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ABSTRACT: Heparin-binding epidermal growth factor-like growth factor (HB-EGF) is a recently identified,
potent smooth muscle cell mitogen of macrophage origin. It is expressed in a highly regulated fashion in
vascular endothelial and smooth muscle cells, indicating a potentially important role for this gene in
atherosclerosis. In addition, the HB-EGF precursor has recently been found to function as a receptor for
diphtheria toxin. Using an HB-EGF ¢cDNA probe, we cloned the human gene encoding HB-EGF. The
HB-EGF gene contains six exons and five intervening sequences spanning 14 kb of DNA. By primer
extension and S1 nuclease analysis, we located a major transcription start site (corresponding to an A
residue) 14 bp beyond the 5'end of the HB-EGF cDNA. There were no TATAAA or CCAAT consensus
sequences upstream of the transcription start site. The density of primer extension bands generated by
RNA from endothelial cells treated with tumor necrosis factor-a (TNF-a ) was 10 times higher than that
of bands generated by the control, indicating that TNF-« increased the level of HB-EGF mRNA. Using
transient reporter gene transfection experiments, we show that 2.0 kb of HB-EGF 5’-flanking sequence has
promoter activity in bovine aortic endothelial cells. By analysis of DNA isolated from human-mouse
somatic hybrid cell lines, we assign the HB-EGF gene to chromosome 5. By functional study, chromosome
5 has been associated with diphtheria toxin susceptibility.

Heparin-binding epidermal growth factor-like growth factor
(HB-EGF) is a 22-kilodalton protein originally purified from
the conditioned medium of macrophage-like U-937 cells
(Higashiyama et al., 1991). The mature peptide contains an
epidermal growth factor (EGF) domain characterized by three
disulfide loops and is considered a member of the EGF family
(Carpenter & Cohen, 1990; Carpenter & Wahl, 1990). In
addition to the EGF domain, prepro-HB-EGF contains a signal
peptide, a propeptide, a putative heparin-binding domain, a
hydrophobic transmembrane domain, and a cytoplasmic
domain (Higashiyama et al., 1992). HB-EGF binds EGF
receptors and is mitogenic for fibroblasts and vascular smooth
muscle cells but not for endothelial cells (Higashiyama et al.,
1991). Although the mechanism is unknown, HB-EGF is a
more potent smooth muscle cell mitogen than EGF. The
potency of HB-EGF is similar to that of platelet-derived growth
factor (Higashiyama et al., 1991).

We have demonstrated that HB-EGF is transcribed in
human vascular endothelial cells (Yoshizumi et al., 1992),
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rat aortic smooth muscle cells (Temizer et al., 1992), and
MOLT-4 cells (a T cell line) but not in other cells such as
JEG-3,A-172,0or HEL 92.1.7 (choriocarcinoma, glioblastoma,
and erythroleukemia lines, respectively) (M. Yoshizumiand
M.-E. Lee, unpublished results). Furthermore, expression of
HB-EGF is highly regulated by cytokines in vascular endo-
thelial cells (Yoshizumi et al., 1992) and by phorbol esters
and angiotensin Il in rat aortic smooth muscle cells (Temizer
et al,, 1992). Thus, HB-EGF, which was originally purified
from macrophages, also appears to be transcribed and
regulated in cultured cells commonly associated with ath-
erosclerotic lesions (Libby & Hansson, 1991; Munro & Cotran,
1988; Ross, 1986; Schwartz et al., 1990). The fact that these
cells transcribe the gene for this potent smooth muscle mitogen
suggests that HB-EGF may have an important role in the
proliferation of smooth muscle cells during atherogenesis
(Yoshizumi et al., 1992).

The cDNA encoding the diphtheria toxin receptor was
cloned recently (Naglich et al.,, 1992), and the integral
membrane protein it was predicted to encode is identical to
the HB-EGF precursor. Thus, HB-EGF not only appears to
function as a potent mitogen, but also serves as the receptor
fora bacterial toxin. Although diphtheria toxininhibits protein
synthesis in eukaryotic cells (Eidels et al., 1983), not all cells
are equally susceptible toit. Several lines of evidence suggest
that differences in susceptibility are due to the number of
functional cell surface receptors, which are essential for the
toxin’s entry into cells. Knowledge about the regulation of
HB-EGF gene expression is fundamental to determining the
differential sensitivity of cells to diphtheria toxin, as well as
the role of this peptide in vascular disease.
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Human HB-EGF Gene

In studying the cellular mechanisms regulating expression
ofthe HB-EGF gene, it is important tounderstand its structural
and promoter organization. To our knowledge, this is the
first report of the isolation of the HB-EGF gene and the
characterization of its genomic organization. We also de-
lineated its transcription start site by primer extension and S1
nuclease protection assay, demonstrated the promoter activity
of its 5’-flanking sequences, and, because of the potential
involvement of HB-EGF in human disease, determined the
chromosomal localization of the gene by somatic cell hy-
bridization.

EXPERIMENTAL PROCEDURES

Cloning the HB-EGF Gene. A 0.8-kilobase (kb) EcoRI-
Kpnl restriction fragment prepared from a human HB-EGF
¢DNA (Yoshizumi et al., 1992) was used to screen a cosmid
library of human placenta DNA in the vector pWELS
(Stratagene, La Jolla, CA). The fragment was radiolabeled
with DNA polymerase 1 in the presence of random-sequence
hexanucleotides and [a-32P]dCTP (Sambrook et al., 1989).
The cosmid library was plated, and nitrocellulose filters were
prepared as described (Sambrook et al., 1989). The filters
were hybridized at 42 °C with the radiolabeled probe and
washed as described at 55 °C. Hybridizing cosmid clones
were then purified, and DNA was prepared according to
standard procedures (Sambrook et al., 1989).

Sequencing the HB-EGF Gene. Restriction fragments
derived from the cosmid clone containing the HB-EGF gene
were ligated into the plasmid vector pBS (Stratagene) or pUC
18 (Pharmacia LKB Nuclear, Gaithersburg, MD). Nucle-
otide sequence was determined by the dideoxy chain termi-
nation method, with T7 DNA polymerase and alkaline-
denatured double-stranded plasmid DNA templates (Sanger
et al., 1977).

Cell Culture and mRNA Isolation. Human umbilical vein
endothelial cells (HUVEC) were obtained from Clonetics
Corp. (San Diego, CA) and grown in EGM-UV medium
(Clonetics) containing 2% fetal calf serum. HUVEC were
passaged every 4-6 days; cells from passages 3-5 were used
in the experiments. HUVEC were grown to confluence and
stimulated for 70 min with 3 ng/mL recombinant human
tumor necrosis factor-a (TNF-a ), a gift from Knoll Phar-
maceuticals (Whippany, NJ). Bovine aortic endothelial cells
(BAEC) were isolated and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum
(Sigma Chemical, St. Louis, MO) as described (Yoshizumi
et al., 1992). JEG-3 and U-937 cells obtained from the
American Type Culture Collection were cultured as suggested
by the supplier. The U-937 cells were stimulated with 120
nM 12-O-tetradecanoylphorbol 13-acetate (TPA, Sigma
Chemical) for 2-48 h. Cellular RNA from HUVEC and
U-937 cells (treated and untreated) was prepared by guani-
dinium isothiocyanate extraction and centrifugation through
cesium chloride (Sambrook et al., 1989).

Primer Extension Analysis. A synthetic oligonucleotide
primer (STTCTTGAGTGTCTTGTCTTGCTCACTCAG-
CCC 3') complementary to the 5’ end of HB-EGF cDNA
(Higashiyama etal., 1991) was end-labeled with [y-32P]ATP
[with T4 polynucleotide kinase (New England Biolabs,
Beverly, MA)] to a specific activity of 6 X 10 cpm/pmol.
About 250 fmol of labeled primer was hybridized to 20 ug of
each RNA sample at 50 °C for 2 h in 20 uL of annealing
buffer containing 20 mM Tris-HCI, pH 7.5, 250 mM NaCl,
and 1 mM EDTA. The reverse transcription reaction was
carried out at 42 °C for 1.5 h in 150 uL of reaction mixture
containing 0.5 mM each of dideoxynucleotide, 3 mM MgCl,,
75mM KCl, 50 mM Tris-HCI (pH 7.5), 10 mM dithiothreitol,
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0.5 unit/mL RNasin (Promega Biotec, Madison, WI), and
200 units of Moloney murine leukemia virus reverse tran-
scriptase (Bethesda Research Laboratories, Gaithersburg,
MD). Extension products were analyzed by electrophoresis
with an 8% sequencing gel.

S1 Nuclease Protection Analysis. A 0.8-kb Pvull-Notl
fragment of the HB-EGF gene (Figure 5) was end-labeled
and digested with PstI to generate a 383-base pair (bp) probe
(-313 to +70). The labeled probe (6 X 104 cpm) was
hybridized to 20 ug of each RNA sample in 20 uL of
hybridization buffer containing 40 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (1,4-piperazinediethanesulfonic acid), 1
mM EDTA, 0.4 M NaCl, and 80% formamide at 55 °C for
14 h. The DNA-RNA hybrid was mixed with 300 uL of
nuclease S1 mapping buffer (0.28 M NaCl, 0.05 M sodium
acetate, pH 4.4, 4.5 mM ZnSO,, and 20 ug/mL glycogen).
The mixture was then incubated with 500 units of S1 nuclease
(Promega Biotec) at 37 °C for 30 min. The reaction was
terminated with 80 uL of stop buffer containing 4 M
ammonium acetate, 50 mM EDTA (pH 8.0), and 50 ug/mL
glycogen. The final reaction products were analyzed with an
8% sequencing gel.

Transfection and Chloramphenicol Acetyltransferase As-
say. The plasmids pCAT-basic and pCAT-control contained
the prokaryotic chloramphenicol acetyltransferase (CAT) gene
(Promega). pCAT-basic had no promoter, and pCAT-control
was driven by the SV40 promoter and enhancer. The plasmid
pSVBGAL (Promega) contained the $-galactosidase gene
driven by the SV40 promoter and enhancer. A DNA fragment
containing 2.0 kb of 5’-flanking region from the HB-EGF
gene and 60 bp of its first exon was cloned into the pCAT-
basic vector to generate the plasmid HB-EGF CAT.

BAEC were transfected with 20 ug of the appropriate CAT
construct plasmid DNA by the calcium phosphate method as
described (Lee et al., 1990). To correct for variability in
transfection efficiency, 10 ug of pSVBGAL plasmid DNA
was cotransfected inall experiments. Cell extract was prepared
48 h after transfection by 3 cycles of freezing and thawing.
The CAT assay was performed with a modified two-phase
fluor diffusion method (Lee et al., 1990). A reaction mixture
containing [!4C]acetyl coenzyme A (NEC-313L, 4.0 mCi/
mmol; Du Pont) and 1 M Tris-HC] (pH 7.8) was added to
the cell extract to achieve a final concentration of 1.0 mM
chloramphenicol, 0.1 mM [!4C]acetyl coenzyme A, and 100
mM Tris-HCL. The reaction mixture was gently overlaid with
5 mL of a water-immiscible scintillation fluor (Econofluor,
Du Pont) and then incubated at 37 °C for 2 h. Scintillation
assays were performed in a Beckman counter. 3-Galactosidase
activity was assayed as described (Lee et al,, 1990). The
ratio of CAT activity to 3-galactosidase activity in each sample
served as a measure of normalized CAT activity. Each
construct wastransfected at least 3 times, and each transfection
wasdonein duplicate. Data for each construct were expressed
as the mean =+ standard error of the mean (SEM). Com-
parisons of normalized CAT activity among constructs were
performed by applying a factorial analysis of variance followed
by Fisher’s least significant difference test. Statistical
significance was accepted at p < 0.05.

Chromosomal Mapping. Southern blots were prepared as
described (Naylor et al., 1983) from HindIII-digested DNA
from 31 human-mouse somatic hybrid cell lines, as well as
parental human and parental mouse cell lines. The hybrids
were derived from 18 unrelated human and 4 mouse cell lines
(Showset al., 1982, 1984; Shows, 1983) and characterized by
karyotypic analysis and with mapped enzyme markers and
mapped DNA probes (Shows et al., 1982, 1984; Shows, 1983).
Blots were hybridized with 32P-labeled DNA probes prepared
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FIGURE 1: Structural organization of the gene coding for human
HB-EGF. Partial restriction map of a portion of the cosmid insert
containing the HB-EGF gene. H, HindIIl; N, NotL; R, EcoRI; K,
Kpnl; S, Smal; B, BglIl. Arrows indicate the direction of sequencing.
Filled boxes and roman numerals indicate exons.

from HB-EGF c¢DNA, washed at high stringency, and
autoradiographed as described (Naylor et al., 1983).

RESULTS

Isolation and Characterization of the Human HB-EGF
Gene, A 0.8-kb EcoRI-Kpnl HB-EGF cDNA fragment was
used toscreena genomic library prepared from human placenta
DNA ina cosmid vector. One hybridizing clone was examined
by restriction enzyme DNA mapping (Figure 1), and the
restriction fragments were subcloned into plasmid vectors for
nucleotide sequence analysis. This cosmid clone contained
the entire HB-EGF gene and 8 kb of 5’ flanking sequence.

The human HB-EGF gene is organized into six exons
spanning approximately 14 kb (Figure 1). The exons range
from 91 bp to 1452 bp long, whereas the introns range from
197 bp to 6.6 kb long (Figure 2). Excluding noncoding exon
VI, the average length of the HB-EGF exons, 182 bp, is
consistent with the length of exons in general, 137 bp (Hawkins,
1988). Also, nucleotide sequences flanking the HB-EGF gene
exons have features typical of many eukaryotic genes. For
example, the five introns are bounded by consensus 5'-GT
and 3-AG splicing sequences (Breathnach & Chambon,
1981).

Exon I contains the 5/-untranslated region and sequences
encoding the first 16 amino acids of prepro-HB-EGF (in-
cluding most, if not all, of the signal peptide). ExonIIincludes
sequences encoding amino acids 17-74 of prepro-HB-EGF,
probably corresponding to the HB-EGF propeptide (Higash-
iyama et al., 1992). Exon III encodes the putative heparin-
binding domain (Higashiyama et al., 1992) and the first two
disulfide loops of the mature HB-EGF peptide (amino acids
75-133). Exon IV encodes the third disulfide loop and the
hydrophobic transmembrane domain (amino acids 134-185).

Exon V encodes the cytoplasmic domain of the HB-EGF
precursor (amino acids 186—208), and exon VI contains the
3’-untranslated sequences. At the 3’ end of the HB-EGF
gene, exon VI contains a consensus polyadenylation signal
(Figure 2). Poly(A) addition occurs 17 bp downstream from
this AATAAA motif (Higashiyama et al., 1991). The 3'-
untranslated portions of the HB-EGF ¢cDNA and gene also
contain several ATTTA motifs (Higashiyama et al., 1991),
which are common to RNA species with short half-lives
(Maiter, 1989).

Identification of the Transcription Start Site. The tran-
scription start site of the HB-EGF gene was defined by primer
extension and S1 nuclease protection. Primer extension
analysis was performed on total RN A from U-937 cells treated
with phorbol ester and on total RNA from HUVEC treated
with or without TNF-a. Primer extension analysis revealed
a primary transcription start site located 14 bp beyond the 5
end of the cDNA (marked by an arrow, Figure 3) and
corresponding to an A nucleotide (Figure 4). The 5'CA3’
nucleotide pair at this site is the most common eukaryotic
transcription start site (Bucher & Trifonov, 1986). The
analysis also revealed a minor band corresponding to a minor
transcription start site (Figure 4). The start site of the HB-
EGF gene was also confirmed by using an end-labeled HB-
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EGF fragment (nucleotides —313 to +70) in an S1 nuclease
protection assay (Figure 5). Protected fragments were
observed when the probe was incubated with total RNA
prepared from TPA-treated U-937 or TNF-a-treated HUVEC
but not when the probe was incubated with tRNA or total
RNA from JEG-3 (a choriocarcinoma cell line that does not
express HB-EGF). The transcription start sites predicted by
the two major protected fragments were consistent with the
start sites identified by primer extension.

U-937 and HUVEC RNA both generated visible bands on
primer extension analysis (Figure 4), which is consistent with
the presence of HB-EGF mRNA in both cell types (Higash-
iyama et al., 1991; Yoshizumi et al., 1992). The density of
the bands generated by RNA isolated from HUVEC treated
with TNF-a was 10 times higher than that generated by RNA
from untreated HUVEC (Figure 4). This difference is
consistent with our previous observation that TNF-« increased
the steady-state level of HB-EGF mRNA 12-fold (Yoshizumi
et al., 1992).

Identification of Potential Cis-Acting Sequences. The 5'-
flanking sequences of the HB-EGF gene are characterized by
islands rich in G and C and the absence of TATAA and
CCAAT boxes (Figure 3). These characteristics are very
similar to those of the gene encoding another member of the
EGF family, transforming growth factor-o (TGF-a) (Ja-
kobovitset al., 1988). A CTGGGA hexanucleotide is located
at position =701 (Figure 3). This sequence is thought to
mediate induction of acute-phase reactant genes (Adrian et
al.,, 1986). In the HB-EGF promoter are three GATA
consensus sequences, at positions —584, —489, and —466. These
sequences have been shown to bind GATA-1, GATA-2, and
GATA-3 (Orkin, 1990; Lee et al., 1991b; Ho et al., 1991).
An atypical AP1 consensus sequence, TCAGTCA, is located
at position —324 of the HB-EGF promoter. Finally, the HB-
EGF promoter contains one AP2 site (at position —~148) and
three Spl sites (at positions ~167, -72, and -62). Spl sites
have been shown to be important to the function of the TGF-a
promoter (Chen et al., 1992; Shin et al,, 1992).

Promoter Activity of the 5'- Flanking Sequence of the HB-
EGF Gene. To determine whether the sequences flanking the
5’ end of the HB-EGF gene have promoter activity, we
transfected into BAEC the plasmid HB-EGF CAT, which
contained 2.0 kb of HB-EGF 5’-flanking sequence linked to
the CAT gene, as well as two control plasmids (pCAT-basic
and pCAT-control). Background activity in our CAT assay
measured about 2500-3000 cpm. The normalized CAT
activities of pCAT-basic, HB-EGF CAT, and pCAT-control
were 4015 £ 1331, 424792 % 119 791*, and 837 231 %
269 869" cpm, respectively (asterisk indicates activity signif-
icantly greater than that of pCAT-basic, p < 0.05). Thus,
HB-EGF CAT induced a level of CAT activity more than
100-fold higher than that induced by promoterless pCAT-
basic. This difference indicates that the 2.0-kb 5'-flanking
region of the HB-EGF gene contains promoter activity.

Chromosomal Assignment of the Human HB-EGF Gene.
DNA isolated from human—-mouse somatic hybrid cell lines
and their parental cells was examined for the presence or
absence of the human HB-EGF gene by Southern blot analysis
(Naylor et al., 1983). Human and mouse DNA restriction
fragments hybridized to the HB-EGF cDNA in easily
distinguishable patterns. In HindlIl-digested DNA, two
human bands (11.2 and 6.8 kb) were noted whereas a single,
faint murine band (14 kb) was noted (data not shown).
Southern blots from 31 hybrids were scored for the presence
or absence of human HB-EGF sequences (Table I). Con-
cordant hybrids either retained or lost the human bands
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EXON ATTCGGCCGAAGGAGCTACGCGGGCCACGCTGCTGGCTGGCCTGACCTAGGCGCGCGGGGTCGGGCGGCCGCGCGGECCGGGCTGAGT 87

1 GAGCAAGACAAGACACTCAAGAAGAGCGAGCTGCGCCTGGGTCCCGGCCAGGCTTGCACGCAGAGGCGGGCGGCAGACGGTGCCCGG 174
CGGAATCTCCTGAGCTCCGCCGCCCAGCTCTGGTGCCAGCGCCCAGTGGCCGCCGCTTCGAAAGTGACTGGTGCCTCGCCGCCTCCT 261
CTCGGTGCGGGACCATGAAGCTGCTGCCGTCGGTGGTGCTGAAGCTCTTTCTGGCTGCAG 321

M K L L P 8V VL KL ? L A AV 16

gtaagagggctgccgacgcececggagat cggggegatgggggegttgtgetgggggeatgggggaaggtecgecgcagegecaceegg
cacgccacttggtggggeccttgegetctggeggacgggegteggecatecggegegtgt tggtcaggggtctgggegggtgtetgatg
cggcetggectetegeecgecag

EXON TTCTCTCGGCACTGGTGACTGGCCAGAGCCTGGAGCGGCTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCCTCCCACTG 408
2 L 8 ALV TG 2 8L ERERLZRRGLAAGTSNUZPDUPZPTV 45
TATCCACGGACCAGCTGCTACCCCTAGGAGGCGGCCGGGACCGGAAAGTCCGTGACTTGCAAGAGGCAGATCTGGACCTTTTGAGAG 495

8 T D QL L PL G GG RDURIEKT YR RUDILAGQESE2ADULDTULTUL RV 74

gtggtggtgtgagcccatctgate. . (3.3 kb)..ctcctttcaagecactatgectecttctgattttettcccaaagagtcagact
ttaacagagtgccttttctectacag

EXON TCACTTTATCCTCCAAGCCACAAGCACTGGCCACACCAAACAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGGCTAGGGA 582
3 T L 8 8 XK P Q AL A TP NKZDBZERHGTEKRIEKIKTKTEG KU GTUL @ K 103
AGAAGAGGGACCCATGTCTTCGGAAATACAAGGACTTCTGCATCCATGGAGAATGCAAATATGTGAAGGAGCTCCGGGCTCCCTCCT 669
XK R D P CLRIKYI XDU?PCIHOGECIE KYV VI KT EULURALP 8 C 132
GCAT 673
I 133
gtaagtgcccctteocccttecccaggggectgaattcatcagecacactttgtcagecacgtggetgaacctegttgecactgtec. .
6.6 kb)..actaactccatctccttettgttetgtecttgaactag

EXON CTGCCACCCGGGTTACCATGGAGAGAGGTGTCATGGGCTGAGCCTCCCAGTGGAAAATCACTTATATACCTATGACCACACAACCAT 760

4 C HP G Y HG B RCHGL 8L P V ENUEHILYTYUDUHTTI 162
CCTGGCCETGGTGGCTETGGTGCTGTCATCTGTCTGTCTGCTGGTCATCGTGGGGCTTCTCATGTTTAG 829
L AV YV AV VL S8 8 V CL L VY IV G L L XK PR 185

gtgagtgttggggteccctgecaggetgtttctgcaaatcacteocctttecttectectect .. (0.8 kilobases) . .gctgece
tactgaatgggcttttccaagtagtagaggaaaccaccatggcagagttctttggaaggacctgetetggacctgcactttgteata
gcaggcagggottattcacaaaacttatcttectetag '

EXON GTACCATAGGAGAGGAGGTTATGATGTGGAAAATGAAGAGAAAGTGAAGTTGGGCATGACTAATTCCCACTGAGAGAGACTTGTGCT 916
5 Y H R R G G Y DV R N B B KV KL G N TNGS H * 208
CAAG 920

gtaacdgctccatcctttgecccatgacatgattatectttgteccctttectggetgtgettcagtgggtgetgaattctteatata
ggggttgggggccaggetactgtgacattaatateccattgcagaattattttcaaaaagactcagtgcttcacttaaggtaaaagt
tgctagagagacacctaagagagatgcctgagaggacagetteteccacctcatecctecttectecttctectggagagtgaaacee
tgtctcaaaaagtttaaaaataaaaaagactggaccaggaaaatcttaagacttetttagactggacctggetttacatgectteet
tttgtgctcaag

EXON GAATCGGCTGGGGACTGCTACCTCTGAGAAGACACAAGGTGATTTCAGACTGCAGAGGGGAAAGACTTCCATCTAGTCACAAAGACT 1007
6 CCTTCGTCCCCAGTTGCCGTCTAGGATTGGGCCTCCCATAATTGCTTTGCCAAAATACCAGAGCCTTCAAGTGCCAAACAGAGTATG 1094
TCCGATGGTATCTGGGTAAGAAGAAAGCAAAAGCAAGGGACCTTCATGCCCTTCTGATTCCCCTCCACCAAACCCCACTTCCCCTCA 1181
TAAGTTTGTTTAAACACTTATCTTCTGGATTAGAATGCCGGTTAAATTCCATATGCTCCAGGATCTTTGACTGAAAAAAAAAAAGAA 1268
GAAGAAGAAGGAGAGCAAGAAGGAAAGATTTGTGAACTGGAAGAAAGCAACAAAGATTGAGAAGCATGTACTCAAGTACCACCAAGG 1355
GATCTGCCATTGGGACCCTCCAGTGCTGGATTTGATGAGTTAACTGTGAAATACCACAAGCCTGAGAACTGAATTTTGGGACTTCTA 1442
CCCAGATGGAAAAATAACAACTATTTTTGTTGTTGTTGTTTGTAAATGCCTCTTAAATTATATAT TTATTTATTCTATGTATGTTAA 1529
TTTATTTAGTTTTTAACAATCTAACAATAATATTTCAAGTGCCTAGACTGTTACTTTGGCAATTTCCTGGCCCTCCACTCCTCATCC 1616
CCACAATCTGGCTTAGTGCCACCCACCTTTGCCACAAAGCTAGGATGGTTCTGTGACCCATCTGTAGTAATTTATTGTCTGTCTACA 1703
TTTCTGCAGATCTTCCGTGGTCAGAGTGCCACTGCGGGAGCTCTGTATGGTCAGGATGTAGGGGTTAACTTGGTCAGAGCCACTCTA 1790
TGAGTTGGACTTCAGTCTTGCCTAGGCGATTTTGTCTACCATTTGTGTTTTGAAAGCCCAAGGTGCTGATGTCAAAGTGTAACAGAT 1877
ATCAGTGTCTCCCCGTGTCCTCTCCCTGCCAAGTCTCAGAAGAGGTTGGGCTTCCATGCCTGTAGCTTTCCTGGTCCCTCACCCCCA 1964
TGGCCCCAGGCCACAGCGTGGGAACTCACTTTCCCTTGTGTCAAGACATTTCTCTAACTCCTGCCATTCTTCTGGTGCTACTCCATG 2051
CAGGGGTCAGTGCAGCAGAGGACAGTCTGGAGAAGGTATTAGCAAAGCAAAAGGCTGAGAAGGAACAGGGAACATTGGAGCTGACTG 2138
TTCTTGGTAACTGATTACCTGCCAATTGCTACCGAGAAGGTTGGAGGTGGGGAAGGCTTTGTATAATCCCACCCACCTCACCAAAAC 2225
GATGAAGGTATGCTGTCATGGTCCTTTCTGGAAGT TTCTGGTGCCATTTCTGAACTGTTACAACTTGTATTTCCAAACCTGGTTCAT 2312
ATTTATACTTTGCAATCCAMIAMMGATAACCCTTATTCCAT 2354

acccttattccatagecttttgtetgtttgttttaaccgggaactggtttaacttagttatttcctaagecctgacttggtggtagg
ctctataccaggcctatttatgtatactaccacaacaattctgegatgecaggtactattactgteccatttttccagaaggggaaac
tgaggctcaaagtggttgtgtaacttgectgaggatacacagectagtaaatgac

FiGURE 2: Nucleotide sequence of the human HB-EGF gene. The nucleotide sequences of the exons and introns are in upper and lower case
letters, respectively. The deduced peptide sequences are capitalized boldface letters. Nucleotide and peptide sequences (in boldface) are
numbered on the right, and the lengths of unsequenced intron are in parentheses. InexonI, the sequences used in the design of the oligonucleotide
for primer extension are underlined. The polyadenylation signal of exon VI is in capitalized boldface underlined. GenBank Accession
Numbers: exon I, L17028; exon II, L17029; exon III, L17030; exon IV, L17031; exon V, L17032.

together with a specific human chromosome (Shows et al., cordant segregation for a marker and a chromosome. As-
1982, 1984; Shows, 1983). Discordant hybrids either retained signment of the HB-EGF gene to chromosome 5 was based
human bands but not a specific chromosome or vice versa. on a 0% discordance. [The genes for EGF, transforming growth

Percent discordance (Table I) indicates the degree of dis- factor-c, and amphiregulin have been assigned to chromosomes
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gataagcttgatctgggtcctatgggagggtggctcattttttatgttgaggaaauaggtggcagtcaaagg -765

caaggaaaagaataaggcttgtttcacaacctgtgtctctccaatctcagaageghgggaattacaacccat -684

agtt caaaaatcctaatgtcccctgagggaagatgggaggaagccactccagagactaagagagtactaact -605
TA

tcctttgettttgotggattgatactaagtgectgcaacttcaactctggttatctegggtttatgagaacg -526

GATA

GATA

gctggcattcacgtgtctaatttttaaatgatagatgaattaattattatttgatacttgecgtgttggtag -447

gccaaaaggtgggcttctgaaacttagagggtgacagggatggagaccocctggtatggggcttagatgaage -368

aagaggccaggcccggaacagaactcagetcagecaghcagtcac gaggctgcagagt gacaggcgtttgggg -289

aaaggtaggaaccgctctccgecacctgeeggtcagtageecctacccacaatcaggecegeggetgectegge  -210

spl

ApP2

ctggtcccaaaaattgtgaacgccgeectetectgeggeccagtecteegegegeccgoggggteggggget  -130

Spl Spl

gcctgecggegecgegagecgggegaget tcccagcacgggaggagggaggdddeddegocgddcadggegg —52

o $

agcttccgegectoctggagecttattegegecgegagecgggecagegetcatteggccgaaggagectacge  +21

FiGURE 3: HB-EGF promoter sequences. Nucleotide sequences are numbered on the right. Potential cis-acting sequences are underlined.
The major transcription start is marked by an arrow, and the end of the cDNA (Higashiyama et al., 1991) is marked by a double dagger.

The GenBank Accession Number for the promoter sequence is L17033.
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FIGURE 4: Primer extension analysis of the HB-EGF gene tran-
scription start site. (A) The oligonucleotide highlighted in Figure 2
(exon I) was hybridized to 20 ug of total RNA prepared from U-937
cells treated with 12-O-tetradecanoylphorbol 13-acetate (U-
937+TPA) for 2 h, untreated human umbilical vein endothelial cells
(HUVEC), HUVEC treated with tumor necrosis factor-a (HUVEC
+ TNF-a), and tRNA. Extension products were analyzed on an 8%
sequencing gel. Thesize marker (inbp) was prepared by radiolabeling
¢X174 RF DNA digested with Haelll. (B) A Sanger sequencing
reaction, with the same oligonucleotide used as sequencing primer,
was run alongside the HUVEC + TPA primer extension reaction.
Sequences of the HB-EGF gene corresponding to the primer extension
products are shown.

3, 2, and 4, respectively (Brissenden et al., 1984, 1985;
Plowman et al., 1990).]

DISCUSSION

Exon Organization of the EGF-like Domain of the HB-
EGF Gene Is Identical to That of Other Members of the EGF
Family. The genes encoding three other members of the EGF
family (EGF, TGF-a, and amphiregulin) have been isolated
and characterized (Brissenden et al., 1984, 1985; Plowman
etal., 1990). Like TGF-&and amphiregulin, the human HB-
EGF gene is divided into 6 exons (whereas the human EGF
gene contains 24 exons). The HB-EGF gene spans 14 kb, a
size similar to that of the gene for amphiregulin (10.2 kb) but

A Pst1 Not1
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— —~— [AJn mRNA
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FIGURE 5: S1 nuclease protection assay. (A) Strategy for mapping
the 5’ end of the HB-EGF gene by S1 nuclease analysis. (B) Sl
nuclease protection mapping of the HB-EGF gene start site. Total
RNA from U-937 cells treated with 12-O-tetradecanoylphorbol 13-
acetate (TPA) for 48 and 2 h, human umbilical vein endothelial cells
(HUVEC) treated with tumor necrosis factor-a (TNF-a) for 70
min, JEG-3 cells, and tRNA was incubated with a 383-bp 32P-labeled
probe spanning the immediate 5’ region of the HB-EGF gene. The
resulting DNA-RINA hybrids were incubated with S1 nuclease, and
the protected fragments were analyzed on an 8% sequencing gel. A
Sanger sequencing reaction was run alongside to estimate the size
of the protected fragment. The size marker (in bp) was the same
as used in Figure 4. Arrows indicate the major protected bands.

much smaller than that of the genes for EGF (110 kb) and
TGF-a (85kb). In spite of these differences in size, the exon
organization of the EGF-like domains of the four genes is
completely conserved. For HB-EGF, the mature peptide is
encoded by exons IIT and IV. For EGF, TGF-a, and
amphiregulin, the mature peptides are similarly encoded by
two exons (Bell et al., 1986; Blasband et al., 1990; Plowman
etal., 1990). Exons III and IV interrupt the EGF domain of
the HB-EGF peptide at Ile>®, the same point at which mature
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Table I. Segregation of an HB-EGF DNA Probe with Human Chromosomes in HindIII-Digested Human-Mouse Cell Hybrid DNA#

Human Chromosomes

L HYBRID HB-EGF 1 2 3 4 5 6 7 8 9101112 13 14 15 16 17 18 19 20 21 25 X Translocations
1298 20L-4 - - = = = = 4+ 4 4 = 4+ £t o & = = « $ = = + + + - 1dlp-
1285 20L~9 + t - + + + + + + + o+ o+ o+ o+ -+ o+ o+ o+ o+ o+ o+ o+ 4+ 1717
1287 20L~17 - t = - == - e - - - - - = = -t = - - - - - 1721
1277 20L-37 + £ -~ 4+ + + + + + = b = 4 e = e = 4+ o+ =+ o~ = 4+ 1/17
1293 31L-6 - .
1243 35R-14 + L T T e N L T T S S T T
1238 55R-16 + + + + t 4+ + + + - + £t + + -+ + - = + = + + + 11/4, Tq-
1246 55R-33 + + + + + 4+ o+t + 4+ =t o+ o+ o+ -+ - = =+ o+ o+ 11/4
48 ATR-13 + + 4+ + + 4+ 4+t + =+ =+ + o+ + 4+ + + - - -t 5/X
1211 DUA-3BSAGA - ~ 4 = e = = 4+ = = e =t d = = F === e = -
186 DUM-13 + + + + = + 4+ + = = 4+ + + = + t + + + + + + + t ¥X/15, 15/X
1185 GAR-1 + R A R T S R N - T T
1178 JSR-178 + + + + + + =t o+t o+ o+ F 4+ =+ s -
653 JWR-22H - t t - + = + - + + + + + + + -+ o+ -+ o+ - = 2/1
187 JWR-26C + t + + + + 4+ 4+ =+ o+ o+ =+ o+ o+ o+ + =+ -+ 172
40 NSL-5 - + = = = = = = + t + - + = 4+ - + £ + - + - - - 17/9, 12g+
1146 NSL-9 + - = = = 4+ = = + t + = + + + + + + + - + + + - 17/9
192 NSL-16 + - = 4+ + 4+ = + + £+ =+ =+ 4+ 4+ + + -+ + - - 17/9
42 REW-1l - L R - R T BEE R L R B SR I S T B T
184 REX-11BSAgB -~ N L T S S T S e T T T T R R
1162 RSR-] - EEEE I T TR S T T T T T T L T R R 4
665 SIR-11 - - 4 = = = = - - “- o . 4 = = e - - -+ +
643 TSL-1 - - 4+ F 4 = = = = = 4+t =+ = -+ o+ o+ + o+ -
53 TSL-2 + -+ t - + - = = 4+ = 4 = = = = £+ = + + - + 17/3, 3/17
395 VTL~6 - - +.- - - L N L TR T ST T T S
407 VTL~17 + T T TR S S A . T S TS T TN T
1098 VTL~-23 + L T - T T T T R I S T I N T
559 W12 + - 4+ = = 3 = m e e e 4 = e 4 = = =+ 4+ + + - 11p~
794 WIL-8Y - T e L T T S R I I A
25 WIL~-15 - - 4+ 4+ =+ = =+ F ot E ==+~ +
1224 XTR-22 + - 4+ - 4+ + - - 4+ 4+ =+ =+ = = 4+ o+ o+ 4+
Chromosome 1 2 3 4 6 7 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X
Concordant # (+/+) 6 1011 817 101112 315 9 14 10 11 10 11 12 11 6 12 14 10 9
of Hybrids (=/=) 11 8 9 914 8 7 812 4 6 9 7 61010 3 713 6 411 9
Discordant # (+/-) 8 7 5 8 0 7 5 511 2 6 3 7 6 6 6 4 611 5 3 7
of Hybrids (=/+) 1 55 5 0 6 7 6 110 7 5 7 8 4 4 9 7 1 810 3
%t Discordancy 35 40 33 43 0 42 40 35'44 39 46 26 45 45 33 32 46 42 19 42 42 32 38

@ The 31 hybrids involve 18 unrelated human cell lines and 4 mouse cell lines. Hybrids were characterized by karyotypic analysis and by mapped
enzyme markers. The HB-EGF DNA probe was hybridized to Southern blots containing HindIII-digested DNA from the human-mouse hybrids. A
“t” indicates a chromosome translation with no intact chromosome present. Scoring was determined by the presence (+) or absence (-) of human bands
in the hybrids on the blots. A 0% discordance indicates a matched segregation of the DNA probe with a chromosome.

EGF, TGF-a, and amphiregulin are interrupted by two exons.

Other proteins such as the low-density lipoprotein receptor,
tissue-type plasminogen activator, urokinase, human coag-
ulation factors IX, X, and XII, and endothelial-leukocyte
adhesion molecule 1 also contain an EGF-like domain
(Carpenter & Cohen, 1990; Carpenter & Wahl, 1990).
However, none of these EGF-like domains maintains the exact
spacing of all six cysteines, and none has been shown to bind
the EGF receptor. Furthermore, the EGF-like domain in
these proteins is contained within a single exon (Carpenter &
Cohen, 1990; Carpenter & Wahl, 1990; Collins et al., 1991;
Plowman et al., 1990). These differences would suggest
distinct origins for the two types of EGF-like domain. On the
basis of its ability to bind the EGF receptor (Higashiyama et
al,, 1991) and its characteristic two-exon EGF-like domain

(present study), we conclude that HB-EGF is the fourth
member of the EGF family of growth modulators present in
the human genome.

The HB-EGF 5’'-Flanking Region Functions as a Promoter
in Endothelial Cells. The 2.0-kb HB-EGF 5’-flanking sequence
directed a significant level of CAT activity when transfected
into BAEC, an observation consistent with our previous finding
that vascular endothelial cells transcribe the HB-EGF gene
(Yoshizumi et al., 1992). It is also noteworthy that the
promoters of both HB-EGF and endothelin-1 (a potent
vasoconstrictor expressed at a high level in vascular endothelial
cells) contain AP-1 and GATA consensus sequences (Lee et
al., 1990, 1991b) (Figure 3). Both the AP-1 site and the
GATA site are necessary to direct high-level expression of the
endothelin-1 gene in endothelial cells. The HB-EGF AP-1
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site differs from the classic AP-1 site TGAG/CTCA (Curran
& Franza, 1988; Risse et al., 1989) by only one base pair. It
also happens that the endothelin-1 AP-1 site TGACTAA, at
position —109 of the gene (Lee et al., 1991a), differs from the
classic AP-1 site by only one base pair. According to the
study by Risse et al. (1989) on the effect of AP-1 point
mutations on Fos and Jun binding affinity, neither the HB-
EGF nor the endothelin-1 AP-1 sequence should bind the Fos
and Jun proteins. However, we have shown that the endo-
thelin-1 AP-1 site binds Fos and Jun, allows endothelin-1
gene regulation by these trans-acting factors, and is essential
for expression of the gene in vascular endothelial cells in culture
(Leeetal., 1991a). It will be useful to determine whether the
HB-EGF AP-1 and GATA sites also have essential roles in
thetranscriptional regulation of the HB-EGF gene in vascular
endothelial cells (Yoshizumi et al., 1992).

Both the HB- EGF Gene and Susceptibility to Diphtheria
Toxin Map to Chromosome 5. A recent report of the cloning
of the diphtheria toxin receptor indicates that it is identical
to the HB-EGF precursor (Naglich et al., 1992). Human
cells are 10 000 times more sensitive than mouse cells to
diphtheria toxin in vitro because of the presence of more
functional surface receptors on the human cells. However,
mouse—human hybrid cells in which chromosome 5 is present
areas sensitive to the toxin as are human cells, whereas hybrids
without chromosome 5 are as resistant to it as mouse cells
(Creaganetal., 1975). Onthe basis of experiments in mouse—
human hybrids, diphtheria toxin susceptibility has been
assigned to the q23 region of chromosome 5 (Creagan et al.,
1975; Hayes et al., 1987). This assignment is consistent with
our assignment of the HB-EGF gene to chromosome 5 (Table
I), and it suggests that the HB-EGF gene may be located in
the q23 region of this chromosome.

Insummary, we have cloned the human gene encoding HB-
EGF (and the diphtheria toxin receptor as well), defined the
gene's transcription start site, demonstrated the promoter
activity of its 5’ flanking sequences, and mapped the gene to
chromosome 5. The availability of the HB-EGF gene along
with its 5’-flanking sequences will allow us to study the
molecular mechanisms regulating its expression, the role of
the HB-EGF peptide in vascular disease, and the differential
sensitivity of cells to diphtheria toxin.
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