3000 Ci/mM) (UTP) was then added, and the
nuclear suspension was incubated at 30°C for 30
minutes, after which time 15 ul of DNase I (5 pg/
ml) in 10 mM CaCl, (5 pg/ml) was added. T §
minutes at 30°C, the reaction was made 1x SET
g&e_mnt sodium dodecyl sulfate (SDS), 5§ mM
‘A, 10 mM tris-HCI, pH 7.4), and proteinase

K was added to a concentration of pg/ml.
After incubation at 37°C for 45 minutes, the
solution was extracted with an equal volume of a
mixture of phenol and chloroform, and the jnter-
Ehm was again extracted with 100 pl of 1x
ET. Ammonium acetate (10M) was added to

the combined aqueous phases_(or(i’%iml Lfius
reextraction) to a final concentration of 2.3M, an
equal volume of isopropyl alcohol was added,
and nucleic acid was Frccipitatcd (=70°C for 15
minutes). The precipitate was centrifuged in a
microcentrifuge for 10 minutes, and the pellet
was resuspended in 100 pl of TE (10 mM tris-
HCI, | mM EDTA) and centrifuged through a G-
50 (medium) spin column. The eluate was made
0.2M in NaOH and after 10 minutes on ice,
HEPES was added to a concentration of 0.24M.
Two and one-half volumes of ethanol were then
added, and the solution containing the precipi-
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tate held overnight at —20°C. After cenu-iﬁlﬁn-
tion in a microcentrifuge for 5 minutes, the pellet
was resuspended in hybridization buffer, which
consisted of [10 mM TES, pH 7.4, 0.2 percent
SDS, 10 mM EDTA, 0.3M NaCl, 1x Den-
hardt's, and Escherichia coli RNA (250 pg/ml)].
Nitrocellulose filters containing plasmid DNA's
were prepared with a Schleicher & Schuell Siot
Blot Apparatus under conditions suggested by S
and S, except that wells were washed with 10x
SSC (saline sodium citrate). These filters were
first hybridized in the hybridization solution
described above for a minimum of 2 hours at
65°C. After this preliminary hybridization, the
filters were hybridized to the runoff products in
hybridization solution for 36 hours. A typical
reaction contained 2 ml of hybridization solution
with 1 x 107 cpm/ml. After hybridization, filters
were washed for 1 hour in 2x SSC at 65°C. The
filters were then incubated at 37°C in 2x SSC
with RNase A (10 mg/ml) for 30 minutes and
were subsequently washed in 2x SSC at 37°C
for 1 hour. Alternatively, after hybridization the
filters were washed twice for 15 minutes in 0.1
percent SDS, 2x SSC at room temperature, and
then washed at 60°C (0.1 percent SDS, 0.1x

Tyrosine Kinase Receptor with Extensive
Homology to EGF Receptor Shares
Chromosomal Location with neu Oncogene

Lisa Coussens, Teresa L. Yang-Feng, Yu-Cheng Liao
Ellson Chen, Alane Gray, John McGrath, Peter H. Seeburg
Towia A. Libermann, Joseph Schlessinger, Uta Francke
Arthur Levinson, Axel Ullrich

Growth factors and their receptors are
involved in the regulation of cell prolif-
eration, and several recent findings sug-
gest that they also play a key role in
oncogenesis (/I—4). Of approximately 20
identified oncogenes, the three that have
been correlated with known cellular pro-
teins are each related to either a growth
factor or a growth factor receptor. The B
chain of platelet-derived growth factor
(PDGF) is encoded by the proto-onco-
gene c-sis (2), the erb-B oncogene prod-
uct gp68 is a truncated form of the epi-
dermal growth factor (EGF) receptor (3),
and the proto-oncogene c-fins may be
related or identical to the receptor for
macrophage colony-stimulating factor
(CSF-1%) ().

The receptor-related oncogenes are
members of a gene family in that each
has tyrosine-specific protein kinase ac-
tivity, and is associated with the plasma
membrane (5). Such features are also
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lin (6), PDGF (7), and insulin-like growth
factor 1 (IGF-1) (8); hence more connec-
tions may be found between tyrosine
kinase growth factor receptors and tyro-
sine kinase oncogene products.
Comparison of the complete primary
structure of the human EGF receptor (9)
with the sequence of the avian erythro-
blastosis virus (AEV) transforming gene,
v-erbB (I0), revealed close sequence
similarity; in addition, there were amino
and carboxyl terminal deletions that may
reflect key structural changes in the gen-
eration of an oncogene from the gene for
a normal growth factor receptor (3, 9).
Another oncogene, termed neu, is also
related to v-erbB and was originally
identified by its activation in ethylnitro-
sourea-induced rat neuroblastomas (11).

SSC) for 30 minutes. Either protocol for proc-
essing of the filters after hybridization yielded
the same specificity in signal. Filters were then
exposed to Kodak XAR in cassettes con-
taining Lightening-Plus screens at —70°C for
various times.
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In contrast to v-erbB, which encodes a
68,000-dalton truncated EGF receptor,
the neu oncogene product is a 185,000-
dalton cell surface antigen that can be
detected by cross-reaction with polyclo-
nal antibodies against EGF receptor (11);
neu may itself be a structurally altered
cell surface receptor with homology to
the EGF receptor and binding specificity
for an unidentified ligand.

~ Using v-erbB as a screening probe, we
isolated genomic and cDNA clones cod-
ing for an EGF receptor-related, but
distinct, 138,000-dalton polypeptide hav-
ing all the structural features of a cell
surface receptor molecule. On the basis
of its striictural homology, this putative
receptor is a new member of the tyro-
sine-specific protein kinase family. It is
encoded by a 4.8-kb messenger RNA
(mRNA) that is widely expressed in nor-
mal and malignant tissues. We have lo-
calized the gene for this protein to q21 of
chromosome 17, which is distinct from
the EGF receptor locus, but coincident

. with the neu ontogene mapping position

(12). We therefore consider the possibili-
ty that we have isolated and character-
ized the normal human counterpart of
the rat neu oncogene.

Tyrosine kinase~type receptor gene and
complementary DNA. As part of our at-
tempts to isolate and characterize the
chromosomal gene coding for the human
cellular homologue of the viral erbB gp68
polypeptide, AEV-ES4 erbB sequences
(2.5-kb Pvu II fragment of pAEV) (13)
were used as a *?P-labeled hybridization
probe for the screening of a human geno-
mic DNA library at reduced stringency
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(14). Clone Ac-erbB/1 was isolated; it
contained a hybridizing 1.8-kb Bam HI
fragment, which was subjected to DNA
sequence analysis. The 1838-bp se-
quence contains three complete and one
partial erbB-homologous exons separat-
ed by short intervening sequences (Fig.
1). Comparison of this human gene se-
quence with our complete cDNA-de-
rived human EGF receptor protein se-
quence (9) revealed 32 differences (18.7
percent) within the 171 amino acid
stretch of combined exons, suggesting
that this gene fragment was not derived
from the human EGF receptor gene.
Since this gene may code for an un-
known tyrosine kinase-type receptor
that is closely related to the human EGF
receptor, we named it HER2.

Northern blot analysis (/5) with the
32p.labeled 1.8-kb HER2 fragment as a
hybridization probe revealed a 4.8-kb
mRNA in human term placenta poly(A)*
RNA, distinct from the 5.8- and 10.5-kb
EGF receptor mRNA’s also present at
high levels in this tissue (Fig. 2a, lane 1).
Thus, we had isolated a portion of an
EGF receptor—erbB-related but distinct
gene. To obtain its complete primary
structure, two single-stranded synthetic
oligonucleotide probes (I6) were pre-
pared from HER2 exon sequence regions
that differed sufficiently (less than 60
percent nucleotide sequence homology)
from EGF receptor DNA sequences
(Fig. 1, 1 and 2) and used to screen
a term placenta complementary DNA
(cDNA) library of 2 X 10° independent
recombinant clones in Agt10 (/7). Fifty-
two clones were isolated; they hybrid-
ized strongly with both synthetic probes
and weakly with an EGF receptor cDNA
fragment (HER64-3) (9) containing the
homologous region within the tyrosine
kinase domain. One of these, A\HER2-
436, had the longest cDNA insert (4.5
kb), consisting of three Eco RI fragments
(1.4, 1.5, and 1.6 kb).

The complete cDNA sequence of this
clone is shown in Fig. 3. The longest
open reading frame starting with a me-
thionine codon codes for a 1255 amino
acid polypeptide (137,828 daltons) and
contains the 171 residues encoded by the
four exons in the 1.8-kp HER2 gene Bam
HI fragment (Fig. 1). This 3765-bp cod-
ing sequence is flanked by 150 bp of 5'
untranslated sequence and a TGA stop
codon, followed by a 627-nucleotide 3’
untranslated sequence. No stop codon is
found in the 5’ untranslated region. In
support of our assignment, however, the
initiation codon at position 151 is flanked
by sequences that follow perfectly Ko-
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potential poly(A) addition signal se-
quence (AATATA) 12 nucleotides up-
stream from a stretch of 15 adenylate
residues. We are not certain if this (A);s
stretch is part of a poly(A) tail or repre-
sents an internal poly(A) stretch of a
longer 3’ untranslated sequence.

those for EGF and insulin (9, 19). Such
features are apparent in the hydropathy
profile (20) comparison (Fig. 4a). On the
basis of this comparison, and on amino
acid sequence alignment with the EGF
receptor (Fig. 4b, region 1), we predict a
21 amino acid signal sequence (Fig. 4b,

Abstract. A novel potential cell surface receptor of the tyrosine kinase gene family
has been identified and characterized by molecular cloning. Its primary sequence is
very similar to that of the human epidermal growth factor receptor and the v-erbB
oncogene product; the chromosomal location of the gene for this protein is
coincident with the neu oncogene, which suggests that the two genes may be

identical.

Comparison of EGF receptor and
HER2 sequence. As already indicated by
the v-erbB sequence homology used to
isolate HER2, the putative HER2 pro-
tein is very similar in its overall domain
organization and sequence to the EGF
receptor. Nevertheless, there are differ-
ences that are likely to define a specific
biological role for the HER2 polypep-
tide.

The predicted HER2 polypeptide con-
tains each of the domain features found
in hormone receptor precursors, such as

1), an amino terminal serine residue, and
a 632 amino acid putative extracellular
ligand-binding domain; a highly hydro-
phobic, 22-amino acid transmembrane
anchor domain separates the extracellu-
lar domain from a 580-residue-long car-
boxyl-terminal cytoplasmic domain,
which possesses the highest homology to
v-erbB and other members of the tyro-
sine kinase family.

The 632-amino acid, putative HER2
ligand binding domain is about 40 per-
cent homologous with the 621-residue

740 Glu Lys Glu Ala 769
IleProAspGlyGluAsnVallysIleProvalAlal lel.j's\fa'll.euﬂrg'lulsnl'hr SerProLysAlaAsnLysGlul leLeulsp
1 GBATCCCTGATGGGGAGAATGTGAAAATTCCAGTGGCCATCARAGTGTT TCCCCCARAGCCAACAAAGARATCTTAGACGTAAGCCCCTCCACCCTCTCCTGCTAGG

121 AGGACAGGAAGGACCCCATGECTGCAGGTCTGEGCTCTGETCTCTCTTCATTGEGETTT TATGACTCCCGCAAACCTAGACTATTTTTTTGEAGACGGAGCTTGCTCTGTCAC

241 CCAGGCTBGAGTGCAGTGGCGT TATCTCGGLTCACTGCAACCTCCACCTCCTGRACTCAAGCRATTTTCATGLCTCAGGCTCCTGAGTAGCTGEGATTACAAGCGLCCGCTAATTTTTTT

361 TTTTTTTTTGAGACAGAGTCTCECTCTGTCACCCAGGCTAGAGT GARATGETGCEGTCTCAGCTCAGCCTCCCABGT TAAAGCGATTCTTCTCCCTCABTCTCCTRAGTAGCTGGEATTA

481 CAGGCGCGAGCCACCACGLCCEGCTARTTTTTGTATTTTTAGTAGAGATGGEATTTCACCATGT TGECCAGET TGETGTCAAACTCCTGACCTCATGATCCGOCCGCCTORGCCTCCCAR

601 AGTGCTGGEATTACAGGTGTGABCCACGTGCCCGECCTAATCTTTGTATTTTTAGTAGAGACAGGGTTTCACCATGTTGTCCAGGCTGETACTTTRGAGCCT TCACAGGCTGTGEGCCATE

770 Ser  AspAsn  Hi

GluAlaTyrValMetAlaG]yValGlySerProTy

721 GCTGTGGTTTGTEATGGTTGeGAGGCTGTETGaTATTTGEG6GTGTGTGaTCTCCCATACCCTCTCAGCGTACCCTTETCCCCAGGAAGCATACGTRATGGCTGATGTGEGCTCCCCATA

s Cys lle Phe Tyr HisLysAspAsnlle Ty

r¥alSerArgleuleuG]yl leCysLeuThrSerThrvalGlinLeuVal ThrGinLeuMetProTyrGl yCysLeul eulspHisValArgG luAsnArgG ] yArgleuG ] ySerGinAs

B41 TETCTCCCGLCTTCTGGGCATCTGCCTRACATCCACGGTGCAGCTGETGACACAGCT TATGCCCTATRGCTGCCTCTTAGACCATGTCCOGEAAMACCGCGEACGCCTGEGCTCCCAGRA
Val 831
l.euLeulsnTrpCMtﬂn!lzﬂaLp

961 CCTGCTGAACTGGTGTATGCAGATTGCCAAGGTATGCACCTGEECTCTTTGCAGGTCTCTCCGRAGCARACCCCTATGTCCACAAGGGECTAGGATGEEGEACTCTTGCTGEGCATETGEC

832  Asn

Thr

GlyMetSerTyrL euG'IMsp\l'a?ﬂ.rgl.eu\falHisArgilspLeul'I aAIaAn;lsnhleuhTLpSer

1081 CAGGCCCAGGLCCTCCCAGAAGGTCTACATGEETGCTTCCCATTCCAGGGEATGAGCTACCTGEAGGATGTGCEGCTCGTACACAGGEACTTGECCGCTCORAACGTGLTGETCAAGABT
[y oy o o e 1)

Glin Lys GlyAlaGlu Lys Glu 883
ProAsnHisVallysIleThrAspPheGlylevAlaArgleuleufspl 1eAspGluThrGluTyrHisAlaAspG 1 yG1yL

ys
1201 CECMCC&IGIM“WWMTGGCTCWTGCTTGJ\E @ TACCATGCAGATGAGGECAAGGT TAGE
d [6—A-] *

B34
ValProlleLysTrpMetAlaLeuGluSer]leleu
CACTCCCACAACACACAGTTGBAGGACTTCCTCTTCTGCCCTCCCCAGTGCCCATCAAGTEGATGECGCTEEAGTCCATTCTC

TGGGT

ACCAAGGAG(

1321 GGAGTGGTGTCTAGCLI

His  IleTyr 91
rgArgPheThrHisGInSerAspVal TrpSerTyrGlyVal
1441 CGCCGBLGGTTCACCCACCAGAGTGATGTGTGGAGT TATGETGTGTGATGEE6GETGT TGEGEAGEEETEEGTGAGGAGL CATGELTGRABGGAGGA TRAGAGCTGGGATGEGEAGAATTA

1561 CGGBGCCACCTCAGCATGTGAAGGGAGGGAAGGEECTECCTETGCCCCACCTTRCAGGETCTGTGCACTTCCCABGATT. AGACCH CTGTCTCCTGGCATCACATCT

1681 CCCCCTGCTACCTGCCATGATGCTAGACTCCTGAGCABARCCTCTGECTCAGTACACTARAGCTCCCTCTEGECCCTCCCACTCCTGACCCTETCTCTGLCTTAGGTGTEACTGTGTEEGA
1801 GCTGATGACTTTTGGEGCCARACCTTACGATGGGATCL

Fig. 1. Partial sequence of the HER2 gene. A partial Hae ITI-Alu I genomic library (I4) of human
fetal DNA in A Charon 4A was screened using a radiolabeled 2.5-kb Pvu Il fragment of pAEV
(13) containing coding sequences for the tyrosine kinase domain. Hybridization was as
described elsewhere (31), except that 30 percent formamide was used at 42°C. Three
independent clones were isolated which shared a 1.8-kb hybridizing Bam HI fragment. This
fragment and subsets thereof were isolated, subcloned into M13mp10 and M13mpll, and
sequenced (32). The intron-exon organization was determined by comparison with v-erbB
sequences (/0). Amino acid numbering is based on the complete cDNA sequence shown in Fig.
3. Nucleotide sequence differences with the human EGF receptor sequence are shown in the
regions that were used for the design of synthetic oligonucleotide probes 1 (30 nucleotides) and
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extracellular EGF binding domain of the
EGF receptor. This homology includes
two cysteine-rich subdomains of 26 and
21 regularly organized cysteine residues
(Figs. 4a and 2c, subdomains 2 and 3), all
of which are conserved in the EGF re-
ceptor. The cysteine residue spacing in
this region is also homologous with the
single cysteine-rich domain in the insulin
receptor « subunit (/9). In contrast,
HER2 contains only eight potential N-
linked glycosylation target sites (Asn-X-
Thr or Ser) as compared to 12 in the
corresponding region of the EGF recep-
tor. Only five of these are conserved
with respect to their relative position in
each polypeptide.

The hydrophobic, putative membrane
anchor sequence located between resi-
dues 653 and 676 (Fig. 4b, region 4) is
flanked at its carboxyl terminus by a
stretch of amino acids of predominantly
basic character (KRRQQKIRKYTMRR)
(21), as is found in the EGF receptor
sequence (9) (Fig. 4b, region 5). This
region of the EGF receptor contains
Thr%*, which plays a key role in protein
kinase C-mediated receptor modulation
(22). A homologous threonine residue is
embedded in a basic environment in the
HER2 sequence at position 685 (Fig. 4, a
and b).

The region of most extensive homolo-
gy (78.4 percent) between EGF receptor
and HER2 (beginning at residue 687)
extends over 343 amino acids and in-
cludes sequences specifying the adeno-
sine triphosphate (ATP) binding domain
(23) and tyrosine kinase activity (Fig. 4b,
region 6) (5). This region is also the most
conserved between v-erbB and EGF re-
ceptor (95 percent) (9). The collinear
homology between the EGF receptor-
erbB and HER2 ceases at position 1032,
but introduction of gaps into the EGF
receptor or HER2 sequences reveals
continued, although decreased, related-
ness (Fig. 4b, region 7). This sequence
alignment suggests that the two genes
evolved by duplication of an ancestral
receptor gene, and that subsequent nu-
cleotide sequence divergence in this car-
boxyl terminal domain led to diverged
biological roles for the encoded polypep-
tides.

The carboxyl terminal domain of
HER?2 is characterized by an unusually
high proline content (18 percent) and
predominant hydrophilicity (Fig. 4a).
These general features are also found in
the EGF receptor carboxyl terminal do-
main with a 10 percent proline content.
The sequences in this region that are
found to be conserved are almosl exclu-

PP PPy . [P [ - TAPY e e .

DOCKET

_ ARM

and two minor (Tyr''*%, Tyr'®®) in vitro
autophosphorylation sites in the human
EGF receptor (24) (Fig. 4, a and b).
Three of these tyrosine residues of
HER2 (positions 1139, 1196, 1248) are
flanked by homologous sequences

PQPEYV, ENPEYL, and ENPEYL

(21), respectively (Fig. 4b, region 7).

HER2 chromosomal location. In situ
hybridization of two >H-labeled HER2
probes (legend, Fig. 5a) to human chro-
mosomes resulted in specific labeling at
bands gl2—q22 of chromosome 17 (Fig.
5a). Metaphase cells (100) were analyzed
for each probe; 40 percent of cells scored
for HER2 probe 1 (HER2-1) had silver
grains over 17q12—q22 (Fig. 5b). Of the
209 grains observed, 42 (20 percent)
were found at this specific region, with
no other site labeled above background.
For HER2 probe 2, 36 percent of cells
had silver grains over the gql2—q22
bands of chromosome 17. Of all silver
grains, 17 percent (42/246) were localized
to this chromosomal region. A second-
ary site of hybridization with 3.3 percent
(8/246) of silver grains was detected at
bands p13—ql1.2 of chromosome 7.

To test whether this secondary site
represented cross-hybridization with the
EGF receptor gene, in situ hybridization
was carried out with *H-labeled EGF

|1 234567

b

Fig. 2. Northern blot hybridization analysis of
normal and malignant human tissues. (a) Fetal
tissues; (lane 1) term placenta, (lane 2) 20-
week placenta, (lane 3) 20-week liver, (lane 4)
20-week kidney, (lane 5) 20-week lung, (lane
6) 20-week brain. (b) Embryonic tumors; (lane
1) hepatoblastoma, (lanes 2 and 3) Ewing
sarcoma, (lane 4) rhabdomyosarcoma, (lanes
5 and 6) neuroblastoma, (lane 7) Wilms’ tu-
mor. Total poly(A)* RNA was isolated as
described (33); 4 pg per lane was analyzed on
a 1 percent formaldehyde-agarose gel. **P-
Labeled HER2-1 and HER-2 (legend to Fig. 5)
were used as hybridization probes under high
stringency conditions [50 percent formamide,
5x Denhardt’s solution, 5x standard saline
citrate (SSC), sonicated salmon sperm DNA
(50 pg/ml), 50 pM sodium phosphate buffer
(pH 6.8), 1 mM sodium pyrophosphate, and
10 pM ATP at 42°C for 16 hours; filters were
washed three times for 15 minutes at 45°C
with 0.2x SSC]. The filters were exposed at
—60°C with a Cronex Lightning Plus intensi-
fying screen (Dupont) for 7 days. Rat ribo-
soma] RNA s were used as 31zc standa.rds

receptor subclone 64-3. Of 100 cells ex-
amined, 30 had silver grains at bands
pl13—ql1.2 of chromosome 7 and 3 per-
cent (5/166) of total grains were found
over ql12—q22 of chromosome 17. With
the other variant probe (HER2-1) no
grain accumulation was observed at the
EGF receptor site on chromosome 7.

Southern blot analysis (25) of DNA
extracted from nine somatic cell hybrids
from human and rodent cells confirmed
the localization of HER2 sequences to
chromosome 17. 3?P-labeled HER2-1
and HER2-2 probes were hybridized to
the same set of Eco RI-digested DNA
samples. With HER2-1, a 13-kb hybrid-
izing band was detected in human DNA
(Fig. 5c, lane 1) and in DNA samples
from hybrids containing human chromo-
some 17 (Fig. 5c, lanes 6, 8, 10, and 12).
Likewise, hybridization of HER2-2 to a
6.6-kb DNA fragment was observed in
human control DNA (Fig. 5c, lane 1) and
in hybrids containing human chromo-
some 17 (Fig. 5c, lanes 6, 8, 10, and 12).
Chromosome 17 was the only chromo-
some with perfect concordant segrega-
tion; all other chromosomes were ex-
cluded by two or more discordant hy-
brids.

Regional localization to chromosome
17 was also confirmed by Southern blot
analysis. In a mouse-human hybrid con-
taining a rearranged human chromo-
some 17 with region 17q21—qter, the
human HER2 restriction fragments were
detected (Fig. 5c, lane 4). The HER2
gene was therefore localized to region
17q21—qter, in agreement with the local-
ization made by in situ hybridization.

Even though a low level of hybridiza-
tion with probe HER2-2 was seen at the
site of the EGF receptor gene on chro-
mosome 7, we were able to show that
this finding represented cross-hybrid-
ization. In a control experiment an
EGF receptor probe cross-hybridized to
the same extent with the HER2 site on
17q.

Taken together, the results of the in
situ and Southern blot hybridizations
permit the site of the HER2 sequences to
be further narrowed down to bands
17q21-q22, with the major peak of silver
grains at band 17q21.

HER2 expression in normal and malig-
nant tissues. To obtain further clues re-
garding the function of this receptor both
in normal cells and in neoplasms, North-
ern hybridization analyses (15) were car-
ried out with several normal human tis-
sues and randomly collected tumors. A
hybridizing 4.8-kb mRNA was detected
in all human fetal tissues analyzed, in-
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AATTCTCEAGCTCGTCGACCEGTCEACBAGC TCEAGGETCRACGAGCTCEAGGECECECGCCCEECCCCCACCCCTCECAGCACCCCECELCCCECECCCTCCCAGLCEEETCCABCCGBAGCCATEEGECCERAGCCECAGTEABCACC
10 20 30 40 50
rgTrp6lylLeuleuLeuAlaLeul euProProGlyAlaAlaSer ThrGInVal @ ThrG1yThrAspMetLysLeuArgL euProAlaSerProGluThrHisLeuAspMetLeuArgHisLeuTyr
GBGEECTCCTCCTCGCCCTCTTECCCCCCEEAGCCECEAGCACCCAAGTE IMBACCGECACABACATGAAGCTGCEECTCCCTECCABTCCCGAGACCCACCTEEACATECTCCECCACCTCTAC

80 90 100
GInEl InValValGIn&lyAsnLeuGluLeuThr TyrLeuProThr euSerPheleuGInAsplle6InGluValGInGlyTyrValleul 'Ie.ﬂ'ialli sAsnG1nVal .lrgE'ln\‘l'I ProLeu6l
TETWWTMCTMCTGCCCAMTGCMCT BTCCTTCCTGCAGGATATCCAGBAGETECAGGECTACGTEC TCATCECTCACAACCAAGTGAGECABETCC!

120 130
nemargmyrhrmnLeuPheelunspAsnTyrmLeun.va1LauuspnsnslyAwMLMwnmThrcmtas»memmumgmumalnl.eum-gs.ermmrsmnelm
ATTETGCEAGECAC cmcrcmmmmmccTaecr:srsc‘rmmTmcccsctwmnmcccmmmmmccmm TTCGAABCCTCACAGAGATCTTGAM
160
61yGlyValLeuTleBInArgAsnProGinLeu
GGABEEETC

170 180
yrGlnAspThrIlel.euTrpL,ysAspI]!PlleilisLm:nmmnLeuﬁld.euThernalspThrAsMrgSerWt‘E
Trwocmucccccm: CTACCAGGACACGATTTTETGGAAGGACATCTTCCACAAGAACAACCAGCTEECTCTCACACTGAT, CCBATE

GlySer, 1 IuSefS&rGluﬁs InSerLeuThrArgThrval 1a61 ak Lys6] yP‘ml.euProT‘brAs His61u61 TaAla61 1yProLysHisSer
ySe Arg Ll msccrancag?éam E‘D@% TG\!.U Mmmn

Asp.cauﬂ euﬁismex_mﬂ!e—rﬂyll GluLeutis 1aLeu'h‘alThrTyr&snThrAspThrPheGluSerHethlsnProGluS'lyArgTerhr 1yAl ValThrAl
ClC‘ITCMr.mCABTGBCﬂT GAGCTGCA MCCTGETMCTMWWTCQTGCCWTCCCW

330
TyrAsnTyrLeuSerThrAspVal Ely rleuVal euH1sAsnSlnE]u\fﬂThrMaslulspGuM]nArg TulLys LysPr Mrvg\fl'l yrslyl.euslﬁlatelumﬂ.w
TACAACTACCTTTCTACGGACGTGGEAT! CCTCETC CCAAGAGG TGACAGCAGAGGATGEAACACAGCGS! CGAGTE ATGETCTEEGCATGEAGCACTTE

1
MetGluLeuAlaAlaLeyl
ATGBABCTE6CEECCTTS)

360 370 380 390 400

ArgGluValArgAlaValThrSerAlaAsn]leGInGluPheAlagl i ysLys11ePheGlySerLeuAlaPheleuProGluSerPheAspE] yAspProAlaSerAsnThrAlaProleubinProGluGinLeuGinValPhe
CBABAGETEAGGGCAGTTACCAGTGCCAATATCCAGBAGTTTECT! TCTTTEEEAGCCTGGCATTTCTGCCEEABAGCTTTEATEGEGACCCABCCTCCAACACTECCCCECTCCAGCCABAGCAGCTCCAAGTETTT

410 420 430 440 450

6luThrLeuGluGlulleThrGlyTyrLeuTyrIleSerAlaTrpProAspSerLeuProAspLeuSerValPheGInAsnLeuGInValIleArg61yArgl leLeuHisAsnG1yAlaTyrSerLeuThrLeuGInGlyleuSlylle

GAGACTCTGGAAGAGATCACAGGTTACCTATACATCTCAGCATEGCCEEACAGCCTGCCTBACCTCABCGTCTTCCAGAACCTECAAGTAATCCGEGEACBAATTCTECACAATBECECC TACTCEC TBACCCTECAAGEGCTEEGCATC

460 470 480 490 500
SerTrplLeuGlylLeuArgSerLeuArgGluleuGlySerGlyLeuAlaLeulleHisHisAsnThrHisL Pheva'IH1sThr'ifalPro'lrpAspG'Inl.eumkrw\snmmsa‘lmhl.euoum smm
AGCTEECTGEEGCTECGCTCAC TWTMTGGCC“UTCCEPATMMCMCT BCCCTGEGACCAGCTCTTT

520
laArgArgAlaLeul eu6lySerGlyProThré
CCGCAGBECACTEL

GIuAspGl nlSlysluGlytml HisG'lnL zmm.mmmmnm val61u61 ghle’laGlyl.au
Tmrmacccucc TTCCTT

margslutyrmmmmuu euP msproal 1nmm731_|ﬁvam PheG1yPro6 mmspsl ValAl muryrws mngﬂ

CCCAGGGAGTATETEAA murmoccm

l’roSerGiyhlLysPro&spLeuSerTyr*tanIle?rpLysPMPrMspGluGiuGUma nP rlrullmﬁ weumsmm wmluamwms.rm
CCCAGCE6TGTRAAACCTRACCTCTCCTACATECCCATCTGRAAGTTTCCAGATGAGRABGEL CCACTC! CGAGCASABAGCCAGCCCT

660 680 700
LeuThrSerfl 1eValSerAlaValValGlylleLeuLeuValValValLeuGlyVal valPheGlyneLq.lI 1 ArgArgSInGInLysIleArgLysTyr rﬂetlrglrngstlnmuThrmuLeu\fﬂslum
CTEACGTCORTCETCTCTECE6TEETTGECATTCTGCTGETCGTGETCTTGE6E6TEETCTTTGEEATCCTCAT! CGECAGCAGAAGAT MTMTWT mmmﬂmmm

710 720 730 750
ThrProSerGlyAlaMetProAsnGinAlaGinMetArgl TeLeulysGluThrél ULWQ'ILV:FIILNGI ySerGlyAlaPheGlyThrValTyrLysGlyl IcTrpI IeProAspGlyG'l uAsnVallLysIleProVal
ACACCTAGCEGASCEATECCCAACCAGECGCABATGCEEATCC TGAAABAGACEEAGCT TGAAGETGCTTEEATCTEECECTTTTGECACAGTCTACAAGGECATCTEEAT! CCCTG!TWTGTMTTM

TE? 770 780 790
AlallelysValLeuArgGluAsnThr rProl.ysA'IaAsnl.ysB]uIleleuAspGluA‘laTyrlmIleu'lls'lﬂllB'IﬁerPruTerllSerAr;euLeuGlyn eu‘l’hrSerl‘hrhIBlnuu\mThrslan
GCCATCAAAGTG TTMCA CCAAAGCCAACAAAGAAATCTTAGACGAAGCATACETEATGECTGETETBEECTCCCCATATETCTCCCECCTTCTGEECAT! TCCACGETECAGCTEGETEACACAGCTT

830 B840 850

ProTyr6] NLeHspHis\‘al 61uAsnA; lyArgLeuSlySers'lnAspLeuLwAsn tGInlleAl G1yMetSerTyrLeuGluAspValArgLeuValHisArgAspLeuAlaAlaArgAsn
A'I’GCI:CTAT E&M‘ACB?&GM CAGBACCTGCTGAA TMTTBCM mwmﬁcmmnm CGCTCGRAAC
5?0 880 890 900

hlLeu\fnTl.ysSgrProAanish]l.ys ITeThrAspPheGlyleuAlaArgleuleuAs pl'leAspGlnThrﬂuTyrliisAhlspGlym yLysValProlleLysTrpMetAlaLeuGluSerIleleuArgArgArgPheThr
GTGCTEETCAABAGTCCCAACCATETCAAAATTACAGACTTCEEGCTEECTCEECTELTEEACATTEGACGASACAGABTACCATECABATEE666CAAGETECCCATCAASTGEATEECECTEEABTCCATTCTCOBCCEECEETTCACE
910 920 930 940 950
HisGInSerAspValTrpSerTyrGlyVal ThrVal Trp6luLeuMet ThrPheG1yAlaLysProTyrAsp&lyl Iemlnmlel’rm:pl euleu6luLysBly6l %Lwﬁo&l nProProll 1leAsp
CACCABAGT GA?GTG?SGAGITATGGTETMETGTMWWMW&MTWTCM& TCCCTGACCT CCCAGCCCCCCA TTGAT
1000

ValTyrMetIleMetVallys l'r.ﬂetl leAspSerG] Phaﬁrgm uLeuValSer6lu m&rmm aArgAspProGinArgPheValvall TUGI nAsnGluAsplLeuGlyProAlaSerProleu
BTCTACATGATCAT! TGATTGACT CAABATTC CEWETI'GGTGT CTGAATTCT CCMTRWWMT&EMWMWM
1010 1050

ﬁspSerThrNreTn‘hSeerLmGlMspAsﬂ spMet&lyAspl eu\'al!.spl. laGlu61 u'l'rrl..el.l'lalP‘roGl nG1 nmm :EPNM aProGlyAl 161361*1‘.'!1 Hi SW
GACAGCACCTTCTAC! CACTECTM BACATGEGEGACCTEET TECTG.\BGABT ACCCCAGCAGGECTT! m TCCAC!

1080 1100
Ser‘l'hr erGlyGlys lyAspLeu'l'hrl.euE'l yLeugl uPrnSerG TuGluB1 ul'l' lPrnmAEgSerFrnLeuM aProSerGluGlyAlaGlySerAspVa lMspGlyAspLNﬁlME'lyAl aAlalys6lyLeuGinSer
T66C66TEEEEACCTRACACTAGGGC TEBAGCCCTCTRAAGAGGAGECCLE TCT CUCTBGC&CCCTCCWT TCCGATGTATTTEGATEGTEACCTEGEAATEEE66CAGCCAAGEEEL TECAAAGE:

1110 1120 1130 1140 1150
Leuﬁ-nThrH1uspProSchroteuB1nArgTyrSersIMspProThr\fc1 ProLeuProSerGluThrAspGlyTyrValAlaProLeuTh ProG1nPro6luTyrValAsnGinProAspValArgProGinProPro
CTCCCCACACATGACCCCABCCCTCTACAGCGETACAGTGAGBACCCCACAGTACCCCTECCCTCTGABACTGATGECTACBTTECCCCCC CCCCAGCCTBAAT) TGTWMTGTTOGGCWH

1160 1170 1180 1200

SerProArgGluGlyProLeuProAlaAlaArgProAlaGlyAlaThrLeuGluArgAlalys ThrLeuSerPro6] yLysAsn-BU\‘a'l hlLysAsphl PheAl iPheGlelyM aValGluAsnPro6luTyrLeuThrPro6in

TCBCCCCBABAGBECCCTCTRCCTBCTRCCCRACCTECTEETECCACTCTEGAAAGGGCCAABACTCTCTCCCCAGGEARGAATEEEETCETCAAABACGTTTTTECCTTTG6666TECCETERAGAACCCCEAGTACTTBACACCECAG
1210 1220 30 1240
slyﬁ]yﬁla.\]aPraGlnProH‘IstProProﬁllPheSermnlaMspAsanTeryﬂruspBInAspPro Pro61uA: ET)vl'laProPmSerTerhclysE1yT1u-Pm‘l‘hrﬁ'laGluﬂsnI’romu1¥rlm'ly
GBABBAGCTGCCCCTCABCCCCACCCTCCTCCTECCTTCAGCCCAGCCTTCBACAACCTCTATTACTGEGACCAGEA wcmx&mmmﬁmemrm
1255

LeuAspValProValEND

CTBBACETECCAGTETEAACCAGAAGGCCAAGTCCGLABAAGLCCTGATETETCCTCAGGEAGCAGGGAAGGCCTRACTTCTEC TEECATCAAGAGETGEGAGEECCCTCCGACCACTTCCAGBGEAACCTECCATECCAGBAACCTETC

CTAAGGAACCTTCCTTCCTBCTTRAGTTCCCAGATEEC TERAAGBBETCCAGCCTCGTTGEAAGAGGAACAGCAC TEEE6AGTCTTTETGEATTCTEAGECCCTECCCAATEAGACTCTAGGETCCAGTERATECCACAGCCCASCTTES

CCCTTTCCTTCCABATCCTEEETACTGAAAGCCTTAGGEAAGC T66CCTRAGABGGEAAGLEECCCTAAGGGAGTETCTAAGAACAAAAGCGACCCATTCABABACTE TCCCTGAAACCTAGTACTECCCCCCATGAGGAAGGAACABCA
ggsm’mmcmmmcmﬂscnﬂcmmmnﬂﬂcnmﬂsmnmmmmr CCAGGEBABAATEEGTETTRTATGEGEABECAAGTE TEEGE6ETCCTTCTCCACACCCACT
TCCATTTGCAAATATATTT TGGAAAACAAAAAAAAAAAAAA

Fig. 3. Complete nucleotide and amino acid sequences of HER2 (clone A\HER2-436). Synthetic probes 1 and 2 (Fig. 1) were used to screen2 X 10°
clones of a human placental cDNA library in Agt10 (17) as described (9). Fifty-two clones were isolated and characterized by Eco RI restriction di-
gestion and Southern blot hybridization (25) with the radiolabeled synthetic oligonucleotides (34) and, on a duplicate blot, an EGF receptor Eco
RI fragment (HER64-3) as probes. Labelmg of oligonucleotides was achieved with 1 unit of T4 polynucleotide kinase (New England Biolabs), 10

pmol of oligonucleotide and 30 pmol of [y-*

PJATP (Amersham) as specified by the supplier. HER64-3 was labeled to high specific activity (>10®

cpm/pg) as described (34). Clone AHER2-436 was used for nucleotide sequence analysis (32) of overlapping subclones. Amino acids are
numbered starting with the initiation methionine (1). Underlining indicates the putative signal sequence (heavy) and the potential poly(A) addition
signal (fine). Lines on top of the sequence indicate potential glycosylation sites, the black arrow demarcates the EGF receptor threonine 654
analogue (Thr 686), shading indicates cysteine residues, boxing shows the putative transmembrane region, large open triangles indicate some
locations of introns in the HER2 gene, and the small triangle emphasizes a possible tyrosine autophosphorylation site by homology to Tyr 1173 in
the EGF receptor sequence.
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from a single fetus (Fig. 2a). Two
mRNA'’s, of 5.4 and 6.4 kb, were also
detected in term placenta. No cross-
hybridization with the 5.8-kb and 10.5-kb

40.6%

EGF receptor mRNA's in term placenta
mRNA was observed under these strin-
gent hyridization conditions (legend,
Fig. 2). Normal adult human tissues,

including kidney, liver, skin, lung, jeju-
num, uterus, stomach, and colon, con-
tained lower but significant amounts of
the same 4.8-kb mRNA. Because of the
magnitude of fetal expression, we also
examined several embryonic tumors
(Fig. 2b); each expressed large amounts
of the 4.8-kb transcript, although not
more than that detected in normal fetal
tissue.

Thus, it appears that the HER2 gene is
widely expressed, in both normal adult
tissues and in several normal fetal tis-
sues. While detected in most embryonic
tumors, the HER2 gene was not present
at higher levels than in fetal tissues; thus,
the particular level may reflect the state
of differentiation of a given tumor.

HER2 structurally characterized as cell
surface receptor. Using the transforming
gene of the avian erythroblastosis virus,
v-erbB, as a hybridization probe, we
isolated genomic and cDNA sequences
of an uncharacterized human gene. The
1255 amino acid polypeptide sequence

————— Extracellular 1 } Cytoplasmic —————|

b
HER1 -24 [MRPSGT GAALLA A & ASR [LEEKK 50 SN TOQLGTF D FLS QRMFNNEE L I VQR YD KT A L TERI 4
HER2 1 MELAALERWGLLLALLPPGAASTQ--VETGTDMKLRLPASPETHLOMLRHLYQGEQVVQGNLELTYLPTNASLSFLQDIQEVQGY VL IAHNQVRQVP
HER1 77 EN Q I NMYY NS R Y — - K PMNQ HARFSN A ZNVES Q R VSSDFLSNMSMDFQ HLGSiokE
HER2Z 96 LQRLRIVRGTQLFEDNYALAVLDNGDPLNNTTPVTGASPGELRELQLRSLTEILKGGVL IQRNPQLEYQDT ILHKDIFHKNNQLALTLIDTNRSR EHPE
HER1 167 |D SEPNGSE AGE NE K KITE Q0ES6 #R KS S £ N % VERK RDEATEKDTE P ML PT YQMDV ks 71| 2
HERZ 196 |SPMEKGSREWGESSEDEQSLTRTVEAGGEA-REKGPLPTDE HEQéAAG%TGPKH&D?LA?LHFNHss1 XELHEPALVTYNTDTFESMPNPEGRYTFGAS
HER1 267 HVRAHGADSY ME-  VRKEK HEG #RK EN T IGEFKDSLSINAT KH KNETS S D HI VA R SFTH P D
HER2 295 gvra PYNYLSTDVGS TLV§PLHNQEVTAEDGTQR§EK§SKP anv YGLGMEHLREVRAVTSANTQEFAGEKK IFGSLAFLPESFOGOPASNTAPLQP
HER1 366 QE DILK LQ ENRT HAE EI TKQH QF AVVS N TS K ISD DVI S6 KN EEYAN IN KK GTSG KTK
HER2 395 EQLOFFETLEEITGYLYISnHPDSLPDLSUFQNLQVIRGRILHHG#YSLTLOGLGISHLGLRSLRELGSGLALIHHNTHL FVHTVPWOQLFRNPHQALL

3
HER1 466 |11S G NSEKAT Qvi A ZSPEGEM PE RDE SHRNVS R % DKENL E E F ENSEE togﬂ L AMNI #T RGP NEIQE 1 6
HER2 495 HTnNRPEDEEVGEGLAQHQL@ARRnLLGsGPTqévnésqunsuE VEE§RVLQGLPnEvvuARH§LP PELQPQNGSVTEFGPEADQEVAEAHYKDPP
erbB 1 MKE FI 6
HER1 566 KTE A MGENNTLV- YA AGHVEHLEHP # YGHTGPGLE i TNGPKI -- [ATGM A LLLVVALGIG FM RHIV RZ || R
HER2 595 FéVRR PSGVKPDLSYMPIWKFPDEEGAL aP PINT THsﬁannaxG AEORASPLTS|IVSAVVGILLVVVLGYVFGILIKRRQOK IRKYZMRRLLQET| 4,5
erbB 11 [HE KA/ A_LGENDTLVR- YA ANAVE LiHP % RGIKGPGLE ] NGSKT- -- | AAG 6 CL VVGLGIG YL] RHIV RA R
HER1 663 EA LL FK I %%k % Bk *E A SDNHC
HER2 695 |ELVEPLTPSGAMPNQAQMRILKETELRKVKVLGSGAFGTVYKGIWIPDGENVKIPVAIKVLRENTSPKANKE ILDEAYVMAGVGSPYVSRLLGICLTSTV
erbB 107 EA HL FK Ik E K E A SDONHC
HER1 763 I Y  HKDNI Y v N R TQ K GAE K 8
HER2 795 QLVTQLHPYGCLLDHURENRGRLGSODLLNNCMQIAKGMSYLEDVRLUHRDL&&RNULUKSPNHUKlTDFBLARLLDIDETEYHRDGGKVPIKHMRLESI
erbs 207 YI HKDNI N ER TQ K GA K £
HER1 863 | H IV s s SSI ADS K oK YL  GDER
HER2Z 895 LRRRFTHQSDVHSYGUTVHELHTFG&KPYDGIPﬂREIPDLLEKGERLPOPPIC?[DVYMIHFKEHHIDSECRPRFRELVSEFSRHnRDPQRFVV[ONEDL
erbB 307 | H IY s s ADS K IA K P YL GDER
HER1 963 |[MHLP T N- A MDEE DV D I  |remmmmmmmmmmmoae P =iRoacs PLosccoesco —— —= T NNSTVACID
HERZ 995 |GPA- SPLDST-FYRSLLEDDDMGDLFDnEEYLFPQQGFFCPDP&PEﬁGGM?HHRHRSSSTRSGGGDLTLGLEPSEEEnPRSPLRPSEGﬁESDVFDEDLGM
erbB 207" [MHLE™ T ¥ T MEEE BT DU s m e il P ) ke S —= —— T NNSATNCID
HER1 1028 [--RN C IKED F S GA _T DSIDDTF ——- V I -5 PKR AGS-VQNPVYHNQPLNPAPSR-=~D HYQOPHST====mn
HER2 1093 |GAAKGLQSLPTHDPSPLQRESEOPTVPLPSETOGEVAPLTCSPQP uopovnPQPPSPnEGPLPnnaPAGATL£RnnTLSPsxnavaDVFAFEGnvE
erbg 472 |--RN - GH VRED FV S  GNF-L ESIDDGF --- A —LMPKK STAMVQNQIYNFISLTAISKLPM-DSRYQNSHST-———-- 0
HER1 1111 N V PTCUNSTFD----  HWAQKGSHQISL PQf3-Q FF KEAK NGI  S- A ] RVAPQSSEFIGA*
HER2 1193 (NPEML-TPQGGAAPQPHPPPAFSPAF —mmmmmm e e DN DQD-PPERGAPPSTFKGTPTAENPEMLGLOVPY*
erbB 557 N N SPLAKTVFE---5 -YWIQSGNHQINL POM-Q FL TSCS*

Fig. 4. (a) Hydropathy analysis (20) of HER2 (1255 amino acids) coding sequences and comparison with EGF receptor (HER1; 1210 amino acids).
Different receptor domains and the extent of amino acid sequence homology are indicated. The autophosphorylation tyrosines in the EGF
receptor sequence are shown, as is a potential analogue in HER2. The signal sequence is shown by fine shading, the cysteine-rich subdomains by
hatching, the transmembrane region by a black bar, and the tyrosine kinase domain by coarse shading. (b) Comparison of HER2, EGF receptor
(HER1), and v-erbB amino acid sequences. Identical residues are deleted, gaps are introduced to optimize alignment, cysteine residues are
shaded, and carboxyl terminal tyrosines are in shaded boxes. The black and open triangles indicate the positions of the major and minor
autophosphorylation sites in the EGF receptor, respectively. Asterisks indicate residues involved in ATP binding. Boxed regions include (i),
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