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FIG. 3. Analysis of mRNA levels in 1C4 cells during dexamethasone titration. 1C4 cells were infected with 40 PFU of H5dI312 per cell
and at the same time induced with increasing concentrations of dexamethasone. At 6 h postinfection, cytoplasmic RNA was isolated and
analyzed by S1 nuclease protection (ElA, E2A, E3, E4) or RNase protection (Actin). The positions of the DNA probes relative to the viral
transcripts are shown (not to scale), and the position of the 32P label is indicated by an asterisk. Lanes: 1, 1 x 10-10 M; 2, 1 x 10-9 M; 3,
5 x 10-9 M; 4, 1 x 10-8 M; 5, 2.5 x 10-8 M; 6, 5 x 10-8 M; 7, 1 X 10-7 M; 8, 1 x 10-6 M dexamethasone.

dexamethasone and did not plateau at 10-7 M dexameth-
asone as observed for E2. At 2.5 x 10-8 M dexamethasone
(lane 5), the level of E3 mRNA declined. This was not
observed in other experiments, suggesting that the concen-
tration of E3 mRNA at this point was artificially low. E4
mRNA levels during the dexamethasone titration were as-
sayed by Si analysis with a 3'-specific probe. The concen-
tration of E4 mRNA did not change significantly until the
dexamethasone concentration reached 5 x 10-' M. After
this point, the level of E4 mRNA increased until it reached a
maximum at 1o-7 M dexamethasone.

Transcription rates of viral genes in induced 1C4 cells.
Glucocorticoid effects on gene expression are not limited to
changes in transcription. Many mRNAs are stabilized by
glucorcorticoid treatment including the mRNA for human
growth hormone (34). The accumulation of early viral
mRNAs could result from an increase in their transport or
stability in response to dexamethasone or the increase in
ElA concentration. To confirm that the accumulation of
viral mRNAs in response to increasing ElA concentration
was due to increased transcription from the viral promoters,
we performed in vitro nuclear transcription reactions. Nuclei
from the same cell samples from which the RNA assays of
Fig. 3 were derived were incubated with 32P-labeled nucle-
oside triphosphates. Labeled RNA was isolated and hybrid-
ized with excess filter-bound DNAs to determine relative
transcription rates for the E2, E3, and E4 promoters. Figure

4 shows the results of increasing ElA expression on tran-
scription of the other early viral promoters. Transcription
from the E2 promoter was readily detected at 5 x 10-9 M
dexamethasone (lane 3) and increased steadily until the
dexamethasone concentration reached 5 x 10-8 M (lane 6).
After this point, specific E2 transcription decreased (lane 7)
and then increased near the end of the dexamethasone
titration. The E3 and E4 promoters behaved in the same
manner as the E2 promoter. The decrease in transcription
from the three promoters at 1o-7 M dexamethasone was not
reproducible in separate experiments, but the behavior of
the three promoters was always consistent within an exper-
iment.

Relationship between ElA concentration and viral tran-
scription. The increases in mRNA levels and transcription
rates in response to increasing dexamethasone concentration
were determined by densitometry of the original autoradio-
grams shown in Fig. 3 and 4 and are displayed graphically in
Fig. 5. ElA 13S mRNA levels increased steadily throughout
the dexamethasone titration but began to approach a maxi-
mum between 10-7 and 10-6 M dexamethasone (Fig. 5a).
The addition of 1 x 10-6 M dexamethasone induced an
approximate 14-fold increase in the steady-state level of ElA
13S mRNA compared with that observed at 5 x 10-9 M
dexamethasone. This increase was greater than 20-fold when
compared with that of 1C4 cells not treated with dexameth-
asone (Fig. 2c). E2, E3, and E4 mRNA levels during the
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FIG. 4. In vitro nuclear run-on transcription analysis. In vitro nuclear run-on transcription reactions were performed with nuclei from the
same samples seen in Fig. 3, and 32P-labeled RNA was hybridized to a slot matrix containing immobilized adenovirus DNA in single-stranded
M13 recombinants. DNAs: E2, 61.3 to 66.0 map units; E3, 75.9 to 81.0 map units; E4, 89.7 to 93.2 map units. No hybridization signal to
M13mp18 single-stranded DNA was detected. Lanes 1 through 8 indicate the identical dexamethasone concentration described in the legend
to Fig. 3.

dexamethasone titration are shown in Fig. 5b. Between 10-7
and 10-6 M dexamethasone, the concentration of E2 and E4
mRNAs did not inc ease, suggesting that their promoters
were insensitive to t - small increase in ElA concentration
between these points. In the experiment shown in Fig. 3, E3
mRNA levels increased somewhat less than twofold be-
tween 10-7 and 10-6 M dexamethasone. However, in four
repeat experiments, the increase between 10-7 and 10-6 M
was much less than twofold, as observed for ElA, E2A, and
E4 mRNAs. mRNA levels from each promoter increased at
least 20-fold between the uninduced state at 10-10 M dexa-
methasone, and the fully induced state at 106 M dexameth-
asone.

Transcription from the E2, E3, and E4 promoters in
response to increasing dexamethasone concentration (i.e.,
ElA concentration) is shown in Fig. 5c. Throughout the
titration, the transcription rate of each promoter increased as
the dexamethasone concentration was increased. The over-
all stimulation of transcription of each promoter could ac-
count for the total increase in mRNA levels. Thus, the
increases in viral mRNA accumulation in response to in-
creasing ElA concentration were due to increased transcrip-
tion from the early promoters.
The effect of increasing ElA levels on E2, E3, and E4

mRNA levels is plotted in Fig. 5d. mRNA accumulation
from each early promoter correlated approximately with the
ElA mRNA concentration, once the threshold ElA concen-
tration needed to activate transcription from the E2, E3, and
E4 promoters was reached. From the steady-state assays of
E4 mRNA (Fig. 3 and 5b), it appears that significant tran-
scription from the E4 promoter occurred at lower ElA
concentrations than that required to observe transcription
from the E2 and E3 promoters. However, in every case,
increased ElA concentration resulted in an increase in
transcription from the E2, E3, and E4 promoters. Thus,
within the ElA concentration range obtainable in 1C4 cells,
the level of transcription from the other early viral promoters
was determined by the amount of ElA present.

Transcription of E4 promoter in nuclear extracts from 1C4
cefls. Nuclear extracts were prepared from untreated 1C4
cells and 1C4 cells induced with 106 M dexamethasone for
16 h. The ability of these extracts to support transcription of
the viral E4 promoter was determined by incubating an E4
template with the extracts and assaying the quantity of
specific RNA transcript produced by primer extension anal-
ysis. Figure 6 shows the results of one such assay. Under all
extract protein concentrations tested, the extracts prepared
from induced 1C4 cells always showed higher transcriptional
activity for the E4 promoter than extracts prepared from
untreated 1C4 cells. This result was obtained with three of

four successive side-by-side preparations of nuclear extracts
from uninduced and induced 1C4 cells. We have never
observed any effects of glucocorticoid treatment on viral
transcription in HeLa cells infected with wild-type adeno-
virus (data not shown). Therefore, the increased transcrip-
tional activity of the extracts from the induced 1C4 cells
must be a result of ElA expression. However, during the
course of viral infection, other early viral functions in
addition to ElA may influence transcription from the E4
promoter.

DISCUSSION

A chimeric gene containing the MMTV promoter fused to
Ad2ElA-coding sequences was stably introduced into HeLa
cells. Clone 1C4 cells only expressed ElA mRNAs after
induction of the MMTV-E1A chimeric gene with glucocor-
ticoids. Complementation of the adenovirus ElA mutant,
H5dI312, occurred only when ElA mRNA was present, that
is, after induction of ElA expression. Response of the
MMTV promoter to glucocorticoid induction was very
rapid, and ElA mRNA levels peaked within 1 to 2 h after the
addition of dexamethasone. Constructing a transformed
HeLa cell line with inducible ElA expression enabled us to
control both the time of onset of ElA expression and the
final concentration of ElA gene products.

Since the time of appearance and final concentration of
ElA products could be manipulated, it was possible to
examine the effects of varying ElA concentration on the
transcriptional transactivation of other adenovirus early
promoters. The addition of subsaturating concentrations of
dexamethasone (20) enabled the ElA mRNA concentration
in 1C4 cells to be varied. Full induction of the MMTV
promoter resulted in a greater than 20-fold increase in ElA
mRNA compared with the steady-state level in the unin-
duced state. Within this range, many different ElA mRNA
concentrations were obtainable at different inducer concen-
trations. Under these conditions, which are within the phys-
iological range of ElA expression in a permissive infection,
the level of transcription from the E2, E3, and E4 promoters
of H5dl312 was proportional to the amount of ElA present.
The accumulation of mRNA from the early promoters was
due to an increase in the rate of transcription from each of
the promoters. This induction was shown to be due to the
action of the increasing ElA levels and not due directly to
the presence of glucocorticoids. A direct correlation be-
tween transcription transactivation and the amount of ElA
present has been previously demonstrated in cotransfection
experiments (27). However, in this study, the effect was
observed over a small range of ElA concentration, and the
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FIG. 5. Effect of increasing dexamethasone (Dex) concentration on viral transcription in 1C4 cells. The autoradiograms shown in Fig. 3
and 4 were quantitated by densitometry. (a) 1C4 cells were treated with increasing dexamethasone concentrations, and the steady-state levels
of the 13S and 12S ElA mRNAs were measured. (b) E2, E3, and E4 mRNA levels in HSdl312-infected 1C4 cells treated with increasing
concentrations of dexamethasone. (c) Relative transcription rates in nuclei from H5dl312-infected 1C4 cells under conditions of increasing
dexamethasone concentration. (d) Relationships between increasing 13S ElA mRNA concentration and accumulation of viral E2, E3, and E4
mRNAs. Symbols: O, ElA 13S; *, ElA 12S; 0, E2A; *, E3; A, E4.

ability to stimulate transcription did not increase when
higher concentrations of ElA-containing DNA were intro-
duced into cells. The interpretation of the results of such
cotransfection experiments is complicated because it is
unclear whether the concentration of ElA per cell increased
or whether the number of cells expressing the transfected
ElA gene increased.

Within the range of ElA concentration obtainable in this
system, all three promoters behaved in the same fashion.
Each promoter required the same threshold ElA concentra-
tion to obtain a significant induction of transcription. We
observed increases in transactivation of each promoter
throughout the ElA titration, and transactivation of the early
viral promoters only plateaued when the ElA levels did not
change significantly. In addition, the increase in early
mRNA levels was shown to result from an increase in the
rate of transcription and not from posttranscriptional events.

Thus, in general, the E2, E3, and E4 promoters behaved
identically, within the confidence of our assays, in response
to increasing ElA concentration.

Several models for the mechanism of ElA-mediated trans-
activation have been proposed. These include the removal of
a DNA-bound repressor (30), catalysis of the formation of
active transcription complexes (9), and increasing the activ-
ity of limiting cellular transcription factors (3, 18, 26, 48).
The observation that the level of transcription from each
early viral promoter is directly proportional to the amount of
ElA present would support any of these models. Each
molecule of ElA could replace one repressor molecule,
resulting in a linear increase in transcription stimulation in
response to a linear increase in ElA concentration. Direct
involvement of ElA in transcription complex formation
would also be ElA concentration dependent and exhibit the
direct proportionality observed in this study. ElA-induced

a
30 -

uf
c

z
E

30

20 -

10 -

(a

c

-e

z

E

20

10

30

,

0

0

(a

.s

0

.i-

Dex (M)

40

20

10

0
C

-e
0

z
E

20

-9
10 50 100

VOL. 8, 1988

10

 on January 26, 2021 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/


4806 BRUNET AND BERK

DEX - + + +

_ _

. ter *-

2 6

FIG. 6. In vitro transcription of the E4 promoter. Nuclear ex-

tracts were prepared in parallel from untreated 1C4 cells or 1C4 cells
exposed to 10-6 M dexamethasone for 16 h. Equivalent amounts of
nuclear extract protein were incubated with a supercoiled template
containing the E4 promoter in a standard transcription reaction (see
Materials and Methods). RNA was assayed by primer extension
with a 32P-labeled oligonucleotide, and the 118-nucleotide extension
product was visualized by autoradiography after electrophoresis.
Lanes: 1 and 2, 50 ,ug of protein; 3 and 4, 65 ,ug of protein; 5 and 6,
80 ,g of protein.

activation of transcription factors would be dependent on

ElA concentration in a linear manner unless ElA acted
cooperatively with another factor to stimulate transcription.
However, the observation that the level of transcriptional
transactivation is determined by the ElA concentration
precludes an all-or-none mechanism in which a small quan-

tity of ElA is sufficient to activate full transcription from a

viral promoter.
Because ElA transactivation is now uncoupled and can be

studied apart from viral infection, it will be possible to
explore the effects of ElA on transcription without any other
potential complications from a permissive infection. Several
examples of transcriptional stimulation by additional viral
proteins other than ElA have been reported (14, 47). As a

preliminary step in clarifying this issue, we demonstrated
that isolated expression of the ElA gene is sufficient to
generate increased in vitro transcriptional activity of nuclear
extracts. No other viral proteins were required to reproduce
the transactivation phenomenon in vitro. However, the
possibility remains that the expression of additional viral
proteins could boost the increase in in vitro transcriptional
activity still higher and may influence E4 transcription
during the course of a viral infection. Using 1C4 cells to
prepare cellular extracts for biochemical studies will address
this problem and should facilitate the analysis of the mech-
anism of ElA-mediated transcriptional transactivation.
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