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Abstract. A human gene termed XB overlaps the
P450c21B gene encoding steroid 21-hydroxylase and
encodes a protein that closely resembles extracellular
matrix proteins. Sequencing of phage and cosmid
clones and of cDNA fragments shows that the XB
gene spans 65 kb of DNA, consisting of 39 exons that
encode a 12-kb mRNA. The predicted protein of over
400 kD consists of five distinct domains: a signal pep-
tide, a hydrophobic domain containing three heptad
repeats, a series of 18.5 EGF-like repeats, 29 fibronec-
tin type III repeats, and a carboxy-terminal fibrinogen-
like domain. Because the structure of the protein en-
coded by the XB gene closely resembles tenascin, we
term this protein tenascin-X (TN-X), and propose a
simplified nomenclature system for the family of

tenascins. RNase protection experiments show that the
TN-X transcript is expressed ubiquitously in human
fetal tissues, with the greatest expression in the fetal
testis and in fetal skeletal, cardiac, and smooth mus-
cle. Two adrenal-specific transcripts, P450c21B (ste-
roid 21-hydroxylase) and Y (an untranslated transcript)
overlap the XB gene on the complementary strand of
DNA, yielding a unique array of overlapping tran-
scripts: a “polygene.” In situ hybridization histochemis-
try experiments show that the TN-X transcript and the
P450c21 and Y transcripts encoded on the com-
plementary DNA strand are all expressed in the same
cells of the human adrenal cortex. Genetic data sug-
gest that TN-X may be essential for life.

matrix, has been studied extensively for about 10

years (for review see reference 11). Each of the six
monomers that constitute tenascin exists in multiple size vari-
ants of 220-320 kD and contains four domains. The amino
terminus comprises the hydrophobic “head group,” which
facilitates polymerization into the tenascin hexabrachion;
this is followed in turn by a series of EGF-like repeats, a se-
ries of fibronectin type III (Fn III)! repeats, and a carboxy-
terminal fibrinogen-like domain (11, 16, 22, 41, 52, 58).
Tenascin appears to mediate interactions between cells and
the extracellular matrix (and possibly between cells) (7, 47),
through an RGD-dependent (3, 29) or -independent (46, 52)
receptor. Initial studies suggested a crucial role in embryonic
development (6, 53, 58), although recent tenascin gene
knockout experiments in transgenic mice suggest that tenas-
cin serves no mandatory, irreplaceable role in development
or in the adult (48). Tenascin appears to be one member of
a family of related proteins, encoded by related genes. Each
family member has the same general structure as tenascin:
NH,-head group-EGF domain-Fn III domain-fibrinogen

TENASCIN, a large glycoprotein of the extracellular

1. Abbreviations used in this paper: Fn 111, fibronectin III; TN-X, tenas-
cin X.
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domain-COOH. In addition to tenascin, a closely related
protein termed restrictin (42) or J1-160/180 (13) has a similar
structure. The structure of undulin, which contains a von
Willebrand factor domain at the NH, terminus followed by
Fn HI repeats (23), indicates that there are variations on this
theme.

We now describe the gene structure and tissue distribution
of another member of this family termed tenascin X (TN-X),
which is encoded by an unusual gene termed XB in the
human major histocompatibility locus. This gene was dis-
covered because it overlaps the gene encoding steroid 21-
hydroxylase (39), and was later shown to encode a tenas-
cin-like sequence (14, 60; Bristow, J., S. E. Gitelman, Y.
Shi, and W. L. Miller, 1990. Pediatr. Res. 27:76a). Recent
preliminary reports from another group have confirmed this
(30) and extended the findings to show that this gene has the
expected EGF-like domain (31). In addition to overlapping
the P450c21B gene (formally designated CYP21B) (40) en-
coding steroid 21-hydroxylase, the human XB gene also ex-
tensively overlaps the YB gene (see Fig. 1), which encodes
an untranslated adrenal-specific RNA (4). In this paper, we
delineate the organization, sequence, and tissue distribution
of expression of the XB gene. Furthermore, we propose a
unified nomenclature system for these various tenascins and
assign the name TN-X to the product of this new gene.
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Materials and Methods

Genomic and cDNA Library Screening

Genomic libraries prepared from human leukocyte DNA in A-DASH, and
A-Charon 4A were plated at a density of 3 X 10° pfu/plate. Duplicate lifts
onto nitrocellulose filters were made and cross-linked by baking. A cosmid
library in pWEIS5 (Stratagene, San Diego, CA) and a cDNA library in AZAP
(4) were plated at 5 X 10° colonies/plate, and duplicate replica filters were
made and processed by standard procedures. All filters were probed in 50
mM Tris (pH 7.5)/50% formamide/5x SSC/1X Denhardt’s solution/0.1%
NaDodSOs, at 42°C, with probes labeled to a specific activity of >5 x 10°
cpm/ug using random primers (Pharmacia Fine Chemicals, Piscataway,
NJ). Washing was carried out in 0.1% SSC/0.1% NaDodSO4 for 10 min at
room temperature and for 30 min at 65°C. Positive plaques were picked and
purified further by two additional rounds of plating and probing. Bacterio-
phage DNA was prepared by the method of Helms et al. (17). Cosmid DNA
was prepared by alkaline lysis.

DNA Sequencing

Genomic and cDNA fragments for sequencing were subcloned into pBlue-
script KS or SK vectors (Stratagene) and purified over a CsCl/ethidium bro-
mide gradient. Sequencing was done on double-stranded templates (5) with
Sequenase (United States Biochemical, Cleveland, OH) and 3*S-labeled
dATP as recommended by the manufacturer, except that termination reac-
tions were carried out at 42°C. Reaction products were analyzed by elec-
trophoresis on 5% polyacrylamide gels containing 7 M urea, and subse-
quent autoradiography. Coding regions and portions of all introns of the XB
gene, and the entirety of all cDNAs were sequenced on both strands. Se-
quences were analyzed with the DNA Inspector (TEXTO, West Lebanon,
NH) and the “Eugene” sequence-analysis software (Molecular Biology In-
formation Resource, Baylor College of Medicine, Department of Cell Biol-
ogy, Waco, TX). Phylogenetic analysis of Fn III repeats was performed
using the PAUP program (Swofford, D. L., Illinois Natural History Survey,
Champaign, IL, 1991).

Reverse Transcription/Polymerase Chain
Reaction (RT/PCR)

Human fetal tissues were quickly frozen in liquid N3, and total RNA was
prepared by homogenization in 4 M guanidinium thiocyanate, followed by
ultracentrifugation over a 5.7 M CsCl cushion, as described (33). Pellets
were resuspended in 10 mM Tris-HCl (pH 76)/1 mM EDTA/0.1%
NaDodSO; extracted twice with phenol/CHCI3, precipitated with ethanol,
quantitated by adsorption spectrometry at A260/A2g0, and stored in ethanol
before use. PolyA* RNA was obtained by oligo-dT chromatography. Ran-
dom hexamers were used to prime cDNA synthesis from 100 ng of poly-
adenylated RNA or 2 ug of total RNA using Superscript reverse transcrip-
tase (Bethesda Research Laboratories, Gaithersburg, MD) for 1 h at 42°C.
Aliquots of cDNA were amplified by PCR using Taq polymerase (IBI, New
Haven, CT) and specific oligonucleotide primers based on the sequences
of various cosmid subclones. PCR products were subcloned into pBlue-
script (Stratagene) or pCRII (Invitrogen, San Diego, CA) for restriction
mapping and DNA sequencing.

Rapid Amplification of cDNA Ends

Rapid amplification of cDNA ends (RACE) was performed as described
(12) using a reagent kit (Bethesda Research Laboratories); cDNA synthesis
from 2 ug of total muscle RNA was primed with a gene-specific antisense
primer and reverse transcribed at 42°C for 1 h. After removal of the initial
primer and RNA, the cDNA was tailed with dCTP and terminal transferase.
Subsequent PCR used nested antisense primers and a 5’ adaptor primer.
PCR products were subcloned into pBluescript for sequence analysis.

RNase Protection

RNase protection experiments were done essentially as described (14). For
RNase protection of XB gene transcripts, relevant genomic or cDNA frag-
ments were subcloned into pBluescript and linearized. An antisense probe
was synthesized with 3?P-UTP using bacteriophage T7 RNA polymerase.
After purification, the probe was hybridized to 15 ug of total RNA in 80%
formamide/50 mM PIPES (pH 6.4)/0.4M NaCl/l mM EDTA overnight at
42°C. Single-stranded RNA was digested with 5-8 pg of DNase-free RNase
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A (BoehringérfManheixn, Indianapolis, IN) and 50 U RNase T1 (Pharma-
cia, Piscataway, NI) at 37°C for 1 h, and the protected fragments were sepa-
rated by electrophoresis on a 7% polyacrylamide gel containing 7 M urea.

In Situ Hybridization Histochemistry

Probes for in situ hybridizations were synthesized from linearized pBlue-
script plasmids containing cDNAs for human P450scc (8), P450c21 (32),
TN-X, and Gene Y (4). Antisense riboprobes labeled with 35S-labeled
UTP were synthesized with T3 or T7 RNA polymerase as described for the
RNase protection probes.

Human tissues (20-23-wk gestation) were obtained through approved
protocols of the UCSF Department of Obstetrics, Gynecology and Repro-
ductive Sciences at the time of elective cervical dilatation and evacuation.
Tissues were transported in medium 199 on ice, dried to remove excess
moisture, and frozen in Tissue Tek O.C.T. Compound (Miles, Inc., Elk-
hurst, IN) in a methanol/dry-ice bath. 10-um sections were cut with a
cryostat, collected onto microscope slides, and coated with a gelatin chrom
alum mixture (0.4%/0.04% wt/vol). Frozen sections were fixed for 5 min
in 4% paraformaldehyde in PBS, pH 7.4, and dehydrated in 70 and 100%
ethanol. Dried sections were stored with desiccant at —70°C, then treated
with proteinase K (2.5 ug/ml in 2x SSC) at 37°C for 15 min, rinsed in 2X
SSC, and acetylated for 30 min as described (34). Probes were boiled for
5 min and applied to tissue sections at 100 pg/ml in prehybridization solu-
tion 50% formamide, 4x SSC, 1X Denhardt’s solution, 140 ug/ml heparin,
25 pg/ml denatured Escherichia coli DNA, 2.5 pg/ml polyadenylic acid,
and 100 mM DTT, and then hybridized overnight in a humidified environ-
ment at 37°C. Slides were washed twice for 15 min at 37°C in 2x SSC con-
taining 100 mM B-mercaptoethanol, twice for 15 min at 37°C in 0.5X%
SSC/100 mM B-mercaptoethanol, and once for 15 min in 2% SSC at 37°C.
Slides were then treated with 20 ug/ml RNase A in 2X SSC at 37°C for
30 min, washed one final time in 2 SSC for 15 min at room temperature,
and coated with IIford K-5 nuclear emulsion diluted 1:1 with 2x SSC. Slides
were stored at 4°C, developed after 2 wk of autoradiography, and counter-
stained with cresyl violet to define tissue architecture.

Results

Arrangement of the Gene Cluster

Tenascin X is encoded by the large XB gene in the class ITI
region of the major histocompatibility locus. This gene is
part of a complex array of genes encoding the fourth compo-
nent of serum complement (C4), the form of cytochrome
P450 having steroid 21-hydroxylase activity (P450c21), and
a transcript of unknown function operationally termed gene
Y (4, 14, 36, 39). This locus is duplicated in the human ge-
nome, resulting in the complex array of genes shown in Fig.
1. We initially discovered the X genes overlapping the 3' ends
of the P450c21 genes by cloning a 2.7-kb cDNA fragment
identified with a P450c21B cDNA probe (39). The 2.7-kb
cDNA is encoded by the large XB gene; the XA gene in turn
was truncated by the nonhomologous recombination event
that led to the duplication of the human gene cluster, so that
it does not appear to encode protein (14). By contrast, the
XB gene appeared to encode a 12-kb RNA (14), which in
turn encoded a protein resembling the extracellular matrix
protein tenascin (14, 60).

Structure of the XB Gene

To clone the XB gene, we first screened a human genomic
DNA library in A-Dash using a 1.8-kb BamHI/EcoRI frag-
ment of the 2.7-kb XB cDNA (39). This probe, which was
chosen because it excluded the regions overlapping P450c21,
identified AXB-1 as an XB genomic clone. This clone hybrid-
ized to an 850-bp Pstl/EcoRI fragment from the 5’ end of the
2.7-kb X ¢cDNA and did not hybridize to a P450c21-specific
cDNA fragment or a 5' C4A cDNA (Fig. 1). Probing of a
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Figure 1. Map of the XB gene-encoding TN-X. (4) Organization of the duplicated C4/P450c21/X/Y locus on the short arm of human chro-
mosome 6; the centromere is to the left and the telomere to the right. The upper line shows the scale in kilobases. The diagram shows
the TN-X and XA genes as hatched boxes, the P450c21 genes (21A and 21B) as black boxes, and the Y genes as open boxes. The arrows
indicate transcriptional orientation. In B, the TN-X gene is enlarged to show its exon/intron structure (note the scale marker at the left).
The upper lines show the extent of the genomic DNA in the various lambda phage (M) and cosmid (c) clones discussed in Results. The
exons of the TN-X gene are shown as boxes, and the Roman numerals below the line identify the Fn III repeats. cDNAs are indicated
as horizontal bars over the relevant exons. Exon 1 encodes the leader peptide and heptad domain; exon 2 encodes the EFG-like repeats,
exons 3-34 encode the 29 Fn III repeats, and exons 35-39 encode the fibrinogen-like domain. Note that Fn III repeats ii, xxvii, xxviii,
and xxix are each encoded by a pair of “split” exons, while repeats viii and ix are encoded by a single “fused” exon. A map of the BamH]I
and EcoRlI restriction sites is shown below. (C) Diagram of the structure of a TN-X monomer, using the symbols popularized by Spring
et al. (52). The five “balloons” on the heptad, on Fn III repeat xxviii, and on the fibrinogen-like domain (FG) designate potential N-linked
glycosylation sites.

Southern blot of multiple restriction enzyme digests of  2). A sequencing error (bases 25,817-25,819 in Fig. 2) was

AXB-1 with the 1.8-kb cDNA probe revealed a 7-kb BamHI
fragment and other RFLP markers predicted to be in the
DNA 3 of the P450c21B gene (45). DNA sequencing could
be initiated by a 20-mer corresponding to the 5' end of the
2.7-kb cDNA, further confirming that phage AXB-1 cor-
responded to the XB region, and that the 2.7-kb cDNA was
encoded by XB.

Mapping of AXB-1 showed it contained 11 kb of human
DNA. Sequencing of this DNA showed the 2.7-kb cDNA was
encoded by 15 exons spanning 6.6 kb (sequence included in
Fig. 2). We found only two bona fide nucleotide differences
between the gene and the cDNA. One of these differences
was in the third position of a codon and does not result in
an amino acid change, while the other results in a substitu-
tion of isoleucine for valine (amino acid number 3260 in Fig.

Bristow et al. Tenascin-X

also detected. The intron/exon junctions matched the GT/AG
rule perfectly, and showed no evidence that the 2.7-kb cDNA
corresponded to an alternately spliced mRNA.

AXB-1 also contained the 5’ portion of the exon encoding
the 5' end of the 2.7-kb cDNA, thus slightly extending the
open reading frame. However, Northern blots suggested that
the XB transcript might be substantially longer. To elucidate
the sequence of XB, we then screened two additional human
adrenal cDNA libraries, a human testis cDNA library and
a human placenta cDNA library with 5’ fragments of the 2.7-
kb cDNA; all of these yielded 3' fragments of XB cDNA,
but none was longer than the original 2.7-kb clone. There-
fore, we extended our knowledge of XB by sequencing the
XB gene.

Sequencing of the remainder of the 5 DNA in AXB-1 re-
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Figure 2. Sequence of the XB gene. The approximate sizes of gaps in the nucleotide sequence are indicated. Because of the gaps, nucleotide
numbers indicate only relative distances. BamHI and EcoRI sites used in mapping the gene are underlined. Nucleotide differences in the
2.7-kb cDNA (39), are shown as small letters above the gene sequence. Encoded amino acids are indicated below the second base of the
corresponding codon, using the IUPAC single letter code. In exon 1 the signal peptide is separated from sequence of the mature protein
by “/;” cysteine residues that may participate in inter-chain polymerization are in bold, and hydrophobic amino acids of the heptad repeats
are underlined. Amino acid sequence of repeat iii from Matsumoto et al. (30) is in small letters. Incomplete nucleotide sequences of repeats
viii, xii, and xiii are indicated by (. . .) preceding or following known amino acid sequences. Potential sites for N-linked glycosylation

CAGAGCAGGTGCAGAGGCACTGCAGC TGC TCEGTTGCCCAGCCTCTCARTGATGCCAGCCCAGTATGCTCTARCCTCCAGCCTGGTTCTCCTGCTGCTGCTGAGCACAGCCAGAGCAGGCCCCTTCTCTTCA
) M M P AQYALTS S LVULILVILTLSTA ARABAGTETFSS
CGGTCCAATGTGACACTGCCAGCCCCCCGGCCCCCTCCCCAGCE CACACAGT TGGAGTGGGAAGCCCCTCTTCTCAGC TTTACGAGCACACAGTGCAAGGAGGGGAGAAGCAGGTGGTA
R S VTLPAPREPTPPOQEPGG GHTVGAGYVSGSZPSSQLYEHTVETGT GTETE KT VYV
TTCACCCACCGCATTAACCTGCCCCCTTCCACTGGCTGTGGCTG TCCCCCAGGCACCGAGCCCCCAGTCCTTGCTTCAGAGGTACAGGCCCTGAGGGTCCGTCTAGAGATCCTGGAGGAGTTGGTGAAGGGE
F THRTINLTPPSTGCGCEPZPGTEZPPVLASEJYOALRVYVRILETIULETETLSYZKS G
CTCAAGGAACAGTGCACTGGGGGATGTTGTCCTGCCTCTGCCCAAGCTGGCACAG GTGAGCAGGTGAT CACAGAAGAGGGTGGAGAGGTGGGCTGGGGTGGGCATTGCTAGTCCATAAAGGTCCTTGGTATG
LKEQCTGGCCP ASAMAMQAGCGT
AATTAGAAGAAGGCACTCCTTCCTCACCGTGAGGGGTGTGGATGCAGCCCAGAACACAACT TGGAGAGCAGAGCTGGGCTACAT GTCAACCAARGCATATGCGAGGGCCCTGAGAGGCTGCATACAT TACAC
ATACTAGCAACTGGGAGCAGACATGGCCT TATGAGATGAGGCTAGCCTGGC TAGGGGCCTGACACTAGGAGCACTACATAGGCT CAGCCTCTCTCCCAGGAGAGAGACT GAGACTTGCCTCTCCCCTCCTAC
TCCAG GTCAGACAGATGTGCGGACCCTCTGCAGTCTCCATGGTGTCT TTCATCTGAGCCGCTGCACCTGTTCCTETGAGCCAGGCT GGG TGEECCCACCTGCTCAGACCCCACAGATGCTGAGATCCCTCC
G QTDVRTULCSTLUHGYFDTILSRTCTTC CSTCETPGTWGGEPTT CSDZPTUDA ATETITPTP
CTCTTCCCCACCCTCAGCCTCGGGGTCCTGCCCAGATGACTGCAATGATCAGGGTCGCTGTGTCCGTGGTCCTTGCETGTGCTT TCCCGGCTACACTGGCCCCAGC TGTGGCTGGCCATCCTGTCCCGGGGA
S S PP SASGSCPODTDTCNDTG GG GRTCV VRS GRT ECYCFZPGYTGPSTCGWPSCPGD
CTGCCAAGGCCGTGGGCGCTGCGTGCAGGGCETETGTGTGTGCCCEGCAGGCTTC TCAGGCCCCGACTGCAGCCAGCGCT CCTGCCCTCGAGGTTGCAGCCAGAGGGGACGCT GTGAGGGTGGGCGCTGEET
C QG RGRCVQ@GVCVCRAGTFTSGPDT CSOQ@RSTCPRTGC CSOQRGRTCTETGT GTRTCV
GTGTGACCCAGGCTACACTGGTGACGACTGTGGCATGAGGAGC TGCCCTCECCGT TGCAGTCAGAGGGGGCGC TCTGAGAATGEGCGCTGCGTGTGTAACCCCGGC TACACTGGCGAGGACTGTGGGGTGAG
CDPGYTGDUDTCGMPRSTCEPRGCSQRGRT CEUZNSGRTCVCNTPGYTTGETDTCGVR
GAGCTGCCCTCGGGGCTGCAGCCAGCGGGGACGCTGCARGGACGGGCGCTGCGTGTGTGACCCCGGCTACACTGGCGAGGACTGTGGTACGCGGAGCTGCCCCTGGGACTGTGGCGAGGGCGGGCGCTGCGT
§$ CPRGCSQRGRTCIXDGRTCVYVCDPGYTGETDCGTZ RTST CPTUWDGCGETGSGRTCUV
GGACGGCCGCTGCGTGTGCTECCCCGGGTACACAGGCGAGGACT GCAGCACGCGGACATGTCCGAGGGACTGCCGGEECCGCEEECGCTCCGAGGACGGCGAATGCAT T TGCGACACGGGCTACAGCGGGGA
DGR CVCWPOGYTGETDTCECSTHRTCPRIDTCRTGRTGIRTCETDTGETCECTITCTDTGTYSGD
CGACTGCGGCGTGCGCAGCTGCCCTCGCGACTGCARCCARAGGGGCCECTGCGAGGACGECCGCTGCETGTGC TGGCCGEECTACACTGGAACCGATTGCGECTCCCGCGCCTCCCCACGCGACTGTAGAGG
DCGVRSCEPGDCNG RS GRTCETDGS GRTCUVCWPGYTGTUDTCGSU RATCTPRTDTECECR RSGE
TCGCGGGCGCTGCGAGAACGGCGTGTGTGTTTGCAATGCGGGCTACAGCGGCGAGGACTGCGGTGTGCGCAGC TGTCCTGGGGACTGTCGTGGCCGGEGCCGCTGTGAGAGTGGCCGCTGCATGTGTTGGCC
R GRCENGVCVCNAGYSGETDTCECGVRST CEPGDT CTRT GRTGRT CESG GRT CMTECUWE
GGGGTACACAGGCCGGGACTGCGGCACGCGCGCCTETCCTGGCGACTGTCGCGGGCECEGECGCTGCGTGGATGGCCGCTGCGTGTGCAACCCGGGCTTCACCGGT TGTGGGAGCCGTCGCTGTCC
6 YTGRDTG CGTRACEPTGDT CRGRTGRT CVDGRTCVCNPGFTGETDTCEGSURIBRECEP
CGGGGACTGCCGTGGGCACGGCCTTTGCGAGGATGGCETCTCCE TE TG TGACGCAGGC TACTCAGGGGARGAC TGCAGCACGCGCAGCTGCCCCGGEGGCTGCCGAGGCCGCEGCCAGTGCCTAGATGGGCG
¢ D CRGHGSGLCEDGSGVCVCDAGTYSSGETDCSTRSTCPGGT C®RGRTG®QCTL DGR
GTGTGTGTGCGAGGACGGCTACTCTGGCGAGGATTGCGGTGTGAGGCAGTGCCCGAATGACTGCAGCCAGCACGGCGTGTGCCAGGACGGTGTGTGCATCTG TTGGGAAGGCTACGTGAGTGAGGACTGCAG
¢ VCEDGYSGETDTSCGVRQ@CPNTDTCSG®OQHGVCQDGV CICWETGYVSETDCS
CATCCGCACCTGCCCCTCCAAC TGCCACGGGAGGGGCCGE TGTGAGGAAGGGCGC TGCCTGTGCEACCCAGGC TACACCGECCE TACCTGTGCCACCCGCATGTGCCCGGCTGACTGCCGGGGACGTGGECE
I RTCPS NG CHGRGRTCETETGRTCTLTCDTPGYTGPTT CATTRMTCEPADTCERGRGR
GTGTGTGCAAGGAGTGTGCCTGTGCCACGTGGGCTATGGCGGTGAGGACTGCGGGCAGGARGAGCC TCCAGCCAGCGCCTGCCCTGGAGGCTGCGGGCCCCGGGAACTGTGCCGGGCAGGCCAGTGTGTGTG
€C V@GV CLCHVYGYGGEDTCGOQETETPTPA ASACPGG GCGEPRETLTCRAGO OT CUVTC
TGTAGAGGGCTTCCGAGGCCCTGACTGTGCCATCCAGACATGCCCAGGGGACTGCCGTGGCCGAGGAGAGTGT CACGATGGCAGCTGTGTCTGCAMAGATGGGTATGCTGGCGAAGACTGCGGAGAAG GTGA
VEGFRGPUDGCAIQTT CTPGDTCRTGTR RTGETCHTDTGST CVCKTDGTYA AGETDTCSGE
GCAGGCAGCCTTCCCCAGTGTACTCTGG about 6kb  GAATTCTGGCAGATGAACACGGCGTGCCCATGAGAGGGGACTCTGACAGATARATAGGGGGTGCCCATGAGAGGGGACTCTGGGATC
ACACTGCTAGGGCCTAAATTCTTGCCATTTICT TGGTETTGETGACGT TGGCAAGATACTTETCCT TCTGTGT CTCAGT TTCCTTATCTGTARARTGGGACTAATAGGACCTGTTTCGTAGGGT TGTTGTGA
GAATTAAGTGAGTTCATGTGTGTACCTCGCCTAGAACAGTGGCTCACAAGGAGTTAGCGCTCTCAGCATGTTTGCTCCCCAGCT TETGCAGGGTCAAGTTCCACACAGTACCATCCTGACACTGTTTAGAAT
TTGGAGAAAGAAGAGATAAGGGGGAT TGGAGCAGCAGAGGCAAGAGTGCCAGCCCCTGAGCCACCTGGT GCTCTCTC TCACAAGACAGAGGGGGGGGAGCCCCCATTCACAAGAAGGGTTCCCAG  about
100 bp  ACTAGAGAGGGAACCTCCCCTCCGGGGAGGGCAAGAAGGAAGGGCCTGGATGGGGCCTAGGCTCTTGGAAGGANAGATGATGAT TGAAGAACCAGACACCCACCTGAGTCCTCCTCTTTAA
CCTGGCTAG TGATCGATGGCCCCCAGGACCTCCCAGTGGTGTCTGTGACACCGACARCACTGGAGCTTGGCTGGCTGCGTCCCCAGGCTGAGGTGGACCGATTTGTGGTGTCCTACGTCAGTGCCGACAACC
VIDGPQ@DLRVYVVYVYSVTPTTTLETLTSG®WULRTPQAETVTDT RTPFVVSYVSADN
AGAGGGTGAGGCTGGAAGTCCCCCCTGAAACAGACGGGACGCTGCTGACTGACCTGATGCCAGGCG TAGAATATGTGGTGACTGTCACAGCGGAGCGGEGCCGGGCAGTCAGCTACCCAGCTTCTGTCAGGG
QRVRLEV?PPETHDG GTTILTLTT DTLMPGVETYVVTVTA AET RTGTRAYVSTYZPASUVR

CCAACACAG GTATGGCTGGCCAGAGGTTAGGGAAGGGCCCTGGTTTCCCAGCCTTGGATCC about 5kb
AN T gpprlgeltvtdrtsdslllrwtvpegef
This amino acid sequence previously reported (30). GGATCCTGGCCGCAAGTACARAT TTGTCCTGTATGGGTTTGTTGGCARGAAGAGGCATG

ds fvigykdrdggqpqvvpvegpgqrsavitsl D P G R K YXKTFV LY GG F V G KIKRRBR
GTCCGCTGGTGGCTGAAGCCAAGATCT GTGAGTGACAGCAGTAACACCCTGCCCTCTGTACTGCCCTGARGAGGTTTTCTCAGTGC TTGGGAACCTGCTTTGGGAGCT CCGGGAAGGGTTCCTGGAGGCAGT
G P L VA EARAKII .
GGTGCATGAGCTGAATICTGAAGGGAAAGTAGTGGTGGGGCAGGCARAGAGTTTGAGARGCTCAGTGCAGCCTGAGGG about 1lkb TGCCTCAGAGTGACCCAAGTCCAGGGACTCCACCCCGC
) L P Q S D P S P G T P P R
CTGGGAAACCTGTGGGTGACAGACCCTACCCCAGATTCACTGCACCTCTCCTGGACTGTCCCTGAGGGCCAGT TTGACACCTTCATGGTCCAGTACAGGGACAGGGATGGACGGCCCCAGGTGGTACCTGTG
L ¢ N L WV TDUPTUPUDSULHARLSWTUVZPZEGO QTFUDTT FMVQYRDIRDGRUPOQVYV PV
GAAGGGCCCGAGCGTTCATTTGTTGTCTCCTCACTGGACCCTGACCACAAGTACAGAT TCACTCTGTTTGGAATTGCGAACAAGAAGCGGTATGGCCCCCTCACGGCCGATGGCACCACTG  about 1kb
E & P E RS F VVSsSs s LDPDHIKTYRT FTULFOGTIAaARNTEKI KR RYSG?P?PULTA ATZDGTT
CTCCAGAGAGGAAAGAGGAGCCCCCCCGCCCTGAGTTCCTGGAGCAGCCCCTCCTGGGGGAACT GACAGTGACCGGCGTGACCCCAGACTCCTTGCGTCTCTCATGGACAGTGGCCCAGGGCCC
AP ERXKETEBRPZPRPEPILEUOQPTULLGETLTVTG GV TPDSTILRULSWTVAQOQGCTEP
CTTCGACTCATTACTGGTCCAGTACAAGGATGCAC AGCCCCAGGCAGTGCCTGTTGCGGGGGATGAGAATGAGGTTACTGTCCCCGGCCTGGATCLCGACCGGAAGTATARGATGAACCTCTACGG
F D S F MV QY KXKDAOQGGQPOQA AVZPVAGDTENEVTVUZPOGLDUPDRIKYIKMNIULYG
GCTTCGAGGCAGGCAGCGTGTGGGGCCCGAGTCTGTGGTGGCCAAGACTG GTGAGTCATGGCTGCCAGGCCTCCCTCCCCTGCTAGCCCCATCCTGTGAGCGGGACTTGGCTGGGGCTCCTTCCTGCTGGGT
L R G RQRV GPE SV VAIKT
CCATCTT about 1.8kb GGGCCGTCATTCTTGCCAATTCTTTCCTCAATCTGCTATCCCAAAGTAGTCCCCCATGTAGCAGG TCACAGAAGGGCTGGTTTCCCTTGTGCCACAGTCTCCCC
ACTCCTAGGAGCCTCAGCAGAGACCTAACTGTAGGGGGCGGGTAGGAGCCCACAGGGC TGTGATTCCAGAGCCAGCCACCCAAGGACATGTCTCTCCT TGRATCCTTATGCCTCTATCTCTTCTCTCAGACT
CCTCAGGAGGATGTGGACGAG ACCCCCAGCCCCACAGAACTGGCACGGAGGCCCCGGAGTCCCCCGAGGAGCCGCTCCTGGGGGAGCTGACAGTGACAGGATCCTCCCCTGATTCGCTGAGCCTCTTCTGGA
D P Q P HRTGTEBAZPESZPEEPTULLGETLTV VTGS S PD S L S L F W
CCGTCCCCCAGGGCAGCTTCGACTCTTTCACCGTGCAGTACAAGGACAGGGATGGGCGGCCCCGGGCGGTGCGTGTTGGGGGCAAGGAGAGTGAGGTCACCGTGGGAGGCCTAGAGCCCGGGCACAAGTACA
T VPQGSF DS PFTVQYXDURUDGRPIRMYRVYV GGG KESEVTUVGEGLEZPTGHIKY
AGATGCACCTGTACGGCCTCCACGAGGGGCAGCGCGTGGGCCCGGTGTCCGCCGTGGGGCTGACAG GTGAGTGAGGGE about 4kb GGCAGGCAATAGGGAATGATCTAAGAGATGAATAT
K M HL Y GLHEGQRVYVYGPV S AVGLT
GCCAGTGCAGGACTTGGATTTCACCCTGAGTGAGGTAGAAGCCACTGCGGGAACCAGC TCTGGCTAATGTGTTAACAGGATCC about 2.5kb CCCTGGAGCCACGCCTAGGGGAGCTGACAGTAAC
A L EPRULGEILTUVT
GGATATAACCCCTGACTCTGTGGGCCTCTCATGGACAGTCCCTGAGGGTGAATTCGACTCCTTTGTGGTTCAGTACAAGGACAGGGACGGGCAGCCCCAGGTGGTGCCCGTGGCTGCAGATCAGCGGGAGGT
D I TPD SV GL S WTVUPEGETFUDSTFVV QY KT DU RDGOQOQPOQV VPV A ADIQREYV
CACTATCCCTGACCTGGAACCCTCCACCAAGTACAAGTTCCTGCTCTT TGGGATCCAGGATGGGAARACGACGCAGCCCAGTCTCTGTGGAGGCAAAGACGG GTGAGATGGGCCCTACACAGCTGAGCCTGAG
T I P D LEUP S5 T X Y KF L LPF G611 QD CGXKRURS PV S5 VEA AT KT
GCCACAGCCTTCCCACCCTTCTCTTCACTCCCTCTGCCTGAGTCTTCCCTTGGTCCACCTGCTCTGTCTCATT TGAAAAGCCACATGGGGCTAGCACAGTGACTCATGCCTGTAATCCCAGCACTTTGGGAG
TCCAAGGCAGGTCAGGAGT TTGAGACCAGTCTGGCCAACATGGCAAAACCCTGTCTCTACTAAAAAGACAAAATTAGCTGGGTGTGT GATTGGGTGCTAGTAATTCCAGCTACT about 700 bp
AGATCCTTCCCTCCGTGAGCTCCCGGCATCATCCCCTCAACATTCTCACAGGCAGCCCACGCTCCTTCACCAGGCCCAGTGGAGCCTTAGTTCTCCCGGGCCAGCCGGTGCAGARTAAGARAGGGAACGGAG
AAGGGTGAGAACTACCTGTGTCGTAACATCCTGCCTCCCTGACCTGCCGAGTGCCCCCATCAGGGATCCTGCGCTCCTCGGGGCCGGCCAAATCACCCCTT TCCTCAGGGGCCGGCCARATCACGGCCAAAT
CGTGTGCTCCTGGGTAAGAGGAGATAGAGACCCAGTC TGTAAGAAGCTGCACCCTGCTGGGGAAGCAGTCTGTGAGAGGCGGAAAGAGGCTGGACAGAAAA about 500 bp GCGATCCT
... A T L
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6337:
1318:
6469:
1362:
6601:
1406:
6733:
1450:
6865:
€997:
7129:
1471:
7261:
1476:
7393:
1520:
7525:
1560:
7657:
1563:
7789:
1607:
7921:
1651:
9053:
8185:
8317:
1658:
8449:
1671:
9581:
1715s:
8713:
89845:
8977:
9109:
9241:
1728:
9373:
1741
9505:
1785S:
9637:
1811:
9769:
1855:
9901:
10033:
10165:
10297:
10429:
10561:
10693:
10825:
10957:
11089:
11221:
11353:
11485:
1899:
11617:
1923:
11749:
1967:
11881:
12013:
12145:
12277:
12409:
12541:
12673:
12805:
12937:
1997:
13069:
2026:
13201:
2070:
13333:
13465:
13597:
2103:
13729:
2107:
13861:
2151:

CTCCTGGACGGTTCCTGAGGCCAGT TCGACTCAAAAAGTGGTCCAGTTCAAGGACAAAGACGGCCCCCAGGTGGTGCCCGTGGAGGGCCATGAGCGCTCTGTCACTGTCACCCCTCTGGATGCCGGCCGCAA
S W TVPEASSTOQKVVQF KD KD GPQVVPVEGHERSVTVTUPULDWRINGRK
GTACAGATTCCTCCTCTATGGCCTCCTGGGCAAGAAGCGCCATGGCCCTCTCACTGCCGACGGCACCTCGGGTGAGGGGCATTCCCTGCAGGTGACCACCGTGACCCAGAACTCCGTGGGCCTCTCCTGGAC
Y R FLLYG L L G K KR RUHGPULTADGT S GEGHSULQEUVT TTVTA QNS SUVGL S W®WT
AGTCCCTGAGGGCCAGTTTGACTCCTTTGTGGTCCAGTACAAAGACAGGGACGGGCAGCCCCAGGTGGTGCCCGTGGAGGGCAGCCTCAGGGAGGTCAGCGTGCCGGGCCTGGACCCTGCCCACAGGTACAA
VPEGOQFDS FVV QY KXKDRUDGOQZPOQV VPV EGSULREVSVPGULDUPA ATHT RYHK
GCTGCTGCTCTACGGGCTGCACCACGGCAAGCGTGTGGGCCCCATCTCGGCCGTCGCCATTACTG GTGAGTGTGCGGCAGCTGGAACACCTGTGCCTCCTTCCCGCCTGGCTCTCCTGGTCTGACTGAGCCA
L L LY GG LHHGIE KU RVYVYGPTISAVATIT
TAAGATCTCTGAGCTTCCCATTTTATCATATCGAGTCCTTGTGCCCCTTTAGAGTCAGTTGCCCCAGTCCCAGCCTCCAGCAACCACTGTCTGCTTTCGATCATCCTGGAGACAGCATTTTGACTCTCCATG
TAATGGAATCACAATACGCAGTCTCTTGTGTTTCATTTCTTGCAATTAGCACAATGCTTTTGAAATTCACCCATGTGCAGCAAAAGCTGGTCTTTCGATTGCTGACTGCTTGCCCTCACTCCCTCTCCTCCC
TCACTCCTCCTGAGAGT CTGGGTGCAGCGACACACCAGCCATCTGTCTCTACCTGTCTCTG TGAACCAGCCGGCTGGGAAGAAACGGAAACTGAGACCACGGCCCCGACCCCTCCAG CGCCTGAGCCCCACC
A P E P H
TCGCGGAGTTGACAGTGGAGGAGGCCACGTCACACACCCTGCATCTCTCCTGGATGGTGACTGAGGGAGAAT TTGACTCCTTCGARAATCCAGTACACAGATAGAGACGGGCAACTCCARATGGTCCGCATAG
L GGE LTV EZ ERATSHTULHILSWMVTETGETFUDST FETIQYTDR RDGQUL Q MV RI
GAGGTGACCGGAATGACATCACCCTCTCTGGCCTGGAATCCGACCACAGATACCTGGTGACCCTGTATGGTTTCAGTGATGGGAAGCATG TAGGTCCTGTCCATGTCGAGGCCCTGACAG GTGAGAACTCTG
6 6 DR NDITUL S G LE SDBHBRYULVTTULYSGVF SDGXHV GP V HV EWRBATILT
CCCACTATGCCTCCTTTCAGATGGCTGGGAGAGTCCAGAGGACAGCAGAGTCCGCGGATACCTGCCCACCTCAGTCCTCTCTTTCCATGTCTCTGTCCAGTCCCGGAGGAGGAGAAGCCTTCAG AACCTCCC
E P P
ACCGCAACCCCCGAGCCCCCCATCAAGCCTCGCCTGGGGGAGCTGACCGTGACAGATGCCACCCCTGACTCCCTCAGCCTGTCCTGGACAGTTCCCGAGGGACAGTTTGACCACTTCCTGGTCCAGTACAGG
T A TP E PP I KPRULGEULTVTUDATU PUDS5 UL 51 S WTVZPEGU QTFUDHTF FULUVQ YR
AARTGGAGATGGGCAGCCCAAGGCAGTGAGGGGTCCAGGGCACGAGGAAGGGGTCACCATCTCGGGCCTGGAGCCAGACCATAAATACAAGATGAACCTGTACGGCTTCCACGGTGGCCAGCGCATGGGCCCT
N 6 D 6GQ P KAV RGP GHEUEGVTI1I S GGGLEUPU DU HIKTYKMNIULYG GV F HOGG QU RMMGT?P
GTGTCTGTCGTCGGGGTGACAG GTGAGTGGATGATGGGAGCCCCAGGGTGGGAGCCATGGGAGGGTCACCCTCTTGCTCACCCTCTTGCTCTTTGGTGATGACTGGTGGGGAAT GGGACAAGGGTCTGGTCA
vV s VVvVve Vv T
GCACCACAGACCTGCTTGTGGCTGGGGCTGGGGCTCCCCTTGGGCCTTCCTGTGAGGTTGACCACTGGCTCCTCCTGAACAGAGAGGGGCCATCGGGARTT TTGCTGTGCTGGTGGCTGTCCCAGGTCCCCC
ACAGCTGACCCTGGAACTTGTCATGTGTGTTAGCTGTCAGCTGAGCAGGACCACCCAGCCCCARGAGTAGGCCTCTCTGARCTGACCTCGGTCCCCCAGTCATAGCCT TGGCTTCTCCCTCCTTTTCCCCAG
ATCCCAAGGACATCCCCCAGTCATAGCCTTGGCTTCTCCCTCCTTTTCCCAGATCCCAAGGACATCCCCCTCACTCTCTCTTCCTCCTTCTCAG CTGCAGAGGAAGAGACCCCCAGCCCCACAGAACCCAGE
A A E EETUP S P TE P S
ATGGAGGCCCCGGAGCCCGCTGAGGAGCCGCTCCTGGGGGAGC TAACAGTGACAGGATCCTCCCCTGACTCGCTGAGCCTCTCCTGGACCGTCCCCCAGGGCCGCTTCGACTCCTTCACCGTGCAGTACARG
M B AP EPAEZEBPLILGELTVTSGS S PD S L SL S WTVPQGRTFDSTFTUVQYK
GACAGGGACGGGCGGCCCCAGGTGGTGCGTGTTGGGGGC about 0.5kb CTTCCTCCTTTCTTTCTTTCTCTTTCTTTCTTTCTT TCACTTCTTTTCTT TCTTCGTGTTTAGACAAGGTCTCACTCT
D RDGRUPGQ@V VRV G G...
ATCGCCTGGGCTAGAGATCTGGCACAGTCACAATTCACTGCACTGCAGCCTCAACCT CCTGGGCTTAAGGRGATCCTCCCACTTCAGCCTCCCGAATAGCTGGGACTACAAGT GCACTCCACCATGCCCAGC
TAMTTTTTTGTATTTTTTGTAGAGACAGGGTTAGCCATGTTGCCCAGGCCAGTCTCGAACTCT about 1 kb GATGTCTCATAATTGTGTTCCCATTTGTTGCTGAATCAGGTCTATAGAAGGAG
GATACATTCGAATTGAGAAAACTGAAAT TTTAAATAGAGTAATCAGGGAAGGCCCACAGAAGAAGGTGGCTT TTGAACAAAGACTTAAAGAAGTGTGGGGATGAGCCATGAAGATATCTGGGGAAAGAACAT
TTAGGTAGAGGGAACAGTCAT TGTAAAAGTACTGAGGTAGGAGGCTGCCTGGCATGGTTGAGGGACCATAAGGAAGCCACAAAATC TGAT TATGATTATAATCAGAAATCGATCT TAAGTTAGGGCCAGACT
GGGCCCACCTTCTGACCTGAATICARGACAGCTGGGGCCTCAACACCTCCTTGCAGCAAGAGAAAAGATTCTGT TTCTATCTCTTCCTAG GGCCCGAAGAGGAGTCCCCTGATGCTCCTCTTGCAAAGCTGC
P EEESPDAPTLATIKL
GCCTAGGGCAGATGACAGTGAGAGACATCACCTCCGACTCCCTCAGCCTCTCCTGGACAGTCCCCGAGGGCCAGTTTGACCAT TTCTTGGTCCAGTTTAAGAATGGGGACGGGCAGCCCAAGGCGTTGCGGG
R L G Q M TV RDITSD SL S L S WTVPEG QT FUDU BT FULVAQFIXKNGDGOQU?PIKA ATLR
TGCCGGGACACGAGGATGGG about 3.2 kb GGACCCTGCCATCCTCTCTGTGTCCCTTTTTCTCCAG CTGCAGAGGAAGAGACCCCCAGCCCCACAGAACCCAGCATGGAGGCCCCGGAGCCCCC
V P G HEDG... A EE E TP S PTEUPSMER ADTPTETPTP
TGAGGAGCCGCTCCTGGGGGAGCTAACAGTGACAGGATCCTCCCCTGACTCGCTGAGCCTCTCCTGGACCGTCCCCCAGGGCCGCTTCGACTCCTTCACCGTGCAGTACAAGGACAGGGACGGGCGGCCCCA
E EPLL GELTV TGS S PD SL S LS WTVPQGRUFD S PF TV QY XK D RDGRP Q
GGTGGTGCCTGCTTGGGGGCGAGGAGAGCGAGGTCACCGT CTGGAGCCTGGGCGCAAATACTTGATGCACCTGTATGGCCTCCACGA GGCGCGT CCGGTGTCAGCCGTGGGCGTGAC
vV VRV 6 GEEB S EV TV GG GLEUPGRIKTYLMHTLYGLHETGRIRUVGPV S AUV GV T
TG GTAGTAGTGCTT about 1 kb ATTTTAGTAGAGAGGAAGTTTCTCCATGTTGGTCAAGGCTGCTCAAACTCCTGACCTCAGGTGATCTGCCCGCCTCGGCCTCCCAAAGTGCTGGGATTACA
GGCATGAGCCACCGCGCCCAGCCAGACTTATTTCATTTCTAAT TATGAGAAGTTCAAAATT TCTAGTCCATAAGAAATTGGAGGGGTGGAGATCATGAGTTAAT TGAATTCCTACCGATGGGGAAG
AATCAGCCCTGCTGAGAGGCGGTCTCTTGCAGGGCAGGTCGCCACCTCTGTGGCACCAAGTGAGGTGCGAGCTCATCTCCCAAAGGCCATCCAGACAGAGGAAGCACTCTCAATCGGCATCCCCGATTCCTG
GGGGAGAGGCCTCATTTCCATATGCATGTTCAGAGTTGTGTTCCTGTCTCCACTGTGGGGAACCACAGAACTGACAGAGGACAGGCTGAGGACCCACCCCTGCCCCTCCTGTTCTATGTGTATTGCTGCCCC
ACCCCCAACCCCACACTCTATTATTAAT TGTTGTAGCCCAGAATTTCTTTCTTTCTTTTTCTTTTTTT TTTTTTAGACTGAGTCTCACTCTGTTGCCCAGGCTGGAGTGCAGTGGTGTGATCTCAGCTAACT
GCAACCTCTGCCTCCCAGGTTCAAGTGATTGTCCTGCCTCAGCCTCCTGAGTAGCTGGGAT TACAGGTGCATGCCACCACGCCTGGCTAATTT TTGTATTT TCAGTAGAGACCGGGTTTCATGATATTGGCC
AAGCTAGACTCGAATTCCACCTCAGGTGATCCACCCGCCGCGCCTCGGGACATGCCTAGGATTACAGGCGTGAACCACTGCTCCCAGCCCAGAACTTCTTTTTTAGCCCACGTTT TTCTAGT GAARATAATA
CAGCAACATTATGTGGAAAGCTTGAAAAACAGARACAAGAATCTCATAGTCCTACTTCGGGCCCAGCTGCCGGCATTAATAACAATGTGTGTAGTGCACAT TCCCTTCCTGTATT TTGCATGCATAGCGTGT
TTTAAAGTTGCAATCAGTGTTCATAAAGTTCTTGGCACTTGCTTGTTTGTACACAAGTACATTGTAATCATTCACCTCACGGC TACACAACCAGCAT TCATCATCGTTCAATGGT TATTTATCGCGTTGCGG
TGAAAGCACTATAACAAAATTAATCATCTTCTACGGTCATTTGTGT TCCTGACACATCTGCTGTCATGAATAGCCCATCGTGAGTTCTTCCATGCTATAACTTTTCCTGCTTTAATAATTTTCTTAGGACAG
ATGCCAGAACTGGGAGGTCAAGGAATTGAGAATTACTTTGGCTCCTGACACTATGTCTCAGTTGCCTTCTGGAGGTTTCTAACAGTGCAGCTC TGCCAGAGGCCGGGGGCTCGGGGATACCTCACCGGCTCT
TATTCCAAGAGTCACTGAACGCCGAACACAAAGCT GCCCCAGCCCTCAGCCTGCTCTGGAGGGGCGCATTTGATGTATGACCT CTGTTGACAGCACCAGCAAAGCAAGTTGCCCT TAAACCCTTAAACTCTG
TATCCCCCTATATTACCTTTCAGCCCCACAAGAGGATGTGGACGAGACCCCCAGCCCTACAG AACCAGGCACAGAGGCCCCAGAGCCCCCCGAGGAGCCTCTCCTGGGGGAGCTGACAGTGACAGGATCCTC
E P GTEA AUPEU®PZPEEZPIULULGETLTUVTGS S S
CCCTGACTCGCTGAGCCTTTCCTGGACCGTCCCCCAGGGCCGCTTTGACTCCTTCACCGTGCAGTACAAGGACAGGGACGGGCGGCCCCAGGCGGTGCGTGTT CAGGAGAGCAAGGTCACTGTGAG
P D S L S L S WTVPQGRVFD S F TV QY KD RIDGRZPGQAVRVYV GGGQE S K VTVR
GGGCCTGGAGCCTGGGCGCAAGTACAAGATGCACCTGTACGGCCTCCACGAGGGGCGGCGCCTGGGCCCGGTGTCTGCCGTGGGCGTCACAG GTGAGTGAGTGTGGGTGGGGCAGGGT TGGAAGACAGCCCT
G L E P GRK Y KMUHLTYGLHEUGRU®RTLGZPUVS AV G VT
AGAAAATGTGCCCTTCTCTACCATT TTCCTATACTATTTCTGTCTTGATGGGGCTCACAGTGARAGGAATATAGCAACATTATGGAAAGACATGTCATGGAGAGACAGGCTGCAATCCAGCAAATGAAGCAA
AGGCGGGTGAGCATGTGATAGGGAGGCCCAGGGCTCAGG TCAGGACCAGACAGGGACGCCTARAAGTCACCCTGCCCATGGGTACCCAGGGGACAGCCAGGACCTGAGGCCAGGCATGCCTTAGCTTGGTGAC
AGCTTTAGAGAGAAGGTGARGTGTGTCAGATAATCACAGCTGGTGCARAGGCCAGGAGGCTAGAAAGAGCATGGCACTGAGGATTGAGTGGGGTGTCTTTACGGTGAGTATCTCATCCTGAAGTGTGGGAGC
AGAGGAGGGGACCACTCACCAGGCCTGGGGTCTCCCAGGGATGAGGATGAGGATGTGGTTGCCCAGGTCTGTGCTGAGATGGCCCCAGCAGCTGTGCCTGTGTGAAGC TCATCCGTGGGGGC TGAAGATGGG
GATGGGGTGGCAGGGAGCCTCGAGGCAGCGAGGCCAGTAGGCAGTTGGTGGCCCTGGTGAGAGGTGACAGTGGCTCAAACTAGGATCGGGGACTGGAGGTGGGGTAGGAAGGTAT CCAGGGGARTTCAGGGT
AMGATGCTCTGAGGCTGCTGGCAGCTGGTGAGGAGCTGGAT CCAGGAACACACCCCAGGCTC TGGCCTCGGGAGGAGTGTGCTGAGCTTGTTGCGGACGAAAGACAGAAGCCCAGTGAACAAAAGATGGCS
AAGAGACCCCAGTGCTGGGAGGCCAGGGGTGCAGAGGCCGAGTGGGGCTGTGCTCAAAAGAGAGGCGGTGCTGGAGGGACAGGGAGAGGTGGCCTGGGTGT TGGGAGG TGGGGGT GAGGTGGGGGC TRAGGE
CAGGAGGGTCAGGGTGAGGGATAGGAAAGGCCACAGGAGAGGAGAGGATGAAGAGCTGTGCTGGAGGGCCTGTGGGCAGCATGCTCCTGGCTCTTGGGCACTTTGTGTTTTGTGACACATCCTTCATTCGAT
GGGGCCAGGACCTCACTGTCCCCACACGTGTCTGTCCAACTCCAG AGGATGAAGCCGAGACCACCCAAGCAGTGCCTACCATGACCCCTGAGCCCCCCATCAAGCCTCGCCTGGGGGAGCTGACCATGACAG
E D EAETTOQAVPTMTUZPEU®PU®PIKZPRILTGTETLTMT
ATGCCACCCCTGACTCCCTCAGCCTGTCCTGGACGGTTCCCGAGGGCCAGTTTGACCACTTCCTGGTCCAGTACAGGAATGGGGAT GGGCAGCCCAAGGCGGCGCGGGTGCCGGGGCACGAGGACGGGGTCA
D A TP D S L S L S WTVPEUG QTFDHTFULVQYIRNUGDSGU QP XA ARUVZPGUHETDGV
CCATCTCAGGCCTGGAGCCAGACCATAAATACAAGATGAACCTGTACGGCTTCCACGGTGGCCAGCGCGTGGGCCCCATCTCTGTCATTGGGGTGACGE GTGAGTGGATGATGGCAGCCCCAGGGTGGGAGC
T I $ G L EPDHXKY KMNLYGF HGGQRVGPTISUVIGVT
CGTGGGAGGGTCACCCTCTTGCTCTTTGGTGATGACTGGTGGGGAATGGGCCAGGGGTCCGGTCAGCACCACAGACCTGCTTGTGGGCTGGGGCTCCCCTTGGGCCTTCCTCTGAGGCTGACCCCTGGCTCC
TCCTGAGCAGGGAGGGGCCATCAGGAGTTCTGCTGTGCTGGTGACT GTCCCAGGTCCCCCACAGCTGACCCTGGAACTTGTCATGTGTGT TAGCTGTCAGT TGAGCAGGACCACCCAGCCCCARGAATGGGC
TTTTCTGAAATGACCTCACATACCCAGTAGTGGCCATGGTTTCTCCCTCCTTCCCTTGAAGACCTGAGCACATCCCCCAGGCACCTGGCATCCTCTCTATATCTCCTTTTCTCAGCTGCAG AGGAAGAGACC
E E E T
CCCAGCCCCACGGAACTCAGCACTGAGGCCCCGGAGCCCCCTGAGGAGCCGCTCCT GAGCTGACAGTGACAGGATCCTCCCCTGACTCGCTGAGCCTCTCCTGGACCATCCCCCAGGGCCACTTCGAL
P S PTEULSTEA APE®P?PEEPLILGETLTV VTS GSSPDSLSULSWTTIUPOQSGHTFD
TCCTTCACCGTGCAGTACAAGGACAGGGACGGGCGGCCCCAGGTGATGCGTGTCAGGGGCGAGGAGAGGCAGGTCACCGTGGGGGGCCTGGAGCCCGGGCGCAAATACAAGATGCACCTGTACGGCCTCCAC
S F T VQYXDRUDGRPQVMRVYVRGETERUGQVYTV G GGLEUPGRIKYKMUHELYG L R

Figure 2.

are circled. The polyadenylation signal of TN-X is boxed, and that of P450c21B is indicated by a dashed overline. EMBL accession numbers
are as follows: X71923 = exons 1 and 2; X71924 = intron 2; X71926 = Fn repeat i; X71925 = Fn repeat iii; X71927 = Fn repeat

iv; X71930 = Fn repeat v; X71938 = Fn repeat vi; X71928 = intron 9; X71929 = Fn repeat vii; X71931 = intron 10; X71936
repeats viii-xii; X71936 = Fn repeats viii-xii; X71932 = intron 14; X71934 = Fn repeat xiii; X71935 = Fn repeat xiv; X71933

Fn
Fn

repeats xv-xvii; X71937 = Fn repeats xviii-xxix; fibrinogen domain, 3’ untranslated region.
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13993:

2195:
14125:
14257:
14389:
14521:
14653:
14785:

2209:
14317:

2214:
15049:

2258:
i5181:

2302:
15313:
15445:
16577:

2314:
15709:

2348:
15841:

2392:
15973:
16105:
16237:
16369:
16501:
16633:
16765:
16897:
17029:
17161:
17293:
17425:
17557:
17689:
17821:
17953:
18085:
18217:
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18349:

2446:
18481:

2490:
18613:
18745:
18877:
19009:

2530:
19141:

2573:
19273:

2617:
19405:
19537:
19669:
19801:
19933:

2636:
20065:

2677:
20197:

2721:
20328:
20461:

2732:
20593:

2737:
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20857:
20989:
21121:
21253:
21385:
21517:
21649:
21781:
21913:
22045:

2825:
22177:

2839:
22309:

2083:

GA GGCGTGTGGGCCCGGTGTCCACCGTGGGTGTGACAG GTGAGTGTTTGTGAGTGAGGAAGATGGCCCTAGAAGATGT TGCTTTCTCTGCAACTTCATGAAAACABARATATTCTCACCAGCCGGGE
E GRRV GP VSTV GV T
TTCTTTTGCACGTTTCCATGCTTGGGGATCTTGCTAAGAGGCAGATTGGGGTTCAACAGGTTTGGGTCTAGGCCTTATTGAGATTCTGCATTTCCAACAAGAAATGTTGCGGATTGCTGCTGGCCCATGATC
ACGCCCCTTGAGTAGCAAAGTTCTTCACGACAAAGGAATTGGACCCTCTTTTGAAATCTGTTGAAGAGAATTTTTCTGCGTCCCTGATTCCTGGTAGTGTGCTTTCTCTGTGGAGTTGACTAGGGGCCGTGA
AGGAAGACAGAAGGCAGTGAGGGGCAGCGCGTCGACTGCACACTCTGGAAGCCCACTATTGGAATAGGAATAGGAACAGACCTTTCTCACCAATGGGCCAATTTGTTCATTCAGCAAAGAAIICCTTGCCCT
GATCCGGACACTGTAATTTTAGGGTATCAATGTCCTCTGGCCAACGACCTCCAGAAACTCACCTAAAATTGAATGGATGGAATTATGCCTCCCATGCCAGTGCAGGAGGACTGTGGGGTGACTTAGGAAGAG
GCTTTAGAANGAGAATTGTAAGGAACTGGCTTGTGTTTGGTGT T TAGGAAGACTTAGAGAGC TTCTCTTATAGACC about 800 bp AAGGCCGCAGGAGAGGAGAGGATGAAGAGCTGTGCTGGAG
GCGTGTGGGCAGCATCGTCCTGCTCT TGGGCACTTTGTGTTTTG TGACACATCCT TTCTATGC TGAACT GAGARCCCAGGGACC TCACTCT CCCTATATGTGTCTG TCCAGCTCCAG AGGATGAAGCAGAGA
E D E A E
CCACCCAAGCAGTGCCCACCACAACCCCTGAGCTCCCCAACAAGCCTAGCCTCGGGGAGCTGACCGTGAC TGCCACCCCTGACTCCCTCAGCCTGTCCTGGATGGTCCGAGGCCAGT TTGACCACTTCC
T TQAVPTTTUPEPPUNTIKTPSTULGETLTV VTTU DA ATTEPTD S L S L S WMV RGOQTFUDHTF
TGGTCCAGTACAGGAATGGGGATGGGCAGCCCAAGGTGETGCGGTGGCCCGGGCACGAGGACGGGG TCACCATCTCAGGCCTGGAGCCAGACCACARG TACAAGAT GAACCTGTACGGCT TCCACGE TGGCT
LVQYRNGDGOQZPIKVVRWPGHETDTGVTTISGTULTEFP D HK Y KMDNTULYGF HG GG
AGCGCGTGGGCCCCATCTCTGTCATTGGGGTGACAG GTGAGTGTACGATGGGACCGCAGAGTGEGGCCTGTGGGAGGGTCTCCCTTTCTC TGGTGAT GGG TGAACTGGCCCAGGAAGCCCCTCTGCTCTTGG
Q RV G P I S VI GV T
CTGAGCCATGGTACTTTTTTGTCTTTCCCCACTTCCCTGAGGACTGACAGATCTTCCTGGGTGGAGAAGGGCCCTGTGAGCTCTGTTGGTGGCTGTCCCAAGTTCCCCAGCACTGACCTCAGAGCTTGTCAT
GTGTGTTGACTGTAAACTGAGCAAGACCACCCAGCTCCAAAGATGGGCCTCTCCAAGCTGACCCCAGACCCCCACTCATGGCCACCRCTTCGCTCTCCTTCCTCACAAGACCCAAGGACATCCCCCAGGGAA
GCTGCCTCACCTTCTCTGTCCCCTCTTCTCAG CTGCAGAGGAAGAAACTCCCGCCCCCACAGAACCCAGCACGGAGGCCCCGGAGCCCCCTGAGGAGCCGCTCCTGGGGGAGCTGACAGTGACAGEAI:ETC
A AEEETPAPTETPSTTEARAMPTETPTPTETETPTULTLGETLTV VTS GS S S
CCCTGACTCGCTGAGCCTCTCCTGGACCATCCCCCAGGGCCOCT TCGACTCCTTCACT GTGCAGTACAAGGACAGGGA GGGCGGCCLCCAGGTGGTGCGTGTCAG! GGAGAGCGAGGTCACCETSGG
P DS LS LS ¥WTTIZPGOQGRTEFTUDTSTFTUVAQYIKTUDT RTUDTGTRP Q VV RV R GETESEUV TV G
GGGCCTGGAGCCCGGGCGCAAATACAAGATGCACCTGTACGGCCTCCACGAGGGGCAGCGCGTGGGCCCAGTGTCCGCTGTGGGTGTGACAG GTGAGTAAGTGTGAGTGAGGCGAGGTGGGGAAGATGGCCC
G LEPGRIKYI KMHLTYGLHETG GO QRVYGPVSA AVGVT
TGGAAGACACTGCTGTCTCTCCAGTCTTCGTGAAARCATACTCTGAAGAGTATTCCTTCCTTTGTGTATCCAAATGCCTGGAGAT T TTTGT TAARAAGCAGATTTGGAT TCAGCAGGCTTGGCTAGGGCAAG
AGACCATGCATTTCTTTCTTITTCTTTCTTTCTTTTTTTTTTTT TTGAGATAGAGTCTCGCTTTGTCACCCAGGCTGGAGTACAGTGGCTCAATC TCGGCTCACTGGAACCTCCGCCTCCTGGETTCAAGTG
ATTCTCCTACCTCAGCCTCCTGAGTAACTGGGACTACAGGGCGTGCGCACCCGCGCCCAGCTAATTTTTTCATATTTTTAGTAGAGATGGGTTTCCACCCGTGTTAGCCAGATGGTCTCAATCTCCTGACCT
CGTGATCTGCCCTCCTCGGCCTCCCAAAGTGCTGGGGATCATAGGCGTGAGCCACGGCGCCCAGCCGACCATCCATTTCTAACAAGATTCTCATCTATCTTGATGCCACTGGTCCAAGGAACACACTTTTTT
TGTTGTTTTTTATTGTAGTAAAGTACACTTGACATAATTCGCCATTCTAATCGCTTTCTAGTTTGCAGTCCAGCATGAAGTCCACTCACATTGCTGTGGACTGTCACCCTCCACTTCCAGAACTCCTCTTCC
CAGACTGAAACTTCCTACCCACTAGACACGAACTCCCATTCTCCCCTTGCCCCAGCCCCTGGCAACACCATTCTACTCTCTGTCTCTATGAATTTGACTCTAGGTACCTCATATAAGTGCAATCATACAATA
TTTCTCTTTTTTGAATGGT TCATTTCAT TAAATACAATGTCTT TARGG TTCATCTATG TCGTAGCATCAGTCAGAR T TTCCT T T T TAT I TTAT T T TCT G T GG CAATGCGCGTCTCGGTATGTTECCCAGGTT
GGTCTCRAACTCCTGGCCTCAAGCGAGTCTCCCACCTTGACCTCCCAAAGTGCTGGGATTATAGGCAAGAGCCACTGCACCTGGCCAGAACTTCCTTCCTTTTCAGGCTGAATAATGTTTCGTTTTACACAT
ACAGACCACACTTTGCTCATCCTTTCATCCATTGATGGACATCTGGGTTCGTTCCACCTCTTAGCTATCAAGAATAATGCTGCTATGAATATTTGTGTCGAAATCACAGAACACCTTTGTAGCAAAGCTCCT
CCCAGTAACAGATTTGAAACTCTCTTAGAATTTGTTGAAGCGAATTTTTCTTGCATTCATGAATCCTCACAGAGGTTAGGCTCAGAGTTAGGGTTCCTGTCCTAATGGGAAAAGTTCCTGTCCTAATGGGGC
TAACGTCATGGGGGACAGGCTGTGGACCAGTAAGAAAGCAAAGGCGGGTGAGCATGTGACAAGAAGCCCAGAGCCAGGCAGGAATACCTAAACCACCCTACCTGTGGATACTCAGGGGACAGTCAGGATCTG
AGGCCAGGCAGGCCT TAGCTTGGTGACAGCTTTAGAGAGAAGGTGAAGCGTGTCAGATCAGCACAGGAGGAGCARAGGCCAGGAGGC TAGAAAGAGCATGGTGTGTGAGAAGTACTGAGGATTGAGTGGGGT
GTCCTTTGCAGTGAATAGATAGTCCTGAAGTGTGGGAGCAGAGGAGGCCTGGGGTCTCCCAGGGATGAGGATGTGAT TGCCCAGGTE TGTGCTGAGATGGCCCCAGCAGCTGTGCCTGTGTGAAGTTCATCC
GTGGGAGCTAAAGATGGGGATGGGGTGGCAGGGAGCCTGGAGGCABGGAGGCCAGTAGGCAGTTGGTGGCCCTGGTGAGAGGTGACAGTGGCTCAAACTAGGATTGGGGACTGGAGGTGGGGGAGGAAGGTA
TCCRGGGAAACTCGGGGGAGAGGTACTCTGAGGCTGCTGGCAGCTGGTGAGGGGCTGGGTCCAGGAACACACCCCAGGCGTGGCCTCGGGAGGAGTGTGTGAGCTTGTTGCAGAGCAAAGACAGAAGCCCAG
TGAACAAAAGATGGCTGAGGAEACCCCAGTGCAGGGAGGGTAAGGGTGCAGAGGCCAAGTGGAGCTGTCCTCAAAAGAGAGGCGGTGCTGGAGGGACAGGGAGAGGTGGCCTGGGTGTTGGGAGGTGGGGGT
CAGGGTGGGGCCGACGGCAGGGGGGTCACGGTGAGGGATAGGAAAGGCCGCACGAGAGGAGAGGATGAAGAGCTGTGCTGGAGGCGCTGTGGGCAGCCATCGTCCTGCTCTTGGGCRCTTTGTGTTTTGTGA
CACATCCTTTCTATGCTGAACTGAGARCCCAGGACCTCACTCTCCCACACGTGTCTGTCCAG CTCCAGAGGATGAAGCAGAGACCACCCAAGCAGTGCCCACCACAACCCCTGAGCCCCCCAACAAGCCTCE
R A P EDEAETTOQAVPTTTZPEZPZPNTZIKT®PR
CCTCGGGGAGCTGACCGTGACAGATGCCACCCCTGACTCCCTCAGCCTGTCCTGGATGGTCCCCGAGGGCCAGTTTGACCACTTCCTGGTCCAGTACAGGAATGGGGATGGGCAGCCCAAGGTGGTGCGGTG
L 66ELTVTDA ATTPUDSTULSLSWMVUZPETG® TFUDTUHT EFTLYVY Q Y R NG D G Q P K V VR W
GCCGGGGCACGAGGACGGGGTCACCATCTCAGGCCTGGAGCCAGACCACAAGTACAAGATGAACCTGTACGGCTTCCACGGTGGCCAGCGCGTAGGCCCTGTGTCTGCCATTGGGGTGTCGG GTGAGTGAAT
P GHEDGVTTISGLETPDUHTE KT YI KMUPNTULYGTFUHS GG GO OTRVYVU GEGTPUV S A 1 6 vV §
GATGGGAGCCCCAGGGTGGGAGCTGTGGGAGGGCCACCTCTTGCTCTTTGGTGATGACTGGTGGGGAATGGGACAGGGGTCTGGTCAGCACCACAGAACTGCTTGTGGCTGGGGCTGGGACTCCCCTTGGGC
CTTCCTATGTGGTTGACCCCTGGCTCCCCCTGAGCAGGGAGGGGCCATCAGGAGT TTTGCTGTGCTGGTGCTGTGCCAGTCCCCCCACAGCTGACCCTGGAACTTGTTACGTGTGTTAGCTGTCAGCTGAGS
AGGACCACCCAGCCCCAAGAATGGACTTCTCTGAAATGACCTCAGGTCCCCCAGTCATAGCCTTGGCTTCTCCCTCCTTTTCCCCAGGACCCAAGGACATCCCCCTCACTCTCTCTCCCTCCTTCTCCACTE
CAG AGGAAGAGACCCCCAGCCCCACAGAACCCAGCACTGAGGCCCC! CCCTGAGGAGCCGCTCCTGGGGGAGTTGACAGTGACAGGATCCTCCCCTGACTCGCTEGAGCCTCTCCTGGACCGTCCCCC
E 2 ETPSPTEU®PS T EAPEAPTETERTPTULTILGETLTV VTGS S P DS LS L S W T V P
AGGGCCGCTTCGACTCCTTCACCGTGCAGTACAAGGACAGGGACGGGCAGCCCCAGGTGGTGCGTGTCAGGGGCGAGGAGAGCCAGGTCACCGTGGGGGGCCTGGAGCCCGGGCGCAAATACAAGATGCATC
Q 6GRFDSFTVQYZ KDRDGQPOQVVRVYVRGETETSTEV VTV VSGGLETFPSGRTIEKTYZKHMH
TGTACGGCCTCCACGAGGGGCAGCGCGTGGGCCCAGTGTCCACCGTGGGCATCACGG GTGAGTGGGGGGACAGGCCCTCGTCCCCAGGTTTACCTCTGCAGCCCCCTTGTGT TTCTCCTTTGGATCTTGGCA
LY G L HEGQRVYVGPV S TVGTIT
CCTCTTTTGACTGGGCCTCTAGGTTTCTGTCTTTTCTCCCATGTTCCTAATGATCCTGCCTCATCCTTGGATTCATCGAGACTGTGTGGAGTCAGATGGGCAGGTAGTCCATCCCCTGTTTGTTGTAGCTTC
CTTCTCCCATTGTGATCTGGAACCTCCATGTTGCTCGTGTGCTCATTTGTTAGTCTTCAGGCTCCCTTAAGGAGTATTTTAGTGGCTCAGAAAGTGCTTCAGATCCAGCTGCCCAGATCTGATGTGCCTTCG
ATGTAGTGTTGAGCGACTTTGAGGCGTTTCCTAACCTTGAGCTTCAGATTCCTGCAAAGTTGGGGTGATGATAATAATGGCACCCACTTCATATG T TG TGCGAGGG TTARATGCACCACTGTTTGTGAGCTG
CTTRCAGCAATGCAGGGCACAGATTCTAAAACAAGCGTTTTAGAGGAGGCCCTAAGAAATGCTCRCTCCAGTCCTGGCAGAGACTGCCTCCCTTGCGCAGGGTCCTGCCTCCTGACCATGGGCCTGCTCTGC
TCTTTTCAG CGCCCCTGCCCACACCACTGCCGGTGGAGCCCCGCCT TGGCGGT CGTGACCTCGGACTCAGTGGGCCTCTCATGGACGGTGGCCCAGGGCCCCTTTGACTCCTTCCTGE
A P LPTPLPVETPRTULGETULA AVEHSAVTSTD SV GEGL S WTV A g 6 P FD S F L
TACAGTACA ACGCGC AGCCCCAGGCAGTGCCTGTGAGCGGAGACCTCCGAGCGGTAGCCG TCTCGGGGCTGGTACCGGCCCGCAAGTACAAGT TCCTGCTCTTTGGACTCCAGAATGGGARAC
VOoYRDAMNMOGOQPOQAV®PVSGEDLRAVAYVSGLVZPARTEKTYTZ KTFTLTLTFPETGTLG® QNG GK
GCCACGGCCCAGTCCCTGTGGAGGCCAGGACCSE GTGAGTGAGGGCTGGAGGCCTCCCGCGGCCAGAGCCTTCGCCCCCT TGTGGCACCTGTTGGAAT TTCACGTTCTGTGCCCCACACT CCAGTCCTCAGCA
R HGP VPVER ADRT
CCCACTGATTTATTGGGTCCAGGARAACCCAGGCCCTGAGCTCTCCTCTCCCACT CACACTCATCCCTCTCCCTACT TTCCCTGCACCCCAGGGGACACTTGCTTTCTTGTCTGGCTCCTCTTTTATTCCTA
CTCCTGGCCCAGTCACCCTCCCGTTCCTGGGACCGGCTCACAGAGCCATAGCAGCCCAGGAAGCTCCGTGGCCCCTT TGCCTCCATCCCACTCTCCATGCACCTCACTGTCTTTTCCAG CCCCAGACACCAA
: AP D T K
ACCGTCTCCCCGCCTGGGGGAGCTGACTGTGACAGATGCGACCCCTGACTCCGTGGGCCTCTCGTGGACGGTCCCTCAGGGCGAAIIQGACTCCTTCCTGGTCCAGTACAAGGATAIGGATCGTCGGCTCCA
P S PRLGELTVTDATTEPRPDS SV GLSWTVPETGETFTUDTSTFUVYV Q Y X D KD G R L
GGTGGTGCCGGTGGCAGCCAACCAGCGGGAGGTCACAGTCCAGGCCCT GGAGCCCAGTAGGARAATACAGGTTCCTGCTC TATGG TCTGTCAGGCAGGAAACGACTGGGCCCCATCTCTGCTGACAGCACCAC
VVPVAANOQREVTVYVOQALTETPS SR RIEKTYR RTFTILTLTYZGLSGRTE KT RTLTGTPTISA D § T T
AG GTGAGTCCCAGTCCAGCCTCCACCTTTTCCAGAGCTGCCTCTCATCCGAGCCCTCAGAGCTGGCCCTGCAGCCTTCCCGTGRGATTCCCTCTATCAGCCCTGACACAACCATCTTAACTCCGAAAGTGAG
TCCCTCTGTGTGTCAGGCACAGTTCTGAAGCATATGCATTACTTCCTT TCATTCGCTGACTGCTGAGGAAATAAAAGGGACACGGGC TTTGGGGCCAGCAGATC TG TGTTCCAGTTCCAGTCCTAGCCTTTG
CCAGGGTGACCATGGACAAGCCGCTTCATCCCCGGGACCTCAGTGTCC TCACCTGCATAATGCTGGGAATGGCGCTGGACTCAGTAGTGGTTCCCATCCTCC TCCCTCCTCCCTGACTCEGAGCCGAGGGGT
GCIAGAAAAGGGAGGGCTTGGCTATGGAAAGACGATGGAAAAACCTGGTGTCACTATGCCTATGACTCAGCTCCCTGAGGAAGGGGTGTGGTGGGTCACCGACCCTCACCCCACTCCCAGGACCATCAGTCA
CTATGCCCAGAGGAGGACAGAGCAGCCGGCCAGTCTGGGCCTGGGTCCCTGGGACTCCGTAATTCTCTT CCCAMAGAGT CACTG TGGGGACGGTACAGATCCCCACCCATCGEGCCCCAGCCCCACCCEGGE
AARGCCTCTGCTCTGCCCTCTGTTCTCCCAGCTAATCCCCTGCTCTTCTCCCTECCCCACCCTGGCT GCCCCGGCCCAGTEGGCTCAGTGTGGGGC TGGGGAAGCAGGAGGCACGGATGTTCAGGCTGATGGC
CACAAGGGGACAAGGGGGAGATCACAGCCTGGCAGTGATGGGAGCCGTGCATTGGCCGGCTGCCCAGACCAGCTCTCGATGTTT CEGGTGTCTCCGTGACARCCCAGAGACCTCCGGGGAGTCTCTCTCAGT
TCTGGCCTCATTCCTGCTCAGGGGCTGECCETCAGGG TAAACAAAGGCCCTCTCTGCACCCCCAGCCACCCATCCCTCGGGAGATGATCTGTAATGAATTTGGCGCATCCTCGATCACAGCAGGGAAGGGGC
GGGGCACGAAGGAGT TTGCGCAGCAGCCTCCAGAGGAGGAGGGEGCTGTTCTCCCTCATTTCCTETGGGGCATGGCCGGAGCAGECCTCTG TG TC TCCTCAAGGAGCTGTCCCTCGCGCTACAC TGGAGGGA
CGATTTCCCAGAACC TCACACCTCCGGGAGGCTGCCAGGGCTTAGGCARAGGCAGCAT GTGACTAAGAGCTTTCCCTCCTCCCTCTGCACAG CTCCCCTGGAGAAGGAGCTACCTCCCCACCTGGGCCAACT
A P L EKETULUZPZPU HULGTEL
GACCGTGGCTGAGGAGACCTCCAGCTCTCTGCGCCTGTCCTGGACGGTAGCCCAGGGCCCCTTTGACTCCTTCGTGG TCCAGTACAGGGACACGGACGGGCAGCCCAGGGCAGTGCCTGTGGCCGCAGACCA
T VAEETS S S$ LRL S WTVAOQGEPTFDS ST FVVQYRTDTUDSGOQTPURA AVTEPVA AR ADHD Q
GCGCACAGTCACCGTAGAGGACCTGGAGCCTGGCAAGAAATACAAGTTTCTGCTCTACGGGCTCCTT AAGCGCCTGGGCCCGGTCTCTGCCCTGGGAATGACAG GTGAGGCTGCTGTGCCTGGCTA
R TV TVEUDTLEZPGIKI KYZ KT FIULTULZYSG_GULLGGUKU RTULUGTPUV S ATLTGMT

Figure 2.
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22441:
22573:
22705:
22917:
22969:
23101:
23233:
2919:
2336S:
2950:
23497
2994:
23629:
23761:
3026:
23893:
3030:
24025:
3074:
24157
3118:
24289:
24421:
3138:
24553:
3166:
24685:
3179:
24017:
3216:
24949:
3227:
25081:
3240:
25213:
3267:
25345:
3289:
25477:
3315:
25609:
3346:
25741
3359:
25873:
3393:
26005:
3407:
26137:
3451:
26269:
3466:
26401:
3485:
26533:
3523:
26665:
3541:
26797:
3585:
26929:
2708611
3594:
27193:
3611:
27325:

TAGCARGCCAGCTTGTGTCCGTTTCCTTGTGCATTTGOGCTGARGACAAAGAT GACT GCAGGAGTCGGCAGGLCEGAGTGEEECGCNCTENCCTETCCCCAGGARGGAGGAGCAGTCTGCAGCECTGTCRGE
TTCAACATCCATCAAGGAGTCCAGAGCAGGAGCCAGGCCAGGCGGGAGGGAAAGGCCCTGEEAGGGECTCTCTAATCTCCCAGCCCCGACTCTGECCCETCACTGCCGCTGCTCCTCAT TACTCGCTGGGET
T6CTETCECETCCCCGANGEE TGECCTTGTCCAGATAGCGGCAAACCTCCCTGCCGTGEATGAGTCAGGAGCAT T TTCT TAAGAGGARCATCACTGGAAAACAARATGAGCGGGGACACAGARACCARCAGC
AGTGGCTGCATT TG TGCTACAGGCTCCTCTTCCAGAGCTCGCTGAT GCCCACCTCAGACAGGCC TGACCACGGCACGGCTGETGGGATTTGCCAGTCACCTCAACCAGCCAGTTCCACCCTCAGCTTCTCTC
AGAAGGGAGCACCACACTCCT CARGCTCAGTGARTG TATCCCEGCATCEETECGECCAGACCCTCTGATATC TCOAGETGEECTCCECACGACACECGEETCTGEAAGGCECARGCGAGCACCTGACTCAGA
CAGCGCGGGAGCTCGCAGGAGTCACGAGGCCACAGCGACTTCATTGTCTGACTGGGACTGGECCTGRACCTATAAACTTCCCACCTCAGCCTTGGGCCAAGCCTGGAAGATAAAAATGGAGCACCCCATEGE
GCCCCTCACTCAGATICTCCCCTGGGCTTCTCCCACGCAG CCCCAGRAGAGGACACACCAGCCCCAGAGTTAGCCCCAGAGGCCCCTGAGCCTCCTGAAGAGCCCCGCCTAGGAGTGCTGACCGTGACCGAC
APEEDTTPATPETLATPEA AMPETPTPEETPRTLGSGVTLTVTHD
ACAACCCCAGACTCCATGCGCCTCT COTOOAGCETGECCTAGEECCCCTTTGATTCCTTCETCE TCCAGTATGAGGACACGAACGGECAGCCCCAGETCTTGCTCETGGACGGCEACCAGAGCARGATCCTC
T TPDSMRLSHWSVAQG?PFODSTFVVQYEDTUNG QPO QALTLVYVTHDGHD s X I L
ATCTCAGGCCTGGAGCCCAGCACCCCCTACAGETTCCTCCTCTATEECCTCOAT CAAGGCAAGCGCETGGECCCCCTCTCAGCTGAGGGCACCACAG GTACCACCAGGCGTCTCCGGTCTCTAGCCTAGGAT
1 s 6 LEPSTOPYRPFTLTLTYGLEHTET GE K RTLTEGEGPTLSAETGTT
TCAGARGGGAGAAACGGGGGC TCAGARGGGGTGETCGCAGGCARAGAGCGTGRGECGGETACCAGGGAGAGAGGATGEATGGGCTGOATECEAGTGECCTTTAGCTCT GCCCCACAGGACCCCCCTGTERCT
GCAAGTCCCTGGTTACAGATAGAGAAAC AGGGA TGGAAGGGACGTGCTCTGGGTCACCAAGCTGETGTGCT TCTGTCTCCAATCCCTTCTCCCCCACCCACTCCGTGCAG GECTGEETCC
6 L AP
TGCTGGTCAGACCTCAGAGCAGTCARGGCCCCGCCTGTCCCAGCTGTCTGTGACTGACGTGACCACCAGT TCACTGAGGCTCARCTGGGAGGCCCCACCGEGGECCTTCGACTCCTTCCTGCTCCGCTTTGE
AGOTSEERSRE®P?RLSQLSYVTDVYTTSSLRLNTPE¥ERATPZPGATFTSDPSTFTLTILTRTFG
GGTTCCATCACCAAGCACACT GGAGCCGCATCCGCGTCCACTCCTGCAGCGCGAGCTGATGETGCCEGEGACGCEGCACTCEECCETGCTCCEGEACCTGCGTTCCGGGACTCTGTACAGCCTGACACTGTA
VP SPSTLETPHPRTPLTLORETLMTYTEPGT RIHESAVYVLRDP»LRSGTTLTYSZLTTLY
TGGGCTGCGAGGACCECACAAGGCCEACAGCATCCAGGGAACCGCCCGCACCCTEAGCCCAG GTARGGACCCACACACACTC TGCCCCARAGTEGGGGTC TTTGTAC TTCACGGGGGGEACCTAGTGCCTCA
6 LRGPHEKADSTIQGTH® ATRTTLSEP
GCCAGCGGTCGGE6TGEGCCAGTTEGTGETGGECCTGEAGGAATCTGCAGAGCGACTTCCATTCCTGGGGACTAGAGGAARAGGGG TGGTGAGCCTGTGCTGGAGCAGAGGCGAGGGGGGGACTCGCAGGGA
GGAGCCTCCCTGCCCCTGCCTGEGTCATTGTTCCTTGACCCCTCTGCAG TTCTGGACAGCCCCCGTGACCTCCARTTCAGTCARATCAGGGAGACCTCAGCCARGGET CAAC TGGATGCCCCCACCATCECEE
VLESPRDTLOTFSETIRTETSA ATEKYUNGHWMEPZPTPSR
GCGGACAGCTTCAAAGTCTCCTACCAGCTGGCGGACGEAG GTGGTGCCTTTGCCATGTGCTCATCECCTCECATTTCCTCTCCCCCCTGCACTCTGCCCACCETCCAGCTGECCTGEGGTTCCCTCGGTAAC
ADSFXVY SYOQULADSGE
CCTCGATCCCCAATGTTTTCAG GGGAGCCTCAGAGTGTGCAGGTGGATGGCCAGGCCCGGACCCAGARACTCCAGGGGCTGATCCCAGGCGCTCGCTATGAGGTGACCGTGGTCTCGGTCCGAGGCTTTGAG
G EPQSVOVDGOQOARTO OIKTLG® TG GTLTITPGARSTYTEVTVVYVSVR RGTFE
GAGAGTGAGCCTCTCACAGECTTCCTCACCACSG GTCAGATGGACTGGGACCCGGGGCAAGAGGTGEGAGCCAAGAAARCGGCAT GGGTGGGAGTTGAGAGAGAACGAGGAGGG TGAARGGGAGGTGGTGGA
ESEPLTGTFTLTT
GGCTCCGATTGCGGACGGEAGGCCAGTGGRGTCTGGGCAGGCACGGAGTAGAGAGAGCCGCGEGGACCCCTCTGAGCCCCTCCCCTTCCCCCAG TTCCTGACGGTCCCACACAGTTGCGTGCACTGAACTTG
q VEPDGEPT L RAL®L
ACCGAGGGATTCGCCETGETGCACTGGARGCCCCCCCAGARTCCTGTAGACACCTAT GACATCCAGETCACAGCCCCTGGGE GTGAGCAGGGCTGAGGCC TCTGGAGGGGACTTGTTCAGGGTGGGGATTGE
T E G FAVLHWEKPPONEPUVDTYDTIOQOVTATPGEG
AGGGGGGAGGCTGGACTCTGGCCCAGGATGGAGGGGGEAGGCCTTGATGCCCCTCTCTACACTCCCAG CCCCGECTCTGCAGGCGGAGACCCCAGGCAGCGCGGTGGACTACCCCCTGCATGACCTTGTCCT
AP P L AETPGSAVDYZPLHTDTILVL
CCACACCAACTACACCGCCACAGTGCETGGCCTECEEEGCCCCAACCTCACTTCCCCAGCCAGCATCACCTTCACCACAG GTAGGCTCTGTGGECTGTCTGGGACAGGGAGAGGAGGTAGAGEGAGCCAGGT
H T Y TATVRGLE RGEGFP LTS PASTITTFTT
TGGGCCTCATCCCCATCTCCTCTTCCTGCTTTCCCTCOTAG GOOTAGAGECCCCTCGGEACTTEGAGGCCAAGGARGTGACCCCCCGCACCGCCCTGCTCACTTEGACTGAGCCCCCAGTCCGEECCCCAGS
6 LEAPRDTLTEATEKTEVTZPRTA ATLTLTU WNTTETPTPVRTPEPASGE
CTACCTGCTCAGCTTCCACACCCCTGGTGGACAGAACCAG GTGCCCCGGCCCCACTGACCCAACTCCCCTCCCTGEGTGATTCCAGGAGETGCTGCTCTGGCCCTCCCGGAGGGTCTCCACCTCCCTCTCCT
Y L LS FHTPGGONGOQ 999
CTGACCCCCCCTTGTCTGTCCCACAGEAG ATCCTGCTCCCAGGAGGEATCACATCTCACCAGCTCETTGEECTC TTTCCCTCCACCTCCTACARTGCACGECT CCAGGCCATGTGGEGCCAGAGCCTCETGE
1L LPG6G1TS5H8G@LULGLFPSTSTYNARTELGO A ANMSC GG OGSTLL
CGCCCGTGTCCACCTCTTTCACCACGE GTACCTGACGCACGGGCCCGRGGEC TGGGTGGECAGCCAGGGCCTARGGCTTGGAARAGGACTGGCCCCTGCTCTCCTCTCCCAG GTGGGCTGCGGATS
PPV STSFTT G G L R I
CCCTTCCCCAGCGACTGCGEGGAGGAGATGCAGAACGGAGCCGGTGCCTCCAGGACCAGCACCATCTTCCTCAACGGCAACCGCGAGCGGCCCCTGAACGTGTTTTGCGACATGGAGACTCATGECEECEEE
PFPRDCGETEMONTGAGASR RTSTTITFTLUNTGNRTETRTPTLPNYTFTCDMETTDTGGEGG
TGGCTG GTGGGTCGCATTCCCAGEEGTCTGTGCAGGGCAAGGEGCTGTTGECCCCGGAGCCAGAGGCTGATGGTGCCCCCACTTGCTTCCCAG GTGTTCCAGCGCCGCATGGATGGACAGACAGACTTCTGG
W L vV F Q R R M D G QT D F W
AGGGACTGGGAGGACTATGCCCATGGTTTT ACATCTCT GAGTTCTGGCTGG GTCAGTGCCTCACAGGGACTGGGGAAGTACGGATGGCGATGGGGGCCCTGTGGACACCAGGACCCTGATGAGGT
RDWEDYHNHGFGETIsSGCEF WL
CACGTATCCCACCCCCAG GCAATGAGGCCCTGCACAGCCTGACACAGECAGGTGAC TACTCCATCCGCGTGGACCTGCGEECTGEGGACGAGGCTGTGTTCGCCCAGTACGACT CCTTCCACGTAGACTCGE
G NEBEALSHSLTOQAGTDT Y S5 TIRVYDLRAGTDTEARTYTFA AROQTYDSTFHTYTDS
CTGCGGAGTACTACCGCCTCCACTTGGAGGGCTACCACGGCACCGCAG GTAAGCAGAGGCTGTGAGGCTGGGAGGETGAGGC TGECAGGGGAGGCCCCTCATGGCTCCTTCCTCCACCCTGCCCAG GGGACT
AAE Y YRLHLTETGYTEHGTA ¢ D
CCATGAGCTACCACAGCGGCAGTGTCTTCTCTGCCCGTGATCEGGACCCCARCAGCT TRCTCATCTCCTGCGCTGTCTCCTACCGAGGGECCTGGTGCTACAGGAACT GCCACTACGCCARCCTCAACGGGC
S M S YH S GSVFSARTPDPRSDT?PNSTLLTISCASYS YRS GAW®WMWYRNTCHTYA ANLHNEGE
TCTACGGGAGCACAGTGGACCATCAG GTGAGGGGTGGGGAGGCGGCTCAGAGE TGGGETGGCTCGEGCTCGGCCTGCCTAGGTTTCAGCCCCACAGTGTAACAGGCARGGGACTGAGTGGCTCGCTGARATG
L Y6 S TVDHOQ
GARCARTCATGCCAGCC TCGCAGAGGGAGCTGGAGT TGATTTATTGGCTGGAAAGGGCCAGCTCAGAATTAAGCC TCAATCCTCTGCAGCGGAGGGTCAGGARGGGAGCTCTGCGGGGAGGTTGGTTGAGTG
CTGGRAGCTACCTCCTTANGGEGARTGGGARGAGCAGAT GEGACATCCGGCTTTGACTCTCTCT TGACAACCCTTTICCCAG GGAGTGAGCTGETACCACTGGAAGEGCTTCEAGTTCTCGGTGCCCTTCAC
6V SsS WY HWEXKGPFTETFSVETFT
GGAAATGAAGCTGAGACCARGARACTTTCGCTCCCCAGEGEGEEGAGECTGAGC TECTGCCCACCTCTCTCGCACCCCAGTATCACTGCCGAGCACTGAGEGGTCECCCCOAGAGAAGAGECAGEGTCCTTC
EMEKLRPRINTFTP RTSEPATG GGG
ACCACCCAGECGCTGGAGEARGCCT TCTCTGCCAGCGATCTCCCAGCACTGTGT TTACAGGGGEGAGGGGAGGEGTTCCTACAGGACCRATAANGGAGAAACTGACGTACCCGA

Figure 2.

vealed two additional exons encoding 100 amino acid repeats
(xxi and xxii in Fig. 1) similar to those found in the 5’ end
of the X cDNA. Genomic DNA lying §' of that in AXB-1 was
obtained by identifying an overlapping phage (AXB-2) from
a library in ACharon 4A by hybridization to a 1.4-kb Bglll
fragment (bases 19,651-21,088 in Fig. 2) from the 5’ end of
AXB-I. This extended the available DNA another 10 kb.
Complete sequencing of this DNA (Fig. 2) identified repeats
xv-xx (Fig. 1). When this proved insufficient, three overlap-
ping XB cosmids (cI'NX: 2-1, 6-2, and 1A in Fig. 1) were
identified extending 60 kb from the 3’ end of P450c21B.
Probing of restriction digests of these cosmids with a geno-
mic probe spanning repeats xvi and xvii identified multiple
bands, suggesting that additional repeats remained to be
identified. Restriction endonuclease mapping of upstream
DNA was followed by subcloning of overlapping BamHI and

Bristow et al. Tenascin-X

EcoRI fragments. The ends of each subclone were sequenced,
and the fragments were ordered by further mapping and
sequencing. Repeats i, iil, v-vii, and xii—xiv contained,
or were very near BamHI or EcoRI sites, and each was
identified by sequence homology to repeats xv-xxix. An-
other four repeats (viii-xi) were identified by additional se-
quencing of a 3-kb BamHI fragment, which showed particu-
larly intense hybridization to the genomic probe containing
repeats xvi and xvii. Repeat iv was identified by RT/PCR.
Repeat ii was mapped but not sequenced (31), and has not
been verified by us. Each repeat had canonical splice junc-
tion sites at its boundaries, and maintained the same open
reading frame as the original 2.7-kb cDNA.

We searched for EGF-like repeats similar to those found
near the amino terminus of tenascin by using a PCR-
amplified probe encompassing 1.1 kb of the EGF domain of
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human tenascin. However, low-stringency hybridization de-
tected no such sequences in cosmids ¢cTNX: 1A, 6-2, or 2-1.
Based on the partial sequence of a recently reported genomic
DNA fragment of TN-X (31), we synthesized PCR primers
corresponding to the apparent EGF-like domain (bases 903-
922) and the apparent upstream heptad domain of TN-X
(bases 250-269). These primers amplified a 327-bp frag-
ment from adrenal cDNA and a 673-bp fragment from
genomic DNA. This 327-bp 5' cDNA was then used to iden-
tify our final cosmid ¢{TNX-5 (Fig. 1).

To identify additional upstream coding regions, we used
the RACE procedure (12) using oligonucleotide sequences
within the 327-bp §' cDNA fragment. Complementary DNA
was synthesized from adrenal or muscle RNA using an oligo-
nucleotide primer in the EGF domain (bases 831-850). This
¢DNA was 3’ tailed with dC, PCR amplified with poly(dG)
linked to the adaptor primer and a second oligonucleotide
in the EGF repeat (bases 806-826) (the 3’ primer). A second
round of PCR was performed with the adaptor primer and
an oligonucleotide in the heptad repeats (bases 263-282 in
Fig. 2). The final product was cloned, and colonies were
screened with the 327-bp 5' cDNA. The sequences of posi-
tively hybridizing clones extended 220 bp into and beyond
a region reported as the 5'-most intron by Matsumoto et al.
(31), indicating that this was actually an exonic sequence. To
demonstrate that this sequence was actually part of an exon,
we performed an additional RT/PCR experiment (Fig. 3).
PCR amplification of fetal muscle cDNA using specific pri-
mers (bases 60-80 and 806-826 in Fig. 2) yielded a 419-bp
fragment, but PCR amplification of fetal muscle RNA with-
out reverse transcription yielded no product, demonstrating
that the PCR product arose from newly transcribed cDNA
and not from contaminating cDNA or genomic DNA. Am-
plification of genomic DNA or of cosmid ¢cTNX-5 yielded a
765-bp product, differing from the 419-bp RT/PCR product
by retention of the 346 bp in intron 1. Inclusion of this new
DNA in exon 1 was also verified in fetal adrenal RNA by
RNase protection assay (data not shown).

Determination of the correct intron/exon organization pro-
vides the sequence of the amino-terminus, including two
ATG translational initiation codons, immediately preceded
by a TGA stop codon. The algorithm of von Heijne (55)
strongly predicted that the first 22 amino acids constitute a
leader peptide for the secretory pathway, consistent with the
hypothesis that TN-X is a secreted protein of the extracellu-
lar matrix. We mapped and sequenced a total of 37 exons
encoding 3,626 amino acids of the XB gene (Fig. 2). In addi-
tion, Fig. 1 shows Fn III repeat ii, encoded by exons 4 and
5; this was mapped by Matsumoto et al. (30), but the se-
quence was not reported. Sequencing of three additional Fn
III repeats is incomplete, although the lengths of missing se-
quences can be estimated from Fig. 4 A. Thus we estimate
that the complete TN-X gene contains 39 exons encoding a
protein of about 3,816 amino acids. Because fairly large
regions of the gene remain unsequenced, additional exons
encoding Fn III repeats may remain undiscovered.

Structural Features of the XB gene and Encoded

TN-X Protein

The organization of the 39 exons of the XB gene is very simi-
lar to that of tenascin. Exon 1 contains a small amount of
"-untranslated sequence and encodes the signal sequence
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Figure 3. Exon/intron organization of the 5’ end of the XB gene.
(Top) PCR using a 5' primer in the signal peptide and a 3’ primer
in the EGF repeats. (Markers) Bacteriophage PM-2 cut with Hind-
HI. Other lanes are PCR products obtained with the following tem-
plates: human genomic DNA, cosmid ¢INX:5 DNA, random-
primed human fetal muscle cDNA, muscle RNA without reverse
transcription (R7), and without added nucleic acid. (Bottorn) Auto-
radiogram of the gel pictured above, probed with a 327-bp probe
from the heptad domain (see text).

and the “head piece,” which in tenascin and restrictin is
responsible for polymerization of the protein monomers into
multi-armed “brachion” structures. The carboxy-terminal
half of the head group is similar in TN-X and tenascin, and
contains three heptad repeats flanked by five conserved cys-
teine residues, suggesting that TN-X is also capable of form-
ing multimers, as described for tenascin (52). Sequences up-
stream from these cysteine residues are unique in TN-X and
lack the additional cysteine residues found in tenascin and re-
strictin which may permit assembly of higher-order brachion
structures. Exon 2 encodes a series of 18.5 EGF-like repeats
that are 55% similar to the 13.5 EGF-like repeats of tenascin.

Exons 3-34 encode a series of 29 repeats resembling Fn
III repeats (aligned and compared in Fig. 4). The second re-
peat (exons 5 and 6) and the last three repeats (exons 29-34)
are each encoded by a pair of “split exons.” Splitting of Fn
III repeats into two exons is also seen in the genes for chicken
(52) and human tenascin (16). The maximum similarity be-
tween tenascin and TN-X Fn III repeats is in the 3’ split
exons, but is only 40%. This region encodes a cell-binding
domain (tenascin repeat 14), identified by Spring et al. (52),
but the most similar Fn III repeat in TN-X (xxviii) is only
34% similar. Unlike the tenascin (or restrictin) genes, re-
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1 10 20 30 40 50 60 70 80 90 100 110 120
| I | | | | | | | | |
1 X VIDGPQDLRVVSVIPTTLELGWLRPQAEVDRFVVSY-—~—w~mmem— = VSADNQRVRLEVPPETDGTLLTDLMPGVEYVVTVTAERGRAVSYPASVRANT
I11 gpprlgeltvtdrtsdslllrwtvpegefdsfvigqy-----—-——-=--- kdrdgqpqvvpvegpqrsavit s1 DPGRKYKFVLYGFVGKKRHGPLVAEAKI
v LPQSDPSPGTPPRLGNLWVTDPTPDSLHLSWTVPEGQFDTFMVQY -~ -~ —=———=—] RDRDGRPQVVPVEGPERSFVVSSLDPDHKYRFTLFGIANKKRYGPLTADGTT
v APERKEEPPRPEFLEQPLLGELTVTGVTPDSLRLSWTIVAQGPFDSFMVQY-~———————~~—- KDAQGQPQAVPVAGDENEVTVP GLDPDRKYKMNLYGLRGRQRVGPESVVAKT
VI DPOPHRTGTEAPESPEEPLLGELTVTGSSPDSLSLFWTVPQGSFDSFTVQY - ———————~~~—-| KDRDGRPRAVRVGGKESEVTVGGLEPGHKYKMHLYGLHEGORVGPVSAVGLT
VIl LEPRLGELTVTIDITPDSVGLSWTVPEGEFDSFVVQY——-————~-———— KDRDGQPQVVPVAADQREVT IPDLEPSTKYKFLLFGIQDGKRRSPVSVEAKT
VIII . . . AILSWIVPEGQFDSKVVQF - ——————~-———— KDKDGQPQVVPVEGHERSVTVTPLDAGRKYRFLLYGLLGKKRHGPLTADGTS
IX GEGHSLQVTTVTQONSVGLSWTVPEGQFDSFVVQY ——~~~~———————] KDRDGQPQVVPVEGSLREVSVPGLDPAHRYKLLLYGLHHGKRVGPISAVAIT
X APEPHLGELTVEEATSHTLHLSWMVTEGEFDSFEIQY~--————————~~ TORDGQLOMVRI GGDRND ITLSGLESDHRYLVTLYGF SDGKHVGPVHVEALT
XI EPPTATPEPPIKPRLGELTVTDATPDSLSLSWIVPEGQFDHFLVQY-~~~-—-——=—=—— RNGDGQPKAVRGPGHEEGVTISGLEPDHKYRKMNLYGFHGGORMGPVSVVGVT
XII AAEEETPSPTEPSMEAPEPAEEPLLGELTVTGSSPDSLSLSWIVPQGRFDSFRVQY-———————=wo—= KDRDGRPQVVRVGG. . .
XIII PEEESPDAPLAKLRLGOMIVRDITSDSLSLSWIVPEGQF DHFLVQF - ————————=~——| KNGDGQPKALRVPGHEDG. . .

XIV AEEETPSPTEPSMEAPEPPEEPLLGELTVTGSSPDSLSLSWIVPQGRFDSFTIVQY~—-----=—

XV EPGTEAPEPPEEPLLGELTVIGSSPDSLSLSWIVPQGRFDSFTVQY-

XVI EDEAETTQAVPTMTPEPP IKPRLGELTMTDATPDSLSLSWIVPEGQF DHFLVQY -
XVII EEETPSPTELSTEAPEPPEEPLLGELTVTGSSPDSLSLSWI IPQGHFDSFTVQY -
XVIII EDEAETTQAVPTTTPEPPNKP SLGELTVTDATPDSLSLSWMVR-GQF DHFLVQY -
XIX AAEEETPAPTEPSTEAPEPPEEPLLGELTVITGSSPDSLSLSWTIPQGRFDSFTVQY-

~KDRDGRPQVVRVGGEESEVTVGGLEPGRKY LMHLYGLHEGRRVGPVSAVGVT
—KDRDGRPQAVRVGGQE SKVTVRGLEPGRKYKMHLYGLHEGRRLGPVSAVGVT
-RNGDGOPKAARVPGHEDGVT I SGLEPDHKYKMNLYGFHGGQRVGPISVIGVT
~KDRDGRPQVMRVRGEERQVTVGGLEP GRKYKMHLYGLHEGRRVGPVSTVGVT
~RNGDGQPKVVRWPGHEDGVT I SGLEPDHKYKMNLYGFHEGGQRVGPISVIGVT
-KDRDGRPQVVRVRGEESEVTVGGLEP GRKYKMHLYGLHEGQRVGPVSAVGVT

XX APEDEAETTQAVPTTTPEPPNKPRLGELTVIDATPDSLSLSWMVPEGQFDHFLVQY——- -RNGDGQPKVVRWPGHEDGVTISGLEPDHKYKMNLYGFHGGORVGPVSAIGVS
XXI  EEETPSPTEPSTEAPEAPEEPLLGELTVTGSSPDSLSLSWIVPQGRFDSFTVQY-~----- -~--KDRDGQPQVVRVRGEESEVTVGGLEPGRKYKMHLYGLHEGQRVGPVSTVGIT
XX1I APLPTPLPVEPRLGELAVEAVTSDSVGLSWITVAQGPFDSFLVQY ~—————— =~=~RDAQGQPQAVPVSGDLRAVAVSGLVPARKYKF LLFGLONGKRHGPVPVEART
XXIII APDTKPSPRLGELTVIDATPDSVGLSWTVPEGEFDSFVVQY ————————~—~—- KDKDGRIQVVPVAANQREVTVQALEP SRKYRFLLYGLSGRKRLGPISADSTT
XXIV APLEKELPPHLGELTVAEETSSSLRLSWIVAQGPFDSFVVQY-———————==~—-] -RDTDGQPRAVPVAADQRTVTVEDLEPGKKYKFLLYGLLGGKRLGPVSALGMT
XXV APEEDTPAPELAPEAPEPPEEPRLGVLTVIDTTPDSMRLSWSVAQGPFDSFVVQY-——————=——~—= EDTNGOQPQALLVDGDQSKILISGLEP STPYRF LLYGLHEGKRLGPLSAEGTT
XXVI GLAPAGQTSEESRPRLSQLSVIDVTTSSLRLNWEAPPGAFDSFLLRFGVP SPSTLEPHPRPPRP LLORELMVPGTRHSAVLRDLRSGT LY SLTLYGLRGPRKADSIQGTARTLSP
XXVII VLESPRDLQFSEIRETSAKVNWMPPPSRADSFKVSY——— = = mmm = QLADGGEPQSVQVDGOARTQKLOGLIPGARYEVTVVSVRGFEESEPLTGFLTT
XXVIII VPDGPTQLRALNLTEGFAVLHWKPPQONPVDTYDIQV- ‘TAPGAPPLQAETPGSAVDYP LHDLVLHTNYTATVRGLRGPNLTSPASITFTT
XXIX GLEAPRDLEAKEVTPRTALLTWTEPPVRPAGYLLSF HTPGGONQEILLPGGITSHQLLGLFPSTSYNARLQAMAGOSLLPPVSTSFTT
! * 1 I O R A ! trox 1t ! t
i
iii . .
100 | — v Figure 4. (A) Sequence alignment of the Fn III repeats. Repeats
100 viid were aligned manually using the highly conserved leucine, trypto-
vi phan, and tyrosine residues (*). Missing data are indicated by
x11 . . ey .
aa— L xiv. (. . .); gaps by (—); and identity at a position in 20 or more repeats
100 180 | L by (1). The sequence of repeat iii previously reported but not
ool !i e —or verified by us is shown in small letters; repeat ii has only been
xXv . . . g0 . .
100 S identified by hybridization, and has not been sequenced (30). This
@ o] 100 ﬁ i alignment requires fewer gaps than that proposed by Matsumoto et
100 xviii al. (31). (B) Phylogenetic tree of Fn III ts obtained with the
‘180 106—: xx . L.
160 xiii PAUP program. An heuristic search was performed on 28 repeats
ree oai based on the alignment in 4 and using the Dayhoff cost matrix. Ini-
100 — xxiv 8 N . ' . h
m{ 50 xxv tial trees were obtained by stepwise addition using closest neigh-
Vil . o .
-ms{ xxili bors, and the most parsimonious trees were found by tree bisec-
o tion/reconnection. The consensus of the six trees identified by this
xxvi i 1 1 ini
10 i ety - process is depicted. Numbers are percentage of trees containing
1 each bifurcation.

xxviii

peats viii and ix of the XB gene are encoded by a single exon
(Figs. 1 and 2). To our knowledge, such a “fused exon” has
not been described in other genes encoding proteins with Fn
III repeats. Each of the other 24 repeats is encoded by a sin-
gle exon. The encoded amino acid sequences of the Fn III
repeats suggests a series of evolutionary duplication events
(Fig. 4 B). The dendrogram shows that Fn III repeats at the
amino-terminal end (i-ix) and at the carboxy-terminal end
(xxiv-xix) diverged earlier in evolution, while the repeats in
the middle of TN-X arose more recently. Exons 35-39 en-
code the carboxy-terminal fibrinogen-like domain and the

"-untranslated region. Exon 39 overlaps the P450c21B gene
(39). The carboxy-terminal fibrinogen-like domain is widely
conserved in evolution (2, 60), and the sequence and in-
tron/exon structure of the 3’ end of the XB gene is very simi-
lar to the structure of the genes for the 8 and + chains of
fibrinogen (43). This domain is 54 % similar in human tenas-
cin and TN-X.

Cellular Expression of TN-X

Expression of the XB gene encoding TN-X can be evaluated
by highly specific RNase protection assays. We used a
single-stranded probe from a region (Fn III repeat xxiii) that
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lies beyond the limit of duplication of this locus; hence, it
will not hybridize to and be protected by XA mRNA species.
This probe has <50% nucleotide sequence identity with the
corresponding region of tenascin, so that tenascin mRNA is
not detected. As shown in Fig. 5, the XB gene encoding
TN-X is expressed at varying levels in all tissues examined,
with greatest expression in fetal testis and in fetal smooth,
striated, and cardiac muscle.

An unusual feature of this genetic system is that all of these
overlapping RNA transcripts are expressed in a single tissue,
the adrenal cortex. The P450c21 mRNA and the four Y tran-
scripts (YA-short, YA-long, YB-short, YB-long) (4) all over-
lap the XA and XB transcripts. To determine whether these
overlapping transcripts are all expressed in the same cells,
we performed in situ hybridization histochemistry experi-
ments using probes for P450c21, Y, XA, and XB. All of the
probes homogeneously and diffusely stain adult human adre-
nal cortex (Fig. 6). The P450c21 probe is a 0.7-kb Kpnl/
EcoRI fragment of our human P450c21 cDNA (32) that ex-
cludes XA or XB sequences; because all Y transcripts con-
tain the entire P450c21 sequence (4), it is not possible to
construct a P450c21 probe that excludes Y. Fig. 6 A shows
that P450c21/Y is ubiquitously expressed in all cells of the
adrenal cortex, but not in the adrenal capsule, The XB probe
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Figure 5. The tissue distribution of TN-X mRNA expression. Sam-
ples of 20 ug of RNA from various tissues from 20-22-wk-old
human fetuses were assayed by RNase protection using a sin-
gle-stranded 500-bp riboprobe transcribed from a 1.4-kb Bglll
genomic fragment encompassing Fn III repeat xxiii. Note that the
protected 180-bp fragment is seen in all samples; however, the level
of expression varies widely among tissues, and is greatest in fetal
testis, gut (small intestine, mostly smooth muscle), muscle (stri-
ated), and heart (whole).

is a single-stranded copy of a 353-bp Pstl fragment that en-
compasses exon 23 (Fn III repeat xxi, bases 19,006-19,368
in Fig. 2). This exon lies 3-kb upstream from the cap site of
the XA transcript, and has only ~50% nucleotide sequence
identity with any portion of XA; hence this probe is specific
for XB. Fig. 6 B shows that >90% of cells in the adrenal cor-
tex also contain XB (TN-X) mRNA, and that there is sub-
stantial TN-X expression in the connective tissue of the cap-
sule. The XA and Y probes are the opposite strands of a
238-bp Sacl fragment extending from bases 2,390 to 2,628
in the XA gene sequence (Fig. 3 A4 in reference 14); because
this sequence lies in the region corresponding to intron 26
in XB (bases 22 ,876-23,114 in Fig. 2), it is not found in XB
(TN-X) mRNA, so that one strand of the probe is specific
for XA and the other is specific for Y. Fig. 6 C shows that
all cells of the adrenal cortex also contain XA RNA, and
Panel D shows that Y RNA is also expressed homogeneously
throughout the adrenal cortex, but, as with P450c21, neither
XA nor Y is expressed by the adrenal capsule. As each of
these four probes hybridizes with RNA in over 90% of the
adrenocortical cells, all of these transcripts appear to be ex-
pressed in most adrenocortical cells.

As indicated by the RNase protection experiment in Fig.
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5, TN-X is widely expressed in human fetal tissues, includ-
ing the adrenal. In Fig. 7 A4, a 400-bp probe from repeats
xxvi and xxvii that detects transcripts from both the XB and
XA genes diffusely hybridizes to RNA throughout the hu-
man fetal adrenal cortex. Similar diffuse hybridization is
seen with probes for Y (Fig. 7 B), the cholesterol side-chain
cleavage enzyme, P450scc (Fig. 7 C), and P450¢21 (Fig. 7
D). Thus the pattern of expression of the P450¢21/X/Y genes
is similar in both the adult and fetal adrenal cortex.

Discussion

Overlapping Genes and Polygenes

Overlapping genes occur commonly in prokaryots, bacterio-
phages, and viruses, but only a few examples have been de-
scribed in higher eukaryotes. These include a cardiac-
specific gene on the opposite strand of the gene for rat
hypothalamic gonadotropin-releasing hormone (1) two Dro-
sophila loci (18, 51}, a mouse locus of unknown function
(59), a member of the c-erb-A gene family on the opposite
strand from the gene encoding rat (28) and human (37) thy-
roid hormone receptor, and transcripts on the opposite
strand of rat TGF-3; (44) N-myc (27), and murine p53
(24). In prokaryotic systems, overlapping genes encoding
“antisense” RNAs often are involved in gene regulation (for
review see references 20 and 50); the roles of overlapping eu-
karyotic genes are now being studied.

All of these overlapping gene systems described to date
consist of only two transcripts. By contrast, the TN-X/
P450c21/Y system appears to be the first eukaryotic example
of three linked, overlapping genes: a “polygene.” It is not
wholly surprising that such a complex was first discovered
in the HLA class III region. This region of the genome ap-
pears to be a hot spot for genetic recombination, as evi-
denced by the highly allelic nature of the HLA locus in
general, and by the very high incidence of gene conversion
events in the P450c21 and C4 loci (for reviews and references
see references 35 and 38). This may have contributed to the
very high density of genes in this region: as shown in Fig.
1, little intragenic DNA separates the various known tran-
scriptional units in this locus.

Studies with antisense oligonucleotides, antisense RNAs
generated in vitro, and transfected antisense genes (reviewed
in reference 54) indicate that the abundance of an- mRNA and
its encoded protein can be decreased by introducing exoge-
nous antisense sequences, presumably by a mechanism
dependent on RNA/RNA hybridization (21, 25). However,
endogenously produced antisense RNAs differ from these
experimental systems in two important ways. First, hetero-
duplexes of mRNA and synthetic DNA expose the RNA
component to rapid degradation by RNase H-like activities
(9, 56); this would not occur with endogenously produced
antisense RNA transcripts. Second, experimental inhibition
of gene expression generally requires a large molar excess
of the antisense sequence, probably because synthetic single-
stranded oligonucleotides are unstable in vivo (25). How-
ever, antisense nucleotides are stabilized by integration into
an open reading frame or by polyadenylation (10, 19). Hence
endogenously produced P450c21B/TN-X duplexes or TN-
X/Y duplexes are likely to be much more stable than are cor-
responding synthetic experimental systems. Our in situ hy-
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bridization histochemistry experiments show that P450c21B,
XB, and Y are all expressed in the same fetal adrenocortical
cells. Thus, formation of such RNA duplexes in vivo is pos-
sible.

Some such endogenously produced antisense systems have
been studied. N-myc and its antisense transcript form dou-
ble-stranded hybrids in vivo, which influence N-myc mRNA
processing (29). In contrast, the antisense transcript of pS3
prevented normal translocation of p53 mRNA to the
cytoplasm in murine erythroleukemia cells (24). Kimelman
and Kirschner (26) described a small transcript arising from
the opposite strand of the gene encoding Xenopus basic FGF.
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Figure 6. Darkfield pho-
tomicrographs of in situ hy-
bridization histochemistry. A
frozen surgical sample of hu-
man adult adrenal was sec-
tioned and hybridized with
the following probes: (A)
P450c21 cDNA fragment that
excludes XA and TN-X se-
quences; (B) a fragment of
TN-X cDNA that does not
overlap P450c21, XA, or Y;
(C) a 5 fragment of XA
cDNA that excludes TN-X,
P450c21 and Y; and (D) a
fragment of YA cDNA that
hybridizes to both YA and YB,
but not to P450c21, XA, or
TN-X sequences. The non-
hybridizing “holes” in each
photograph are due to holes in
the desiccated frozen surgical
sample. An opposite strand
TN-X sense probe is used as a
control in panel F. Because of
the overlapping nature of the
other transcripts, the controls
in E, G, and H are sections
treated with RNase A before
hybridization with cDNAs for
P450c21 (E), XA (G), and Y
(H). All photomicrographs
were taken at the same
magnification. Bar, 200 pm.

This antisense transcript encoded a protein, but also directly
interacted with the sense transcript converting half of the hy-
bridized adenine residues to inosine, thus changing the infor-
mational content of the sense transcript. However, we have
found no evidence of such RNA editing in the P450c2Y/
TN-X/Y system.

Tenascins

Tenascin was first described as an extracellular matrix pro-
tein in tendons and muscle and later in developing chick
brain. It has been variously termed GMEM, tenascin,
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Figure 7. Darkfield photomicrographs of in situ hybridization
histochemistry of human fetal adrenal sections. The probes used
are: (A) a 350-bp HinclIl/PstI probe that detects transcripts from ei-
ther the XB or XA genes; (B) the same Y-specific probe used in
Fig. 6 D; (C) a 1.2-kb fragment of human P450scc cDNA (8); (D)
the same P450c21 probe used in Fig. 6 A. The controls for the fetal
tissues are the same as in Fig. 6, and are not shown. All pho-
tomicrographs were taken at the same magnification. Bar, 100 ym.

cytotactin, J1, hexabrachion, and myotendinous antigen (re-
viewed in reference 11). Elucidation of its gene, mnRNA, and
protein structure revealed that the protein is a polymer of six
chains, each comprising a carboxy-terminal fibrinogen-like
domain, a series of Fn III repeats, a series of EGF-like
repeats, and an amino-terminal “head group” that permits the
chains to aggregate into the characteristic “hexabrachion”
seen in electron micrographs (52). The closely related pro-
tein restrictin (42), also termed J1-160 (13), is a trimer com-
posed of similar but considerably smaller units: a “tri-
brachion.” The XB gene described in this report encodes a
similar but much larger protein that we term tenascin-X, or
TN-X. Although there is no direct evidence to date, we pre-
dict that TN-X will also polymerize into a “brachion” com-
prising an unknown number of arms. We suggest that this
category of proteins be termed “brachions” or “tenascins.”
We favor the latter. Tenascin, the first-described member,
which is also widely termed “cytotactin,” would be termed
tenascin-C or TN-C to designate tenascin-cytotactin; res-
trictin would be termed tenascin-R or TN-R; and the product
of the XB gene described in this paper would be tenascin-X
or TN-X. This system would emphasize the relatedness
among the monomeric units of these proteins and would, to
the extent possible, incorporate terminologies and letterings
favored by various groups. It seems unlikely that the number
of tenascins will exceed the confines of the alphabet.
TN-X protein appears to have well-conserved heptad re-
peats capable of forming alpha helices. For TN-C and TN-X,
the heptads appear to allow three polypeptides to form a tri-

The Journal of Cell Biology, Volume 122, 1993

ple coiled-coil which is stabilized by the flanking cysteine
residues (46, 52). One interesting difference between TN-X
and other members of this gene family is the sequence diver-
gence at the extreme amino terminus of the mature protein.
This region appears to mediate dimerization of or TN-C
trimers joined in the heptad region to form the final hexa-
brachion. Cysteine residues are notably absent from this re-
gion of TN-X, and hence we predict that TN-X may form
pairs or trimers, but not higher order polymers. While the
available electron microscopic data show no heterogeneity in
the lengths of the arms of TN-C and TN-R, it might be possi-
ble for monomers of TN-C, -R, and -X to form hetero-
polymers.

Several other features of TN-X merit comment. Unlike
TN-C and TN-R, which are heavily glycosylated, TN-X has
only five Asn-X-Ser (Thr) sites for N-linked glycosylation
(Fig. 2). Whether this difference in the potential for glycosyl-
ation will confer unique biological properties to TN-X is not
known. In addition, both TN-C and TN-R mRNAs undergo
alternate splicing to yield different sized mRNAs and pro-
teins. Because most of our structural data come from geno-
mic DNA rather than from cDNA copies of mRNA mole-
cules, we have no data to confirm or deny alternate splicing
of TN-X. Finally, unlike human and chicken TN-C, TN-X
does not contain an RGD sequence, and hence cannot bind
to an RGD-dependent receptor. Recent evidence suggests
that TN-C binding is not limited to the domain carrying the
RGD sequence (46, 52). RGD-independent binding is consis-
tent with the lack of an RGD sequence in mouse TN-C (57).

Overall, there is greater sequence similarity among the 29
Fn III repeats of TN-X (Table I) than among the 15 Fn III
repeats of TN-C (15) or the 9 Fn III repeats of TN-R (42).
Our phylogenetic analysis of Fn III repeats in TN-X and
Gulcher’s similar analysis of TN-C (15) suggest a recent
reduplication of central Fn III repeats in these genes that has
not occurred in TN-R. Table I shows that 15 of the 20 central
Fn III repeats of TN-X (iv—xxiii) are most similar to repeat
V of TN-R. This suggests that the central repeats of TN-X
arose by duplication of the exon encoding the homolog of
TN-R repeat V in the ancestral progenitor gene. These find-
ings support a model in which TN-C, TN-R, and TN-X arose
from a smaller primordial gene resembling TN-R, and that
subsequent internal reduplications produced the central
repeats of TN-C and TN-X after their divergence from one
another. For TN-X, frequent duplication might be expected
given the high incidence of genetic crossover and homolo-
gous recombination events in the MHC region of chromo-
some 6 (reviewed in reference 38). These events have led to
homogenization of duplicated sequences in this region such
as C4A and B, P450c21A and B, and the various Fn III re-
peats of TN-X.

No functional studies have been done to date on TN-X.
However, previous studies of TN-C using polyclonal anti-
bodies may have identified mixed populations of TN-C and
TN-X. Our RNase protection experiments unambiguously
establish that the TN-X mRNA is expressed in nearly all tis-
sues, and is especially widely expressed in developing fetal
tissues. It is conceivable that antibodies raised against TN-C
might cross-react with TN-X (which might not be detected
in Western blotting studies because of its size). Thus, previ-
ous studies of the functional role of tenascin based on im-
munologic reagents may need to be re-examined in the light

276



Table 1. Relatedness of Fnlll Repeats in the Tenascins

TN-X repeat 1 3 4 5 6 7 8 9 10 11
Most similar: TN-X 5 8 3 21 14, 19 23 3,23 8 11, 18 16
Percent Identity 31 66 65 72 90 73 (66) 63 51 92
Most similar: TN-C 1 8 12 6 8 8 12 12 12 12
Percent Identity 31 35 35 35 35 34 (€20) 33 33 34
Most similar: TN-R 4 6 5 5 1 5 5 6 6 5
Percent Identity 37 27 26 35 30 27 22) 28 24 31
12 13 14 15 16 17 18 19 20 21
Most similar: TN-X 14 12 15 14 11 19 20 21 18 19
Percent Identity 99) (88) 93 93 92 93 93 96 93 96
Most similar: TN-C 8 7 8 12 8, 12 8 8 8 12 8
Percent Identity (46) 21 36 34 33 37 31 36 34 35
Most similar: TN-R 5 3 1 5 5 5 5 5 5 5
Percent Identity 21 19 30 33 30 33 31 31 27 31
22 23 24 25 26 27 28 29
Most similar: TN-X 57 7 7 24 11 1, 29 1 28
Percent Identity 65 73 65 61 53 27 31 29
Most similar: TN-C 9, 12 10 9 9 8 13 14 15
Percent Identity 33 33 30 39 30 43 34 42
Most similar: TN-R 5 5 9 9 4 6 7 9
Percent Identity 30 28 28 28 26 35 32 36

The alignment of Fnlll repeats in Fig. 4 A was used to calculate percent identity of each repeat with the repeat it most closely resembles. Identity figures for
incompletely sequenced repeats of TN-X are in parentheses; these figures may not be representative. Each TN-X repeat was also aligned with the most similar
Fn III repeat of human tenascin and chicken restrictin, and percent identity calculated.

of the newly established existence of another, very similar,
and widely expressed protein.

Crucial insights into function can come from deletion
mutants —either created in the laboratory or spontaneously
occurring in nature. The C4/P450c21/Gene X locus has been
the subject of intensive genetic study because of its associa-
tion with human disease, and especially with congenital
adrenal hyperplasia (35, 36, 38). Among 811 informatively
studied human chromosomes bearing mutated alleles caus-
ing congenital adrenal hyperplasia, 156 had large gene dele-
tions and another 46 had other genetic rearrangements, yet
none of these chromosomes has a deletion extending into the
XB gene encoding TN-X (38), suggesting that TN-X may be
necessary for survival.

Examination of the duplication junctions of the C4/
P450c21/Gene X locus clearly shows that the duplicated hu-
man, bovine, and murine loci have different boundaries, sug-
gesting gene duplications and genetic rearrangements that
postdate mammalian speciation (14). Therefore, it is dif-
ficult to extrapolate from mouse genetics to human genetics
in this locus. In the mouse, the P450c21A gene rather than
the B gene encodes 21-hydroxylase, while in cattle, both
genes are functional. In the mouse genome, the distance
from P450c21A to C4B is about 60 kb, possibly enough
room to accommodate a functional TN-X gene, whereas the
corresponding human XA gene is truncated and does not en-
code a tenascin-like protein (14). Homozygous deletion of
the TN-C gene in mice by gene knockout results in pheno-
typically normal mice, suggesting that TN-C has no ir-
replaceable function in the mouse (48). The ubiquitous ex-
pression of TN-X in the fetus makes TN-X a logical
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candidate to assume the presumed biological function of
TN-C. Mice lacking an 80-kb fragment extending from
P450c21A to C4B, which may contain the mouse homolog
of TN-X, can only be bred as heterozygotes; the homozygous
condition is lethal (49). Thus it is possible that TN-X, and
not TN-C, is the tenascin essential for development.
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