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Abstract
We reported previously that the adenovirus Ela gene reversed the
transformed

phenotype

of one human

melanoma

and

one fibrosarcoma

cell line (S. Frisch, Proc. NatI. Acad. Sci. USA, 88: 9077â€”9081,
1991). To
determine the generality of the tumor suppression effects of Ela, a diver.
sity of tumor cell lines, including A204 rhabdomyosarcoma, RD rhab.
domyosarcoma, Saos-2 osteosarcoma, NCI-H23 non-small cell lung carci
noma, MDA-MB435S breast carcinoma, and ras.transformed MDCK
kidney epithelial cells, were infected with a retrovirus bearing the 125 Ela
coding

sequence.

We demonstrate

here that the expression

of Ela

severely

reduced the anchorage-independent and tumorigenic growth of these cell
lines without

affecting

their

growth

under

normal

culture

conditions.

The

parental tumor cells used in this study did not overexpress c-erbB-2lneu,
and Ela did not affect its expression in these cells. Thus, tumor suppres
sion by Ela can operate in a wide variety of human tumor cells by
c-erbB-2/neu.independent mechanisms. Ela also sensitized these cell lines
to the cytotoxic effects ofthe anticancer drugs etoposide and cisplatin. The
results

suggest

variety

of human

that Ela

could

prove

useful

for the gene therapy

Ela reverse-transformed all of the cell lines tested. In contrast with a
previous report dealing with different cell systems (9), Ela did not
achieve this through the transcriptional repression of the c-erbB-2/neu
oncogene. These results raise the prospect of developing applications
of Ela for therapy of diverse human cancers. Such applications might
be aided by the chemotherapeutic drug sensitization effects reported
here as well.
Materials

Cell Lines. The constructionof EIa-expressing cell lines was described
previously (6, 7); all of the cell lines express the 125 Ela gene product alone,
except for the EIaIML cells, which express both the 125 and 135 products.
Soft Agar Colony Formation Assays. Soft agar (0.4%, SeaPlaque; FMC
BioProducts)

were incubated

The adenovirus Ela gene products of 243 and 289 amino acids
have numerous diverse effects on gene expression and cell physiol
include:

(a) transactivation

(b) cooperation with oncogenes

of adenovirus

promoters

(1);

such as ras to transform certain

rodent cell types, such as BRK cells (2); (c) immortalization

of rodent

cells (4); (e) regulation

of the transcription

of various

cellular

genes,

both positively and negatively (1); and (f) induction of apoptosis
when expressed at high levels (5). Although the literature usually
refers to Ela as an oncogene, which is supported by the results with
rodent cells, there is little or no evidence to suggest that Ela can
human cells, the appropriate

species

for an adenovirus

gene

(see â€œDiscussionâ€•).
In fact, we found that Ela actually behaves as a
tumor suppressor gene in a human melanoma and a fibrosarcoma cell
line (6). Whereas the mechanism underlying this effect is unclear, new
insight arises from our recent observation that Ela has epithelial cell
master-programming activity in diverse human tumor cells of mesen
chymal origin (7). Because there is an apparent exclusivity between
fully epithelial versus transformed phenotypes (8), these results raise
the possibility

that Ela

is a generalized

tumor

suppressor

gene.

In this study, we further characterized the tumor suppression effects
of Ela in additional human tumor cell types. It was surprising that
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in 0.3 ml of DMEM.

Eight

mice

address:

Department

of Molecular

days, respectively,
Drug

and weighed.

Sensitivity

Assays.

Dishes

(12-well)

were inoculated

with FS, ML,

OS, and LC cells and theirEIa-expressingcounterparts.Subconfluentmono
layers were treated with etoposide or cisplatin for 24 or 17 h, respectively.
Viable cells were quantitated
bromide)

by MU

assays.

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphe

These

were

performed

as described

by the

manufacturer (Sigma Chemical Co.). Briefly, cells were incubated at 37Â°Cin
medium containing MiT for 1â€”3
h. The dye crystals were then solubilized
with 0.1 N HC1 in isopropyl
absorbance

alcohol.

Viability

was quantitated

by measuring

at 570 nm.

Northern Blots. Northern blots were performed using 10 @g
of guanidine
thiocyanate-cesium

chloride

gradient-purified

RNA.

The RNA

was electro

phoresed through a formaldehyde-agarose gel and blotted onto nitrocellulose.
The probe consisted of a 0.67-kb BglII fragment from the human neu (erbB-2)
gene [pHER2-436-l (10)] labeled by random priming (Prime-It II; Stratagene)
and purified by spun column chromatography on Sephacryl 5-200 (Microspin
columns, Pharmacia).

Growth Rates. Cells ( I X lOs)wereplatedin 35-mmdiameterwells. After
incubation for various times, 0. 1 ml of S mg/mI thiazolyl blue (MV!' reagent,
Sigma)

was added

incubation

to the well

at 37Â°C was continued

containing

1.0 ml of growth

for 1 h. The medium

medium,

was removed,

and

and the

product crystals were redissolved in 1.0 ml of 0.1 N HCI in isopropyl alcohol
and read in the spectrophotometer at 570 nm. The data were plotted, and
doubling times were extrapolated.
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Research

Foundation, 10901 North Torrey Pines Road. La Jolla. CA 92037. Phone: (619) 455-6480,
extension 437; Fax: (619) 455-0181 ; E-mail: sfrisch@ljcrf.edu.
3 Present

(Harlan-Sprague-Dawley)

Results

Received 8/2 1/95; accepted 10/18/95.

2 To whom

mice

nyltetrazolium

fibroblasts (3); (d) induction of DNA synthesis in quiescent rodent

@

for 14â€”17 days and photographed.

were injected per cell line, with 106R@ cells, 5 X 106LC cells, 5 X 106BC
cells, and 5 X 106RM2 cells, and tumors were dissected at 27, 18, 34, and 40

Introduction

transform

with 2 X l0@ F54 or BC cells, or 1 X IO@RM,

Tumorigenicity Assays. Cells were injecteds.c. into 4â€”5-week-old
athy

cancers.

mic nude

ogy. These

was inoculated

OS, LC or v-Ha-ms-transformed Madin-Darby canine kidney epithelial cells
(or their Ela derivatives) in 60-mm dishes as described previously (6). These
plates

of a wide

and Methods

Scripps

4 The

abbreviations

used

are:

FS,

HTIO8O

osteosarcoma; RM, A204 rhabdomyosarcoma;

fibrosarcoma

(subclone

H4);

RM2, RD rhabdomyosarcoma;

OS,

Saos-2

BC, MDA

MB435S breast carcinoma; LC, NCI-H23 non-small cell lung carcinoma; mras, v-Ha
ms-transformed Madin-Darby canine kidney epithelial cells: ML, A2058 melanoma.
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Table I Doubling timesfor parental

Ela-expressing
Methodsâ€•)Cell
described in â€œand
Materials and

cell lines (determined as

vector, as described (7). Ela altered gene expression in these cell lines
such that epithelial phenotypes resulted, suggesting that Ela is a
master programmer of epithelial differentiation.
The growth rates of the cell lines under normal culture conditions
were not substantially affected by Ela at these expression levels
(Table 1). However, anchorage-independent growth in soft agar was
greatly reduced (Fig. I).
These results motivated experiments to test the tumorigenic
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Fig. I . Soft agar colony formation assays of pa

Os

â€œ
@,

..4@â€˜:@.â€¢.1'@,

rental tumor cell lines or EIa-expressing derivatives.
Photomicrographs (final magnification, approxi
mately X 100) show colonies after 14â€”17days.
mras, v-Ha-ras-transformed

derivative

â€˜;
..

of Madin

Darby canine kidney cells.

LC

BC
C

mras
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Fig. 2. In s'ivo tumor formation by parental
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cited in â€œMaterialsand Methods.â€•
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potential of the cells in vivo. Fig. 2 shows that, in each case, the
expression of Ela reduced the tumor size dramatically.
Thus, by the standard functional criteria of anchorage dependence
and reduced

in vivo tumorigenicity,

Ela

is a tumor suppressor

gene in

a wide variety of human tumor cell types.
Transcription

of the c-erbB-2/neu

Gene

Is Not

Repressed

in

TheseCellLines. PublishedreportshaveproposedthatEla mayact

@

as a tumor suppressor in certain cell lines by repressing the expression
of the c-erbB-2lneu gene (9, 11, 12). These studies were limited to cell
lines that were known to be transformed by the overexpression of this
oncogene (either ectopic or through gene amplification). Neverthe
less, it is formally possible that basal expression of c-erbB-2/neu is
generally required for the maintenance of transformation, and that Ela
represses this basal expression. The effect of Ela on c-erbB-2/neu
was shown previously to occur at the RNA level. Thus, to explore this
possibility for the cell lines investigated here, RNAs from the parental
and Ela-expressing
tumor cell lines were analyzed by Northern
blotting for c-erbB-2/neu expression. It was unexpected that the
expression of this gene was not significantly affected by Ela (Fig. 3).
The c-erbB-2/neu protein could be detected neither on Western blots
of parental tumor cells nor Ela derivative cells (data not shown).
These data render the possibility of tumor suppression via repression
of c-erbB-2/neu

quite unlikely

â€œanoikis,â€•
defined as apoptosis in response to disrupted cell-matrix
interactions (13). These results suggested that Ela might affect ap
optosis in response to other stimuli, such as DNA damage.
Parental

or Ela-expressing

cell lines were exposed

to etoposide

or

cisplatin, anticancer drugs that cause DNA damage, thereby eliciting
an apoptotic response in sensitive cells. Ela caused a remarkable
degree of sensitization to killing by these drugs (Fig. 4).
Discussion
The oncogenic activities of adenovirus type 5 Ela in rodent cells
are widely documented and studied (e.g., Ref. 14). However, in
human cells, there is no significant evidence for oncogenic activity of
this gene [although the substantially different adenovirus type 12 Ela

,,â€˜.

...

in these cell lines.

Fig. 3. Expression of c-erbB-2/neu mRNA in parental tumor cells or EIa-expressing
Ela Sensitizes Human Tumor Cells to Killing by Etoposide and
derivatives. Levels of c-erbB-2/neu mRNA were assessed by Northem blotting as de
Cisplatin. Ela expression in these human tumor cell lines did not
scribed in â€œMaterialsand Methods.â€•MCF-7 breast carcinoma and HaCat keratinoctyes
cause spontaneous apoptosis; however, the cells became sensitized to were used as positive controls.
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Fig. 4. Etoposide and cisplatin cytotoxicity dose-response curves of tumor cell lines or Ela-expressing derivatives. Viable cells were measured by MTT assay as described in
â€œMaterials
and Methods.â€•

gene has transformed human cells (15, 16)]. Adenoviral sequences are
equally prevalent in normal and tumor cell genomes of humans (17).
The cell line 293, which was derived from human embryonic kidney
cells by transfection with adenovirus Ela+Elb (18), are immortalized
but nontumorigenic. A number ofcell lines were established (19) from
human

embryonic

retinoblast

cultures

that

express

Ela+ras

or

Ela+Elb sequences; their tumongenicity is quite marginal (e.g.,
185-day latency period).
The results presented here indicate that Ela is a broad specificity
tumor suppressor gene for human cells, and they reveal several new
facets of this phenomenon that indicate its unique potential for the
gene therapy of cancer.

Ela reverse-transformed tumor cells of multiple origins (sarcomas,
melanomas, and carcinomas). The degree of malignancy of the orig
inal parental cell line apparently did not affect the outcome, in that the
highly malignant and dedifferentiated rhabdomyosarcoma cell line
RM and the less malignant, more differentiated RM2 were reverse
transformed equally well.
It has been proposed that Ela suppresses tumorigenicity by repress
ing the transcription of c-erbB-2/neu in tumor cells that overexpress
this oncogene (9, 11, 12). However, the parental tumor cells used in
this study did not overexpress c-erbB-2/neu, and Ela did not affect its
expression in these cells. Thus, this mechanism apparently does not
pertain to the cell lines described here. The basis for the discrepancy

5554
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between previous reports showing the repression of this gene by Ela
and this report showing the lack of repression is unclear. However, the
previous

reports utilized

cell lines in which the c-erbB-2/neu

gene was

amplified, possibly subjecting it to novel transcriptional regulation. In
addition, the Ela gene used in this study was introduced on a retro
virus, perhaps

yielding

lower expression

levels than those obtained

by

others using transfection protocols. In any event, Ela, delivered via
adenovirus

vectors,

causes

the regression

of tumors

that were derived

from c-erbB-2/neu-transformed
cell lines (20). Our present results
suggest that a similar approach may be effective in other tumors that
do not involve this oncogene.
Ela has previously been reported to induce apoptosis in certain cell
lines after transient transfection (reviewed in Ref. 21). However, this
effect

appears

to be restricted

to certain

cell lines and/or

here. A lower level ofEla

expression

of integrin-mediated,

cell-matrix

interactions

rat cells by the leftmost 4.5% fragment of adenovirus 5 DNA. Virology, 105:
537â€”550,
1980.
4. Braithwaite, A. W., Cheetham, B. F., Li, P., Parish, C. R., Waldron-Stevens,

L. K.,

and Bellett, A. J. D. Adenovirus-induced alterations of the cell growth cycle: a
requirement for expression of E1A but not of E1B. J. Viral., 45: 192â€”199,1983.
5. Rao, L., Debbas, M., Sabbatini, P., Hockenbery, D., Korsmeyer, S., and White, E. The
adenovirus E1A proteins induce apoptosis, which is inhibited by the EIB 19-kDa and
Bcl-2 proteins (published erratum appears in Proc. Natl. Aced. Sci. USA, 89: 9974,
1992). Proc. NatI. Acad. Sci. USA, 89: 7742â€”7746, 1992.

6. Frisch, S. M. Antioncogenic effect of adenovirus Ela in human tumor cells. Proc.

oncoprotein counteracts the tumor-suppressing but not the metastasis-suppressing
function of E1A. Cancer Rca., 53: 5784â€”5790, 1993.

resulting

(13).

transform primary cells in culture. Nature (Lond.), 304: 602â€”606,1983.
3. Houweling, A., van den Elsen, P., and van der Eb, P. Partial transformation of primary

9. Yu, D., Shi, D., Scanlon, M., and Hung, M. C. Reexpression of neu-encoded

from retroviral transduction as opposed to transfection could perhaps
explain this discrepancy. Furthermore, Ela-induced apoptosis is me
diated by a stabilization of the wild-type form of p53 occurring in
response to Ela (23). However, because some of the cell lines used in
this study (OS, RM2, and LC) do not contain wild-type p53 (24â€”26),
this mechanism would not appear to be relevant in these cell systems
either.
Thus, the tumor suppression observed in this study appears to result
from a mechanism that is not yet obvious from the literature. We have
reported that Ela is a master programmer of the epithelial phenotype
(7). We have further reported that epithelial cells are sensitive to a
particular form of apoptosis, called anoikis, that is induced by the
disruption
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