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ABSTRACT Epidermal growth factor (EGF), transform-
ing growth factor « (TGF-a), and amphiregulin are structur-
ally and functionally related growth regulatory proteins. These
secreted polypeptides all bind to the 170-kDa cell-surface EGF
receptor, activating its intrinsic kinase activity. However,
amphiregulin exhibits different activities than EGF and TGF-a
in a number of biological assays. Amphiregulin only partially
competes with EGF for binding EGF receptor, and amphireg-
ulin does not induce anchorage-independent growth of normal
rat kidney cells (NRK) in the presence of TGF-B. Amphiregulin
also appears to abrogate the stimulatory effect of TGF-a on the
growth of several aggressive epithelial carcinomas that over-
express EGF receptor. These findings suggest that amphireg-
ulin may interact with a separate receptor in certain cell types.
Here we report the cloning of another member of the human
EGF receptor (HER) family of receptor tyrosine kinases, which
we have named “‘HER3/ERRB3.”” The cDNA was isolated
from a human carcinoma cell line, and its 6-kilobase transcript
was identified in various human tissues. We have generated
peptide-specific antisera that recognizes the 160-kDa HER3
protein when transiently expressed in COS cells. These re-
agents will allow us to determine whether HER3 binds amphi-
regulin or other growth regulatory proteins and what role
HERS3 protein plays in the regulation of cell growth.

Epidermal growth factor (EGF), transforming growth factor
a (TGF-a), and amphiregulin (1-3) all bind to the 170-kDa
cell-surface EGF receptor (EGF-R), resulting in activation of
its intrinsic kinase activity (3—-6). Amphiregulin was orig-
inally identified from phorbol ester-treated human breast
carcinoma cells (MCF-7) on its ability to inhibit the growth of
several carcinoma cell lines while stimulating the prolifera-
tion of normal cells (7). The secreted form of amphiregulin is
a 78-amino acid glycoprotein that is proteolytically cleaved
from a larger transmembrane precursor (4). Amphiregulin
contains a motif that is 38% identical with EGF and conserves
most residues implicated as involved in binding to the EGF-R
(3, 4). In addition, mature amphiregulin contains a distinct
NH,-terminal sequence of 43 predominantly hydrophilic
amino acids, not present in other EGF-like proteins. Because
related ligands often bind structurally similar receptors (8-
10), we speculated that EGF, TGF-a, or amphiregulin may
differentially interact with a homolog of EGF-R. After failing
to show any interaction between these three secreted growth
factors and HER2/neu, a known EGF-R-related protein, we
initiated a search for other members of this family of receptor
tyrosine kinases. This report describes the cloning and
expression of human EGF receptor (HER)3,* a candidate
receptor for EGF-like growth factors.
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in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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MATERIALS AND METHODS

Cell Culture. All cells were obtained from ATCC and
grown in Dulbecco’s modified Eagle’s medium (DMEM)/
10% heat-inactivated fetal bovine serum.

¢DNA Cloning. Total cellular RNA was extracted from
A-431 (subclone A3), and MDA-MB-361 cells, and poly(A)*
RNA was isolated. First-strand cDNA synthesis (11) was
performed on A-431-A3 RNA with reverse transcriptase by
using a 72-fold degenerate primer mixture based on the
amino acid sequence (in one-letter code) YMIMVKCWMI
(ARRD1). A cDNA library was constructed in Agtl0, and
3.0 X 10° recombinants were screened in duplicate on nitro-
cellulose filters. Filters were first probed at low stringency
with 32P-labeled ARRD2, a 96-fold degenerate oligonucleo-
tide. The filters were then stripped and reprobed at high
stringency with 32P-labeled EGFR300, a ¢cDNA fragment
corresponding to amino acids 863-944 of EGF-R (12). Of 69
clones that differentially hybridized to ARRD2 and
EGFR300, three were found to encode an EGF-R-related
protein (HER3), six clones encoded HER?2 protein, and 10
clones spanned various regions of EGF-R. One HER3 clone
was used as a probe to screen a Agtl0 cDNA library derived
from oligo(dT)-primed MDA-MB-361 RNA, and three addi-
tional cDNA clones were isolated—one with a 4.5 kilobase
(kb) insert (pHER3-3b). To obtain the 5'-cDNA clone, we
used the polymerase chain reaction (PCR) as follows. Single-
stranded cDNA, synthesized from MDA-MB-361 RNA with
S729ERR as primer, was dA-tailed and used as template for
PCR amplification by using S720ERR, XSCT17, and XSC as
primers (13). All cDNA clones and several PCR-generated
clones were sequenced on both strands by using T7 poly-
merase with oligonucleotide primers (14).

The oligonucleotide mixtures (including their degeneracy
or length and corresponding amino acid residues) used for
priming and screening the Agtl0 library were as follows
(sequences in parentheses are in one-letter amino acid code):
ARRD1 5'-ATCATCCARCAYTTDACCATDATCATRTA-3',

(72-fold, YMIMVKCWMI)
ARRD2 5'-GCCATCCAYTTDATNGGNAC-3’,
(96-fold, VPIKWMA)
S729ERR 5'-TCGTCGACTCCTTCACCACTATCTCA-3',
(26-mer, EIVVKD)
S720ERR 5'-TGGCGTCGACCTATCTCAGCATCTCGGT-3’,
(28-mer, DRDAEIV)
XSCT17 5'-GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTT-3',
(35-mer) i
5'-GACTCGAGTCGACATCG-3',
(17-mer).

XSC

Abbreviations: EGF, epidermal growth factor; EGF-R, EGF recep-

tor; TGF-a, transforming growth factor «; HER, human EGF

receptor; PCR, polymerase chain reaction; nt, nucleotide(s).

*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M34309).
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Degenerate residues are as follows: D = A, G, or T; N = A,
C,G,orT;R=AorG;Y=CorT.

Expression of HER3 in COS Cells. The complete 4.1-kb
HERS3 coding sequence was reconstructed and inserted into a
pCDMS8 (Invitrogen, San Diego) -based expression vector.
The resulting plasmid (cHER3x) was grown in competent
Escherichia coli MC1061/P3 bacteria (15) and was introduced
into COS-1 cells by using the DEAE-dextran method (15).

Immunoblotting. Cell pellets were harvested 72-96 hr after
transfection; one hundred ug of protein was separated by using
7% SDS/PAGE and analyzed by immunoblotting with poly-
clonal antisera generated against synthetic peptides (16) spe-
cific to the kinase domain of HER3 (PPDDKQLLYSEAKT,
amino acids 841-854; GAEPYAGLRLAEVPD, amino acids
889-903; sequences shown using single-letter code).

RESULTS

Amphiregulin Purified from MCF-7 Cells Is Not a Ligand for
HER2/neu. EGF-R shares structural homology with HER2/
neu, the protein product of ERBB2 protooncogene: 83%
amino acid identity exists in the cytoplasmic kinase domain,
and 42% homology is present in the extracellular ligand-
binding domain, where 49 of 50 cysteines are conserved (12,
17). Therefore, we sought to establish whether amphiregulin
interacted with this putative receptor and homolog of EGF-R,
because the ligand for HER2/neu has not been identified.
Experiments were performed on cells expressing high levels
of human (SKBR-3 and BT474) HER? or rat (B104-1-1 and
DHFR-G8) neu protein. Direct binding, in vitro kinase as-
says, proliferation assays, in vivo phosphorylation, and re-
ceptor down-regulation assays (18) all showed no association
between the 78-amino acid form of amphiregulin and HER2/
neu (G.D.P., M.S., Y. Yarden, G.J.T., and R. Weinberg,
data not shown). The ligand for HER2/neu remains elusive.

Isolation of cDNA Clones Encoding an EGF-R-Related
Gene. Northern (RNA) blot analysis of A-431 and human
placental RNA provides evidence for the existence of other
EGF-R-related transcripts (12, 17). A subclone of the A-431
cell line (A-431-A3) was isolated after growth in soft agar and
was characterized to have 30-fold-increased sensitivity to
ampbhiregulin inhibition as compared with the parental line,
yet had no alteration in the number or affinity of EGF-Rs as
measured by binding competition assays (7). Poly(A)* RNA
was prepared from these cells, and a cDNA library was
constructed by specific priming with a 72-fold degenerate
oligonucleotide complementary to a stretch of 10 amino acids
unique to the kinase domains of EGF-R and HER2/neu. A
96-fold degenerate oligonucleotide probe, based on an up-
stream region of 7 amino acids conserved in EGF-R and
HER2/neu, was used to screen the cDNA library at low-
stringency conditions. EGF-R clones were eliminated by
rehybridization at high stringency with a short EGF-R cDNA
probe spanning the same region of the kinase domain. Sixty-
nine clones were partially sequenced, revealing three clones
that encoded a closely related, yet distinct, member of the
ERBB/EGF-R subfamily of receptor tyrosine kinases. A
survey of several human tumor cell lines identified the breast
carcinoma cell line, MDA-MB-361, to be a more abundant
source of the 6-kb transcript than A-431-A3 cells, so it was
used to isolate overlapping cDNA clones spanning the entire
coding sequence of HER3. The HER3 transcript was also
detected in several primary breast carcinomas and in normal
colon, kidney, breast, and brain RNA (data not shown).

The nucleotide sequence for HER3 contains an open
reading frame coding for 1342 amino acids beginning with a
consensus-initiating methionine at nucleotide (nt) 199 (Fig.
1). The amino acids downstream of this methionine have the
characteristics of a signal sequence; the mature protein is
predicted to begin at Ser-20, followed by 1323 amino acids
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with a calculated M, of 146,000. The 4026-nt coding region is
flanked by 198 nt of 5’ and 755 nt of 3’ untranslated se-
quences. No poly(A) tail is present, suggesting this is a partial
cDNA sequence.

Structural Domains of HER3. HER3 has all the structural
features of receptor tyrosine kinase (19), with a single hy-
drophobic stretch of 32 amino acids characteristic of a
transmembrane region that separates the sequence into a
612-residue extracellular ligand-binding domain and a 677-
amino acid COOH-terminal cytoplasmic domain strongly
homologous with other members of the tyrosine kinase family
(Figs. 2 and 3). The ligand-binding domain can be divided into
four subdomains (I-IV), including two cysteine-rich regions
(II, 1V) that conserve all 48 cysteines present in the corre-
sponding regions of the EGF-R (12) and two flanking domains
(I and III) that may define specificity for ligand binding (21).
HER3 shares 40-50% identity with EGF-R and 40-45%
identity with HER2/neu in each of these subdomains (12, 17).
There are 10 potential N-linked glycosylation sites in the
extracellular domain of HER3, conserving 5 of 12 potential
sites in EGF-R and 3 of 8 sites in HER2/neu. The cytoplasmic
domain includes the following: a stretch of basic residues
flanking the membrane-spanning region; a consensus ATP-
binding site (Gly-Xaa-Gly-Xaa-Xaa-Gly-Xaa,-Lys), and se-
quences homologous to other members of the tyrosine kinase
family (22); an acidic helical motif similar to the domain of
EGF-R that confers receptor internalization and ligand-
dependent calcium influx (23); and a hydrophilic COOH-
terminal tail containing 13 tyrosines (Fig. 3). The kinase
domain of HER3 is most similar to EGF-R and HER2/neu (60
and 62%) and shared lower homology (26-34%) with repre-
sentatives of other classes of tyrosine kinases (Fig. 2). EGF-R
and HER2/neu have 83% amino acid sequence identity
between their kinase domains, suggesting that, in this do-
main, they are more closely related to each other than they
are to HER3.

The cytoplasmic domain of HER3 also has several unique
features (Fig. 3). Protein kinase C-induced phosphorylation
of EGF-R occurs primarily on Thr-654, whereas Thr-669 has
been implicated as a major site for phosphorylation of EGF-R
in response to EGF (24, 25). Both of these residues are
conserved in HER2/neu, but both are altered in HER3
(Ala-657 and Asp-672). Recent studies using EGF-R mutants
have shown that preventing phosphorylation at either residue
has no effect on EGF binding; however, in certain cell lines,
phosphorylation of EGF-R Thr-654 by phorbol esters appears
to block EGF-induced mitogenesis (24, 25). HER3 already
contains these ‘‘mutations’’ and may lack this negative
control mechanism induced by protein kinase C.

Two additional atypical amino acid changes are present in
the HER3 kinase domain (Fig. 3). A sequence comparison of
protein kinases reveals certain residues that are either highly
or completely conserved (22). HER3 contains most of these
amino acids including Gly-697, Gly-699, Val-704, Lys-723,
Asn-820, Asp833-Phe834-Gly835, Glu-862, Asp-874, Gly-
879, and Arg-936; however, HER3 has nonconservative
substitutions at Cys-721, His-740, and Asn-815. The latter
two amino acids are present as glutamate and aspartate,
respectively, in all known protein kinases—serine/threonine
as well as tyrosine kinases (Figs. 2 and 3). Strict conservation
of these residues suggests that they are important for catalytic
activity, and the amino acid changes at these positions in
HERS3 indicate it might have altered kinase activity.

The COOH-terminal 353 amino acids of HER3 contain 13
tyrosines, several of which are flanked by numerous charged
residues. These features are characteristic of the autophos-
phorylation domains of EGF-R (26) and HER2/neu (27), yet
this region of HER3 shares no significant primary sequence
homology to either of these two family members and is
=30-50% longer. The sequence Tyr-Glu-Tyr-Met is repeated
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CTCTCACACACACACACCCCTCCCCTGCCATCCCTCCCCGGACTCCGGCTCCGGCTCCGATTGCAATTTGCAACCTCCGCTGCCGTCGCCGCAGCAGCCACCAATTCGCCAGCGGTTCAG

-10
M RANDALIOQVLGLLEF
GTGGCTCTTGCCTCGATGTCCTAGCCTAGGGGCCCCCGGGCCGGACTTGGCTGEEC TCCCTTCACCCTCTGCGGAGTCATGAGGGCGAACGACGCTCTGCAGGTGCTGEGCTTGCTTITC
+1 30
SLARGSTEVYGNSQAVCPGTLNGLSVYVTGDAENQ QY QTLYKLYE
AGCCTGGCCCGEGEC TCCRAGGTGEGCAACTCTCAGECAGTGTGTCCTGGGACTCTGAATGGCC TGAG TG TGACCGGCGATGC TGAGAACCAATACCAGACAC TG TACAAGCTCTACGAG
40 60 70
RCEVVMGNTLTETIVLTGHNADLSTFLQWIREVYVTGYVLYAMNESTF
ABGTGTGAGGTGGTGATBGGGMCCTTGAGATTGTGCTC‘CGGGACACMTGCCGACCTCTCCTTCCTGCAGTGGATTCGSGMGTGACAGGCTATGTCCTCGTGGCCATGMTGMTTC
- 110
S T LPLPNLRVVYRGTOQVYDGKTFAIFVMLNSYNTNSSHALR RO QL
TCTACTCTACCATTGCCCAACCTCCGCGTGGTGCGAGGGACCCAGGTCTACGATGGGAAGTTTGCCATCTTCGTCATGTTGAACTATAACACCAACTCCAGCCACGC TCTGCGCCAGCTC
120 130 140 150
RLTAQL EI LSGGV 1 EKNOD LCHMDTTID RDIVRDRD 1
CGCTTGACTCAGCTCACCG&GATTCTGTCAGGGGGTGTTTATATTGAGMGMCGATAAGCITTGTCACATGGACACMTTGACTGGAGSGACATCGTGAGGGMCGAGATGCTGAGATA

160 170 180
vy C EVCKGRC G G § Q LT T1 P Q
GTGGTGMGGACMTGGCAGMBCTGTCCCCCCTGTCATGABGTTTGCAAGGGGCGATGCTGGGGTCCTGGATCAWGACTGCCAGACATTGMCAAGACCATCTGTGCTCCTCAGTGY

220 «=CHO-~
NGNCFGPNPNQCCHDECAGGCSGPQDTDCFACRHFNDSGA
AATGGTCACTGCTTTGGGCCCAACCCCAACCAGTGCTGCCATGATGAGTGTGCCGGGGGCTGC TCAGGCCCTCAGGACACAGACTGC TTTGCCTGCCGGCACTTCAATGACAGTGGAGCC
40 250 270
CVPRCPQPLVYYNKLTFQLE®PNPHTKYQYGGVCVASCTPHNEF
TGTGTACCTCGCTGTCCACAGCCTCTTGTCTACAACAAGC TAACTTTCCAGC TGGAACCCAATCCCCACACCAAGTATCAGTATGGAGGAGTTTGTGTAGCCAGCTGTCCCCATAACTTT
2 300 310
v 0D Q v 0 M E D K NG L C E CG66LC EGT
GTGGTGGAYCAMCATCCTGTGTCAGGGCCTGTCCTCCTGACMGATGGMBTAGATAMMTGGGCTCMGATGTGTGAGCCTTGTGGGSGACTATGTCCCAMGCCTGTMGGGAACA
330 --CHO-- 340
6SGSRFQTVDSSNTIDGFUVNCTIKILGNLDTFLITGLNGDTPWH
GGCTCTGGGAGCCGCTTCCAGACTGTGGACTCGAGCAACATTGATGGATTTGTGAACTGCACCAAGATCCTGGGCAACCTGGACTTTC TGATCACCGGCC TCAATGGAGACCCCTGGCAC
380 -CHO-390 ==CHO-
K1PALDGPERKTLANVYVFRTVRETITGYLNTIOQSWEPPHMHNETSVFSN
AAGATCCCTGCCCTGGACCCAGAGAAGCTCAATGTCTTCCGGACAGTACGGGAGATCACAGGT TACCTGAACATCCAGTCCTGGCCGCCCCACATGCACAACTTCAGTGTTTTTTCCAAT
400 ==CHO-- 420 430
LTTIGGRS L G S LLIM NLNVTSLG S L I S AGR'I
TTGACAACCATT! GGAGGCAGAAGCCTCTACAACCGGGGCTTCTCATTGTTGATCATGMGMCTTGMYGTCACATCTCTGGGCTTCCGATCCCTGAAGGAM"AGTGCTGGBCGTA]’C
440 -=CHO-- 460
Y I SANRQLCYHHSLNMWTITKVYLRGPTEERLDTIIKEHNRPRRDTE CYV
TATATAAGTGCCAATAGGCAGCTCTGCTACCACCACTCTTTGAAC TGGACCAAGGTGC TTCGGGGGCC TACGGAAGAGCGAC TAGACATCAAGCATAATCGGCCGCGCAGAGACTGCGTG
490 500 --cno--
A EG vcecor G 6 C 6 Q¢ c N Y S G G
GCAMGGGCMTGTGTWCCMTGTGCTCCTCTGGGGGATGCTGGGGCCCAGGCCCTGGTCAGTGCTTGTCCTGTCGMATTATAGCCGAGGAGGTGTCTGTGTGMCCACTGCAAC
==CHO-- 550

520 540 E
FLNGEPRETFA AHTEA ATECTFSCHTPETCQPMGGTATCNGSG®GSDTCA
TTTCTGAATGGGGABCCTCGAGMTTTGCCCATGAGGCCGAATGCTTCTCCTGCCACCCGGMTGCCAACCCATGGEGGGCACTGCCACATGCMTGGCTCGGGCTCTGAYACYTGTGCT
5
QCAHFRDG®PHTCVSSCPHGVYLGAKGPTIYKYPDV QNTETCRPTCH
CAATGTGCCCATTTTCGAGATGGGCCCCACTGTGTGAGCAGCTGCCCCCATGGAGTCCTAGG TGCCAAGGGCCCAATCTACAAGTACCCAGATGTTCAGAATGAATGTCGGCCCTGCCAT
==CHO-- 600 610 620 630
ENCTQG6CKGPELOQDCTLGQTLVYLIGKTHLTMALTVYVIAGLUVUV
GAGAACTGCACCCAGGGGTGTAAAGGACCAGAGC TTCAAGACTGTTTAGGACAAACACTGGTGCTGATCGGCAAAACCCATCTGACAATGGCTTTGACAGTGATAGCAGGATTGGTAGTG
0
1 FMMLGEGTFLYWRGRRTIQNEKRAMRRYLERGESTIETPLDFPSE
ATTTTCATGATGCTGEGCEGCACTTTTCTCTACTGECGTGGGCGCCGGATTCAGAATAAAAGGGC TATGAGGCGATAC T TGGAACGGGG TGAGAGCATAGAGCCTCTGGACCCCAGTGAG
680
KANKVYVLARTIFKETELRKLIKYLGSGVY FGTVHKGVWIPESGES
AAGGCTAACAAAGTCTTGGCCAGAATCTTCAAAGAGACAGAGC TAAGGAAGC TTAAAGTGCTTGGCTCGGGTGTCTTTGGAACTGTGCACAAAGGAGTGTGGATCCCTGAGGGTGAATCA
730

0 750
I K1 C I VIEDKSG Q S Q v 0 M D 1
ATCMGA'I’TCCAGTCTGCATTMAGTCATTGAGGACMGAGTGGICGGCAGAGTTTTCMGCTGTGACAGATCAYATGCTGGCCATTGGCAGCCTGGACCATGCCCACATTGTMGGCYG

760 770 780
L6LCPGSSLQLVYTQYLPLGSTLLDOHVYRQHKRGALGPAOQLLLNGW
CTGGGACTATGCCCAGGGTCATCTCTGCAGCTTGTCACTCAATATTTGCCTCTGGGTTCTCTGCTGGATCATGTGAGACAACACCGGGGGGCACTGGGGCCACAGCTGCTGCTCAACTGG

800 8 830
GV QIAKGMYYTLlLEEHGMY HRNLAARNVYLLKSPSQVQVADTFG
GGAGTACAAATTGCCAAGGGAATGTACTACCTTGAGGAACATGGTATGGTGCATAGAAACCTGGCTGCCCGAAACGTGC TACTCAAGTCACCCAGTCAGGTTCAGGTGGCAGATTTTGGT

860
VADLLPPDDIKA QLLYSEAKTPIKUMWMALESTIHFGKYTHQSDYV
GTGGCTGACCTGCTGCCTCCTGATGATAAGCAGC TGCTATACAGTGAGGCCAAGACTCCAATTAAGTGGATGGCCCTTGAGAGTATCCACTTTGGGAAATACACACACCAGAGTGATGTC
900 910
W SsSYGVTV WETLMTFGAEPYAGLRLAEVYPDLLET KSGETR.L Q
TGGAGCTATGGTGTGACAGTTTGGGAGTTGATGACCTTCGGGGCAGAGCCC TATGCAGGGC TACGATTGGC TGAAGTACCAGACCTGCT, GGTTGGCACAGCCCCAG

94
1 CT1DVYMVMYKCWMTIDERNTIRPTFIKETLANETFTRMARDGPTPR R
ATCTGCACAATTGATGTCTACATGGTGATGGTCAAGTGTTGGATGATTGATGAGAACAT TCGCCCAACCTTTAAAGAAC TAGCCAATGAGT TCACCAGGATGGCCCGAGACCCACCACGG
960 9
YLvikKRESGPGIAPG®PEPHGLTNKIKLETEVETLEPELGDLDLTLD
TATCTGGTCATAAAGAGAGAGAGTGGGCC TGGAATAGCCCC TGGGCCAGAGCCCCATGG TC TGACAAACAAGAAGC TAGAGGAAG TAGAGC TGGAGCCAGAAC TAGACCTAGACCTAGAC
1000 1010
LEAEEDNLATTTL S G TLNRTPRGSQQ LS PSS G
TTGGMGC&GAGGAGGACAMCTGGCMCCACCACACTGGGCTCCGCCCTCAGCCTACCAGTTGGMCACTTMTCGGCCACGTGGGAGCCAGAGCCTTTTMGTCCATCATCTGGATAC
1040
MPMNGQGNLGGST COQESAVY SGSSERCPRPVSLHPMPRGCLAS
ATGCCCATGAACCAGGGTAATCTTGGGGGGTCTTGCCAGGAGTCTGCAGT TTCTGEGAGCAGTGAACGGTGCCCCCGTCCAGTCTCTCTACACCCAATGCCACGGGGATGCCTGGCATCA
1 1
ESSEGHVTGSEAETLGO QEKYSMCRSRSRSRSPRPRGDSATYHS
GAGTCATCAGAGGGGCATGTAACAGGCTCTGAGGC TGAGCTCCAGGAGAAAGTGTCAATGTG TAGAAGCCGGAGCAGGAGCCGGAGCCCACGGCCACGCGGAGATAGCGCCTACCATTCC
1120 A 1140
QRMHSLLTPVTPLSPPGLETEEGDVNGYVMPDODTHLIKSEGTPSSRE
CAGCGCCACAGTCTGCTGACTCCTGTTACCCCACTCTCCCCACCCGGGTTAGAGGAAGAGGATGTCAACGGTTATGTCATGCCAGATACACACC TCAAAGG TACTCCCTCCTCCCGGGAA
1160 1190
6 TLSSVGELSSVLGTETEEDTEDETETYTEYMNRRRRHSPPHEPEPRTEP
GGCACCCTTTCTTCAGTGGGTCTCAGTTCTGTCCTGGGTAC TGAAGAAGAAGATGAAGATGAGGAGTATGAATACATGAACCGGAGGAGAAGGCACAGTCCACCTCATCCCCCTAGGCCA
1210
S SLEELGYEYMDVYVGSDLSASLGSTQSCPLHPVPIMPTAGT
AGTTCCCTTGAGGAGCTGGGTTATGAGTACATGGATGTGGGG TCAGACCTCAGTGCCTCTCTGEGCAGCACACAGAGT TGCCCACTCCACCCTGTACCCATCATGCCCACTGCAGGCACA
1240
TPOEDYTEYMNRQRDGGGPGGDYAAMGACPASEQ QGTYTETEMRA
ACTCCAGATGAAGACTATGAATATATGAATCGGCAACGAGATGGAGG TGGTCCTGGGGGTGAT TATGCAGCCATGGGG6CC TGCCCAGCATC TGAGCAAGGGTATGAAGAGATGAGAGCT

1280 1290 1310
FQGPGH QAPHVHYARLKTLRSLEATDOSAFDNPDYWHSR RLEF
TTTCAGGGGCCTGGACATCAGGCCCCCCATGTCCATTATGCCCGCC TAAAAACTC TACGTAGC T TAGAGGC TACAGACTCTGCCTTTGATAACCCTGATTACTGGCATAGCAGGCTTTTC

1320
P KANAQRT *

CCCAAGGCTAATGCCCAGAGAACGTAACTCCTGCTCCCTGTGGCACTCAGGGAGCATTTAATGGCAGC TAGTGCCTTTAGAGGGTACCGTCTTCTCCCTATTCCCTCTCTCTCCCAGGTC

4201

4321 CCAGCCCCTTTTCCCCAGTCCCAGACAATTCCATTCAATCTTTGGAGGCTTTTAAACATTT rGACACMMTYCﬂATGGTAIGTAGCCAGCTGTGCACTTTCTTCTCYTTCCCMCCCC
4441 TTTTCCTTATTTIGTGTGCTTTCCCAGTCCCAT lulub(.rlcnwmulu.lm.uuw TCCATATCCCTTCCTCICAGGCTCTT GACTACT
4561 TGGAAC' TCTTATGTGTGCCTTTGTTTCCCATCAGACTGTC \GAGGAAAGGGAGGAAACCT T AACCCCCTAGAAAGAC
4681 M-AAGCHAMATCTGT AAGA AGGAGTAGATATTGATTACTATCATMTTCAGCACTYMC ATGAGCCAGGCATCATACTMTTCACC CATYATCTCAC TTAGTCC
4801 TTAAAACAATTCTGTGACATACATATTATCTCATTTTACA( GCATGGTGGCTCATGCCTGTAATCTCAGCACT TTGGGAGGCTGAGGCAGAAGGATT
4921 ACCTGAGGCMGGAGTTTGAGACCAGCTYAGCCMCATAGTAAGACCCCCATCTCTTT
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Fig. 1. Nucleotide sequence
and deduced amino acid sequence
of human HER3 (1342 residues).
Nucleotides are numbered at left,
and amino acids (in one-letter
code) are numbered above the se-
quence. The 19-residue signal se-
quence is singly underlined, and
the predicted NH, terminus of the
mature protein is indicated by +1.
The transmembrane domain is
doubly underlined at amino acids
614-645. Potential N-linked gly-
cosylation sites (Asn-Xaa-Ser or
Asn-Xaa-Thr) are denoted with
-CHO-. No poly(A) tail was pres-
ent in the clones. This sequence
represents a consensus based on
cDNA and PCR clones isolated
from MDA-MB-361 RNA and was
used in subsequent expression
constructs. Clonal sequence dif-
ferences are listed below the con-
sensus residue, including Ade-441
to guanine in one of four PCR
clones, Gua-1877 to adenine from
one A-431 cDNA clone, Ade-3619
to guanine in one cDNA clone,
and Ade-3642 to guanine in one
cDNA clone.
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three times in this domain of HER3, possibly the result of
gene duplication.

Expression of HER3 in COS Cells. To determine the bio-
chemical properties of HER3, we inserted its complete
coding sequence into an expression vector under the control

of the cytomegalovirus immediate-early promoter (15). This
vector (cHER3x) was transfected into COS cells, and the
transiently expressed protein was detected by immunoblot
analysis using antisera specific to the cytoplasmic domain of
HER3. The recombinant protein migrated with an apparent
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FiG. 2. Hydropathy profile (20) of
HER3 and comparison of protein do-
mains for HER3 (1342 amino acids),
EGF-R (1210 amino acids), and HER2
(Neu) (1255 amino acids). Signal peptide
and transmembrane domains are repre-
sented by filled boxes, the cysteine-rich
extracellular subdomains are hatched,
and the cytoplasmic tyrosine kinase do-
main is stippled. Amino acids unique to
the HER3 kinase domain (histidine, as-
paragine) compared with other protein
kinases (glutamic and aspartic residues)
are indicated using the single-letter code.
The percent amino acid sequence iden-
tity between HER3 and representatives
of other classes of tyrosine kinases are
indicated. Sig, signal peptide; I, II, III,

22 :2 i? 22 and IV, extracellular domains; TM,

27 21 12 26 transmembrane domain; 3' UTR, 3’ un-

ND ND ND 32 translated region; HIR, insulin receptor;
34 PDGFR, platelet-derived growth factor
33 receptor; ND, not determined.

assess whether EGF-like ligands bind HER3. Stable expres- with this putative receptor.

HER3  -19
EGFR  -24
NEU 1
HER3 80
EGFR 77
NEU 96
HER3 168
EGFR 167
NEU 196
HER3 267
EGFR 267
NEU 295
HER3 363
EGFR 366
NEU 395
HER3 463
EGFR 464
NEU 493
HER3 563
EGFR 564
NEU 593
HER3 661
EGFR 658
NEU 690
HER3 760
EGFR 758
NEU 790
HER3 860
EGFR 858
NEU 890
HER3 960
HER3 1060
HER3 1160
HER3 1260

* *
MRANDAL --QVLGLLFSLARGSEVGNSQAVCPGTLNGL SVTGDAENQYQTLYKLYERCEVVMGNLE IVL TGHNADLSFLQWIREVTGYVLVAMNEFSTLP
©¢PSGTAGAAL A« *AA+CPA+RALEEKKs Qe sSeKe TQLo TFoDHFLS*QRMFNNe s ool eeoe o TYVQRe Yoo oo eKTeQooAeeee oL+ TVERI
MELAALCRWeseLAeL PPGAASTQ--oeTe+DMKsRLPASP« THLDMesRHe ¢QGeQeeQe e eLTYLPTooSeceseDeQesQeeeeloHeQVRQVe

* * *
LPNLRVVRGTQVYDGKFAIFVMLNYNT-NSS-------- HALRQLRLTQLTEILSGGVYIEKNDKLCHMDTIDWRDIVRDRDAE IVVKD--N-GRSCPPC
eEeeQITeoNMYENSYoLAeLSeeDA-oKT--------- GeKE+PMRN+Qe e eHeAeRFSNePAs e NVESeQe e o ¢ « SSOFLSNMSMeFQeHLGe « QK
eQReelecccs [FEDNY+LA<LD+GDPL*NTTPVTGASPGGe+E+QeRSeeoeeKeooL sQRePQeYQe oL oKe s FHKNNQLALTLIDToRSeAeHe o

* * *
HEVCK-GRCWGPGSEDCQTL TKT1CAPQCNGHCF GPNPNQCCHDECAGGC SGPQDTOCFACRHFNDSGACVPRCPQPLVYNKL TFQLEPNPHTKYQYGGY
DPSePNeSeeeAsEeNeoKeooosoQesSoRoR-KSeSDe o oNQe eAsoTo oRESe s LVe oKoRoEAT+KOTo «PLML o +PToYoMDVe + EGe o SF AT
SPMesGSeoeoESessseSooRoyesGGoA-RoKe oL sTDo o oEQe Ao oTooKHS e oL ool oo oHeo IoELHe sALVTo o TDe «ESMe o «EGReTF eAS

* * *
EVASEPHNFVV-DQTSEVRACPPDKMEVD-KNGLKMEEPEGGLEPKACEGTG--SGSRFQTVDSSNIDGFVNCTK[LGNLDFLITGLNGDPHHKIPALDP
eoKKeoReYeoToHGeooooeGAeSYe-MEEDs VRKeKKeEoPoReVoNe I« IGEFKDSLSINAT s eKHeKeoeSeSeDeHI «PVAFRe e SFTHToP oo
eoTAeeYeYLSTeVGeoTLVeeLHNQe « TAED* TQR« ¢K+ SKP+ARVeY oL «MEHLREVRA+ToAs«QE+AGeKeoFeSeAesPESFDe s s ASNTAP Qe

*
EKLNVFRTVRE I TGYLNIQSWPPHMHNF SVFSNLTTIGGRSL YNRGFSLL IMKNLNVTSLGFRSLKE [SAGR1YISANRQLCYHHSLNWTKVLRGPTEER
QE+DILKe+KeeeoFeLooAsENRTDLHAE s +E 1R e+ TKQHGQe » +AVV-Sae[oonalosensseDeDVIosGoKNe s sANTI o oKoLF-oTSGQK
¢QeQesEeLEeseseeYeSAeeDSLPDL oo +Qe eQVeRe o IoHoGAY s s TLQ-GoGISWs oL e ssReLGSsLALHHs THe «FV+ TVP DQLF + -NPHQA

* * * * * * * * * * * * * *
LDIKHNRPRRDCVAEGKVCDPLCSSGGCWGPGPGQCL SCRNYSRGGVCVTHCNFLNGE PREFAHEAECF SCHPECQPMGGTATCNGSGSDTCAQCAHFRD
TKe1SesGENSeKeToQeeHAeoePEseoesEoRDsVooseVeosREesDKeKLoEosooesVENSeeQoeoesl oQAMNI oo TeRePeNeJeoeeY]e
LHTA<o+EDE®+GeeLA+HQ+ +ARRALL +Se =T o VNoSQFLo+QE = «EEeRVoQeL o« YVNARHe LP oo oo e oQNeSVeoF e PEAsQeVAs o YKo

l
GPHCVSSCPHGVLGAKG- -P 1 YKYPOVQNECRPCHENC TQGCKGPELQDCL GTCVL TGRTALTHAL TV TAGLVVIFHMLGGTFLYWRGRR I QNKRAMRR
eeeeeKTeoAe sMsENN-TLVWe +A+AGHV<HL o +Pe o +YeoTe+GoEGPTN-GPKePSIATGe VGALLLL < * +AL----+ [Ge FMeRoHo VRe o TLoo
PeFeeARe+SeeKPDLSYMe oWeF o eEEGA®Qe +P 1o+ o HS+ VDLDDKG PAEQRASPLTSIVSAVVG-~ L+ s VLGVVF s I-« [K+RQQKIRe Yoo o

®e o T® T *
YLERGESIEPLDPS-EKANKVLARIFKETELRKLKVLGSGVFGTVHKGVWIPEGES IKIPVCIKVIEDKSGRQSFQAVTDHMLAIGSLOHAHIVRLLGLC
LeQEReLVoooTooGoAPsQAsL ool oooeFKe eooooshooosYoolooonsskyossohesELREATSPKANKE L EAYVMAeVoNPoVCoooele
LeQETeLVeooTesGAMPeQAQMeeLovccccsVosesschacaaYooTooeDoeNVeooeAeeo L RENTSPKANKEIL «EAYVMAGVGSPYVSeoeo]e

1
PGSSLQLVTQYLPLGSLLDHVRQHRGALGPQLLLNWGVQIAKGMYYLEEHGMVHRNLAARNVLLKSPSQVQVADFGVADLLPPDDKQLL YSEAKTP IKWM
LTeTVeoloslMeFoCoooYooEoKDNIoSeYenooCouococoNeseDRRL oo oDeoosooeyoToQHeKITo ool oKoesGAEE +EYHAEGGeVesose
LTeTVeseos MeYoCooooooENeoRseSeDeoosCMesocceSeasDVRLossDeossscssVessNHeKIToool eRe DI «ETEYHADGGe Vo o oo
ALESIHFGKYTHQSDVUSYGVTVUELMTFGAEPYAGLRLAEVPDLLEKGERLAQPQIETIDVYMVMVKEUMIDENIRPTFKELANEFTRMARDPPRYLV]
ceceeLHRIssossscscsscsccnccsesSKeaDe PASISSIososcsePosPoccccscslosoencesADSeeKeReolleoSKeooooQooses
ceecelRRRFeecssccsssssccscscscoKeeDo]PARs [eoooosasscPecPoccccacelecccacseSECesRoReoVSeeSoocossQeFVee

v
KRESGPGIAPGPEPHGLTNKKLEEVELEPELDLDLDLEAEEDNLATTTLGSALSLPVGTLNRPRGSQSLLSPSSGYMPMNQGNLGGSEQESAVSGSSEKE
* * v v
PRPVSLHPMPRGCLASESSEGHVTGSEAELQEKVSMCRSRSRSRSPRPRGDSAYHSQRHSLLTPVTPLSPPGLEEEDVNGYVMPDTHLKGTPSSREGTLS
) vy ' \AJ vy v
SVGLSSVLGTEEEDEDEEYEYMNRRRRHSPPHPPRPSSLEELGYE YMDVGSDL SASLGSTQSCPLHPVP IMPTAGTTPDEDYE YMNRQRDGGGPGGDYAA

* v v v
MGACPASEQGYEEMRAFQGPGHQAPHVHYARLKTLRSLEATDSAFDNPDYWHSRLFPKANAQRT

sion of HER3 in cells lacking EGF-R will allow us to
determine whether EGF, TGF-a, or amphiregulin interact

FiG. 3. Protein sequence comparison between members of the human EGF-R family. Sequences are displayed using the single-letter code,
and identical residues are denoted with dots. Gaps were introduced for optimal alignment and are shown by a dash. Signal sequences are bounded
by single lines, transmembrane domains are bounded by double lines, and sequences used to derive the probes and primers (ARRD1, ARRD2)
used for cloning are underlined. Cysteine residues are marked with stars, the potential ATP-binding site is shown with circled crosses
(Gly-Xaa-Gly-Xaa-Xaa-Gly beginning at residue 697 and Lys-723), COOH-terminal tyrosines are denoted with open triangles, and additional
residues of HER3 referred to in the text are marked with arrows (Ala-657, Cys-721, His-740, and Asn-815). Neu, HER2/neu.



Biochemistry: Plowman et al.
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68— FiG. 4. Immunoblot analysis

‘ of the recombinant HER3 tran-
siently expressed in COS cells.
Lanes: 1, HER3-transfected COS
cells; 2, cDM8 mock-transfected
COS cells. Note presence of a
160-kDa band.

DISCUSSION

Previous biochemical and biological evidence suggested that
members of the EGF/TGF-a/amphiregulin family are not
functionally equivalent (3, 28). For example, TGF-a has an
activity comparable to that of EGF in many in vitro assays:
TGF-a and EGF bind with similar affinity to EGF-R, resulting
in autophosphorylation of EGF-R; both ligands induce similar
changes in intracellular pH and calcium levels; and both
transduce comparable proliferative signals in many cell types;
however, TGF-a appears more potent than EGF in several in
vivo assays, including the promotion of bone resorption,
wound healing, and angiogenesis (28). Likewise, amphiregulin
can be distinguished from EGF/TGF-a based on EGF-R
binding studies and by a number of biological assays (3).

The identification of another member of the EGF-R sub-
class of receptor tyrosine kinases reveals a greater repertoire
by which the EGF/TGF-a/amphiregulin family of ligands
might exert their diverse growth regulatory signals. Conceiv-
ably, some differences in biological activity between amphi-
regulin and EGF/TGF-a may result from the ability of
amphiregulin to interact differentially with members of the
EGF-R family. Because EGF-R and HER2/neu have been
shown to act synergistically (29), HER3 may interact with
either of these two receptors. Moreover, the disparity in
response to these ligands may be reflected in the less con-
served cytoplasmic region of HER3 compared with EGF-R
and HER2/neu. The COOH-terminal region of EGF-R ap-
pears to act as a competitive inhibitor for exogenous sub-
strate phosphorylation and thereby serves to fine-tune its
kinase activity (26, 27). The more conserved homology
between the cytoplasmic regions of EGF-R and HER2/neu,
as opposed to HER3, suggests these two receptors share a
more similar function, whereas the distinctiveness of HER3
indicates it may be subject to different regulation and might
signal an alternate biochemical response.

During review of this manuscript, the sequence of a cDNA
encoding ERBB3 was reported (30). The amino acid se-
quence of ERBB3 is identical to that of HER3 except for two
residues; both Gly-541 and Gly-1045 of HER3 were deduced
to be glutamic acid (Glu-541, Glu-1045) in ERBB3. We have
noted four polymorphic purine residues among our HER3
cDNA clones (see Fig. 1). Two of these differences alter the
deduced amino acid sequence (Glu-541 and Ala-1122), with
one change corresponding to a difference between the HER3
and ERBB3 sequences.

The isolation of HER3 cDNA will facilitate the investiga-
tion on its function in normal cells and in various proliferative
disorders including neoplasia. Site-directed mutagenesis and
expression of modified HER3 in mammalian cells will make
possible the unraveling of the biochemical mechanism of its
putative ligand(s), including amphiregulin. The generation of
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chimeric receptors consisting of different domains of the
three EGF-R family members as well as other receptor
tyrosine kinases will further help to define the signal-
transduction pathways used by these receptors and their
cognate ligands. Conceivably, the multiplicity of receptor
and ligand types provides an organism with a better means to
regulate homeostasis under various physiological and patho-
logical conditions.

We thank Tony Purchio for his advice and critical comments on
this manuscript.
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