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ABSTRACT The ElA (early region 1A) oncogene products
of adenovirus type 2 trans-activate the other early viral
transcription units, as well as some cellular promoters. Using
a short-term cotransfection assay in murine NIH 3T3 fibro-
blasts, we show that c-fos and c-myc promoter activities are
stimulated by the ElA proteins, whereas c-Ha-ras transcription
is not affected. The product of ElA 13S mRNA is responsible
for the trans-activation, whereas the 12SmRNA product has no
effect. Analysis of the c-fos promoter sequences required for the
EtA stimulation shows that responsive sequences are located
between positions -402 and -240 upstream of the transcrip-
tion initiation site. This same region also contains the c-fos
serum-responsive element. Furthermore, transcription of the
endogenous c-fos gene in HeLa cells is increased after ElA
transfection.

The ElA (early region 1A) oncogene products of adenovirus
type 2 (Ad2) have been implicated in the transcriptional
activation ofthe other early viral genes during infection (1, 2).
Some cellular genes, such as those encoding f3-tubulin and
the heat shock proteins (3, 4), are also transcriptionally
activated by the ElA proteins. In addition to the trans-
activation properties, E1A proteins can specifically repress
the activity of several viral and cellular transcriptional
enhancers (5-7). These pleiotropic characteristics ofthe ElA
products suggest that the role that they play in cellular
metabolism during adenovirus infection must be complex.
The ElA proteins have immortalizing properties as well as

the ability to transform primary cells in conjunction with
other oncogenes, such as E1B (the natural adenovirus com-
plementary oncogene) and ras (8). Two mRNA forms, 12S
and 13S, are produced by the ElA transcription unit, early in
infection. Mutational analysis indicates that the ElA trans-
forming activity requires the 12S product, which is also
responsible for the enhancer-repressor function (9). Addi-
tional evidence suggests that both products may be more
potent in inducing complete transformation (10). The 13S
product, on the other hand, appears to be principally respon-
sible for the trans-activation function. The mechanism by
which the ElA products elicit their functions is not totally
understood but appears to involve a response of a distinct
cellular factor(s) that might interact with the responsive
promoter. To better understand the role played by the ElA
products, we tested their potential for regulating the tran-
scription of genes thought to influence cellular proliferation,
differentiation, and metabolism. In this communication we
show that the ElA products trans-activate the expression of
c-fos and c-myc protooncogenes, whereas the c-Ha-ras
promoter activity is not altered. Both c-myc and c-fos are
nuclear proteins themselves, presumably acting at the level of
transcription. The c-Ha-ras p21 gene product, on the other

hand, has homology to GTP-binding proteins and probably
acts at the plasma-membrane level. The tumorigenic poten-
tial of c-Ha-ras is most frequently correlated with a mutation
changing the amino acid encoded by codon 12 and not with
enhanced levels of the germ-line gene product. At a more
general level these results suggest that nuclear regulatory
proteins may interact to form an interactive cascade or
network of control used to integrate complex functions by
coordinately altering the expression of genes.

MATERIALS AND METHODS
Plasmids. The recombinants used in this study have already

been described. pE1ASV (11) is a pBR322-based plasmid
containing the entire Ad2 ElA transcription unit (0-4.5 map
units) linked to the simian virus 40 poly(A)-addition signal
(coordinates 2469-2604); pE1A12S and pE1A13S (12) are
equivalent to pE1ASV except that the ElA coding sequence
has been replaced by the cDNAs corresponding to the 12S
and 13S mRNAs; pElAG (12) contains the complete ElA
promoter linked to a rabbit P-globin gene fragment between
positions -9 and +1650 (13). FC3 (14) contains the human
c-fos promoter (positions -711 to +42) linked to the bacterial
chloramphenicol acetyltransferase (CAT) gene. c-myc-CAT
contains the human c-myc promoter (15) (positions -2325 to
+36) linked to the-CAT gene. prasCAT1 (16) contains the
human c-Ha-ras promoter (positions -420 to + 130) linked to
the CAT gene. The deletion mutants of the c-fos promoter
used in this study are described in the legend to Fig. 3.

Tissue Culture and DNA-Mediated Transfer. Murine NIH
3T3 fibroblasts and human HeLa cells were grown in
Dulbecco's modified Eagle's medium supplemented with
10% fetal bovine serum. Cells at 70% confluence were
transfected by the calcium phosphate coprecipitation tech-
nique (5) and exposed to the precipitate for 12-16 hr. When
less than 20 pug of specific DNA was used per 10-cm culture
dish, pUC19 plasmid DNA was added to give 20 ,tg of total
DNA.

Transcription Assays. After DNA transfection, the cells
were harvested and CAT assays (17) or RNA-protection
analyses (18) were performed as described. RNA-protection
analysis was performed by hybridizing 30 ,ug of total cellular
RNA to a 32P-labeled RNA probe complementary to the
human c-fos BssHII (-100)-Sph I (+973) region (14, 19). The
protected fragment, after RNase digestion of the hybrid, is
297 bases long.

RESULTS
Trans-Activation of c-fos and c-myc Promoters by the Ad2

ElA Products. A cotransfection assay was used to investigate
the effect ofElA products on transcription from c-fos, c-myc,
and c-Ha-ras promoters. This approach consists of the
cotransfection of specific amounts ofa reporter plasmid DNA
and of a recombinant bearing the ElA transcription unit. The

Abbreviations: Ad2, adenovirus type 2; CAT, chloramphenicol
acetyltransferase; ElA, early region 1A.
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ElA recombinant used in this study, pElASV, has been
described (5, 11) and consists of the Ad2 sequences from map
unit 0 to 4.5 linked to the simian virus 40 poly(A)-addition
signal.

In the present studies the promoters from c-fos, c-myc, and
c-Ha-ras genes were linked to a reporter gene encoding CAT.
To test the functional capability of the expressed ElA
products as positive transcriptional factors, we performed
CAT assays with cell extracts obtained after cotransfection
with the various reporter constructs. The relative activity of
the three cellular oncogene promoters after short-term trans-
fection of 5 ,ug of recombinant DNA in mouse 3T3 fibroblasts
is shown in Fig. 1 (lanes 1). When 4 Ag and 10 Ag of the
pElASV recombinant were cotransfected with FC3 and
c-myc-CAT, enhancement of the transcription from these
two promoters was observed (Fig. 1 A and B, lanes 2 and 3;
Table 1). On the other hand, no effect on the c-Ha-ras
promoter activity was detectable (Fig. 1C, lanes 2 and 3). To
determine if one or both ElA products are responsible for the
observed trans-activation, we performed the same experi-
ment with recombinants individually expressing the 12S and
13S gene products (12). These plasmids are analogous to
pElASV, but instead of the total genomic adenoviral coding
sequence, the cDNAs correspondent to the 12S and 13S
mRNAs are linked to the ElA promoter (pE1A12S and
pE1A13S, respectively). As shown in Fig. 1, the 13S product
is responsible for the trans-activation activity on c-fos and
c-myc promoters (lanes 6 and 7 in A and B). Again, no effect
on the transcriptional activity of the c-Ha-ras promoter was
observed (lanes 6 and 7 in C). The extent of trans-activation
by pE1A13S is comparable to the one observed using the
pElASV plasmid (Table 1). Interestingly, when pE1A12S
was cotransfected with FC3 or c-myc-CAT, a very weak, but
reproducible, trans-activation was detected (Table 1).
To rule out the possibility that the increased transcription

from the c-fos and c-myc promoters could be due to the
titration of cellular repressors by the cotransfected ElA
promoter, we performed the same experiment using the
pElAG recombinant. pElAG (12) contains the rabbit f3-
globin coding sequence linked to the ElA promoter; there-
fore, it would compete for cellular trans-acting factors as well
as pElASV. As shown in Fig. 1 (lanes 8 and 9), there was no
effect on the activity of the cellular oncogene promoters after
cotransfection with pElAG. Finally, it could be argued that
the ElA coding sequence contains some cryptic promoter
elements, as has been suggested (20), and thus be the cause
of the titration of potential repressor molecules acting on the
c-fos and c-myc promoters. Therefore, we transfected the
protooncogene-CAT gene constructs with 5 ,ug of "promot-
erless" cDNA subclones bearing the 12S and 13S coding
sequences. As expected, no effect on the transcriptional
activity of the protooncogene promoters was detectable (Fig.
2). These results confirm that the observed regulation is a
consequence of a trans-acting product from the ElA gene.

Sequences Required for c-fos Promoter Trans-Activation by
ElA Products. To identify promoter sequences mediating the
trans-activation by the ElA products, a series of experiments
was performed using a set of c-fos promoter deletion mutants.
The c-fos promoter is well characterized (14, 19, 21) and is
thus ideal for this approach. The c-fos promoter contains a
canonical "TATA box" at position -30, an upstream pro-
moter element, and a serum-inducible enhancer element
(indicated as E in Fig. 3) located between positions -332 and
-276 (14, 19). The c-fos promoter deletion mutants used here
are linked to the CAT gene and have been characterized (14).
Fig. 3 Upper Left shows the transcriptional activity of a
variety of promoter deletion mutants. The endpoints of the
deletions are indicated in Fig. 3 Lower.
When equal amounts of pE1ASV were cotransfected with

the various deletion mutants, the observed trans-activation
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FIG. 1. Trans-activation of c-fos and c-myc promoters. NIH 3T3
fibroblasts were transfected with 5 4g of one of the protooncogene
promoter-CAT gene recombinant plasmids: FC3 (A), c-myc-CAT
(B), or prasCAT1 (C). Basal promoter activities are shown in lane 1;
CAT activity after cotransfection with 4 and 10 pgg of pE1ASV (lanes
2 and 3), pE1A12S (lanes 4 and 5), pE1A13S (lanes 6 and 7), and
pElAG (lanes 8 and 9) are shown in the indicated lanes. The CAT
assay (17) monitors acetylation of [14C]chloramphenicol in cell
extracts; [14C]chloramphenicol and its products are separated by
thin-layer chromatography and visualized by autoradiography.

activity was significantly higher for FC3 and FC4 than for
FC7, FC10, and FC11 (see Fig. 3 Upper Right and legend for
quantification). Note that the c-fos transcriptional enhancer
is present between the endpoints of the FC4 and FC7
deletions. These experiments indicate that the sequences
required for most of the c-fos trans-activation by ElA
products are located between positions -402 and -240.
Endogenous c-fos Is Also Trans-Activated by the ElA
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Table 1. Trans-activation of protooncogene promoter-CAT
gene recombinants

Relative transcription
(CAT expression)

Promoter ElA 12S 13S

c-fos 7.3 1.9 7.2
c-myc 13.4 2.8 14.1
c-Ha-ras 1.3 1.4 1.0

The level of trans-activation by ElA products was measured by
densitometric scanning of autoradiograms as shown in Fig. 1. Values
are averages of 3-4 experiments and indicate the extent of
trans-activation with respect to the basal level (1.0) of each
oncogene-CAT gene construct.

Products. The experiments reported in the previous sections
demonstrate that the ElA products trans-activate the c-myc
and c-fos promoters when they are introduced into the cells
as episomes. We therefore tested whether transcription ofthe
endogenous c-fos gene could be activated by the ElA
products. We transfected pElASV or pElAG into HeLa cells
and probed for c-fos RNA by hybridization with a 32P-labeled
single-stranded RNA probe complementary to human c-fos
positions -100 to +973 (18). The specific c-fos protected
fragment (297 bases long) was detectable also in nontrans-
fected HeLa cells, representing the c-fos RNA basal level
(Fig. 4, lane 1). When 5 and 15 Ag of pElASV DNA were
transfected, the c-fos RNA level increased about 7-fold with
respect to the basal level (compare lanes 2 and 3 to lane 1).
This increase was induced by the ElA products, because
transfection of 5 or 15 ,g of pElAG DNA did not elicit the
same transcriptional enhancement (lanes 4 and 5). This result
indicates that the trans-activating function of the ElA pro-
teins can affect transcription of c-fos in its natural genomic
environment.

DISCUSSION
Protooncogenes, such as c-fos and c-myc, are considered to
play an important role in cellular proliferation and differen-

fos myc ras

co CY) C ) coC)C IcoVp cs- X_ Ir

pE 1 ASV(5ig)

_ _6 iIs Ire

p )te HG p CHIN e 4;p es 4t4s
(5pg) 0

cfos | I a

~IJ

FC4 E-A
FC7 -ECJATI

FC 10 C- T I
FC 1 1 3

FIG. 3. c-fos sequence requirement for ElA trans-activation. The
c-fos promoter deletion mutants used in this study have been
described (14). The 3' endpoints of the deletions map at positions
-711 (FC3), -402 (FC4), -240 (FC7), -124 (FC10), and -64
(FC11). The 5' border is +42 for all the recombinants and the CAT
gene was linked at this position. Black box labeled E represents the
serum-responsive enhancer. (Upper Left) Transcriptional activity
after transfection of 5 Ag of the various deletion plasmid DNAs.
(Upper Right) Trans-activation was analyzed by cotransfection of 5
Mug of pE1ASV DNA. The extent of trans-activation for the deletion
mutants is as follows: FC3, 7.3; FC4, 7.1; FC7, 2.8; FC10, 2.1; FC11,
1.5. These values are the average of several experiments.

tiation (22, 23), and thus it is critical to understand mecha-
nisms influencing their primary expression.
Our results show that in a cotransfection system, the ElA

gene products trans-activate the c-fos and c-myc promoters,
whereas the c-Ha-ras promoter activity is not altered. In this
respect it is noteworthy that the differential effect of the ElA
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FIG. 2. The basal transcriptional level of c-fos, c-myc, and
c-Ha-ras is not affected by cotransfection with promoterless ElA
recombinants. Plasmids 133 and 131 contain the cDNAs equivalent
to the 12S and 13S mRNAs (12). The basal CAT level after
transfection of 5 Mug of FC3 (lane 1), c-myc-CAT (lane 4), and
prasCATi (lane 7) is shown. Cotransfection of 5 Mg of 133 (lanes 2,
5, and 8) or 131 (lanes 3, 6, and 9) plasmid DNA does not affect
transcriptional activity of the protooncogene promoters.
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FIG. 4. Trans-activation of endogenous c-fos. The c-fos RNA
basal level in HeLa cells is shown in lane 1, after hybridization of 30
,ug of total cellular RNA with a human c-fos-specific RNA probe
followed by digestion with RNase, electrophoresis, and autoradi-
ography. The protected fragment is 297 bases long. Five and 15 Ug
ofpE1ASV (lanes 2 and 3) or pElAG (lanes 4 and 5) were transfected
into HeLa cells and the c-fos RNA levels were analyzed.
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products on various promoters appears to be independent
from the basal transcriptional activity of the different pro-
moters. The trans-activation also affects transcription of the
endogenous c-fos, indicating that the observed effect is not
limited to the episomal conformation of the transfected
protooncogene promoters. The extent of transcriptional ac-
tivation is significant, being 7- to 8-fold for the c-fos promoter
and 10- to 15-fold for the c-myc promoter (Table 1). Previous
analyses of other early adenoviral promoters (24-26) failed in
the search for specific ElA-responsive sequences. In all
cases, however, a segment of the promoter, generally bearing
upstream regulatory elements, would be necessary in order to
obtain efficient trans-activation (27, 28). We analyzed several
deletion mutants of the c-fos promoter to determine the
boundaries of the ElA-responsive element (Fig. 3). The
results indicate that the region most critical for trans-
activation by ElA products is located between positions
-402 and -240 with respect to the transcription start site, the
same region that contains the serum-dependent c-fos enhanc-
er element (19). It is worth noting, in this respect, that in
several cases the ElA products repress the enhancer-medi-
ated transcription (5-7). On the other hand, recent data
indicate that the ElA repressor activity could be cell-specific
(29) and that, in the case of the adenovirus E2 early promoter,
the ElA products have a trans-activating function on the
enhancer element (30). In any case, it is clear that in the case
of the c-fos promoter, the ElA products show a positive
regulation and do not trans-repress the serum-dependent
enhancer activity.
An interesting aspect of the results reported here is that the

ElA products do not stimulate the c-Ha-ras promoter activ-
ity. This could be a common feature of all housekeeping
promoters, since the adenosine deaminase promoter also is
unaffected by the ElA products (unpublished data). These
results indicate that the previously described complementa-
tion ofElA and ras in a transforming assay (8) is probably not
based on a direct trans-activation mechanism.
The results reported in this paper indicate that nuclear

transforming proteins are involved in a complex network that
includes the specific activation (or inactivation) of cellular
genes and that, in particular, the trans-activation of some
oncogenes could be a step in a cascade of molecular events
required for transformation by the adenovirus ElA proteins.

This work was carried out in the laboratory of Dr. I. M. Verma.
We thank I. Verma, R. Evans, M. Vogt, and K. Jones for discus-
sions; M. Gilman, G. Merlino, and C. Goding for the gift of
recombinants; J. Sisson for helpful technical assistance; and P.
McClintock for preparation of the manuscript. P.S.-C. is supported
by the Centre National de la Recherche Scientifique and is on leave
from the Laboratoire de Genetique Moleculaire des Eucaryotes,
Centre National de la Recherche Scientifique, France. E.B. is on
leave from the U184 de Biologie Moleculaire et de Genie Genetique

de l'Institut National de la Sante et de la Recherche Mddicale,
France. This work was supported by grants to I. M. Verma from the
National Institutes of Health and the American Cancer Society.

1. Jones, N. & Shenk, T. (1979) Proc. Natl. Acad. Sci. USA 76,
3655-3669.

2. Berk, A., Lee, F., Harrison, T., Williams, J. & Sharp, P. A.
(1979) Cell 17, 935-944.

3. Stein, R. & Ziff, E. (1984) Mol. Cell. Biol. 4, 2792-2801.
4. Kao, H.-T. & Nevins, J. R. (1983) Mol. Cell. Biol. 3, 2058-

2065.
5. Borrelli, E., Hen, R. & Chambon, P. (1984) Nature (London)

312, 608-612.
6. Velcich, A. & Ziff, E. (1985) Cell 40, 705-716.
7. Hen, R., Borrelli, E. & Chambon, P. (1985) Science 230,

1391-1394.
8. Ruley, H. E. (1983) Nature (London) 304, 602-606.
9. Lillie, J. W., Green, M. & Green, M. R. (1986) Cell 46,

1043-1051.
10. Montell, C., Courtois, G., Eng, C. & Berk, A. (1984) Cell 36,

951-961.
11. Sassone-Corsi, P., Hen, R., Borrelli, E., Leff, T. & Chambon,

P. (1983) Nucleic Acids Res. 11, 8735-8745.
12. Leff, T., Elkaim, R., Goding, C., Jalinot, P., Sassone-Corsi,

P., Perricaudet, M., Kedinger, C. & Chambon, P. (1984) Proc.
Natl. Acad. Sci. USA 81, 4381-4385.

13. Van Ooyen, A., Van den Berg, J., Mantel, N. & Weissman, C.
(1979) Science 206, 337-344.

14. Deschamps, J., Meijlink, F. & Verma, I. M. (1985) Science
230, 1174-1177.

15. Gazin, C., Dinechin, S., Hausfe, A., Masson, J.-M., Martin,
P., Stehelin, D. & Galibert, F. (1984) EMBO J. 3, 383-387.

16. Ishii, S., Merlino, G. T. & Pastan, J. (1985) Science 230,
1378-1381.

17. Gorman, C., Moffat, L. F. & Howard, B. H. (1982) Mol. Cell.
Biol., 2, 1044-1051.

18. Melton, D. A., Krieg, P. A., Rebagliati, M. R., Maniatis, T.,
Zinn, K. & Green, M. R. (1984) Nucleic Acids Res. 12,
7035-7056.

19. Treisman, R. (1985) Cell 42, 889-902.
20. Osborne, T. F., Arvidson, D. N., Tyan, E. S., Dunsworth-

Browne, M. & Berk, A. (1984) Mol. Cell. Biol. 4, 1293-1305.
21. Gilman, M. Z., Wilson, R. N. & Weinberg, R. A. (1986) Mol.

Cell. Biol. 6, 4305-4316.
22. Verma, I. M. (1986) Trends Genet. 2, 93-96.
23. Bishop, J. M. (1983) Annu. Rev. Biochem. 52, 301-354.
24. Zajchowski, D. A., Boeuf, H. & Kedinger, C. (1985) EMBO J.

4, 1293-1300.
25. Imperiale, M. J., Hart, R. P. & Nevins, J. R. (1985) Proc.

Natl. Acad. Sci. USA 82, 381-385.
26. Leff, T., Corden, J., Elkaim, R. & Sassone-Corsi, P. (1985)

Nucleic Acids Res. 13, 1209-1221.
27. Weeks, D. L. & Jones, N. (1983) Mol. Cell. Biol. 3, 1222-1234.
28. Leff, T. & Chambon, P. (1986) Mol. Cell. Biol. 6, 201-208.
29. Borrelli, E., Hen, R., Wasylyk, B., Wasylyk, C. & Chambon,

P. (1986) Proc. Natl. Acad. Sci. USA 83, 2846-2849.
30. Jalinot, P. & Kedinger, C. (1986) Nucleic Acids Res. 14,

2651-2669.

Biochemistry: Sassone-Corsi and Borrelli


