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The primary product of the adenovirus E l A  gene is a protein that is d a e n t  for 
controlling host-cell proliferation and i m m o ~  primary rodent cells. The mecha- 
nism by which the protein induces these cellular effects is poorly understood, but 
might be Linked to its ability to regulate RNA transcription fiom a number of viral and 
cellular genes. The mechanism of E1AYs transcriptional-activation (trans-activation) 
was studied here by monitoring the protein's effect on specific adenovirus promoters in 
two types of transcriptional systems in vitro. One of these systems consisted of extracts 
h m  transformed cells constitutively expressing El& and the other consisted of 
extracts of HeLa cells supplemented with a plasmid-encoded E1A protein purified 
fkom Es&& roli. The results show that the E lA  protein specifically stimulates 
transcription f h m  adenovirus promoters; thus, the induction of cellular transcription 
factors is not necessary to  explain the stimulation of transcription by E1A. 

T HE ADENOVIRUS (Ad) E1A PRO- 

tein of 289 amino acids has the 
ability to either activate or repress 

RNA transcription from promoters of both 
viral and nonviral origin (I). Because of this 
paradoxical behavior, the protein is viewed 
as an important factor in the study of tran- 
scriptional control. The first indication of 
~ 1 k s  regulatory nature came from the anal- 
ysis of ElA mutants. These studies revealed 
that E1A was required for dcient  expres- 
sion of the other adenoviral genes (2, 3). 
Later experiments established that the con- 
trol of this expression was at the level of 
transcription and the E1A specifically oper- 
ated in trans on the various viral promoters 
( I ) .  Since these studies, a number of nonvi- 
ral genes (P-globin and preproinsulin) on 
transfected plasmids have also been shown 
to respond to E1A (4, 5). Although the 
transcription of these genes is stimulated by 
ElA, curiously, their endogenous counter- 
parts are not activated (5, 6). In fact, other 
experiments have suggested that transcrip- 
tion of most endogenous genes is not in- 
duced by E1A (7); however, it does appear 
that E1A can stimulate transcription from 
promoters of at least two endogenous cellu- 
iar genes, namely, $-tubulin G d  4 7 0  (I). 
It has also been found that E1A can dec-  
tively repress the activity of cercain tran- 
scriptional enhancers (cis-acting regulatory 
sequences). The enhancers negatively regu- 
lated by E1A include not only those active in 
a wide variety of cells (SV40 and polyoma 
virus enhancers) (8), but also cell-specitic 
enhancers, such as the mouse immunoglob- 

ulin heavy and light chain enhancers, active 
only in lymphoid P cells (9). By contrast, the 
same enhancer of the mouse immunoglob- 
ulin heavy chain gene is activated by E1A in 
nonlymphoid cells (10). This rather surpris- 
ing result once again confirms the diversity 
of E l k s  trans-acting ability. 

How the E1A protein is able to accom- 
plish these diver& forms of transcriptional 
control is not clear, but several lines of 
evidence suggest that there may be other 
cellular factors involved in ElA's regulatory 
pathway. First, it has been reported that 
E1A by itself is not a DNA-binding tran- 
scription factor (11). Instead, there are 
strong indications that E1A associates indi- 
rectly with DNA, presumably mediated by 
another factor (or factors) (12). Second, 
E1A does not seem to require (at least in 
most cases) a unique set of sequences to 
affect transcriptional regulation (I). Finally, 
transcriptional factors of cellular origin that 
have binding ailhities to upstream se- 
quences of the Ad E l  lAE (13) and to major 
late (ML) (14) have now been detected. An 
important question from all these studies is 
whether the activity of ElA either physically 
modifies or increases the actual concentra- 
tion of cellular transcription factors as has 
been previously proposed (13). Therefore, 
in the present study of gene activation by 
El& we added purified E1A (Fig. 1) ex- 
pressed in Escherichia coli by our pKHAO-T 
plasmid (15) to extracts of HeLa cells pro- 
grammed with either the Ad EllAE or ML 
promoters. We found addition of E1A is 
sufficient to up-regulate transcription from 
both of these promoters, and extracts de- 
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same Ad promoters. Although it remains 
YLb whom comspndence should be addressed. possible that E1A also leads to an increase in 

the supply of cellular transcription factors in 
vivo, our results indicate that it is not neces- 
sary to invoke this mechanism to explain a 
significant fraction of the stimulation of 
transcription by ElA. 

previous stuhies indicated that transcrip- 
tion from both the Ad E l  lAE and ML 
promoters can be activated in human 293 
cells (16. 1n. It was of interest then to 
dete-e whether extracts of these cells 
could also stimulate the same Ad promoters 
in vitro. First we contructed Ad promoter- 
containing recombinants (18) thai would be 
easily assayed in an in vitro transcription 
system (19). The first of these (pE11D) 
contains the E l  1AE upstream promoter ele- 
ments; the second (pMLR) is a derivative of 
pH3B*R (20) and contains the boundary of 
the ML promoter sequences required for 
optimal transcription in vitro (20,21). Tran- 
scription of these linearized recombinants 
was next analvzed in v i m  bv run-off tran- 
scription with whole-cell extracts prepared 
from either HeLa (human cells containing 
no adenoviral sequences) or 293 cells. The 
ML promoter, which generated a run-off 
transcript of length 3500 nucleotides, was 
slightly more active (-2.0-fold) in extracts 
of293 cells (Fig. 2A, lane 2) when com- 
pared to HeLa cell extracts (Fig. 2A, lane 1). 
Furthermore, the ratio of activity of this 
promoter, derived from the levels of tran- 
scription occurring in both extracts, did not 

Rg. 1. Analysis of the E1A protein after purifica- 
tion h m  extracts of E. cdi. Proteins were re- 
solved on an SDS-polyacrylamide gel and visual- 
ized by staining with Coomassic brilliant blue R- 
250. Lane 1 contains 5 pg of purified E1A 
protein. Lane M shows the position and molecu- 
lar size (in kilodaltons) of markers (Pharmada). A 
modified version of the expression plasmid 
pKHAO, previously shown to encode an authen- 
tic adenovirus-2 ElA protein of 289 amino acids 
(15), was propagated in a protease-ddicient E. rdi 
strain, SG4140. Growth conditions for optimum 
expression of the E1A protein in these bacterial 
cells as well as a detailed description of its purifica- 
tion to near homogeneity will be given elsewhere 
(33). 
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vary significantly when a range of M L  
promoter concentrations was used (22). Al- 
though both extracts were l l ly  capable of 
supporting RNA synthesis fiom the ML 
promoters, a small additional stimulatory 
activity was present in the 293 extracts, 
possibly because of the endogenous E1A 
protein. 

In agreement with others (23), we found 
that the EllAE promoter at the optimum 
concentration (24) was poorly recognized in 
the HeLa cell extracts, and the promoter 
consistently yielded a low level of run-off 
transuipts (Fig. 2B, lane 1) that were barely 
visible. However, when the E l  lAE promot- 
er was added to 293 cell extracts, the level of 
run-off transcripts was about 6.0-fold higher 
(Fig. 2B, lane 2) than those observed with 
the HeLa cell extract, under the same opti- 
mized conditions. Since transcription fiom 
the EllAE promoter in Ad-infected cells 
appears to be dependent at least in part on 
the action of the E1A protein, we incubated 
the extracts of 293 cells with a monodonal 
antibody to E1A (M-2) (25) to determine 
whether the endogenous E1A was in fact 
responsible for the up-regulation of this 
promotcr. As shown in Fig. 2B, lane 4, the 
M-2 antibody at its optimal inhibitory con- 
centration did pemub to some extent the 
transcriptional capacity of the 293 cell ex- 
tracts, and the level of run-off transcripts 
derived h m  the EllAE promoter was 
about 3.0-fold lower when compared to that 
of the same extract without antibody (lane 
2). In contrast, there appeared to be no 
change in the level of activity of the E l  lAE 
promoter in HeLa cell extracts &er incuba- 
tion with the same antibody (lane 3); there- 
fore, it can be concluded that the M-2 

Fig. 2. Stimulation of transcription from the MI, 
and EllAE promoters in extracts of 293 cells. 
The in vitro transcription assay and the prepara- 
tion of whole-cell extracts have been described 
(34). Reaction conditions were optimized (24) 
for synthesis of ML- and E l  1AE-specilic RNA in 
HeLa cell extracts. The uansuiption mixtures (25 
pl) contained: 90 pg of whole-cell extract (as 
determined by the Bio-Rad protein assay); 0.4 
and 0.6 pg of template DNA digested to comple- 
tion with either Pst I (ML promoter) or Xho I 
(E11AE promoter), respectively; and other com- 
ponents as described (34). All the reaction mix- 
tures were incubated for 60 minutes at 4°C on a 
rotator before the addition of template DNA and 
n u h i d e  triphosphates. Aftcr addition of tem- 
plate, the in vim synthesis was continued for 60 
minutes at 30°C and then terminated by the 
addition of 300 pJ of proteinase K bu&r that 
contained 0.15 mg per milliliter of pmteinase K, 
20 mM tr is HCI (pH 8.0), 10 mM EDTA, 100 
mM NaCl, and 1% SDS. Afterwards, the RNA 
was extracted once with a mixture of phenol, 
chloroform, and isoamyl alcohol, and twice with 
chloroform and isoamyl alcohol. The RNA was 
precipitated with ethanol, glyoxalatcd, and h c -  
tionated (one-fourth of the sample) through 

antibody has no apparent effect on the ac- 
tion of other transcriptional factors. Collec- 
tively, these results suggest that the endoge- 
nous E1A protein does stimulate transcrip- 
tion fiom the E l  lAE promoter, although a 
requirement for other transcriptional factors 
cannot be excluded. 

Our comparisons of RNA synthesis in 
extracts of HeLa and 293 cells suggest that 
the E1A protein plays an essential role in the 
overall activity of the EllAE promoter, 
although a much lesser one for the ML 
promoter. Therefore, to provide more direct 
evidence for ElA's effect on these promot- 
ers, we again used an optimized in vitro 
transcriptional system (24), but in this case 
the HeLa cell extracts were incubated with a 
molar excess of our purified E1A protein 
(Fig. 1) prior to the addition of template 
DNA. The basal level of transcription fiom 
the EllAE promoter (Fig. 3 4  lanes 2 to 5) 
increased dramatically (up to 7.0-fold) with 
increasing amounts of E1A compared to 
that observed in control extracts without 
E1A (lane 1). Elevated levels of transcrip- 
tion h m  the EllAE promoter began to 
plateau (compare lanes 4 and 5) beyond a 
28-fold excess of El& which suggests that 
the assay system had reached a point of 
saturation. These results indicate that the 
p d e d  E1A protein is capable of function- 
ing in an in vitro d p t i o n  system and is 
responsible for the up-regulation in tran- 
scription observed fiom the EllAE pro- 
moter. 

In the second part of the transcriptional 
analysis (Fig. 3B), stimulation of the ML 
promoter in HeLa cell extracts &er incuba- 
tion with the E1A protein (lane 2) was also 
apparent when compared to control extracts 

1.4% agarosc gels as described (34). The gel was 
dried, and then crpased to x-ray film for 15 to % 
hours. Relative levels of transcript were quantitat- 
ad by densitometric scanning of ap ropriately 
expascd autoradiogram. M-2 mono%nal anti- 
bodies in mouse ascites fluid were isolated by 
a%inity chromatography on rotein A-Sepharose 
as described by the mandcturer (Pharmaaa). 
(A) Run-off RNA synthesized from the ML 
promoter in extracts of HeLa (lane 1) and 293 
(lanc 2) cells. (8) Run-off RNA synthesized from 
the El  1AE promoter in amacts of HeLa (lanes 1 
and 3) and 293 (lanes 2 and 4) cells. The whole- 
cell extracts in lanes 3 and 4 were incubated with 
30 ng of E1A antibody (M-2) before addition of 
DNA template. 

without E1A (lane l),  but, as observed 
previously for the 293 cell extracts (Fig. 
2A), the increase in activity of this promoter 
was again only 1.5- to 2.0-fold. Moreover, 
stimulation was maximal even at the lowest 
E1A concentration tested in the HeLa cell 
extracts (22) and thus accentuates the im- 
portance of other transcriptional factors that 
have been recently identified for the activity 
of the ML promoter in vitro (14). 

The results in Fig. 2B indicated that M-2 
antibody to E1A added to extracts of 293 
ceh can partly inhibit the stimulatory activi- 
ty of ElA on the E l  lAE promoter (lane 4). 
Since this inhibitory effect on transcription 
is probably a consequence of the aniibody's 
specificity for 293 cells, endogenous El& 
we used this antibody to prove more rigor- 
ously the rale of p d e d  E1A in the stimu- 
lation of the EllAE promoter. As shown 
above, when HeLa cell extracts were supple- 
mented with incremental amounts of puri- 
fied El& the transcriptional activity of the 
EllAE promoter (Fig. 4A, lanes 2 and 3) 
was significantly higher (in this case up to 
4.0-fold) when compared with the activity 
of the control extract without addition of 
E1A (lanc 1). However, when a reaction 
mixture in parallel, again containing HeLa 
cell extra$ was incubated with an equiva- 
lent amount of E1A and M-2 monoclonal 
antibody, the transcriptional activity of the 
promoter was sharply reduced (lane 4) and 
almost comparable with that observed in the 
extract containing no E1A (lane 1). As 
More (Fig. 2B), incubation of HeLa cell 
extract with M-2 antibody alone did not 
affect the observed transcriptional activity of 
the E l  lAE promoter (22). Only one-third 
of the amount ofM-2 antibody was needed 
to eliminate E1A-stimulated RNA synthesis 
from the E l  lAE promoter compared to that 
which was required when the promoter was 
in the 293 cell extract (Fig. 2, lanc 4). The 
M-2 antibody itself might possess an un- 
characteristic activity and not be auly specif- 
ic in n e u e  the effect of Elk,  to test 
this, we performed an additional experiment 
similar to that described above, but in this 
case, a monodonal antibody with specificity 
h r  the Ad5 E1B 21-kD protein was used. 
As shown in Fig. 4B, the increased level 
(7.0-fold) of transcripts derived from the 
E l  lAE promoter in HeLa cell extracts incu- 
bated with E1A alone (lane 2) or in the 
presence of monoclonal antibody to ElB 
(lanc 3) was similar to the level of transcripts 
of the control extract without addition of 
ElA (lane 1). 

Our results show that the Ad E1A protein 
stimulates RNA transcription from the 
EllAE promoter and that the induction of 
cellular factors, if necessary, is not the only 
mechanism stimulating activation by ElA. 
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We propose the E1A functions in a similar 
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pseudorabies virus, which appears to stimu- 
late d p t i o n  by altering the actions of a 
preexisting cellular factor (or factors), either 
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the identification of putative regulatory fac- 
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mentioned above. There are at least two 
sequence-spec16c cellular factors associated 
with the ML promoter, one of which inter- 
acts with an upstream promoter element at 
-63 to -52 and the other which establishes 
contact with the TATA box region (14,28). 
Of significance is that the upstream se- 
quences identified by interaction with the 
dular factors specific for either E l  lAE or 
ML are the only sequences required for 
E1A-mediated induction, both in vivo and 
in v im (1,1727). 

Flg. 4. Inhibition by antibody of the E1A-stimu- 
k ing  activity of the EllAE promoter in HeLa 
cell amacts. Preparation of whole-cell extracts 
and assay conditions were as described in Figs. 2 
and 3. HeLa cell extract and DNA template 
concentrations for the analysis of the EllAE 
promoter were 135 and 6.0 pg, respectively. The 
Ab-1 monoclonal antibody s@c for the Ad5 
E1B 21-kD protein was aquired from Oncogene 
Science, Inc. (A) Effect of monoclonal antibody 
to E1A (M-2) on aanxription: lane 1, RNA 
synthesized in extracts incubated without addi- 
tion of E1A and M-2; lanes 2 and 3, RNA 
synthesized in extracts incubated with E1A alone 
at concentrations of 1.5 and 4.5 ng, respectively; 
lane 4, RNA synthesized in extracts incubated 
with both E1A (4.5 ng) and M-2 monoclonal 
antibody (4.5 ng). (B) Effect of monoclonal 
antibody to E1B (Ab-1) on transcription: lane 1, 
RNA synthesized in extracts incubated without 
E1A and Ab-1; lane 2, RNA synthesized in 
amacts incubated only with ElA (8.0 ng); lane 3, 
RNA synthesized in extracts incubated with both 
ElA (8.0 ng) and Ab-1 (62.5 ng). 

It has been recently proposed that E1A 
might act by increasing the concentration of 
a limited number of transcription factors 
(13, 29). Our work, however, is consistent 
with the idea that E1A may operate by 
further activating preexisting cellular factors 
that bind to key transcriptional elements 
widin certain promoters, either by associat- 
ing with such factors (protein-protein con- 
tact) or by chemically modifying them. 
Alternatively, the mechanism of the E1A 
protein may be similar to that of the yeast 
activator protein GCN4. This protein has 
recently been shown to have two functional 
regions that are both responsible for tran- 
scriptional activation. One of these regions 
is required for DNA binding, and the other 
appears to act as a ligand for the biding of 
yet another transaiption factor (30). Al- 
though previous studies have failed to show 
DNA-biding activity for ElA (31), our 
earlier studies with purified E1A were not 
inconsistent with the possibility that ElA 
did b i d  to DNA (12). In fact, we have 
recently demonstrated that our genetically 
engineered ElA protein purified fiom E. cofi 
does bind directly to DNA (32). Certainly, 
further analysis on the interaction between 
the E1A protein and purified cellular com- 
ponents as they relate to regulatory se- 
quences of DNA will be required to provide 
additional insight into the mechanism of 
E1A trans-activation. 
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