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While the products of the type 5 adenovirus E1A and E1B genes can initiate pathways leading to a
transformed rodent cell, little is known about how the rate of viral early gene expression influences the
efficiency of this process. An adenovirus mutant [Ela(r) virus] that expresses its viral E1A and E1B genes at
as much as a 100-fold-reduced rate relative to wild-type virus in infected CREF or HeLa cells transforms CREF
cells at an 8-fold-higher efficiency than wild-type virus. Additional studies show that the reduction in viral E1A
gene expression is solely responsible for this transformation phenotype, and at this low rate of viral E1A gene
expression both E1A gene products must be expressed. Unlike previously characterized viruses which
transform CREF cells at frequencies greater than wild-type virus, the foci obtained following Ela(r) virus
infection were indistinguishable from those arising from wild-type virus by several criteria (morphological
characteristics and anchorage-independent growth). Surprisingly, an analysis of viral early gene expression
from a panel of wild-type- and Ela(r) virus-transformed CREF cell lines showed similar average rates of both
viral E1A and E1B gene expression. By using an adenovirus-transformed cell line that is cold-sensitive for
maintenance of the transformed cell phenotype, we show that both wild-type and the Ela(r) viruses can
transform these cells at equally high efficiencies at the nonpermissive temperature of 32°C. Our findings suggest
that the process leading to a fully transformed cell involves multiple stages, with an early stage being facilitated

by a reduced rate of viral E1A gene expression.

Changes in the temporal regulation of cellular gene expres-
sion and DNA replication incurred by viral oncogene expres-
sion can be manifested by the generation of an immortalized
or transformed cell phenotype. For adenovirus type 5 (AdS),
viral E1A and E1B gene expression in a susceptible rodent
cell type can lead to the initiation and maintenance of a
morphologically transformed cell (for a review, see refer-
ence 17). Transcription from the viral E1A gene leads to the
production of two differentially spliced mRNAs which en-
code proteins of 289R (amino acid residues) and 243R (8, 11,
29, 39). These viral E1A gene products have beén shown to
alter many biological functions in virus-infected rodent and
human cells, including transcriptional transactivation (7, 16,
27, 37, 48, 50) and repression of both viral and cellular genes
9, 23, 46, 51), the induction of cellular DNA synthesis in
quiescent cells (31, 41), the immortalization of primary
rodent cells (26, 44), and complete morphological transfor-
mation of primary or continuous cultures of rodent cells
when coexpressed with the viral E1B gene or certain viral
oncogenes such as ras (19, 28, 33, 35, 36, 55, 57).

The viral E1B gene-encoded proteins have been shown to
play a role in the shutoff of host cell protein synthesis and the
efficient nuclear-cytoplasmic transport of late viral mRNAs
in the infected cell (3, 4, 40), the association and alteration of
the organization of intermediate filaments and the nuclear
lamina (52, 53), cooperation with the E1A gene products to
initiate cellular pathways leading to a transformed cell (for a
review, see reference 17), and maintenance of a morpholog-
ically complete transformed cell phenotype (2, 6, 26, 53).
Both the viral E1A and E1B proteins have been shown to
physically associate with several cellular proteins in the
infected cell, but the consequences of these associations as
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they relate to the host range of virus-induced transformation
is unclear (20, 45, 54-56).

Like most DNA tumor viruses, the efficiency of focus
formation following adenovirus infection of rodent fibroblast
cells is poor (at most, 1 in 300 infected cells) (5). Explana-
tions for this low frequency of transformation induction
could include (i) the presence of only a limited number of
cells in the infected cell population that have the potential to
become trarisformed or (ii) the presence of a uniform popu-
lation of cells, with transformation depending on the occur-
rence of several randoni events. Transformation rates could
be affected by variations in such factors as initial rates of
viral gene expression, location and frequency of viral DNA
integrations, and levels in viral gene expression following
viral DNA integration.

For many viral oncogenes, a correlation between the rate
of oncogene expression and the frequency of cellular trans-
formation has been established. Usually, overexpressing the
viral oncogene product in a susceptible cell (either in a
plasmid vector or following virus infection) leads to a higher
frequency of cellular transformation and established trans-
formed cell lines that display a more progressed transformed
cell phenotype (10, 32, 38). In fact, Senear and Lewis (47)
have shown that when the Ad2 E1A gene is overexpressed
on a plasmid vector in the absence of the viral E1B gene in
mouse NIH 3T3 cells, stable transformants that are pheno-
typically indistinguishable from foci which coexpress the
viral E1A and E1B genes are obtained. Therefore, the level
of viral oncogene expression can influence the requirement
for a cooperating viral gene product. Finally, overexpressing
the polyomavirus middle T antigen in rodent F111 cells (a
continuous culture of rodent fibroblast cells), leads to a
decrease in the efficiency of focus formation (42).

In this paper, we explore how the rate of viral E1A and
E1B gene expression influences the efficiency of CREF cell
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transformation. We observed previously that the rate of
transcription from the viral E1A gene in wild-type-virus-
infected CREF cells was reduced by 5- to 10-fold when
compared with a similar wild-type virus infection of human
HeLa cells (24, 25). Additional studies showed that an
adenovirus mutant (d1309-6) lacking DNA sequences be-
tween —393 and —304 base pairs relative to the E1A gene
cap site (22) expressed E1A mRNA levels that were 5- to
10-fold greater than those of the wild-type virus upon infec-
tion of CREF cells (25). A virus [Ela(r)] containing an E1A
gene reversed in orientation relative to the E1B gene,
expressed 20- to 100-fold less E1A and E1B mRNAs than
wild-type virus following CREF and HeLa cell infection.
However, when these same viruses were used to infect
CRETF cells for extended time periods [24 or 88 h postinfec-
tion for the dI309-6 or Ela(r) viruses, respectively], E1A
mRNA levels approached those observed for wild-type
virus.

By using these viruses, our studies show that reducing the
rate of viral E1A gene expression leads to an eightfold
increase in foci numbers relative to wild-type virus, and the
foci are morphologically indistinguishable from those arising
from wild-type virus infection. In contrast, overexpressing
the viral E1A gene leads to a modest two-fold decrease in
foci numbers, when compared with wild-type virus. Addi-
tional virus complementation studies show that the reduc-
tion in E1A and not E1B gene expression is responsible for
the Ela(r) virus transforming phenotype and that viruses
which poorly express E1IA mRNAs must express both E1A
gene products to be transformation competent. These and
additional observations suggest that a reduced rate of viral
E1A gene expression early after CREF cell infection has a
profound effect on transformation frequency.

MATERIALS AND METHODS

Cells and viruses. Monolayer cultures of human HeLa and
293 (a human embryo kidney cell line that constitutively
expresses the type 5 adenovirus E1A and E1B gene products
[18]) cells were grown in Dulbecco modified Eagle medium
supplemented with 10% defined calf serum. Monolayer
cultures of CREF (13) and the AdShrl-transformed CREF
cell line A2 (5) were maintained in the same medium supple-
mented with 5% fetal bovine serum (D-5 medium). Viral
stocks from the viruses shown in Fig. 1 were obtained as
described earlier by using the 293 cell line (3, 25). The
Ad5hrl virus was obtained from J. Williams and contains a
point mutation that leads to the production of a truncated
viral E1A 13S gene product (21, 43). The dI309-6 virus was
obtained from P. Hearing and contains a deletion that
removes a protein-binding domain that represses E1A en-
hancer activity in CREF cells (22, 25). The viral E1A
mutants pm975 (expresses no E1A 12S gene product) and
dl1500 (expresses no E1A 13S gene product) were obtained
from A. Berk (33, 34), and H5d/110 (no E1B 495R protein
expression) and H5d/112 (no E1B 175R protein expression)
have been previously described (3). The a3-3 virus contains
the mouse immunoglobulin heavy-chain promoter and en-
hancer localized between viral sequences 454 and 1109 (14).
This virus retains its E1A enhancer element but lacks the
E1A cap site and much of the protein-encoding sequences.
The E1B gene is in its wild-type location on the viral genome
and is expressed at wild-type rates following CREF or HeLa
cell infection (data not shown).

Construction of the Ela(r) virus. The Ad5 Xhol C fragment
(nucleotides 0 to 5788) cloned into the plasmid vector
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pMK2004 has been described previously (5). The EABS8
plasmid was derived from the pMK plasmid and contains
viral nucleotides 0 (BamHI) to 4623 (Apal), blunt ended and
inserted into the unique Smal site in the pUCS8 plasmid
vector. The Ela— plasmid contains the E1A gene without its
3’ end, cloned into the plasmid vector Bluescript plus. It was
constructed by digesting the pMK plasmid with Sacll (nu-
cleotide 357), blunt ending this site, digesting with Hpal
(nucleotide 1574), and blunt-end-ligating this fragment into
the unique Hincll site in Bluescript. The Hincll site was
retained only at the 3’ end of the E1A gene insert. To restore
the 3’ end of the E1A gene, a duplex oligonucleotide was
synthesized containing nucleotides 1601 to 1663 with a Sacll
sticky end at nucleotide 1663. The Ela— plasmid was
digested with Sacll and Hincll, and the oligonucleotide
(nucleotides 1601 to 1663) containing a unique Sacll site was
inserted. This is the Ela+ plasmid, which contains the E1A
gene promoter, coding region, and polyadenylation signals.
As 23 bases have been deleted upstream of the polyadenyl-
ation signal, this message is able to be differentiated from
wild-type Ela mRNA. The EABS8 plasmid was digested with
Sacll (nucleotide 357) and Kpnl (vector) and was ligated to
a Kpnl (vector)-to-Sacll (nucleotide 1663) fragment derived
from the Ela+ plasmid. The result was a plasmid, Ela(r),
containing the Ela gene and its promoter, both in reverse,
fused to the 352 bases at the left end of the viral genome.
This plasmid was digested with BamHI (nucleotide 0) and
Xhol (blunt ended) and cloned into the BamHI and Hpal
sites of the pMK plasmid. Thus, it contained the left end of
the viral genome, extending from nucleotides 0 to 5788, with
the sequences between nucleotides 357 and 1663 reversed in
orientation. The inverted E1A gene was fused at nucleotides
357 and 1574 of the wild-type genome, so approximately 100
bases were duplicated. These sequences were introduced
into a complete viral genome by in vivo overlap recombina-
tion in human 293 cells as previously described (3), followed
by two rounds of plaque purification on 293 cells.

Transformation of CREF and A2 cells and anchorage-
independent growth. Transformation assays were performed
as described previously (24). Prior to virus infection, the A2
cell line was maintained at 32°C for 4 weeks, at which time
all the cells in culture displayed a fibroblastic CREF cell
appearance. The effect of the various viruses on cell survival
was determined by plating mock-infected or virus-infected
cells at 200 and 400 cells per 60-mm (diameter) plate and
quantitating the viable cells per dish following formaldehyde
fixation and Giemsa staining. Cell survival was calculated by
dividing colonies on the infected plates by the number on
mock-infected controls. Once well-defined foci could be
discerned and quantitated, several foci were isolated by
using cloning cylinders, recloned following plating, and
expanded into established cell lines that were maintained in
D-5 medium. Soft-agar cloning assays were performed as
previously described (5).

Assays for gene expression. Cytoplasmic RNA was isolated
from virus-infected CREF and HeLa cell cultures, and
virus-transformed CREF cell lines as previously described
(1, 24). The production of stable mRNAs from the viral E1A
and E1B genes was scored by using 3?P-labeled SP6-gener-
ated antisense E1A and E1B probes. Following hybridiza-
tion and RNase T2 digestion, the products were sized on
denaturing polyacrylamide gels. The RNase T2 protection
assay for these viral mRNAs has been previously described
(24). The sizes of the protected RNAs are shown in Fig. 1.
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FIG. 1. Schematic representation of the adenovirus E1A gene transcription unit and promoter-proximal and enhancer regions. (A) Left
end of the adenovirus genome, with relative nucleotide locations of the viral DNA regions that contribute to E1A promoter function
(enhancer-packaging sequence [ E ], CAAT box [E], and TATA box [(J]) and viral DNA replication (terminal repeat [ ]) relative to the
E1A gene cap site. The nucleotide locations of the various RNA splice donor and acceptor sites, and polyA addition sites are shown for the
E1A 13S and 12S mRNAs. Three regions of conserved amino acid coding domains for various viral serotypes are shown (CD1 to CD3) relative
to their locations on the viral mRNAs (35). As shown, CD3 is unique to the E1A 13S mRNA. The viral genomes shown contain various
deletions that alter viral E1A gene expression, and their isolation and characterization have been described previously (21, 22, 33, 34). DNA
deletions (M) and a single base pair deletion (X) are also shown. The nucleotide locations of these deleted viral DNA sequences are shown
in base pairs relative to the E1A gene cap site. (B) Diagram of the Ela(r) virus genome, which shows how the E1A gene was reoriented so
that it is now transcribed in a leftward direction. All nucleotide positions are again shown relative to the E1A gene cap site.

RESULTS

Construction of the Ela(r) virus. In an attempt to study the
cis effect of adenovirus E1A gene transcription on the rate of
E1B gene transcription, a virus was constructed that con-
tained its wild-type E1A gene in a reversed orientation
relative to the E1B gene promoter [Fig. 1B, Ela(r) virus].
Therefore, no overlapping E1A gene transcription occurs
across the E1B gene cap site, since E1A transcription now
proceeds from right to left on the viral genome. Like
wild-type virus, the E1A 289R and 243R proteins should be
faithfully expressed from this altered viral genome. The
functional activity of the 289R protein expressed by the
Ela(r) virus was confirmed by coinfecting CREF or HeLa
cells with the Ela(r) virus and a virus containing the E1A
289R protein-inducible human B-globin promoter (31). The
Ela(r) virus trans-activated B-globin expression at rates
compatible with the E1IA mRNA levels observed (data not
shown). As will be shown, the functionality of the 243R
protein was suggested by the ability of the Ela(r) virus-
transformed cell line to proliferate in soft agar.

Ela(r) virus expresses low levels of E1A and E1B mRNAs
following CREF or HeLa cell infection. Viral E1A and E1B
gene expression was examined in CREF and HeLa cells
infected with 20 PFU per cell of wild-type In340 virus,
dl309-6 virus, or Ela(r) virus. At the times shown at the top
of each panel in Fig. 2, total cytoplasmic RNA was isolated
and analyzed for the abundance of the viral E1A 13S and 12S
mRNAs (HeLa cells [Fig. 2B]) or E1A and E1B mRNAs

(CREF cells [Fig. 2A and C]). In both cell types, E1A
mRNA accumulation from the Ela(r) virus was reduced by
20- to 100-fold (by densitometric quantitation) relative to the
level observed in In340 virus-infected cells at either time
point (Fig. 2); the late time points were overexposed to allow
us to score Ela(r) virus gene expression. The E1IA mRNAs

TABLE 1. Reducing the rate of viral E1A gene expression
increases the frequency of CREF cell transformation®

El1A Mean foci/dish? %

Virus  MOI Genotype? expression ————————  Clonal
(fold)© Expt1 Expt2 survival®
In340 10 WT 1 19 22 93
dl309-6 10 AJAP3 S 8.5 125 93
Ela(r) 10 Reversed E1A 0.01 134 167 95
Mock 0 0 92

4 CREF cells were infected at the multiplicity of infection (MOI) shown,
and following adsorption, cells were suspended and replated at 10° cells per
60-mm (diameter) plate for 5 weeks at 37°C.

b The orientation of the E1A gene on the viral genome and the E1IA mRNAs
which are expressed is shown. WT, Wild type.

< The rate of E1A gene expression following an 8-h infection of CREF cells
at the multiplicity of infection shown for each virus is shown relative to the
level observed for In340.

4 Mean number of transformed cell colonies; each value represents the
quantitation of 6 to 10 plates.

¢ Percentage of surviving cells following virus infection, as determined by
plating 50, 100, or 200 cells per 100-mm (diameter) plate, allowing well-defined
colonies to develop in 10 to 12 days, fixing and staining the cells, and counting
the colonies.
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FIG. 2. The Ela(r) virus expresses low levels of its E1A and E1B gene mRNAs upon CREF and HeLa cell infection. CREF (A) and HeLa
(B) cells were infected with 20 PFU of the viruses shown per cell for the times indicated. Total cytoplasmic RNA was isolated and scored
for the presence of the E1A and E1B mRNAs (A) or ELA mRNAs (B) by RNase T2 protection assays. Total cytoplasmic RNA (15 pg) was
hybridized to [*2P]JUTP-labeled antisense RNA probes (7.5 x 10° cpm) for each of the probes shown in diagrams at the bottom, and the RNase
T2 digestion products were analyzed on 5% denaturing acrylamide gels. The lengths of the protected RNAs are shown at the bottom. The 3’
ends of the E1IA mRNAs could be distinguished between In340 and Ela(r) viruses. Monolayers of CREF cells were infected with 20 PFU per
cell with the viruses shown for the times indicated (C). Total cytoplasmic RNA was isolated and scored for the presence of E1A and E1B
mRNAs, as described above for panel A. With the later time points for Ela(r) virus, it is likely that the bands at nucleotide 294 correspond

to an RNase T2 digestion artifact.

expressed from the Ela(r) virus genome could be distin-
guished at their 3’ ends in the CREF cell assay from
wild-type virus due to a 23-base-pair deletion in the noncod-
ing region (Fig. 2A, diagram). The faint band of 294 nucleo-
tides seen at 16 h after infection of CREF cells by the Ela(r)
virus was not reproducibly observed and represents an
RNase T2 digestion artifact (note the absence of this band in
Fig. 4, lane 7). The same reduction in E1IB mRNA levels in
Ela(r) virus-infected CREF and HeLa cells was observed
(Fig. 2; data not shown). Between 2 and 4 days following
CRETF cell infection by wild-type In340 virus, E1A and E1B
steady-state mRNA levels plateaued (Fig. 2C). In contrast,
E1A mRNA levels following a similar time course of CREF
cell infection with the Ela(r) virus were low but continued to
increase (Fig. 2C). That transcriptional control and not
mRNA turnover was contributing to the Ela(r) virus pheno-
type was confirmed by measuring rates (by nuclear runon
experiments) of viral E1A and E1B gene expression in /n340
and Ela(r) virus-infected CREF cells (data not shown).
The dI309-6 virus contains a deletion of viral DNA se-
quences directly upstream of the E1A enhancer domain that
releases the block on E1A gene enhancer-dependent expres-
sion in virus-infected CREF cells (Fig. 1) (25). Following
CREEF cell infection by this virus (20 PFU per cell for 16 h),
a modest increase (about twofold) in the steady-state accu-

mulation of the viral E1A and E1B mRNAs was observed
(Fig. 2A). However, at earlier stages of the d/309-6 virus
infection of CREF cells (7 and 12 h postinfection), E1A
expression was 5- to 10-fold greater than that observed from
In340 virus (25).

Reducing the rate of viral E1A and E1B gene expression
increases the frequency of CREF cell transformation. To
correlate the rate of viral E1A and E1B gene expression and
the efficiency of cellular transformation, CREF cells were
infected with the three viruses that expressed their E1A
genes at different rates [/n340 virus (wild type), dI309-6 virus
(5- to 10-fold increase in E1A), or Ela(r) virus (20- to
100-fold decrease in E1A) at a multiplicity of infection of 10
PFU per cell. Since E1A expression can be cytotoxic (24,
33), clonal survival assays were done following each virus
infection, and the results were found to be similar for all the
viruses (Tables 1 and 3). Following a S5-week incubation
period at 37°C for two independent experiments, the cells
were fixed and stained and the foci per dish were quanti-
tated. When compared with In340 virus, d/309-6 virus pro-
duced roughly one-half as many foci that displayed a trans-
formed morphological phenotype that was indistinguishable
from wild-type virus (Table 1). This suggests the possibility
that an increase in the rate of viral E1A gene expression does
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TABLE 2. Cloning efficiency in soft agar of uninfected, Ela(r)-
transformed, In340-transformed, and AdShrl-transformed
CREF cells grown at different temperatures®

% (Mean + SD) cloning efficiency

Cell line

37°C 32°C
CREF <0.001 <0.001
A2—Ad5hrl T2 +£2 15+1
In340—<lone la 69 =1 47 = 1
In340—<lone 5 81 +£2 67 =1
In340—<clone 7 49 + 4 35+6
Ela(r)—clone 1 68 £ 3 50 4
Ela(r)—<clone 4 75 £ 4 54 6
Ela(r)—clone 8 719 +5 ND

@ Approximately 10° or 10° cells were suspended in low-Ca?* medium
containing 0.4% Noble agar and seeded at 32 or 37°C on 0.8% agar base layers
prepared in the same medium. Plates were fed once a week with 3 ml of 0.4%
agar in low-Ca?* medium, and microscopic colonies were counted after 2 to
3 weeks (37°C treatment) and after 6 weeks (32°C treatment) for cultures.
Each value is the mean + standard deviation (SD) of three to five plates. The
A2-Ad5hrl colonies counted at 32°C were consistently four to five times
smaller than the colonies counted at 37°C for all the cell lines and the colonies
grown at 32°C from the Ela(r)- and In340-transformed cell lines, as previously
observed (5). ND, Not determined.

not dramatically change the transforming phenotype of this
virus.

In contrast, Ela(r) virus displayed an eightfold increase in
the number of foci when compared with In340 virus (Table
1). Unlike adenovirus mutants that transform CREF cells at
frequencies greater than wild-type virus (1, 21, 33), the foci
resulting from Ela(r) virus infection appeared to have the
same morphological attributes of /n340 virus-transformed
CREF cells, on the basis of loss of fibroblastic CREF cell
morphology. In further contrast to viruses which incom-
pletely transform CREF cells, the Ela(r) virus displayed no
cold-sensitive transformation phenotype (Table 2) (5; data
not shown). Several independently cloned cell lines isolated
from foci established by the Ela(r) virus were analyzed for
their ability to grow in soft agar and, like wild-type-virus-
transformed cells, did so efficiently at both 32 and 37°C
(Table 2). This contrasts with results obtained by using the
A2 cell line, which is transformed by the E1A mutant

TABLE 3. A high rate of viral E1A gene expression can suppress
the Ela(r) virus transformation phenotype?

El1A
- . Mean
Virus MOI Genotype? ex(pt).:l:;?:on foci/dish?

Ela(r) 10 Reversed E1A 0.01 139.3
Ela(r) + 4/110 10 + 10 —EI1B 495R 1 16.4
Ela(r) + dl112 10 + 10 -—-E1B175R 1 27
Ela(r) + a3-3 10+ 10 -El1A 0.01 126
In340 10 WT 1 16.8
In340 + dI110 10 + 10 —EI1B 495R 2 29.8
In340 + di112 10 + 10 -EI1B 175R 2 26.2
In340 + o3-3 10 + 10 -El1A 1 38.2
Mock 0

2 CREF cells were infected at the multiplicity of infection (MOI) shown,
and following adsorption, cells were suspended and replated at 10° cells per
60-mm (diameter) plate for 6 weeks at 37°C.

® The orientation of the E1A gene on the viral genome and the ELIA mRNAs
which are expressed is shown. WT, Wild type.

¢ The rate of E1A gene expression following an 8-h infection of CREF cells
at the multiplicity of infection shown for each virus is shown relative to the
level observed for In340.

4 Mean number of transformed cell colonies; each value represents the
quantitation of 6 to 10 plates.
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cold-sensitive Ad5hrl virus (1, 21) and does not proliferate in
soft agar at 32°C. Therefore, reducing the rate of E1A and
E1B gene expression during CREF cell infection leads to an
increase in focus formation, and the foci obtained are
indistinguishable from wild-type virus.

A high rate of E1A but not E1B gene expression can
suppress the transformation phenotype of the Ela(r) virus. To
determine which viral gene product(s) had to be expressed at
a reduced rate on the Ela(r) virus genome to maintain its
transformation phenotype, complementation CREF trans-
formation assays were done. CREF cells were infected with
the Ela(r) virus or In340 virus at 10 PFU per cell alone or in
combination with 10 PFU per cell of the viruses shown in
Table 3. The number of foci obtained was determined
following 5 weeks of incubation at 37°C. Both E1B deletion
viruses H5d1110 (no E1B 55-kilodalton protein) and H5d1112
(no E1B 21-kilodalton protein) express wild-type levels of
the E1A mRNAs following CREF cell infection (2, 24; data
not shown). These viruses could suppress the Ela(r) virus
transformation phenotype (Table 3). Alone these E1B mu-
tant viruses have been shown to be transformation defective
(2, 24). Therefore, it is likely that the high rate of E1A gene
expression in the coinfected cells was responsible for the
loss of the Ela(r) virus supertransforming phenotype. Coin-
fection of CREF cells with In340 virus and these same E1B
mutant viruses led to a twofold increase in the number of foci
obtained, when compared with In340 virus alone (Table 3).

It should be noted that the E1A gene products expressed
by the coinfecting E1B deletion mutant viruses do not
transactivate the E1B gene on the Ela(r) virus genome (data
not shown). As a consequence, during these coinfections,
E1B gene expression from the Ela(r) genome remains uni-
formly low. Therefore, it can be concluded that altered E1B
gene expression does not contribute to the transforming
phenotype of the Ela(r) virus. This was tested by coinfecting
CREF cells with the Ela(r) virus and a virus which ex-
presses wild-type levels of the E1IB mRNAs (a3-3) upon
CREF cell infection (data not shown). The a3-3 virus had no
effect on the Ela(r) virus transformation phenotype (Table
3). Therefore, increasing the rate of E1A gene expression to
wild-type levels during a virus coinfection leads to a de-
crease in the transforming efficiency of the Ela(r) virus.

Both E1A gene products are necessary when the E1A gene is
expressed at a low rate. While both E1A proteins can
independently initiate unique pathways leading to cellular
transformation, both proteins are needed to establish a
morphologically complete transformed cell phenotype (33).
To determine if reducing the rate of expression of either E1A
mRNA would change both the frequency of focus formation
and the phenotypes of the transformed cells, mutations were
engineered into the Ela(r) virus genotypic background to
allow low rates of either E1A 13S or 12S mRNA expression.
H2dI11500 virus contains a deletion that prevents cytoplasmic
accumulation of the E1A 13S mRNA (Fig. 1). This virus
transformed CREF cells at frequencies S- to 10-fold higher
than that of wild-type In340 virus (Table 4), and the lack of
289R E1A protein expression resulted in foci that are fibro-
blastic in appearance (incompletely transformed) and cold
sensitive for maintenance of the transformed cell phenotype
(33). pm975 virus contains a point mutation that prevents
accumulation of the E1A 12S mRNA, and this virus trans-
formed CREF cells at a frequency similar to wild-type virus
(Table 4), although the foci obtained cannot proliferate in
soft agar (33). This virus also has the unique property of
being cytotoxic, most probably resulting from a disruption in
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TABLE 4. When E1A gene expression is reduced, both E1A
gene products are necessary for CREF cell transformation”

El1A

Mean %
Virus MOI Genotype €XPIes-  foci/dish  Clone
(:.:;g) (expt 1) survival

In340 10 WT 1 19.75 90

Ela(r) 1 Reversed E1A 28.25 93

Ela(r) 10 Reversed E1A 0.01 180.3 93

H2d11500 1 —E1A 13S 23.2 91

H2d11500 10 —E1A 13S 0.2 142 89

E1a(r)1500 10 Reversed —E1A  0.01 0.6 93
13S

H5pm975 10 —E1A 128 1 12.3 72

Ela(r)975 10 Reversed —E1A  0.01 0.4 93
128

Ela(r)975 + 10 + 10 165 89

Ela(r)1500
Mock 0 94

2 Procedures were as described in Table 1, footnote a. Values were
determined as described in Table 1, footnotes b to e. MOI, Multiplicity of
infection; WT, wild type.

cellular gene expression, owing to the trans-activating func-
tion of the 289R protein (33).

CREEF cell infection (Table 4) with viruses that contained
the pm975 [Ela(r)975] or H2d11500 [E1a(r)1500] mutations in
the Ela(r) virus genome led to the production of no trans-
formed cell foci. This was in contrast to the transforming
potentials of these same viral E1A gene mutations when they
were expressed at wild-type levels. Therefore, when the
E1A gene is expressed at a low rate, both E1A gene products
must cooperate to produce the high frequency of cellular
transformation observed. This finding was tested by coin-
fecting CREF cells with the transformation-defective
Ela(r)975 and Ela(r)1500 viruses and observing a high
frequency in cellular transformation (Table 4). Thus, the two
mutations can complement each other in trans, confirming
the requirement for both E1A gene products. This addition-
ally demonstrates the validity of the coinfection transforma-
tion assay.

Transformed cell lines established from Ela(r) virus- and
In340 virus-infected CREF cells express their E1A and E1B
genes at similar levels. Eight independently cloned trans-
formed cell lines were established from foci resulting from
Ela(r) virus and In340 virus infection of CREF cells. Total
cytoplasmic RNA was isolated from all the cell lines, and the
endogenous levels of the viral E1A and E1B mRNAs were
determined by using SP6-generated 3?P-labeled antisense
RNA probes. All the cell lines expressed both the E1A and
E1B mRNAs, which was predicted since these gene prod-
ucts are necessary for the morphological phenotypes of the
transformed cells (Fig. 3). Surprisingly, the accumulation of
the viral early gene mRNAs, although variable, was on
average similar among the cell lines established by either
virus (Fig. 3; a longer exposure of this gel showed low levels
of E1A and E1B mRNAs for the Ela(r) CREF clone 5 cell
line [data not shown]). This was in sharp contrast to the
results observed following Ela(r) and In340 virus infection
of CREF cells, in which E1A and E1B expression was
significantly reduced from that of the Ela(r) viral genome
(Fig. 2). Furthermore, there did not appear to be more copies
of Ela(r) virus DNA integrated into the host cell DNA, when
compared with wild-type virus DNA (data not shown).

A conditionally transformed cell line is equally highly sus-
ceptible to transformation by both In340 and Ela(r) viruses.
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FIG. 3. E1A and E1B gene expression is on the average similar
in Ela(r) and In340 virus-transformed CREF cell lines. Cytoplasmic
RNAs were isolated from the cloned transformed cell lines shown
above each lane, and 20 pg was hybridized to the E1A- and
E1B-specific antisense RNA probe shown in Fig. 2. To the right of
the labeled DNA markers (lane M) are the protected RNAs resulting
from assaying 10 ug of total cytoplasmic RNA following infection
with Ela(r) virus (20 PFU per cell; 40 h) [lane Ela(r)] and In340
virus (5 PFU per cell; 8 h) (lane 1n340).

Since the Ela(r) virus produces low levels of the E1A and
E1B mRNAs in infected CREF cells, this allows more cells
in the population to become transformed. To test the possi-
bility that transformation requires the selection of a specific
cell type in the infected cell population, we used an adeno-
virus-transformed cell line that has a conditional trans-
formed cell phenotype. At the permissive temperature of
37°C, the A2 cell line (transformed by the AdShrl virus) (5)
displays an incomplete transformed cell phenotype. At the
nonpermissive temperature of 32°C, the cells revert to a
morphology similar to untransformed CREF cells. Since the
A2 cell line is an established, partially transformed cell line,
we reasoned that it might represent a cell type that was
initially selected for some step in cellular transformation.
Therefore, this cell line may be more susceptible to trans-
formation by wild-type virus than are normal CREF cells.
A2 cells were maintained at 32°C for 4 weeks prior to

TABLE 5. A conditionally transformed CREF cell line is more
susceptible to complete transformation by In340 virus
than CREF cells at 32°C“

ElA Mean foci/dish®
Virus MOI Genotype expression _
(fold) A2 CREF
In340 10 WT 1 345 18.2
AdShrl 10 —E1A 13S 0.2 3.5 4.2
Ela(r) 10 Reversed E1A 0.01 289 159.2
H5dI118 10 —-E1B 1 368 0
a3-3 10 —-El1A 0.6 0
Mock 0 0

“ Procedures were as described in Table 3, footnote a. Values were
determined as described in Table 3, footnotes b to e. MOI, Multiplicity of
infection; WT, wild type.

b Staining in the A2 and CREF cell transformation assays was at 4.5 and 7
weeks, respectively.
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FIG. 4. E1A gene expression is similarly low in Ela(r) virus-infected CREF and A2 cells, while E1A gene expression is reduced in
wild-type virus-infected A2 versus CREF cells. A2 and CREF cells were maintained at 32°C for 4 weeks prior to infection by viruses.
Cytoplasmic RNAs were isolated from Ela(r) and H5d1313 (27) virus-infected (20 PFU per cell) CREF and A2 cells at 48 h postinfection. Viral
E1A and E1B mRNA levels were determined as described in the legend to Fig. 2 and Materials and Methods. Lanes: CR, CREF cells; A2,
A2 cells; 1Ar, Ela(r) virus; 313, H5d1313 virus; 1A and 1B, SPG riboprobes (diagramed at the bottom of the figure); M, marker S. Nucleotide
numbers are shown to the left of the gel (the 160-nucleotide fragment protected in the SP6-RNase T2 assay corresponds to an E1A-E1B fusion
mRNA expressed from the H5d1313 virus genome; this mRNA has been shown to encode functional E1A proteins [27]).

infection by the viruses shown in Table 5. The Ad5hrl and
«3-3 viruses were unable to transform the A2 or CREF cell
lines at 32°C, showing the cold-sensitive E1lA-defective
phenotypes of the A2 cell line and these viruses (Table 2).
In340 virus transformed the A2 cell line very efficiently,
when compared with CREF cells (Table 5). A virus which
does not express wild-type E1B gene products (H5d1118) (3)
displayed the same transforming properties as In340 virus in
the A2 cell line, since the endogenous E1B gene products
could complement this defect. The Ela(r) virus transformed
the A2 cells at the same high efficiency as In340 virus. This
contrasts with earlier results obtained using the Ela(r) virus
to transform CREF cells, whereby reducing the rate of E1A
gene expression led to an increase in focus formation.
Therefore, following Ela(r) virus infection, either reduced
E1A gene expression does not occur in the preselected A2
cell line or, if it does occur, it does not seem to contribute to
the transformation frequency.

This was tested by infecting both the A2 and CREF cell
lines with the Ela(r) virus (at 20 PFU per cell) at 32°C. Total
cytoplasmic RNA was harvested at 48 h postinfection, and
prior to viral mRNA analysis, all of the RNA samples were
normalized by measuring actin mRNA levels (data not
shown). As shown in Fig. 4, Ela(r) viral E1A mRNA
accumulation was similar (within twofold) in both the CREF
and A2 cell lines (compare the fifth and seventh lanes).
Furthermore, Ela(r) virus E1IA mRNA accumulation in the
A2 cell line was approximately 10-fold less than endogenous
E1A mRNA levels from the AdShrl integrated viral ge-

nomes. We have previously shown that E1A expression in
the A2 cell line is approximately fivefold less than the E1A
mRNA levels observed following an 8-h wild-type virus
infection (20 PFU per cell) of CREF cells (5; data not
shown). Taken together, the overall reduction in E1A gene
expression from the Ela(r) virus in both cell lines is roughly
50-fold relative to that from the In340 virus. Therefore, the
loss of the Ela(r) virus transforming phenotype in the A2 cell
line was not the result of altered (increased) expression from
the E1A gene promoter.

We next determined whether the A2 cell line supported
less exogenous viral E1A gene expression than CREF cells.
For this analysis, we used the E1A and E1B gene deletion
mutant virus H5d1313 (27, 28). This virus expresses an E1A
promoter-driven E1A-E1B fusion transcript that encodes
fully functional E1A proteins (27). The H5d1313 E1A gene is
fused to the end of the E1B gene so that the probe used to
measure E1A mRNA levels is actually homologous to the
E1B sequence, and the endogenous (from AdShrl virus) and
exogenous (from HS5d1313 virus) viral mRNAs can be distin-
guished. Following a 48-h infection of CREF cells by the
H5d1313 virus, large amounts of exogenously expressed E1A
mRNAs were observed (Fig. 4, fourth lane; the 160-nucleo-
tide band is specific to H5d1313 E1A mRNA). In A2 cells, the
relative amount of E1A mRNA expression from the H5d1313
virus is fivefold depressed (compare the intensity of the
160-nucleotide band in the second and fourth lanes). One
might speculate that the reduced levels of EIA mRNAs from
the H5dI313 virus contribute to the increased transformation
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efficiency observed for In340 virus in A2 versus CREF cells.
However, it is difficult to assess whether this reduction in
E1A gene expression in the A2 cell line is solely responsible
for the transforming nature of the In340 and Ela(r) viruses.

DISCUSSION

In this report, we showed that a virus which poorly
expresses its E1A and E1B genes in rodent CREF cells can
transform these cells at an eightfold greater efficiency than
wild-type virus. This transformation phenotype was shown
to depend solely on reduced viral E1A gene expression, and
at this low rate of expression, both viral E1A gene products
were required. Many functions have been attributed to the
viral E1A gene products, including transcriptional activation
and repression (7, 9, 16, 23, 27, 37, 46, 48, 50, 51), cellular
proliferation induction, and cellular DNA replication induc-
tion (31, 41). Therefore, at an early stage in the transforma-
tion process, it is likely that a reduction in some or all of
these E1A functions is contributing to the supertransforming
phenotype of the Ela(r) virus.

The observation that both E1A proteins are required when
they are expressed at a low rate is in contrast to the results
obtained by using the pm975 (no E1A 12S mRNA) and
dl1500 (no E1A 13S mRNA) viruses, which are both capable
of independently inducing foci upon CREF cell infection
(33). These observations suggest the possibility that a thresh-
old level of viral E1A gene expression in the virus-infected
cell is required to establish the transformed cell phenotype
but that the threshold can vary when both viral E1A gene
products are expressed. Others have observed variable
requirements for different oncogenes as they shift the levels
of expression of the oncogenes (47, 49). These results
suggest that complex and possibly multiple pathways must
exist which can lead to the generation of the transformed
cell. '

Like the Ela(r) virus, dl1500 virus can transform CREF
cells at a greater frequency than In340 and pm975 viruses.
However, unlike the Ela(r) virus-induced foci, the 41500
virus foci remain fibroblastic in appearance (incomplete
transformed morphology) and are conditionally transformed.
Analysis of viral E1A gene expression in d/1500 virus-
infected CREF cells has revealed a 5- to 10-fold. decrease
relative to In340 virus, due to the absence of the trans-
activating protein domain unique to the 13S mRNA gene
product (24, 33). Therefore, it is possible that the transfor-
mation phenotype of the dl1500 virus could be due to the
combined absence of viral E1A 13S mRNA expression and a
general reduction in the rate of viral E1A transcription.

Taken together, these findings could explain why the
Ela(r) virus has certain transforming properties resembling
both the dI1500 and wild-type viruses. We found that follow-
ing an 88-h infection of CREF cells by the Ela(r) virus, E1A
mRNA levels are equivalent to those observed following a
16-h CREF cell infection by In340 virus (Fig. 2C). If we
assume that commitment to the transformation process
occurs prior to the time when virus-infected cells produce
equal levels of EIA mRNAs, we can propose a model.
Reduced viral E1A 289R and 243R protein levels in the
infected cells somehow could result in more cells participat-
ing in this process (as has been postulated for the dI1500
virus) (33). Following this cell commitment stage of the
process, E1A gene expression gradually increases (possibly
from integrated viral genomes) to the point where sufficient
E1A 289R protein is expressed and leads to the transactiva-
tion of certain viral (E1B) and cellular genes, which results in
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a fully transformed cell appearance. Since dI1500 and
AdShrl transformed cells fail to express a wild-type 289R
protein, a fully transformed phenotype is not observed.
While this scenario explains the transforming phenotypes of
all the viruses described in our studies, it will of course
require experimental verification.

Senear and Lewis (47) have found that overexpressing the
Ad2 E1A gene from a plasmid vector resulted in transformed
mouse cells that retained a high level of E1A expression and
had many characteristics of a transformed cell expressing
both the viral E1A and E1B gene products. When a high rate
of E1A gene expression was maintained, the addition of the
viral E1B gene did not alter the overall transformation
efficiency. Unlike these previous plasmid transfection stud-
ies, our experiments using rat fibroblast cells and recombi-
nant adenoviruses have shown that transient (0 to 24 h
postinfection) elevated levels of E1IA mRNAs (from the
dI309-6 virus) lead to a modest twofold decrease in cellular
transformation, when compared with wild-type virus. We
have not yet determined if maintaining a high rate of viral
E1A gene expression in the absence of viral E1B gene
expression would alter the transforming ability of such a
virus. Furthermore, it should be noted that both d/309-6 and
E1A(r) fail to show altered transcription rates following
stable viral DNA integration. We do not know how a virus
that produced low or high amounts of E1A postintegration
would transform CREF cells or affect the biological proper-
ties of the transformed cells.

Lastly, we must consider how the transformed cell regu-
lates viral gene expression following viral DNA integration
into the host cell chromosome. Our studies clearly show that
viruses which express their E1A and E1B genes at dramat-
ically different rates 8 h after CREF cell infection express
comparable levels of E1A and E1B mRNAs in established
transformed cell lines (variations in E1A and E1B expression
are observed, but the averages of 17 transformed cell lines
are the same). There could be several explanations for the
regulated viral gene expression observed. First, one might
speculate that cells which are ultimately transformed by
adenovirus may require localization of the viral DNA in a
region of the host DNA sequences that allows cellular
dependent cis regulation of viral E1A and E1B gene tran-
scription. In general, however there is little evidence that
site selection of viral DNA integration contributes to the
transforming phenotype for adenovirus (for a review, see
reference 12). Second, the cell that is ultimately transformed
by adenovirus does not either express or posttranslationally
modify certain cellular transcription factors that function to
modulate the rate of viral early gene expression. These could
include any of the cellular transcriptional factors known to
regulate viral E1A and E1B gene expression (for a review,
see reference 30) or some novel factor that is uniquely
present in the transformed cell. Third, the integrated viral
DNA sequences may assume a DNA conformation that
allows uniformly low rates of viral E1A and E1B gene
expression, despite the level observed from episomal viral
DNA templates. This concept is supported by the studies of
Gaynor and Berk (15) and our observation that a prolonged
Ela(r) virus infection of CREF cells leads to increased levels
of the viral E1A and E1B cytoplasmic mRNAs. Therefore, a
conformational change in the viral DNA template may be
contributing to the rate of viral E1A gene expression.
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