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We localized the 5' region of the human gene HER2 in a cloned fragment of genomic DNA. This clone
contained exons 1 to 4 of HER2, spanning the coding sequence for the first 191 amino acids. The promoter
region of HER2 was identified upstream to exon 1 by nuclease Si mapping and by a functional assay in which
the promoter region drives the expression of a chloramphenicol acetyltransferase gene. The HER2 promoter is
different from the promoter of the epidermal growth factor receptor gene (HER1), and the GC boxes which are
typical of the promoter of the epidermal growth factor receptor gene are absent from the HER2 promoter. One
major and two minor RNA start sites located at nucleotides 178, 244, and 257 upstream to the initiator ATG
were identified. The first one is 21 and 70 base pairs downstream from typical TATAA and CAAT boxes,
respectively. This indicates that transcription of HER2/neu can be regulated by a mechanism involving a TATA
box, as well as by other unidentified regulatory elements.

The particularly close relationship between the human
epidermal growth factor (EGF) receptor gene (HER1) and a
recently cloned gene designated HER2 or c-erbB2 (2, 22)
suggests that they have evolved from a common ancestral
gene (2). Both genes have been linked to neoplastic trans-
formation. HER1 is the cellular homolog of the oncogene
v-erbB (21), and HER2 appears to be the normal cellular
homolog of the oncogene neu, identified as a dominant
transforming gene present in ethyl-nitrosourea-induced rat
neuroblastomas (16, 19). HER2 has also been found to be
amplified in some cases of human gastric, breast, or salivary
adenocarcinoma (3, 9, 18, 24). Recently, the amplification of
HER2 in human mammary cancer has been linked to in-
creased malignancy (20). Overexpression of growth factor
receptors may affect the cell phenotype and contribute to
transformation (12). In fact, overexpression of HER2 occurs
in some mammary tumor cell lines without accompanying
gene amplification (10). The analysis of mechanisms control-
ling the regulation of expression of genes for growth factor
receptors is therefore important for our understanding of the
malignant state. To investigate the regulation of expression
of HER2 at the molecular level, we identified and character-
ized the promoter region of this gene. We verified the
location of the promoter region by sequence analysis of
genomic and cDNA clones, nuclease S1 protection analysis,
and its ability to cause transcription of a linked chloram-
phenicol acetyltransferase (CAT) gene. Our analysis indi-
cated that, despite their strong similarity in the coding
region, the promoters of HER2 and HER1 diverge consid-
erably both in sequence and in the features they contain.

Isolation and sequence of 5'-specific human HER2 clone. As
a probe for the 5' region of the HER2 gene, we prepared the
5' EcoRI fragments from HER2 cDNA (2), corresponding to
nucleotides 1 to 1451, and used then to screen a human gene
library (13, 14). Several strongly hybridizing recombinant
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bacteriophages were isolated, and one of them, phage Xn2,
contained two EcoRI fragments of 9 and 4 kilobases (kb)
(Fig. 1). By digesting the 5' region of HER2 cDNA with
NcoI, we generated a 123-base-pair (bp) fragment (2) which
represents the extremne 5' probe. The 9-kb EcoRI fragment of
Xn2 hybridized to this probe, and the hybridization was
confined to a 2.5-kb HinIII fragment (Fig. 1), whereas the
4-kb EcoRI fragment of Xn2 hybridized strongly to the rest of
the 5' probe but not to the extreme 5' EcoRI-NcoI 123-bp
fragment of the cDNA. To determine the exon-intron rela-
tionship in Xn2, as well as the structure of the HER2
promoter, we subcloned the 2.5-kb HinIII fragment and the
4-kb EcoRI fragment (Fig. 1) in plasmids pTZ18 and pTZ19.
Sequence analysis of the relevant regions were performed
either by the dideoxy method (17) on single-stranded phages
generated from pTZ subclones or by the chemical degrada-
tion method (15) on the plasmid DNA.
The sequences of the four 5' exons of HER2, which

encompass the coding region for the N-terminal 191 amino
acids, is shown in Fig. 2. The sequence of exon 1 also
includes 677 bp upstream to the first ATG. Exon 1 encodes
the signal peptide of the pro-HER2 polypeptide and is
followed by an approximately 7-kb intron. Sequences begin-
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FIG. 1. Physical map of cloned phage Xn2 containing the four 5'
exons of HER2. The sequencing strategy for the 2.5-kb Hinlll and
4-kb EcoRI subclones is also shown. DNA sequencing was per-
formed on PTZ plasmids and PTZ single-stranded phages. E, Exon;
B, BamHI; Bg, BglII; H, HinIII; H2, HincII; N, NcoI; P, PstI; S,
SmaI; R, EcoRI; RV, EcoRV.

2597

\



MOL. CELL. BIOL.

3uaI
-677 CCCGGGGGTC CTGGAAGCCA CAAGGTAAAC ACAACACATC CCCCTCCTTG ACTATGCAAT TTTACTAGAG GATGTGGTGG GAAAACCATT ATTTGATATT

-577 AAAACAAATA GGCTTGGGAT GGAGTAGGAT GCAAGCTCCC CAGGAAAGTT TAAGATAAAA CCTGAGACTT AAAAGGGTGT TAAGAGTGGC AGCCTAGGGA
PatI

-477 ATTTATCCCG GACTCCGGGG GAGGGGGCAG AGTCACCAGC CTCTGCAM AGGGATTCTC CGAGGAAAAG TGTGAGAACG GCTGCAGGCA ACCCAGGCGT

-377 CCCGGCGCTA GGAGGGACGA CCCAGGCCTG CGCGAAGAGA GGGAGAAAGT GAAGCTGGGA GTTGCCGACT CCCAGACTTC GTTGGAATGC AGTTGGAGGG

-277 GGCGAGCTGG GAGCGCGCTT GCTCCCAATC ACAGGAGAAG GAGGAGGTGG AGGAGGAGGG CTGCTTGAGG AAGTATAAGA ATGAAGTTGT GAAGCTGAGA
* SaI * t

-177 TTCCCCTCCA TTGGGACCGG AGAAACCAGG GGAGCCCCCC GGGCAGCCGC GCGCCCCTTC CCACGGGGCC CTTTACTGCG CCGCGCGCCC GGCCCCCACC
NcoI -1 1

-77 CCTCGCAGCA CCCCGCGCCC CGCGCCCTCC CAGCCGGGTC CAGCCGGAGC CATGGGGCCG GAGCCGCAGT GAGCACC ATG GAG CTG GCG GCC TTG
Met GMu Leu Ala Ala Leu

10 20
E1 TGC CGC TGG GGG CTC CTC CTC GCC CTC TTG CCC CCC GGA GCC GCG AGC ACC CAA G/GTGGGTC -intronl 7 kb-CTCTCTCCT

Cys Arg Trp Mly Leu Leu Leu Ala Leu Leu Pro Pro GMy Ala Ala Ser lhr GMn V

30 40 50
E2 GCCAG/TG TGC ACC GGC ACA GAC ATG AAG CTG CGG CTC CCT GCC AGT CCC GAG ACC CAC CTG GAC ATG CTC CGC CAC CTC TAC

al Cys Thr Mly Thr Asp Met Lys Leu Arg Lou Pro Ala Ser Pro GMu Thr His Lou Asp Met Lu Arg His Leu Tyr

60 70
E2 CAG GGC TGC CAG GTG GTG CAG GGA AAC CTG GAA CTC ACC TAC CTG CCC ACC AAT GCC AGC CTG TCC TTC CTG CAG/GTAGGCCC

Gln Gly Cys Gin Val Val Gin GMy Asn Leu GMu Lu Thr Tyr Lou Pro Thr Asn Ala Ser Lou Ser Fhe Leu Gln

80 90
E3 intron2 1.2 kb--CT TCCCCCTCCC AG/GAT ATC CAG GAG GTG CAG GGC TAC GTG CTC ATC GCT CAC AAC CAA GTG AGG CAG GTC

Asp Ile Gin Giu Val Gin GMy Tyr Val Lou ne Ala Hil Asn Gin Val Arg Gin Val

100 110 120
E3 CCA CTG CAG AGG CTG CGG ATT GTG CGA GGC ACC CAG CTC TTT GAG GAC AAC TAT GCC CTG GCC GTG CTA GAC AAT GGA GAC

Pro Lou Gin Arg Leu kg le Val Ar G y Thr Gn Lou Phe Giu Asp Asn Tyr Ala Lou Ala Val Leu Asp Asn Giy Asp

130 140
E3 CCG CTG AAC AAT ACC ACC CCT GTC ACA GGG GCC TCC CCA GGA GGC CTG CGG GAG CTG CAG CTT CGA AGC CTC ACA G/GTGGC

Pro Leu Asn Asn Thr Thr Pro Val Thr GMy Ala Ser Pro GMy Gy Leu Arg Gu Leu Gin Leu Arg Ser Lou Thr G

150 160
E4 intron3 0.8kb-CCCCACAG/AG ATC TTG AAA GGA GGG GTC TTG ATC CAG CGG AAC CCC CAG CTC TGC TAC CAG GAC ACG ATT T

lu Ile Lou Lys GMy GMy Val Leu Ile Gin Arg Mn Pro Gin Lou Cys Tyr Gin Asp Thr ne L

170 180 190
E4 TG TGG AAG GAC ATC TTC CAC AAG AA, iAC CAG CTG GCT CTC ACA CTG ATA GAC ACC AAC CGC TCT CGG GCC T/GTAA-intron4

eu Trp Lys Asp nle Phe His Lys Mn Mn Gin Leu Ala Leu lhr Leu nle Asp Thr Msn Arg Ser krg Ala C

FIG. 2. DNA sequence of HER2 promoter and the four 5' exons. The sequence shows the region upstream to exon 1, as well as exons
1 to 4 (El to E4) with the intron boundaries and estimated intron sizes (Fig. 1). Amino acid numbers are shown above the sequence in
accordance with Coussens et al. (2). The sequence upstream to the ATG in exon 1 was given negative numbers, -1 being the first nucleotide
preceding the ATG. The beginnings of the corresponding cDNA sequences described by Coussens et al. (2) and Yamamoto et al. (23) are
indicated by asterisks. The CCAAT and TATA signals are boxed. The repeating sequence GGAGG is underlined. The position of the major
mRNA start site as determined by nuclease Si analysis (Fig. 3) is indicated by a vertical arrow.

ning at -97 and -141 upstream to the ATG are identical to
those of the cDNA clones described by Coussens et al. (2)
and Yamamoto et al. (23), respectively (Fig. 2). In addition,
the sequence upstream to ATG contains the classical pro-
moter motifs TATAA (-204 to -200) and CCAAT (-253 to
-249) separated by 44 bp. This suggested that the region
cloned in Xn2, which is adjacent to the initiator ATG, may
contain the transcriptional initiation site as well.

Nuclease Si mapping. To locate mRNA start sites, we used
nuclease Si protection analysis (1, 22). To generate a probe
for the Si protection experiment, the 2.5-kb HinlIl fragment
containing exon 1 (Fig. 1) in pTZ19 was digested with NcoI
(Fig. 2, nucleotide 27) and SphI in the polylinker of the
plasmid, blunt-ended with Klenow enzyme, and religated to
generate clone pnl. This clone in its single-stranded form
was used to generate the probe for nuclease Si mapping by
extension of the T7 promoter primer and digestion with PstI
(Fig. 2, nucleotide -396). When this labeled DNA probe was
hybridized to 50 ,ug of total placenta RNA and subjected to
digestion with nuclease Si and electrophoresis on a 6%
acrylamide-urea gel, the protected band had a length of
approximately 150 nucleotides (Fig. 3), corresponding to the
mRNA start site at nucleotide -178 (Fig. 2). This initiation

site is 21 bp downstream from the last nucleotide of the
TATAA box, suggesting that the HER2 promoter, unlike the
EGF receptor promoter (8), contains functional TATA and
CAAT boxes. Two additional Si protected bands were
detected (Fig. 3). These sites were assigned to nucleotides
-244 and -257, and they appear to be located upstream to
the TATA box.

Additional evidence for the mRNA start site was obtained
from a primer extension experiment with a 25-mer synthetic
oligonucleotide corresponding to nucleotides -87 to -111
(Fig. 2). The primer was annealed to placenta mRNA and
extended by reverse transcriptase to yield a 90-nucleotide
band (data not shown). This is consistent with the nuclease
Si major protected band and also indicates the existence of
an mRNA start site at nucleotide -178 (Fig. 2).
To analyze the utilization of the different mRNA start sites

in various tumors, we performed nuclease Si analysis on
RNA derived from 23 different tumor cell lines. These
included three sarcomas, three glioblastomas, three melano-
mas, five breast carcinomas, three lung carcinomas, and four
carcinomas of other origin. The results showed that in all
instances but one, the three nuclease Si protected bands
described above were present in similar proportions (data
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not shown). Of particular interest are the HER2 mRNA
initiation sites in the mammary tumor cell line SK-BR-3.
This cell line contains amplification of the HER2 locus and a
130-fold increase in mRNA. The mRNA start sites at -178,
-244, and -257 agree well with those found for the placenta
mRNA (Fig. 4). This indicates that despite gene amplifica-
tion, the fidelity ofmRNA transcript initiation is retained by
the HER2 promoter. In the breast carcinoma line MCF-7,
different Si protected bands were present, suggesting
mRNA start sites upstream to the RNA start sites present in
all other instances (Fig. 4). This suggests that the HER2
mRNA in MCF-7 is larger than that of the placenta and other
cell lines.

Functional analysis of the HER2 promoter. To further
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FIG. 3. Nuclease S1 analysis of human placenta RNA with the
PstI fragment of HER2. The homogeneously labeled PstI fragment
obtained from clone pnl (see the text) was hybridized to 50 ,ug of
placenta RNA and treated with nuclease S1 as described previously
(1, 22). The S1 reaction products were electrophoresed through a 6%
acrylamide-urea gel. The sequence of the corresponding NcoI-PstI
fragment labeled at the 3' end of the NcoI site (Fig. 2, nucleotide
-27) was run in parallel (CTAG). Because of the preparation of pnl
by filling in the NcoI site with Klenow enzyme, the S1 protected
probe was 3 bp longer than the labeled NcoI fragment used for
sequencing. This was confirmed by sequencing. The numbers next
to the sequence refer to the DNA sequence in Fig. 2. Lanes: Co,
control without nuclease S1; 1, placenta RNA; 2, tRNA. The
numbers on the left are sizes in nucleotides of markers derived from
Hinfl-digested pBR322.
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FIG. 4. Nuclease S1 analysis of RNA of tumor cell lines. Anal-

ysis was performed as described in the legend to Fig. 3 except that
12 p.g ofRNA was used. Cell lines: SK-BR-3 and MCF-7, mammary
carcinomas; A431, squamous carcinoma; HP, human placenta.
Lane M, Size markers. Other details are as described in the legend
to Fig. 3.

demonstrate the promoter activity of the sequence upstream
to exon 1 of HER2, the plasmid pHER2CAT was con-
structed. This plasmid contains the 537-bp SmaI fragment
from Xn2 (nucleotides -674 to -137 in Fig. 2) subcloned into
pCAT3M, which has the CAT gene but lacks enhancer or
promoter elements (11). The orientation of the insert in
relation to the CAT gene was determined by sequencing it
from the XbaI site ofpCAT3M. pHER2CAT was transfected
into Fisher rat embryo fibroblasts in parallel with pSV2CAT
and pCAT3M as controls. After 48 h the cells were harvested
and lysed, and the lysate was tested for CAT activity. The
SmaI fragment ofHER2 (Fig. 2) was able to drive expression
of CAT in transiently transfected rat embryo fibroblast cells
(Fig. 5). This indicates a functional promoter activity in this
fragment.
The sequence upstream to the initiator ATG contains
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FIG. 5. CAT activity in rat embryo fibroblast lysates. Rat em-

bryo fibroblasts were transfected with pHER2CAT, pCAT3M, and
pSV2CAT by the calcium phosphate method (5), and cell lysates
were prepared and assayed for CAT activity as described previously
(4). The autoradiogram of thin-layer chromatography which sepa-
rated acetylated [(4C]chloramphenicol from the nonacetylated sub-
strate is shown. Lanes: A, pSV2CAT; B, pCAT3M; C, pHER2CAT;
D, no plasmid.

typical TATA and CAAT boxes separated by 44 bp (Fig. 3).
One of three mRNA start sites (Fig. 2, nucleotide -178) is
probably controlled by the TATA and CAAT boxes which
are present 21 and 70 bp, respectively, upstream to this start
site. Two additional mRNA start sites are upstream to the
TATA box. Although a variety of genes contain multiple
transcription initiation sites, it is unusual for a promoter to
have initiation sites which either follow TATA sequences or
are independent of them. This pattern of multiple initiation
sites is maintained in SK-BR-3 cells, in which HER2 gene
amplification occurs and more than 100-fold overexpression
of mRNA results (10). This suggests the integrity of the
transcription initiation machinery for the HER2 gene in
these cells. It is of interest that in the mammary tumor line
MCF-7, different mRNA start sites were identified. These
are located approximately 270 and 315 bp upstream to the
ATG, and therefore the HER2/neu mRNA in this cell line
should be longer. Indeed, a cDNA clone isolated from an
MCF-7 library extends the cDNA sequence upstream to
previously published cDNA sequences, and its 5' end cor-
responds to nucleotide -238 in Fig. 3 (unpublished observa-
tions). Since this cDNA clone shows uninterrupted homol-
ogy across the TATA region, it demonstrates that initiation
upstream of TATA may indeed occur.

Recently, the promoters of several cellular oncogenes like
c-Ha-ras and the EGF receptor gene were characterized and
found to lack the typical TATA and CAAT boxes but to
contain the GC box motif. For example, the EGF receptor
gene promoter contains 6 copies of the sequence CCGCCC
(8), and the ras promoter contains 10 copies of CCGCCC and
its inverted complement GGGCGG (7). Based on this resem-
blance, it has been proposed that growth control genes may
be characterized by promoters rich in GC boxes, which may
be regulated by the Spl protein (6). The HER2 proto-
oncogene is also a growth control gene, since its encoded
protein is highly homologous to the EGF receptor. Our
results show that the HER2 promoter diverges markedly
both in sequence and in repeating motifs from that of the

EGF receptor gene. It contains the CAAT and TATA boxes
at the typical positions upstream to a major mRNA start site,
and it lacks GC boxes. One similarity between the two
promoters is the presence of another repeating motif, the
pentanucleotide GGAGG (Fig. 2), which appears eight times
(some of them overlap) in the region upstream to the mRNA
start site in HER2. In the HER1 promoter, the complement
of this sequence, CCTCCTCC, appears four times between
360 and 290 bp upstream to the first ATG (8). The HER2
promoter sequence is also G+C rich. The 300 bp upstream to
the mRNA start site has a G+C content of 59%. This value
is smaller than that reported for the promoter of the EGF
receptor gene (8). The different structural features of the
EGF receptor gene and the HER2 gene suggest that tran-
scription may be regulated by different signals. Little is
known about the exact tissue specificity of either gene,
although both appear to be transcribed in epithelial and
mesenchymal cells. However, it is of considerable interest
that human tumors and tumor cell lines have been reported
to overexpress either HER1 or HER2, with or without gene
amplification. Hence, transcriptional control of HER1 and
HER2 may play a role in the growth of some neoplastic cells.
The identification and characterization of the HER2 gene
promoter is likely to be useful in understanding the mecha-
nisms of this overexpression.
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