3000 Ci/mM) (UTP) was then added, and the
nuclear suspension was incubated. at 30°C for 30
minutes, after which time 15 pl of DNase I (5 g/
ml) in 10 mM CaCl, (5 pg/ml) was added. After 5
minutes at 30°C, the reaction was made 1x SET
(1 percent sodium dodecyl sulfate (SDS), 5 mM
EDTA, 10 mM tris-HCl, pH 7.4), and proteinas¢
K was added to a concentration of 200 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 inter-
phase was again extracted with 100. ul of 1x
SET. Ammonium acetate (10M) was added to
the combined aqueous phdsés (original plus
reextraction) to a final concentration of 2.3M, dn
equal volume of isopropyl alcohol was added,
and nucleic acid was precipitated (—70°C for 15
minutes). The precipitate. was centrifuged in a
microcentrifuge for 10 minutes, and the pellet
was resuspended in 100 wl of TE (10 mM tris-
HCI, 1 mM EDTA) and centtifuged through a G-
50 (medium) spin column. The eluate was made
0.2M in NaOH and aftéer 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 containihg the precipi-
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tate held overnight at —20°C. After centrifuga-
tion in a migrocentrifuge 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 hybridizatior, 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 10’ 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, Alare Gray, John McGrath, Peter H. Seeburg
Towia A. Libermann, Joseph Schlessinge‘r, 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
oncogeriesis (/-4). Of approximately 20
identified onicogenes, 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-
gehe 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¥) (4).

The receptor-rélated 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
shared by several other polypeptide hor-
mone receptors, including those for insu-
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lin (6), PDGF (7), and insulin-like growth
factor 1 (IGF-1) (8); hence more conneéc-
tions may be found beétween tyrosine
kinase growth factor receptors and tyro-
sine kinase oncogene products.
Comparison of the comiplete primary
structure of the human EGF receptor (9)
with the sequence of the avian erythro-
blastosis vitus (AEV) transformirng gene,
v-ertbB (10), revealed close sequence
similarity; in addition, there were amino
and carboxyl terminal deletions that may
reflect key structural chédnges in the gen-
eration of an oncogene frori 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 (/7).

SS(;) for 30 minutes. Either protocol for proc-
essing of the filters after hybridization yielded
the: samte specificity in signal. Filters were then
exposed to Kodak XAR film 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 & 185,000~
dalton cell surface antigen that can be
detected by cross-reaction with polyclo-
nal antibodies against EGF receptor (/1);
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 getiomic 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 structural homology, this putative
receptor is-a hew 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 oncogene 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 \c-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 HER?2 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 (/6) were pre-
pared from HER?2 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 Agtl10 (17). 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-
zak’s rule (I8) for translation initiation.
The 3’ untranslated sequence contains a

6 DECEMBER 1985

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
HER?2 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

740  Glu Lys Glu

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

769

IleProAspG]yGluAanalLys]leProValA]aI1eLysValLeuArgGluAsnThrSerProLysA]aAsnLysG]uIleLeuAs

—_

GGATCCCTGATGGGGAGAATGTGAAAATTCCAGTGGCCATCAAAGTGT TGAGGGAAAACACATCCCCCAAAGCCAACAAAGAAATCTTAGACGTAAGCCCCTCCACCCTCTCCTGCTAGG
121  AGGACAGGAAGGACCCCATGGCTGCAGGTCTGGGCTCTGGTCTCTCTTCATTGGGGTTTGGGGAGATATGACTCCCGCAAACCTAGACTATTTTTTTGGAGACGGAGCTTGCTCTGTCAC
241 CCAGGCTGGAGTGCAGTGGCGTTATCTCGGCTCACTGCAACCTCCACCTCCTGGACTCAAGCGATTTTCATGCCTCAGGCTCCTGAGTAGCTGGGATTACAAGCGCCCGCTAATTTTTTT
361  TTTTTTTTTGAGACAGAGTCTCGCTCTGTCACCCAGGCTAGAGTGAAATGGTGCGGTCTCAGCTCAGCCTCCCAGRTTAAAGCGATTCTTCTCCCTCAGTCTCCTGAGTAGCTGGGATTA
481  CAGGCGCGAGCCACCACGCCCGGCTAATTTTTGTATTTTTAGTAGAGATGGGATTTCACCATGTTGGCCAGGTTGGTGTCAAACTCCTGACCTCATGATCCGCCCGCCTCGGCCTCCCAA
601 AGTGCTGGGATTACAGGTGTGAGCCACGTGCCCGGCCTAATCTTTGTATTTTTAGTAGAGACAGGGTTTCACCATGTTGTCCAGGCTGGTACTTTGAGCCTTCACAGGCTGTGGGCCATG

770 Ser  AspAsn  Hi
GluAlaTyrValMetAlaGlyValGlySerProTy

721 GCTGTGGTTTGTGATGGTTGGGAGGCTGTGTGGTGTTTGGGGGTGTGTGGTCTCCCATACCCTCTCAGCGTACCCTTGTCCCCAGGAAGCATACGTGATGGCTEGGTGTGGGCTCCCCATA

s Cys e Phe Tyr HisLysAspAsnIle
rValSerArgLeuLeuG]ylleCysLeuThrSerThrValG]nLeuVa]ThrG]nLeuMetPraTyrGlyCysLeuLeuAspHisValArgG]uAsnArgGlyArgLeuG]ySerG]nAs
841 TGTCTCCCGCCTTCTGGGCATCTGCCTGACATCCACGGTGCAGCTGGTGACACAGCTTATGCCCTATGGCTGCCTCTTAGACCATGTCCGGGAAAACCGCGGACGCCTGGGCTCCCAGGA

Val 831
pLeuLeuAsnTrprsMetG]nIleAlaLys
961 CCTGCTGAACTGGTGTATGCAGATTGCCAAGGTATGCACCTGGGCTCTTTGCAGGTCTCTCCGGAGCAAACCCCTATGTCCACAAGGGGCTAGGATGGGGACTCTTGCTGGGCATGTGGC

832  Asn Arg Thr

GlyMetSerTyrLeuGluAspValArgleuValHisArgAspLeuAlaAlaArgAsnValleuVallys Ser
1081  CAGGCCCAGGCCCTCCCAGAAGGTCTACATGGGTGCTTCCCATTCCAGGGGATGAGCTACCTGGAGGATGTGCGGCTCGTACACAGGGACTTGGCCGCTCGGAACGTGCTGGTCAAGAGT
~CCBT——CT=6--6--—C-C---C-——A-] (])

GIn Lys GlyAlaGlu Lys Glu 883
ProAsnHisValLysIleThrAspPheGlylLeuAlaArgLeuleuAspI1eAspGluThrGluTyrHisAlaAspGlyGlyLy:
1201 CCCAACCATGTCAAAATTACAGACTTCGGGCTGGCTCGGCTGCTGGACATTGACGAG CAGAGTACCATGCAGATGGGGGCAAGGTTAGGTGAAGGACCAAGGAGCAGAGGAGGCTGGGT
AAA—————-GTGCG——A-

884
ValProlleLysTrpMetAlaLeuGluSerlTleleu
1321 GGAGTGGTGTCTAGCCCATGGGAGAACTCTGAGTGGCCACTCCCACAACACACAGTTGGAGGACTTCCTCTTCTGCCCTCCCCAGTGCCCATCAAGTGGATGGCGCTGGAGTCCATTCTC

His  IleTyr 910
ArgArgArgPheThrHisGInSerAspValTrpSerTyrGlyVal
1441  CGCCGGCGGTTCACCCACCAGAGTGATGTGTGGAGTTATGGTGTGTGATGGGGGGTGT TGGGAGGGGTGGGTGAGGAGCCATGGCTGGAGGGAGGATGAGAGCTGGGATGGGGAGAATTA

1561 CGGGGCCACCTCAGCATGTGAAGGGAGGGAAGGEGCTGCCTGTGCCCCACCTTGCAGGGTCTGTGCACTTCCCAGGATTAGGGAAAGACCGGGTAGGGTCTGTCTCCTGGCATCACATCT
1681 CCCCCTGCTACCTGCCATGATGCTAGACTCCTGAGCAGAACCTCTGGCTCAGTACACTAAAGCTCCCTCTGGCCCTCCCACTCCTGACCCTGTCTCTGCCTTAGGTGTGACTGTGTGGGA
1801 GCTGATGACTTTTGGGGCCAAACCTTACGATGGGATCC

Fig. 1. Partial sequence of the HER?2 gene. A partial Hae III-Alu I genomic library (14) of human
fetal DNA in A Charon 4A was screened using a radiolabeled 2.5-kb Pvu II 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 M13mpl10 and M13mpl1, and
sequenced (32). The intron-exon organization was determined by comparison with v-erbB
sequences (10). 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
2 (21 nucleotides). Amino acid sequence differences with the EGF receptor are shown above the
HER?2 sequence.
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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 a subunit (/9). In contrast,
HER?2 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
HER?2 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 HER?2 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 almost exclu-
sively centered around five tyrosine resi-
dues, which include the major (Tyr!'”)
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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
HER?2 (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 3H-labeled HER2
probes (legend, Fig. 5a) to human chro-
mosomes resulted in specific labeling at
bands ql2—q22 of chromosome 17 (Fig.
Sa). 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 ql2—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—q11.2 of chromosome 7.

To test whether this secondary site
represented cross-hybridization with the
EGF receptor gene, in situ hybridization
was carried out with 3H-labeled EGF

1234567

aI23f315‘6b

7.4
4.8—

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 S5) 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 ug per lane was analyzed on
a 1 percent formaldehyde-agarose gel. 32P-
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 nM sodium phosphate buffer
(pH 6.8), 1 mM sodium pyrophosphate, and
10 nM 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-
somal RNA’s were used as size standards
(285, 4.8 kb; 185, 1.8 kb). RNA sizes are
given in kilobases.

receptor subclone 64-3. Of 100 cells ex-
amined, 30 had silver grains at bands
p13—ql1.2 of chromosome 7 and 3 per-
cent (5/166) of total grains were found
over q12—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 Rl-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 HER? restriction fragments were
detected (Fig. Sc, 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.

HER?2 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-
cluding term placenta, 20-week placenta,
liver, kidney, lung, and brain obtained
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Fig.

AATTCTCGAGCTCGTCGACCGGTCGACGAGCTCGAGGGTCGACGAGCTCGAGGGCGCGCGCCCGGCCCCCACCCCTCGCAGCACCCCGCGCCCCGCGCCCTCCCAGCCGGGTCCAGCCGGAGCCATGGGGCCGGAGCCGCAGTGAGCACC

10 20 30 40 50
ArgTrpGlylLeuLeuleuAlaleuLeuProProGlyAlaAlaSerThrGInValL¥8ThrGlyThrAspMetLysLeuArgLeuProAlaSerProGluThrHisLeuAspMetLeuArgHisLeuTyr
CGCTGGGGGCTCCTCCTCGCCCTCTTGCCCCCCGGAGCCGCGAGCACCCAAGTG ACCGGCACAGACATGAAGCTGCGGCTCCCTGCCAGTCCCGAGACCCACCTGGACATGCTCCGCCACCTCTAC

20 80 90 100

1
MetGluLeuAlaAlaLe
ATGGAGCTGGCGGCCTT

GInGly! InValValGInGlyAsnLeuGl uLeuThrTereuProThr!snx TaserLeuSerPheLeuGlnAspl1eGInGluValGInGlyTyrValLeulleAlaHisAsnGInValArgGInValProLeuGlnArgleuArg
CAGGGC TR CAGGTGGTGCAGGGAAACC TGGAACTCACCTACCTGCCCACCAATGCCAGCCTGTCCTTCCTGCAGGATATCCAGGAGGTGCAGGGCTACGTGCTCATCGCTCACAACCAAGTGAGGCAGGTCCCACTGCAGAGGCTGCGG

110 120 130 140 150
I1eValArgGlyThrGlnLeuPheGluAspAsnTyrAlaleuAlaValleuAspAsnGlyAspProleuA AsnAsnThrThrProValThrG1yAlaSerProGlyGlyLeuArgGluLeuGinLeuArgSerLeuThrGlulleLeulys
ATTGTGCGAGGCACCCAGCTCTTTGAGGACAACTATGCCCTGGCCGTGCTAGACAATGGAGACCCGCTGAACAATACCACCCCTGTCACAGGGGCCTCCCCAGGAGGCCT GCGGGAGCTGCAGCTTCGAAGCCTCACAGAGATCTTGAM

160 170 180
GlyGlyVallLeulleGInArgAsnProGlinLe TyrGlnAspThrIleLeuTrpLysAspIlePheHvsLysAsnAsnGlnLeuMaLeuThrLeuIleAspThrAsnArgSerArgAla &HisPro SerProMetikxs
GGAGGGGTCTTGATCCAGCGGAACCCCCAGCTCY; CCAGGACACGATTTTGTGGAAGGACATCTTCCA\CAAGAACAACCAGCTGGCTCTCACACTGATAGACACCAACCGCTCTCGGGCC CACCCC CTCCGATG

210 230 ) 250
ETrpGlyGluSerSerGluAs, ysGlyProLeuProThrAspf HisGluGln AlaAlaGly hrG1yProLysHisSer
GEGGAGAGAGTTCTGAGGA AGGGGCCACTGCCCACTGA ATGAGCAGIRYGCTGCCGGCYMBACGGGCCCCAAGCACTCT

! _Z_?Q - . 270 280 290

LeuHisPheAsnHisSerGlyIlef luLeuHisE¥8ProAlaLeuValThrTyrAsnThrAspThrPheGluSerMet ProAsnProGluGlyArgTyrThrPheGlyAlaSerEg%ValThrAla
1 CAGCCCTGGTCACCTACAACACAGACACGTTTGAGTCCATGCCCAATCCCGAGGGCCGGTATACATTCGGCGCCAGCTREGTGACTGCCIECCC
320 330 ) 350
TyrAsnTyrLeuSerThrAspValGlySer: ProLeuHisAsnGInGluValThrA1aG1uAspGlyThrGInAr laArgValEyeTyrGlylLeuGlyMetGluHisLeu
TACAACTACCTTTCTACGGACGTGGGATCC CCCCTGCACAACCAAGAGGTGACAGCAGAGGATGGAACACAGCG CCCGAGTGIRETATGGTCTGGGCATGGAGCACTTG
360 370 380 390 400
ArgGluValArgAlaValThrSerAlaAsnIleGInGluPheAlaGl ysLysI1ePheGlySerLeuAlaPheLeuProGluSerPheAspGlyAspProAlaSerAsnThrAlaProLeuGinProGluGInLeuGInValPhe
CGAGAGGTGAGGGCAGTTACCAGTGCCAATATCCAGGAGTTTGCTGG AGAAGATCTTTGGGAGCCTGGCATTTCTGCCGGAGAGCTTTGATGGGGACCCAGCCTCCAACACTGCCCCGCTCCAGCCAGAGCAGCTCCAAGTGTTT
430 440 450
GluThrLeuGluGlulleThrGlyTyrLeuTyrIleSerAlaTrpProAspSerLeuProAspLeuSerValPheGInAsnLeuGInVallleArgGlyArgl leLeuHisAsnGlyAlaTyrSerLeuThrLeuGInGlyLeuGlylle
GAGACTCTGGAAGAGATCACAGGTTACCTATACATCTCAGCATGGCCGGACAGCCTGCCTGACCTCAGCGTCTTCCAGAACCTGCAAGTAATCCGGGGACGAATTCTGCACAATGGCGCCTACTCGCTGACCCTGCAAGGGCTGGGCATC
470 480 490 500
SerTrpLeuGlyLeuArgSerLeuArgGluLeuGlySerGlyLeuAlaLeulleHisHisAsnThrHisLe heValHisThrValProTrpAspGInLeuPheArgAsnProHisGInAlaleuleuHisThrAlaAsnArgPro
AGCTGGCTGGGGCTGCGCTCACTGAGGGAACTGGGCAGTGGACTGGCCCTCATCCACCATAACACCCACCT TCGTGCACACGGTGCCCTGGGACCAGCTCTTTCGGAACCCGCACCAAGCTCTGCTCCACACTGCCAACCGGCCA

310

520 0 550
AlaArgArgAlaleuleuGlySerGlyProThrGInE¥gValAsn erGInPheLeuArgGlyGInGlul alGluGlug§sArgvalLeuGinGlylLeu
GCCCGCAGGGCACTGCTGGGGTCAGGGCCCACCCA CAACTREAGCCAGTTCCTTCGGGGCCAGGAGEREGTGGAGGAATIRCGAGTACTGCAGGGECTC
570 580 590
ProArgGluTyrValAsnAlaArgHi G1nProG1nAsnGlySerValThr! AlaHisTyrLysAspProProPh ValAlaArgi
CCCAGGGAGTATGTGAATGCCAGGCA! AGCCCCAGAATGGCTCAGTGACC! CCCACTATAAGGACCCTCCCTT GTGGCCCGC

640
ValAspLeuAspAspLysGl ProAlaGluGlnArgAlaSerPro

610 620
ProSerGlyValLysProAspLeuSerTyrMetProlleTrpLysPheProAspGiuGluGlyAl
CCCAGCGGTGTGAAACCTGACCTCTCCTACATGCCCATCTGGAAGTTTCCAGATGAGGAGGGCGC GTGGACCTGGATGACAAGGGCERBCCCGCCGAGCAGAGAGCCAGCCCT

_660 670 68 690 700
LeuThrSenjl 1eValSerAlavalValGlylleLeuLeuValValValLeuGlyValValPheGlylleLeul 1 ysArgArgGInGinLysIleArgLysTyrThrMetArgArgLeuleuGInGluThrGluLeuValGluProleu
CTGACGTCCRTCGTCTCTGCGGTGGTTGGCATTCTGCTGGTCGTGGTCTTGGGGGTGGTCTTTGGGATCCTCATORAGCGACGGCAGCAGAAGATCCGGAAGTACACGATGCGGAGACTGCTGCAGGAAACGGAGCTGGTGGAGCCGCTG

710 720 730 740 750
ThrProSerGlyAlaMetProAsnGInAlaGinMetArglleLeulysGluThrGluLeuArgLysVallysValleuGlySerGlyAlaPheGlyThrValTyrLysGlyIleTrplleProAspGlyGluAsnVallysIleProVal
ACACCTAGCGGAGCGATGCCCAACCAGGCGCAGATGCGGATCCTGAAAGAGACGGAGCTGAGGAAGGTGAAGGTGCTTGGATCTGGCGCTTTTGGCACAGTCTACAAGGGCATCTGGATCCCTGATGGGGAGAATGTGAAAATTCCAGTG

___éﬁg 770 780 790 800
AlalleLysValLeuArgGluAsnThrSerProLysAlaAsnLysGlulleLeuAspGluAlaTyrValMetAlaGlyValGlySerProTyrValSerArgleuleuGlyIl LeuThrSerThrValGlinLeuValThrGinLeu
GCCATCAAAGTGTTGAGGGAAAACACATCCCCCAAAGCCAACAAAGAAATCTTAGAgAAGCATACGTGATGGCTGGTGTGGGCTCCCCATATGTCTCCCGCCTTCTGGGCAT ICTGACATCCACGGTGCAGCTGGTGACACAGCTT

830 840 850
MetGInIleAlaLysGlyMetSerTyrLeuGluAspValArgLeuValHisArgAspLeuAlaAlaArgAsn
ATGCAGATTGCCAAGGGGATGAGCTACCTGGAGGATGTGCGGCTCGTACACAGGGACTTGGCCGCTCGGAAC

810
MetProTyrG)yE¥L eul euAspHisValArgGluAsnArgGlyArgleuGlySerGInAspLeuleuAsnTrp:
ATGCCCTATGGCEMECTCTTAGACCATGTCCGGGAAAACCGCGGACGCCTGGGCTCCCAGGACCTGCTGAACTGH

860 870 gs0 A\ 890 900
ValLeuValLysSerProAsnHisValLysIleThrAspPheGlyLeuAlaArgLeuleuAspIleAspGluThrGluTyrHisAlaAspGlyGlyLysValProlleLysTrpMetAlaLeuGluSerIleleuArgArgArgPheThr
GTGCTGGTCAAGAGTCCCAACCATGTCAAAATTACAGACTTCGGGCTGGCTCGGCTGCTGGACATTGACGAGACAGAGTACCATGCAGATGGGGGCAA?gTGCCCATCAAGTGGATGGCGCTGGAGTCCATTCTCCGCCGGCGGTTCACC

910 920 930 940 950
HisGInSerAspValTrpSerTyrGlyValThrValTrpGluLeuMetThrPheGlyAlaLysProTyrAspGlylleProAlaArgGlulleProAspleuLeuGlulysGlyGluArgLeuProGinProProll Thr1leAsp
CACCAGAGTGATGTGTGGAGTTATGGTGTGACTGTGTGGGAGCTGATGACTTTTGGGGCCAAACCTTACGATGGGATCCCAGCCCGGGAGATCCCTGACCTGCTGGAAAAGGGGGAGCGGCTGCCCCAGCCCCCCAT CCATTGAT

970 980 990 1000
TrpMetIleAspSerGl ArgProArgPheArgGluLeuValSerGluPheSerArgMetAlaArgAspProGinArgPheValVallleGInAsnGluAspLeuGlyProAlaSerProleu
GGATGATTGACTCTGAATSICGGCCAAGATTCCGGGAGTTGGTGTCTGAATTCTCCCGCATGGCCAGGGACCCCCAGCGCTTTGTGGTCATCCAGAATGAGGACTTGGGCCCAGCCAGTCCCTTG

1010 1020 1030 1040 1050
AspSerThrPheTyrArgSerLeul euGluAspAspAspMetGlyAspLeuValAspAlaGluGluTyrLeuValProGInGInGlyPhePhe! roAspProAlaProGlyAlaGlyGlyMetValHisHisArgHisArgSerSer
GACAGCACCTTCTACCGCTCACTGCTGGAGGACGATGACATGGGGGACCTGGTGGATGCTGAGGAGTATCTGGTACCCCAGCAGGGCTTCTT CAGACCCTGCCCCGGGCGCTGGGGGCATGGTCCACCACAGGCACCGCAGCTCA
1060 1070 1080 1090 1100
SerThrArgSerGlyGlyGlyAspLeuThrLeuGlyLeuGluProSerGluGluGluAlaProArgSerProLeuAlaProSerGluGlyAlaGlySerAspValPheAspGlyAspLeuGlyMetGlyAlaAlalysGlyLeuGInSer
TCTACCAGGAGTGGCGGTGGGGACCTGACACTAGGGCTGGAGCCCTCTGAAGAGGAGGCCCCCAGGTCTCCACTGGCACCCTCCGAAGGGGCTGGCTCCGATGTATTTGATGGTGACCTGGGAATGGGGGCAGCCAAGGGGCTGCAAAGC:
1110 1120 1130 1140 1150
LeuProThrHisAspProSerProLeuGInArgTyrSerGluAspProThrValProlLeuProSerGluThrAspGlyTyrvValAlaProLeuTh erProGInProGluTyrValAsnGInProAspValArgProGinProPro
CTCCCCACACATGACCCCAGCCCTCTACAGCGGTACAGTGAGGACCCCACAGTACCCCTGCCCTCTGAGACTGATGGCTACGTTGCCCCCCTGAC GCCCCCAGCCTGAATATGTGAACCAGCCAGATGTTCGGCCCCAGCCCCCT

1160 1170 1180 1190 1200
SerProArgGluGlyProLeuProAlaAlaArgProAlaGlyAlaThrLeuGluArgAlaLlysThrLeuSerProGlyLysAsnGlyValValLysAspValPheAlaPheGlyGlyAlaValGluAsnProGluTyrLeuThrProGin
TCGCCCCGAGAGGGCCCTCTGCCTGCTGCCCGACCTGCTGGTGCCACTCTGGAAAGGGCCAAGACTCTCTCCCCAGGGAAGAATGGGGTCGTCAAAGACGTTTTTGCCTTTGGGGGTGCCGTGGAGAACCCCGAGTACTTGACACCCCAG

1210 1220 1230 1240 v 1250
GlyGlyAlaAlaProGInProHisProProProAlaPheSerProAlaPheAspAsnLeuTyrTyrTrpAspGInAspProProGluArgGlyAlaProProSer ThrPheLysGlyThrProThrAlaGluAsnProGluTyrLeuGly
GGAGGAGCTGCCCCTCAGCCCCACCCTCCTCCTGCCTTCAGCCCAGCCTTCGACAACCTCTATTACTGGGACCAGGACCCACCAGAGCGGGGGGCTCCACCCAGCACCTTCAAAGGGACACCTACGGCAGAGAACCCAGAGTACCTGGGT

1255
LeuAspValProValEND
CTGGACGTGCCAGTGTGAACCAGAAGGCCAAGTCCGCAGAAGCCCTGATGTGTCCTCAGGGAGCAGGGAAGGCCTGACTTCTGCTGGCATCAAGAGGTGGGAGGGCCCTCCGACCACTTCCAGGGGAACCTGCCATGCCAGGAACCTGTC
CTAAGGAACCTTCCTTCCTGCTTGAGTTCCCAGATGGCTGGAAGGGGTCCAGCCTCGTTGGAAGAGGAACAGCACTGGGGAGTCTTTGTGGATTCTGAGGCCCTGCCCAATGAGACTCTAGGGTCCAGTGGATGCCACAGCCCAGCTTGG
CCCTTTCCTTCCAGATCCTGGGTACTGAAAGCCTTAGGGAAGCTGGCCTGAGAGGGGAAGCGGCCCTAAGGGAGTGTCTAAGAACAAAAGCGACCCATTCAGAGACTGTCCCTGAAACCTAGTACTGCCCCCCATGAGGAAGGAACAGCA
ATGGTGTCAGTATCCAGGCTTTGTACAGAGTGCTTTTCTGTTTAGTTTTTACTTTTTTTGTTTTGTTTTTTTAAAGACGAAATAAAGACCCAGGGGAGAATGGGTGTTGTATGGGGAGGCAAGTGTGGGGGGTCCTTCTCCACACCCACT
TTGTCCATTTGCAAATATATTTTGGAAAACAAAAAAAAAAAAAA

ValTyrMetIleMetVallLys
GTCTACATGATCATGGTCAAA

3. Complete nucleotide and amino acid sequences of HER2 (clone \HER2-436). Synthetic probes 1 and 2 (Fig. 1) were used to screen 2 X 10°

clones of a human placental cDNA library in Agt10 (/7) as described (9). Fifty-two clones were isolated and characterized by Eco Rl 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. Labeling of oligonucleotides was achieved with 1 unit of T4 polynucleotide kinase (New England Biolabs), 10
pmol of oligonucleotide and 30 pmol of [y-**P]JATP (Amersham) as specified by the supplier. HER64-3 was labeled to high specific activity (>10®
cpm/pg) as described (34). Clone A\HER2-436 was used for nucleotide secquence 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
malogue (Thr 686), shading indicates cysteine residues, boxing shows the putative transmembrane region, large open triangles indicate some
ocations of introns in the HER2 gene, and the small triangle emphasizes a possible tyrosine autophosphorylation site by homology to Tyr 1173 in
1e 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

301

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

HER?2 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

F————— Extracellular | -

b
HER1 -24 [MRPSGT GAALLA A £ ASR SN L VQR YD KT A 1
HER2 1 MELAALERWGLLLALLPPGAAISTQ-~VETGTDMKLRLPASPETHLDMLRHLYQGEQVVQGNLELTYLPTNASLSFLQDIQEVQGYVLIAHNQVRQVP
HER1 77  EN Q I NMYY NS % Q R VSSDFLSNMSMDFQ HLG
HER2 96 LQRLRIVRGTQLFEDNYALAVLDNGDPLNNTTPVTGASPGGLRELQLRSLTEILKGGVLIQRNPQL YQDTILWKDIFHKNNQLALTLIDTNRSRAEHPE
HER1 167 £ P ML PT YQMDV ks 71| 2
HER2 196 SPALVTYNTDTFESMPNPEGRYTFGAS
HER1 267 SSDHI VAR SFTH P D
HER2 295 ; .KPﬂARV£ GLGMEHLREVRAVTSANIQEFAGEKKIFGSLAFLPESFDGDPASNTAPLQP
HER1 366 QE DILK VK FLQ ENRT HAE EI TKQH QF AVVS N TS K ISD DVI SG KN EIYAN IN KK GTSG KTK
HER2 395 EQLQVFETLEEITGYLYISANPDSLPDLSVFQNLQVIRGRILHNGAYSLTLOGLGISWLGLRSLRELGSGLALIHHNTH EFVHTVPWDQLFRNPHQALL

- " " i 3
HER1 466 AMNI T RGP
HER2 495 PEEQPQNGSVTEFGPEAD
erbB 1
HER1 566 KTE A MGENNTLV- YA AGHVEHLEHP % Y TNGPKI -- [ ATGM A LLLVVALGIG FM RHIV 5%1 If R
HER2 595 AREPSGVKPDLSYMP IWKFPDEEGALQPEP INETH AEORASPLTSIVSAVVGILLVVVLGVVFGILIKRRQQKIRKégﬂkRLLQET 475
erbB 11 LGENDTLVR- YA ANAVii R 4 NGSKT- -- | AAG G CL VVGLGIG YL] RHIV RA ] R
HER1 663 EA LL FK T skk % L E K XE A SDONHC
HER2 695 |ELVEPLTPSGAMPNQAQMRILKETELRKVKVLGSGAFGTVYKGIWIPDGENVKIPVAIKVLRENTSPKANKEILDEAYVMAGVGSPYVSRLLGICLTSTV
erbB 107 EA HL FK I L E K E A SDNHC
HER1 763 Y  HKDNI Y v N R TQ GAE K E 6
HER2 795 QLVTQLMPYGCLLDHVRENRGRLGSQDLLNNCMQIAKGMSYLEDVRLVHRDLAARNVLVKSPNHVKITDFGLARLLDIDETEYHADGGKVPIKWMALESI
erbB 207 I HKDNI Y N ER TQ K GA K 3
HER1 863 | H IY S S SSI ADS K I K YL  GDER
HER2 895 LRRRFTHQSDVWSYGVTVWELMTFGAKPYDGIPAREIPDLLEKGERLPQPPICTIDVYMIMVKCNMIDSECRPRFRELVSEFSRMARDPQRFVVIQNEDL
erbB 307 | H 1Y S S s ADS K IA K P YL = GDER
HER1 963 [MHLP T N- A MDEE DV D | P = Remee PL —mmmmmeee S —= —— T NNSTVACID
HER2 995 |GPA-SPLDST- FYRSLLEDDDMGDLVDAEEYLVPQQGFFCPDPAPGAGGMVHHRHRSSSTRSGGGDLTLGLEPSEEEAPRSPLAPSEGAGSDVFDGDLGM
erbB 407 [MHLP T KY T MEEE D . NP = Remom PL —mmmmmmee S —— —— T NNSATNCID
HER1 1028 |--RN C IKED F -S PKR AGS-VQNPVYHNQPLNPAPSR-~-D HYQDPHST—————v
HER2 1093 |GAAKGLQSLPTHDPSPLQ BIVAPLTCSPQPEMVNQPDVRPQPPSPREGPLPAARPAGATLERAKTLSPGKNGVVKDVFAFGGAVE
erbB 472 |--RN - GH VRED FV S - LIV -LMPKK STAMVQNQIYNFISLTAISKLPM-DSRYQNSHST——--—-
HER1 1111 N V PTCUNSTFD----  HWAQKGSHQISL Q FF KEAK NGI  S- A ] RVAPQSSEFIGA*
HER2 1193 ~TPQGGAAPQPHPPPAFSPAF — e DNL¥YWDQD-PPERGAPPSTFKGTPTAENPELGLDVPV*
erbB 557 N N SPLAKTVFE---S -YWIQSGNHQINL 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, cysteme 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),
signal sequence; (ii, iii), cysteine-rich domains; (iv), transmembrane domain; (v), protein kinase C modulation domain; (vi), tyrosine kinase

domain; (vii), signal transfer domain.
1136

SCIENCE, VOL. 230



derived from this cloned cDNA shows
extensive homology to v-erbB and its
cellular homologue, the human EGF re-
ceptor, and was therefore terméd HER2.
Its primary amino acid sequence dis-
plays all the structural features known to
define a cell surface receptor for a poly-
peptide ligand. This finding represents
the isolation and detailed structural char-
acterization of a putative cell surface
receptor before determination of its spe-
cific ligand, based solely on its structural
homology to another receptor gene. In a
similar case, the v-fms gene (26) was
characterized because of its oncogenic
activity, and was later determined to be
identical or related to the receptor for
CSF-1, a hematopoietic growth factor
@. ,

Examination of the HER2 primary se-
quence reveals extensive collinearity
with the EGF receptor sequence. De-
tailed sequence comparison of thiese two
closely related receptors, each having
presumably . different biological roles,
provides important clues to the function-
al significance of the different regions of
the proteins. A hydrophobic amino ter-
minal sequence of HER2 presumably
functions as a signal sequence (Fig. 4b,
region 1) that, like the pre-EGF receptor,
would be cleaved after alanine (22) to
generate an amino terminal serine; how-
ever, cleavage after glycine (/9) may
occur, since signal peptidase frequently
cleaves after small amino acid residues.
Again, as in the case of the EGF recep-
tor, the next 632 amino acids would
represent the extracellular doniain of the
HER?2 receptor that forms the binding
pocket for a specific polypeptide ligand.
Some structural features in this domain
are highly conserved, while others have
diverged extensively. Of the 51 cysteine
residues of the EGF receptor ligand
binding domain, 50 are conserved in
HER?2, of which 21 and 26, respectively,
are clustered in subdomains 2 and 3 (Fig.
4b). Sequences between these con-
served, regularly spaced cysteine resi-
dues, as well as the ones flanking subdo-
mains 2 and 3 (Fig. 4b), have diverged to
result in an overall homology of 40.6
percent (Fig. 4a).

Cysteine rich clusters (27) are found in
receptors for EGF (9), low-density lipo-
protein (28), and insulin (19), as well as
in the EGF precursor (29), which is a
potential receptor (Fig. 6). Since cyste-
ine-rich domains are found in a family of
cell surface receptors and potential re-
ceptors with very diverse functions, they
are likely to form an essential structural
backbone of the ligand binding domain,
but not define ligand specificity. The
ligand affinity of each of these receptors
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may be specified by sequences flanking
these cysteine residue clusters.

The presence of regularly repeated,
extracellular cysteine clusters (27) de-
fines a gene family that overlaps with
another gene  family, the membrane-
spanning proteins that use an intrinsic
tyrosine-specific kinase activity in the
signal transduction process (5) (Fig. 6).
v-fins, the oncogenic homologue of the
M-CSF-1 (colony-stimulating factor) re-
ceptor, contains a tyrosine kinase do-
main (26), but lacks cysteine-rich clus-
ters in its extracellular domain, and thus
is only a member of this second gene
family.

Only 5 of the 12 potential N-linked
glycosylation sites of the EGF receptor
are conserved with tespect to their ap-
proximate position in HER2, which also
contains only eight such sites in this
extracellular domain. The role of carbo-
hydrate side chain differences in defining
the biological function of these proteins
requires further investigation.

L
10 20 30
Number of grains

Fig. 5. (a) Autoradiographic silver grain distri-
bution along chromosome 17 [ideogram from
International System for Human Cytogenetic
Nomenclature 1981 (35)]. Solid line, HER2-1
(1620-bp Eco RI fragment of \HER2-436 con-
taining coding sequences from extracellular,
transmembrane and tyrosine Kinase domains);
dashed line, HER2-2 (1472-bp Eco RI frag-
ment with carboxyl terminal coding and 3'-
untranslated sequences). Human metaphase

The cytoplasmic domains of EGF re-
ceptor and HER2 also exhibit striking
regional differences in sequence homolo-
gy. These differences (Fig. 4, a and b)
most likely distinguish regions that de-
fine receptor-specific, ligand-induced
signal generation from support functions
such as ATP binding and enzymatic tyro-
sine kinase activity.

Directly adjacent to the putative trans-
membrane domain, a cluster of 14 pre-
dominantly basic amino acids is found in
both HER2 and EGF receptor se-
quences, which may intéract with the
membrane phospholipid head groups.
The Thr®* residue, which is located
within this region of the EGF receptor, is
a phosphorylation substrate site for re-
ceptor activity down-modulation by pro-
tein kinase C (22). The HER2 sequence
contains a threonine residue at an analo-
gous position (686) (Figs. 3 and 4a and
region 5, Fig. 4b) and may therefore also
be subject to protein kinase C modula-
tion.

b
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and prometaphase chromosomes were prepared from methotrexate-synchronized peripheral

lymphocyte cultures (36) of two normal individuals. The probes for in situ hybridization (37)
were “H-labeled by nick translation with three labeled nucleotides to specific activities of
2.4 x 107 cpm/pg (HER2-1), 3.4 x 107 cpm/jig (HER2-2), and 2.5 x 107 cpm/pg (HER1 64-3);
the probes (25 or 50 ng/ml) were hybridized to chromosome preparations (16 hours at 37°C). The
emulsion-coated slides were exposed for 10 to 14 days at 4°C. Chromosomes were stained with
Wright's stain for G-banding, and a second photograph was taken of the previously selected
cells. G-banded chromosomes were analyzed for silver grain localizations. (b) Pairs of
chromosome 17 from three cells, illustrating typical labeling at bands q12—q22 for HER2-1 (top
row) and HER2-2 (bottom row). (c) Southern blot hybridization of HER2-1 (a) and HER2-2 (b)
to Eco RI-digested DNA from somatic cell hybrids of humans and rodents. Somatic cell hybrids
of four different series were used. Their origin and characterization has been reported (38).
Samples (10 pg) of hybrid, mouse, Chinese hamster, and human DNA were cleaved with Eco
RI, subjected to electrophoresis on 0.8 percent agarose gels, transferred to nitrocellulose filters,
and hybridized to *’P-labeled HER2 probes according to standard procedures (26, 39). (Lane 1)
Human lymphoblastoid control cell line; (lane 2) mouse 3T3 cells; (lane 3) Chinese hamster cell
line; (lane 4) subclone of hybrid of mouse and human cells with a rearranged chromosome 17
containing only region q21—qter, retained by growth in hypoxanthine-amnopterin-thymidine
(HAT) medium; (lane 5) same subclone as lane 4, except missing this rearranged chromosome
after counterselection in bromodeoxyuridine medium; (lanes 6, 8, 10, and 12) clones of Chinese
hamster and human hybrid cells containing human chromosome 17; (lanes 7, 9, and 11) Chinese
hamster X human hybrid cell clones lacking human chromosome 17.
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EGFP

LDLR HIR
HER2

HER!

Fig. 6. Schematic comparison
of HER2-related molecules.
Hatched boxes indicate cyste-
ine-rich regions within extra-
cellular or putatively eéxtracel-
lular domains. The shaded re-
gion below the membrane bi-
layer indicates the location of
the tyrosine kinase domain.
Black circles within the human
insulin receptor (HIR) and v-
fms structures indicate cyste-

The subsequent 341 residues are not
only highly homologous to the EGF re-
ceptor and the v-erbB oncogene, but also
to all the other members of the src family
of tyrosine kinase oncogenes (22), as
well as the B subunit of the insulin recep-
tor (19). This sequence similarity sug-
gests that this HER2 region encom-
passes at least a portion of the kinase
domain that may be activated by extra-
cellular ligand binding. A Gly X Gly XX
Gly sequence at HER2 position 727 and
a lysine at position 753 are known from
studies on other members of this gene
family to be involved in ATP binding
(23). Overall, this HER2 region (6 in Fig.
4b) is the most homologous to v-erbB
and EGF receptor (78.4 percent; Fig.
4a), which explains why the initially iso-
lated genomic clone (Fig. 1) contained
exons coding for part of this tyrosine
kinase domain (intron positions are
shown in Fig. 3).

The region within the sequence of a
tyrosine kinase receptor most likely to
be responsible for translation of the acti-
vation signals intitiated by specific,
extracellular ligand binding into physio-
logical action is localized at the carboxyl
terminus of the receptor polypeptide
chain. This region contains the 32-amino
acid sequence deletion that plays a cru-
cial role in the generation of the AEV
transforming gene v-erbB from the EGF
receptor proto-oncogene (Fig. 6) (30), as
well as the tyrosine residues that are
major (1173) and miinor (1068 and 1148)
sites of ligand-induced autophosphoryla-
tion in the EGF receptor (24) (Fig. 4, a
and b). This region contains the most
extensive differences in length and pri-
mary structure between HER2 and EGF
receptor/erbB. However, five of seven
tyrosines are conserved in HER2, in-
cluding short surrounding sequences.
This suggests that, like the conserved
cysteine residues in the ligand binding
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ine residues that are not in-
cluded in cysteine clusters and
may be involved in heterote-
tramer (HIR) or ligand binding
pocket formation (v-fms).
EGFP, EGF  precursor;
LDLR, LDL receptor; HERI,

domain, these tyrosine residues may
serve an auxiliary activity-control func-
tion in the generation of a cytoplasmic
signal. Other sequences in this signal-
control and transfer domain are likely to
define specificity, which may include
recognition of possible substrates and/or
cofactors. Future work will be needed to
determine if tyrosine 1248 of HER?2 plays
a role analogous to tyrosine 1173, the
major autophosphorylation site of the
EGF receptor, and if carboxyl terminal
truncation may lead to the generation of
a HER2-derived oncogenic polypeptide.
The oncogenic potential of the HER2
gene is further suggested by its chromo-
somal location. Results of in situ and
Southern blot hybridizations enabled us
to assign the HER2 gene to chromosome
17 (17q21-q22), precisely coinciding with
our previous assignment of the neu onco-
gene (12), a transforming sequence iso-
lated from rat neuroblastoma (I1). As
documernted elsewhere (12), our results
with the rat neu probe were virtually
identical to those obtained with the two
HER?2 probes described here, except for
the lack of cross-hybridization of rat neu
genomic sequence with the EGF recep-
tor locus on chromosome 7. Our map-
ping results support the notion that the
proto-oncogene neu and the HER2 gene,
although both are very likely not distinct
from each other. Further detailed analy-
sis will be necessary to establish whether
they actually represent the same gene.
Can we obtain clues to the cellular role
of this putative receptor by examination
of its gene expression? Northern blot
hybridization analysis of poly(A)*
RNA’s from a variety of normal and
malignant tissues implicates a role for
the HER2 receptor-ligand system in
many cell types in both fetal and adult
life. Highest levels of the 4.8-kb mRNA
were found in several fetal tissues, which
rules out a cell lineage—specific receptor

for a growth or differentiation factor and
is consistent with a more general role in
fetal development. No clues were ob-
tained from tumor RNA screening to
suggest that increased expression was
involved in tumor generation or growth.
In some tissues, such as term placenta,
fetal kidney, and embryonic tumors, we
found additional larger (5.5, 6.4, and 7.4
kb) mRNA’s hybridizing with our probe,
suggesting transcriptional diversity or
the presence of homologous mRNA’s
more closely related to HER2 than to the
EGF receptor. Further experiments
should establish the biological role of the
HER? gene, and its role in oncogenesis.
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