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Adenovirus Type 5 ElA Gene Products Act as Transformation
Suppressors of the neu Oncogene
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The adenovirus type 5 early region 1A (E1A) gene was introduced into neu-transformed B104-1-1 cells. Cells
that expressed ElA possessed reduced transforming activity in vitro and reduced tumorigenicity in nude mice.
These results demonstrate that the ElA gene products can act negatively to suppress the transformed
phenotype in neu-transformed cells.

The neu oncogene is a transforming gene originally iden-
tified from rat neuro/glioblastomas (20). Subsequently, both
the activated neu oncogene and its normal cellular counter-
part, the normal neu gene, were cloned from rat and human
libraries (2, 8, 11, 33). The neu gene encodes a 185-kDa
transmembrane protein (p185) which is related to but distinct
from the epidermal growth factor recepter. The neu-encoded
p185 and the epidermal growth factor receptor have identical
gross structural organization, including ligand-binding,
transmembrane, and intracellular kinase domains, and also
share extensive sequence homology; specifically, >80% of
the amino acids in the tyrosine kinase domain are identical
(1, 8, 19, 33). Recently, the ligand for the neu-encoded p185
protein has been functionally identified in rat cells and
isolated from human breast cancer cells, wlhich will facilitate
a better understanding of the function of the neu-encoded
p185 protein in normal and malignant cell growth and devel-
opment (15, 35). The activated neu oncogene contains a
single amino acid substitution in the transmembrane domain
and has higher tyrosine kinase activity in comparison with its
normal counterpart (3, 25). Our group has demonstrated that
amplification of the neu proto-oncogene facilitates oncogenic
activation by a single point mutation (12). The human
homolog of the rat neu oncogene, also called HER-2 or
c-erbB2, has been shown to be amplified or overexpressed in
25 to 30% of human primary breast cancers and ovarian
cancers (10, 21, 22, 37). Breast cancer patients with neu
overexpression show a significantly lower overall survival
rate and a shorter time to relapse than do patients without
neu overexpression, suggesting that neu overexpression may
be used as a prognostic factor (21, 22, 26, 27). Amplification
or overexpression of the human neu gene has also been
shown to correlate with the number of axillary lymph nodes
positive for metastasis in breast cancer patients (21, 22).
These studies strongly suggest that the neu oncogene may
play an important role in malignant transformation and
metastasis.
The primary function of the adenovirus ElA gene is to

activate other adenovirus genes during a permissive viral
infection by modifying the host cell transcriptional apparatus
(4). The ElA protein also contributes to the transforming
capabilities of adenovirus (32). Although both transcriptional
activation and transcriptional repression of nonadenovirus
genes by the ElA proteins have been reported (6, 9, 14, 18,
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24, 28, 29), their functional significance and physiological
impact are unclear in many cases. Recently, we have studied
the effects of the ElA gene products on the promoter activity
of the neu gene and found that ElA proteins can repress the
expression of both the human and the rat neu oncogene at
the transcriptional level (34, 36). Since both the neu gene and
the ElA gene are well-known transforming oncogenes (13,
17, 20, 30), our previous findings raised an interesting
question: Is it possible that the ElA proteins may act as
transformation suppressors for the neu-transformed cells via
transcriptional repression? We therefore undertook to de-
velop a biological functional assay system to study this
possibility. We introduced the ElA gene into neu-trans-
formed B104-1-1 cells and generated B-E1A cell lines, deriv-
atives of B104-1-1 that stably express the ElA gene prod-
ucts. We then compared the transformed phenotypes
between the parental neu-transformed B104-1-1 cell line and
the B-E1A cell lines. Our findings demonstrate that the ElA
gene products can act as transformation suppressors of neu
oncogene-transformed cells.

Generation of ElA-expressing stable transfectants. The
B104-1-1 cell line, which is an NIH 3T3 cell derivative
generated by transfection containing approximately 10 cop-
ies of mutation-activated genomic neu oncogene, has been
shown to be highly transforming and tumorigenic (12, 20).
Using the B104-1-1 cell line as a recipient line, we have
cotransfected the adenovirus type 5 ElA-expressing plasmid
pElA (36) together with plasmid pSV2-neo, carrying the
neomycin resistance marker gene, to generate ElA-express-
ing stable transfectants (7, 23). The G418-resistant clones
were selected in medium containing 500 ,ug of G418 per ml
for 2 to 3 weeks and expanded to cell lines, which were
named B-E1A cell lines. The same strategy was used to
select control cell lines, in which the pElApr plasmids,
containing the ElA promoter without the ElA-coding se-
quence (36), were introduced into the neu-transformed B104-
1-1 cells to generate the B-ElApr cell lines, or the pElA
plasmids were introduced into NIH 3T3 cells to develop the
N-E1A cell lines. To ensure that the exogenous ElA gene or
ElA promoter DNA had integrated into the genome of the
transfectants, DNA blot analysis with the ElA probe was
performed. Figure la shows the results of Southern blot
analyses for the parental cell lines and the representative
stable transfectants used in this study. As expected, the
parental B104-1-1 and NIH 3T3 cell lines did not contain any
ElA DNA sequence, whereas the three B-E1A transfectants
and the N-E1A transfectant had acquired the transfected
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FIG. 1. (a) Southern blot analysis of NIH 3T3 cells, B104-1-1
cells, and their transfectants, using an EcoRI-SstI ElA DNA probe.
Samples (10 ,ug) of genomic DNA from the indicated cell lines were

digested to completion with restriction endonucleases EcoRI and
SstI and subjected to electrophoresis on a 1% agarose gel. The
DNAs were transferred to Nytran filter paper and hybridized with
the ElA probe. The DNA markers are shown on the left. (b)
Immunoblot analysis for ElA proteins in cell lysates of the indicated
cell lines. A 50-,ug amount of each sample was electrophoresed on a

10% sodium dodecyl sulfate-polyacrylamide gel prior to transfer to
nitrocellulose. Filters were incubated with the primary antibody
M73 against ElA. Positions of protein molecular weight markers
and the ElA proteins are shown on the right. (c) Immunoblot
analysis for the neu-encoded p185 proteins in cell lysates of the
indicated cell lines. The primary antibody was monoclonal antibody
3 against p185. (d) Southern blot analysis of the indicated cell lines,
using a rat neu DNA probe. The DNAs were digested with restric-
tion endonuclease BamHI.

ElA DNAs. The size of the lowest band (1.8 kb) was

consistant with the length of the ElA-coding region cleaved
from the pElA plasmids by using restriction endonucleases
EcoRI and SstI. Noticeably, the three B-E1A transfectants
acquired different copy numbers of the ElA gene. Integra-
tion of pElApr DNA in the 13-ElApr cell line could also be
detected and be distinguished from that in B-E1A cell lines,
since the ElA probe used in this study also has a portion of
sequence from the ElA promoter that can hybridize with the
pElApr DNA with a hybridization pattern different from
that of the B-E1A cell lines (Fig. la). To confirm that the
B-E1A and N-E1A transfectants actually produced ElA
proteins, immunoblot analyses with anti-ElA antibodies
were performed (Fig. lb). The B-E1A and N-E1A transfec-
tants expressed ElA proteins that comigrated with the ElA
proteins from the 293 cell line, an established cell line that
constitutively expresses the ElA proteins and hence was
used as a positive control in this experiment. The negative
controls, the parental B104-1-1 and NIH 3T3 cell lines as
well as the B-ElApr cell line, did not express ElA proteins.
We had thus established three kinds of stable transfectants:
(i) B-E1A transfectants (B104-1-1 transfectants harboring the

ElA gene, which were used for comparisons with the
B104-1-1 parental cell line to detect changes in transformed
phenotypes); (ii) B-ElApr transfectants (B104-1-1 transfec-
tants containing ElA promoter sequence, which were used
as a control cell line to make sure that the changes, if any, in
transformed phenotypes in B-E1A transfectants were not
due to transfection of the plasmid backbone or the pSV2-neo
gene); and (iii) N-E1A transfectants (NIH 3T3 cells trans-
fected with the ElA gene, which were used as another
control cell line to determine the biological effects of ElA
expression in nontransformed NIH 3T3 cells).

Expression of the neu-encoded p185 protein was reduced in
B-E1A transfectants. We previously have shown that ElA
proteins can repress expression of the neu-encoded p185
protein in transient transfection experiments (36). To exam-
ine whether expression ofElA in B-E1A stable transfectants
can inhibit neu expression, immunoblot analyses for the
neu-encoded p185 protein were performed (Fig. lc; 16). The
p185 proteins were virtually undetectable in all transfec-
tants, as judged by using the horseradish peroxidase method.
However, when the more sensitive [1251I]protein A detection
method was used, slightly higher levels of p185 proteins
could be detected in B-E1A-3 than in B-ElA-1 and B-E1A-2
cells (data not shown), which was likely due to a lower level
of ElA protein in the B-E1A-3 line (Fig. lb). The control
B-ElApr cell line expressed an amount of neu-encoded p185
protein comparable to that of the parental neu-transformed
B104-1-1 cell line. Since p185 proteins were barely detect-
able in B-E1A transfectants, DNA blot analysis for the rat
neu gene was done to ensure that the reduction in neu-
encoded p185 protein level was not due to loss of the neu
gene. Incorporation of the ElA gene into the genome did not
alter the neu gene at the DNA level (Fig. ld). Among the
three B-E1A transfectants, B-E1A-2 and B-E1A-3 have
levels of the neu gene comparable to that of the parental
B104-1-1 cell line, whereas B-ElA-1 appears to have a lower
level of the neu gene. This may be due to partial loss of the
neu gene during the establishment of this transfected cell
line. These results indicate that the reduction of neu-en-
coded p185 protein level in B-E1A transfectants is indeed
due to the expression of ElA proteins.
To further confirm that the decreased expression of neu-

encoded p185 protein in B-E1A stable transfectants is due to
transcriptional repression of the neu gene by the EIA
proteins, excess amounts (10 ,ug) of pNeuEcoRl-CAT plas-
mids, which contain the chloramphenicol acetyltransferase
(CAT) reporter gene driven by the neu promoter and up-
stream sequences, were transfected into the B-E1A trans-
fectants as well as the parental B104-1-1 cells, and CAT
assays were performed after the transient transfection (36).
The relative CAT activities in three B-E1A transfectants
were reduced to 50 to 60% that of B104-1-1 cells (data not
shown). Since the level of transiently transfected
pNeuEcoRI-CAT reporter gene will be much higher than the
level of stably integrated genomic neu oncogene (7), the
decrease of CAT activity in the transient transfection CAT
assay system is not as dramatic as the reduction of p185
protein in the B-E1A stable transfectants, which have only
about 10 copies of genomic neu oncogene. Nevertheless, the
results demonstrate that the ElA proteins expressed in
B-E1A stable transfectants can repress neu gene promoter
activity even in the presence of excess copies of reporter
gene. Therefore, the reduced level of p185 protein in B-E1A
transfectants is likely due to transcriptional repression of the
neu gene by the ElA proteins in these cells. We thus chose
the three B-E1A transfectants shown in Fig. 1 for further
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FIG. 2. Morphologic effects of ElA expression in neu-transformed B104-1-1 cells. (a) B104-1-1; (b) B-ElApr; (c) N-ElA-1; (d) B-ElA-1;
(e) B-E1A-2; (f) B-E1A-3. Magnification, x130.

transformed phenotype assays because they represented
three different subtypes of B-E1A transfectants: (i) B-E1A-1
had fewer copies of the neu gene than did B104-1-1 and high
levels of the ElA gene; (ii) B-E1A-2 retained the same level
of neu gene as B104-1-1 and high levels of the ElA gene; and

(iii) B-E1A-3 contained the same amount of neu DNA as
B104-1-1 but a low quantity of the ElA gene.
ElA expression in B-E1A transfectants can suppress the

transformed phenotypes induced by neu. The transformed
phenotypes of the neu-transformed cells include transformed
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FIG. 3. [3H]thymidine incorporation of the indicated cell lines. A total of 9 x 103 cells were plated in 96-well multiwell plates and cultured

in cell culture medium. The cells received a 2-h pulse of 1 pCi of [3H]thymidine per well at the indicated time points to label those cells that
were synthesizing DNA prior to harvest.

morphology, non-contact-inhibited growth pattern, increased
DNA synthesis rate, anchorage-independent growth, and the
ability to induce tumors in nulnu mice. To determine the
effect of ElA expression on the transforming ability of
neu-transformed B104-1-1 cells, we assayed the B-E1A
transfectants as well as the control cell lines for all the
above-mentioned transforming characteristics.
The biological effects of ElA expression on neu-trans-

formed cells were first examined in culture. The highly
transformed morphology of B104-1-1 cells was essentially
unchanged after pElApr transfection. The B104-1-1 and
B-ElApr cells piled up and did not exhibit contact inhibition
(Fig. 2a and b). However, the highly transformed morphol-
ogy of B104-1-1 cells was markedly altered by pElA trans-
fection (Fig. 2d to f). The B-E1A transfectants exhibited a
nontransformed, flattened morphology and a contact-inhib-
ited growth pattern. Expression of ElA proteins in NIH 3T3
cells did not significantly alter the monolayered morphology
(Fig. 2c). The results indicate that ElA gene products can
specifically reverse the transformed morphology of neu-
transformed cells.
A frequent parameter measured in growth-stimulated cells

is [3H]thymidine incorporation into DNA, and this is gener-
ally well correlated to overall DNA synthesis. The parental
neu-transformed B104-1-1 cells had a high level of [3H]thy-
midine incorporation, while the negative controls, NIH 3T3
and N-E1A cells, had very low levels of [3H]thymidine
incorporation (Fig. 3). [3H]thymidine incorporation was dif-
ferent among the three B-E1A transfectants. B-ElA-1 and
B-E1A-2 displayed a much lower DNA synthesis rate, which
coincided with their slower cell growth rate compared with
B104-1-1 cells (data not shown). This ElA-induced decrease
in [3H]thymidine incorporation was not as dramatic in the
B-E1A-3 cell line, possibly because of the lower level of the
ElA proteins. These data suggest that ElA proteins can
block the effect of the neu oncogene on DNA synthesis and
cell growth.
Anchorage-independent growth in soft agar is a good

indicator of transforming ability for transformed cells.
Transformed cells usually grow well in an anchorage-inde-

pendent manner in soft agar, while nontransformed cells
usually cannot grow in soft agar. To test the influence of the
ElA proteins on anchorage-independent growth, we assayed
B104-1-1 cells and the B-E1A transfectants for the ability to
grow in soft agar (16). The neu-transformed B104-1-1 cells
and B-ElApr control cells formed soft agar colonies with
much higher efficiency than did the B-E1A transfectants
(Table 1). It is noteworthy that colony formation by NIH 3T3
and N-ElA-1 lines did not vary significantly, indicating that
expression of ElA proteins did not enhance the efficiency of
NIH 3T3 cells to grow in soft agar.
The most stringent experimental test of neoplastic behav-

ior is the ability of injected cells to form tumors in nude
mice. Therefore, in vivo repression of tumorigenicity would
be a critical test for ElA-mediated transformation suppres-
sion in neu-transformed cells. When 105 cells of the parental
B104-1-1 line were injected subcutaneously in nude mice,
solid tumors developed by 8 days after injection; however,
the same quantity of the B-E1A transfectants did not form
tumors in nude mice until 12 to 26 days after injection, and in
every case the tumors were much smaller than those from
B104-1-1 cells (Table 2). Although the B-ElA-1 and B-E1A-2
transfectants contained comparable amounts of the ElA
gene, the B-EIA-1 cells did not form detectable tumors until
20 days after injection, and their tumor volume was only
166 ± 78 mm3 35 days after injection, probably because of

TABLE 1. Soft agar colony formation assay

Cells line Formation of colonies(% efficiency)'
B104-1-1 .................................. 14.4-18.3
B-ElApr .................................. 12.7-15.5
NIH 3T3 .................................. <0.1
N-E1A-1 ........... ....................... <0.1
B-E1A-1 .................................. 0.2-0.4
B-E1A-2.................................. 2.3-3.1
B-E1A-3.................................. 2.6-4.5

a Number of soft agar colonies as percentage of 103 seeded cells.

1748 NOTES



NOTES 1749

TABLE 2. Tumorigenicity assay

No. of tumors/6 animals injected Tumor vol at
Cell line day 16 (mm3;

8a 10 12 14 20 26 mean SD)

B104-1-1 6 6 6 6 S S 8,240 203
NIH 3T3 0 0 0 0 0 0 NDC
N-E1A-1 0 0 0 0 0 0 ND
B-E1A-1 0 0 0 0 5 6 ND
B-E1A-2 0 0 2 6 6 6 216 53
B-E1A-3 0 0 4 6 6 6 481 74

a Time (days) after injection.
b S, Sacrificed because of large tumor size.
ND, No detectable tumor at the time of evaluation.

the lower level of neu gene in this line. On the other hand,
both of the B-E1A-2 and B-E1A-3 transfectants contained
the same level of the neu gene as did B104-1-1 cells; the
tumorigenicity suppression effect on B-E1A-3 cells was not
as strong as on B-E1A-2 cells, likely because of the lower
level of the ElA gene in B-E1A-3 cells. The control animal
injected with NIH 3T3 and N-E1A cells showed no evidence
of tumor formation.

Previous studies of Wilms tumor cells and human prostate
carcinoma DU145 cells demonstrated that reintroduction of
chromosome 11 to Wilms tumor cells or restoration of the
retinoblastoma gene to DU145 cells suppressed tumor for-
mation but did not alter the cell morphology, growth rate, or
colony-forming ability (5, 31). These data suggest that
growth rate in culture and tumorigenicity in nude mice are
separable phenomena. In our experiment, the B-E1A-1 and
B-E1A-2 cells exhibited a slower growth rate and much
weaker tumorigenic activity. Suppression of tumorigenicity
cannot entirely be explained by their slower growth rate and
decreased [3H]thymidine incorporation. For example, the
B-E1A-3 cells were similar in [3H]thymidine incorporation
and cell growth rate to B104-1-1 cells, while their tumori-
genic activity was markedly suppressed. On the other hand,
the growth rate of the B-E1A-1 cell line is about 50% that of
the B104-1-1 cell line, whereas the tumor size from B-E1A-1
cells at 35 days after injection was about 5% that of the
B104-1-1 cells at 16 days after injection. This observation
strongly argues that ElA expression indeed suppresses
tumor formation of neu-transformed cells, similar to the
studies on the retinoblastoma gene mentioned above. Taken
together, our results clearly demonstrate that introduction of
the ElA gene into B104-1-1 cells suppresses all of the
transformed properties of this cell line.
The adenovirus ElA gene is a well-known transforming

oncogene that can substitute for the myc oncogene and
simian virus 40 large tumor antigen gene in the ras cotrans-
formation assay of primary embryo fibroblasts (13, 17, 30).
Typically, cotransfection of the c-Ha-ras and adenovirus
ElA genes into rat embryo cells resulted in a 10-fold-higher
transformation frequency than transfection with the ras

oncogene alone. However, our result in this report clearly
shows that the adenovirus ElA gene can function as a
transformation suppressor gene for neu oncogene-trans-
formed NIH 3T3 cells. The apparent discrepancy in trans-
forming ability between rat embryo cells transfected with ras

plus ElA and NIH 3T3 cells transfected with neu plus ElA
may be attributed to differences in the cellular functions of
the proteins encoded by the two oncogenes (ras versus neu)
as well as differences between the two systems. Neverthe-
less, our results clearly indicate that ElA can act as a

transformation suppressor gene in the system described
here.
The human neu proto-oncogene is known to play an

important role in tumorigenicity in both animal models and
human cancers (10, 21, 22, 37). Amplification or overexpres-
sion of the human neu proto-oncogene has been frequently
found in human primary breast and ovarian cancers. We
previously have shown that ElA proteins can also repress
expression of the human neu gene product (34, 36). It will be
important to examine whether this repression of neu expres-
sion may confer reduced transforming ability to the human
breast and ovarian cancer cells that overexpress the neu
oncogene, and these studies should establish ElA as a
transforming suppressor gene for human cancer cells over-
expressing the neu proto-oncogene.
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