MOLECULAR AND CELLULAR BIOLOGY, July 1999, p. 4739-4749
0270-7306/99/$04.00+0

Vol. 19, No. 7

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Suppression of E1A-Mediated Transformation by the pSOE4F
Transcription Factor

ELMA R. FERNANDES'f anp ROBERT J. ROONEY?*

Department of Biochemistry, St. Jude Children’s Research Hospital, Memphis, Tennessee 38105," and Department of
Genetics, Duke University Medical Center, Durham, North Carolina 277107

Received 25 January 1999/Returned for modification 24 February 1999/Accepted 20 April 1999

The adenovirus E1A gene can act as an oncogene or a tumor suppressor, with the latter effect generally
arising from the induction of apoptosis or the repression of genes that provide oncogenic growth stimuli (e.g.,
HER-2/c-erbB2/neu) or increased metastatic invasiveness (e.g., metalloproteases). In this study, coexpression of
E1A and p50E4F, a cellular transcription factor whose DNA binding activity is stimulated by E1A, suppressed
colony formation by NIH 3T3 cells and transformation of primary rat embryo fibroblasts but had no observed
effect in the absence of E1A. Domains in pSOE4F required for stimulation of the adenovirus E4 promoter were
required for the suppressive effect, indicating a transcriptional mechanism. In serum-containing media,
retroviral expression of pSOE4F in E1A13S/ras-transformed NIH 3T3 fibroblasts had little effect on subcon-
fluent cultures but accelerated a decline in viability after the cultures reached confluence. Cell death occurred
by both apoptosis and necrosis, with the predominance of each process determined by culture conditions. In
serum-free media, pSOE4F accelerated E1A-induced apoptosis. The results suggest that pSOE4F sensitizes cells

to signals or conditions that cause cell death.

Ectopic expression of the adenovirus E1A oncogene can
cause a variety of phenotypic changes that range from immor-
talization and oncogenic cotransformation to the induction of
apoptosis or the suppression of tumorigenic or metastatic
growth. The diverse and, at times, contradictory nature of
these changes reflects the number and complexity of cellular
regulatory pathways that are targeted by E1A. Promotion of
oncogenic growth is achieved mainly through the interaction of
E1A with products of the retinoblastoma tumor suppressor
gene family, Rb, p107, and p130, and the transcriptional coac-
tivators p300 and CBP (for reviews see references 17, 18, 51,
and 52). E1A interaction with Rb family proteins abrogates
control of E2F transcription factors and the expression of
E2F-regulated genes required for DNA synthesis or cell cycle
progression (15, 41, 53, 75), whereas E1A interaction with
p300/CBP functionally inactivates other factors that use p300/
CBP to stimulate the transcription of cyclin-dependent kinase
(CDK) inhibitors p15 and p21 (12, 42, 68) and/or otherwise
maintain cells in a nonproliferative or differentiated state (8,
19, 30, 36, 37, 57, 67, 70, 73, 78). Additional mechanisms have
also been proposed for E1A deregulation of the CDK inhibi-
tors p21 and p27 through other pathways (1, 21, 47).

In various circumstances, these same interactions can also
adversely affect cell growth and survival. For example, in a
variety of breast and ovarian carcinoma cell lines, the interac-
tion of E1A with p300/CBP is responsible for E1A-mediated
repression of the HER-2/c-erbB2/neu oncogene and thereby
suppresses tumor formation by those cell lines in rodents (4, 5,
76). In primary fibroblasts, E1A interaction with Rb family
proteins and possibly p300/CBP leads to the stabilization of
p53 and induction of p53-dependent apoptosis following serum
withdrawal (7, 16, 27, 46, 74). Recent evidence indicates that
E1A stimulates the expression of the p19®¥ tumor suppressor
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(16), whose interaction with Mdm-2 and p53 inhibits p53 ubig-
uitination and degradation (34, 35, 55). Moreover, E1A-in-
duced apoptosis was significantly reduced in ARF-null mouse
embryo fibroblasts (MEFs), supporting the contention that
cellular transformation by nuclear oncogenes such as E1A or
c-myc initially requires abrogation of the ARF-p53 pathway,
either by mutation or by introduction of a cooperating onco-
gene (e.g., one encoding activated Ras, E1B 19K, or Bcl-2) (13,
43, 45, 80). It should be noted, however, that E1A-induced
apoptosis was not completely eliminated in ARF-null MEFs,
indicating the involvement of pl19***-independent mecha-
nisms as well.

Other distinct oncogenic and tumor suppressor properties
have also been attributed to E1A. Although perhaps more
subtle in effect, they include both positive and negative mod-
ulation of E1A’s own immortalization and transformation ca-
pacities (3, 6, 9, 26) as well as repression of tumorigenesis and
metastatic growth by a variety of tumor cell lines (3, 22, 23, 44,
56, 77). Although the mechanisms responsible for many of
these effects have not been fully established, a number of them
require regions in the C-terminal half of E1A and do not
appear to involve a direct interaction with Rb family proteins
or p300/CBP. Thus, a number of regulatory systems that influ-
ence ElA-induced phenotypic changes remain to be deter-
mined.

A primary function of E1A is to regulate transcription. One
of the mechanisms utilized by E1A to transactivate the adeno-
virus E4 promoter involves the differential regulation of two
related transcription factors, p120E4F and a proteolytically
derived amino-terminal fragment of p120E4F termed p50E4F.
The two factors have the same DNA binding domain (DBD)
but exert opposite effects on the E4 promoter: p120E4F re-
presses E4 transcription, whereas pSOE4F stimulates it. During
adenovirus infection, E1A induces the independent phosphor-
ylation of both factors, causing the down-regulation of p120E4F
DNA binding activity and stimulation of pSOE4F DNA binding
activity, which thereby contributes to activation of the E4 pro-
moter (20).

We recently showed that ectopic expression of p120E4F in
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NIH 3T3 fibroblasts led to the stabilization of CDXK inhibitors
p21 and p27 and inhibited colony formation due to cell cycle
arrest near the G,/S transition (21). Expression of either E1A
or activated ras alleviated p120E4F-induced growth suppres-
sion through stimulation of cyclin D1 expression by ras or by
direct interaction with Rb and down-regulation of p120E4F by
E1A. Due to their coregulation by E1A, we surmised that both
p120E4F and pS0E4F might comprise a regulatory system in-
volved in cell cycle checkpoint control. However, pSOE4F had
no apparent effect on nontransformed NIH 3T3 fibroblasts.

In this report, we show that ectopic expression of pSOE4F
can suppress the cotransformation of NIH 3T3 cells and pri-
mary rat embryo fibroblasts (REFs) by E1A and activated ras
but, consistent with past results, has no effect in the absence of
E1A. Suppression requires pSOE4F domains that are required
for regulation of the E4 promoter, indicating that the effect is
due to p50E4F-regulated transcription. In serum-containing
media, ectopic pSOE4F expression increased the onset of cell
death in confluent cultures of NIH 3T3 cells that coexpress
E1A and activated ras, while no effect was seen in subconfluent
cultures. Cell death occurred predominantly by necrosis (acci-
dental cell death) when the medium was not frequently
changed and predominantly by apoptosis (programmed cell
death) in cultures with fresh media. Moreover, pSOE4F expres-
sion increased the onset of apoptosis in subconfluent E1A-
expressing cells upon serum withdrawal. We infer from these
results that pSOE4F does not directly induce cell death per se
but rather sensitizes cells to whatever death signals are trig-
gered by existent conditions.

MATERIALS AND METHODS

Plasmids. pCMVs-E4F262 contains E4F residues 1 to 262 fused to the S-
peptide sequence (Novagen) and expressed from the immediate-early cytomeg-
alovirus (CMV) promoter in vector pCMV5 (20). pCMVs-E4FN1, pCMVs-
E4FN2, pCMVs-E4FNS, pCMVs-E4FC1, pCMVs-E4FC2, and pCMVs-E4FC3
contain N-terminal and C-terminal truncations of the E4F262 sequence, as
described below, subcloned into pCMV5 from previously described pCITE-E4F
constructs (63). pPCMV-E4FNI(fs) contains a 1-bp deletion at the beginning of
the E4FN1 sequence. pBA-E1A(12S) and pBA-E1A(13S) contain the E1A(12S)
and E1A(13S) cDNAs, respectively, cloned into pBA-Pr-neo (28, 73); E1A ex-
pression is driven by the human B-actin promoter, and the neomycin resistance
(Neo") gene is driven by the simian virus 40 (SV40) promoter. pSP72-ras contains
an SV40 promoter-driven T24 H-ras oncogene (64). pPCMV-NF-IL6 and pCMV-
ATF-2 express human cDNAs for NF-IL6 and ATF-2, respectively (20). pPCMV-
E1B19K (a gift from Eileen White, Rutgers University, Piscataway, N.J.) ex-
presses the EIB19K c¢DNA (59). pE4-CATI1 contains the adenovirus E4
promoter (—224 to +32) fused to the bacterial chloramphenicol acetyltrans-
ferase (CAT) gene (20). The proviral vector pPEQG1Na contains the Neo® gene
cloned between Moloney murine leukemia virus 5 and 3’ long terminal repeats
(54); the pEQ backbone contains the SV40 origin. pEQG1-E4F262-tkneo ex-
presses E4F residues 1 to 262 from the Moloney murine leukemia virus 5’ long
terminal repeat and the Neo" gene from an internal herpes simplex virus thymi-
dine kinase gene promoter. Retroviral replication and packaging functions were
provided by the amphotropic helper plasmid pEQPAM3 (54). pEQG1Na and
pEQPAMS3 were a gift from Elio Vanin, St. Jude Children’s Research Hospital,
Memphis, Tenn., with permission from Genetic Therapy, Inc.

Cell culture. Primary fibroblasts and all cell lines were maintained in Dulbec-
co’s modified Eagle’s medium containing 10% fetal bovine serum unless other-
wise noted. NIH 3T3 cell lines expressing activated H-ras (3T3/ras) contain
pSP72-ras and either pBA-Pr-neo or pPRMM (PGK-HYGRO) (a gift from Paul
Ney) for G418 or hygromycin B resistance, respectively. E1A12S/3T3 cell lines
were created by using pBA-E1A(12S) and selected for G418 resistance. To create
E1A13S/ras cell lines, hygromycin B-resistant (Hygro") 3T3/ras cells were trans-
fected with pBA-E1A(13S) and selected in medium containing G418 (0.4 mg/ml)
and hygromycin (0.8 mg/ml). E1A and Ras protein levels in isolated colonies
were determined by Western blotting.

Colony formation and transformation assays. NIH 3T3 fibroblasts (a gift from
Martine Roussel, St. Jude Children’s Research Hospital) were transfected by the
DNA-calcium phosphate coprecipitation method as previously described (21).
Transfected cells were split 1:10 the next day and grown in medium containing
G418 (0.4 mg/ml) for 24 days; the medium was replaced every 3 to 5 days.
Colonies were stained after 24 days with 1X crystal violet stain (Sigma) in
phosphate-buffered saline (PBS) and scored visually. Primary REFs from 8.5-
day-old Fisher rat embryos were a generous gift from Gerard Zambetti (St. Jude
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Children’s Research Hospital) or obtained from BioWhittaker. Passage 3 REFs
were transfected by the DNA-calcium phosphate coprecipitation method; 10°
cells were transfected by the DNA-calcium phosphate coprecipitation method;
10° cells were transfected with a total of 20 pg of DNA containing 1.25 pg of
each plasmid (as specified) and denatured salmon sperm DNA. Cells were fed
every 3 to 5 days with Dulbecco’s modified Eagle’s medium containing 5% fetal
bovine serum and stained after 28 days with 1X magic stain (200X magic stain
contains 3 g of crystal violet and 0.8 g of ammonium oxalate in 100 ml of 20%
ethanol) in PBS. Transformed foci were scored over a light box.

Retrovirus production and infection. Proviral vectors pEQG1Na and pEQG1-
E4F262-tkneo were cotransfected with pEQPAMS3 into Cos 7 cells by electro-
poration (54). The medium was changed the following morning; viral superna-
tants were collected 72 h later, filtered, and frozen in aliquots at —80°C until use.
Viral titers (CFU per milliliter) were measured by selection of G418-resistant
colonies after NIH 3T3 cells were infected with serial dilutions of the superna-
tants. For bulk infections, cells underwent two consecutive 6-h incubations with
viral supernatants containing 10 ug of Polybrene per ml, each at a multiplicity of
infection (MOI) of 5 to 10 CFU/cell. An equal volume of fresh medium was
added for an additional 12 h after the second infection, after which the cultures
were trypsinized, counted, and plated at the densities indicated.

Cell viability, cell cycle, and apoptosis assays. Infected cells were plated at
2.0 X 10* cells/well in 17-mm-diameter wells or 10* cells/well in 35-mm-diameter
wells. In serum deprivation experiments, infected cells were washed and refed
with serum-free medium 2 days after plating. At the indicated times, attached
cells (harvested with trypsin) and floating cells (in the culture supernatant) were
collected by centrifugation and resuspended in PBS containing 10 pg of soybean
trypsin inhibitor (Boehringer Mannheim) per ml. Cell viability was determined
by trypan blue dye exclusion. Cell cycle distribution and DNA content were
determined by fluorescence-activated cell sorting (FACS) of propidium iodide-
stained nuclei (PI-FACS) as previously described (38). The extent of apoptosis
and necrosis was determined by FACS analysis after double staining with an-
nexin V-R-phycoerythrin conjugate (annexin V-PE) and 7-aminoactinomycin D
(7-AAD) as recommended by the supplier (PharMingen).

CAT assays. Transfections were performed in 35-mm-diameter wells by using
the Lipofectamine reagent (Life Technologies); 10° NTH 3T3 cells were plated in
each well 24 h prior to transfection. Each well was transfected with a total of 2.0
pg of DNA containing 250 ng of pE4-CAT1, 0 to 1,000 ng of pPCMV-E1A(13S),
0 to 500 ng of pCMVs-E4F262 or -E4F truncation mutant, 250 ng of pCMV-
E1B19K, and pCM V4 as carrier. After 40 h, cells were washed in PBS and lysed
by addition of 0.5 ml of 0.25 M Tris-HCI (pH 8.0)-0.04% Nonidet P-40 to each
well. Cell extracts were directly assayed for CAT activity in microcentrifuge tubes
(20) and normalized for protein concentration in 96-well plates. All transfections
were performed in duplicate, and each specific set was repeated 3 to 12 times.
The amounts of acetylated and unacetylated ['*C]chloramphenicol were quan-
titated by PhosphorImager (Molecular Dynamics) analysis.

Western blots. Whole-cell or membrane fraction lysates were prepared from
NIH 3T3 cell lines or transfected NIH 3T3 and HeLa cells, separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and analyzed by Western
blotting using standard procedures (29). E4F-N4-specific polyclonal antiserum
was previously described (20). Monoclonal and polyclonal antibodies against
E1A and Ras proteins were from Santa Cruz Biotechnologies. Immune com-
plexes were detected using SuperSignal Ultra enhanced chemiluminescence re-
agents (Pierce).

Gel shift assays. Nuclear extracts from HeLa cells transfected with pCMVs-
E4FN1 were prepared 48 h posttransfection, applied to a 1-ml heparin-agarose
column in buffer containing 0.1 M KCI, washed with buffer containing 0.25 M
KCl, and eluted with buffer containing 0.4 M KCI as described previously (61).
E4F-N1 DNA binding activity was bound to 3?P-labeled Edwt (wild-type E4)
probe and assayed under standard E4F gel shift conditions (62).

RESULTS

E4F262 suppresses cotransformation by E1A and activated
ras. We previously demonstrated that a polypeptide containing
the first 262 amino acids encoded by the E4F cDNA (E4F262)
is functionally equivalent to endogenous pSOE4F in terms of (i)
DNA binding specificity and stability and (ii) transcriptional
activation (20, 63); E4F residues 84 to 262 are sufficient for
El1A-regulated DNA binding activity (Fig. 1). To assess the
ability of pSOEA4F to influence E1A-mediated transformation,
NIH 3T3 fibroblasts were cotransfected with an E4F262 ex-
pression construct in combination with separate constructs that
express one of the two major E1A transcripts, E1A(13S) or
E1A(12S), and activated ras and then assayed for colony for-
mation (Table 1). E4F262 expression in the absence of E1A
(with or without activated ras) had no significant effect on
colony formation, consistent with our previous report that the
growth and viability of NIH 3T3 cell lines expressing E4F262
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FIG. 1. E1A stimulates the DNA binding activity of the E4F-N1 protein. (A)
Gel shift analysis of E4AF-N1 (E4F residues 84 to 262) DNA binding activity in
extracts of HeLa cells transiently transfected with pCMVs-E4FN1 with or with-
out pCMV-E1A(13S). Nuclear extracts (N.E.) were prepared 48 h posttransfec-
tion and step fractionated on heparin-agarose. (B) Western blots of whole-cell
extracts (W.C.E.) from the transfected cells. E4F-N4-specific antiserum was used
to detect E4F-N1 protein (top); monoclonal antibody M73 was used to detect
E1A protein (bottom).

or E4F262 and activated ras were the same as for the parental
line (21). In contrast, coexpression of E4F262 with either
E1A(13S) or E1A(12S) and activated ras reduced the number
of G418-resistant colonies nearly 10-fold relative to control

TABLE 1. Effect of E4F262 expression on NIH 3T3
colony formation

Expression Coexpressed Fold change in colony
construct oncogene(s) no. (SD)*
pCMV5 1.00
E4F262° 1.16 (0.06)
pCMV5 T24 ras 1.00
E4F262 T24 ras 0.95 (0.24)
pCMV5 E1A(13S) + T24 ras 1.00
E4F262 E1A(13S) + T24 ras 0.23 (0.02)
pCMV5 E1A(12S) + T24 ras 1.00
E4F262 E1A(12S) + T24 ras 0.11 (0.04)
E4F-N1 E1A(12S) + T24 ras 0.08 (0.07)
E4F-N2 E1A(12S) + T24 ras 0.40 (0.08)
E4F-C1 E1A(12S) + T24 ras 0.70 (0.31)
E4F-C2 E1A(12S) + T24 ras 0.93 (0.12)
NF-IL6 E1A(12S) + T24 ras 0.77 (0.23)
ATF-2 E1A(12S) + T24 ras 1.19 (0.31)

¢ Calculated as number of G418-resistant colonies from transfection contain-
ing pCMV construct expressing E4F262, E4F262 mutant, NF-IL6, or ATF-2/
number of G418-resistant colonies from pCMVS5 control transfection. For each
set of transfections containing a pCMV-expressed transcription factor, parallel
transfections containing pCMV5 and the indicated coexpressed oncogene(s)
were used as controls. Values were derived from two to three independent
experiments, each performed in duplicate or triplicate. pCMV5 control trans-
fections typically produced 30 to 50 colonies in the absence of E1A and 50 to 150
colonies in the presence of E1A. A colony diameter of =3 mm was used as a
criterion of unabated growth.

> Each transfection of 5 X 10° NIH 3T3 fibroblasts contained 1.0 pg of
pCMVS5 or the indicated pCMV5-transcription factor construct, 1.0 pg of pBA-
Pr-neo, 1.0 pg each of pPCMV-E1A(13S), pPCMV-E1A(12S), or pSP72-ras (T24
ras), as indicated, and pBluescript plasmid, for a total of 20.0 pg of DNA.
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FIG. 2. E4F262 does not inhibit E1A expression from pBA-E1A(13S).
Shown are Western blots of lysates from NIH 3T3 cells transfected with E1A
expression plasmid pBA-E1A(13S), pSOE4F expression plasmid pCMVs-
E4F262, or pBA-E1A(13S) plus pPCMVs-E4F262; a duplicate set of transfections
contained the activated ras expression plasmid pSP72-ras (+ Ras). Polyclonal
antibodies against the E1A(13S) product were used to detected E1A protein
[EIA (289R)].

transfections expressing E1A and ras. Moreover, coexpression
of two other transcription factors that recognize the E4F bind-
ing site (ATF-2, NF-IL6) with E1IA(12S) and activated ras did
not reduce colony numbers relative to controls, indicating that
the suppressive effect was E4F262 specific. As a further con-
trol, Western blot analysis showed that E4F262 did not signif-
icantly reduce expression from pBA-E1A(13S) in NIH 3T3
cells (Fig. 2).

The effect of E4F262 on E1A-mediated transformation was
also assessed by coexpressing E4F262 with E1A(13S) or
E1A(12S) and activated ras in primary REFs and then assaying
for the formation of transformed foci (Table 2). Consistent
with many past studies, coexpression of E1A(13S) or E1A(12S)
with activated ras readily produced transformed foci; expres-
sion of E1A(13S), E1IA(12S), activated ras, or E4F262 alone
did not. Coexpression of E4F262 with E1A(13S) and activated
ras reduced the number of transformed foci nearly 20-fold.
Coexpression of E4F262 with E1A(12S) and activated ras was

TABLE 2. Effect of E4F262 expression of E1A transformation of

primary REFs

Expression Coexpressed Fold change in no. of REF

construct oncogene(s) foci (SD)”
pCMV5 E1A(13S) + T24ras 1.00
E4F262° E1A(13S) + T24ras 0.05 (0.01)
E4F262 E1A(12S) + T24ras 0.35 (0.05)
E4F-N1 E1A(12S) + T24ras 0.37 (0.03)
E4F-N2 E1A(12S) + T24ras 0.90 (0.04)
E4F-N5 E1A(12S) + T24ras 0.86 (0.01)
E4F-C3 E1A(12S) + T24ras 0.89 (0.04)
E4F-N1(fs) E1A(12S) + T24ras 1.18 (0.07)
NF-IL6 E1A(12S) + T24ras 1.13 (0.02)

¢ Calculated as number of transformed foci from transfection containing
pCMYV construct expressing E4F262, E4F262 mutant, NF-IL6, or ATF-2/number
of foci from parallel pPCMV5 control transfections. Values were derived from two
independent experiments, each performed in duplicate or triplicate. pCMV5
control transfections containing E1A and T24 ras expression constructs typically
produced 100 to 200 transformed foci per plate. pCMV5 or pCMVs-E4F262
transfections that did not contain E1A and T24 ras expression constructs pro-
duced zero to four foci per plate. A focus diameter of =2 mm was used as the
criterion for transformation.

b Each transfection of 10° passage 3 REFs contained 1.25 g of pCMV5 or the
indicated pCMV-transcription factor construct, 1.25 ng of pPCMV-E1A(13S) or
pCMV-E1A(12S), 1.25 pg of pSP72-ras (T24 ras), and sonciated salmon sperm
DNA, for a total of 20.0 ng of DNA.
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FIG. 3. E4F262 truncation mutants. (A) Schematic depiction of E4F262,
N-terminal deletion mutants (N1, N2, and N5), and C-terminal deletion mutants
(C1, C2, and C3) used in this study; E4F262 residues that remain in each
truncation mutant are indicated by black bars and denoted in parentheses. (B)
Western blot of lysates from NIH 3T3 cells transfected with pCMVs constructs
expressing wild-type (WT) E4F262 and the truncation mutants. E4F-N4-specific
antiserum was used to detect E4F proteins (marked by arrowheads); E4F-N5 and
E4F-C3 (not shown) proteins do not contain the epitope recognized by this
antiserum.

somewhat less effective but still consistently reduced the num-
ber of transformed foci threefold. As controls, coexpression of
NF-IL6 or an E4F262 mutant containing a frameshift at resi-
due 84 did not reduce the number of transformed foci. Thus,
the results from two independent systems indicate that E4F262
overexpression can specifically suppress the growth of E1A-
transformed cells.

Domains in E4F262 required for transformation suppres-
sion. Previous experiments indicated that the pSOE4F DBD is
located between residues 189 and 262 (63). To determine if the
DBD or other functional domains are required for transfor-
mation suppression, we tested a series of expression constructs
containing N- and C-terminal truncations of the E4F262 se-
quence (Fig. 3) for the ability to suppress the growth of
E1A(12S)/ras-transformed NIH 3T3 cells and REFs. In the
NIH 3T3 colony formation assay (Table 1), deletion of N-
terminal residues 1 to 83 (N1 truncation) had no effect on
colony suppression, whereas further deletion of residues 1 to
116 (N2 truncation) greatly reduced the suppressive effect.
C-terminal truncations were introduced into the E4F-N1 con-
struct and tested as described above. Deletion of residues 226
to 262 (C1 truncation), which covers half of the DBD, abol-
ished the suppressive effect, as did deletion of residues 190 to
262 (C2 truncation), which covers the entire DBD.
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In the REF focus formation assay (Table 2), the (N1 trun-
cation) again had no effect, whereas further deletion of resi-
dues 1 to 116 and 1 to 188 (N2 and N5 truncations) abolished
the suppression of transformed foci. On the C-terminal end,
deletion of residues 164 to 262 (C3 truncation), which covers
the entire DBD, also abolished the suppressive effect in REFs.
The results from both assays indicate that residues in the DBD
and a separate upstream region with an N-terminal boundary
between residues 84 and 116 are required for transformation
suppression.

Domains in E4F262 required for transcriptional regulation.
To determine if the regions in pSOE4F that were required for
transformation suppression correlated with those regions re-
sponsible for transcriptional regulation, E4F262 and the trun-
cation mutants were transiently coexpressed with E1A(13S) in
NIH 3T3 fibroblasts and analyzed for the ability to regulate the
expression of an E4 promoter-driven CAT reporter construct
(E4-CAT). E1A(13S) stimulated E4-CAT activity in a biphasic
manner, with activation starting at low E1A(13S) levels, in-
creasing to a peak at intermediate E1A(13S) levels, and then
decreasing at high E1A(13S) levels, presumably due to pro-
moter squelching (Fig. 4A). This type of response curve is
consistent with many past studies, although peak activity levels
in NIH 3T3 cells (ca. 15-fold) were significantly lower than
those that we typically observed in HeLa cells (ca. 80-fold)
(20).

Expression of E4F262 in the absence of E1A(13S) had no
significant effect on E4-CAT activity. However, when increas-
ing amounts of E4F262 were coexpressed with E1A(13S), rel-
atively low amounts of E4F262 stimulated E4-CAT activity 1.5-
to 3-fold at suboptimal and peak E1A levels but had little or no
effect at high E1A levels (Fig. 4A). In contrast, coexpression of
high amounts of E4F262 repressed or squelched E4-CAT ac-
tivity at all E1A levels (Fig. 4A). pPCMV-E1A(13S) expression
did not significantly change when cotransfected with increasing
amounts of pCMVs-E4F262 (Fig. 4B).

Over the course of many experiments, the amounts of
E4F262 and E1A(13S) that produced maximal stimulation of
E4-CAT activity varied, ranging between 5 and 100 ng for each
expression plasmid. In addition, it was not uncommon for the
E4F262 stimulatory effect to be more pronounced at low, sub-
optimal E1A levels. To compensate for this variability, the
transfection experiments were performed in a matrix format
where increasing amounts of E4F262 or E4F truncation mu-
tants were cotransfected with increasing amounts of E1A(13S),
to ensure that any effect on E4-CAT activity would be de-
tected. Under conditions in which E4F262 stimulated E4-CAT
activity, maximal stimulation by the N1 mutant was only
slightly (10 to 20%) lower than that by E4F262 (Fig. 4C). In
contrast, no stimulation was observed with the N2 and N5
mutants, setting the N-terminal boundary of a domain required
for E4 promoter stimulation between residues 84 and 116. The
C1 mutant was also unable to stimulate E4-CAT activity, in-
dicating that the DBD was required.

The N- and C-terminal deletion mutants were also tested at
higher amounts for the ability to squelch E4-CAT activation by
E1A(13S) (Fig. 4D). Under these conditions, the N1 mutant
reduced E4-CAT activity to the same extent as E4F262,
whereas the N2 and N5 mutants had no effect. C-terminal
mutants C1 and C2 also squelched E4-CAT activity similarly to
E4F262, whereas the C3 mutant had a variable but reduced
effect, setting the C-terminal boundary of the domain required
for squelching between residues 163 and 190; the variability of
the C3 mutant suggests the C-terminal boundary is close to
residue 163. Taken together, these results identify a central
region in pSOEA4F, approximately between residues 84 and 163,
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A & that is necessary and sufficient for squelching of the E4 pro-

ng\"’ {g@‘v \,’.\“"e’ moter and is required along with the pSOE4F DBD for stim-

SRS ulation of the E4 promoter. The same regions are required for
r

suppression of E1A-mediated transformation (Fig. 4E).

N N N
s8s8ss E4F262 stimulates cell death in confluent cultures of E1A-
c‘é u”z.u § E'EJ c‘é u;J expressing cells. We examined the nature of E4F262 growth
Ff o+ o+ 44 suppression by measuring cell growth and viability over a
2-week period after infecting parental NIH 3T3, 3T3/ras, or
- ew  ew — E4F262 E1A13S/ras cells with a replication-defective retrovirus that

expresses E4F262 (rvE4F262) or a control virus (rvG1Na)
(Fig. 5A). Cultures were infected by consecutive applications
of viral supernatants at an MOI of 5 to 10 CFUy/cell to ensure
[ o= e <—E1A(289R) that =90% of the cells were infected. Four independently
derived E1A13S/ras cell lines were tested individually or as a
pool, and no significant differences were observed between
b oude —RAS them (data not shown); results of experiments using the pooled

cell lines are presented.
We observed no differences in growth rates or viability be-
tween exponentially growing cultures of rvE4F262- and con-
B 100 snaiNaneced TS trol-infected cells (Fig. 5B). Also, PI-FACS revealed no differ-
SrvG1Na-infected 3T3/ras ences in cell cycle distribution (data not shown). However,
&vG1Na-infected E1A13S/ras starting 24 to 48 h after the infected cultures reached cell
> VE4F262-infected 3T3 confluence, the viability of rvE4F262-infected E1A13S/ras cells
g0 |™VE4F262-infected 3T3/ras decreased from 94 to 35% over an 8-day period whereas the
i VE4F262-infected E1A135/ras viability of control-infected E1A13S/ras cells remained above
90% (Fig. 5C). In contrast, the viability of cells not expressing
E1A (parental NIH 3T3 and 3T3/ras) did not change with
rvE4F262 infection over the same time period. After 2 weeks,
cell viability gradually declined in all of the cultures (not

shown).

Having observed a decrease in viability only in confluent
rvE4F262-infected cultures, we assessed several parameters
that could potentially affect the growth of cells in colony and
focus formation assays, i.e., high-density growth, time in cul-
ture, and exhaustion of medium (Fig. 6A). One day after in-
fection, rvE4F262- and control-infected E1A13S/ras cells were
plated at two densities (10* cells/35-mm-diameter well and
2.0 X 10* cells/17-mm-diameter well), and viability was as-
sessed over a 2-week period. For each set of cultures, half of
the wells received fresh medium every 2 days and the other half
were not replenished. Independent of the original cell density,
0 2 4 6 8 10 viability began to decrease only after cell confluence was

reached; length of time in culture did not correlate with loss of
Days in Culture (post-infection) viability. Replenishment of the culture medium delayed the
onset of cell death, particularly in cultures plated at the lower

(10%)

60

40

Number of Viable Cells

20

C cell density (medium in cultures plated at the higher cell den-
100

80 FIG. 5. Retroviral expression of E4F262 reduces cell viability in confluent

- cultures of E1A13S/ras cells. (A) Western blots of lysates from NIH 3T3, 3T3/ras,

x and E1A13S/ras cells infected with rvE4F262 or control retrovirus rvG1Na.

; i Polyclonal antibodies were used to detect E4F262 and E1A(289R) proteins in

= 60 {orveiNainfected 373 total cell lysates; rat monoclonal immunoglobulin G was used to detect Ras

2 4G 1Na-infected 3T3/ras proteins in lysates of membrane-enriched fractions. Lysates were harvested 96 h

s ) postinfection. (B) NIH 3T3, 3T3/ras, and E1A13S/ras cells were infected with

= “nvGt Na-mf_ected E1A13SIras vE4F262 or rvG1Na (MOI = 5 to 10 CFU/cell) for 24 h and grown in 35-mm-

& 40 -{=rvE4F262infected 3T3 diameter wells after replating at 10* cells/well. Cell counts were performed after

& rvE4F262-infected 3T3/ras r trypan blue staining at the indicated times. Growth curves were performed in

# rvE4F262-infected E1A13S/ras triplicate, with a standard deviation of =6% between triplicates for all points.

100% cell Cell viability was =95% at all points. NIH 3T3 cells were a single parental line;

20+ confluence : 3T3/ras cells were a pool of one Neo™- and one Hygro™ NIH 3T3 cell lines that

both express activated ras; E1A13S/ras cells were a pool of four Neo" and Hygro®

\L NIH 3T3 cell lines that express the E1A(13S) cDNA and activated ras. (C)

; : \ [ ‘ rvE4F262- or rvG1Na-infected NIH 3T3, 3T3/ras, and E1A13S/ras cells were

0 7 | J T T replated in 17-mm-diameter wells at 2.0 X 10* cells/well and received fresh

2 4 6 8 10 14 medium every 48 h. Cell viability was determined by trypan blue exclusion at the

indicated times. Viability curves were performed in duplicate in two independent

Days in Culture (post-infection) experiments, with a standard deviation of =9% between duplicates for all points

in both experiments. Cell confluence was determined by visual inspection.



VoL. 19, 1999

SUPPRESSION OF E1A-MEDIATED TRANSFORMATION BY p5S0E4F

4745

100

80

60 -

40 1

Cell Viability (%)

100% confluence 100% confluence

20 +

in 17 mm wells in 35 mm wells

V V

PRI REW Ut EEWUTIT

YT

S
12 105 10

10 4
ANNEXIN ¥ PE

0 1 1 f 1
2 4 6 8 10

Days in Culture (post-infection)

-e- 1.0 x 10 4 rvE4F262-infected cells plated per 35 mm well; media changed every 48 hrs.
& 1.0 x 10 4 rVE4F262-infected cells plated per 35 mm well; media unchanged throughout.
-4 2.0 x 104 rvE4F262-infected cells plated per 17 mm well; media changed every 48 hrs. D
¥ 2.0x 104 rvE4F262-infected celis plated per 17 mm well; media unchanged throughout.
© 1.0 x 10 4 rvG1Na-infected cells plated per 35 mm well; media changed every 48 hrs.
= 1.0 x 10 4 vG1Na-infected cells plated per 35 mm well; media unchanged throughout.
£ 2.0 x 104 rvG1Na-infected celis plated per 17 mm well; media changed every 48 hrs.
< 20x104 vG1iNa-infected cells plated per 17 mm well; media unchanged throughout.

- TR T T T T
0 ot 102 10® 10f
ANNEXIN ¥ PE

?AAE 103

1!

10
bl e el

100

"‘Q‘HHM} =TTy
0 ! 0© 10

1 3 et
ANNEXIN ¥ PE

-
o

FIG. 6. Culture conditions influence the onset and mechanism of cell death in rvE4F262-infected E1A13S/ras cells. (A) Quadruplicate cultures of rvE4F262- or
rvG1Na-infected E1A13S/ras cells were replated at two cell densities, 10* cells/35-mm-diameter well and 2.0 X 10* cells/17-mm-diameter well. Half of each set of
cultures received fresh medium every 48 h; the medium was unchanged in the other half. Average cell viability from duplicate wells was determined by trypan blue
exclusion at the indicated times; standard deviations were =10% between duplicates at all points. Two independent experiments were performed, and the results from
one representative experiment are shown. (B to D) Quadruplicate sets of rvE4F262-infected E1A13S/ras cells were replated at 2.0 X 10* cell/17-mm-diameter well with
fresh medium every 48 h (B), 10* cells/35-mm-diameter well with no fresh media after plating (C) and 10* cells/35-mm-diameter well with fresh medium every 24 h
(D). Cells were stained with annexin V-PE and 7-AAD and analyzed by FACS approximately 48 h after reaching confluence. Representative histograms from each
quadruplicate set are shown. Viable cells not undergoing cell death do not bind annexin V and exclude 7-AAD (lower left quadrant); cells in early apoptosis bind
annexin V but still exclude 7-AAD (lower right quadrant); cells in early necrosis do not bind annexin V but do not exclude 7-AAD (upper right quadrant); cells in late
apoptosis or necrosis and dead cells bind annexin V and do not exclude 7-AAD (upper right quadrant). Quadrant boundaries were set by using rvG1Na-infected

E1A13S/ras cells and uninfected NIH 3T3 cells.

sity usually became acidic within 24 h of replenishment after
the culture exceeded 100% confluence). These data indicate
that both cell confluence and medium exhaustion play a role in
triggering the death of pSOE4F-expressing E1A/ras cells.
Initially, microscopic examination and PI-FACS analysis
were inconclusive as to whether confluent rvE4F262-infected
E1A13S/ras cultures were dying by apoptosis or necrosis (data
not shown). However, FACS analysis of cells stained with
annexin V and the vital dye 7-AAD gave consistent results
regarding the mechanism of cell death. During the early stages
of apoptosis, cells begin to lose membrane asymmetry and
annexin V can bind to phosphotidylserine that has translocated
to the outer surface of the plasma membrane (48, 72). Thus,
early apoptotic cells stain positive for annexin V and negative
for vital dyes, whereas cells during early necrosis stain annexin
V negative and vital dye positive prior to cell rupture; late

apoptotic, late necrotic, and dead cells have lost membrane
integrity and stain positive for both (65, 66, 71).
Quadruplicate sets of rvE4F262-infected E1A13S/ras cells
were grown in three culture conditions. One set was plated at
2.0 X 10* cells/17-mm-diameter well and received fresh me-
dium every 2 days; the second set was plated at 10* cells/35-
mm-diameter well and was not replenished with fresh medium
after plating; the third set was plated at 10* cells/35-mm-diam-
eter well and received fresh medium every 24 h to ensure
against medium depletion or acidification. Cells were har-
vested 48 h after reaching confluence and analyzed by FACS
after staining with annexin V and 7-AAD (Fig. 6B to D). The
higher-density cultures (Fig. 6B) were 82 to 86% viable (as
judged by vital dye exclusion), with 4 to 7% of the cells showing
evidence of early necrosis (upper left quadrant), 3 to 5% show-
ing evidence of early apoptosis (lower right quadrant), and 8 to
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12% dead (upper right quadrant). The lower-density cultures
that were not replenished (Fig. 6C) were 69 to 82% viable (as
judged by vital dye exclusion), with 7 to 13% of cells showing
evidence of early necrosis, 1 to 2% showing evidence of early
apoptosis, and 9 to 15% dead. In contrast, the lower-density
cultures that were replenished every 24 h (D) were still 92 to
95% viable (as judged by vital dye exclusion), but with 12 to
15% of cells showing evidence of early apoptosis, 0 to 1%
showing evidence of early necrosis, and 4 to 7% dead. Control-
infected E1A13S/ras cells grown under the three culture con-
ditions were all =94% viable, and the number of cells in either
the upper left (necrosis) or lower right (apoptosis) quadrant
was =2% of the total population (data not shown). These data
indicate that pSOE4F accelerates cell death regardless of which
process is triggered but may not be a trigger itself.

E4F262 stimulates E1A-induced apoptosis. Having demon-
strated that E4F262 could stimulate cell death under condi-
tions that approximated those in colony and transformed focus
formation assays (i.e., high density cell growth in 10% serum),
we next determined the effect of E4F262 in NIH 3T3 cells
under conditions typically used to study E1A-induced apopto-
sis. Two E1A(12S)-expressing NIH 3T3 cell lines, one E1A13S/
ras cell line, 3T3/ras cells, and parental NIH 3T3 cells were
infected with rvE4F262 or control virus and plated at low
density (10* cells/35-mm-diameter well). Two days later, the
infected cells were serum deprived for 24 and 48 h, and the
percentage of apoptotic cells with a subdiploid DNA content
was determined by PI-FACS analysis; the average percentages
of apoptotic cells from E1A-expressing cells and parental cells
are presented with representative histograms (Fig. 7).

Although NIH 3T3 cells do not express p19*%* (58), a mod-
est increase in apoptosis was still observed in control-infected
E1A-expressing cells, similar to the attenuated induction of
apoptosis seen in ARF~'~ MEFs (13). This occurred in both
E1A13S/ras cells and E1A12S/3T3 cells, confirming a result
previously seen in REF52 cells that coexpression of activated
ras does not completely protect against E1A-induced apoptosis
(46). Importantly, the percentage of apoptotic cells tripled in
rvE4F262-infected E1A-expressing cells when compared to
control-infected E1A-expressing cells. By contrast, in NIH 3T3
and 3T3/ras cells, there was little or no indication of apoptosis
with either rvE4F262 or the control virus. Moreover, no effect
was observed when the cultures were maintained in 10% serum
(data not shown). Thus, again, E4F262 significantly increased
the onset of apoptosis when expressed in the presence of an
activator (E1A) and triggering stimuli (E1A and serum deple-
tion).

DISCUSSION

Here we have shown that ectopic expression of pSOE4F, a
cellular transcription factor whose DNA binding activity is
stimulated by E1A, can suppress the growth of primary and

FIG. 7. E4F262 expression increases ElA-induced apoptosis in serum
starved NIH 3T3 cells. After infection by rvE4F262 or control virus (rvG1Na),
two independent E1A12S/3T3 cell lines, one E1A13S/ras cell line, one 3T3/ras
cell line, and parental NIH 3T3 cells were replated at 10* cells/ 35-mm-diameter
well, cultured for 48 h, and then shifted to serum-free medium for 24 and 48 h.
At each time point, the degree of apoptosis was determined by the percentage of
cells with a subdiploid DNA content as measured by PI-FACS analysis. (A)
Average percentages of apoptotic cells from El1A-expressing and non-E1A-
expressing (3T3) cell lines infected with rvE4F262 or rvG1Na. Standard devia-
tions are indicated by thin vertical lines. (B to E) Representative DNA histo-
grams of rvE4F262- or rvG1Na-infected NIH 3T3 (B), E1A12S/3T3 (C), 3T3/ras
(D), and E1A13S/ras (E) cells after 24 h in serum-free medium. The position of
the subdiploid DNA peak is indicated by a bar in the upper right panel.
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established REFs transformed by E1A and activated ras. The
expression of p50E4F by itself or with activated ras did not
suppress colony formation, strongly suggesting that the sup-
pressive effect required specific stimulation of pSOE4F DNA
binding activity by E1A, although it might also reflect a more
general effect caused by oncogenic, hyperproliferative growth.
Clearly, pSOE4F’s ability to function as a transcription factor is
required for growth suppression, as shown by the negative
impact of deletions within the C-terminal DBD and the central
region required for E4 promoter stimulation. The requirement
for both regions indicates that the suppressive effect is not
simply due to squelching or competitive binding to promoter
elements. This inference is also supported by observations in
our laboratory that the levels of E4F262 expression achieved
by the transfection conditions used in the colony suppression
assay or by infection with rvE4F262 are considerably (10- to
100-fold on a per-cell basis) lower than that achieved by the
transfection conditions used for E4 promoter squelching (60).
Thus, regardless of whether it is controlled directly or indi-
rectly by E1A, transcriptional regulation by pSOEA4F is likely
responsible for the suppressive effect in the colony and trans-
formed focus formation assays.

pSOEAF is generated by proteolysis of p120E4F, a low-abun-
dance zinc finger protein that is ubiquitously expressed in all
tissues (20, 61). We previously demonstrated that ectopic ex-
pression of p120E4F will also suppress colony formation but,
unlike pSOE4F, does so only in the absence of E1A or activated
ras (21). Thus, growth suppression by both E4F factors initially
appeared to correlate with their differential regulation by E1A
(E1A down-regulates p120E4F DNA binding activity and up-
regulates pSOE4F DNA binding activity) and suggested the
possibility that they regulate growth through the same path-
way. However, pl120E4F suppresses cell growth by inducing
cell cycle arrest through stabilization of CDK inhibitors
p21"4FL and p275™! (21), whereas the results in Fig. 5 to 7
clearly show that pSOE4F affects cell viability, not cell cycle
progression, and therefore operates through a fundamentally
different pathway.

In the retrovirus-infected cultures, three parameters that
most affected pSOE4F-stimulated cell death were E1A expres-
sion, cell confluence, and medium replenishment. The fact that
rvE4F262 potentiated cell death only in E1A-expressing cells is
consistent with a requirement for E1A-induced activation of
pSOE4F. However, the lack of an effect in subconfluent, expo-
nentially growing cultures showed that pSOE4F activation by
itself is not sufficient, although it is conceivable that an effect
on cell viability would have become evident in longer-term
cultures. Instead, cell death was evident only in confluent cul-
tures and was further increased in the absence of medium
replenishment, suggesting that cell confluence, or perhaps
more specifically the growth of cells in a confluent culture, and
medium exhaustion created the triggering events and pSOE4F
sensitized cells to them or accelerated their response. The
same triggering events would also have been present in the
colony and focus formation assays, given the high-density cell
growth and potential for medium exhaustion that occurs in
these assays.

FACS analysis of confluent rvE4F262-infected E1A13S/ras
cultures stained with annexin V-PE and 7-AAD demonstrated
evidence of early apoptosis (annexin V positive, 7-AAD neg-
ative) and early necrosis (annexin V negative, 7-AAD posi-
tive), indicating cell death occurred through both processes.
Under extreme culture conditions, cell death occurred almost
exclusively through one or the other process, indicating that
E4F262 expression potentiated either process independently
of the other. The increase in cell death (Fig. 6A) and the
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predominance of necrosis (Fig. 6C), in nonreplenished cul-
tures is consistent with the induction of necrosis by an ischemic
condition, e.g., medium acidification or nutrient depletion
caused by high-density cell growth. The more gradual onset of
cell death (Fig. 6A) and predominance of apoptosis (Fig. 6D)
in cultures frequently replenished with serum-containing me-
dia is consistent with the induction of suspension-induced ap-
optosis (anoikis), a process that occurs when E1A/ras-trans-
formed cells lose integrin-mediated matrix adhesion (24, 25,
50). Notably, both are p53-independent processes.

Under most culture conditions, however, both forms of cell
death were observed, with the percentage of necrotic cells
usually being higher than the percentage of those undergoing
apoptosis. This suggests that rvE4F262-infected cells may be
more prone to necrotic cell death, although it might also reflect
the relative ease at which each process is triggered in these
cultures instead of some inherent predisposition of the cell.
The variable occurrence of both apoptosis and necrosis, and
the mimicry of some characteristics of apoptosis (e.g., nuclear
fragmentation and DNA degradation) that can occur in slowly
accumulating dead cells (10, 11), also likely accounted for the
inconsistent or inconclusive results initially obtained by micro-
scopic examination and PI-FACS analysis.

A less complicated result was obtained with the induction of
apoptosis in E1A-expressing cells by serum withdrawal. In pri-
mary fibroblasts, the majority of the apoptotic response in-
duced by E1A and serum withdrawal is p53 dependent (2, 13,
74), occurring through ARF-dependent and independent path-
ways (16). However, in our experiments, the apoptotic re-
sponse was solely ARF independent, as the NIH 3T3 cells used
here do not express p19**" (58), and thus was attenuated in
comparison to the level of induction normally observed in
wild-type primary fibroblasts. Regardless, E4F262 expression
clearly potentiated the induction of apoptosis in NIH 3T3 cells
(Fig. 7), indicating its effect lies outside of the p19*%F pathway.
Recent evidence suggests that the ARF-independent pathways
utilized by E1A may overlap those involved in DNA damage-
induced apoptosis (16). It will be of interest to determine if
pSOEA4F can also potentiate the response to DNA-damaging
agents.

Regardless of the actual trigger, the ability of pSOE4F to
potentiate both apoptosis and necrosis suggests that at least
one of its target genes must be involved in both processes. A
critical mechanism in both apoptosis and necrosis involves in
both processes. A critical mechanism in both apoptosis and
necrosis involves a change in mitochondrial membrane perme-
ability, called the mitochondrial permeability transition (re-
viewed in references 32, 39, 40, and 79). Perhaps those genes
whose products regulate the mitochondrial permeability tran-
sition (e.g., Bcl-2 family members), or some other mitochon-
drial function, would be good candidates for pSOE4F targets
(14, 31, 33, 49, 69). Ultimately, identification of bona fide
pSOE4F target genes will be required to understand how
PSOEA4F influences cell death and its physiological significance.
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