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Hereditary multiple exostoses (EXT) is an autosomal
dominantdisorder that is characterized by the appear-
ance of multiple outgrowths of the long bones (exosto-
ses) at their epiphyses. Genetical heterogeneities have
segregated at least on chromosome 8, 11, and 19 and
been designated EXT1, EXT2, and EXT3, respectively.
Recently, the responsible genes for EXT1 and EXT2
have been isolated and appeared to define a structur-
ally related gene family. In the present study, we have
identified novel genes which share significant se-
quence homologies with the EXT genes. The predicted
protein products of the novel EXT-related genes,
EXTR1 and EXTR2 (for EXT-related genes 1 and 2),
consist of 919 and 330 amino acid residues, respec-
tively. These genes were transcribed ubiquitously in
various tissues. Based on PCR-assisted analyses of
both a human/rodent mono-chromosomal hybrid cell
panel and a radiation hybrid mapping panel, EXTR1
was localized to the chromosome 8p21 region, where
loss of heterozygosity has been frequently observed in
various tumors, and EXTR2 was assigned to the chro-
mosome 1p21 region, where osteopetrosis, a dominant
hereditary disease of bone, has been mapped by ge-
netic linkage analysis, implying that the protein prod-
ucts of these two EXT-related genes, as well as of the
EXT genes, have potential tumor suppressor activity.
© 1998 Academic Press

Hereditary multiple exostoses (EXT) is an autosomal
dominant disorder characterized by short stature and
the development of bone protuberances at the ends of
the long bones (1-3). Three genetic loci for EXT have
been identified by genetic linkage analysis at chromo-
somes 8qg24.1 (4, 5), 11p11-13 (6, 7) and 19p (8) and
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designated EXT1, EXT2 and EXT3, respectively. In re-
cent years, the responsible genes for EXT1 and EXT2
were isolated and appeared to share significant se-
guence homology with each other; i.e. the EXT genes
consist a structurally-related unique gene family (9,
10). Sporadic and exostoses-derived chondrosarcomas
have been demonstrated the loss of heterozygosity for
the markers in EXT1 and EXT2 loci (11, 12), indicating
that the genes responsible for EXTs may be tumor sup-
pressor genes.

Another gene structurally-related to EXT1 and
EXT2, a third member of EXT gene family was found
more recently by searching the EST (expressed se-
guence tag) database and its full length cDNA sequence
was determined (13). The third gene designated as
EXTL was mapped to chromosome 1p36.1, a region
where frequent loss of heterozygosity have been de-
tected in various tumor types (14, 15). Thus there is a
possibility that mutations of the EXT family genes may
lead to tumorgenesis.

It should be important to search for other members
of EXT gene family and, if they were, to examine their
relationship to various types of tumors. In this study,
we identified two kinds of messenger RNAs which
share significant sequence homologies with EXT1,
EXT2 and EXTL genes by their cDNA cloning and se-
guencing of the molecules. The entire open reading
frames (ORF) of the two members of the EXT gene
family were described. We also reported their chromo-
somal location and expression profile in various human
tissues, from which arose the possibility that these new
EXT-related genes function as a tumor suppressor
gene.

MATERIALS AND METHODS

cDNA cloning and DNA sequencing. 5’- and 3’-rapid amplifica-
tion of cDNA end (RACE) experiments were performed using prim-
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ers, 5-GGCCCCAGGTCCAGGTCCCCGTTGTCAG-3' and 5'-AAG-
CCTCTCCGATAGTGACCTCCTGGCTATG-3’, respectively for EXTR1
and 5'-GTGTCATCATCTACCATCAACACTG-3’ and 5-ATAATG-
CAGACGTACAACAGAACAGATC-3’, respectively for EXTR2 with
Marathon cDNA amplification kit (Clonetech, USA). RACE products
obtained from human adult brain poly(A)™ RNA by multiple indepen-
dent amplification experiments were cloned and sequenced by the
dideoxy chain-termination method with a 377 DNA sequencer (Ap-
plied Biosystems, USA) according to the supplier’s instructions.

RNA blot analysis. Northern blot filters containing adult human
poly (A)" RNAs (2 upg/lane) (Clonetech Laboratories, USA) were hy-
bridized with 6.2 kb EXTR1 cDNA or 1.4 kb cDNA fragment of
EXTR2 containing the entire open reading frame reconstructed from
the RACE products. The cDNA fragments were labeled with [a-*?P]-
dCTP and used as a hybridization probe. The northern blot filters
were washed following the manufacturer’s instruction. The RNA
amount and integrity of each lane was evaluated by a control hybrid-
ization of the same blots with a *P-labeled B-actin probe.

Chromosome mapping. PCR-based chromosome mapping was
carried out basically following our previous papers (16, 17). The hu-
man-rodent monochromosomal somatic cell hybrid panel (Mapping
panel #2) and the radiation hybrid panel (Genebridge 4) were pur-
chased from the National Institute of General Medicine Service, Co-
riell Cell Repositories and Research Genetics, USA, respectively. For
EXTR1, primers used for PCR amplification correspond to the n. t.
130 to 150 n. t. (5"-GGCAAAGGCATCATAAGAAGC-3’) and the n. t.
330 to n. t. 350 (5'-TCAAACGATAAAAGGTGCCAC-3’). For EXTR2,
primers used for PCR amplification correspond to the n. t. 44 to n. t.
64 (5'-TGGAGAAGGATAGATGCACGC-3’) and the n.t. 170 to n. t.
190 (5'-TGTGATGTTTCTCGAGTGCAG-3'). PCR was carried out in
a final volume of 10 pl containing 1 X LA-PCR buffer (Takara, Ja-
pan), 2 uM each primer, 200 uM each dNTP, 50 ng template DNA and
0.01 units of LA-Taq DNA polymerase (Takara, Japan). Temperature
and time profile were 30 cycles of 95°C for 20 sec. and 62°C for 1
min. Human, mouse and hamster genomic DNAs were also included
as controls.

RESULTS

Cloning and structure of the novel EXT-related genes.
The amino acid sequences deduced from the cDNAs of
EXT1, EXT2, and EXTL were compared with the EST
database (GenBank release, April, 1997) using
tBLASTN program. Several ESTs were found to be sim-
ilar but not identical to the three known genes of EXT
family after translated into amino acid sequence. The
ESTs were finally categorized into two groups as for
independent transcripts, meaning that at least two ex-
tra members might exist. To obtain the full length
structure of the putative new members of the EXT gene
family, which we designate as EXTRs here for EXT-
related genes, 5’ and 3’-RACE (rapid amplification of
cDNA end) experiments were performed using primers
designed from the ESTs’ sequences.

The amino acid sequences of EXTR proteins pre-
dicted from the common cDNA sequences among the
independent RACE products are compared and aligned
with the known EXT family proteins in Fig. 1. The gene
having the longer ORF was designated as EXTR1 and
the other gene was termed EXTR2. Their nucleotide
sequence data will appear in the DDBJ, EMBL and
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GenBank nucleotide sequence databases with the fol-
lowing accession numbers AB007042 and AB009284,
respectively. For EXTR1, a single long open reading
frame (ORF) was identified, starting at nucleotide posi-
tion 594 and extending to a stop codon at the position
3351. A typical polyadenylation signal (AATAAA) was
found 16-21 bases upstream the 3’ poly (A) stretch (re-
fer AB007042). The predicted EXTR1 protein consists
of 919 amino acid residues and its calculated molecular
weight is 105 kilodaltons. For EXTR2, the largest ORF
was capable of coding for a protein of 330 amino acid
residues, initiating at nucleotide position 289 and ter-
minating at the position 1281. The calculated molecu-
lar mass of EXTR2 protein is 37 kilodaltons. Both pro-
teins contain hydrophobic residues more than 50% of
total.

The amino acid sequence homology among the EXT
family proteins was better conserved in the carboxyl
half than in the amino terminus side. There were few
short gaps of homology in the carboxyl terminal side
whereas many long gaps in the amino terminal side.
The conserved region in the carboxyl side may involve
in the common function of the EXT family proteins.

Detection of the EXTR mRNAs in various human tis-
sues. Northern blots of poly (A)+ RNA from various
human tissues were hybridized with the radio-labeled
cDNAs of EXTR1 or EXTR2 and analyzed the gene
expression profiles among tissues. The autoradiograms
of the blots are shown in Fig. 2.

Two discrete signals of approximately 6.2 and 4.7 kb
in length were detected for EXTR1 (Fig. 2, top panel).
The size of the cloned EXTR1 cDNA (6172 bases long)
showed good accordance with the larger signal of 6.2
kb, indicating that the cDNA represents almost the full
structure of EXTR1 mRNA. Although it is not known
whether the shorter signal was derived from alterna-
tive form of EXTR1 mRNA or another related gene
transcript, it is more likely that we detected the shorter
form of EXTR1 mRNA because we employed a very
stringent hybridization/washing conditions. The rea-
son why the larger one was selectively cloned is proba-
bly due to the RNA source tissue employed in our RACE
reaction. The source tissue was a adult brain and it
appeared to express dominantly the larger transcript
(see Fig. 2). If an RNA fraction prepared from other
tissues such as a liver, the smaller form of EXTR would
be obtained. EXTR1 was expressed in all tissues except
ovary in which very slight signals were seen. In brain,
skeletal muscle and testis, the larger messenger of 6.2
kb gave more intense signal than that of the 4.7 kb. In
contrast, the signal of the 4.7 kb was stronger than
that of the 6.2 kb in heart, liver, thymus and prostate.
Comparable intensity of both the messenger was shown
in kidney, placenta, spleen, small intestine, colon and
leukocyte.



Vol. 243, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

LEJF RAR SHSPIREEHSGRNGL
FSLERLAL

.............. . . P
G

P. .

EXT1 64 P QIE&&DSEﬁH .pa [RRDAN] MRRARSLRNC RIE SCF DL C R (KNG FRVY VY Plslvi< R
snpcg ]

PEDA. ... ..PP G NW

EXT2 52 snﬁmmvzxnsxkn RiBA DE I...

EXTR1 141 YKELMAQNGPRLEL] RLLPEKDDAELP Pk gGCRhHNCFDZSRCPLTS..GFPVYVYDSD

EXT1 258 PLRKYHLVFKGERYLTGIGSQ

EXT2 249 lONF)

EXTR1 338 RR}AFT: QGEEIES

EXTR2 1T tiviecnononsans

EXT1 306 KHK RCDR NTEYEKX:ER M|
EXTL 247 SRCEA

[YQUITLAAIEGSRFYTEDPLoIACH LFVLSLDQEw;ﬁobspQYVHNERSRVQ
ILAEIEGSRFYTP»ACL A EC

RNHL IFNLEEIGeaP DYpachikilclFalidG QAML ALY
EXTL 157 LH APCHR. . . . . THOLIIRNVINE
GPPDYNTAQDV?RDRAELAGG
proynvsTErEEVINo:

HGAKVEVY PLY
kVYEY-LK

Lsﬁev
QPKPS

EXT2 294 svnxncngn ‘ v
EXTR1 408 .EWALCG. Vs RLR
EXTR2 e

EXT1 369
EXTL 308
EXT2 353
EXTR1 473
EXTR2 22

EXT1 439 BRNEJ .« ¢ oot ittt ittt ettt saaetaraasacesaactancoceannnacnans

EXTL 378
EXT2 423
EXTR1 543 [\PIR]

seeees .WNDPP

AAEIPHRSGKAEgTDPNMADNGDLDLGPVETEPPYASPRYLRNFTLTVTDFYRS

IPETIRSIHQDKILALRQQTQFLWEAYFSSVEKI4LTTLEIIQDRIFKHI
LAAH SPAjVLALRQQTQFLWDAYFSSVEK:“HTTLENIQDRIFGTS

RQ:RminAYFﬂsxKAI LQTLQIIQDRI!EVE

EXTR2 -

EXT1 454
EXTL 393
EXT2 446
EXTR1 613

PN cID F' PR Y Y AL L P S KFENEIHAVTIIL VS QS Oy
BANCIDE P F Y YRl EGnFEALI GP)]. . . . GOl

................................ gGlgFNrvim. .. .o
yKFLGSGTGFRPIGGGAGGSGKEHQA.L:EEVEREQFT VLT R Y AR 1
IRES

EXTR2 57 ce..n P - | STMDSERLIMON. . . .

EXT1 -EEs

EXTL - DIGHREYY . (DY

EXT2 ro o

EXTR1 .o

EXTR2 VVWNNIGEKAPDELWNSLGPHPIPVIFKQQTANR IRAPL OV E PLLIR LRI

EXT1 567 RSHFWD Eg

EXTL 499 Ev smrwn SMVLTQAAFYH
EXT2 540 EF PDR[SVGEjP GREAHM DHEMN KM. . . . SMVLTGAAFYH
EXTR1 746 EEE}DRIVGFPGR EIARIMT P QS 1 [ NSNY&CEiSMVLTGAAFEH
EXTR2 152 .ﬁ;sTPg&VFAFﬂVWQQFPDQIVGF PIIREIVSTS IYS){GSFEMQAPGEHGNGDOIEASAT FNSIJFN

EXT1 628

EXT2 602
EXTR1 807
EXTR2 220

MLPASLKNMVD S INCEDIIAMNF LV MAVTKL P P I KV TRIAK QFK
EXTL 560 EHEL PIEA LY pER DTN FIVANAVTKL PP IKVRLEKQ A

] SEIKNVDRN:E INCEDIAMNF LVARTV TEEFNGT KV'T P RKIGF KIEMC PiC THe4rG LEIDRL
(AN VDE)$INCEDIAMNF LVERESITEINP P I KV TERTE{FEHINC P G CEoY L {1 D]
ORISIDEEENINIT T ARE T GIST SGH{F\KGVNMDN LEKE TN §EY SEMIIIRAE

EXT1 [N F A QRCEICUINgIF A SPF G YM P LagelS QLR LD P VL F K D[V SE#:

EXTL 629 ..[PAPDERO IVIAAIYE MPLLSSRtRLDPVLFKDPVS,Q
EXT2 669 A7 RSINCINKFASVF GyyMP LEJA AR DPVL.KDDFP.‘ SE
EXTR1 872 HERHKCINEF f3VEEG YMP LL Y QlgR4DE LFKTRﬂPHﬁ ITINCE

LGS L VNI Y DS AR EIN IMI SQF Gl - - JYANYISR

EXTR2 289

FIG. 1. Amino acid sequence alignment of the EXTR1 and EXTR2 proteins with other EXT family proteins. The consensus cDNA
sequence was determined from multiple RACE products obtained from independent experiments and the amino acid sequence of the EXTR
proteins were deduced from their cDNA sequences. The amino acid sequences of EXT1 (S79639), EXT2 (U62740), EXTL (U67191), EXTR1
(AB007042), and EXTR2 (AB009284) were analyzed and aligned by GCG software. The predicted amino acids are represented in one-letter
designation. The most identical amino acids at each position are black boxed and similar ones are shadowed.

A single signal of 3.4 kb was obtained using EXTR2
probe in all tissues examined except leukocyte where
the gene was hardly transcribed (Fig. 2, middle panel).
Its expression was relatively constant among tissues
whereas weak signals were seen in liver, lung and thy-
mus. Although the EXTR2 cDNA cloned in the present
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study was 1.4 kb and the structure of approximately 2
kb of the mRNA remains to be determined, a single
ORF surrounded with in-frame stop codons was identi-
fied in the present cDNA sequence (refer Acc. No.
AB009284).

The ubiquitous expression of EXTR1 and EXTR2 in
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FIG. 2. Northern blot analysis of EXTR1 and EXTR2 mRNAs in
various human tissues. The *2P-labeled cDNA fragments of EXTR1
or EXTR2 containing the entire open reading frame reconstructed
from the RACE products were used as hybridization probes. Two
transcripts of 6.2 and 4.7 kb were detected in various tissues for
EXTRL1 (top). A single-sized mRNA of 3.4 kb was identified for EXTR2
(middle). The marker positions are indicated on the left side of the
panel in kilobases (kb). As a control transcript, beta-actin mRNA
was detected (bottom).

most types of tissues implies their important role(s) in
a wide spectrum of cells, though the pattern of signal
intensity was different from each other.

Chromosome mapping of EXTR1and EXTR2. Chro-
mosome assignment of EXTRs was performed using a
human/rodent monochromosomal hybrid cell panel and
a radiation hybrid mapping panel with primer sets for
the 5’-untranslated region (UTR) of the genes.

For EXTR1, an apparent single amplified product
was detected only in the lane of the hybrid containing
human chromosome 8 (Fig. 3, top panel). 3'-UTR spe-
cific primers gave the same mapping data as in the
figure (data not shown). We determined the further
subchromosomal location of the gene by the radiation

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

hybrid mapping method. PCR analysis of the radiation
hybrid panel was performed with the same primers
used in the above assay. The radiation hybrid data was
statistically processed and analyzed by the RHMAP-
PER software package (http://www-genome.wi.mit.
edu/cgi-bin/contig/rhmapper.pl). The data vector for
EXTR1 gene was 0000000101 0010000000 0001110111
0100100010 0101111000 1000001100 0110010010 100-
1101101 1101000000 110 and the consequent report
indicated the gene was mapped between markers WI-
1172 and WI1-8496, both of which have been cytogeneti-
cally mapped to 8p21. The position is 5.02 cR proximal
from WI-1172. The same mapping position was pre-
dicted also when using a primer set designed in the 3'-
UTR sequence (data not shown). Therefore, the gene
was judged to map on 8p21.

For EXTR2, a single-sized amplified product was ob-
tained only in the lane of the hybrid containing human
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FIG. 3. Chromosome mapping of EXTR genes. PCR screening of
a human-rodent somatic cell hybrid panel was performed to map
EXTR genes to a specific human chromosome with their 5’-UTR
specific primer pairs. Details of the experimental conditions are de-
scribed under Materials and Methods. The top and bottom panels
represent the chromosome which harbors EXTR1 or EXTR2, respec-
tively. The numbers on the top of each lane indicate the human
chromosome contained in each somatic cell hybrid. Human, mouse,
and hamster genomic DNAs and the EXTR cDNA were included as
controls.
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chromosome 1 (Fig. 3, bottom panel). Subchromosomal
location of the gene was analyzed by the radiation hy-
brid mapping method. The statistical processing of the
data vector (0000010000 1100001000 1010000100 000-
1000210 2201000000 1100100000 0000010010 000000-
0000 0100011010 020) indicated that EXTR2 was
mapped between markers D1S206 and WI-10815. The
position is placed at 7.36 cR from D1S206. Both the
markers have been cytogenetically mapped to 1p21.

DISCUSSION

Because loss of heterozygosity of nearby markers for
EXT1 and EXT2 in sporadic and exostoses-derived
chondrosarcomas were frequently observed (11, 12),
both EXT genes are considered to consist a certain class
of tumor suppressor genes. It is proposed that as a
result of one allele of EXT genes, the dominant pheno-
type of bony protrusion occurs and additional mutation
of the other allele will cause progression of tumors (9-
12). In addition to these structurally related EXT
genes, EXTL, another member of the EXT gene family
was recently reported and it was mapped to chromo-
some 1p36.1 where chromosomal aberrations are fre-
guently observed in a variety of tumors (13-15), sug-
gesting that the third EXT isolog may also be a tumor
suppressor.

Thus, the genes sharing some features of the EXT
family have the possibility to act as a tumor suppressor
gene. EXTR1 and EXTR2 in the present study, the
forth and fifth members of the EXT gene family, are
new isologs which share structural similarity with the
other members. It must be worth examining their po-
tential activity as a tumor suppressor.

After the two novel EXT isologs were found and iso-
lated in the this work, a total of five family members
came to be aligned. Structural similarity among them
existed throughout the entire sequence and a highly
conserved long contiguous region was revealed in their
carboxyl terminal halves. The sequence is unique to
the EXT family proteins and shows no homology to any
other known proteins. The conservation may reflect the
importance of the region (tentatively called EXT do-
main here) for a yet-unknown putative common activ-
ity of the proteins. We are now in an attempt to survey
any other EXT isologs using PCR primers designed for
the EXT domain.

EXTR1 was mapped to chromosome 8p21 in which
frequent loss of heterozygosity has been observed in a
variety of tumor types and existence of putative tumor
suppressor gene(s) are considered (18-25). Therefore it
would be interesting to survey EXTR1 mutations in
various tumors.

EXTR2 was assigned to chromosome 1p21 where o0s-
teopetrosis, a dominant heritable disease of bone, has
been genetically mapped (26). This disease is charac-
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terized by excessive formation of dense trabecular bone
and calcified cartilage, especially in long bones, leading
to obliteration of marrow spaces and to anemia. The
bone disorders, hereditary multiple exostoses 1 and 2
are also inherited in a dominant manner and caused
by mutation of the corresponding EXT genes. Thus the
chromosomal localization of EXTR2 to the osteopetrosis
locus proposes the possibility that mutation of the gene
may lead to malformation and/or metabolic dysfunction
of bone. EXTR2 should be a strong candidate gene for
the disease osteopetrosis.

At present, EXT1 and EXT2 have been identified to
be responsible genes for hereditary multiple exostoses
which are genetically assigned to the EXT loci at 8q24.1
(4, 5) and 11p11-13 (6, 7), respectively. Although, for
the remaining locus 19p (8), EXTR1 at 8p21 and
EXTR2 at 1p21 are excluded as the candidate gene,
these novel EXT isologs are to be subjected to extensive
analyses on their mutation in various tumors and bone
disorders because of their structural similarities to the
EXT genes and their chromosomal mapping to the dis-
ease loci.
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