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ABSTRACT

We previously reported the isolation of a 2.5 Mb tumor-suppressing

subchromosomal transferable fragment (STF) from Ilpl5.5 and the iden
tification of nine known genes and four novel genes within this STF. We
now report the isolation of a fifth novel cDNA, tumor-suppressing STF

cDNA 5, designated TSSC5, located within the STF. TSSC5 encodes a
predicted protein of 424 amino acids. Sequence analysis suggests that
TSSC5 is a membrane protein with 10 transmembrane segments, and it is
located between two imprinted genes, p57KII>2and TSSC3. Northern blot

hybridization revealed a 1.6-kb transcript in multiple adult tissues and in

fetal liver and kidney, consistent with a potential role in embryonal
tumors. We also found that TSSC5 is imprinted with preferential expres
sion from the maternal chromosome. Reverse transcription-PCR analysis

of TSSCS revealed frequent occurrence of aberrant RNA splicing, which
deleted exons 4, 5. and 6 in Wilms' tumors. Mutational analysis of TSSCS

by direct DNA sequencing of exons revealed a base substitution of G1120A
in a Wilms' tumor, matched normal kidney, and the patient's mother,

changed Arg at codon 309 to Gin. The G1120A substitution thus repre
sents either a rare polymorphism or a tumor-predisposing mutation,

because the mutant alÃelewas of maternal origin and preferentially ex
pressed in the patient's tissue. A second base substitution, C892T, was

found in a lung cancer, changing Ser at codon 233 to Phe. This substitu
tion was absent from the matched normal tissue and thus represented a
somatic mutation. We also found loss of heterozygosity in the lung cancer,
suggesting that TSSCS may be a conventional tumor suppressor gene in
the adult human lung and an imprinted tumor suppressor gene in the fetal
kidney.

INTRODUCTION

Human chromosome 1Ipl5.5 is of interest because it is frequently
lost in a wide variety of tumors, including Wilms' tumor, lung cancer,

and breast cancer, suggesting that one or more tumor suppressor
gene(s) map to this region (1). We previously isolated a STF1 that

suppresses the in vitro growth of the RD rhabdomyosarcoma cell line,
confirming the existence of one or more tumor suppressor genes
within this region, which are involved in the progression of human
cancers (2). The STF spans about 2.5 Mb. with DI 1SI2 at its proximal
end and DÃ¬IS1318 at its distal end (3). Suppression of tumor growth
by somatic cell hybrids also defines a tumor suppressor locus at
1Ipl5.5 telomeric to DI 1S60J (4). The overlapping tumor suppress
ing region is thus located between D11S60I and D11S1318. We have
previously identified and isolated four genes within this interval:
p57Kip2 TSSC3 K,LQT1, and TAPA-1. At least three of them, TSSC3,
p57KIP2, and K^.LQTl, are imprinted (5-8). We now report here

isolation of a novel gene, TSSCS. that is also within this interval.
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located between TSSC3 andp57Klp2. We demonstrate here that TSSCS

is imprinted, and mutations of TSSCS are found in lung cancer and
Wilms' tumor.

MATERIALS AND METHODS

I AOII Trapping, cDNA Cloning, and Mapping. Exon trapping was car

ried out as described (3). The GenBank dbesl database was searched using
exon sequences. EST cDNA clones were sequenced and analy/ed using
BLAST (9). Sequencher (Genecode, Inc.). and GCG (Genetics Computer
Group). Exons and cDNA clones were mapped back to a previously published
cosmid contig (3) by Southern blot hybridi/ation.

Northern Blot Hybridization. Northern blot experiments were performed
as described ( 10) on human multiple tissue Northern blots (fetal MTNII. adult
MTN. adult MTNII: Clontech). DNA probes were synthesi/ed by Ihe random
priming method (II) using TSSCS cDNA as a template. Autoradiograms were
developed after 24 h.

Isolation of DNA and RNA from Tissues. Normal fetal tissues were
obtained from the University of Washington Fetal Tissue Bank and were stored
at â€”135Â°Cuntil use. Tumor specimens and matched normal tissues were

obtained from the National Wilms Tumor Study and Johns Hopkins Hospital.
DNA was isolated by digestion with proteinase K (0.2 mg/ml) in the presence
of 1% SDS in buffer TE9 |0.5 M Tris-HCl (pH 9.0). 20 mM EDTA. and 10 mM
NaCl|, at 50Â°C overnight, followed by phenol/chloroform extraction and

sodium acetate/ethanol precipitation. RNA was isolated using RNA/ol B
(TEL-TEST. Inc.). following the manufacturer's protocol.

Identification of a Polymorphism in TSSCS. Ten sets of primers were
used to identify a polymorphism, which was found with the primer set 10:
primer lOa, GAGCCTGGTCCCGTGAGGCCCCACTC: and primer lOb, AC-

CGGGTAGCTCCTAGGGCTTCCTGGA. Primer pair 10a/l()b was used to
amplify exon 10. which contains the polymorphism G, Â¡^C, 1,^,.from genomic
DNA. PCR reactions contained 0.5 /J.M primers. 0.2 mM deoxynucleotide
triphosphate. 50 ng of DNA. I X PCR buffer (LTD. and 0.5 unit Taq DNA
polymerase (LTD in 25 /Â¿I,and they were performed with a Robocycler
(Stratagene) as follows: 40 cycles of 95Â°Cfor 45 s, 60Â°Cfor 30 s. and 72Â°C
for 1m 30 s: followed by extension at 72Â°Cfor 10 min. PCR products were

purified using Qiaex II (Qiagen) and directly sequenced or treated with Nla III
and analy/ed by electrophoresis on 5% polyacrylamide gels.

Analysis of Allele-specific Expression. RT-PCR single-strand conforma
tion polymorphism and sequencing was used to analy/.e allele-specitic gene
expression. RNA was treated with RNase-free DNase (Boehringer Mannheim)

before the reverse transcription reaction. Reverse transcription was carried out
using AMV reverse transcriptase (Boehringer Mannheim). Primer pair 104/204
was used to amplify cDNA spanning exons 8 to 11. The primer sequences are:
primer 104, CATGTCCTTCTTCGGGCTCCTCCAGAT; and primer 204,
TTATTGCCAGTCTGTGTCTGGGCAGCG. RT-PCR products were purified
from 2% agarose gels using Qiaex II (Qiagen). DNA sequencing of the RT-PCR
products was used to assay allele-specitic gene expression, normali/ed to allele-

specitic band height in genomic DNA. which was almost identical.
Mutational Analysis of TSSCS. Primer pair 9a/9b was used to amplify

exon 9. which contains the Arg309Gln substitution reported here. Primer pair
7a/7b was used to amplify exon 7. which contains the Ser233Phe mutation.
The primer sequences are: primer 9a, ATACCCACTTCTACCCTCTCT-

GTCTGG: primer 9b, CCAAGGGCTTAAGCACAGATGGTACCG: primer
7a, GCATTGGGACAATGGCCTTTG-CAGGCC; and primer 7b, GCCG-

CAGCTGGGACTCTGCCAGGCTCT. PCR products were amplified using
primer pair 9a/9b from tumor, matched normal, mother, and father DNAs, and
were sequenced from both directions.
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Fig. 1. Physical map and sequence of TSSCS. a, transcriptional orientation of
TSSCS and its relationship to nearby genes, b, nucleotide and amino acid
sequence of TSSCS. Underlined amino acid sequences represent the membrane
spanning regions predicted using the TMpred software package at http://dot.im-

gen.bcm.tmc.edu:9331. Comparison of our cloned TSSCS cDNA sequence and
genomic sequence from the Human Genome Project (accession AC001228)
indicated that TSSCS contains 11 exons. The first nucleotide of exons 1, 2, 3, 4,
5, 6, 7, 8, 9, 10, and 11 is at nucleotides 1, 63, 339, 437, 598, 731, 850. 958,
1059, 1161, and 1282, respectively. One of our trapped exons corresponds to
exon 3. and the other corresponds to exons 7 and 8. *. slop codon TGA.

Ã„GGTCACCCTGSGAOCGCTCACCCCÃ„CCGGCACCCGTGCCCAAC3CCCGCCCCTGCAÃ„AGGC
AGGCAAGGCCAGGCGGGTGCTGCCTGGGACCCAGTCACTCAGCACCCCTGCCCGGATCAA

CTXKACTTTKKCCCCTGCTCCGCCAGCCTCCTCKTTCGATCTCTCCTGGGTCTCCCTGC

TGCGCCTGTCCAGGATGCAGGGAOCTCGGGCTCCCAGGGACCAGOGCCGGTCCCCCGGCA
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GGATCAGCGÂ»rrcTAGGCCG<?TCCTCGGTCATCTrGCTTACCTACGTGCTGGCCGCCACAG
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TGGÃ–CCTCTGCTTCGGCGTCGGAGTCATCCTCGGCTCCCTGCTGGGCGGGACCCTGGTCT
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TCCTCAGCTTCACCTGCATCCCCGCCAGCACCAAAGGGGCCAAAACTGACGCCCAGGCTC
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RESULTS AND DISCUSSION

We previously reported isolation of more than 200 exons from
1Ipl5.5 (3). Using these exons, we have been systematically isolating
cDNAs from this region. Two exons, K3 and K4, were isolated from
cosmids located between TSSCS and p57KIP2 (12). Sequences of K3

and K4 exons were used to synthesize a primer pair for screening a

cDNA library and to search for EST clones in the dbest database. Two
cDNA clones were isolated and two EST clones, 592939 and 161372,

were identified. Sequence analysis of these four cDNA clones indi
cated that they encode a novel gene with 424 amino acids (Fig. le).

Fig. 2. Northern blot analysis of TSSCS expres
sion in fetal and adult tissues, a, fetal MTNII
(Clontech) blot; b. adult MTN blot; c, adult MTNII
blot. The filters were hybridized using TSSCS as a
probe, and exposures were for 24 h. 5m, Si, and
PBL, skeletal muscle, small intestine, and periph
eral blood leukocytes, respectively.

â€”1.6Kb ' â€”1.6Kb >t â€”1.6Kb
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Fig. 3. Allele-specifÃ¬cexpression of TSSC5 in fetal tissue specimens heterozygous for

the G|,66/Cn66 polymorphism, a. fetus 1; b, fetus 2. The chromatograms of genomic
DNA demonstrate that fetus 1 and feius 2 are heterozygous, and that the G alÃeleof fetus
1 is derived from the maternal chromosome. Genomic DNA was amplified using the
primer pair 10a/10b. The chromatograms of cDNA demonstrate monoallelic expression of
TSSC5 in most tissues, with the exception of the heart in fetus 1. cDNA products were
obtained by RT-PCR using primer pair 104/204.

The gene is designated here as TSSC5. EST clone 592939 contains a
poly (A) tract and is located at the 3' end of TSSC5. The other EST
clone, 161372, is located at the 5' end of TSSC5 and contains 194 bp
of 5' untranslated region. Two isolated cDNAs are located in the

middle. The first ATG of open-reading frame is located at nucleotide

195, and the stop codon is at nucleotide 1469 (Fig. \b). Mapping of
TSSC5 to an ordered ÃŠcoRI contig (12) indicated that TSSC5 is
located between two imprinted genes, TSSC3 and p57KIP2. The tran-

scriptional orientation is from telomere to centromere (Fig. la).
TSSC5 is 3-kb telomeric to TSSC3 and 15-kb centromeric top57KIP2.

Sequence analysis using the TMpred software package suggests that
TSSC5 is a membrane protein with 10 membrane spanning regions
(Fig. \b). The most likely membrane topology is that the NH2 termi
nus of TSSC5 is localized on the cytoplasmic side. Motif analysis
using the GCG software package identified three predicted casein
kinase II phosphorylation sites, Serl44, Ser224, and Ser358. TSSC5
also contains two predicted protein kinase C phosphorylation sites,
SerSl and Ser205. Thus, TSSC5 might be posttranslationally regu
lated. A report of this gene is also in press from another laboratory,
which was termed IMPT1 (13). That report also concluded that the
gene is imprinted, but there was no mutational analysis in that study
(13). Our sequence differs from the deposited GenBank sequence of
the other report (AF028738) by 13 nucleotides. We have performed
DNA sequencing in both directions multiple times and believe that it
is accurate. Thus, the other reported sequence may represent uncom
mon polymorphisms that we have not found.

To assess the tissue expression pattern of TSSC5, we performed
Northern blot experiments using human multiple tissue Northern blots
(fetal MTNII, adult MTN, adult MTNII; Clontech). The filters were
hybridized with the TSSC5 probe. We detected a 1.6-kb transcript of

TSSC5 gene in fetal liver and kidney (Fig. 2a) and adult heart, liver,
kidney, spleen, thymus, prostate, testis, small intestine, colon, and
peripheral blood leukocyte (Fig. 2, b and c). The expression of TSSC5
in fetal liver and kidney is consistent with a potential role in embry
onal tumors.

Because TSSC5 is located between two imprinted genes, we next
examined the imprinting status of TSSC5. We designed primer pair
10a/10b to amplify exon 10 of TSSC5 from genomic DNA. A Iran-

Table 1 Genomic imprinting of TSSC5

Specimen1234567gFetal tissueLimbBrainMeanLiverLimbLungHeartAdrenalKidneyIntestineTestisHeartBrainLungLungLimbLiverPlacentaAdrenalIntestineLimbBrainAdrenalLimbKidneyDNA"CJCCJCCJCCICGtCc/cGICCICCICGICGJCCJCGJCGJCCICCICCICCICGICGICGICCICGJCCICCICRNA*Gm>CGm>CGm=cCCCGm>CCCGm>CGm>CGm

=CGm
=CGm=cGm>CGm>CGm>CGGGGm=CGm=CGroCC

" Polymorphic site at nucleotide 1166. CIC. the genotypes of heterozygous fetuses.
h A single nucleotide G or C indicates monoallelic expression of that alÃele.Gm

indicates that the G alÃeleat nucleotide 1166 is derived from the maternal chromosome.
GIC indicates that the G alÃeleis expressed at least 3-fold over the C alÃele.Gm=C
indicates that both alÃelesare expressed equally or that the difference is less than 3-fold.
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Fig. 4. Detection of a base substitution of TSSC5 in a Wilms' tumor, matched normal

kidney, and mother DNAs. DNA was amplified using primer pair 9a/9b from matched
normal kidney, tumor, mother, and father. The normal, tumor, and mother are all
hÃ©tÃ©rozygotesof G] 120^1120- The father is homozygous at Gn2o- The sequence shown is
either TGCTGCTCC(G/A)GGCCAGCGTGC, where the underlined G/A indicates hÃ©t
Ã©rozygotein normal kidney, tumor, and mother, or TGCTGCTCCGGGCCAGCGTGC.
where the underlined G indicates homozygous G in the father.

scribed polymorphism at nucleotide 1166 within exon 10 was identi
fied. A transversion at nucleotide 1166 from C to G creates a restric
tion endonuclease site for Malli. We thus used Mail! to type 35 fetal
DNA samples. Seven of these were heterozygous, indicating that the

frequency of the C1]66 alÃeleis ~20%. The heterozygosity of the

TSSC5 polymorphism of these fetuses was also confirmed directly by
DNA sequencing (Fig. 3 and data not shown).

To assess the imprinting status of TSSC5, we synthesized primer
pair 104/204 that amplifies cDNA from exon 8 to exon 11, thus
generating a 467-bp cDNA product. This allowed us to exclude any

possibility of genomic DNA contamination in the analysis, because of
the shorter PCR product from cDNA. We then performed RT-PCR

and direct sequencing of PCR products on 25 tissues from eight
fetuses for analysis of allele-specific gene expression. Most of the

fetal tissues showed monoallelic expression (Fig. 3; Table 1). For
example, the genomic DNA in fetus 1 clearly showed equal repre
sentation of both C and G alÃeles(Fig. 3o). However, analysis of RN A
by RT-PCR showed that only the G alÃelewas expressed from two

separate tissues, including limb and brain (Fig. 3a; Table 1). Simi
larly, fetus 2 was heterozygous for the G1166/C1166 polymorphism
(Fig. 3b). In this case, only the C alÃelewas expressed from limb,
liver, lung, and heart (Fig. 3e; Table 1), again indicating preferential
expression of one alÃelein these tissues. Furthermore, 13 tissues from
six additional fetuses also showed monoallelic expression (Table 1).
However, the degree of imprinting varied among the separate fetuses
and tissues from a given fetus. For example, the heart from fetus 1
showed equal expression of both the C and G alÃeles(Fig. 3cz;Table
1). Relaxation of imprinting in the heart and brain was also observed
for fetuses 4 and 6 (Table 1). We observed previously similar relax
ation of imprinting in the heart of other imprinted genes in this region,
namely K^LQTl and TSSC3 (6, 8), suggesting that the regulation of
imprinting of these genes is tissue specific. In addition, we observed
relaxation of imprinting in the lung of fetus 4 and the limb of fetus 6,
indicating that imprinting in these tissues varies from fetus to fetus.
The parental origin of fetus 1, 4, and 7 was known, and all expressed
the maternal alÃele(Fig. 3a; Table 1), indicating that TSSC5 is pref
erentially expressed from the maternal chromosome.

TSSC5 is located in the interval between D11S601 and D11S1318,
where we and others previously mapped an embryonal tumor sup
pressor gene (2, 4). We therefore analyzed 25 Wilms' tumors for the

presence of mutations in TSSC5. This analysis revealed frequent
aberrant splicing of TSSC5 in Wilms' tumor. The aberrant transcripts

were gel purified and analyzed by DNA sequencing. Sixteen of 25
tumors showed deletion of exons 5 and 6 in the cDNA (data not
shown). Of these tumors, two also showed transcripts with deletion of
exons 4, 5, and 6; and three showed transcripts with deletions of exons

Fig. 5. Somatic mutation of TSSC5 in a lung
cancer. DNA was amplified from the tumor and
matched normal tissue using primer pair 7a/7b. The
mutation changes CS92 to rg92 in the tumor, chang
ing a Ser231 to a Phe2.xv The sequence shown is
GCCATCGCCTÃ‡CCTGCTGCGG, where the un
derlined C is mutated.

Normal

1\imor
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4 and 5 (data not shown). Deletion of exons 4 to 6 caused a frame-shift

mutation. We have described previously aberrant splicing as a general
mechanism of abnormal transcription in breast cancer (14).

Because of the high frequency of aberrant splicing of TSSC5 in
Wilms' tumor, we searched for mutations by analyzing exons and

flanking intron sequences in genomic DNA directly, using intron-

specific primers. One tumor of 48 analyzed showed a base substitution
of GÃ¬120A, which changes codon 309 from Arg to Gin (Fig. 4). The
Arg309Gln substitution would be predicted to have an effect on the
protein, because it causes loss of a charged amino acid in the eighth
putative transmembrane domain (Fig. \b). GÃ¬120A was also present
in normal kidney and mother but absent in the father (Fig. 4). The
mutant alÃeleshowed preferential expression in the tumor, accounting
for â€”70%of the cDNA (data not shown), consistent with maternal

inheritance of the mutant alÃeleand partial loss of imprinting of the
paternal alÃele.GÃ¬120A was not detected in 47 other Wilms' tumor or

in 24 Beckwith-Wiedemann syndrome patients. Either G1120A rep
resents a rare polymorphism or a germ-line mutation transmitted from

the mother.
A second mutation of TSSC5 was detected in 1 of 32 lung cancers

analyzed (Fig. 5). The C892T mutation occurred only in the tumor and
was absent in matched normal tissue (Fig. 5), thus representing a
somatic mutation. The C892T mutation changes amino acid Ser at
codon 233 to Phe, which likely changes the structure or function of the
protein product. The tumor also showed loss of heterozygosity of two
nearby llplS polymorphic markers, D1ÃŒS922and DÃŒÃŒS2071(data
not shown). Thus, it would appear that TSSC5 may function as a
conventional tumor suppressor in the adult lung and an imprinted
tumor suppressor gene in the fetal kidney. This model would predict
the absence of imprinting in the human adult lung, which we are
confirming at present.

While this manuscript was being submitted, Schwienbacher et al.
(15) reported independent isolation of the same gene, which they
termed BWR1A, as well as aberrant splicing and a missense mutation
in a cell line cultured from a rhabdomyosarcoma. A rare polymor
phism could not be excluded in that study. However, those data and
the data presented here together implicate a potential role for TSSC5/
BWR1A/IMPT1 in tumorigenesis. It will be necessary to examine a
much larger number of tumors, including embryonal and adult tumors,
as well as to perform functional analysis of the gene, to define its
precise role in cancer.
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Note Added in Proof

Three of three normal aduli lungs showed biallelic expression of TSSC5. consistent

with a role as a conventional nonimprinted tumor suppressor gene in adult lung but an

imprinted tumor suppressor gene in fetal tissue.
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