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RESEARCH 

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

Exostoses Gene Family 
Carol A. Wise, I Gregory A. Clines, I Hillary Massa, 2 Barbara J. Trask, 2 and 

Michael Lovett I 

I Department of Otorhinolaryngology, Molecular Biology, and Oncology and the McDermott Center, 
University of Texas Southwestern Medical Center at Dallas, Dallas, Texas 7.5235-8.591; 2Department of 

Molecular Biotechnology, University of Washington, Seattle, Washington 9891.5 

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), llpll-13 (EXT2), and l?p (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 Ip36.1 between DIS458 and DIS511, 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. U67191] 

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 

3Corresponding author. 
E-MAIL Iovett@ryburn.swmed.edu; FAX (214) 648-1666. 

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 disor- 
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. 
1995). 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 mutat ions 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 combinat ion of posi- 
tional cloning approaches to isolate the EXT2 gene 
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(Stickens et al. 1996). A ch romosome  l 1-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 
similari ty to the EXT1 gene. Subsequent  studies 
demonst ra ted  that  this gene maps precisely wi thin  
the  genet ical ly  def ined region of 11p11-13 and  
wi thin  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. Mutat ional  analysis of EXT2 
in a linked family identified a 4-bp delet ion segre- 
gating in affected individuals, which  is predicted to 
result in protein t runcat ion.  

Although the functions of these genes are not  
clear, bo th  EXT1 and EXT2 are believed to encode 
tumor  suppressors, based on the observation of loss 
of heterozygosi ty (LOH) of nearby markers in spo- 
rad ic  a n d  e x o s t o s e s - d e r i v e d  c h o n d r o s a r c o m a s  
(Hecht et al. 1995; Raskind et al. 1995). LOH has 
also been found at po lymorph ic  loci on chromo- 
some 19p, the putat ive locus for EXT3, in tumors  
derived from patients whose disease is no t  linked to 
either EXT1 or EXT2 (Hecht et al. 1996). A separate 
s tudy detected LOH of po lymorph ic  markers l inked 
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 muta t ion  in one gene causes bony  pro- 
trusions, and muta t ion  or loss of the normal  allele 
causes progression to tumors  as a result of lack of 
t umor  suppression (Ahn et al. 1995; Hecht et al. 
1995; Raskind et al. 1995; Stickens et al. 1996). 

At the t ime that  we identified the EXT2 gene we 
also detected an addit ional  sequence wi thin  the EST 
database (Lennon et al. 1996) that  was similar, but  
no t  identical, to EXT1 and EXT2. We have now ex- 
tended the sequence of this EST by rapid amplifica- 
t ion of cDNA ends (RACE). Nor thern  blot analysis 
indicates that  this gene's transcript  size is similar to 
EXT1 and EXT2, but  its expression pat tern  is differ- 
ent. We have mapped  this gene (which we have 
called EXTL for EXT-like) to ch romosome  lp36,  
thus  excluding it as a candidate for EXT3. Interest- 
ingly, this region of the genome is f requent ly de- 
leted in a variety of tumor  types and is thus believed 
to conta in  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, yo78g12, 
y186d04, and yf56h05, which  are similar but  no t  
identical to EXT1 and EXT2. These EST sequences 
overlap with each other  and thus appear to repre- 
s en t  a t h i r d  gene ,  EXTL. The  EST s e q u e n c e s  
yo78g12.r1 and yf56h05.s1 represent the 5' and 3' 
ends of overlapping cDNA clones isolated from a 
normal ized neonatal  brain cDNA library (Soares et 
al. 1994). The DNA sequence between these two 
cDNA ends was derived by first amplifying h u m a n  
placental  cDNA in the PCR with primers specific to 
each EST. The resul t ing  2-kb PCR p roduc t  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 amplif icat ion of cDNA 
ends (RACE). The cDNA was extended an addit ional  
1980 bp by  this method,  resulting in a composi te  
sequence of 4009 bp that  contains a 2031-bp open 
reading frame extending to a stop codon at nucleo- 
tide 2895. The conceptual  t ranslat ion product  en- 
coded by this cDNA shows significant similarity to 
bo th  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 conta in  22% 
ident ical  amino  acids and  have 49% h o m o l o g y  
w h e n  conserva t ive  a m i n o  acid changes  are in- 
cluded. None of the three EXT genes show signifi- 
cant  homology  to known proteins or protein mo- 
tifs, a l though 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, wi th  fewer gaps, at 
the carboxyl terminus.  

In order to determine the chromosomal  loca- 
t ion of EXTL, primer sets were designed from the 
cDNA sequence. These primers were used in the PCR 
to amplify DNAs from a panel of h u m a n  X rodent  
monoch romosoma l  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 ch romosome  (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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EXTL ................ ~MQSWRRRKSLWLALSASWLLLVLr,GGFSLI,RI2tLppRPR ........... PGASQGWPRWLDAELLQSFSQPG 62 

I 1 .  : : 1  : : 1 .  : . : :  I 1 . . : 1 1 :  : I ..... I I : : . :  I I 1 :  :1 I . . I  �9 : 
EXTI ................. MQA-KKRYFILLSACSCr.ALLF./FC~J,QF_RASRSHSRREEHSGRNGLHHPSPDHFWPRF__p~--PLRPFVPW D 69 

I . . . : . 1 , 1  I , . I  I :  I :11  I 1 :  . :  . . :  
EXT2 MCASVKYNIRGPALIPRMKTKHRIYYITL-FSIVLt~.T,TATGMFQF ........................... WPH ........ SIESSN 54 

I.: :I. : I . I . .  I I: I I : II: I:. :. 

EXTL ELP-EDA---VSPPQAP ....... HGG--SCNWESCFDTSKCR---GDGLKVFVYPAVG ........... TISETHRRILASIEGSRFYT 125 

: 1 .  I I .  : 1 1 . 1  . . I  . I .  I I I I I  . I :  : 1 : I 1 : 1 1 1 .  . I . I  .... I I 1 . 1 1 1 1 1 1 1 1  
EXTI QLENEDSSVHISPRQKRDANSSIYKGK--KCRMESCFDFTLCK---KNGFKVYVYPQQK ......... GEKIAESYQNILAAIEGSRFYT 145 

:~: I..I:: l : .I:I.I �9 .III..III. I II :III:I: .I ::.I. .I.::I II.:I :II 
EXT2 DWNVEKRSIRDVPvvRLPADSPI•ERGDLSCRMHTCFDVYRCGFNPKNK•KVYIYALKKYvDDFGVSVSNTISREYNELLMAISDSDYYT 144 

: �9 I .  I .  �9 I I I . . . 1 1 1 .  :1 ; : 1 1 : ; 1 :  I l l  . . .  :1 . I . : 1  :11  

EXTL FSPAGACLLLLLSLDAQT ............. GECSSMPLQWNRGRNHLVLRLHPAPCPRT ..... FQLGQAMVAEASPTVDSFRPGFOVA 197 

. I . . 1 1 1 : : 1  I I I .  . : . .  I : . 1  I I . I l l l l : : . l . . : .  I 1 : : 1 1 1 1 : 1 . 1 1  . . : . I l l .  I l l .  
EXT1 SDPSQACLFvL•SLDTLDRDQLSPQYvHNLRSKvQ•LHL•WNNGRNHLIFNLY•GTWPDYTEDVGFDIGQAMLAKA•ISTENFRPNFDvS 233 

�9 I ..lllll I : l . l : . :  I . . . .  : :  I:.I III:II:..I. lll...::.. :.l:ll :::II .:I,.:III 
EXT2 DDINKACLFV-PSIDVLNQNTLRIKETAQAMAQLS .... RWDRGTNHLLFNMLPGGPPDYNTALDVPRDRALLAGGGFSTWTYRQGYDVS 229 

�9 �9 I I 1 : :  I t l .  . : :  I . 1 : 1 t  I I 1 : : . :  I : . . I  . .  : . 1 : : 1 : : :  . .  . : l . l : t l .  

EXTL LPFLPEAHPLRGGAPGQLRQHSPQP .................................. GVALLALEEERGGWRTADTGSSACPWDGRCE 253 

: 1 : : . . . 1 1  I 1 . . I  I :  : .  .1 . t . l l :  . .  . 1 . .  . I : 1 1 :  
EXTI IPLFSKDHPRTGGERGFLK~IPPLRKYMLVFKGKRYLTGIGSDTRNAL--YHVHNGEDVVLLTTCKHGKDWQKHK ........ DSRCD 313 

I 1 : : 1  I : . �9 I .  : .  . I  . : : 1 .  . . 1 :  . :  I : . l  . : 1 . : 1 1 . 1 : : 1 . . I . .  . 1 1 .  
EXT2 IPVYS---PLS--AEVDLPEKGPGPRQYFLLSSQ ..... V~LHPEYREDLEALQVKHGESVLVLDKCT ........ NLSEGVLSVRKRCH 301 

:I... II. I..:I.:.:I I :I :I. . : :.:. : II. 

EXTL QDpGpGQT•Q•QETLPNATFCLISGHRPEAA•RFLQALQAGC•PvLLSPRWELPF•EVIDWTKAAIvADERLPLQVLAALQEMS•ARvLA 342 

�9 I .. :. : .I I.IIIIII:. I. : .  III:IIII:I:II:II IIIIIIIII:I..II:::IIII II: ..:..: ..::II 
EXT1 RDNTEYEKYDYP`EMLHNATF•LVPRGRRLG•FRF•EA•QAACvPVMLSNGWELPF•EVINWNQAAvIG•ERLLLQIP•TIRSIHQDKILA 403 

: �9 : : l l . : : l : : l l l l : l  I1 I I I  : : . l l l : l l l l : : . : : :  I I I I I 1 : : 1 . . I . 1 : . . I  : : :  I . : . l l . l  . I  �9 
EXT2 K .... HQvFDYPQVLQEATFcVVLRGARLGQAVL~DvLQA~cvpVvIAD~YILPFSEVLDWKRA~VVVPEEK~SDvY~ILQSIPQRQIEE 387 

I .  : . : . 1 . : 1 1 1 1 : :  �9 : . .  : : . 1 1 1 1 1 : 1 1 : : . . . :  I I I 1 1 1 : 1 1 . : 1 . : 1 . . I  : 1 . .  I 1 . : . .  . :  . 

EXTL LRQQTQFLWDAYFSSVEKVIHTTLEVIQDRI FGTSANPS LLWNSPPGALLALSTFSTSPQDFPFYYLQQG SRPEGR- F SAL IWVG pp--- 428 

IIIIIIIII:IIIIIIII:: IIII:IIIIII .. II:II..II:I:.I. :I. .III:II . I :I.:: I.I:I ..,I 

EXTI LRQQTQFLWEAYTS SVEKIVLTTLEI I QDRI FKH I SRNSLIWNKHPGGLFVLPQYSSYLGDFPYYYANLGLKPP SK- FTAVI ~PLVS 492 

: . . I . . : : 1 1 1 1 1  I : .  t . 1 . 1 1 : 1 1 . 1 1 1 :  . . . .  I I . . 1 : .  : .  . . : 1 .  :1 I . I .  I I 1 : :  . 
EXT2 MQRQARWFWEAYFQS I KAIALATLQ I INDR IYPYAAI SYEEWNDPPAVK'WGSVSNPLFLPLI p ......... PQSQGFTAIVLT .... YD 464 

: . . I . . : : 1 : 1 1 1  I : .  : . 1 t : : 1 . 1 1 1 : .  . I  . I 1 . 1 1 : .  : :  . :  . . :1 I : : .  1 . 1 : :  . 

EXTL ~ LVLWSNE- RPLPS - - RWPETAVPLTVI DGHRKV- SDRFYPYSTI RTDA I L S LDAR S S - 5S TSEVDFAFL 512 

: 1 1 . 1 1 1 :  1 .1  I 1 . 1 1 1 1 : 1 1 1 .  : : 1 1 1 .  I I 1 . 1 1 1 1 : . I 1 : 1 . . 1 1  I . I 1 . 1 1 . . I  j l l : l l l l .  . I I 1 . 1 1 1 1 1 1  
EXTI QSQPVLKLLVAAAKSQYCAQI IVLWNC D- KPLPAKHRWPATAVPVVVIEGESKVMSSRFLPYDNI I TDAVLSLDEDTV- LS TTEVDFAFT 580 

�9 - : : : : : : :  . . . .  I �9 . . : : 1 : 1 1  : I .  I . . .  I I  . I 1 :  I :  . . . .  : 1 . 1 1 : 1 1 1 : 1  I : l l l . : l : l . :  I : : . 1 : : 1 : : .  
E ~ ' r 2  RYE SLFRVl TEVSKVPSLSKLLVVWNNQNKNPP EDSLWPKI RVPLKVVRTAENKL SNR FFPYDEI ETEAVLAI DDDI i MLT S DELQ FGYE 554 

. : .  : z : l  . I  . . . .  : 1 1 : 1 . 1 :  : .  I .  I I . .  I I 1 . 1 :  . �9 I : 1 1 : 1 1 . . I  I : 1 : 1 . : 1 .  I : : . 1 : : 1 : :  

EXTL VWQ SFPERMVG FLTS SH FWDEAHGGWGYTAERTNEFS MVLTTAAFYHRYYHTLFTHS LPKALRTLA DEAPTCVDVLMNFI VAAVTKLP p i 602 

I I I I I I I 1 : { 1 :  . . 1 1 1 1 1 : . . :  I I I 1 . . : t 1 : : 1 1 1 1 1 . 1 1 : 1 1 : 1 1 1  I : . 1  I I  . 1 : . : . 1 :  : . 1  I : 1 I I 1 : 1 . 1 1 1 1 1 1 1 1  
EXTI VWQ S FP ERI VGYPARS HFW[X~ SKERWGYT S KWTN DYS MVLTGAAI yHKYYHYLYS HYLPA S LKNMVDQLANCED I LMN FLVSAVTKLP p i 670 

I I . . 1 1 : 1 : 1 1 1 1 " 1  I : 1 1 : . . : : 1  1 . 1 . 1 1 1 :  l l j l l l l l : l l l l : : l l l . .  : 1 : . : 1 1  I I .  I I I I I  I I I I 1 . . 1 1  : . 1  
EXT2 VWREFPDRLVGYPGR.LH LWDH EMNKWKYES EWTNEVSMVLTGAAFYHKYFNXLYTYKMPGD I KNWVDAHMNCEDIAMN FLVANVTGKAVI 644 

I 1 , . 1 1 : 1 : 1 1 :  . .  I : l l . .  . 1 I . . l : l l l . l l l l l . } l l l l : l : :  I : 1 . . : 1  . : : . : . 1 .  .1 I :  I I 1 : 1 1 . 1 1  : . 1  

EXTL KVPYGKQRQEAAPLAPGGPGPR PKPP - - - APAPDC INQ IAAAFGHMPLLS S RLRLDPVLFK DPVSVQRK/CIRS LEKP 676 

I I .  I I  . I .  : : . . : . : : 1  . . I  I .  . . 1 : 1  : 1 .  I 1 . 1 1 1 :  I . : 1 1 1 1 1 1 1 1 1 . 1 1 :  I I 1 1 1 . : 1 :  
EXTI KVTQKKQYKETM- MGQTS RASRWADP DHFAQRQ S CMNTFASWFGYMPr ,I H $ QMRLDPVL FK DQVS I LRKKYRD I ERL 746 

I I 1 . : 1 . : 1  . . :  . :  : I . . 1 : . : 1  . l : l . l t l  }1 I I I  : I I I I 1 : 1 1 : . .  I . : . : 1 : . 1  
~ ' r 2  KVTPRKKFKCPECTAIDG LS-- - LDQTHMVERS EC INKFASVFGTMPLKVVEHRADPVLYKDDFPEKLKS FPNI G S L 718 

I I .  I .  �9 : .  I . I  : . . . . .  : 1 1 1 . : 1 . . 1 1  I I I  I I I I 1 : 1 1  . . . .  I . : . . : : .  

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 
and MAP programs (Huang 1994; Genetics Computer Group 1995). 

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  G e n e b r i d g e  p a n e l  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 
c h r o m o s o m e  l p 3 6 . 1 ,  be- 
tween DIS458 and DIS511. 

To determine the expres- 
sion profile of this gene, a 97- 
bp radiolabeled cDNA frag- 
ment  extending from nucleo- 
t i d e s  1415  to  1512  was  
hybridized to a Northern blot 
of polyadenylated RNAs from 
a variety of human  adult tis- 
sues (Fig. 3). This probe ,  
wh ich  con ta ins  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 pat tern of expres- 
sion observed for EXT1 and 
EXT2, which produce similar- 
sized transcripts to EXTL, but 
which appear to be ubiqui- 
tously and a b u n d a n t l y  ex- 
pressed, as d e t e r m i n e d  by 
Northern blots (Fig. 3). 

DISCUSSION 

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 
B146FlO on chromosome lp36.1, confirming and 
sublocalizing the original mapping result. B62C3 
also mapped by FISH to lp36.1, but was chimeric, 

We have ident i f ied 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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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 1 p36 in 20 out of a possible 20 instances. No 
specific hybridization signals were observed on other 
chromosomes. 

EXTL wou ld  result  in  a s imi lar  ou tcome,  if EXTL 
func t ions  in  mu l t i p l e  exostoses. Several studies have  
repor ted  par t ia l  m o n o s o m y  for 1p36-1p te r  associ- 
ated w i th  a var ie ty  of d i f ferent  pheno types .  Cl in ica l  
f i nd ings  in  the  1p36-1p te r  de le t ion  studies were 
qui te  var iable  a n d  i nc luded  cardiac myopa th ie s ,  fa- 
cial dysmorph ia ,  a n d  modera t e  to severe develop-  
m e n t a l  de lay  (Keppler-Noreuil  et al. 1995; Reish et 
al. 1995). Interest ingly,  several pa t ien ts  h a d  skeletal 
deformi t ies  i n c l u d i n g  cervical kyphos is  a n d  thora-  
c o l u m b a r  kyphoscol ios is ;  however ,  mu l t i p l e  exosto- 
ses per se was no t  no t ed  in  these studies. The local- 
iza t ion  of EXTL to c h r o m o s o m e  lp36 .1  excludes  it 
as a cand ida te  for EXT3, w h i c h  has  been  m a p p e d  to 
c h r o m o s o m e  19p. Nevertheless ,  it is possible  tha t  
EXTL m a y  p lay  a role in  those  cases of mu l t i p l e  ex- 
ostoses tha t  c a n n o t  be l inked  to c h r o m o s o m e s  8, 11, 
or 19. 

A l though  there is no  ev idence  tha t  a mul t ip l e  
exostoses gene m a p s  to lp36 ,  there  is subs tan t ia l  
ev idence  tha t  a gene e n c o d i n g  a t u m o r  suppressor  
lies in  this  region. Cons i s t en t  de le t ions  of the  region 
have  been  detected in  tumors  der ived f rom 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), mu l t i p l e  endo-  
cr ine neoplas ia  (Mul l igan  et al. 1993), a n d  cervical 
c a r c i n o m a  (Zimonj ic  et al. 1995). In c o m p l e m e n -  
tary exper iments ,  t u m o r i g e n i c i t y  was suppressed by  
i n t r o d u c t i o n  of a n o r m a l  l p35 -36  region in to  a hu-  
m a n  co lon  c a r c i n o m a  cell l ine  (Tanaka et al. 1993). 
In addi t ion ,  the  mos t  c o m m o n  cytogenet ic  abnor-  
m a l i t y  observed in  n e u r o b l a s t o m a  is de le t ion  of the  
short  a rm of c h r o m o s o m e  1 (Whi te  et al. 1995). If 
EXTL also encodes  a t u m o r  suppressor,  as is t h o u g h t  
to be the  case for EXT1 a n d  EXT2, t h e n  LOH for this  
region m i g h t  be observed in  c h o n d r o s a r c o m a s  f rom 
such ind iv idua ls .  It is also possible  tha t  EXTL m i g h t  
f u n c t i o n  as a t u m o r  suppressor  in  an  en t i re ly  differ- 
en t  cell type. In this  regard it is in te res t ing  to note  
tha t  EXTL differs s t r ik ingly  f rom EXT1 a n d  EXT2 in  
its express ion  profile,  as judged by  N o r t h e r n  blot  
analysis .  Resolving these  ques t ions  will  require  fur- 
ther  expe r imen ta t i on ,  i n c l u d i n g  sc reen ing  for the  
pro te ins  tha t  in teract  w i th  EXT1, EXT2 a n d  EXTL 
a n d  sea rch ing  for add i t iona l  m e m b e r s  of this  gene 
f ami ly  in  m a n  a n d  o ther  species. 

METHODS 

Primers and PCR Conditions 

Oligonucleotide primers yo78g12.r1-F (TGGCCCTGTC- 
TACTTITTCC) 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 mM KC1, 2.5 mM MgC12, 25 
mM Tris-HC1 at pH 8.3, 1 tim each of yo78g12.rlf-F and 
yo78g12.r1-R primers and 1 unit Taq polymerase (Perkin 
Elmer Cetus) in a total volume of 25 lul. After an initial dena- 
turation at 94~ for 1 min, 35 cycles of 94~ for 30 sec, 55~ 
for 30 sec, and 72~ for 30 sec were carried out in a Perkin 
Elmer 9600 thermocycler. Primer yf56hO5.s1-F (CAGTC- 
CCTTCTTGCTGAGTTC) was used to generate first-strand 
cDNA by annealing 2.5 pmole to 1 pg total lymphoblastoid 
RNA at 65~ for 5 min. The reaction was then incubated with 
50 mM Tris-HC1 (pH 8.3), 75 mM KC1, 3 mM MgCl2, 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~ The reactions were heat-inactivated 
for 15 min at 65~ and 2 units RNase H (Gibco-BRL) was 
added and incubated at 55~ for 10 min. This cDNA was then 
amplified in the PCR with yf56h05.s1-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.rl -F and yo78g12.rl -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- 
sion patterns with EXTL. Lane Ioadings 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 Cot1 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 5x5 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. 

Northern Analysis 

The 97-bp EXTL product produced 
by amplification of brain cDNA 
with the yo78g12.rl primer set was 
radiolabeled and hybr id ized 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. N o r t h e r n  blots  were 
washed two times at room tempera- 
ture in 0.5% SDS, 2x  SSC for 20 
min each, then washed 20 min in 
0.1 x SSC, 0.1% SDS at 50~ 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. 

S' RACE 

cDNAs were extended using a 5' 
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). 
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