Volume 16 Number 23 1988 Nucleic Acids Research

Identification of two novel members of erbA superfamily by molecular cloning: the gene products
of the two are highly related to each other

Nobuyuki Miyajima, Yasunori Kadowaki, Shin-ichi Fukushige!, Sho-ichi Shimizu, Kentaro Semba,
Yuji Yamanashi, Ken-ichi Matsubara!, Kumao Toyoshima and Tadashi Yamamoto

Institute of Medical Science, University of Tokyo, 4-6-1 Shirokanedai, Minatoku, Tokyo 108 and
nstitute for Molecular and Cellular Biology, Osaka University, 1-3 Yamada-oka, Suita, Osaka 565,
Japan

Received September 15, 1988; Revised and Accepted November 8, 1988 Accession nos X12794, X12795

ABSTRACT

Two v-erbA-related genes, named ear-2 and ear-3, have been
identified in the human genome and characterized by cDNA clon-
ing. These genes are predicted to encode proteins that are very
similar in primary structure to receptors for steroid hormones
or thyroid hormone (T3). In addition, amino acid sequences of
the ear-2 and ear-3 gene products are very similar each other
especially at the DNA binding domain (86% homology) and at the
putative ligand binding domain (76% homology). Northern
hybridization with ear DNA probes of RNAs from various tissues
of a human fetus reveals that the expression of ear-2 is high
in the liver whereas the expression of ear-3 is relatively ub-
iquitous. Hybridization analysis of DNAs from sorted
chromosomes shows that the ear-2 gene is located on chromosome
19 and ear-3 on chromosome 5, indicating that the two genes are
clearly different from each other.

INTRODUCTION

The avian erythroblastosis virus (AEV) induces erythro-
blastosis in susceptible chickens and transforms erythroblasts
in vitro. 1In addition, AEV occasionally causes sarcomas in vivo
and transforms fibroblasts in vitro. The ES4 and R strains of
AEV carry two host cell-derived genes, termed v-erbA and v-erbB
(1,2). The transforming potential of AEV has been shown to
reside on the v-erbB gene (3,4), and v-erbA does not by itself
induce tumors, but enhances the erythroblast-transforming
ability of v-erbB (4).

The v-erbB gene is derived from the chicken EGF (epidermal
growth factor) receptor gene (5,6) and the v-erbA gene from the
cellular gene encoding the receptor for the thyroid hormone Tj
(7). Thyroid hormone-receptor complexes in the nucleus in-
fluence the transcription of various genes, e.g. the growth hor-
mone gene (8). These facts suggest that expression at the cell
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are described in the text and were labeled with 32p by nick

translation to a specific activity of 2x108 cpm/pg of DNA.
Phage DNAs were prepared as described (9) and the inserts were

recloned into plasmid vector pUC19 at the EcoRI site.

Nucleotide sequence analysis

The nucleotide sequence was determined by the dideoxy chain
termination method (22) with modifications (23,24) in conjunc-
tion with plasmid puCl8, pUCl9 or bacteriophage M13mpl8.
Blot-hybridization analysis of DNA and RNA

High molecular weight DNAs were digested with restriction
endonucleases under the conditions recommended by the supplier
(Takara Shuzo, Kyoto) and fractionated by electrophoresis in a
1% agarose gel. The fragments were subjected to Southern blot
hybridization at 42°C for 16hr as described (9). RNAs were
prepared by the guanidium isothiocyanate/cesium chloride method
(25) from tissues (brain, lung, liver, kidney) of a l2-week-old
single human fetus, a human placenta at term, TIG-1 cells and
A431 cells. Polyadenylated (poly(A)+) RNAs selected by
oligo(dT)-cellulose column chromatography were denatured with
50% formamide/2.2M formaldehyde, and 5 pg of each RNA sample was
subjected to electrophoresis in 1% agarose gel containing 2.2M
formaldehyde (26). RNAs on the gel were subjected to blot
hybridization under stringent conditions, as described (27).
The DNA probes used for hybridization were labeled with 32p by
nick translation to a specific activity of 2X108cpm/pg DNA.
Chromosome mapping

The chromosomal location of the ear genes was determined by
Southern blot analysis of sorted chromosomes of human cell lines
or from human-mouse hybrid cells, as described (28). GM0131 and
GM0089 cells were provided by the Human Genetic Mutant Cell
Repository (Institute for Medical Research, Camden, N.Y.).

RESULTS
Cloning and characterization of cDNA of human erbA homologs.

RNA blot hybridization analysis with the 32p_1abeled v-erba
probe (probe I, Fig. lc), which was prepared from the cloned
AEV-R genomic DNA (29), at lower stringency revealed two species
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Figure 1. Southern blot analysis of cDNA inserts.

DNAs ( 3pg) of the recombinant phages that were isolated by
screening a cDNA library of human embryo fibroblasts, TIG-1,
in xgtl0 were digested with EcoRI and the digests were
subjected to Southern blot hybridization using probe I (a) or
probe II (b) specific for the v-erbA sequence. Only 14
samples (lanes 1 to 14) are shown in this Figure. The cDNA
clones in lane 1, lanes 2 and 14, lanes 3, 6 and 11, and lane
7 belongs to the earl, ear2, ear3, and ear7 genes. Other cDNA
clones in lanes 4,5,8,9,10,12 and 13 are not well character-
ized. Probe I was the l.4-kbp AvaI-SstI fragment containing
most of the v-erbA sequence and 400-kb of the gag gene, and
probe II the 0.5-kbp PstI fragment generated from the cloned
AEV-R DNA (c). Probe I, but not probe II, contained a
sequence encoding the putative DNA binding domain of the
v-erbA protein.

of c-erbA mRNA (2.7-kb and 5.0-kb) in human embryo fibroblasts
(data not shown).

A cDNA library was constructed in Xgtl0 vector using mRNAs
from human-embryo fibroblasts. On screening 3.5 X 103 inde-
pendent clones of this library with the probe I under conditions
of low stringency, 21 positive clones were obtained. The DNAs
of these clones were digested with EcoRI and subjected to
Southern hybridization analysis (Fig. la; only 14 clones are
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Figure 2. Schematic illustration of the cDNA clones of the
ear genes.

DNA inserts and their restriction maps of cDNA clones for the
ear-1 (a), ear-2 (b), ear-3 (c) and ear-7 genes are
ITTustrated. ~ The coding  regions and non-coding regions
predicted from the nucleotide sequences of the ear-2 and ear-3
CDNA clones (see Fig. 4) are shown by boxes and lines,
respectively. The dotted line in (c) represents the region
that was not sequenced. The closed boxes indicate the
sequences encoding the putative DNA binding domain. Restric-
tion mapping was performed by hybridizing the DNAs ( 3ug) of
recombinant phages, which were digested with endonucleases
BamHI (M), XhoI (@), EcoRI (%) and HincII (o), with probe I
(Fig. 1lc). The EcoRI sites at the two ends of the inserts are
not shown. The restriction maps match those predicted from
the nucleotide sequence (see Fig. 4 for ear-2 and ear-3 and
unpublished data for ear-1 and ear-7). - -
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shown here). The EcoRI inserts of various length of the cDNA
clones all hybridized with probe I to similar extents, except
the 2.5-kbp insert of AA7 which hybridized slightly stronger
than the inserts of the other clones. With the 500-bp PstI
fragment prepared from AEV-R DNA (probe II in Fig. 1lc), the DNA
insert of AA7 hybridized strongly and those of the other clones
hybridized weakly (Fig. 1lb).

Restriction mapping and mutual hybridization of the DNA in-
serts, which had been subcloned into the plasmid vector pUC1l9 at
the EcoRI site (data not shown), revealed that the 21 cDNA
clones represented at least four erbA-related genes (Fig. 2).
These were named ear-1l, ear-2, ear-3 and ear-7 (ear: erbA re-
lated gene). The above hybridization data showed that the ear-7
gene represented by the XxA7 insert was most closely related to
the v-erbA gene. Of the 21 clones, four were of ear-2, seven
clones of ear-3, one of ear-1 and one of ear-7. The other
clones, which have not yet been well characterized may represent
other erbA-related genes. To obtain additional cDNA clones of
ear-l and ear-7, we screened the same library with the 32p.
labeled cDNA inserts of AAl and XA7 and obtained 13 positive
clones. Restriction mapping analysis in conjunction with
Southern blot hybridization of the inserts with the screening
probes showed that two clones ( XA22, AA23) were of ear-l1 and
two ( AA26, AA33) of ear-7 (see Fig. 2).

Partial nucleotide sequencing of the cDNA clones revealed that
the four erbA-related genes coded for proteins that contained
sequences of 66 to 68 amino acid residues characteristic of the
DNA binding domain of the chicken v-erbA/T3-receptor gene. This
sequence is also conserved in receptors for steroid hormones
such as progesterone, estrogen and glucocorticoid, as well as in
the T3 receptor (Fig. 3). The high homology observed between
chicken c-erbA and ear-7 (94%) suggested that the ear-7 gene was
the human counterpart of the chicken c-erbA gene and cor-
responded to the human erbAl gene reported previously (30). The
marked homology between the DNA binding domains of ear-2 and
ear-3 (85%) is also noteworthy, which prompted us to first
characterize the ear-2 and ear-3 genes.
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Figure 3. Alignment of the amino acid sequences of the DNA
binding domain.
Amino acid sequences of the DNA binding domain of the ear-1,
ear-2, ear-3, and ear-7 proteins were compared with those of
the corresponding portions of the v-erbA, chicken c-erbA and
human c-erbA gene products as well as of the ‘estrogen
receptor ~and glucocorticoid receptor. Only non-identical
amino acids compared with chicken c-erbA are shown for v-erbA.
The residues conserved in these proteins are boxed. Cysteine
residues conserved are indicated at the bottom. c-erbA*,
chicken c-erbA; c-erbA**, human c-erbAf.

Sequence analysis of ear-2 and ear-3.

The 2380-nucleotide sequence of ear-2 was determined by
sequencing the AAl4 and AA2 inserts. An open reading frame of
1209-bp starting with the ATG codon at position 703 was iden-
tified (Fig. 4a). The flanking nucleotides of this ATG codon
match the Kozak consensus sequence (31) and 249-bp preceding the
ATG codon is an in-frame stop codon TAG. The 66 amino acid
residues that are encoded by the nucleotide sequence from the
TGC codon at position 868 to the ATG codon at position 1065 con-
stitute a putative DNA binding domain homologous to that of v-
erbA. The 5' untranslated 704 bp sequence of the ear-2 mRNA is
suggested to form an extremely stable secondary structure with a
calculated free energy (32) of -390.0 kcal because of its high
content of GC. The postulated structure is shown in Fig. 4d.
The typical consensus sequence AATAAA for the polyadenylation
signal, but not the poly(dA) was found at extreme 3' terminus of
the XAl4 insert. The primary translation product of the ear-2
gene was calculated to have a molecular weight of 42,900.

Next, the 25ll-nucleotide sequence of the XA3 insert of the
ear-3 gene was determined. An open reading frame of 1251-bp
starting with the first ATG codon at position 478 was identified
(Fig. 4b). The flanking nucleotides of this ATG codon match the
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surface of the v-erbB protein, a truncated form of the EGF
receptor, and transcriptional deregulation caused by v-erbA, an
altered form of the T3 receptor, co-operate in complete trans-
formation of erythroblasts.

A v-erbB-related gene other than the EGF receptor gene was
recently identified in the human genome and termed c-erbB-2 (9).
Nucleotide sequencing of c-erbB-2 cDNA clones suggested that
this gene encoded a putative receptor protein similar to the EGF
receptor (10,11,12). The ligand of this protein has yet to be
identified. Similarly, several erbA-related genes have been
identified in the human genome. The human counterpart of the v-
erbA gene has been mapped at chromosome 17ql1-21 (13,14). Other
erbA homologs were mapped at 17q2l1.3 and 17925 (15,16). These
data indicate that there are multiple erbA-related genes on
human chromosome 17. Besides these genes, at least three erba
homologs were located on human chromosome 3; one of them was
shown to encode a thyroid hormone receptor (17) and one a
retinoic acid receptor (18,19). The function and nucleotide
sequences of the other c-erbA homolog(s) are unknown. To estab-
lish their function and structure, we screened a human cDNA
library for erbA homologs. In this paper, we report the
molecular cloning and characterization of novel erbA homologs of
human origin.

MATERIALS AND METHODS
Isolation of cDNA clones

A cDNA library from human embryo fibroblasts, TIG-1 (20), was
constructed with phage Agtl0 as a vector, as described (21).
The library was screened with 32p_1abeled DNA probe in 4X SSC
(1X ssC: 0.15M NaCl/15mM sodium citrate), 50mM Hepes (pH 7.0),
20ug/ml of denatured salmon sperm DNA, 10X Denhardt solution (1X
Denhardt: 0.02% polyvinylpyrrolidone/0.02% ficoll/0.02% bovine
serum albumin) and 30% (relaxed conditions) or 50% (stringent
conditions) formamide at 42°C for 16hr. After hybridization,
the filters were washed with 2X SSC, 0.1% SDS at room tempera-
ture and then with 0.6X SSC (relaxed) or 0.1X SSC (stringent)
and 0.1% SDS at 50°C. Plaques with positive signal were
purified by successive plaque hybridization. The probes used
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Kozak consensus sequence and 204-bp preceding the ATG codon is
an in-frame stop codon. The nucleotide sequence from the TGC
codon at position 733 to the ATG codon at position 928 encodes
the putative DNA binding domain., It is uncertain whether the
AATAAA sequence present near the extreme 3' terminus of the A3
insert is used as poly(A) addition signal. 1If it is, the 5'
noncoding sequence must be extremely long (about 2.5-kbp), since
the ear-3 mRNA are 4.6-kb and 4.8-kb long. The free energy of a
possible secondary structure at the 5' untranslated region (32)
was calculated to be -207.4 kcal. Thus, this region could form
a stable structure (Fig. 4d), which suggests important role for

this sequence in translation of the ear-3 mRNA. The primary

translation product of the ear-3 gene was predicted to have a
relative molecular weight of 46,155,

The predicted amino acid sequence of not only the DNA binding
domains of the ear-2 protein and ear-3 protein but also the rest
of the sequence, especially the sequences which include putative
ligand-binding domains, show marked homology between the two
(Fig. 5). The homology of the amino acid sequences of the puta-
tive ligand-binding domain encoded by the nucleotide sequence
from position 1174 to 1911 of ear-2 and that from position 1003
to 1746 of ear-3 is 76%.

Chromosomal locations of the ear-2 and ear-3 genes.

Metaphase chromosomes were prepared from two human cell lines,
GM0131 and GM0089, whose karyotypes and chromosomal abnor-
malities have been defined. The chromosomes were separated into
six or eight fractions using a fluorescence-activated cell
sorter, DNA from each fraction was prepared and subjected to
Southern blot hybridization after digestion with restriction en-
donucleases (Fig. 6). The ear-2 specific probe, a 2.4-kbp EcoRI
insert from AAl4, gave a positive signal in a fraction G of
karyotypically normal lymphoblast GM0131 cells (Fig. 6A-a). The
fraction G contained chromosomes 19 and 20. To determine which
of these chromosomes carries the ear-2 gene, chromosomal DNAs
from the GM0089 cell line, which carries reciprocal transloca-
tion t(X;19), were subjected to Southern blot hybridization.
The ear-2 probe gave two positive signals (Fig. 6B-a), one in

fraction "d", in which two translocated chromosomes, (Xpter >
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Xq22 :: 19ql33 > 19qter) and (1l9pter > 199ql33 :: Xg22 > Xqgter)
were recovered, and the other in a fraction "e", in which
chromosome 19 was recovered. Therefore, the ear-2 gene was al-
located to chromosome 19. This conclusion was consistent with
the finding that the ear-2 probe did not hybridize with DNAs of

1 CT676 A T CGCAGCGGG
121 GC¢ 'GCCGC
241 TTG AACTT TCCCG(
361 ccC *CCGCGCCTCT TCC
481 ACCGGC >GC Al
MetAlaMetValThrGly
601 C C"
- GlyTrpGlyGlyProGlyGlyAspThrAsnGlyValAspLysAlaGlyGlyTyr gAlaAlaGl Al 1yAlaAlaSerAspAlaGluProGlyAsp
GluGluArgProGlyLeuGlnValAspCysValvalCysGlyAspLysSerSerGlyLysHisTyrGlyValPheThrCysGLluGlyCysLy ySAEGThrIleArg,
841 AGCATTACGGTGTCTTCACC: TTT }CGA
AsnL TyrThrCy 'ysGlnIleAspGinHisHisArgAsnGlnCysGlnTyrCysArgleuLysLysCysPheArgValGlyMetArgLysGluAlaval
961 A 'ACCGGAA AGA
081 GlnArgGlyArglleProHisSerLeuProGlyAlavalAlaAlaSerSerGlySerProProGlySerAlaLeuAlaAlaValAlaSerGlyGlyAspLeuPheProGlyGlnProval
1 T
1201 SerGluLeulleAlaGlnLeuLeuArgAlaGluProTyrProAlaAlaAlaGlyArgPheGlyAlaGlyGlyGlyAlaAlaGlyAlavalLeuGlylleAspAsnValCysGluLeuAla
TCCGA
AlaArgLeuLeuPheSerThrValGluTrpAlaArgHisGlyPhePheProGluLeuProvalAlaAspGlavalAlaLeul T luLeuPheValLeuAsnAla
1321 TCT TCT" 'GCG

N AlaGlnAlaAlaLeuProLeuHisThrAlaProLeuLeuAlaAlaAlaGlyLeuHisAlaAlaProMetAlaAlaGluArgAlavalAlaPheMetAspGlnValArgAlaPheGinGlu
144 TAC T

GlnValAspLysLeuGlyArgLeuGlnvValAspSerAlaGluTyrGlyCysLeuLysAlalleAlaLeuPheThrPr 1aCysGlyLeuSe: toAlaHisValGluSerLeu
1561 Ci TCT 'CCGAC CT6
GlnGluLysAlaGlnValAlaLeuThrGluTyrValArgAlaGinTyrProSerGlnProGlnArgPheGlyArgLeuLeuLeuArgleuProAlaleuArgAlavalProAlaSerLeu
1681 TGCH ccere
Il gLeuvalGlyLy leGluThrLeulleArgAspMetLeuleuSerGlySerThrPheAsnTrpProTyrGlySerGlyGinEnd
1801 TCT A
1921 TCTGGCT" TCTATTTTT
2041 TTGTCTTTTCTGT AACC
2161 'TGT o TGGCT Al
2281 CGTA AGGCC 'TTTCCTACCTGC 2380
1 CGCCGCCTGTGCCITTTCTGATTTTCCAAC'I‘T AGAAGAAAAAAGCGAGAGAA TTGCTCGCC 'GCGGCCCCCCCAGGAACGGAG
121 CGC 'CTGAGAGC TGCAAAAAGAGAGAAAGAAAACAGCAGGAACCACAACAAAACGCCAGCAGGGCGGGC

241 bhllLUL‘-lkIGCAGCAbLblaL\bLbbLLbAcGCAGTAULbbLM GCGGCGGCGGCGGCGGAGGCthULA.LhbIblLLWLlLbthl&bhlekl\aLbALLL\.bbhb\.bLLLUDLUbUL

Met
361 CCCCCGCCCCCTCCCCCTCCCCCCTTCCCCTTCCCCTTCCCCTCCCAGCGCGCCCGCGCGCCCCGCGGCCCTCCGCGAGCAGCTCGGCTCCCCCCAGCGCTCCCCGGGCCCAAAGATATG

AlaMetvalValSerSerTrpArgAspProGlnAspAspYalilaGlyGlyAsnProGlyGlyproasnpronlanlaGlnalaAlaArgGlyGlyGlyGlyGlyAlaGlyGluGingln
481 GCAATGGTAGTTAGCAGCTGGCGAGATCCGCAGGACGACGTGGCCGGGCGCAA! GCC 'CCGCGGCGGCGGCGGCGGCGCCGGCGAGCAGCAG

GLAG1aAlaGlySerGLyAlaProH isThEPLoGLnThEPEOGLYGLNPYoGLyALaProALaTNIPEOGLyThiALaGL yASPLY SC1yGLNGLyPropraGlySerGlyGinserGln
601 CAGCAGGCGGGCTCGGGCGCGCCGCACACGCCGCAGACCCCGGGCCAGCCCGGAGC 'GC \GGGCCAC 'CCGCCCGGTTCGGGCCAGAGCCAG

GlnHisIleGluCysValvalCysGlyAspLysSerSerGlyLystisTyrGlyGlnPheThrCysGluGlyCysLysSerPhePheLysArgServalArgArgAsnLeuThr TyrThr
721 CAGCACATCGAGTGCGTGGTGTGCGGGGACAAGTCGAGCGGCAAGCACTACGGCCAATTCACCTGCGAGGGCTGCARAAGTTTCTTCAAGAGGAGCGTCCGCAGGAACTTAACTTACACA

CysArgAlaAsnArgAsnCysProlleAspGlnHisHiSArgAsnGlnCysGlnTyrCysArgleuLysLysCysLeulysValGlyMetArgArgGluAlavalGlnAtgGlyArgMet
841 TGCCGTGCCAACAGGAACTGTCCCATCGACCAGCACCACCGCAACCAGTGCCAATACTGCCGCCTCAAGAAGTGCCTCARAGTGGGCATGAGGCGGGAAGCGGTTCAGCGAGGAAGAATG

ProProThrGlnProAsnProGlyGlnTyrAlaLeuThrAsnGlyAspProLeuAsnGlyHisCysTyrLeuSerGlyTyrlleSerLeuLeuLeuArgAlaGluProTyrProThrSer
961 CCTCCAACCCAGCCCAATCCAGGCCAGTACGCACTCACCAACGGGGACCCCCTCAACGGCCACTGCTACCTGTCCGGCTACATCTCGCTGCTGCTGCGCGCCGAGCCCTACCCCACGTCG

ArgTyrGlySerGlnCysMetGlnProAsnAsnlleMetGlyIleGluAsnIleCysGluLeuAlaAlaArgLeuLeuPheSerAlavalGluTrpAlaArgAsnl leProPhePhePro
1081 CGCTACGGCAGCCAGTGCATGCAGCCCAACAACATTATGGGCATCGAGAACATCTGCGAGCTGGCCGCGCGCCTGCTCTTCAGCGCCGTCGAG! GCAACATCCCCTTCTTCCCG

AspLeuGlnIleThrAspGlnValSerLeuLeuArgLeuThrTrpSerGluLeuPheValLeuAsnAlaAlaGlnCysSerMetProLeuHisValAlaProLeuLeuAlaAlaAlaGly
1201 GATCTGCAGATCACCGACCAGGTGTCCCTGCTACGCCTCACCTGGAGCGAGCTGTTCGTGCTCAACGCGGCCCAGTGCTCTATGCCGCTGCACGTGGCGCCGTTGCTGGCCGCCGCCGGL

LeuulsAlaSerProHetSenhAsprqV-lValAhPheHetAslesl leArgl lePheGlnGluG\nValGluLysLeul.ysAlaLeuH)sVllAspSe(AllG\u’l‘yrSetCys
1321 CTGCATGCCTC ACCGCGTCGTGGCCTTC. AGCTCAAGGCGCTACACGTCGACTCAGCCGAGTACAGCTGC

LeuLysAlalleValLeuPheThrSerAspAlaCysGlyLeuSerAspAlaAlaHisIleGluSerLeuGlnGluLysSerGlnCysAlaleuGluGluTyrValArgSerGlaTyrPro
1441 CTCAAAGCCATCGTGCTGTTCACGTCAGACGCCTGTGGCCTGTCGGATGCGGCCCACATCGAGAGCCTGCAGGAGAAGTCGCAGTGCGCACTGGAGGAGTACGTGAGGAGCCAGTACCCC

AsnGlnProSerArgPheGlyLysLeulLeuLeuArgLeuProSerLeuArgThrvalSerSerSerVallleGluGlnLeuPhePheValArgLeuvalGlyLysThrProlleGluThr
1561 AACCAGCCCAGCCGTTTTGGCAAACTGCTGCTGCGACTGCCCTCGCTGCGCACCGTGTCCTCCTCCGTCATCCAGCAGCTCTTCTTCGTCCGTTTGGTAGGTAAAACCCCCATCGAAACT

LeulleArgAspMetLeuLeuSerGlySerSerPheAsnTrpProTyrMetSerIleGinCysSerEnd

1681 CTCATCCGC! 'GTTACTGTC TTCAACTGGCCTTACATGTCCATCCAGTGCTCCTAGACCTTGGGCGCTTCCCACCTGCCCCGTCCCCCTAGAGACTCAGAGGACCCA
1801 AGGACTCCAA AC \GGCAGGCTGGGTGGGAGGGAGGAGGGCCGAGACAGGAGCAGCCCACCCAGCAGAAATACAATCCGAGC
1921 ‘I‘ACAAAGCATGGGAAAAAGAGAC'I‘CTT‘I"I‘AGGATCAGATC‘I‘GTCAGCACG‘H‘GGCGAGGAAAAACAAAACAAACAAAAAAAAGAACC’I‘TGTGTCTGTCTCGTGAAAAAAAGAAAAACAAA
2041 TTGGAAGAGAGGACCATGAGAATTTTAATAAAACAGAAGGAAACTAATGGACCT" 'CTGTACAGGAACAACACATATGGAAGTGGACT

2161 GAAGCC‘I‘ATG'I‘AGAAACACACACACAC‘I‘GAACATTGTTAT‘I‘CATTT‘I‘G’I’AAARTAC'I'AGTCTT1‘ATTT‘!‘CI\TT‘I’TT‘I‘GTAAAA’l"l"I‘AAACA’I’CG‘I‘ATGCGCA‘I‘AAAGAAAAACGAAACAA
2281 GAATTAGGGGAAAATAACATTTTCCAAATAATTATAAAAAATTGTCCTGTGTCTATGTATCTATATCTGTTTTGTATTTTTTTCTGGTTCCAAACCAGATTTCCTGTGATTCTATACTAA
2401 TAATTTTTGATATAACCCTTTGCTTCTTATAATGAGTGCGATATATGTTGTCGAGGCTGTTCTTCAAGAATTAAAATTGAAGTGAAAATTTAAACAAAAATAAAAGAATTG 2511
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Figure 4. Nucleotide sequences of the ear-2 and ear-3 cDNAs.
The nucleotide sequences of the cDNAs for the ear-2 gene (a)
and ear-3 gene (b) were determined by the “dideoxy chain
termination method. The deduced amino acid sequences of the
ear proteins are shown above the corresponding nucleotide
'sequences. The sequencing strategy is shown in (c). The
direction and extent of sequence determination are shown by
horizontal arrows. The inserts of xAl4 (for ear-2) and XA3
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(for ear-3) were successively deleted from either end by the
method of Henikoff (39) and the resulting DNAs were subjected.
to sequencing (see MATERIALS and METHODS). From the sequence
of aAl4 insert, the unexpectedly small-sized protein product
of ear-2 was predicted, which suggested some deletion in the
insért. Therefore we recloned a 600-bp PvuIl fragment of XAl5
into pucCl8 and pUCl9 plasmids and sequenced the 600-bp
fragment as shown above the schematic illustration of xAl4
insert. The open boxes illustrated in the DNA structures of
xAl4 and A3 inserts represent protein- codlng regions. (d)
Secondary structures of the 5' untranslated region of the ear2
and ear3 mRNAs were derived by the program FOLD and drawn by
SQUIGGLES (41,42). G-C,A-T and G-T pairs are indicated by
solid bars.

derivative chromosome 20, which was prepared from cell lines
carrying reciprocal translocation t(1;20) (data not shown).

Next we examined the chromosomal location of ear-3. The 32p.
labeled ear-3 probe, a 2.3-kbp EcoRI insert of AAll (Fig. 2),
hybridized with DNA in fraction "B", which consisted of
chromosomes 3, 4 and 5 of GMOl3l (Fig. 6A-b). Then we carried
out hybridization experiments with DNAs prepared from the sorted
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Figure 5. Comparison of the predicted amino acid sequences of
the ear- -2 and ear-3 gene products. Amino acids of the two
proteins are numbered along the sequence. Identities in the
sequences are marked by two dots between the two lines;
predicted DNA binding domains are boxed.
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Figure 6. Southern hybridization of DNAs from sorted chromo-
somes.

(A) Chromosomes of lymphoblast GM013l cells were sorted into 8

fractions (A to H). DNA from each fraction was cleaved
gith EcoRI and subjected to Southern blot analysis with the
P-labeled ear-2 (a) and ear-3 (b) probes. (B) Chromosomes

of fibroblast GM0089 cells (a) and human-mouse hybrid cells
III' 27910 and BGl5-6 (b) (kindly donated by Y. Kaneda, Osaka
University, Osaka) which contain human chromosome 5 alone,
were sorted into fractions (a , fractions a to f; b , a
fraction containing the human chromosome). DNAs from the
fractions were analyzed with ear-2 (a) and ear-3 (b) probes,
after their cleavage with EcoRI (a) or PvuII (b). Total human
DNA (Lanes L and H) or mouse DNA (Lane M) cleaved with EcoRI
(a) or Pvull (b) was used as a standard.

chromosomes of human-mouse hybrid-cells that contained
chromosome 3, chromosome 4 or chromosome 5 of human origin
besides the mouse chromosomes. The ear-3 probe did not
hybridize with DNAs prepared from the hybrids that contained
human chromosome 3 or 4 (data not shown). However, the ear-3
probe did hybridize with DNAs from cell lines III'27910 and
BGl5-6 that contained human chromosome 5 (Fig. 6B-b), indicating
that the ear-3 gene was located on chromosome 5.
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Figure 7. Blot hybridization of RNAs from various cell types
with ear probes. +
Samples ( 2ug) of poly(A) RNA prepared from human embryo
fibroblasts (lane 1), from A431 squamous carcinoma cells (lane
2), from the lung (lane 3), brain (lane 4), liver (lane 5) and
kidney (lane 6) of a human fetus and from placenta at term
S%ane 7) were subjected to blot hybridization with the
P-labeled ear-2 probe (a) and ear-3 probe (b) wunder
stringent conditions. Hybridizations with the second probe
were carried out after decay of the radioactivity of the
previously hybridizing probes. The length of each transcript
was determined by comparison with those of transcripts of the
human EGF receptor gene (10.5-, 5.6-, and 2.9-kb), which were
seen in lane 2 of the same filter hybridized with the EGF
receptor probe, pE7 insert DNA (40).

Expression of ear-2 and ear-3 in normal tissues.

Northern hybridization of RNAs prepared from human fetal
tissues (lung, brain, liver and kidney), placenta, cultured
embryo fibroblasts and A431 squamous carcinoma cells was carried
out with each ear-specific probe under stringent conditions
(Fig. 7). The 2.5-kb ear-2 mRNA was expressed at a higher level
in the liver than in other tissues. The 2.5-kb ear-2
transcripts were hard to detect in the lung and brain. Minor
amounts of the 4.8-kb transcripts were observed in the liver,
embryo fibroblasts and A431 cells but not in the other tissues.
Since the amount of the 2.5-kb mRNA relative to the 4.8-kb mRNA
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varies, expression of the two mRNA species must be regulated
differentially in each tissue or cell type. After decay of the
first probe, the same filter was hybridized with the ear-3
probe. Expression of the 4.6-kb and/or 4.8kb ear-3 mRNA was ob-
served in all tissues examined. In the lung, brain, kidney and
placenta, the smaller 4.6-kb mRNA was expressed predominantly,
whereas in the liver the larger 4.8-kb mRNA was expressed most.
Relatively higher amounts of the 4.8-kb transcripts and 4.6-kb
transcripts were detected in the liver and kidney, respectively.
These data indicate that transcription of the ear-2 and_ear-3
genes is regulated differently. 1In addition, a specific role of

the ear-2 gene product in the liver is suggested.

DISCUSSION

In this study, we identified four erbA-related genes, named
ear-1, ear-2, ear-3 and ear-7, and characterized the ear-2 and
ear-3 cDNA clones. The identification of several erbA homologs
in the human genome has been reported by various groups. These
homologs were named erbAl and erbA2 (30), and erbA (17). The
erbAl gene, which was mapped on chromosome 17q2l1.3, showed the
highest homology with the v-erbA gene (14). Since the ear-7
gene product also showed very high homology, not only in the DNA
binding domain (Fig. 3) but also in the putative hormone binding
domain (to be published), with the v-erbA gene product, we as-
sume that the ear-7 gene is the same as the erbAl gene. The ex-
istence of other erbA-related genes was also demonstrated by
low-stringency hybridization experiments using an erbA specific
probe or erbA2 specific probe (16,17). In addition, a human
erbA-related gene was shown to be located close to the integra-
tion site of a hepatitis virus B genome (33). This gene was
recently shown to encode a receptor protein for retinoic acid
(18,19). Since none of these genes were mapped on chromosome 5
or chromosome 19, they are apparently different from the ear-2
and ear-3 genes. We have recently mapped both the ear-7 and
ear-1 genes on human chromosome 17 and found that the two genes
were closely linked (to be published). Thus, cellular erba
homologs form a superfamily consisting of at least 9 genes:
erbAl/ear-7, erbA-2 (probably the same gene as the ear-1 gene),
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Table 1. Homologies of amino acid sequences of the ear-2 protein
and other products of the erbA-related genes.

Erﬂomology

with ear-2 ear-1 ear-3 ear-7 v-erbA T3R® T3Rf

DNA binding region 57 84 60 62 60 62

Ligand binding region 23 70 <15 21 21 20
GR MR PR ER RAR HAP

DNA binding region 51 53 49 53 60 60

Ligand binding region <15 <15 <15 <15 22 22

Values are percentage of identical amino acids in the specific
regions of the protein products of the erbA-related genes.
Homologies were examined in the DNA binding region, from amino
acids 56 to 121 of ear-2 and corresponding regions of other
proteins, and in the ligand binding region, from amino acids 184
to 403 of ear-2 and corresponding regions of other proteins.
The two regions of v-erba, T3R(T3-receptor)x, T3Rﬁ,
GR(glucocorticoid receptor), MR(mineralcorticoid receptor),
RAR(retinoic acid receptor), and HAP(a protein product encoded
by a cellular gene at a site of hepatitis B virus integration in
a hepatocellular carcinoma) were referred from a review by Evans
(34). The DNA binding regions and ligand binding regions of
ear-1 and ear-7 were defined from our unpublished data.

erbA2-homolog at chromosome 17q25, erbA , two erbA-homologs at
chromosome 3 (one of which may correspond to the erbA-homolog at
the hepatitis B integration site), retinoic acid receptor gene,
ear-2, and ear-3. In addition, genes encoding receptors for
adrenal- and sex-steroids were also shown to be members of this
family (34). Southern blot hybridization of chicken and mouse
genomic DNAs with ear specific probes showed that the ear-1,
ear-2, ear-3 and ear-7 genes were independently conserved in
these animals (data not shown).

Steroids and the thyroid hormone exert their effects via es-
sentially similar mechanisms. Namely they enter cells, possibly
by passive diffusion, and bind to high affinity nuclear recep-
tors that in turn bind to nuclear DNA sequences resulting in
selective activation of gene expression (35,36). Accordingly,
the receptors ought to carry two functional domains, the DNA
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binding domain and the ligand binding domain. Thus, it is
reasonable to predict that the ear-2 and ear-3 gene products,
whose structures are characteristic in that they consist of the

DNA binding domain and the possible ligand binding domain, are

members of the receptor for ligands that are biologically and
structurally similar to steroid hormones. However, comparison
of the known sequences of the steroid hormone receptors and
sequences of the ear-2 and ear-3 proteins revealed that ear-2
and ear-3 are distinct from the previously published genes en-
coding steroid hormone receptors (Table 1). Polycyclic aromatic
hydro-carbons, such as 3-methylcholanthrene and dioxin deriva-
tives, which have been postulated to regulate expression of the
gene encoding cytochrome P-450 by binding to the high affinity
receptors (37), could also be ligands of the erbA-homologs.

Recently, the avian c-erbA gene has been shown to encode the
receptor for thyroid hormone T3 (7), indicating that the human
counterpart of this gene, erbAl, encodes a T3-receptor. Inter-
estingly, however, the gggéﬁ gene was also shown to encode a
T3-receptor (17) with a high affinity similar to that of avian
c-erbA protein. Similarly, two apparently distinct but highly
related receptor molecules, the ear-2 and ear-3 proteins (Fig. 5
and Table 1), would have been formed by a recent split within
the erbA gene superfamily and could react with a same ligand.
In addition, the predicted DNA binding domains of the ear
proteins are rich in cysteines and have sequence homology with
that proposed for Xenopus 5S gene transcription factor IIIA.
The high homology between the DNA binding domains of the ear-2
and ear-3 proteins (57/66 match the amino acid sequences) sug-
gest that the two proteins recognize similar regulatory
sequences, as in the case of the two related proteins, glucocor-
ticoid receptor and mineralcorticoid receptor, when they ac-
tivate MMTV (mouse mammary tumor virus) LTR(long terminal repeat)
transcription in response to dexamethasone (38).

Since the ear-2 gene is expressed at relatively high levels in
fetal liver, the ear-2 protein may control the expression of
genes relevant to hematopoietic cells, More detailed northern
blot analyses of RNA from various types of cells are needed to
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understand the functions of ear-2 and ear-3 proteins. Expres-
sion of a full-length cDNA under LTR transcriptional control in

cultured cells would be helpful in examining the functions of

these erbA-related gene products.
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