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ABSTRACT

In order to examine the effects of the overexpression of c-erbB-2
(HER-2, neu) on human bronchial epithelial cells, a human c-erbÃŸ-2
expression vector was introduced into the simian virus 40 large T-antigen-
immortalized human bronchial epithelial cell line BEAS-2B. Isolation of

multiple clonal cell lines after selection revealed a wide range of expression
of the gene product gpl85erl>H'2. While three of six clones tested expressed
gpl85crl)B'2 at levels detectable by immunocytochemistry, only one,

B2BE6. induced adenocarcinoma-like tumors in athymic nude mice. Both

a nontumorigenic clone, B2BE2, and a tumorigenic clone, B2BE6, ex
pressed comparable amounts of gpl85*'rl>B"2,which became phosphory-

lated on tyrosine in response to treatment with the c-erbÃŸ-2ligands gp30
and p75. These data suggest that overexpression of r-ir/>lt-2 in human

bronchial epithelial cells can contribute to, but is not sufficient for. induc
tion of tumorigenicity in this human model system.

INTRODUCTION

The human c-erbB-2 (neu, HER-2) gene coding for a M, 185,000
transmembrane glycoprotein. gpl85crhB'2, has been cloned and

mapped to chromosome 17 at q21 (1, 2). The product of this gene.
gpl85crhB"2, is predicted from its sequence to possess structural sim

ilarities to the EGFR5 in both the external domain (43<7rhomology)

and the tyrosine kinase domain (1. 3, 4) and therefore to represent a
member of the EGFR tyrosine kinase family. Although EOF and
TGF-a do not bind to gp 185"hB'2, they are thought to stimulate
tyrosine phosphorylation of gp!85crhB"2 through a two-receptor ty

rosine kinase cascade (5-8) which may occur as a result of EOF
receptor. gp!85crhB'- heterodimer formation (9). In addition, reports
from several laboratories identify proteins that bind to gp!85crbB'2

(10-15).

The biological consequences of high expression of the human
c-erbB-2 gene in murine NIH3T3 cells were morphological transfor

mation and tumorigenesis (16). In addition, it has been shown that
cooverexpression of rodent gplSS"*1*"2 and EGFR resulted in trans

formation of NIH3T3 fibroblasts (6). In contrast. c-erbB-2 transfec-

tion of the mouse epithelial cell line RAC3I1 (an epithelial BALB/c
breast tumor cell line) induced neither a morphological change nor
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tumorigenicity (17). The oncogenic potential of rat gpl85 " was

activated by a point mutation that substitutes glutamic acid for valine
at position 664 within the transmembrane domain (18), but in human
tumors, a point mutation in c-erbB-2 has not been found. On the other
hand, transgenie mice with normal c-erbB-2 under control of the

inducible mouse mammary tumor virus long terminal repeat devel
oped adenocarcinomas of lung and Harderial glands and lymphomas
(19). Thus, the biological system in which c-erbB-2 is overexpressed

appears to be crucial for the outcome with respect to tumorigenicity.
In human mammary epithelial cells, as opposed to rodent cells, over-
expression of c-erbB-2 resulted in low frequency induction of small or
transient nodules (20). Studies of interleukin 3-dependent human he-
matopoietic cells overexpressing EGFR-erbB-2 hybrid receptors in
dicated that the tyrosine-kinase domain was critical for cell type-

specific mitogenic responsiveness (8), emphasizing the influence of
the biological system in which the protein is overexpressed. In human
tumors, amplification and/or overexpression of c-i'r/jB-2 have been

detected in a significant fraction of adenocarcinomas of the breast
(21-26), ovary (27), lung (28, 29), stomach (30, 31), and kidney (31,

32). In general, overexpression is significantly correlated with a poor
prognosis (22, 24, 25. 27, 28, 33), but there are some exceptions (26.
32, 34, 35). Several studies report amplification and/or overexpression
of c-erbB-2 in human lung carcinomas (28. 29, 31) and human lung
carcinoma cell lines (36); these studies indicate that about 3()</iof lung
carcinomas overexpress the gene. This overexpression of gpl85erhB"2

was associated with shortened survival in patients with lung adeno
carcinomas (28).

In order to examine the tumor etiology or the malignant progression
of human lung carcinomas in a model system, several oncogenes
(Ki-ra.v, Ha-ra.v, c-raf-\, c-myc, and mutant p53) have been trans-
fected into a SV40 T-antigen-immortalized human bronchial epithelial
cell line (BEAS-2B) (37^43). In addition, chemical carcinogens have

been shown to neoplastically transform this cell line (44). These
experiments produced unique tumorigenic cell lines, which express
characteristics of lung carcinomas. Such studies provide models in
which to investigate the tumorigenic potential and mechanisms of
action of dominantly acting oncogenes in a lung epithelial cell model.

In this study, we examined the biological consequences of overex
pression of the c-erbB-2 gene in BEAS-2B human bronchial epithelial

cells. Four clonal cell lines which expressed different levels of
gpl85crhB"2 as measured immunocytochemically were screened for

tumorigenicity. One clone (B2BE6). which expressed TGF-a and the
EGFR in addition to high levels of gpl85crhB"2, induced tumors in

athymic nude mice. The tumors were slow growing and cystic, and the
example examined expressed immunocytochemically detectable
gp!85crhB-2.

MATERIALS AND METHODS

Cell Culture. The BEAS-2B cell line is an immortali/.ed human bronchial

epithelial cell line derived from the infection of normal human bronchial
epithelial cells with SV40 Adeno 12 hybrid virus (40). It was grown in LHC-9

media (Biofluids. Rockville. MD) according to established protocols (45).
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Colony-forming Efficiency Assay. CFE assays were performed as de
scribed previously (45). Briefly. 1500 cells were inoculated into 60-mm dishes

in which the culture surface was coated with human fibronectin. After 7 or 10
days of incubation without medium change, the cells were first fixed in 10%
formalin and then stained with 0.25% crystal violet. The CFE was calculated
by dividing the number of colonies by the number of cells inoculated and
multiplying by 100.

Conditioned Media Preparation and Assay for ni'IS5"''" -'Ligands and

TÃÃF-Â«.Conditioned media were prepared by washing actively growing cul
tures (70-80% confluence) and refeeding the flasks with LHC-9 medium

lacking EOF and bovine pituitary extract (46). Conditioned media were col
lected after 24 h. Media were then concentrated 100-fold using Centricon

filters with a molecular weight cutoff of 5000. Binding assays were performed
as described previously (IO, 11), comparing competition of conditioned media
with the antibodies (kindly supplied by Michael Shepard. Genentech) 4D5.
which is displaced by erbB-2 ligand. and 7C2. which is not displaced by
erbB-2 ligand. This assay distinguished between competition by ligand or
expressed erbB-2 extracellular domain. The antibody 7C2 has the same prop

erties as described previously for 6E9 (10). In addition to this assay, condi
tioned media were tested for the presence of EGF/TGF-a activity by a ra-

dioreceptor competition assay using EOF (UBI. Lake Placid. NY) as a
standard.

c-ereB-2 Plasmid. The expression vector pLTRERBB-2neo was a gift of

Dr. Paolo Di Fiore (National Cancer Institute). This vector was based on the
transcription promoting sequences of the Moloney murine leukemia virus long
terminal repeat and contained 3.7 kilobases of human erbB-2 cDNA inserted
at the Xhol site of the plasmid. The vector used was derived from LTR-2/
erhB-2 by exchange of the gpt region to one encoding the neomycin resistance

gene (16). The plasmid Z\p-neÂ»SV(x) was used as control vector (47).

Transfection and Subcloning. Transfection by DNA strontium phosphate
coprecipitation was performed as previously described (48). BEAS-2B cells (5
X IO6) plated into iOO-mm dishes were transfected with 10 ug of pLTRERBB-

2neÂ»orZip-HfÂ« SV(x). The cells were exposed to the precipitate for 2 h before

glycerol shock. Five days after transfection, the vector-containing cells were
selected by growth in LHC-9 with G418 (125 ug/ml) (Sigma. St. Louis. MO).

The cell culture medium was changed three times weekly until transformed
cells were subcultured 22 days after transfection. The selected mass cultures
were BEAS-2B-ERBB-2-MASS and BEAS-2B-NEO-MASS (B2BEM.

B2BNM).
One thousand cells of each transfected culture were incubated into 100-mm

dishes. After culturing for 2 weeks. 6 clones were isolated from each mass-
cultured cell line (B2BE1. -2, -3. -4. -5. and -6; B2BNI, -2. -3, -4. -5, -6) by

trypsin dissociation and transfer of cells of a colony enclosed in a cloning

cylinder.
Immunocytochemical Analysis. Cells were seeded onto glass slides and

fixed in acetone, and immunocytochemica! analyses were carried out as pre
viously described (49). A monoclonal antibody to gpl85crhB"2 demonstrated

protein expression (AB-3; Oncogene Science. Inc.. Manhasset. NY). A prolif
eration marker. Ki-67. demonstrated the viability of the cells under analysis
(M722; Dakopatts. Glostrup. Denmark). gpl85orhB~2 protein expression and

cellular proliferation (shown by KÃŒ67expression) were demonstrated by con
cordant staining in at least three different experiments. Quantitation of
gpI85"hB"2 protein expression and proliferative fraction were performed by

manual enumeration of sequential cells in one representative experiment per
cell line. A monoclonal antibody to SV40 large T-antigen served as an isotype-
malched negative control (PAB 416. AB-2; Oncogene Science, Inc.). The red
chromogen was aminoethyl-carbazole (final concentration. 0.3 mg/ml). which

produced a red precipitate, and nuclei were counterstained with hematoxylin.
The black chromogen was diaminobenzidine (final concentration. 0.05 mg/ml)
osmicated with nickel chloride (final concentration, 0.03%).

Histology and Immunohistochemical Analysis. Subcutaneous tumor ex-

plants (E6 clone) from athymic nude mice were excised at sacrifice. Tissues
were fixed in ethanol. embedded in paraffin, serially sectioned, and mounted
onto poly-u-lysine-coated slides. Hematoxylin and eosin stains were reviewed

for morphology. Immunohistochemical analysis was performed as previously
described (50). Protocol modifications for the detection of murine monoclonal
primary antibodies included preincubation with normal horse serum and lo
calization of the primary antibody with a biotinylated horse anti-mouse anti-

serum. Two reagents were used to detect p53 protein accumulation: (a) a
polyclonal rabbit antiserum. CM-1 (1:1000 dilution), raised against wild-type

human p53 protein which was produced in a bacterial expression system (51),
and (h} a human-specific murine monoclonal antibody, AB-2 (1:100 dilution.

Pab 1801; Oncogene Science, Inc.). For both reagents, intense nuclear staining
was the criterion for a positive reaction. The gpl85"hB: was detected by a

rabbit polyclonal antiserum. pAB-1 (1:100 dilution; Triton Biosciences, Inc.,
Alameda, CA). The red and black chromogens were aminoethyl-carbazole and

diaminobenzidine described above.
Northern Analysis. RNA was extracted with guanidine isothiocyanate as

previously described (52). Total RNA was isolated by centrifugation of the
extract through a cesium cushion. Twenty ug of total RNA were resolved by
electrophoresis on agarose-formaldehyde gels and judged to be undegraded

based on the relative ethidium bromide staining of 28S and 18S subunits.
RNAs were transferred to GeneScreen (Dupont NEN. Boston. MA) by elec-
troblot. as previously described (52). Hybridization was carried out at 42Â°Cin

50% formamide, 1% SDS, 10% dextran sulfate. I M NaCl, 0.1 mg/ml salmon
sperm DNA. Filters were washed two times in 2x standard saline citrate (1 x
SSC = 0.15 MNaCl. 0.015 MNa citrate) 1% SDS at 65Â°Cfor 30 min and two
times in 0.5X standard saline citrate. 1% SDS at 65Â°Cfor 15 min. To determine

expression ratios of specific probes, autoradiograms were scanned on a laser
densitometer (Molecular Dynamics. Inc.. Sunnyvale. CA). Volume analysis for
each hybridizing species was performed on several exposures and compared
with relative values for the GAPDH mRNA determined by the same methods
in the same lane on the same filter, as previously described (52). These ratios
were expressed as arbitrary numbers and have not been normalized to an
absolute concentration standard.

Probes. The human c-erhB-2 probe from pLTRERBB-2/ifÂ« was a 3.7-
kilobase Xlwl fragment of the complete human c-erbB-2 cDNA. The human
TGF-ot probe from phTGFI-10-925 was a 925-base pair ftiwHI fragment

which contains the complete cDNA of human TGF-a, and the human EGF
probe from pHEGF15 was a 1.9-kilobase EcoRl fragment containing the

complete cDNA of human EGF (gifts from Dr. Graeme 1. Bell of the Howard
Hughes Medical Institute Research Laboratories at the University of Chicago.
Chicago. IL). The GAPDH probe from pRGAPDH-1 was a 900-base pair Pstl

fragment from a cDNA clone of rat GAPDH (53).
Western Blot Analysis for Phosphotyrosine. B2BE2 or B2BE6 cells were

grown to 90% confluence in 24-well culture plates (Costar. Cambridge. MA)
in LHC-9 medium without EGF. Twenty min prior to lysis, cells were treated
at 37Â°Cwith medium containing the following additions: negative control. 20

imi HEPES. pH 7.4; positive control. 100% concentrated medium conditioned
by MDA-MB-231 cells which has been shown to contain gp30 ( 10); gp30, 4

ng gp30; p75, 7 ng p75; EGF, 4 ng EGF (UBI). Medium was removed and cells
were lysed in 100 ul of sample buffer (0.15 MTris-HCI, pH 6.8; 10% glycerol;

0.02% bromophenol blue: 1 HIMEDTA; 2 ITIMphenylmethylsultonyl fluoride;
42 HIMleupeptin; 1% SDS; and 0.1% ÃŸ-mercaptoethanol (IO). Proteins were
separated by electrophoresis in a 7.5% SDS-PAGE gel and transferred to

nitrocellulose for immunoblotting by a modification (10) of the method of
Towbin et al. (54). Electrophoretic transfer was carried out in an electro-

phoretic transfer unit (model TE22: Hoefer Scientific Instruments. San Fran
cisco. CA) at room temperature for l h at 125 mA in transfer buffer (25 ITIM
glycine: 129 triviTris. pH 8.3; and 20% methanol) (IO). Following transfer, the
filter was blocked by incubation in 5% bovine serum albumin (Sigma, radio-
immunoassay grade) in Tris-buffered saline containing 0.5% Tween 20. An
anti-phosphotyrosine antibody (UBI) in 5% bovine serum albumin was then

reacted with the immobilized proteins (10). Immune complexes were detected
by a goat anti-mouse antibody conjugated to alkaline phosphatase (Promega.

Madison. Wl) and visualized by incubation with a color development solution
containing nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate

(Promega).
In Vivo Phosphorylation Assay. Cells were grown as above to 80% con

fluence in a 35-mm culture dish (Costar). Before assay, cells were rinsed twice
with PO4-free Dulbecco's modified Eagle's medium (Gibco. Grand Island.

NY) and incubated in 3 ml/well for 24 h. Cells were then incubated for 4 h at
37Â°Cin 1.0 ml/well of the same medium containing 1.0 mCi/ml of |32P]-

orthophosphate (Amersham, Arlington Heights, ID. Cells were then treated for
20 min at 37Â°Cas for the Western blot analysis with a HEPES control. gp30,

p75, or EGF. Following this treatment, the cells were placed on ice and washed
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twice with ice-cold phosphate-buffered saline. Cells were lysed at 4Â°Cfor 10

min in 200 ul/well of a modified RIPA buffer (50 raw HEPES, pH 7.4: 150 HIM
NaCl; 1.0% Triton-X-100; 1 mm EGTA; 5 HTMEDTA; 10% glycerol; 0.2 m.M

sodium orthovanadate; 0.5 mMphenylmethylsulfonyl fluoride; 20 ug leupeptin;
and 5 mMATP (55, 56). The cell lysates were centrifuged at 10.000 X g for 15
min at 4Â°C,and nonspecific complexes were removed after incubation with 10
ul of normal rabbit serum (Biotluids) for l h at 4Â°Cfollowed by incubation

with protein A-Sepharose (Boehringer-Mannheim, Indianapolis. IN). After

centrifugation (15,000 rpm for 15 min), the supernatant was incubated with a
monoclonal anti-phosphotyrosine antibody conjugated to Sepharose (IG2;
kindly provided by A. R. Frackelton) to collect immune complexes. Anti-
phosphotyrosine-containing proteins were then specifically eluted using 1 min

phenyl phosphate. A second immunoprecipitalion was then performed using
either a polyclonal antibody directed against the erbB-2 COOH-lerminal se

quence (Oncogene Science) or with a polyclonal antibody specific for the EGF
receptor. Specific complexes were bound to 5 mg/sample protein A-Sepharose.

washed three times with lysis buffer, and resuspended in 50 pi sample buffer
(50 mm Tris-HCl, pH 6.8; 2% SDS; 10% glycerol; 0.1% bromophenol blue:
and 5% /3-mercaptoethanol). After 5 min at 95Â°C.samples were subjected to
electrophoresis on 7.5% SDS-PAGE gels, and l:P-containing proteins were

visualized by autoradiography of dried gels.

Tumorigenicity Assay. Athymic nude mice were irradiated with 350 rads
24 h prior to inoculation. Mice were inoculated s.o. with each of the cell lines
tested (5 x IO6 cells/mouse) and were monitored weekly for tumor formation

for 52 weeks or until sacrifice.

RESULTS

Expression of gpl85""B 2 in Transfected BEAS-2B Cells. Six

subclones were isolated from the mass-cultured cell lines, B2BEM
transfected with erbB-2 or B2BNM transfected with Zip-net) (see
"Materials and Methods"). Subclones were designated B2BE1, -2, -3,

-4, -5, and -6. and B2BN1, -2, -3, -4, -5, and -6. The level of
gpl85crbB"2 expression in each cell line was assessed immunocy-

tochemically, and 4 B2BEM clonal derivatives representing negative
to high-level protein expression were selected for further analysis in

addition to one B2BNM subclone (Fig. 1; Table 1). Over 80% of
B2BE2 and B2BE6 cells stained positively with anti-erbB-2 antibody.

Less than 10% of the cells in B2BE5 cultures stained positively with
anti-c-erbB-2 antibody (Fig. IÃŸ).B2BE3 as well as B2BN1 contained

Fig. 1. Immunocytochemical analysis of gplSS""1'2 protein expression in subclones derived from BEAS-2B transfected with c-erbB-2. A, B2BE2; all cells in this field express high
levels of gplSS""1 -; ÃŸ,B2BE3; there is no gpl85"hB^ expression in any of the cells with hemaloxylin-stained nuclei; C, B2BE5; two cells contain cytoplasmic gplS.V1'" -; l). B2BE6:
all cells express gpl85"bB 2. Cells were acetone-fixed and stained for gp!85crhB'2 by an immunoperoxidase method. The gpl85"hB"2 was localized to the cytoplasmic membrane by

a red chromogen (aminoethyl carbazole), and a blue counterstain (hematoxylin) demonstrated the nuclei of the unstained cells. X 400.
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Table 1 Imrnunocvlochemical timil\sis of erbB-2 protein und Ki-67 in c-erb-2-transfecied human bronchial epithelial cell lines

c-erbB-2 cell counts" Ki-67 cell counts"

CelllineB2BE6B2BE2B2BE3B2BE3B2BN1+5423594700-115147506337319+/-931000Vc positive''82.570.98.500+4453%361286323-254172157196216+/-3620266537%Positive''63.769.769.759.359.9

" Three categories were recognized in Ihe cell counts: intensely stained cells were called positive; completely unstained cells were called negative; and equivocally stained cells were

called +/-. Fragmented and mitotic cells were excluded.
'' The percentage positive figure was calculated excluding the +/- cells.

no positively stained cells (Fig. 1A, data not shown). Morphologically,
B2BE2 and E3 contained primarily spindle-shaped cells, while
B2BE5 was a mixture of spindle-shaped and polygonal cells, and

B2BE6 cells were primarily polygonal (Fig. 1).
To establish that the negative results were not a consequence of

poorly proliferating cells, the expression of the proliferation marker
Ki-67 was studied. Thirty to eighty % of the nuclei of each cell line

were stained positively (Table 1), and there was no correlation be
tween Ki-67 staining and the expression levels of gpl85crbB"2.

The expression of c-erbB-2 at the mRNA level was examined by

Northern blot hybridization (Fig. 2; Table 2). The clonal cell lines
B2BE2 and 6. which showed >80% gpl85erhB-2-positive cells by

Â¡mmunocytochemistry, expressed 3 mRNA species hybridizing to c-
i'rhB-2 at 4.5, 5.0. and 6.5 kilobases. c-erbB-2 mRNA was expressed
only by cultures transfected with pLTRERBB-2/Ã¯iY;,showing that the
parental BEAS-2B and vector control did not express detectable

amounts of mRNA from the endogenous gene. B2BE5 and B2BN1,
which showed low or negative gp!85crbB 2 protein expression immu-

nocytochemically, were negative for c-erbB-2 mRNA expression.
B2BE3. which did not show detectable gpl85crhB"2 protein expression

immunocytochemically, expressed only 4.5- and 5.0-kilobase mRNAs
for this gene. Since the 6.5-kilobase mRNA is expected for transcrip

tion between the viral long terminal repeat promoter and termination
signals in pLTRERBB-2/Ãco (16), the smaller messages may result

from transcription of rearranged plasmids which were integrated.
Responsiveness of gpl85erhl*~2to Ligands. Although Â¡mmunocy

tochemistry revealed the presence of the gp 185erhB~2protein in clones

B2BE2 and B2BE6, it was critical to establish the responsiveness of
the expressed protein to ligands known to induce tyrosine phosphor-
ylation of gpl85crhB-2 in other cells. Therefore, B2BE2 and B2BE6

cells were exposed to EOF, p75, and gp30, which bind, respectively,
to the EOF receptor, gpl85erhB-2, or both (10-12). Fig. 3/4 shows the

results of this experiment as analyzed by Western blotting for anti-

phosphotyrosine. Both B2BE2 and B2BE6 reveal a phosphotyrosine
signal corresponding to that detected for gp!85crhB~2 in MDA-MB-

Table 2 Stead\-siafe expression of c-erbB-2 and TGF-a mRNAs in BEAS-2B and
c-erbB-2-Ãransfected cell lines

m

5 iÃŸS S3Si
CD OQ CD CD CO <t
CN CN CM CM CM LU
Cu CD CD CQ CD CO

c-erbB2

GAPDH

-28S

-18S

Fig. 2. Steady-state expression levels of transfected c-erbB-2 mRNA in human bron
chial epithelial cell lines. Total cell RNA was probed for c-erbE-2 or GAPDH as described
in "Materials and Methods."

CelllineBEAS-2BB2BE2B2BE.1B2BE5B2BE6B2BNI4.5kb'0.01.41.50.01.0OJOc-erbB-2"5.0kb0.01.51.60.00.80.06.5kb0.01.10.00.01.60.0TGFV'4.5kb1.00.20.20.41.30.4

" Expression ratios were calculated from peak areas measured densitometrically as
described in "Materials and Methods." GAPDH ratios were normalized to BEAS-2B.

which was set to a value of I.O. Peak areas for c-crfcB-2 mRNA species were divided by

these normalized values, and the calculated ratios are presented here.
'' Peak areas measured as above for both TGF-a and GAPDH were normalized to

BEAS-2B. which was set to a value of 1.0.
' kb. kilobases.

453 human breast cancer cells (10, 57). Interestingly, the gpl85 band
in B2BE6 cells shows a somewhat higher basal level of phosphoty
rosine than that of the B2BE2 cells, so that the increase of phospho
tyrosine in response to added ligands is greater for the B2BE2 cells
(compare Fig. 3/4 negative control lanes). In this experiment, the
transfection control cell line B2BN1 showed no gpl85 phosphoty
rosine signal (data not shown). In order to confirm the identity of the
gpl85 phosphotyrosine signal and to observe only phosphotyrosine
incorporated in the 4-h 32PÂ¡equilibration and 20-min ligand stimula
tion period, B2BE2 and B2BE6 cells were labeled with 32PL,exposed

to gp30 or p75, and immunoprecipitated with a polyclonal antibody
specific for gpl85erhB"2 (Fig. 3ÃŸ).In this experiment, where the

negative control reflects a pulse phosphorylation as opposed to the
steady state of Fig. 3/4, B2BE2 and B2BE6 are similarly responsive to
gp30 and p75. The lack of responsiveness of B2BE6 to gpl85 phos
phorylation in response to EOF was not due to an impairment of EOF
receptor function since immunoprecipitation of the same lysates with
antibody to the EOF receptor revealed, as expected (Fig. 3ÃŸ),that 32PÂ¡

was incorporated into this protein in response to treatment of the
B2BE6 cells with EGF or gp30 but not the specific gpl85crhB-2 ligand

p75 (12). Thus, the results of Fig. 3 support the conclusion that both
B2BE2 and B2BE6 express a functional gpl85crhB'2 molecule, while

there is a higher basal level of tyrosine phosphorylation of gpl85 in
B2BE6 cells (Fig. 3A ).

Growth Assays. In order to test whether altered proliferative ca
pacity in vitro correlated with overexpression of c-erbB-2, CFE assays
were performed in LHC-9 medium (45) in the presence or absence of
EGF (Table 3). When the CFEs of c-erÃ¨B-2-transfected clones were

compared with those of the control vector transfected cell line
B2BN1, the CFE of one of the high-expression subclones, B2BE6,
was significantly higher than that of B2BN1 (Student's / test, P <

0.01). However, there were no significant differences between the
CFEs of other c-irÃ¨B-2-transfected lines and that of B2BN1. Inter

estingly, in the absence of EGF, the significant difference between
B2BE6 and B2BN1 disappeared due to the lower CFE value for
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A.
Cell Line

Factor

B2BE2 B2BE6

O O

ODO
O O PO UT)o [*>,
I + O) O.

ou o o
O CO LOo. r-
+ o) o.

B.
Second

Antibody
aErbB-2

I
oEGFR

Cell Line B2BE2 B2BE6

Factor2o
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Fig. 3. Phosphorylation of gpl85crhB'2 or EOF receptor in BEAS-2B subclones over-

expressing gpl85"*B-2. In A. B2BE2 or B2BE6 cells al 90<* confluence were incubated

20 min prior to lysis with ligunds. lysed. submitted to SDS-PAGE. and immunoblotted for
phosphotyrosine us described in "Materials and Methods." The ligands were: control, 20

IHMHEPES, pH 7.4; positive control, IW/r concentrated medium conditioned by MDA-
MB-231 cells which has been shown to contain gp.3()( 10); gp3(), 4 ng gp3(); p75. 7 ng p75;

EGF, 4 ng EGF (UBI), B. in vim phosphorylation assay. B2BE2 or B2BE6 cells at 80%
confluence were prelabeled with 112P]onhophosphate treated as in A with ligand. lysed.
and absorbed to anti-phosphotyrosine Sepharose. After elution. samples were immuno-

precipitated with a second antibody using either a polyclonal antibody directed against the
gpl85"bB'- COOH-tcnninal sequence or a polyclonal antibody specific for the EGF
receptor. Detailed procedures are included in "Materials and Methods."

Interestingly, while the B2BE6 cell line was 72% pseudodiploid. the
B2BE6TM cell line was 81% pseudotetraploid.

gpl85erl>B-2 Protein Expression in a Clonal Isolate, Tumor-de

rived Cell Line and Tumor Expiant. The clonal isolate B2BE6 is
similar morphologically to the tumor-derived cell line B2BE6TM, and
both express cytoplasmic gpl85orhB - (Fig. 4). Histological review of

the tumor expiant from which B2BE6TM was derived showed en
larged, irregularly shaped cells with darkly stained nuclei lining glan
dular spaces. Immunostain of the same tumor expiant showed cyto
plasmic accumulation of the gplHS1'^112 protein (Fig. 4) and nuclear

expression of p53 protein. p53 protein accumulation is explained by
the presence of SV40 large T-antigen used to immortali/.e the parental

cell line, and the human origin of this particular tumor is supported by
staining with a human specific murine monoclonal antibody. Histo
logical review of additional tumors derived from the B2BE6TM cell
line revealed glandular structures very similar to those formed in
adenocarcinomas arising in various tissues including lung, breast,
salivary gland, and esophagus.

Analysis of Conditioned Medium from Transfected Clones.
Conditioned medium from clones B2BE2, B2BE6. B2BE5, and
B2BN1 was collected and concentrated 100-fold as described in "Ma
terials and Methods." This medium was analyzed as described previ

ously ( 10) by differential competition with iodinated antibody 4D5 or
7C2 (gifts of Michael Shepard. Genentech) for binding to SK-BR-3
cells. Both antibodies bind to gpl85erbB'2, but only 4D5 competes

with ligand ( 10). Neither B2BN1 nor B2BE5 produced any detectable
competing ligands, while both B2BE2 and B2BE6 produced compa
rable levels of gp 185"hB 2 extracellular domain as judged by compe

tition with both antibodies. None of the cell lines produced ligands
with binding characteristics comparable to those of gp3() in the pos
itive control medium conditioned by MDA-MB-231 cells. In addition

to this assay, conditioned media were tested for the presence of EGF/
TGF-a activity by a competition radioimmunoassay (see "Materials
and Methods"). Media conditioned by cell lines B2B E2. E3, E5. E6

and the control B2BN1 were tested. All media were negative, with the
exception of B2BE6. which contained competing activity equivalent
to 5.3 ng/ml of EGF.

B2BE6. Additionally, all clones and the parental BEAS-2B cells were
tested for their ability to grow in soft agar. None of these BEAS-2B-

derived cell lines were able to proliferate under these conditions (data
not shown).

Tumorigenicity Assay. Although /'/;vitro proliferation assays did

not indicate the acquisition of a growth advantage correlating with the
overexpression of c-erbB-2, the transfected cell lines were tested for

tumorigenic potential by s.c. inoculation into athymic nude mice.
Mass cultures as well as subclones of c-Ã-r^B-2-transfected and control

transfected cell lines were inoculated s.c. into athymic nude mice.
Table 4 shows the results of these experiments. B2BE6 clearly ex
presses a relatively high tumorigenic potential with small (average
size. 600 mm1) cystic tumors developing with a mean latency of 20

weeks. The single tumor observed after inoculation of B2BE3 may
represent a spontaneous BEAS-2B tumor (58) or may have arisen
from a rare cell expressing gpl85erhB 2. The cell line B2BE6TM was

established from expiant culture of the cyst wall of a B2BE6 tumor.
This cell line was more tumorigenic than the parental B2BE6 cells
(Table 4). Karyotype and isoenzyme analyses were performed by Dr.
Ward Peterson of the Children's Hospital of Michigan. Both E6 and

E6TM shared the isozyme profile characteristic of BEAS-2B and
could be identified as BEAS-2B derivatives by the presence of com

patible normal and characteristic marker chromosome distribution.

Table 3 Colony-forming efficiency assay

CelllinesB2BE6

B2BE2
B2BE5
B2BE3
B2BN1LHC-9"%Â±SD13.4

Â±0.2''

8.2 Â±0.5
12.1 Â±0.5
6.9 Â±0. 1
7.7 Â±0.8LHC-9-EGF''%Â±SD10.6

Â±1.2
7.4 Â±1.0
9.6 Â±1.5
7.6 Â±0.5
6.9 Â±0.2

" Cells were cultured tor 7 days in LHC-9 medium.
''Cells were cultured tor 10 days in LHC-9 medium without EGF.
' CFE of B2BE6 is significantly higher than that of B2BNI (Student's / test, P < 0.01 ).

Table 4 Tumorigenicity of c-erbB-2-transfected BEAS-2B cells and controls in
athvmic nude mice

CelllineB2BEMB2BE2B2BE3B2BE5B2BE6B2BE6TMB2BNMB2BNIPositive"00107II)00Negative161599176917Totalmice*20:nHIHIw201020

" Tumors reaching a volume of 80 mm* were scored as positive if they continued to

grow or retained their size and were scored as experimental tumor on histopathological
examination. Cells (5 x KWmouse) were inoculated s.c.

'' Negative mice which died prior to or at week 20 were excluded.
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Fig. 4. Immunocytochemical detection of transfected c-erbB-2 in a clonal isolate (B2BE6), a tumor-derived cell line (B2BE6TM), and a tumor explant. Cytoplasmic expression of
c-erbB-2 protein is seen in both the original clone B2BE6 (A, red chmmogen) and the tumor-derived cell line B2BE6TM (B, black chmmogen). Histological review of the tumor expiant

which produced the cell line B2BE6TM showed enlarged, irregularly shaped cells with darkly stained nuclei lining glandular spaces (C). Immunostain of the same tumor expiant showed
cytoplasmic accumulation of the c-erbB-2 protein (D). A. X 400; fl-D, X 200.

Expression of EGF or TGF-a mRNA. Since assay of conditioned
medium indicated that the tumorigenic clone B2BE6 expressed EGF/
TGF-a activity in conditioned medium, the transfected cell lines were

examined by Northern blot hybridization for expression of EGF or
TGF-a. All of the transfected clones and parental mass cultures in
cluding BEAS-2B were negative for EGF expression (data not
shown). On the other hand, the 4.5-kilobase mRNA characteristic of
TGF-a was detected in BEAS-2B and B2BE6 cells (Fig. 5; Table 2),
suggesting, in agreement with earlier data (38), that the original BE-
AS-2B culture was heterogeneous for TGF-a expression.

ZmCMOÃ¹LOLUmCMmffiCD

CMmS3mCMcoaDÃ›CMmDÃ›CMrCOSffl

TGFa -28S

DISCUSSION

In studies of human lung adenocarcinoma (28) as well as breast and
ovarian cancer (24, 59, 60), overexpression of gpl85erbB"2 has been

linked to shortened survival, suggesting that the presence of this
protooncogene is not randomly tumor associated but contributes sig
nificantly to tumorigenic progression. A tumor promotion mechanism
involving growth stimulation which is proportional to gpl85erbB"2

GAPDH ,4 M |f
-18S

Fig. 5. Steady-state expression levels of endogenous TGF-a mRNA in human bron
chial epithelial cell lines. Total celt RNA was prepared as described and analyzed for
TGF-a overexpression by Northern blot hybridization. This blot was probed for TGF-a
and GAPDH mRNA expression as described in "Materials and Methods."
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concentration is not consistent with data indicating that treatment of both B2BE2 and B2BE6 cells retain comparable amounts of
c-e/V)B-2-expressing cells with specific ligands for gpl85crbB"2 is an-

tiproliferative or induces terminal differentiation (10, 61). However,
pleiotropic effects of ligand binding to gpl85crhB 2 are likely, since

other reports indicate that a ligand secreted by transformed human
T-cells, when incubated with gpl85-expressing cells, can stimulate

DNA synthesis and enhance growth in soft agar (14), and that ligands
that are antiproliferative at high concentration can be growth stimu
latory at very low concentrations (12). Thus, inappropriate receptor
expression combined with predominance of a proliferative signal pro
duced through specific ligand-binding or receptor cross-talk may ac

count for the association of overexpression with markers of height
ened tumorigenic potential.

Ligand binding and receptor activation can be expected to have
biological consequences which differ with the cell or tissue type.
Since overexpression of gpl85erbB 2 has been associated with short

ened survival in lung adenocarcinoma (28), we have investigated the
consequences of its overproduction in the T-antigen-expressing im
mortalized human bronchial epithelial cell line BEAS-2B. Interest

ingly, we found that even within this cell line, cells of differing
tumorigenic potential were isolated, all of which expressed similar
amounts of gpl85orbB"2 which became phosphorylated on tyrosine in

response to ligand stimulation.
The proliferative capacity of the subclones was examined in two

ways. First, the clones were stained by anti-K.i-67 monoclonal anti

body, which is positive in actively proliferating cells but negative in
Gâ€žarrested cells (21). There were no differences in staining pattern
between high-expression subclones and low-expression subclones

(Table 1). These data suggest that cell cycle progression was not
influenced directly by c-erhB-2 overexpression. These in vitro results

do not support the negative correlation in breast cancer specimens
reported by Bacus et al. (21), who noted that cases positive for
gpl85erbB"2 overexpression tended to have a low proliferation frac

tion.
Second, cells were tested for growth in soft agar, and CFE assays

were performed in the presence or absence of EOF. Neither the pa
rental nor transfected cultures were able to grow in soft agar. The
tumorigenic, gpl85crbB~2-expressing clone (B2BE6) showed a signif

icantly elevated CFE. while the nontumorigenic high expressor
(B2BE2) was not significantly different from the vector control
(B2BN1). Thus, overexpression of c-erbB-2 is not sufficient to alter

CFE and tumorigenic potential in this system. When EOF is omitted
from the medium, the cell lines B2BE5 and B2BE6 show slightly
decreased CFEs. B2BE6 is the only cell line positive for TGF-a

expression. At the low cell density utilized in a CFE assay, effects of
secreted TGF-a would not be significant, although intracellular and
cell surface interactions between TGF-a and EGFR could still be

important (62). Thus, the depression of CFE in B2BE6 cells observed
when EGF is omitted suggests that some TGF-a effects may occur

through binding of secreted growth factor to EGFR. In this assay, as
in Ki-67 staining, there was no correlation of proliferative capacity
and c-erbB-2 overexpression.

One explanation for the lack of correlation between c-erbB-2 ex

pression and proliferative capacity might be that the protein expressed
in these cells is nonfunctional. This possibility was eliminated in two
experiments (Fig. 3) showing that the gp!85erbB"2 in B2BE2 and

B2BE6 was phosphorylated on tyrosine in response to both gp30 and
p75 (10-12). Western blotting with anti-phosphotyrosine suggested
that the basal constitutive phosphotyrosine content of gpl85crbB"2 was

higher in B2BE6 than in B2BE2 cells, as might be expected due to
TGF-a production and EGFR cross-talk. However, an in vivo phos-

phorylation experiment involving pulse labeling of cells indicated that

SS1^0"2 which becomes phosphorylated in response to specific

ligands (Fig. 3S). Additionally, the EGFR of B2BE6 cells is respon
sive to external stimulation, indicating that it is not saturated by a
signal from internal TGF-a, which is in agreement with the results of

the CFE assay (Table 3).
Expression of TGF-a was detected only in the primarily nontum

origenic parental cell line BEAS-2B (40, 58) and the tumorigenic
B2BE6. BEAS-2B has been tested for tumorigenicity at multiple

passages, but tumors have been observed only rarely and at signifi
cantly lower frequency than that seen in B2BE6 (58). Lechner et al.
(38) have reported that two cell lines (S6 and Rl) subcloned from
BEAS-2B differ in TGF-a expression. Since the B2BE2 and B2BE6
clones were derived from BEAS-2B. it follows, as expected, that the

B2BEM culture contains both cell types. Thus, B2BE6 is presumably
derived from a TGF-a-expressing subclone, while B2BE2 results
from a TGF-a-negative subclone of B2BEM. These data suggest that
the combination of TGF-a and c-erbB-2 expression may be necessary
for tumorigenicity in this cell system since B2BE2, which overex-
presses c-erbB-2 but does not express TGF-a, did not induce tumors
in athymic nude mice. It has been reported that TGF-a can stimulate
EGFR (63). which results in tyrosine phosphorylation of gpl85crbB"2
(64). Thus, an indirect autocrine stimulation of gpl85L'rbB 2 by TGF-a

may contribute to the tumorigenicity of B2BE6. Perhaps there is a
divergence in intracellular signal transduction between activated
EGFR and erbB-2 homodimers and heterodimers. This hypothesis can
be tested by overexpressing TGF-a in B2BE2 cells.

In summary, this study has demonstrated: (a) transfection of a
c-erbB-2 expression vector into BEAS-2B cells resulted in cells over-
expressing a gpl85crhB"2, which increased in phosphotyrosine content

in response to two ligands of gpl85crbB 2, gp30 and p75; (h) overex
pression of a functioning gpl85crbB-2 in BEAS-2B cells is not suffi

cient for induction of tumorigenicity; and (c) overexpression of a
ligand-responsive gpl85crbB"2 molecule does not provide a growth

advantage measurable by CFE assays or growth in soft agar. A similar
study utilizing c-erhB-2 transfection of BEAS-2B cells'' demonstrates

that treatment of transfected cells with antibody 4D5 results in growth
inhibition and confirms that growth on plastic or in soft agar is not
measurably affected by expression of gplSS1-'1*0"2.These findings are

not surprising in view of reports that ligands for gplSS0*'*2 actually

induce growth inhibition ( 10) or differentiation (13) as well as growth
stimulation (14) and that the same ligands may have both effects at
different doses (11. 12). Further characterization of the ligands for this
receptor will be necessary to understand the various biological con
sequences of its activation in different cell systems.

The findings described here demonstrate that overexpression of
gpl85crt>B'2 can contribute to the progression of human bronchial

epithelial cells to tumorigenicity. The induction of tumorigenicity may
depend on conduction or constitutive expression of EGFR and TGF-a

or other transforming gene products. The clonal transfected cell lines
B2BE6 and B2BE2 should provide a model system for the study of
transmembrane signaling by gpl85crbB 2 in this cell type and the

biological consequences of paracrine and autocrine stimulation by
various ligands.

ACKNOWLEDGMENTS

The excellent technical support of Michael Seddon and the editorial assis
tance of Dorothea Dudek are greatly appreciated. We thank Dr. David P. Lane.
University of Dundee, for the CM-1 antiserum. Ricardo V. Dreyfuss for expert

^ Jeffrey A. Kern, personal communication.

2041

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2035/2945526/cr0530092035.pdf by guest on 19 M

ay 2023



L--IT/.B-: IN l'I MIWK,I.NK IIV OÃ Hl'MAN BKOMHIAI. II.I.I.S

photomicrography, and David R. Kaufman for excellent laboratory assistance. 26.
The sharing of unpublished data by Dr. Jeffrey Kern is appreciated.

REFERENCES 27

1. Coussens. L.. Yang-Feng, T. L., Liao. Y. C., Chen. E., Gray. A.. McGrath. J.. Seeburg,

P. H.. Libermann. T. A.. Schlessinger. J.. Francke. U.. Levinson. A., and Ullrich. A.
Tyrosine kinusc receptor with extensive homology to EOF receptor shares chromo- 28.
somal location with neu oncogene. Science (Washington DC). 230: 1132-1139. 1985.

2. Akiyama. T.. Sudo. C., Ogawara. H.. Toyoshima. K., and Yamamoto. T. The product
of the human c-Ã-r/ÃB-2gene: a 185-kilodalton glycoprotein with tyrosine kinase 29.
activity. Science (Washington DC). 232: 1644-1646. 1986.

3. Bargmann. C. I.. Hung. M. C.. and Weinberg. R. A. The neu oncogene encodes an
epidermal growth factor receptor-related protein. Nature (Lond.), 319: 226-230. 30.

1986.
4. Yamamoio. T. Ikawa. S.. Akiyama. T.. Semba. K.. Nomura. N.. Miyajima. N.. Saito.

T. and Toyoshima. K. Similarity of protein encoded by the human c-*r/>B-2 gene to 3|_
epidermal growth factor receptor Nature (Lond.). 31V: 230-234. 19X6.

5. King. C. R.. Borrello. I.. Bellot. F., Comoglio. P.. and Schlessinger. J. Egf binding to
its receptor triggers a rapid tyrosine phosphorylation of the erbB-2 protein in the 33.
mammary tumor cell line SK-BR-3. EMBO J.. 7: 1647-1651. 1988.

6. Kokai. Y.. Dobashi. K.. Weiner. D. B.. Myers. J. N.. Nowell. P. C.. and Greene. M. I.
Phosphorylation process induced by epidermal growth factor alters the oncogenic and 33
cellular neu (NGL) gene products. Proc. Nati. Acad. Sci. USA, 85; 5389-5393. 1988.

7. Connelly. P. A., and Stern. D. F. The epidermal growth factor receptor and the product
of the neu protooncogene are members of a receptor tyrosine phosphorylation cas- 34
cade. Proc. Nail. Acad. Sci. USA. 87: 6054-6057. 1990.

8. Di Fiore. P. P., Segallo. O.. Taylor. W. G.. Aaronson. S. A., and Pierce. J. H. EGF
receptor and erbB-2 (yrosine kinase domains confer cell specificity for mitogenic 35.
signaling. Science (Washington DC). 248: 79-83. 1990.

9. Quian. X. L.. Decker. S. J., and Greene. M. I. pl85c-neu and epidermal growth factor

receptor associate into a structure composed of activated kinases. Proc. Nati. Acad. 36.
Sci. USA. 89: 1330-1334. 1992.

10. Lupu. R.. Colomer. R.. Zugmaier. G.. Sarup. J.. Shepard. M.. Slamon. D.. and
Lippman. M. E. Direct interaction of a ligand for the erbB2 oncogene product with 37.
the EGF receptor and pl85erbB2. Science (Washington DC). 249: 1552-1555. 1990.

11. Lupu. R.. Wellstein. A.. Sheridan. J.. Ennis. B.. Zugmaier. G.. Katz. D.. Lippman. M.
E.. and Dickson. R. B. Purification and characterization of a novel growth factor from 38.
human breast cancer cells. Biochemistry. 31: 7330-7340. 1992.

12. Lupu. R.. Colomer. R.. Kannan. B.. and Lippman. M. E. Characterization of a growth
factor that hinds exclusively to the erbB-2 receptor and induces cellular responses.
Proc. Nati. Acad. Sci. USA. 89: 2287-2291, 1992. 39.

13. Peles. E.. Bacus. S. S., Koski. R. A.. Lu. H. S.. Wen. D.. Ogden. S. G., Levy, R. B..
and Yarden. Y. Isolation (if the neu/HER-2 stimulatory ligand: a 44 kd glycoprotein
that induces differentiation of mammary tumor cells. Cell, 69: 205-216, 1992.

14. Dobashi. K.. Davis. J. G.. Mik.nm. Y. Freeman. J. K.. Hamuro. J.. and Greene. M. I. 40.
Characterization of a neu/c-erbB-2 protein-specific activating factor. Proc. Nati. Acad.
Sci. USA. 88: 8582-8586. 1991.

15. Tarakhovsky, A., Zaichuk. T, Prassolov, V.. and Butenko. Z. A. A 25 kDa polypeptide
is the ligand for plH5neu and is secreted by activated macrophages. Oncogene. 6:
2187-2196. 1991. 41.

16. Di Fiore. P. P.. Pierce, J. H.. Kraus. M. H., Segano, O., King. C. R.. and Aaronson.
S. A. erbB-2 is a potent oncogene when overexpressed in NIH/3T3 cells. Science
(Washington DC), 237: 178-182. 1987.

17. Sistonen. L.. Koskinen. P. J.. Lehvaslaiho. H.. Lehtola. L., Bravo. R.. and Alitalo. K. 42.
Downregulation of the early genomic growth factor response in neu oncogene-
transformed cells. Oncogene, 5: 815-821, 1990.

18. Bargmann. C. !.. Hung. M. C., and Weinberg. R. A. Multiple independent activations
of the neu oncogene by a point mutation altering the transmembrane domain of p 185.
Cell. 45: 649-657. 1986. 43.

19. Suda. Y. Aizawa. S.. Furuta. Y. Yagi. T. Ikawa. Y. Saitoh, K.. Yamada. Y.
Toyoshima. K., and Yamamoto. T Induction of a variety of tumorÂ»by c-erbB2 and
clonal nature of lymphomas even with the mutated gene (Val659â€”Glu659). EMBO
J.. 9: 181-190. 1990. 44.

20. Pierce. J. H.. Arnstein. P.. DiMarco. E.. Artrip. J.. Kraus, M. H., Lonardo, F.. Di Fiore.
P. P. and Aaronson. S. A. Oncogenic potential of erbB-2 in human mammary epi
thelial cells. Oncogene. 6: 1189-1194, 1991.

21. Bacus, S. S.. Ruby. S. G.. Weinberg. D. S.. Chin, D.. Ortiz. R., and Bacus, J. W. 45.
HER-2/neu oncogene expression and proliferation in breast cancers. Am. J. Pathol..
137: 103-111. 1990.

22. Borg. Ã€..Tandon. A. K., Sigurdsson. H.. Clark, G. M., Perno. M., Fuqua, S. A. W..
Killander. D., and McGuire. W. L. HER-2/nfu amplification predicts poor survival in 46.
node-positive breast cancer. Cancer Res., 50: 4332â€”4337, 1990.

23. Iglehart, J. D., Kraus. M. H.. Langton. B. C., Huper. G.. Kerns. B. J., and Marks. J.
R. Increased erbB-2 gene copies and expression in multiple stages of breast cancer. 47.
Cancer Res., SO: 6701-6707, 1990.

24. Slamon, D. J., Godolphin. W.. Jones, L. A., Holt, J. A., Wong, S. G., Keith, D. E.. 48.
Levin. W. J.. Stuart. S. G., Udove, J.. Ullrich. A., and Press. M. F. Studies of the
HER-2/nru proto-oncogene in human breast and ovarian cancer. Science (Washington
DC). 244: 707-712. 1989.

25. Uehara. T. Kaneko. Y. Kanda. N.. Yamamoto. T. Higashi. Y. Nomoto. C.. Izumo, T. 49.
Takayama. S., and Sakurai. M. Ã¯-erbB-2 and c-erb\-\ (ear-1 ) gene amplification and
c-erbB-2 protein expression in Japanese breast cancers: their relationship to the
histology and other disease parameters. Jpn. J. Cancer Res.. 81: 620-624. 1990.

2042

Van de Vijver. M. J.. Peterse. J. L.. Mooi. W. J.. Wisman. P.. Lomans. J.. Dalesio. O..
and Nusse. R. Neu-protein overexpression in breast cancer. Association with comedo-
type ductal carcinoma in .v/'/uand limited prognostic value in stage II breast cancer. N.

Engl. J. Med.. 319: 1239-1245, 1988.
Berchuck. A.. Kamel. A.. Whitaker. R.. Kems. B.. Olt. G.. Kinney. R.. Soper, J. T,
Dodge. R.. Clarke-Pearson. D. L., Marks. P.. McKenzie. S.. Yin, S., and Bast, R. C..
Jr. Overexpression of HER-2/ncu is associated with poor survival in advanced epi
thelial ovarian cancer. Cancer Res.. 50: 4087-4091. 1990.

Kern. J. A.. Schwartz, D.. Nordberg. J. A.. Weiner. D. B., Greene. M. I.. Tomey. L..
and Robinson, R. A. pl85neu expression in human lung udenocarcinomas predicts
shortened survival. Cancer Res.. 50: 5184-5191, 1990.

Schneider. P. M., Hung, M. C, Chiocca, S. M.. Manning. J.. Zhao. X. Y. Fang. K.,
and Roth. J. A. Differential expression of the c-erbB-2 gene in human small cell and
non-small cell lung cancer. Cancer Res.. 49: 4968-4971. 1989.

Kameda. T. Yasui. W.. Yoshida. K., Tsujino. T. Nakayama. H.. Ito. M.. Ito. H.. and
Tahara. E. Expression of ERB2 in human gastric carcinomas: relationship between
p 185erbB2 expression and the gene amplification. Cancer Res.. 50: 8002-8(1Â». 1990.
Yokota. J.. Yamamoto. T. Toyoshima. K., Terada. M.. Sugimura. T. Battifora. H.. and
Cline. M. J. Amplification ot C-erbB-2 oncogene in human adenocarcinomas in vivo.
Lancet. /: 765-767, 1986.
Weidner. U.. Peter. S.. Strohmeyer. T., Hussnatter. R.. Ackermann. R., and Sies. H.
Inverse relationship of epidermal growth factor receptor and HER2/neu gene expres
sion in human renal cell carcinoma. Cancer Res.. 50: 4504â€”4509. 1990.
Varley. J. M.. Swallow. J. E.. Brammar. W. J.. Whittaker, J. L.. and Walker. R. A.
Alterations to either c-cr/>B-2(neÂ«) or c-mvc proto-oncogenes in breast carcinomas
correlale with poor short-term prognosis. Oncogene. /: 423â€”430,1987.
Dati, C.. AntonÃ¬otti,S.. Taverna. D.. Perroteau. !.. and De Bortoli. M. Inhibition of
c-erbB-2 oncogene expression by estrogens in human breast cancer cells. Oncogene.
5: 1001-1006. 1990.
Meyers. S. L.. O'Brien. M. T, Smith. T. and Dudley. J. P. Analysis of the inl-l, inl-2.

c-mvr. and neu oncogenes in human breast carcinomas. Cancer Res.. 50: 5911-5918.

1990.
Kem. J. A.. Robinson, R. A.. Gazdar. A.. Tomey. L.. and Weiner. D. B. Mechanisms
of pl85HER2 expression in human non-small cell lung cancer cell lines. Am. J.
Respir. Cell Mol. Biol.. 6: 359-363. 1992.
Amstad. P.. Reddel. R. R.. Pfeifer. A.. Malan-Shibley. L.. Mark. G. E., and Harris, C.
C. Neoplastic transformation of a human bronchial epithelial cell line by a recombi
nant retrovirus encoding viral Harvey ras. Mol. Carcinog.. /: 151-160. 1988.
Lechner. J. F.. Gerwin, B. !.. Ke. Y. Reddel. R. R.. Pfeifer. A.. Masui. T. Miyashita.
M.. Wilson. V. L., and Harris. C. C. Regulation of squamous differentiation in human
bronchial epithelial cells. In: C. C. Harris and L. A. Liotta (eds.). Genetic Mechanisms
in Carcinogenesis and Tumor Progression, pp. 31-51. New York: Wiley-Liss. 1990.
Pfeifer. A., Mark. G. E.. Malan-Shibley. L.. Graziano, S. L.. Amstad. P., and Harris.
C. C. Cooperation of c-raf-l and c-mvr protooncogenes in the neoplastic transfor
mation of SV40 T-antigen immortalized human bronchial epithelial cells. Proc. Nati.
Acad. Sci. USA. 86: 10075-10079. 1989.
Reddel. R. R.. Ke. Y. Gerwin. B. !.. McMenamin. M. G.. Lechner, J. F.. Su. R. T.,
Brash. D. E.. Park. J. B., Rhim. J. S.. and Harris. C. C. Transformation of human
bronchial epithelial cells by infection with SV40 or adenovirus-12 SV40 hybrid virus,
or transfection via strontium phosphate coprccipitation with a plasmid containing
SV40 early region genes. Cancer Res.. 48: 1904-1909. 1988.
Reddel. R. R.. Ke. Y. Kaighn. M. E.. Malan-Shibley. L.. Lechner. J. F., Rhim, J. S.,
and Harris, C. C. Human bronchial epithelial cells neoplastically transformed by
v-Ki-ra.Ã¯:altered response to inducers of temiinal squamous differentiation. Oncogene
Res.. 3: 401-408. 1988.
Gerwin. B. !.. Spillare. E.. Forrester. K.. Lehman. T. A.. Kispert. J.. Welsh, J. A.,
Pfeifer. A. M. A.. Lechner. J. F.. Baker, S. J.. Vogelstein, B., and Harris. C. C. Mutant
p53 can induce tumorigenic conversion of human bronchial epithelial cells and reduce
their responsiveness to a negative growth factor, transforming growth factor type Bl.
Proc. Nati. Acad. Sci. USA. 89: 2759-2763. 1992.
Pfeifer. A. M. A.. Jones. R. T. Bowden. P. E.. Mann. D.. Klein-Szanto. A. J. P.. Trump.
B. F.. and Harris, C. C. Human bronchial epithelial cells transformed by the c-ra/-l
and c-wvc protooncogenes induce multidifferentiated carcinomas in nude mice: a
model for lung Carcinogenesis. Cancer Res.. 5/: 3793-3801, 1991.
Klein-Szanto. A. J. P.. lizasa. T. Momiki. S.. Garcia-Palazzo. !.. Caamano. J.. Metcalf.
R., Welsh. J. A., and Harris, C. C. A tobacco-specific Â¿V-nitrosamineor cigarette

smoke condensate causes neoplastic transformation of xenotransplanted human bron
chial epithelial cells. Prix. Nati. Acad. Sci. USA. 89: 6693-6697. 1992.
Ke, Y. Reddel. R. R., Gerwin. B. I.. Miyashita. M., McMenamin, M. G.. Lechner. J.
F.. and Harris. C. C. Human bronchial epithelial cells with integrated SV40 virus T
antigen genes retain the ability to undergo squamous differentiation. Differentiation.
38: 60-66, 1988.

Lechner. J. F.. Haugen. A.. McClendon. I. A., and Pettis. E. W. Clonal growth of
normal adult human bronchial epithelial cells in a serum-free medium. In Vitro. 18:
633-642, 1982.

Cepko. C. L., Roberts, B. E.. and Mulligan. R. C. Construction and applications of a
highly transmissible murine retrovirus shuttle vector. Cell. 37: 1053-1062. 1984.

Brash, D. E.. Reddel, R. R.. Quanrud. M.. Ke. Y. Farrell, M. P.. and Harris. C. C.
Strontium phosphate transfection of human cells in primary culture: stable expression
of the simian virus 40 large-T-antigen gene in primary human bronchial epithelial
cells. Mol. Cell. Bio].. 7: 2031-2034. 1987.

Metcalf. R. A.. Welsh, J. A.. Bennett. W. P.. Seddon, M. B.. Lehman. T. A.. Pelin, K.,
Linnainmaa, K., Tammilehto, L.. Mattson, K.. Gerwin, B. I., and Harris, C. C. p53 and
Kirsten-ra.v mutations in human mesothelioma cell lines. Cancer Res., 52: 2610-

2615, 1992.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2035/2945526/cr0530092035.pdf by guest on 19 M

ay 2023



c-rrhO-2 IN TUMORIGENICITY OF HUMAN BRONCHIAL CELLS

50. Bennett. W. P.. Hollstein. M. C.. He. A.. Zhu. S. M.. Resau. J.. Trump. B. F.. Metcalf.
R. A.. Welsh, J. A.. Gannon, J. V., Lane, D. P., and Harris. C. C. Archival analysis of
p53 genetic and protein alterations in Chinese esophageal cancer. Oncogene. 6:
1779-1784, 1991.

51. Midgley. C. A.. Fisher. C. J.. Bartek. J.. Vojtesek. B.. Lane. D.. and Barnes, D. M.
Expression of human p53 in bacteria: application to the analysis of p53 expression in
human tumor. J. Cell Sci., 101: 183-189. 1992.

52. Oerwin. B. I.. Keski-Oja, J.. Seddon, M.. Lechner. J. F.. and Harris, C. C. TGF-ÃŸ,
modulation of urokinase and PAI-1 expression in human bronchial epithelial cells.
Am. J. Physiol.. 259: L262-L269. 1990.

53. Piechaczyk. M., Blanchard. J. M.. Marty. L.. Dani. C.. Panabieres. F., el Sabrouty, S..
Fort, P., and Jeanteur. P. Post-transcriptional regulation of glyceraldehyde-3-phos-
phate-dehydrogenase gene expression in rat tissues. Nucleic Acids Res.. 12: 6951-
6963. 1984.

54. Towbin. H.. Staehelin. T.. and Gordon. J. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proc.
Nati. Acad. Sci. USA. 76: 4350-4354. 1979.

55. Beit/.. J. G.. Kim. I. S.. Calabresi. P.. and Frackelton. A. R.. Jr. Human microvascular
endothelial cells express receptors for platelet-derived growth factor. Proc. Nail.
Acad. Sci. USA, 88: 2021-2025. 1991.

56. Frackelton. A. R.. Jr.. Posner. M.. Kannan. B.. and Mermelstein. F. Generation of
monoclonal antibodies against phosphotyrosine and their use for affinity purification
oÃphosphotyrosine-containing proteins. Methods En/ymol.. 201: 79-92, 1991.

57. Yarden, Y. and Weinberg. R. A. Experimental approaches to hypothetical hormones:
detection of a candidate ligand of the neu protooncogenc. Proc. Null. Acad. Sci. USA.
M: 3I79-3I83, 1989.

58. Reddel. R. R . Salghelti. S. E., Willey. J. C.. Ohnuki. Y, Ke, Y.. Gerwin. B. I.,
Lechner. J. F., and Harris. C. C. Development of tumorigenicity in simian virus
40-irnmortali/ed human bronchial epithelial cell lines. Cancer Res.. 5.Ã•:985-991,

1993.
59. Slamon, D. J.. Clark. G. M., Wong, S. G.. Levin, W. J., Ullrich. A., and McGuire. W.

L. Human breast cancer: correlation of relapse and survival with amplification ol the
HER-2/ncu oncogene. Science (Washington DC), 235: 177-182. 1987.

60. Wright. C.. Angus. B.. Nicholson. S.. Sainsbury, J. R. C., Cairns, J., Gullick. W. J..
Kelly, P.. Harris. A. L., und HÃ¶rne,C. H. W. Expression of c-erbH-2 oncoprolein: a
prognostic indicator in human breast cancer. Cancer Res.. 4V: 2087-2090, 1989.

61. Wen, D.. Peles, E.. Cupples, R., Suggs, S. V.. Bacus, S. S., Luo, Y.. Trail. G.. Hu, S..
Silbiger. S. M., Levy, R. B., el al. Neu differentiation factor: a transmembrane
glycoprotein containing an EGF domain and an immunoglobulin homology unit. Cell.
69: 559-572, 1992.

62. Derynck. R.. Goeddel. D. V., Ullrich. A.. Gutterman. J. L'.. Williams. R. D.. Bringman.

T. S., and Berger, W. H. Synthesis of messenger RNAs for transforming growth
factors a and ÃŸand the epidermal growth factor receptor by human tumors. Cancer
Res., 47: 707-712. 1987.

63. Markowitz. S. D., Molkenlin, K.. Gerbic, C., Jackson, J.. Stellalo, T.. and Willson, J.
K. Growth stimulation by coexpression of transforming growth factor a and epider
mal growth factor receptor in normal and adenomatous human colon epithelium. J.
Clin. Invest., 86: 356-362. 1990.

64. Kokai, Y. Myers. J. N.. Wada, T. Brown. V. I., LeVea. C. M., Davis, J. G., Dobashi.
K.. and Greene. M.I. Synergistic interaction of pl85c-neu and the EGF receptor leads
to transformation of rodent tihroblasts. Cell, 58: 287-292. 1989.

2043

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2035/2945526/cr0530092035.pdf by guest on 19 M

ay 2023


