. During these investigations a small muscular
ventricular septal defect was found. The child was treated
with a left nephrectomy, excision of the cardiac lesion and
radiation to the left renal area and lungs. He was treated with
a number of courses of chemotherapy, but died of complica-
tions due to the lung lesions 15 months following diagnosis.

Patient 2

A female infant was born prematurely at 34 weeks with a
V-shaped cleft palate and atrial and ventricular septal
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defects that subsequently closed. She remained hospitalized
for 2 weeks after birth. Her first year of life was compli-
cated by gastroesophageal reflux and difficulty feeding, sec-
ondary to her cleft palate. At 12 months, she was
hospitalized for a history of weight loss and fussiness. At
that time she was noted to have multiple dysmorphic fea-
tures including short upslanting palpebral fissures, Brush-
field spots, malar flatness, mild fifth finger clinodactyly, as
well as the V-shaped cleft of her hard and soft palate
(Fig. 1b). She acutely developed flaccid diplegia. MRI of
her spine revealed a minimally enhancing mass, encasing
the spinal cord and nerve roots from T12 to the sacrum. She
was taken to the operating room for subtotal resection of
the mass. Pathology revealed a malignant rhabdoid tumor.
She was treated with radiation and chemotherapy, including
etoposide, temozolaminde, cytarabine, methotrexate, dacti-
nomycin and doxorubicin, but succumbed to her disease
within a year of diagnosis.

Patient 3

A 5-week-old boy presented to the emergency room with a
2-week history of respiratory distress and a 1-week history of
an enlarging axillary mass. On physical examination, he was
noted to have difficulty breathing and a palpable four to five
centimeter mass in the right axilla. Computed tomography
(CT) scan of the chest and abdomen revealed a mediastinal
mass with tracheal compression, at least two liver masses with
calcification, and a small mass in one kidney. Head CT was
within normal limits. He was intubated for respiratory sup-
port. A biopsy of the axillary mass was performed. Pathology
revealed a monomorphic tumor with features of malignant
rhabdoid tumor, confirmed by loss of expression of INI1 by
immunohistochemistry. He died shortly after diagnosis.

Patient 4

An 8-month-old boy presented to the hospital with focal
seizures and an abdominal mass. Brain MRI revealed a
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Fig. 1 aPatient 1 at 4 years of
age. Note the upslanting palpe-
bral fissures, mild facial asym-
metry, and simple ears. Hearing
aids are present due to his senso-
rineural hearing loss. b Patient 2
at |1 year of age. Note the up-
slanting palpebral fissures simi-
lar to patient 1. She also has a
down-turned mouth and flat
midface, but normal ears

3

A
partially cystic and heterogeneously enhancing mass within
the right lateral ventricle with associated mass effect and
hydrocephalus. Abdominal CT revealed a large right renal
mass measuring nine by twelve centimeters. He underwent
resection of both the brain and renal masses. Pathology was
consistent with CNS AT/RT and malignant rhabdoid tumor
of the kidney, and confirmed by INI1 immunohistochemis-
try. He was treated with chemotherapy using ifosfamide,
carboplatin, and etoposide. Three months following diag-
nosis, he was noted to have pain and swelling of his right
elbow. MRI scan of the elbow revealed a soft tissue mass
medial and posterior to the right ulna. Biopsy of the mass
was consistent with extrarenal rhabdoid tumor. His treat-
ment was changed to an alternative chemotherapy regimen
with a plan to administer focal radiotherapy to the right
elbow, right renal bed, and tumor cavity in the right cere-
bral hemisphere. He then developed bilateral pulmonary
nodules, consistent with either a fourth primary tumor or
metastatic disease. Despite salvage therapy, he subse-
quently died of progressive disease.

Patient 5
A 6-month-old boy presented to the emergency department

with a 2-week history of vomiting with worsening lethargy
over the previous day. On examination, he was noted to be
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macrocephalic with a bulging fontanelle. Head CT revealed
a large posterior fossa mass compressing the fourth ventri-
cle with associated hydrocephalus and a separate left lateral
ventricle mass. MRI revealed an additional pineal region
mass obstructing the cerebral aqueduct. Liver and bilateral
renal masses were also identified. A right renal biopsy and
third ventriculostomy were performed. The renal mass was
diagnosed as a rhabdoid tumor. Following discussion of his
prognosis, his parents elected for palliative treatment and
he expired approximately 2 weeks later. An autopsy limited
to brain tissue was performed, and normal and tumor tissue
samples were collected for study.

Deletion and mutation analysis
Patient 1

A diagrammatic representation of the deletion intervals and
the FISH results for the five patients are shown in Fig. 3.
For patient 1, FISH analysis of a normal tissue cell line
established from the kidney revealed a single INI1 (118D7)
probe signal with retention of two copies of the control
EWS probe, consistent with a germline deletion. Sequence
analysis of the tumor DNA revealed an exon 6 mutation
with a 2 base pair TG deletion of bases 667-668 (codon
223) or 669-670 (codon 223-224). The mutation is
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predicted to result in a frameshift and introduce a novel
stop codon at position 223 (Fig. 2a). The mutation was not
present in the blood or cell line DNA, suggesting an
acquired mutation.

High-density oligonucleotide array analysis of DNA
from the blood using the 50 K Xba SNP chip confirmed the
22q11.2 deletion. Based on the LCR coordinates (Supple-
mental Table 1), the proximal breakpoint localized to LCR
region D, which is the distal end of the typical DGS/VCFS

A ATCCAGATCGICZGAGGATITC
normal GAA ATC CTC IGT GAC GATCTG GAT.......oeeve TGG TAA
E 1 L ¢C D D L D W  Stop
Codon 220 385
del TG
mutation GAA ATC CTC IG%R
E 1 L Stop
Codon 220 223
B IGACGCCTTCACGCCTTCACCTGG

normal GAC GCC TTC ACC TGG......vvvvivvrrervemrvserressessensesss TGG TAA
D A F T W W Stop
Codon 202 385
8bp insertion
mutation GAC GCC TTC ACG CCT TCA CCT GGA ACA TGA
D A F T P 8 P G N Stop
Codon 202 210

Fig. 2 a Exon 6 mutation in patient 1 with a 2 base pair TG deletion
of bases 667-668 (codon 223) or 669—670 (codon 223-224). Sequence
shown is the reverse sequence. The mutation is predicted to result in a
frameshift and introduce a novel stop codon at position 223. b Exon 5
mutation in patient 2 with a duplication of 8 bases (either 605-612 or
607-614). This mutation is predicted to result in a frameshift and intro-
duce a novel stop codon at position 211

Fig. 3 Chromosome 22q11.2 Cen

map with the location of the =
LCR regions, cosmid and BAC

clones used for FISH and germ-

line deletions indicated. Solid

black lines indicate the deleted

regions in each blood sample.

The typical DGS/CFS deletion is

between LCRs A and D
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TUPLE1 C2Co

deletion region. The distal breakpoint was in LCR G (Sup-
plemental Table 2). This deletion is approximately 2.7 Mb
in size. The oligonucleotide analysis of the blood DNA also
revealed a duplication of 20p12.1. There are no known
genes or polymorphisms in this region, thus the clinical sig-
nificance is not known. Additional FISH studies of the cell
line confirmed the array results, demonstrating loss of one
copy of both 45C9 and 61E11 with retention of both copies
of C2C9 and 20P18 (Fig. 3).

Array analysis was attempted on the tumor DNA, but
there were high levels of background noise complicating
the analysis of the genome. Nevertheless, the alterations
found in the blood were similarly present in the tumor
sample.

Patient 2

FISH was initially performed on a blood sample using both
a TUPLE] probe and a BCR probe. Although there was no
TUPLE] deletion, a single BCR probe signal was sugges-
tive of a constitutional 22q11.2 deletion. FISH analysis of
the tumor sample revealed loss of one copy of both the IN//
(118D7) and BCR probes. Molecular analysis of the tumor
DNA revealed a duplication of 8 bases (either 605-612 or
607-614) in exon 5 of the INII gene. This mutation is pre-
dicted to result in a frameshift and introduce a novel stop
codon at position 211 (Fig. 2b). This mutation was not
present in her blood.

Analysis of blood and tumor DNA using the 50 K Xba
chips demonstrated a 2.7 Mb germline deletion in chromo-
some 22q11.2 with breakpoints in LCRs D and G, similar
to patient 1 (Supplemental Table 2). In addition to the
abnormalities on chromosome 22, the SNP array analysis
revealed regions of LOH present in both the tumor and
blood in 2p16.3, 3p12.1-12.2, and 3q21.3-22.1. In addi-
tion, both a duplication of 6p21.32 and a more proximal
deletion in 22q11.21-11.23 were present in both the tumor
and blood samples. These abnormalities were in regions
with previously described polymorphisms and are thus pre-
sumed to be incidental findings (Conrad et al. 2006; Hinds
et al. 2006; McCarroll et al. 2006; Sebat et al. 2004; Sharp
etal. 2005; Tuzun etal. 2005). Duplications were also

Tel
INI1
B c ] E F G g H

45C9 61E11 BCR 118D7 20P18 207M14
s Patient1
4 Patient2

¢—— Patient3

- o

+— Patient 4
¢———¢ Patient5
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found in the tumor DNA in 1p31.1 and 3g25.2. In both
instances, although the changes did not meet criteria to be
considered significant in the blood sample, there were simi-
lar changes present. The only tumor specific change was a
deletion in 4q34.3. There are no currently known genes in
this deleted region.

As shown in Fig. 3, FISH analysis was consistent with
the array results, which demonstrated deletions of 45C9 and
61E11 and retention of both copies of C2C9 and 20P18.

Patient 3

Initial FISH analysis of the tumor from the right axillary
mass revealed two populations of cells, with 84% of cells
demonstrating homozygous loss of INII. The remaining
16% of cells demonstrated hybridization for a single copy
of INI1, suggesting a possible constitutional deletion. FISH
of the blood sample confirmed the germline INI/ deletion
with 100% of cells demonstrating hybridization for a single
copy of INII (Fig. 4).

High-density oligonucleotide array analysis of the tumor
DNA using the 50 K Xba chip revealed a deletion of
22q11.2 in which the region that included INI1 was homo-

Fig. 4 a Interphase FISH analysis from the tumor of patient 3 demon-
strating two populations of cells. One cell has loss of one copy of INI/
(red) and the other cell has loss of both copies of IN/I. Both cells dem-
onstrate two copies of the EWS control probe. These two cells likely
represent a normal tissue cell with the germline deletion and a tumor
cell with loss of INI1. b Interphase FISH analysis from the blood of the
same patient demonstrates loss of one copy of IN/I with retention of
both copies of EWS, consistent with a germline deletion

zygously deleted. The breakpoints for the tumor deletion
were localized to LCR region E and proximal to LCR H
with an approximate size of 1.7 Mb. Analysis of the blood
DNA on the 250 K Nsp array revealed a smaller 1.5 Mb
deletion of chromosome 22 including the /NI locus. In this
instance the breakpoints were localized between LCR
regions E and F proximally (proximal to BCR) and between
LCR regions G and H distally (proximal to 20P18).

Further FISH analysis of his blood to confirm the array
results revealed two copies of 61E11 and 20P18, represent-
ing the limits of the germline deletion (Fig. 3). A popula-
tion of tumor cells (36/100) demonstrated loss of one copy
of 20P18 with retention of EWS, suggesting a larger dele-
tion in the tumor. Based on the retention of two copies of
297M14 in the tumor DNA by FISH and the deleted SNP
coordinates, the distal extent of the larger tumor deletion
was confirmed to be proximal to LCR H.

Oligonucleotide array analysis also revealed multiple
abnormalities in addition to chromosome 22. In the blood,
deletions were present in both 14q11.2 and 15q11.2, which
are regions with previously described polymorphisms
(Conrad et al. 2006; Sebat et al. 2004; Tuzun et al. 2005).
These were not found in the tumor sample likely due to
differences in SNP density coverage for these regions
between the 50 and 250 K chips. There were additional
regions of LOH in the tumor, including 1p22.2-22.3,
2p11.2-p12, 6p24.1, and 9q21.1. The changes for chromo-
somes 2 and 9 were seen to some extent in the blood, but
were not confirmed statistically, while the changes on chro-
mosomes 1 and 6 were not seen in the blood and are thus
felt to be tumor specific.

Patient 4

FISH was performed on a peripheral blood sample and
samples of both the renal tumor and brain tumor. Analysis
of the blood revealed loss of a single copy of INII, whereas
both copies of INII in the tumor samples were homozy-
gously deleted. Although both copies of EWS were retained
in the blood and brain tumor, the renal tumor demonstrated
only a single signal for the EWS locus, suggestive of mono-
somy 22. These results confirmed that the brain and renal
tumors were both primary malignancies that arose indepen-
dently of one another. Consistent with the FISH results,
PCR analysis revealed homozygous deletions of the INII
gene in both tumors. The germline deletion was not found
in his parents’ blood and was thus felt to be a de novo dele-
tion.

Analysis of the blood DNA with the 250 K Nsp chip
revealed a 0.9 Mb deletion with breakpoints within LCR
region F and between LCR regions G and H in a known
recombination hotspot. These results were confirmed by
FISH, which revealed one copy of 20P18 but two copies of
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297M14. Both BCR and 61E11 were present in two copies
in the blood sample (Fig. 3).

Analysis of the oligonucleotide arrays did not reveal any
other areas of the genome with significant changes from
normal controls. Furthermore, as the tumors were fixed and
embedded in paraffin, high-density oligonucleotide analysis
of the tumor DNA was not performed.

Patient 5

FISH and high-density oligonucleotide analysis were per-
formed on both the normal brain and brain tumor tissue
from the autopsy. FISH analysis of the tumor DNA
revealed homozygous loss of INII. Analysis of the normal
brain tissue revealed a deletion of one copy of INII with
retention of both BCR and 20P18 (Fig. 3). These results
were subsequently confirmed on an established lympho-
blast cell line.

The 250 K SNP array demonstrated a germline deletion
approximately 1.0 Mb in size in the normal brain with the
same 1.0 Mb deletion (homozygous deletion) in the tumor
tissue (Fig. 5). The breakpoints were found to be in identi-
cal locations for both the normal brain and tumor tissue,
within LCR region F and between LCR regions G and H,
respectively. Interestingly, analysis of the tumor DNA
revealed loss of heterozygosity for the entire chromosome
22 suggestive of loss and duplication of the deleted homo-
logue.

In addition to chromosome 22, the oligonucleotide array
highlighted a region of LOH for 3q13.11-13.13 and a dele-
tion in 14q11.2. Both regions were present in the normal
brain and the tumor specimens and have been previously
described as regions of copy number variation (Conrad
et al. 2006; McCarroll et al. 2006; Sebat et al. 2004; Tuzun
et al. 2005).

Chromosome 22
Normal Brain DNA

1

Fig. 5 CNAG output for chro-
mosome 22 of patient 5. Plot
analysis demonstrates a decrease
in the log,R ratio for both the
normal brain and tumor samples
in the same region of chromo-
some 22 (including INII). The
magnitude of the decrease in
log,R ratio for the tumor DNA is
about twice the magnitude of the
decrease found in the normal
brain DNA, consistent with loss Tumor DNA
of one allele in the blood and 1

loss of both alleles in the tumor

A - PR Y

N 0 |

Discussion

We report here five patients with germline 22q11.2 dele-
tions that include the INII gene, which predisposed these
children to development of MRT. The extent of the dele-
tions and the nature of the second inactivating event, as
determined by SNP array and mutation analysis, appear to
be associated with the developmental or phenotypic defects
observed in these children.

Several genomic disorders, including DGS/VCFS and
cat eye syndrome (CES), have been associated with rear-
rangements of 22qll. Of the eight previously reported
LCRs within 22q11.2, the four proximal LCRs (A to D)
have been extensively characterized, due to their involve-
ment in recurrent rearrangements that lead to DGS/VCFES
(Edelmann et al. 1999) and CES (McTaggart et al. 1998).
LCR A and LCR D mediate the common 3 Mb deletion of
DGS/VCEFS and are the largest and most complex in their
organization (Shaikh et al. 2000). The four distal LCRs,
which are referred to as LCRs E to H, are smaller in size
and complexity. This distal cluster of LCRs has rarely been
associated with deletions of distal 22q11.2. Nevertheless,
recent evidence suggests that these distal LCRs may be
involved in recurrent, constitutional rearrangements of
22q11.2 associated with novel genomic disorders (Shaikh
et al. 2007).

The first two children in the present study were evalu-
ated by a clinical geneticist prior to the diagnosis of rhabd-
oid tumor. Both children had a cleft palate, cardiac defects
(ASD, VSD), and dysmorphic features, as well as develop-
mental delay in patient 1. In both patients, the standard
diagnostic FISH test for DGS/VCFS, employing TUPLE]
was normal. In retrospect, these results can be explained by
the fact that this gene maps to the region between LCR A
and B, which is proximal to their deletions. The deletions in
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both patients were mediated by LCRs D and G, which are
not typically associated with DGS/VCFS. The finding of
conotruncal defects and palatal anomalies are similar, how-
ever, to a small number of patients with a 22q11.2 deletion
syndrome and atypical LCR D to E and LCR D to F dele-
tions (Rauch et al. 1999; Saitta et al. 1999). The variability
of phenotypic features in DGS/VCEFS patients with different
overlapping and non-overlapping deletions of 22q11.2 have
made it difficult to correlate the extent of deletion with spe-
cific phenotypic features. Determination of which patients
with constitutional 22ql1.2 rearrangements should be
screened for INII deletions is therefore unclear. Once high
density SNP array analysis is available as a clinical diag-
nostic assay, it may be possible to make predictions of phe-
notype based on the extent of the 22ql1.2 deletions.
Clinical guidelines for screening patients for INII altera-
tions could then be established.

The other three patients in this report (patients 3-5) did
not have any obvious phenotypic findings consistent with
an underlying genomic disorder such as DGS/VCEFS,
although all three may have been too young to potentially
appreciate a developmental delay or other clinical features
of this syndrome. Of interest, each of these children had
extremely aggressive disease, with multiple primary
tumors. Patients 1 and 2 had more extensive deletions than
patients 3-5, yet they developed their rhabdoid tumors at a
relatively later age. Patient 1, in particular, presented at
5 years of age, which is past the peak incidence of this dis-
ease. These findings suggest that the second, acquired event
may also influence disease presentation or aggressiveness
in children with germline deletions of INI/. Patient 1 had a
two base pair deletion, whereas patient 2 had an 8 base pair
duplication, which resulted in a frameshift mutation. In
contrast, patients 3, 4 and 5, respectively, had loss of the
wild-type allele as result of a second interstitial deletion,
monosomy 22, or a loss and duplication of the deleted
homologue leading to LOH for all of chromosome 22.

Several genetic disorders are reported to be associated
with chromosomal deletions or duplications mediated by
LCRs. Isochromosomes, specifically for chromosome 17,
may also arise as a result of mis-alignment mediated by
LCRs near the centromere (Barbouti et al. 2004; Mendrzyk
et al. 2006). In contrast to a previous report suggesting that
homozygous deletions in cancer are negatively associated
with LCRs (Cox et al. 2005), the chromosome 22 and INI1
deletions described in this report appear to be due to LCR
mediated rearrangements, and, as such, are the first intersti-
tial chromosomal deletions that have been implicated in can-
cer development. Low copy repeats have also recently been
identified as potential breakpoints in the generation of
11q13.3 amplicons, which have been implicated in a variety
of carcinomas (Gibcus et al. 2007). To further elucidate the
role of LCR mediated rearrangements in cancer, studies are

in progress utilizing high density SNP based oligonucleotide
analysis of primary tumors with acquired deletions to deter-
mine if somatic deletions in sporadic rhabdoid tumors are
also mediated by LCRs in chromosome 22. These studies
should also allow us to determine whether the extent or loca-
tion of the deletions or mutations predict the biological
course of disease in patients who develop rhabdoid tumors.

We have described five patients with germline deletions
of chromosome 22 that include the INI/ gene. Similar to
previously published cases of patients with rhabdoid
tumors and INII germline deletions (Kusafuka et al. 2004;
Wieser et al. 2005), these patients had varying initial pre-
sentations. Two of our patients had features of DGS/VCES,
whereas the other three patients had multiple primary and
metastatic rhabdoid tumors. Although the second event
leading to INI! inactivation appears to differ among these
patients, at least some of these events may be influenced by
recombination events at LCR regions, suggesting a possible
common underlying mechanism for disease in these
patients. Furthermore, it is clear that the use of the SNP
arrays provides a sensitive means of assessing both copy
number aberrations and LOH to help elucidate underlying
mechanisms of disease.
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