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Identification and Localization of the Gene for
EXTL, a Third Member of the Multiple
Exostoses Gene Family

Carol A. Wise," Gregory A. Clines,' Hillary Massa,” Barbara J. Trask,” and
Michael Lovett'
'Department of Otorhinolaryngology, Molecular Biology, and Oncology and the McDermott Center,

University of Texas Southwestern Medical Center at Dallas, Dallas, Texas 75235-8591; *Department of
Molecular Biotechnology, University of Washington, Seattle, Washington 98915

Hereditary multiple exostoses (EXT) is an autosomal dominant disorder characterized by multiple bony
outgrowths from the juxtaepiphyseal region of long bones. In a small proportion of cases, these exostoses
progress to malignant chondrosarcomas. Genetic linkage of this disorder has been described to three
independent loci on chromosomes 8q24.1 (EXTI), lIpll-13 (EXT2), and 19p (EXT-3). The EXTI and EXT2 genes
were isolated recently and show extensive sequence homology to each other. These genes are deleted in
exostoses-derived tumors, supporting the hypothesis that they encode tumor suppressors. We have identified a
third gene that shows striking sequence similarity to both EXTI and EXT2 at the nucleotide and amino acid
sequence levels, and have derived its entire coding sequence. Although the mRNA transcribed from this gene is
similar in size to that from EXTI and EXT2, its pattern of expression is quite different. We have localized this
gene by fluorescence in situ hybridization to metaphase chromosomes and by whole genome radiation hybrid
mapping to chromosome Ip34. between DIS458 and DIS5ll, a region that frequently shows loss of
heterozygosity in a variety of tumor types. This gene, EXTL (for EXT-like), is therefore a new member of the

EXT gene family and is a potential candidate for several disease phenotypes.

[The sequence data described in this paper have been submitted to GenBank under accession no, Ué7191]

Hereditary multiple exostoses (EXT) is an autosomal
dominant disorder of bone growth characterized by
the presence of exostoses, bony outgrowths capped
by cartilage that emerge primarily from the juxtae-
piphyseal regions of the long bones (Solomon
1961). Some exostoses may be apparent at birth but
continue to increase in size and number during
growth until the closure of the growth plates (Hen-
nekam 1991). These outgrowths may limit joint
movement or cause pain as a result of compression
of nerves. In these cases surgical intervention is of-
ten necessary, and many patients require multiple
surgeries throughout the course of the disease. EXT
is estimated to have a prevalence of one in 50,000 to
one in 100,000 in Western populations (Hennekam
1991; Cook et al. 1993). In a few percent of cases the
exostoses are transfomed to malignant chondrosar-
comas or osteosarcomas, the most severe form of
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this disease (Hennekam 1991; Wicklund et al.
1995).

Multiple exostoses have been observed as part
of the clinical profile in patients with Langer-
Giedion contiguous gene syndrome, which is a de-
letion of 8q24.1 (Cook et al. 1993), and a recently
delineated contiguous gene syndrome that is a de-
letion of 11p11-p13 (Bartsch et al. 1996). Consistent
with these observations, linkage analysis in EXT
families has revealed that this is a multigenic disozr-
der (Cook et al. 1993), identifying genetic loci on
chromosomes 8q24.1 (EXT1) (Cook et al. 1993) and
11p11-13 (EXT2) (Wu et al. 1994; Wuyts et al.
19935). Genetic linkage has also been reported to a
third locus on chromosome 19p (EXT3) (Le Merrer
et al. 1994). The EXT1 gene was cloned recently and
shown to harbor mutations in affected members
from two linked families, and to span chromosomal
breakpoints identified in two multiple exostoses pa-
tients (Ahn et al. 1995).

Recently, we utilized a combination of posi-
tional cloning approaches to isolate the EXT2 gene
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(Stickens et al. 1996). A chromosome 11-specific
cDNA library (Del Mastro et al. 1995) was con-
structed and screened with YACs encompassing the
previously defined EXT2 region. A candidate gene
from this library was identified from its sequence
similarity to the EXT1 gene. Subsequent studies
demonstrated that this gene maps precisely within
the genetically defined region of 11p11-13 and
within a small deletion that cosegregates with the
disorder in one family. Moreover, the transcript size
and expression of this candidate EXT2 gene closely
resemble that of EXT1. Mutational analysis of EXT2
in a linked family identified a 4-bp deletion segre-
gating in affected individuals, which is predicted to
result in protein truncation.

Although the functions of these genes are not
clear, both EXT1 and EXT2 are believed to encode
tumor suppressors, based on the observation of loss
of heterozygosity (LOH) of nearby markers in spo-
radic and exostoses-derived chondrosarcomas
(Hecht et al. 1995; Raskind et al. 1995). LOH has
also been found at polymorphic loci on chromo-
some 19p, the putative locus for EXT3, in tumors
derived from patients whose disease is not linked to
either EXT1 or EXT2 (Hecht et al. 1996). A separate
study detected LOH of polymorphic markers linked
to EXT1 and EXT2 in 44% of tumors with no LOH at
19p (Raskind et al. 1995). These observations have
supported the proposal that the EXT genes fit the
classic profile of tumor suppressors (Knudson 1971),
wherein a mutation in one gene causes bony pro-
trusions, and mutation or loss of the normal allele
causes progression to tumors as a result of lack of
tumor suppression (Ahn et al. 1995; Hecht et al.
1995; Raskind et al. 1995; Stickens et al. 1996).

At the time that we identified the EXT2 gene we
also detected an additional sequence within the EST
database (Lennon et al. 1996) that was similar, but
not identical, to EXT1 and EXT2. We have now ex-
tended the sequence of this EST by rapid amplifica-
tion of cDNA ends (RACE). Northern blot analysis
indicates that this gene’s transcript size is similar to
EXT1 and EXT2, but its expression pattern is differ-
ent. We have mapped this gene (which we have
called EXTL for EXT-like) to chromosome 1p36,
thus excluding it as a candidate for EXT3. Interest-
ingly, this region of the genome is frequently de-
leted in a variety of tumor types and is thus believed
to contain one or more tumor suppressor loci.

RESULTS

EXT1 and EXT2 cDNA sequences were searched
against the expressed sequence tag (EST) database

IDENTIFICATION AND LOCALIZATION OF EXTL

using the BLASTN and BLASTX programs (Altschul
et al. 1990). Three ESTs were identified, yo78gl2,
yl86d04, and yf56h05, which are similar but not
identical to EXT1 and EXT2. These EST sequences
overlap with each other and thus appear to repre-
sent a third gene, EXTL. The EST sequences
yo78g12.1r1 and yf56h05.s1 represent the 5’ and 3’
ends of overlapping cDNA clones isolated from a
normalized neonatal brain cDNA library (Soares et
al. 1994). The DNA sequence between these two
cDNA ends was derived by first amplifying human
placental cDNA in the PCR with primers specific to
each EST. The resulting 2-kb PCR product was
cloned and sequenced, revealing an open reading
frame of 852 bp before reaching a stop codon. In
order to derive more 5’ coding sequences, primers
were designed from this sequence and used to ex-
tend the sequence by rapid amplification of cDNA
ends (RACE). The ¢cDNA was extended an additional
1980 bp by this method, resulting in a composite
sequence of 4009 bp that contains a 2031-bp open
reading frame extending to a stop codon at nucleo-
tide 2895. The conceptual translation product en-
coded by this cDNA shows significant similarity to
both EXT1 and EXT2 proteins (Fig. 1). There are 328
(49%) identical amino acids between the EXTL cod-
ing sequence and EXT1. If one includes conserva-
tive changes, the homology reaches 72%. By com-
parison, the EXT1 and EXT2 proteins contain 22%
identical amino acids and have 49% homology
when conservative amino acid changes are in-
cluded. None of the three EXT genes show signifi-
cant homology to known proteins or protein mo-
tifs, although each has a clustering of hydrophobic
amino acids at the amino terminus, which could
comprise a leader sequence. Overall, the three pre-
dicted proteins are most similar, with fewer gaps, at
the carboxyl terminus.

In order to determine the chromosomal loca-
tion of EXTL, primer sets were designed from the
cDNA sequence. These primers were used in the PCR
to amplify DNAs from a panel of human X rodent
monochromosomal somatic cell hybrids (Coriell In-
stitute). The results indicated that this gene is lo-
cated on chromosome 1. Identical results were ob-
tained with primer sets derived from 3’ cDNA se-
quences (data not shown). These mapping results
exclude EXTL as a candidate for EXT3, which has
been genetically linked to chromosome 19p.

The chromosomal localization was confirmed
and refined in two ways. First, the St. Louis yeast
artificial chromosome (YAC) library (Burke et al.
1987), which had been pooled in a PCR-amplifiable
format, was screened with EXTL-specific primers.
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Figure 1 Amino acid alignments of EXT1, EXT2, and EXTL. The putative leader
sequences are shown in bold. These alignments were generated using the GAP
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and MAP programs (Huang 1994; Genetics Computer Group 1995).

Two YACs were identified: B146F10, with a length
of 100 kb, and B62C3, with a length of 200 kb. The
YACs were purified by pulsed-field gel electropho-
resis and hybridized to metaphase chromosome
spreads using fluorescence in situ hybridization
(FISH) (Fig. 2). This analysis positioned the YAC
B146F10 on chromosome 1p36.1, confirming and
sublocalizing the original mapping result. B62C3
also mapped by FISH to 1p36.1, but was chimeric,
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with signals also evident at
several other sites in the ge-
nome (data not shown). Sec-
ond, the location of EXTL was
further refined by mapping in
the Genebridge panel of
DNAs from whole genome ra-
diation hybrids (Research Ge-
netics; data not shown). This
analysis placed EXTL within
1.11 cR of marker WI-9053 on
chromosome 1p36.1, be-
tween D1S458 and D1S511.
To determine the expres-
sion profile of this gene, a 97-
bp radiolabeled cDNA frag-
ment extending from nucleo-
tides 1415 to 1512 was
hybridized to a Northern blot
of polyadenylated RNAs from
a variety of human adult tis-
sues (Fig. 3). This probe,
which contains sequences
that do not show appreciable
homology to EXT1 or EXT2,
detected a major transcript of
5.0 kb and a minor transcript
of 4.2 kb in skeletal muscle
and brain. Lower levels of
these transcripts were also de-
tectable in heart RNA. This
profile is markedly different
from the pattern of expres-
sion observed for EXT1 and
EXT2, which produce similar-
sized transcripts to EXTL, but
which appear to be ubiqui-
tously and abundantly ex-
pressed, as determined by
Northern blots (Fig. 3).

DISCUSSION

We have identified a gene
(EXTL) that has extensive se-

quence similarity to the EXT1 gene and less signifi-
cant, but nevertheless considerable similarity to
EXT2. The structures of EXTL, EXT1, and EXT2 are
so similar that a priori one would predict similar
functional roles, which has been demonstrated for
EXT1 and EXT2 by virtue of the fact that each is
associated with the same phenotype. Loss of one
copy of EXT1 or EXT2 causes multiple exostoses.
Thus it might be expected that loss of one copy of
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YAC B146F10

Figure 2 Localization of B146F10 by fluorescence in
situ hybridization. The figure summarizes the distribu-
tion of hybridization signals observed among 10 mi-
totic cells. Each dot represents a labeled chromosome
(usually labeled on both chromatids). Signals were ob-
served at 1p36 in 20 out of a possible 20 instances. No
specific hybridization signals were observed on other
chromosomes.

EXTL would result in a similar outcome, if EXTL
functions in multiple exostoses. Several studies have
reported partial monosomy for 1p36-1pter associ-
ated with a variety of different phenotypes. Clinical
findings in the 1p36-1pter deletion studies were
quite variable and included cardiac myopathies, fa-
cial dysmorphia, and moderate to severe develop-
mental delay (Keppler-Noreuil et al. 1995; Reish et
al. 1995). Interestingly, several patients had skeletal
deformities including cervical kyphosis and thora-
columbar kyphoscoliosis; however, multiple exosto-
ses per se was not noted in these studies. The local-
ization of EXTL to chromosome 1p36.1 excludes it
as a candidate for EXT3, which has been mapped to
chromosome 19p. Nevertheless, it is possible that
EXTL may play a role in those cases of multiple ex-
ostoses that cannot be linked to chromosomes 8, 11,
or 19.

Although there is no evidence that a multiple
exostoses gene maps to 1p36, there is substantial
evidence that a gene encoding a tumor suppressor
lies in this region. Consistent deletions of the region
have been detected in tumors derived from breast
cancer (Hoggard et al. 1995; Bieche et al. 1993; Na-

IDENTIFICATION AND LOCALIZATION OF EXTL

gai et al. 1995), gastric cancer (Ezaki et al. 1996),
colorectal polyps (Lothe et al. 1995), multiple endo-
crine neoplasia (Mulligan et al. 1993), and cervical
carcinoma (Zimonjic et al. 1995). In complemen-
tary experiments, tumorigenicity was suppressed by
introduction of a normal 1p35-36 region into a hu-
man colon carcinoma cell line (Tanaka et al. 1993).
In addition, the most common cytogenetic abnor-
mality observed in neuroblastoma is deletion of the
short arm of chromosome 1 (White et al. 1995). If
EXTL also encodes a tumor suppressor, as is thought
to be the case for EXT1 and EXT2, then LOH for this
region might be observed in chondrosarcomas from
such individuals. It is also possible that EXTL might
function as a tumor suppressor in an entirely differ-
ent cell type. In this regard it is interesting to note
that EXTL differs strikingly from EXT1 and EXT2 in
its expression profile, as judged by Northern blot
analysis. Resolving these questions will require fur-
ther experimentation, including screening for the
proteins that interact with EXT1, EXT2 and EXTL
and searching for additional members of this gene
family in man and other species.

METHODS

Primers and PCR Conditions

Oligonucleotide primers yo78g12.r1-F (TGGCCCTGTC-
TACTTTTTCC) and yo78g12.r1-R (CCAGATCAGGGCGCT-
GAAT) amplify a 97-bp cDNA fragment and a genomic DNA
fragment of ~300 bp. The larger genomic product appears to
contain a small intron. One hundred nanograms of cDNA or
genomic DNA was added to 150 mwm KCl, 2.5 mMm MgCl,, 25
mM Tris-HCI at pH 8.3, 1 pm each of yo78g12.r1f-F and
yo78g12.r1-R primers and 1 unit Taq polymerase (Perkin
Elmer Cetus) in a total volume of 25 ul. After an initial dena-
turation at 94°C for 1 min, 35 cycles of 94°C for 30 sec, 55°C
for 30 sec, and 72°C for 30 sec were carried out in a Perkin
Elmer 9600 thermocycler. Primer yf56h03.s1-F (CAGTC-
CCTTCTTGCTGAGTTC) was used to generate first-strand
cDNA by annealing 2.5 pmole to 1 pg total lymphoblastoid
RNA at 65°C for 5 min. The reaction was then incubated with
50 mu Tris-HCI (pH 8.3), 75 mMm KCl, 3 mMm MgCl,, 10 mm
dithiothreitol, 500 um each of dATP, dCTP, dGTP, and dTTP,
and 200 units of SuperScript II reverse transcriptase (Gibco-
BRL) for 30 min at 50°C. The reactions were heat-inactivated
for 15 min at 65°C, and 2 units RNase H (Gibco-BRL) was
added and incubated at 55°C for 10 min. This cDNA was then
amplified in the PCR with yf56h05.51-F and yo78g12.r1-F
primers using Elongase polymerase (Gibco BRL) according to
manufacturer’s instructions, giving a product of ~1.9 kb.

YAC Screening

Primer set yo78g12.r1-F and yo78g12.r1-R was used to am-
plify PCR screening pools from a large insert YAC library using
the conditions described above. Single colony positives were
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Figure 3 Northern blot analysis. The 97-bp EXTL fragment produced by am-
plification of brain cDNA with primers yo78g12.r1-F and yo78g12.r1-R was used
to probe Northern blots of polyadenylated RNAs according to the manufacturer’s
instructions (Clontech). The EXT1 and EXT2 panels show the same Northern blot
rehybridized with probes from these two genes, as a comparison of their expres-
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The 97-bp EXTL product produced
by amplification of brain cDNA
with the yo78g12.r1 primer set was
radiolabeled and hybridized to
Northern blots (Clontech) accord-
ing to manufacturer’s instructions.
The EXT1 cDNA probe was a 102-bp
PCR product from the 5’ untrans-
lated region (UTR) and does not
share any sequence homology with
EXT2 or EXTL. The EXT2 cDNA
probe was a 240-bp PCR product
from the 3' UTR and does not share
any sequence homology with EXT1
or EXTL. Northern blots were
washed two times at room tempera-
ture in 0.5% SDS, 2x SSC for 20
min each, then washed 20 min in
0.1x SSC, 0.1% SDS at 50°C. Blots
were exposed to X-ray film for 3-9
days. Probes were removed by briefly
boiling in 0.5% SDS prior to re-
hybridization with a second probe.
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sion patterns with EXTL. Lane loadings are as indicated and length standards are

shown on the left.

identified and grown in selective (URA-, TRP-) media. Yeast
chromosomes were isolated in agarose plugs. YACs B62C3
and B146F10 were separated from yeast chromosomes in low
melting point gels by pulsed field gel electrophoresis (Gem-
mill et al. 1996).

FISH Analysis

One microliter of the melted, excised YAC band was amplified
and labeled with biotin using DOP-PCR (Telenius et al. 1992)
modified to include four initial rounds of low-temperature
annealing and extension by Sequenase as described (Kroisel et
al. 1993; Trask 1996). Labeled DNA was prehybridized in the
presence of human Cotl DNA (BRL) and hybridized to mitotic
cells. Dividing cells were obtained from PHA-stimulated pe-
ripheral blood cultures released from an early-S methotrexate
block in the presence of bromodeoxyuridine. Hybridization
sites were labeled with fluorescein-conjugated avidin. A QFH-
like banding pattern was visible after counterstaining the
chromosomes with 4, 6-diamidino-2-phenylindole (DAPI).
The locations of hybridization signals were analyzed in 10
well-spread, well-banded metaphases for each YAC. Images of
DAPI and fluorescein fluorescence were collected sequentially
without image-shift using selective bandpass excitation filters
in a computer-controlled filter wheel (Ludl) and a multiple
bandpass emission filter (ChromaTechnology). Images were
digitized using a Princeton air-cooled CCD camera with a Ko-
dak KAF1400 chip operated in the 2-by-2 binning mode. Digi-
tal images were processed using Signal Analytics IPLab Spec-
trum v. 3.0. DAPI bands were sharpened using the built-in
HAT 5xS filter and displayed as gray values. The threshold and
contrast of the FITC image was manipulated to facilitate iden-
tification of dim sites. The FITC image was then pseudocol-
ored in green and overlaid on the DAPI image for analysis.
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cDNAs were extended using a S’

RACE System for Rapid Amplifica-
tion of cDNA Ends (Gibco BRL) and skeletal muscle polyadenyl-
ated RNA according to the manufacturer’s instructions.

DNA Sequencing

DNAs were sequenced using a dye primer terminator cycle
sequencing kit (Applied Biosystems). The cycle sequenced
products were run on a 373A automated fluorescence se-
quencer (ABI). All sequences were analyzed using the BLAST N
and BLAST X programs (Altschul et al. 1990).

ACKNOWLEDGMENTS

We are grateful to Dr. Anne M. Bowcock for critical reading of
this manuscript. We also thank the clinicians and staff of
Texas Scottish Rite Hospital for Children for their contribu-
tions. This work was supported by grants from the National
Center for Human Genome Research RO1HG00368 (M.L.)
and F32HGO0011S5 (C.A.W.) and from the U.S. Department of
Energy DE-FG06-93ER61553 (B.J.T.).

The publication costs of this article were defrayed in part
by payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 USC
section 1734 solely to indicate this fact.

REFERENCES

Ahn, J., H.-J. Ludecke, S. Lindow, W.A. Horton, B. Lee, M.].
Wagner, B. Horsthemke, and D.E. Wells. 1995. Cloning of
the putative tumour suppressor gene for hereditary multiple
exostoses (EXT1). Nature Genet. 11: 137-143.


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

Altschul, S., W. Gish, W. Miller, E. Meyers, and D. Lipman.
1990. Basic local alignment search tool. J. Mol. Biol.
215: 403-410.

Bartsch, O., W. Wuyts, W. Van Hul, ].T. Hecht, P.
Meinecke, D. Hogue, W. Werner, B. Zabel, G.K. Hinkel,
C.M. Powell, L.G. Shaffer, and P.J. Willems. 1996.
Delineation of a contiguous gene syndrome with multiple
exostoses, enlarged parietal foramina, craniofacial
dysostosis, and mental retardation, caused by deletions on
the short arm of chromosome 11. Am. J. Hum. Genet.

58: 734-742.

Bieche, 1., M.-H. Champeme, F. Matifas, C.S. Cropp, R.
Callahan, and R. Lidereau. 1993. Two distinct regions
involved in 1p deletion in human primary breast cancer.
Cancer Res. §3: 1990-1994.

Burke, D.T., G.F. Carle, and M.V. Olson. 1987. Cloning of
large segments of exogenous DNA into yeast by means of
artificial chromosome vectors. Science 236: 806-812.

Cook, A., W. Raskind, S.H. Blanton, R.M. Pauli, R.G. Gregg,
C.A. Francomano, E. Puffenberger, E.U. Conrad, G.
Schmale, G. Schellenberg, E. Wijsman, J.T. Hecht, D. Wells,
and M.]. Wagner. 1993. Genetic heterogeneity in families
with hereditary multiple exostoses. Am. J. Hum. Genet.

53: 71-79.

Del Mastro, R., L. Wang, A.D. Simmons, T.D. Gallardo, G.A.
Clines, J.A. Ashley, CJ. Hilliard, J.J. Wasmuth, ]J.D.
McPherson, and M. Lovett. 1995. Human
chromosome-specific cCDNA Libraries: New tools for gene
identification and genome annotation. Genome Res.
5:185-194.

Ezaki, T., A. Yanagisawa, K. Ohta, S. Aiso, M. Watanabe, T.
Hibi, Y. Kato, T. Nakajima, T. Ariyama, J. Inazawa, Y.
Nakamura, and A. Horii. 1996. Deletion mapping on
chromosome 1p in well-differentiated gastric cancer. Br. J.
Cancer 73: 424-428.

Gemmill, RM., R. Bolin, and H. Albertsen. 1996.
Large-insert cloning and analysis. In Current protocols in
human genetics (ed. N.C. Dracopoli, J. Haines, B.R. Korf, D.T.
Moir, C.C. Morton, C.E. Seidman, J.G. Seidman, and D.R.
Smith). John Wiley & Sons, New York, NY.

Genetics Computer Group. 1995. Program manual for the
Wisconsin package, version 8.1. Genetics Computer Group,
Madison, Wisconsin 53711.

Hecht, J.T., D. Hogue, L.C. Strong, M.F. Hansen, S.H.
Blanton, and M. Wagner. 1995. Hereditary multiple
exostosis and chondrosarcoma: Linkage to chromosome 11
and loss of heterozygosity for EXT-linked markers on
chromosomes 11 and 8. Am. J. Hum. Genet. §6: 1125-1131.

Hecht, J.T., D. Hogue, Y.Wang, S.H. Blanton, M. Wagner,
L.C. Strong, W. Raskind, M.F. Hansen, and D. Wells. 1996.
Hereditary multiple exostoses: Mutational studies of familial
EXT1 cases and EXT associated malignancies. Am. J. Hum.
Genet. (in press).

IDENTIFICATION AND LOCALIZATION OF EXTL

Hennekam, R.C.M. 1991. Hereditary multiple exostoses. J.
Med. Genet 28: 262-266.

Hoggard, N., B. Brintnell, A. Howell, J. Weissenbach, and J.
Varley. 1995. Allelic imbalance on chromosome 1 in human
breast cancer. II. Microsatellite repeat analysis. Genes
Chromosomes Cancer 12: 24-31.

Huang, X. 1994. On global sequence alignment. Comput.
Appl. Biosci. 10: 227-235.

Keppler-Noreuil, KM., A]. Carroll, W.H. Finley, and S.L.
Rutledge. 1995. Chromosome 1p terminal deletion: Report
of new findings and confirmation of two characteristic
phenotypes. J. Med. Genet. 32: 619-622.

Knudson, A.G. 1971. Mutation and cancer: Statistical study
of retinoblastoma. Proc. Natl. Acad. Sci 68: 820-823.

Kroisel, P.M., P.A. Ioannou, P.J. de Jong. 1993. PCR probes
for chromosome in situ hybridization of large-insert
bacterial recombinants. Cytogenet. Cell Genet. 65: 97-100.

Le Merrer, M., L. Legeai-Mallet, P.M. Jeannin, B.
Horsthemke, A. Schinzel, H. Plauchu, A. Toutain, F. Achard,
A. Munnich, and P. Maroteaux. 1994. A gene for hereditary
multiple exostoses maps to chromosome 19p. Hum. Mol.
Genet. 3: 717-722.

Lennon, G., C. Auffray, M. Polymeropoulos, and M.B.
Soares. 1996. The .M.A.G.E. consortium: An integrated
molecular analysis of genomes and their expression.
Genomics 33: 151-152.

Lothe, R.A., S.N. Andersen, B. Hofstad, G.I. Meling, P.
Peltomaki, S. Heim, A. Brogger, M. Vatn, T.O. Rognum, and
A.-L. Borresen. 1995. Deletion of 1p loci and microsatellite
instability in colorectal polyps. Genes Chromosomes Cancer
14: 182-188.

Mulligan, L.M., E. Gardner. B.A. Smith, C.G.P. Mathew, and
B.A.J. Ponder. 1993. Genetic events in tumour initiation
and progression in multiple endocrine neoplasia type 2.
Genes Chromosomes Cancer 6: 166-177.

Nagai, H., M. Negrini, S.L. Carter, D.R. Gillum, A.L.
Rosenberg, G.F. Schwartz, and C.M. Croce. 1995. Detection
and cloning of a common region of loss of heterozygosity
at chromosome 1p in breast cancer. Cancer Res.
55:1752-1757.

Raskind, W.H., E.U. Conrad, H. Chansky, and M.
Matsushita. 1995. Loss of heterozygosity in
chondrosarcomas for markers linked to hereditary multiple
exostoses loci on chromosomes 8 and 11. Am. J. Hum.
Genet. 56: 1132-1139.

Reish, O., S.A. Berry, and B. Hirsch. 1995. Partial monosomy
of chromosome 1p36.3: Characterization of the critical
region and delineation of a syndrome. Am. J. Med. Genet.
59: 467-475.

Soares, M.B., M.F. Bonaldo, P. Jelene, L. Su, L. Lawton, and
A. Efstratiadis. 1994. Construction and characterization of a

GENOME RESEARCH @ 15


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 19, 2026 . Published by Cold Spring Harbor Laboratory Press

WISE ET AL.

normalized cDNA library. Proc. Natl. Acad. Sci.
91: 9228-9232.

Solomon, L. 1961. Bone growth in diaphyseal acalasis. J.
Bone Joint Surg. 43: 700-716.

Stickens, D., G. Clines, D. Burbee, P. Ramos, S. Thomas, D.
Hogue, J.T. Hecht, M. Lovett, and G.A. Evans. 1996. The
EXT2 multiple exostoses gene defines a family of putative
tumor suppressor genes. Nature Genet. 14: 25-32.

Tanaka, K., R. Yanoshita, M. Konishi, M. Oshimura, Y.
Maeda, T. Mori, and M. Miyaki. 1993. Suppression of
tumourigenicity in human colon carcinoma cells by
introduction of normal chromosome 1p36 region. Oncogene
8:2253-2258.

Telenius, H., N.P. Carter, C. Bebb, M. Nordenskjold, B.A.
Ponder, and A. Tunnacliffe. 1992. Degenerate
oligonucleotide-primed PCR: General amplification of target
DNA by a single degenerate primer. Genomics 13: 718-725.

Trask, B.J. 1996. Fluorescence in situ hybridization. In
Genome analysis: A laboratory manual (ed. B. Birren, E.
Green, P. Hieter, and R. Myers). Cold Spring Harbor
Laboratory Press (in press).

White, P.S., ].M. Maris, C. Beltinger, E. Sulman, H.N.
Marshall, M. Fujimori, B.A. Kaufman, J.A. Biegel, C. Allen,
C. Hilliard, M.B. Valentine, A.T. Look, H. Enomoto, S.
Sakiyama, and G.M. Brodeur. 1995. A region of consistent
deletion in neuroblastoma maps within human
chromosome 1p36.2-36.3. Proc. Natl. Acad. Sci.

92: 5520-5524.

Wicklund, C.L., R.M. Pauli, D. Johnston, and ].T. Hecht.
1995. Natural history study of hereditary multiple
exostoses. Am. J. Med. Genet. 55: 43-46.

Wu, Y.-Q., P. Heutink, B.B.A. de Vries, L.A. Sandkuijl,
AM.W. van den Ouweland, M.F. Niermeijer, H. Galjaard, E.
Reyneirs, P.J. Willems, and D.J.J. Halley. 1994. Assignment
of a second locus for multiple exostoses to the
pericentromeric region of chromosome 11. Hum. Mol. Genet.
3:167-171.

Wuyts, W., S. Ramlakhan, W. Van Hul, J.T. Hecht, AM W.
van den Ouweland, W.H. Raskind, F.C. Hofstede, E.
Reyniers, D.E. Wells, B. de Vries, E.U. Conrad, A. Hill, D.
Zalatayev, J. Weissenbach, M.J. Wagner, E. Bakker, D.J J.
Halley, and P.J. Willems. 1995. Refinement of the multiple
exostoses locus (EXT2) to a 3-cM interval on chromosome
11. Am. J. Hum. Genet. 57: 382-387.

Zimonjic, D.B., S. Simpson, N.C. Popescu, and J.A. DiPaolo.
199S. Molecular cytogenetics of human
papillomavirus-negative cervical carcinoma cell lines. Cancer
Genet. Cytogenet. 82: 1-8.

Received July 19, 1996; accepted in revised form November 11,
199%6.

16 @ GENOME RESEARCH


http://genome.cshlp.org/
http://www.cshlpress.com

