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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 ifferent from each other.

INTRODUCTION

The avian erythroblastosis virus (AEV) induces erythro-

blastosis in susceptible chickens and transforms erythroblasts
in vitro. In 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 T3
(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 pUCl9 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 pUC18, 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 420C for 16hr as described (9). RNAs were

prepared by the guanidium isothiocyanate/cesium chloride method
(25) from tissues (brain, lung, liver, kidney) of a 12-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 2XlO8cpm/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-labeled 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-l,
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 inhthis 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 1.4-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 XgtlO vector using mRNAs

from human-embryo fibroblasts. On screening 3.5 X 105 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-l (a), ear-2 (b), ear-3 (c) and ear-7 genes are
iTlustrated. 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 ( 3pg) of
recombinant phages, which were digested with endonucleases
BamHI (4 , XhoI (-), EcoRI (*) and HincII (o), with probe I
(Fig. lc). 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-l 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 XA7 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. lc), the DNA

insert of XA7 hybridized strongly and those of the other clones

hybridized weakly (Fig. lb).

Restriction mapping and mutual hybridization of the DNA in-

serts, which had been subcloned into the plasmid vector pUCl9 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-i, 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 XA7 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-i 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-i and ear-7, we screened the same library with the 32p_
labeled cDNA inserts of XAl 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, XA23) were of ear-i and

two ( XA26, XA33) 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.

11061



Nucleic Acids Research

v-erbA
c-erEbA*
ear-7
c-erbA**
ear-i
ear-2
ear-3
HGR
HER

T
C
V DA IQKNLHPTYS YD KITi IS
A R IQKNLHPTY C KYDS KI IA
A IQKNLHPSY C YEG KVI l IYGN
A I IQQNIQYK-R KNE RI I4C Q KSGMI

CVC G DKS5 C E CKF P K E TIRRNL--SYT SNR C1QH RNGM
CVGDS G| QT E C VF RRNL- -TYT ANR QH K MI
CIVCSDEASGGVLTCGSCKFE VEGQ-H-NYL GRN I KI M
,_NLAS GVS CEG 5 FE E IQ-G-HNDY ATN KN E
* * * * * ,* * * *

Figure 3. Alignment of the amino acid sequences of the DNA
binding domain.
Amino acid sequences of the DNA binding domain of the ear-l,
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 wellTas 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 proteTins are boxed. Cysteine

residues conserved are indicated at the bottom. c-erbA*,
chicken c-erbA; c-erbA**, human c-erbA".

Sequence analysis of ear-2 and ear-3.

The 2380-nucleotide sequence of ear-2 was determined by
sequencing the XA14 and XA2 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 XA14 insert. The primary translation product of the ear-2

gene was calculated to have a molecular weight of 42,900.
Next, the 2511-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 17qll-21 (13,14). Other
erbA homologs were mapped at 17q21.3 and 17q25 (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 XgtlO as a vector, as described (21).
The library was screened with 32P-labeled 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, 1oX 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 420C for 16hr. After hybridization,
the filters were washed with 2X SSC, 0.1% SDS at rooli tempera-
ture and then with 0.6X SSC (relaxed) or 0.1X SSC (stringent)
and 0.1% SDS at 500C. 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 XA3

insert is used as poly(A) addition signal. If 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 XA14, 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 :: 19q133 > l9qter) and (19pter > 19q133 :: Xq22 > Xqter)

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

a
1 CTGTGTGTCAAACCGGCCGCAGCGCGAGGCCGGCGCGCGGGGTCGGTGGCGGTGGCGGCGGCGAGAGCGAGGCTTGGGCCCAGGCGCAGGCCCAGGCCAGGCAGGAGCGGCCGCAxGCGGG

12 1 GGCGGCAGCTCCAGAGGCGCCGGCCCAGCGGCCCTGCAGGCCCGGAGCGGCAGCCGCGGGCGCCGGGGGACCCAGGGGGCGCGGCGATCACCCCGGCGCGCACCCGCCGCCCCTCCCCCC
241 CGCCACGGGCGGCCGCGCAACTTGCGGCCAAACSTTTCCCCCCGGCCTCCCCCGCTCGGATGGCGGCCCGCTGAGTTCGCCGCAGCCCCCGGGCGAGCGGCGGCCAGGCCAGAGGACGCCC
361 CCTGCGCGGCTCGGGCCGGGCCATGGCCGCGCGCCCCCGCCGGGGCCCCAGGGCGGCGGGACGGAGTCCATCTGGGCCCCCGGCCCGCGCCTCTAGCGTGCCCCTCCCGGCCCCGGGCCC
4 S1 GGCCCCGCGCACGGTGGGAAAGTTGGCCTGGAACCGGCCCGACCAGTTCCGCCCGGGCGCGAGGACCGGCCGCAGAAGTTGCTGCAAAACTSTTTTTGGGGGGTGCAGCCCGTGCCCCCCCG

M.tAla.ftValThrGly
601 CGCGCCGGGGCCGAATGCGCGCCGCGTAGGGTCCCCCGGGCCGAGAGGGGTGCCCGGAGGAAGAGCGCGGTGGGGCCGCCCCGGCCCCGCTGCCCTGGGGCTATGGCCATGGTGACCGGC

GlyTrpClyGlyProGlyGlyAspThrAsnGlyVa lAspLysAlaGlyGlyTyrProArgAlaAlaGl,iAmpAspS*rAlaSerProProGlyA laAlaSerA&pAlaGluProGlyAsp
7 21 GGCTGGGGCGGCCCCGGCGGCGACACGAACGGCGTGGACAAGGCGGGCCGGCTACCCGCGCGCGGCCGAGGACGACTCGGCCTSCGCCCCCCGGTGCCGCCAGCGACGCCGAGCCGGGCGAC

G luG IuArgPr oGlyL uGlnVa lAspCy*Va IVa ICysGlyAspLysSerSerGlyLysH isTyrG IyValIPh*ThrCysGluGlyCyaLysSe rPhePheLysArgThrlI eArgArg
841 GAGGAGCGGCCGGGGCTSGCAGGTGGACTGCGTGGTGTGCGGCGGACAAGTCGAGCGGCAAGCATTACGGTGTCTTCACC rrsCGAGGCTCGCAAGAGCSTTTTCAAGCGAACGATCCGCCGC

AsnLouSerTyrThrCysArgSerAsnArgAspCysG1nI leAspGlnHisHisArgAsnGInCysGInTyrCysArgLeuLysLysCysPheArgValGlyMetArgLysGluAlaVaI
961 AACCTCAGCTxACCCTGCCGGTCCAACCGGsACTGCCAGATCGACCAGCACCACCGGcAACCAGTGCCAGTACTGCCGTCTCAAGAAGTGCTTCCGGGTGGCsATGAGGAAGGAGcGCGGT

GlnArgGlyArgIll-ProH isS-rLeuProGlyAlaValAlaAlaSerSerGlyS-rProProGlySerAl&L*uAlaAlaVa IAlaSerGlyGlyAspL*uPh*ProGlyGlnProV&1
1081 CAGCGCGGCCGCATCCCGCACTCGCTGCCTSGGTGCCGTGGCCGCCTCCTCGGGCAGCCCCCCGGGCTSCGGCGCTGGCGGCAGTGGCGAGCGGCGGAGACCTCTTCCCGGGGCAGCCGGTG

SertGl uLoulleAl^GlnLeuLeuArgAlaGluProTyr ProAlIaAlaAlaG IyArgPh*G IyAlaGl yGIyGlyAlaAlaGlIyAlaValLeuGlylIleA*pAsnVa ICysGl lLeuA 1a
1201 TCCGAACTGATCGCGCAGCTGCTGCGCGCTGAGCCCTACCCTGCGGCGGCCGGACGCT'rrCGGCGCAGGcGGCGGCGCGcGCGGGCGGGTGCTGGGCATCGACAACGTGTGCGAGCTGGCG

AlIaArgL*uLouPh*Se rThtValIGlIuTr pAlsAr gHi *GlIyPh*Ph-Pr oGIuLou Pr oVo IAlaAspGlInVa 1AlaLouL uArgt4etSerTrpSerGIuLeuPheVa LouA*nAla
13 21 GCGCGGCTGCTCTTCAGCACCGTGGAGTGGGCGCGCCACGGCTTCTTCCCCGAGCTGCCGGTGGCCGACCAGGTGGCGCTGCTGCGCATGAGCTGGAGCGAGCTCTTCGTGCTGAACGCG

A laGlnAlaAlaoLuProLouH isThrAlaProLeuL uAloAlaAlaGlyLouH is*AlaAlaProMetAlaA laGluArgAlaVa IAloPhete tAspGlnVa IArgAlaPh G InGlu
1441 GCGCAGGCGGCGCTGCCCCTGCACACGGCGCCGCTACTGGCCGCCGCCGGCCTCCACGCCGCGCCTATGGCCGCCGAGCGCGCCGTGGCTTTCATGGACCAGGTGCGCGCCTTCCAGGAG

GI1nValA^spLysLouGlIyArgL*uGInVa IAspSe rAlIaGlIuTyrGlyCysL-uLysAla IleAlaLetiPhoThrProAspAl aCy CGIyL uS-erAspProAlaH isVa IGlIuSerL-u
1561 CAGGTGGACAAGCTGGGCCGCCTGCAGGTCGACTCGGCCGAGTATGGCTGCCTCAAGGCCATCGCGCTCTTCACGCCCGACGCCTGTGGCCTCTCAGACCCGGCCCACGTTGAGAGCCTG

GlnGluLysAI aGInVa IAI&LeuThrGluTyrValArgAI&GI nTyrPr oSe rGInProGInArgPh GlyArgLeuL uLeuArgLeuProA laLouArgA laValIProAlaSerL u
1681 CAGGAGAAGGCGCAGGTGGCCCTCACCGAGTATGTGCGGGCGCAGTACCCGTCCCAGCCCCAGCGCTTCGGGCGCTCGcCTGCsGcGCTCCCCGCCCTGCGGCGcGcTCCCTGCCTCCCrc

I leSerGInL*uPh*PheM*tArgLeuVo IGlyLysThrProl-eGIluThrL uIl-eArgAspMetL-uL-uS rGlySe rThrPheAsnTrpProTyrGlIySorGlyGlnEnd
1801 ATCTCCCAGCTGTTCTTCATGCGCCerGGTGcGGAAGACGCCCATTGAGACACTGATCAGAGACATcGCTGsCGTGGGGAGTACCTTCAACTGGCCCTACGGCTCGGGCCAGTGACCATGA

1921 CGGGCCCACGTGTGCTGTGGCCAGGCCTGCAGACAGACCTCAAGGGACAGGGAATGCTGAGGCCTCGAGGGGCCTCCCGGGGCCCAGGACTCTGGCTCSTCTCSCTCAGACTTCTASSTTTT
2041 STAAAGACTGtGAAATGTTTGTCStTTTCIPGTTTTTTAAATGATCATGAAACCAAAAAGAGACTGATCATCCAGGCCTCAGCCTCATCCTCCCCAGGACCCCTGTCCAGGATGGAGCGGTCCA
2161 ATCCTAGGACAGCCTTGTTCCTCAGC CCCCTAGCATGAACTTGTGGGATGGTCGGGGTGGCTTCCCTGGCATGATGCACAAAGGCCTGGCGTCGGCCAGAGGGGCTGCTCCAGTGGGCA
22S81 GGGGTAGCTAGCGTGTGCCAGGCAGATCCTCTGGACACGTAACCTATGTCAGACACTACATGATGACTCAAGGCCcAsATAATAAGACAsTTTCCTACCTGC 2380

b
I CGCCGCCTGTGCCATTTCTGATTTTGCAACTTGGGGAAGAAGAAAAAAGCGAGAGAAGGGAGCTTGC,rCGCCGGGGGGTGGGGAGGGGGGAAGGAGAGCGCGGCCCCCCCAGGAACGGAG

121 CGCGGGGGGAGCGGGCGAGGGGAGC AGGGGTGTTGGGGGGGGAGCCTGAGAGCCTGGGGGGGCTGC AAAAAGAGAGAAAG^AAAACAGCAGGAACCACAACAAA.ACGCCAGCAGGGCGGGC
2 41 GGGCGCGCAGCAGCAGCGGGGCGGCCGAGGCAGTAGCGGCGGCAGCGGCGGCGGCGGCGGAGGCAGCGGCCGGTGTCCGGCTCGGGCTCGGC TCCTGCGACCCCGGGGCGCCCGGC GGGC

Met
3 61 CCCCCGCCCCCTCCCCCTCCCCCCTTCCCCTTCCCCTTCCCC1'CCCAGCGCGCCCGCGCGCCCCGCGGCCCTCGGCGAGC AGCTCGGCTCCCCCCAGCGCTCCCCGGGCCCAAAGATATG

A laMetVa IValISerSerTrpArgAspProG InAspAspVa lAlaGlyGlyAsnProGlyGlyProAsnProAlaAlaGlnAlaA laArgGlyGlyGlIyGlyGlyA laGlyG1uGInGlIn
4 81 GCAATGGTAGTTAGC AGCTGGCGAGATCCGCAGGACGACGTGGCCGGGGGC AACCCCGGCGGCCCCAACCCCGC AGCGCAGGCGGCCCGCGGCGGCGGCGGCGGCGCCGGCGAGCAGC AG

GlInGInAlaGlySerGlyA laProH isThrProGlnThrProGlyGlnProGlyAlaProA laThrProGlyThrAlaGlyAspLysGlyGlnGlyProProGlySerGlIyGlnSerGlIn
6 01 CAGCAGGCGGGCTCGGGCGCGCCGC ACACGCCGCAGACCCCGGGCCAGCCCGGAGCGCCCGCCACCCCCGGCACGGCGGGGGACAAGGGCC AGGGCCCGCCCGGTTCGGGCCAGAGCCAG

Gl nHi sIlleG luCysVa lVa lCy sG lyAspLysSerSerG ty'ys! i sTyrGlyG InPheThrCysG luGlIvCysLysSer PhePheLysArgSerVa lArgArgAsnLeuThrTyrThr
7 21 CAGCACATCGAGTGCGTGGTGTGCGGGGACAAGTCGAGCGGCAAGCACTACGGCCAATTCACCTGCGAGGGCTGC AAAAGTTTCTTCAAGAGGAGCGTCCGCAGGAACTTAACTT ACACA

CysArgA laAsnArgAsnCy sProI leAspGl1nH isH isArgAsnGIlnCysGl1nTyrCysArgLeuLysLysCysLeuLysVa1Gl1yMe tArgArgG luA laVal1Gl1nArgG lyA rgMe t
8 41 TGCCGTGCCAACAG(;AACTGTCCCATCGACCAGCACCACCGCAACCAGI'GCC AAI'ACTGCCGCCTCAAGAACTGCCTCAAAGTGGGCATGAGGCGGGAAGCGGTTCAGCGAGGAAGAATG

Pr oProThrGl1nPr oAsnProGl1yG lnTyrA laLe,iThrAsnGlIyAspPr oLeuAsnG lyH isCysTyr LeuSerGlyTyr IleSe rLeuLeuLeuArgA laGl1uProTy rProThr Se r
9 61 CCTCCAACCCAGCCCAATCCAGGCCAGT ACGCACTCACCAACGGGCACCCCCTCAACGGCCACTGCTACCTGTCCGGCTACATCTCGC TGCTGCTGCGCGCCGAGCCCTACCCCACGTCG

Ar gTyrG lySerGlnCysMe tG lnProAsnAsnlIleMe tGly IleG luAsn IleCysG luLeuA laA laArgLeuLeuPheSerA laVa 1Gl1uTrpA laArgAsn IleProPhePheP ro
10 81 CGCTACGGCAGCCAGTGCATGC AGCCCAACAACATTATGGGCATCGAGAAC ATCTCCGAGCTGGCCGCGCGCCTGCTCTTCAGCGCCGTCGAGTGGGCCCGCAACATCCCCTTCTTCCC G

AspLeuGInlIleThrAspGlnVa lSerLeuLeuArgLeuThrTrpSerGl uLeuPheVa ILeuAsnA 1aA laGlnCysSerMe tProLeuH isValA laProLeuLeuA laA laA laGlIy
1 201 GATCTGCAGATCACCGACCAGGTGTCCCTGCTACGCCTCACCTGGAGCGAGCTGTTCGTGCTCAACGCGGCCCAGTGC TCTATGCCGCTGCACGTGGCGCCGTTGCTGGCCGCCGCCGGC

LeuH isA laSerProMe tSe rA laAspArgValIVaIlAlaPheMetAspHi s IleArg IlePheGl1nG luG InValIGluLysLeuLysA laLeuH isVa lAspSerA laGluTyrSerCys
1 321 CTGCATGCCTCGCCCATGTCTGCCGACCGCGTCGTGGCCTTCATGG ACCACATCCGCATCTTCCAGGAGCAGGTGGAGAAGCTCAAGGCGCTACACGTCGACTCAGCCGAGTAC AGCTGC

LeuLysAla IleVa lLeuPheThrSerAspAlaCysGlyLeuSerAspAlaAlaHi sIlleG luSerLeuG lnGluLysSerGlnCysAlaLeuG luG luTyrVa lArgSerG lnTyr Pr o
1 4 41 CTCAAAGCCATCGTGCTGTTCACGTCAGACGCCTGTGGCCTGTCGGATGCGGCCCAC ATCGAGAGCCTGCAGGAGAAGTCGCAGTGCGCACTGGAGGAGTACGTGAGGAGCCAGT ACCCC

AsnGlnProSerArgPheGl yLysLeuLeuLeuArgLeuProSe rLeuArgThrVa lSerSerSerValI1leG luGlnLeuPhePheVa lArgLeuVa1G lyLysThr Pro IleG luThr
15S6 1 AACCAGCCCAGCCGTTTTGGCAAACTGCTGCTGCGACTGCCCTCGCTGCGCACCGTGTCC'rccl1'CCGTCATCGAGCAGCTCTTCTTCGTCCGTTTGGTAGG'rAAAACCCCCATCG^AAACT

LeuI leArgAspMetLeuLeuSerGlySerSerPheAsnTrpProTyrMetSerI leGInCysSerEnd
16 81 CTCATCCGCGATATGTTACTGTCTGGGAGCAGCTTCAACTGGCCTTACATGTCCATCCAGTGCTCCTAGACCTTGGGCGCTTCCCACCTGCCCCGTCCCCCTAGAGACI'CAGAGGACCCA

18 01 CCTGGGCCAAGGACTCCAAAGCCGCGGGGACACCGGGAAGTGC AGCGGGCCAGGCAGGCTGGGTGGGAGGGAGGAGGGCCGAGACAGGAGCAGCCCACCCAGC AGAAATACAATCCGAGC
1 921 TACAAAGCATGGGAAAAAGAGACTCTTTT AGGATCAGATCTGTGAGC ACGTTGGCGAGGAAAAACAAAACAAACAAAAAAAAGAACCTTGTGTCTGTCTGGTGAAAAAAAGAAAAACAAA
2 0 41 TTGGAAGAGAGGACCATGAGAATTTTAATAAAACAGAAGGAAACTAATGGACCTTCCAGGATTTATTG TGGACGGATGTGGATATATTCTGTACAGGAACAACACATATGGAAGTGGACT
2 161 GAAGCCTATGTAGA AACACACACACACTGAACATTGTTATTCATTTTGTA^AAATACTAGTCTTT ATTTTCATTTTTTGTAAAATTTAAACATCGTATGCGCATAAAGAAAAXAGGAAACAA
2 2 81 GAATTAGGGGAAAATAACATTTTCCAAATAATTATAAAAAATTGTCCTGTGTCTATGTATCTATATCTGTTTTGTATTTTTTTCTGGTTCCAAACCAGATTTCCTGTGATTCTATACTAA
2 401 TAATTSTTTGATATAACCCTTTGCTTCTTATAATGAGTGCGATATATGT1'GTCGAGGCTGTTCTTCAAGAATTAAAATTGAAGTGAAAATTT AAACAAAAATAAAACAATTG 2 511
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C
ear-2 Pv PS PS

ear-3 a

d
ear-2 ~

ear-3

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
termi7niation 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 XA14 (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 XA14 insert, the unexpectedly small-sized protein product
of ear-2 was predicted, which suggested some deletion in the
insert. Therefore we recloned a 600-bp PvuII fragment of XA15
into pUC18 and pUCl9 plasmids and sequenced the 600-bp
fragment as shown above the schematic illustration of XA14
insert. The open boxes illustrated in the DNA structures of
XA14 and XA3 inserts represent protein-coding 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(l;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 XAll (Fig. 2),

hybridized with DNA in fraction "B", which consisted of

chromosomes 3, 4 and 5 of GM0131 (Fig. 6A-b). Then we carried

out hybridization experiments with DNAs prepared from the sorted

10 20 30 40 50
ear-2 MAMVTGGW----CC,-PGGOTNCVDKA-GGYPRAAE----DDS-A-----SP--PGA-ASDAEPGD--PERP--G--
ear-3 MAMVVS SWRDPQDDVAGGN PGCPN PAAQAARGGGGGAGEQQQQAGSGAPHTPQTPGQPGAPATPGTACDKCQGPPGSGQS

10 20 30 40 50 60 70 80
60 70 80 90 100 11e 120 130

LQ-V fVVCGDKSSGKHYGVFTCEGCKSFFKRTI RRNLSYTCRSNRDCQIDQHHRNQCQYCRLKKCFRVG KREAVQRCR

QQHI CVVCGDKSSGKHYGQFTCEGCKSFFKRSVRRNLTYTCRANRNCPIDQHHRNQCQYCR1.KKCLKVG4 REAVQRCR
90 100 110 120 130 140 150 160
140 150 160 170 180 190 200 210

IPHSLPGAVAASSGSPPGSALAAVASGGDLFPGQPVSELIAQLLRAEPYPAAACRFGAGGCAAGAVLGIDNVCELAARLL

MP---P------TQPNPG--QYALTNGDPLNGHCYLSGYISLLLRAEPYP--TSRYGSQCMQPNNIMGIENICELAARLL
170 180 190 200 211 220

220 230 240 250 260 270 280
FSTVEWAR-HGFFPELPVADQVALLRMSWSELFVLNAAQAALPLHTAPLLAAAGLHAAPMAAERAVAFMDQVRAPQEQVD

FSAVEWARNIPFFPDLQITDQVSLLRLTWSELFVLNAAQCSMPLHVAPLLAAAGLHASPMSADRVVAFMDHIRIFQEQVE
230 240 250 260 270 280 290 30(1

300 31 321 330 340 350 360
KLGRLQVDSAEYGCEKAIALETPDACGLSDPAHVESLQEKAQVALTEYVRAQYPSQPQREGRLLL.RLPALRAVPASLISQ

KLKALHVDSAEYSCLKAIVLFTSDACGLSDAAHIESLQFKSQCALEEYVRSQYPNQPSRFGKLLLRLPSL,RTVSSSVIEQ
310 320 330! 340 350 360 370 380

380 390 400
LFFMRL.VCKTPIETLIRDMLLSGSTFNWPYGSGQ

LFFVRLVGKTPI ETL IRDMLLSGSSFNWPYMSIQCS
390 400 410 420

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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a 2220 12-9 0131\a12

2220

2~~1

b 4 b2

b~~~~~~~~~~~~~~~U2SO 305H

(A) Chromosomes of lymphoblast GM0l3l cells were sorted into 8
fractions (A to HI'. DNA from each fraction was cleaved
tth 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 BG15-6 (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 PvuII1(b). Total human
DNA (Lanes L and H) or mouse DNA (Lane M) cleaved with EcoRI
(a) or PvuII (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

hybridizedith 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

BG15-6 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 ( 2pg) 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
Sane 7) were subjected to blot hybridization with the
P-labeled ear-2 probe (a) and ear-3 probe (b) under

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. In 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-i, 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 17q21.3, 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-i 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-i 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.

% Homology
with ear-2 ear-i ear-3 ear-7 v-erbA T3RO T3RP
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)ck, T3R(,
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-i 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-l,
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 erbAy 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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