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sequence (P < 10 32; Ref. 16). In addition, TSSC3 lies between the
known imprinted gene p57KIP2 (9) and the nonimprinted gene HNAP2

ABSTRACT
Genomic imprinting is an epigenetic modification of the gamete or
zygote leading to parental origin-specific gene expression in somatic cells

(17). Thus, in addition to the importance of imprinting in cancer and
BWS, knowledge of the imprinting status of TSSC3 enables us to
more precisely define a boundary between imprinted and nonim
printed genes on llplS.

of the offspring. We have previously identified a cluster of imprinted genes
on human chromosome lip 15.5, a region involved in Beckwith-Wiede111:11111
syndrome, Wilms" tumor, and ovarian, breast, and lung cancer.
Here we show that TSSC3, which is homologous to the mouse apoptosis
gene TDAG51 and maps to this region, is imprinted and expressed from
the maternal alÃ-elein normal development. This result is important for
three reasons: (a) TSSC3 is the first apoptosis-related gene in any species
found to be imprinted; </<i it is located within the tumor suppressor region
of 1IplS; and (c) it lies within 15 kb of the nonimprinted gene HNAP2, thus
defining a small boundary interval between imprinted and nonimprinted
genes on lip.

Isolation of DNA and RNA from Tissues. Normal fetal tissues were
obtained from the University of Washington Fetal Tissue Bank. Specimens
were maintained at -135Â°C until use. For DNA isolation, tissues were pul

INTRODUCTION

tion and sodium acetate/ethanol precipitation. RNA was isolated by homoge
nizing tissues in RNAzol B (TEL-TEST. Inc.). following the manufacturer's

A major focus of many laboratories has been the identification of
genes within llplS, because this region shows frequent loss of
heterozygosity in a wide variety of childhood and adult malignancies,
including Wilms' tumor, rhabdomyosarcoma, hepatoblastoma, and

protocol. The ages of fetus 1, 2, 3, and 4 were 58, 99, 72, and 54 days,
respectively.
Identification of a Polymorphism in TSSC3 and DNA Genotyping. The
following primers were used: primer IF, TATAAAGGCCGCGCCGGGGC-

breast, ovarian, and lung cancer (reviewed in Ref. 1). In addition, this
region contains genes for BWS,3 which predisposes to a wide variety

CACG; primer IR, CCGCCGTCTGGGGTTGAAGTGGTT;
primer 2F,
CCCGCGCTCGGCACGACATGAAATCCC;
primer 2R, GGGAACAGGCTCAGGCGGTCGGAGGTG;
primer 3F, ACATGAAATCCCCCGAC-

MATERIALS AND METHODS

verized in liquid nitrogen and digested 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 HIMNaCl] at 50Â°Covernight, followed by phenol-chloroform extrac

of embryonal tumors and causes prenatal overgrowth (2). One of the
surprising themes emerging from this research is that llplS harbors
multiple imprinted genes, i.e., those that are expressed from a specific
parental alÃ-ele.In addition, we have previously described abnormal
imprinting in cancer affecting multiple genes within this region (3-5),
and we and others have found direct involvement of several of these
genes in BWS and cancer. For example, IGF-2, an important autocrine
growth factor normally expressed from the paternal alÃ-ele,shows loss
of imprinting in childhood and adult cancers and BWS (3, 6, 7). In
addition, H19, an untranslated RNA, shows a growth-inhibitory effect
on tumor cells in vitro (8), and it is expressed from the maternal alÃ-ele
(3). Another llplS gene, p57KIP2, a maternally expressed cyclindependent kinase inhibitor gene (9), is mutated at low frequency in
BWS (10-12) and shows epigenetic silencing in Wilms' tumor (5).
We have recently found that KVLQTI is rearranged in patients with
balanced germ-line chromosomal rearrangements, and it is expressed
from the maternal chromosome (13).
Within llplS.5, we have identified a minimal region harboring a
tumor suppressor gene, using a genetic complementation assay with
STFs (14). This tumor-suppressing STF includes many of the im
printed 1IplS genes. As part of our effort to identify new genes in this
region, we recently cloned a gene homologous to the mouse TDAG51,
which, when overexpressed, causes Fas-mediated apoptosis in murine
T-cell hybridomas (15). This gene, termed TSSC3 (rumor-.s-uppressing

GAGGTGCTAC; primer 3R, GATATTAGATAGTCCAATAACTTAAGG;
and primer 4R, ATTTATTTGCAATGGGCACAGTGATGC.
The positions of
the primers are shown in Fig. \b. Primer set IF/1R was used for initial
screening of genomic DNA to identify a polymorphism. PCR reactions con
tained 0.5 /UMprimers, 0.2 mM deoxynucleotide triphosphate. 50 ng of DNA,
IX PCR buffer (Life Technologies, Inc.), 2 M betaine, and 0.5 unit of Taq
DNA polymerase (Life Technologies, Inc.) in 25 Â¡uand were performed with
a Robocycler (Stratagene) as follows: 30 cycles of 95Â°Cfor 45 s; 60Â°Cfor 30 s;
and 72Â°Cfor 90 s; followed by extension at 72Â°Cfor 10 min. Primer set 2F/2R
was then designed to type genomic DNA samples by SSCP, using the same
PCR conditions, but including 1 /nCi of [a-12P]dATP in the reaction. The PCR
products were denatured at 94Â°Cfor 3 min, chilled on ice immediately, and
electrophoresed on 5% polyacrylamide gels at 4 W at room temperature for
4h.
Analysis of Allele-specific Expression. We used RT-PCR SSCP and se
quencing to analyze allele-specific gene expression. RNA was treated with
RNase-free DNase (Boehringer Mannheim) before the reverse transcription
reaction. Reverse transcription was carried out with avian myeloblastosis virus
reverse transcriptase (Boehringer Mannheim) using ~1 Â¡Â¿g
of RNA. The first
round of PCR used primer set 2F/4R in the reaction. A second round of PCR
was often carried out using 0.5 fil of DNA from the first-round PCR reaction
and primer set 2F/2R and including 1 /Â¿Ciof [a-32P]dATP in the reaction.

School of Medicine. Ross 1064. 720 Rutland Avenue. Baltimore. Maryland 21205.
1The abbreviations used are: BWS, Beckwilh-Wiedemann syndrome; IGF. insulin-

Similar results were also achieved using primer set 2F/2R in a single round of
PCR after reverse transcription of RNA, although less efficiently than with two
rounds of PCR. For direct sequencing of PCR products, primer set 3F/3R was
used in the second round of PCR, PCR products were separated by 2% agarose
gel electrophoresis, and cDNA was purified using Qiaex II (Qiagen).
Northern Blot Hybridization. Northern blot hybridization was performed
as described previously (4) on human multiple tissue Northern blots (fetal
MTN II; Clontech). DNA probes were synthesized by the random priming
method (18). using TSSC3 (16) or Fas cDNA as a template. The Fas cDNA
template was synthesized by RT-PCR using oligo(dT)]5 for reverse transcrip
tion and nested PCR with the following primer sets: first round, GTTAATGCCCAAGTGACTGACATCAAC
and TTCTGTACTTCCTTTCTCTTCAC-

like growth factor; STF, subchromosomal transferable fragment; SSCP. single-strand
conformational polymorphism; RT-PCR. reverse transcription-PCR.

CCAA; second round. ACTGACATCAACTCCAAGGGATTGGAA
and
CTCTTCACCCAAACAATTAGTGGAATT.
The ages of fetal tissues were

5TF cDNA 3) shows 73% amino acid conservation with the mouse
Received 10/9/97; accepled 1/19/98.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.
' Supported by N1H Grants CA54358 and CA65I45.
2 To whom requests for reprints should be addressed, at Johns Hopkins University
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Fig. I. Physical map and structure of TSSC3. a, map indicating the relative positions
and transcriptional orientations of HNAP2. TSSC3. p57Klp2, and KVLQT1. Note that the
distance between HNAP2 and TSSC3 is about 15 kb. b, the exon-intron structure of TSSC3.
*, the polymorphic site at nucleotide 54. The nucleotide sequence flanking the polymor
phism
is AGGTGCTACGCGAGGGCGAGIT/OTGGAGAAGCGCAGCGACAGC,
with (T/C) indicating the polymorphic site. IF, IR. 2F, 2R. 3F. 3R, and 4R are the primers
in this study (see "Materials and Methods"). ATG and TGA denote the initiation and
stop codons.

20-25 days for fetal brain (pool of 10 fetuses); 18-28 days for fetal lung (pool
of 29 fetuses); and 10-32 days for fetal liver and kidney (pool of 17 fetuses).

RESULTS
Identification of a Transcribed Polymorphism in TSSC3. We
recently reported isolation of a novel gene termed TSSC3. which
shows homology to mouse TDAG5I and is located between HNAP2
and p57KIP2 (16). Our previous study placed TSSC3 15 kb telomeric
to hNAP2 and 50 kb centromeric top57KIP2 (Fig. la; Ref. 16). TSSC3
contains two exons. with the entire coding sequence present within the
first exon (Fig. \b; Ref. 16). To identify a transcribed polymorphism
in TSSC3, we used primer set 1F/1R to amplify exon 1 from genomic
DNA and sequenced the PCR products directly. In this manner, a
polymorphism was identified at nucleotide 54, with the C alÃ-ele
present in 2 of 16 individuals, and the T alÃ-elepresent in 14 of 16
samples (Fig. \b). We then synthesized primer set 2F/2R spanning the
polymorphic site, allowing the PCR product containing alÃ-elesT54 and
C54 to be resolved by SSCP analysis (data not shown).
Imprinting of TSSC3 in Fetal Tissues. We used primer set 2F/2R
for amplification of genomic DNA and SSCP to type fetal DNA
samples, identifying 4 hÃ©tÃ©rozygotes
from 30 fetuses. The heterozygosity of TSSC3 in these samples was also confirmed by sequencing
(Fig. 2). RNA was isolated from 16 tissues derived from these fetuses.
We used DNA sequencing of the RT-PCR products to investigate the
allelic expression of TSSC3. RT-PCR was performed to amplify exons
1 and 2 spanning the polymorphic site. cDNA products were resolved
on 2% agarose gels and purified for direct sequencing. All four tissues
from fetus 1 showed monoallelic expression of the T alÃ-ele(Fig. 2a,
kidney, intestine, limb, and heart). Similarly, both tissues from fetus
2 showed monoallelic expression of the T alÃ-ele(Fig. 2b, heart and
placenta). In addition, two tissues from fetus 3 and three tissues from
fetus 4 showed preferential expression of one alÃ-ele,in this case, the
C alÃ-ele(Fig. 2c, kidney and intestine; Fig. Id, heart, adrenal gland,
and kidney). Although the imprinting of the T alÃ-elein heart and
kidney from fetus 4 was leaky, quantification of relative allelic ex
pression levels indicated a significant bias toward the C alÃ-ele(4-fold
and 3-fold, respectively; Table 1). Expression in heart and testis of
fetus 3 was biallelic (Fig. 2c, heart and testis). Quantification of

GENE HOMOLOGUE

relative allelic expression after normalizing for nucleotide-specific
peak height indicated that both alÃ-eleswere expressed at an approx
imately equal level in testis and heart from fetus 3 (0.8 and 1.1,
respectively; Table 1). In summary, quantification of the relative level
of expression of the two alÃ-elesindicated that most tissues showed
preferential expression of one alÃ-ele,at least 4-fold more than the
other alÃ-ele,with the exception of heart and testis from fetus 3, which
showed biallelic expression, and heart and kidney from fetus 4, which
showed leaky but preferential allelic expression (4-fold and 3-fold,
respectively; Table 1).
To determine the parental origin of the expressed alÃ-eleof TSSC3,
we were able to obtain maternal DNA samples from two of four
fetuses. The T alÃ-elein both fetuses 1 and 2 was of maternal origin
(Fig. 2, a and b, maternal); thus, it was the maternal alÃ-eleof TSSC3
that was expressed (Fig. 2, a and b). Finally, to confirm allele-specific
expression, we reanalyzed the same specimens using RT-PCR SSCP.
This analysis again showed equal representation of both alÃ-elesin
DNA samples, but monoallelic expression in cDNA derived from the
RNA of all tissues tested (data not shown), with the exception of heart
and testis from fetus 3, confirming biallelic expression from these
tissues in some individuals. Thus, TSSC3 is imprinted in most tissues,
with preferential expression of the maternal alÃ-ele(Table I ).
We have also analyzed the allelic expression of TSSC3 in postnatal
kidney. Among five normal kidney tissues, one showed exclusively
monoallelic expression, two showed biallelic expression, and two
showed partial imprinting (data not shown). Thus, TSSC3 is not as
tightly imprinted in postnatal kidney as in prenatal kidney, similar to
our observations regarding another imprinted 11pi5 gene, KVLQT1
(13).4
Northern Blot Analysis of TSSC3 and Fas Expression. If TSSC3
plays a role in Fas-mediated apoptosis like mouse TDAG5ÃŒ,one
would expect similar patterns of tissue-specific expression of TSSC3
and Fas. To test this hypothesis, we performed Northern blot hybrid
ization using human multiple tissue Northern blots (fetal MTN II;
Clontech). hybridizing sequentially with TSSC3 and Fas probes. We
detected a 0.8-kb transcript of the TSSC3 gene in fetal lung, liver, and
kidney (Fig. 3a), although the amount of expression was markedly
reduced in fetal liver (Fig. 3a). Similarly, 2.5- and 2.0-kb Fas tran
scripts were predominantly observed in fetal lung and kidney, like
TSSC3, as well as a low level of expression in fetal liver (data not
shown; Fig. 3Â¿).The coexpression of TSSC3 and Fas in the same
tissues is consistent with the hypothesis that TSSC3 may play a role in
Fas-mediated apoptosis.
We also analyzed expression of the TSSC3 gene in adult tissues.
Northern blot hybridization using human multiple tissue Northern
blots (adult MTN blot and MTN blot II; Clontech) showed the
presence of a 0.8-kb transcript in the placenta (Fig. 4a) and in the
prostate and colon (Fig. 4/7). A 6.0-kb transcript was also detected in
the placenta (Fig. 4o). We are currently investigating whether the
6.0-kb transcript results from alternative splicing or is due to crosshybridization to a related gene.
DISCUSSION
In summary, we have shown that TSSC3, which is homologous to
the mouse apoptosis-related gene TDAG5I, exhibits monoallelic ex
pression in normal development, with preferential expression of the
maternal alÃ-ele.This is not due to a technical bias in the amplification
of the two alÃ-eles,because two cases showed expression of the T54
alÃ-ele,and two other fetuses showed expression of the C54 alÃ-ele.After
the submission of this paper. Qian et al. (19) reported imprinting of a
4 S. Jiang. M. Hemann. M. P. Lee. and A. P. Feinberg. KvLQTl gene imprinted in
mouse but differs from human, submitted for publication.
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gene that they termed IPL. The DNA sequences of Â¡PLare identical
to the TSSC3 sequence we have reported (Ref. 16; GenBank accession
number AF019953). Qian et al. (19) observed imprinting in the
placenta and liver only and thus referred to the gene as IPL (imprinted
in placenta and /iver). In contrast, we have found that TSSC3 is
imprinted in almost all fetal tissues tested, with the exception of heart
and testis in one fetal specimen (Fig. 2c; Table 1). Thus, we believe
the nomenclature TSSC3 is more appropriate.
These results have several important implications. This is the first
apoptosis-related gene that has been shown to be imprinted. There
fore, apoptosis is likely to be added to the list of cellular pathways
involving imprinting, which already include cell signaling, ion chan
nel conductance, cell cycle control, and embryonic development. In
addition, TSSC3 lies within the embryonal tumor suppressor gene
region of 1Ipl5. The fact that the gene is expressed from the maternal
alÃ-eleis consistent with a potential growth-inhibitory effect, because
imprinted genes expressed from the maternal alÃ-ele,particularly in this
region, tend to inhibit cell proliferation, and those expressed from the
paternal alÃ-eletend to stimulate growth. These data suggest that a
cluster of growth-inhibitory genes lie within a relatively small domain
of llplS.5, including TSSC3, p57KIP2, and H19. A recent study
suggests that regulation of Fas expression may play a role in breast
cancer (20). TSSC3 was also expressed in breast tissue (data not
shown). Thus, it is conceivable that inactivation of TSSC3, due to the
combination of imprinting of one alÃ-eleand loss of heterozygosity of
the other, could block /-as-mediated apoptosis in breast cancer, al
though such an effect need not be limited to breast cancer, particularly
given the strong expression of TSSC3 and Fas in the lung and kidney.
In this regard, it is particularly interesting that Hueber et al. (21) and
Harrington et al. (22) have recently reported involvement of c-myc
and IGF-1 in the same pathway downstream of Fas-mediated apop
tosis. Our demonstration that TSSC3 (which is upstream of Fas) is in
the same linked group of imprinted genes with IGF-2 suggests that
TSSC3 and IGF-2 could be genetically linked antagonists, consistent
with the Haig hypothesis of linked antagonists in imprinted gene
domains (23).
This study defines a centromeric boundary to the multigene im
printed domain of llplS.5. i.e., between HNAP2, which is not im
printed, and TSSC3, which is imprinted. A similar 40-kb boundary
region is defined at the telomeric end between H19 and L23MRP (24).
The centromeric imprinted domain boundary defined by the present
study is much smaller (only 15 kb). Thus, this work should greatly

â€”¿
0.8 Kb

facilitate efforts to identify functional boundary elements within this
domain.
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