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The E2F transcription factor can regulate expression of numerous cellular genes controlling proliferation, 
including proto-oncogenes and genes regulating cell cycle progression. Therefore, genes comprising the 
E2F gene family could potentially contribute to carcinogenesis. To test the potential of E2F to act as a 
transforming gene, a cDNA encoding E2F-1 was constitutively overexpressed in established rodent cells 
using a retroviral vector. Overexpressed E2F-1 was functional, as shown by stimulation of a transfected 
adenovirus E2 promoter driving a chloramphenicol acetyltransferase reporter gene in E2F-1 overexpress
ing cells. This stimulation was dependent on functional E2F binding sites in the promoter. Examination of 
phenotype showed that E2F-1 overexpression mediated cell transformation as measured by the ability of 
cells to form colonies in soft agar medium. In addition, overexpressed E2F-1 shortened the duration of the 
G1 cell cycle phase in proliferating cells, a property characteristic of other transforming genes. These data 
provide direct evidence that E2F-1 can act as a transforming gene and a critical regulator of cell cycle 
progression and suggest the possibility of E2F involvement in carcinogenesis.

Cell cycle E2F Oncogenes Transcription factors Transformation

THE identity of genes whose products contribute 
to cellular transformation and carcinogenesis re
mains largely unknown. Members of the E2F fam
ily of transcription factors, however, display cer
tain characteristics of known oncogenes (La 
Thangue, 1994; Nevins, 1992). For example, E2F 
activates the transcription of several cellular 
genes: dihydrofolate reductase, DNA polymerase 
a, p34cdc2, B-myb, and c-myc (Dalton, 1992; Ha
mel et al., 1992; La Thangue, 1994; Lam and Wat
son, 1993; Means et al., 1992; Nevins, 1992; Pear
son et al., 1991), all of which play an important 
role in DNA synthesis and cell proliferation. Sec
ond, E2F forms a number of distinct complexes 
containing proteins critical for proper cell cycle 
progression. Among these complexed proteins are 
the retinoblastoma (pRb) antioncogene product 
(Chellappan et al., 1991; Chittenden et al., 1991) 
and two related molecules, pl07 (Cao et al., 1992;

Schwarz et al., 1993) and p i30 (Cobrinik et al., 
1993); cyclins A and E (Lees et al., 1992; Mudryj 
et al., 1991; Shirodkar et al., 1992) and the cyclin- 
dependent kinase, p33cdk2 (Devoto et al., 1992). 
The presence of these complexes fluctuates during 
the cell cycle (Cobrinik et al., 1993; Shirodkar et 
al., 1992) and, because it is likely that the proteins 
associated with E2F regulate its transactivation 
function (Flemington et al., 1993; Helin et al., 
1993a; Krek et al., 1994), they may play an impor
tant role in cell cycle control. Finally, a recent 
report, showing that microinjection of the E2F-1 
gene into quiescent cells can drive them into S 
phase of the cell cycle, demonstrates the ability 
of E2F to directly initiate cell cycle progression 
(Johnson et al., 1993). Together, these data estab
lish E2F as an important mediator of cell growth. 
Therefore, it seemed likely that unregulated ex
pression of E2F could lead to cell transformation.
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The hypothesis that E2F is involved in carcino
genesis would be strengthened if it were possible 
to show that the protein could lead to a phenotype 
equivalent to malignancy in cultured cells. There
fore, we attempted to overexpress one member of 
the E2F family, E2F-1, in established rodent cells 
using a retroviral vector. The data in this article 
show that E2F-1 could be successfully overex
pressed in cells and that the overexpressed E2F-1 
protein was functional as measured by its ability 
to transactivate the adenovirus E2 promoter. 
E2F-1 overexpressing cells were transformed as 
measured by their ability to form colonies in soft 
agar medium (i.e., anchorage-independent growth). 
Overexpression of E2F-1 also shortened the dura
tion of the G1 cell cycle phase in proliferating 
cells, a property of other cell cycle regulators and 
oncogenes. The data presented in this article show 
that E2F-1 can be stably overexpressed in rodent 
fibroblasts and provide direct evidence that E2F-1 
is a transforming gene, supporting the notion that 
E2F gene family members may be involved in car
cinogenesis.

MATERIALS AND METHODS 

Cells and Viruses

^-CRE and SF-CRIP (Danos and Mulligan, 
1988), Balb/3T3 clone A31 (Aaronson and To- 
daro, 1968), C3H10T1/2 (Reznikoff et al., 1973), 
and 3T3 clone 4 cells were used in these experi
ments. The 3T3 clone 4 cell line was derived by us 
from a single clone of NIH 3T3 cells (Jainchill et 
al., 1969) that, by microscopic observation, ap
peared morphologically flat and more contact in
hibited than the parent cells. These cells were 
grown as previously described (Sladek and Jacob- 
berger, 1990) in Dulbecco modified Eagle medium 
(DMEM) supplemented with 5% (v/v) fetal bo
vine serum and 5% calf serum. Retroviral vectors 
pX17 (Sladek and Jacobberger, 1992a) and Linker 
Neo CMV E2F were used. Linker Neo CMV E2F 
is identical to Linker CMV T (Sladek and Jacob
berger, 1992b) except that the large T antigen gene 
from simian virus 40 was replaced by a cDNA 
encoding E2F-1 (Helin et al., 1992). Infectious vi
rus was produced from retroviral vector DNAs by 
transfecting >k-CRIP cells and infecting >k-CRE 
cells with medium collected from the transfected 
cells (Sladek and Jacobberger, 1992b). >k-CRE 
cells were selected in 400 /xg G418 per ml of me
dium as described previously (Sladek and Jacob
berger, 1992a). Retrovirus-containing medium 
was collected from >k-CRE cells and used to infect

target cells as previously described (Sladek and Ja
cobberger, 1990). These infected target cells were 
selected in G418 as above. Pools of at least 100 
individual clones for each cell line were used in all 
experiments.

Cell Cycle Inhibitors

Nocodazole {methyl[5-(2-thienyl-carbonyl)-l//- 
benzimidazole-2-yl]-carbamate; Sigma, St. Louis, 
MO} was prepared as described (Chackalaparam- 
pil and Shalloway, 1988) and added to cells at a 
final concentration of 2 /xg per ml of medium.

Immunoblotting

Nearly confluent dishes of cells were washed 
with sterile Tris-buffered saline [TBS; 10 mM Tris 
(pH 8.0), 50 mM NaCl], then lysed by addition of 
1 ml of lysis buffer [50 mM Tris (pH 8.0), 5 mM 
EDTA, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM 
phenylmethylsulfonyl fluoride, and 0.01 mg of 
aprotinin per ml] (Kierstead and Tevethia, 1993) 
to the cell monolayer. Cells were scraped from the 
substrate into microfuge tubes and incubated on 
ice for 30 min with inversion. Lysed cells were 
centrifuged at 11,150 x g for 10 min at 4°C to 
remove cell debris. Protein in the supernatant was 
determined using the BCA Protein Assay Kit 
(Pierce, Rockford, IL). To 10 /xg of protein was 
added one-sixth the total volume of loading buffer 
[48 mM Tris (pH 6.8), 18.5% sodium dodecyl sul
fate, 3.94 M j3-mercaptoethanol, 31% glycerol, 
and 3% bromophenol blue] and the mixture was 
boiled for 3 min. Proteins were analyzed by SDS- 
polyacrylamide electrophoresis using 12.5% gels 
(Laemmli, 1970).

Proteins were transferred from the gel to Hy- 
bond ECL membranes (Amersham, Arlington 
Heights, IL) using a Hoefer (San Francisco, CA) 
TE Series Transphor Unit. Membranes were 
blocked at room temperature on a shaking plat
form with wash buffer (0.1% Tween-20 in TBS) 
containing 5% dehydrated lowfat milk for 45 min 
and then for 45 min in wash buffer containing 1 % 
lowfat milk and 1% bovine serum albumin. The 
membranes were rinsed in wash buffer and then 
incubated with 0.4 /xg of C-20 rabbit anti-E2F-l 
polyclonal antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA) per ml of wash buffer containing 
5% lowfat milk for 2 h. The membranes were 
washed four times in wash buffer as before and 
then incubated with a 1 : 2000 dilution of donkey 
anti-rabbit secondary antibody-HRP (Amersham) 
in wash buffer containing 5% lowfat milk for 1 h. 
The membranes were washed three times as before



in wash buffer with the wash buffer in the last 
wash containing no Tween-20. Equal volumes of 
ECL detection reagents 1 and 2 (Amersham) were 
mixed and added to the membranes for 1 min. 
The membranes were then immediately exposed to 
Hyperfilm-ECL (Amersham). E2F-1 band inten
sity on the autoradiographs was quantified using 
an LKB 2202 UltroScan Laser Densitometer 
(Bromma, Sweden).

Chloramphenicol Acetyltransferase Assays

A procedure given to us by Dr. Ronald Reichel 
(Jacob et al., 1994) for chloramphenicol acetyl- 
transferase (CAT) assays was modified and used 
as described below. Briefly, cells were plated on 
the day before transfection at 5 x 105 cells per 
10-cm dish. Transfections were done using the cal
cium phosphate method (Ausubel et al., 1987). 
E2-CAT transfection constructs were pE2 wt CAT 
and pE2 ( -6 4 /6 0 , -4 5 /3 6 ) CAT (Loeken and 
Brady, 1989) as the plasmids containing wild-type 
and mutant E2 promoters, respectively. E2-CAT 
DNAs (15 /ig) were transfected along with 2 /xg of 
pSV-/3-galactosidase (Promega, Madison, WI) as 
a control for transfection efficiency. Cells were 
harvested 36 h after transfection using 5x Reporter 
Lysis Buffer from a commercially available /3- 
galactosidase Enzyme Assay System (Promega) 
and cell extracts were made using the conditions 
described by the manufacturer. Extracts were as
sayed for /3-galactosidase activity. Subsequently, 
volumes of extract corresponding to equivalent 
amounts of /3-galactosidase activity were assayed 
for CAT activity as described (Ausubel et al., 
1987; Jacob et al., 1994). After separation of the 
differentially acetylated forms of chloramphenicol 
on silica gel plates, spots containing monoacety- 
lated [14C]chloramphenicol were identified using 
the autoradiograph as a template and cut out of 
the silica gel plate (Ausubel et al., 1987). These 
spots were counted by liquid scintillation counting 
to determine CAT activity of the transfected cells.

Soft Agar Assays

Five thousand cells were plated in 1 ml of top 
agar composed of DMEM supplemented as de
scribed above and containing 0.38% Noble agar. 
This suspension was seeded into 35-mm diameter 
dishes over a 2-ml layer of solidified bottom agar 
containing DMEM and 0.5% Noble agar. Dishes 
were maintained at 37 °C in a humidified 5% C 0 2 
atmosphere. After 3 weeks, colonies were either 
photographed or counted. For photomicrographs, 
dishes were stained with p-iodonitrotetrazolium
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violet (Jat et al., 1986) and photographed. For 
counting, colonies were visualized with a micro
scope using low-power magnification and those 
greater than 50 /xm in diameter were counted. Six 
microscope fields per dish were counted and used 
to calculate the total number of colonies on the 
entire dish. Colony counts were obtained from at 
least nine dishes per cell line and the data are ex
pressed as the means of counts from these dishes.

Flow Cytometry

To analyze cellular DNA content, cells were 
fixed in cold methanol, treated with RNase, and 
stained with propidium iodide (Jacobberger et al.,
1986). Cell analysis was performed using a Coulter 
EPICS 751 flow cytometer (Coulter Electronics, 
Miami, FL). Excitation used the 488-nm line of an 
argon laser operating at 100 mW. Red fluores
cence was collected above 570 nm. A doublet dis
criminator (peak vs. integrated red signal) was 
used as the primary gate to eliminate cell aggre
gates. Red fluorescence was displayed on a linear 
scale. The fraction of the total cell population 
present in each of the G l, S, and G2 +  M cell 
cycle phases was obtained from DNA histograms 
by mathematical modeling (Dean, 1987) using 
MPLUS software (Phoenix Flow Systems, San 
Diego, CA) (Sladek and Jacobberger, 1992b).

197

RESULTS

Overexpression o f E2F-1 in Rodent Cells

To overexpress the E2F-1 gene in cells, a re
combinant retroviral vector encoding the gene, 
called Linker Neo CMV E2F, was constructed 
(Fig. 1). In this vector, transcription of a cDNA 
encoding E2F-1 (Helin et al., 1992) was driven by 
a human cytomegalovirus immediate early pro
moter (Boshart et al., 1985). This vector also con
tained a neomycin phosphotransferase (Neo) gene 
encoding resistance to the drug G418. Transcrip
tion of the Neo gene was driven by the 5' long

LTR NEO CMV E2F-1 LTR

---------------------------*  E2F-1

FIG. 1. Recombinant retrovirus encoding E2F-1. The Linker 
Neo CMV E2F retrovirus is pictured. LTR indicates long ter
minal repeat, NEO indicates neomycin resistance gene, and 
CMV indicates human cytomegalovirus early promoter. 
Arrows below the construct indicate transcripts that encode 
either E2F-1 or neomycin phosphotransferase (Neo) proteins.
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terminal repeat of the virus. Because the vector 
encoded both the Neo and E2F-1 genes, cells in
fected with virus produced from this construct and 
selected in G418 would be expected to express the 
viral-encoded E2F-1 gene.

To produce infectious virus, the recombinant 
plasmid encoding Linker Neo CMV E2F was 
transfected into 'k-CRIP amphotropic packaging 
cells (Danos and Mulligan, 1988). Two days later, 
virus-containing medium was collected from these 
cells and used to infect >k-CRE ecotropic packag
ing cells (Danos and Mulligan, 1988). Infected >k- 
CRE cells were selected in medium containing 
G418. Individual clones were pooled and cell ex
tracts for immunoblotting analysis were made 
from the pooled clones. The extracts were tested 
for levels of E2F-1 protein in immunoblotting ex
periments using an E2F-1-specific polyclonal anti
body as described in Materials and Methods. The 
E2F-1-specific antibody detected increased expres
sion in infected cells of at least three E2F-1 pro
teins that cluster around 60 kDa molecular weight 
compared to noninfected cells (Fig. 2A). The 
E2F-1 triplet is also seen in control, uninfected 
cells after longer exposure of the autoradiographs 
(Fig. 2B).

To determine whether E2F-1 could be overex
pressed in cells other than 'k-CRE, virus collected 
from the pooled 'k-CRE cells was used to infect 
three established murine fibroblast lines: Balb/ 
3T3 clone A31, C3H10T1/2, and 3T3 clone 4 
cells. Infected cells were selected in G418, pooled, 
and used to make extracts for immunoblotting 
analysis as above. Infected cells from all three cell 
lines overexpressed E2F-1 protein (Fig. 2B). Again, 
multiple overexpressed E2F-1-specific bands were 
identified by the antibody. Densitometry showed 
that levels of E2F-1 expression in these cells were 
increased from 20- to 30-fold compared to control 
cells, except in the case of the 3T3 clone 4 cell 
pool. In the 3T3 clone 4 pool (shown in Fig. 2B), 
the increase in E2F-1 expression was approxi
mately 10-fold compared to control cells. There
fore, these data show that it was possible to signif
icantly overexpress E2F-1 protein in established 
rodent cells.

Transcriptional Activity o f Overexpressed 
E2F-1 Protein

To determine whether the overexpressed E2F-1 
protein was functional as a transcription factor, 
we asked whether the adenovirus E2 promoter 
would be transactivated by E2F in the infected 
cells (Bagchi et al., 1989; Kovesdi et al., 1986;

Raychaudhuri et al., 1990). Plasmids containing 
the CAT gene for which transcription was driven 
by either a wild-type E2 promoter consisting of 
two E2F binding sites or a mutant E2 promoter in 
which both E2F binding sites were disrupted by 
mutation (Loeken and Brady, 1989) were transfec
ted into pools of cells that overexpressed E2F-1 
and control cells, and CAT activity was measured. 
A total of five transfection experiments were per
formed. Three different cell lines were used. Fig
ure 3 shows the data for >k-CRE (one experiment), 
3T3 clone 4 (mean of two experiments), and 
C3H10T1/2 (mean of two experiments) cells. The 
data show that E2F-1 overexpression stimulated 
CAT activity from the wild-type E2 promoter 
compared to cells not overexpressing E2F-1. This 
stimulation was 3.4-fold for ^k-CRE, 2.4-fold for 
C3H10T1/2, and 1.3-fold for 3T3 clone 4 cell 
pools. That the E2F-1-dependent stimulation of 
the E2 promoter was lower in 3T3 clone 4 cells 
than in the other cells is reasonable because E2F-1 
was overexpressed only 10-fold in 3T3 clone 4 cell 
pools compared to 20- to 30-fold in >k-CRE and 
C3H10T1/2 cell pools (Fig. 2). The two- to three
fold stimulation of the E2 promoter by E2F is low 
but is similar to that described by others in both 
cell transfection experiments (Bandara et al., 
1993; Johnson et al., 1993; Wu and Levine, 1994) 
and in vitro transcription systems (Dynlacht et al.,
1994).

In comparison to the wild-type E2 promoter, 
there was a significant reduction in CAT activity 
from the mutant E2 promoter in both E2F-1 over
expressing cells (reduction compared to wild-type 
E2 promoter was 7.5-fold for 'k-CRE, 6.6-fold for 
C3H10T1/2, and 2.5-fold for 3T3 clone 4 cells) 
and control cells not overexpressing E2F-1 (reduc
tion compared to wild-type E2 promoter was
2.4-fold for Sk-CRE, 4.0-fold for C3H10T1/2, 
and 1.9-fold for 3T3 clone 4 cells). This shows 
that high levels of CAT activity required func
tional E2F binding sites in these constructs. Im
portantly, significant stimulation of CAT activity 
in E2F-1 overexpressing cells compared to control 
cells was not detected in the absence of intact E2F 
binding sites in the E2 promoter (stimulation was
1.1-fold for *-CRE, 1.5-fold for C3H10T1/2, 
and 0-fold for 3T3 clone 4 cells). Therefore, the 
stimulation was dependent on functional E2F 
binding sites in these constructs.

Transformation of Cells Overexpressing E2F-1

We were interested to know if E2F-1 overex
pressing cells possessed the in vitro equivalent of
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FIG. 2. Constitutive overexpression of E2F-1 in established rodent cells. (A) Immunoblot detection of E2F-1 in infected and 
uninfected 'k-CRE cells. 'k-CRE cells ( - )  and >k-CRE cells infected with the Linker Neo CMV E2F retrovirus ( +  ) are shown. 
The positions of molecular size markers (in kDa) are shown on the left. The position of the E2F-specific band is shown on the 
right. (B) Immunoblot detection of E2F-1 in infected and uninfected 3T3 clone 4, Balb/3T3 clone A31, and C3H10T1/2 cells. 
Identity of the cells is designated on the bottom of the autoradiograph. Control cells without virus ( - )  and cells infected with 
Linker Neo CMV E2F virus ( +  ) are shown. The positions of molecular size markers and E2F-specific bands are as in (A).

a cancer cell phenotype. Because anchorage- 
independent growth of fibroblasts correlates 
highly with tumor formation in the animal (Bar
rett et al., 1979), we tested E2F-1 overexpressing 
cells for anchorage-independent growth by plating 
the cells in soft agar medium and assaying for 
ability of the cells to form colonies (Rizzino,
1987). In these experiments, as in those previous 
studies, pooled clones of cells were used (see Mate
rials and Methods) to eliminate the possibility that 
clonal effects would be described.

Figure 4 shows micrographs of both control un
infected and Linker Neo CMV E2F infected E2F-1 
overexpressing cells after growth in soft agar me
dium for 3 weeks. The micrographs show that 
E2F-1 overexpressing cells formed colonies in soft 
agar and were therefore capable of proliferating in 
an anchorage-independent manner. Control, un
infected cells did not form colonies under these 
conditions. Similar results were obtained for cul

tures of 'k-CRE and 3T3 clone 4 cells that overex
pressed E2F-1 (data not shown).

To quantify anchorage-independent growth, 
colonies greater than 50 /zm in diameter were 
scored. Control cells in these experiments were ei
ther uninfected cells (as in Fig. 4) or cells infected 
with the pX17 virus that encodes the Neo gene 
but not E2F-1 (Sladek and Jacobberger, 1992a). 
pX17-infected control cells were selected in G418 
as were Linker Neo CMV E2F-infected cells. The 
data for these quantitative experiments are pre
sented in Fig. 5 as the percentage of the total 
plated cells that formed colonies. The data show 
that control cells (i.e., uninfected or pX17- 
infected cells) for all four cell lines formed colo
nies at a frequency of 0-0.7%. E2F-1 overexpress
ing cells, however, formed colonies at a frequency 
of 3.4-9.2%. The lowest frequency of colony for
mation in E2F overexpressing cells was in the pool 
of 3T3 clone 4 cells that expressed E2F-1 at a level
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tj>-CRE 3T3 clone 4 C3H10T1/2

Relative *
CAT 4;

Activity 2.

+/- E2F - + - +  - + - +  - + - +
wild-type + + . . + + . . + + . .
E2 pr

FIG. 3. Transactivation of the E2 promoter by overexpressed 
E2F-1. CAT assays were performed on ^-CRE (one experi
ment), 3T3 clone 4 (mean of two experiments), and C3H10T1/ 
2 (mean of two experiments). The identity of the cells is indi
cated above the graphs. Below the graphs is indicated whether 
the cells were overexpressing E2F-1 (+  or -  E2F; 4- is over
expression, -  is control) or whether the transfected CAT con
struct contained a wild-type or mutant E2 promoter (wild-type 
E2 pr; +  is wild-type, -  is mutant). CAT activity for each 
graph was normalized to the value obtained with cells not over
expressing E2F-1 that were transfected with a CAT construct 
containing the mutant E2 promoter. This value was designated 
1.0. In all experiments, a plasmid encoding a 0-galactosidase 
gene was cotransfected along with the CAT constructs and 
used as a control for transfection efficiency as described in 
Materials and Methods.

relatively lower level (10-fold increase over back
ground) than the other cell lines used in these stud
ies (20- to 30-fold increase over background; see 
Fig. 2). For all four cell lines that were tested, the 
transformation frequency of E2F-1 overexpress

ing cells was statistically significant compared to 
that of control cells. Paired Mest statistics com
paring the colony-forming frequency of unin
fected vs. Linker Neo CMV E2F-infected cells 
yielded values of 0.0001 for each of the four cell 
lines tested. pX17-infected cells were included as 
controls for two cell lines, 3T3 clone 4 and Balb/ 
3T3 clone A31. Paired Mest statistics comparing 
the colony-forming frequency of uninfected vs. 
pX17-infected cells for these two cell lines yielded 
values of 0.0842 for 3T3 clone 4 and 0.2564 for 
Balb/3T3 clone A31. These data show that the 
colony-forming frequencies of uninfected and 
pX17-infected cells were not significantly different 
from one another. Therefore, selection of infected 
cells in G418 does not cause transformation. The 
conclusion from these experiments is that E2F-1 
overexpression leads to cell transformation be
cause they grow in an anchorage-independent 
manner as measured by growth in soft agar.

E2F-1 Overexpression Decreases the Duration of  
the G1 Cell Cycle Phase in Proliferating Cells

Shortening the G1 cell cycle phase duration of 
proliferating cells is a property of oncogenes and 
cell cycle regulatory genes, c-myc (Karn et al.,
1989), large T antigen from simian virus 40 (Sla- 
dek and Jacobberger, 1992a), cyclin E (Ohtsubo

-E2F +E2F

FIG. 4. Transformation of C3H10T1/2 and Balb/3T3 clone A31 cells. Cells were plated in soft agar medium, stained, and 
photographed. Identity of cells is indicated to the left of the pictures and whether they overexpress E2F-1 is shown on the top. 
Magnification is x  40. The bar at the lower left corner of each micrograph is 200 /xm.
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and Roberts, 1993), D type cyclins (Quell et al., 
1993), and the El protein of bovine papillomavi
rus (Belyavskyi et al., 1994) all produce this phe
notype. Therefore, we performed experiments to 
determine if E2F-1 overexpression would shorten 
the G1 phase duration in proliferating cells. These 
experiments were done by adding the mitotic 
blocking agent, nocodazole, directly to exponen
tially proliferating cell cultures. Because nocoda
zole blocks completion of mitosis, cells that are 
present in the S or G2 + M phases at the time 
of nocodazole addition never progress to the G1 
phase. Therefore, no new cells enter the G1 com
partment after addition of the drug. This means 
that, after nocodazole addition to cells, the per
centage of total cells in the G1 phase decreases 
over time because the cells in G1 at the time of 
drug addition progress out of G1 towards the mi
totic block. By measuring the percentage of total 
cells present in the G1 phase at various times after 
nocodazole addition to the cultures, the exit rate 
of cells from G1 can be calculated. A shorter G1 
phase duration will be reflected in a more rapid 
exit rate of cells from the G1 compartment (Sladek 
and Jacobberger, 1992a). The data in Fig. 6 show 
that, when these experiments were done with 
E2F-1 overexpressing cells and compared to non
overexpressing controls, E2F-1 overexpressing 
cells exited the G1 phase at a faster rate than con
trol cells. This was found for all three cell lines 
tested. The conclusion from these experiments is 
that E2F-1 overexpression shortens the duration 
of the G1 cell cycle phase in proliferating cells.

10

None pXY7 Linker Neo CMV E2F

Virus-Infected Cells
FIG. 5. Frequency of transformation. Colonies greater than 
50 jim in diameter were scored after 3 weeks of growth. Trans
formation frequency was expressed as the percentage of total 
plated cells that formed colonies. The designations for each 
cell line are: 3T3 clone 4, filled columns; C3H10T1/2, narrow 
striped columns; Balb/3T3 clone A31, shaded columns; and 
>k-CRE, wide striped columns.

C3H10T1/2 tp-CRE Balb/3T3

FIG. 6 . E2F-1 overexpression decreases the duration of the 
G1 cell cycle phase in proliferating cells. Exponentially growing 
control (O ) and Linker Neo CMV E2F-infected ( • )  cells were 
treated with nocodazole at 0 h. At the indicated times thereaf
ter, cells were trypsinized, fixed, stained, and analyzed for 
DNA content by flow cytometry. The percentages of G1 phase 
cells as percentages of total cells were obtained from computer 
analysis of the DNA histograms and plotted against the time 
after nocodazole addition that the cell sample was taken. Re
gression lines were drawn through the points, r2 for all lines 
was >  0.92. Data for three cell lines are shown. Identity of the 
cell lines is indicated above each graph. For C3H10T1/2 and 
Balb/3T3 clone A31 cells, the controls were pX17 infected and 
selected in G418. For >k-CRE cells the controls were uninfected 
*-CRE.

Therefore, besides anchorage-independent growth, 
E2F-1 overexpression hastens entrance of prolifer
ating cells into the S phase.

DISCUSSION

We investigated the possibility that overexpres- 
sion of the gene encoding the E2F-1 transcription 
factor would lead to phenotypes indicative of cell 
transformation in cultured cells. To overexpress 
E2F-1, we chose a retroviral expression vector 
(Fig. 1). An E2F-1-specific antibody was used to 
examine extracts from infected cells in immu- 
noblotting experiments for E2F-1 overexpression. 
Quantification of the immunoblots showed that 
E2F-1 was overexpressed 20- to 30-fold in 'k-CRE, 
Balb/3T3 clone A31, and C3H10T1/2 cell pools 
(Fig. 2). In contrast, E2F-1 was overexpressed 
only 10-fold in the 3T3 clone 4 cell pool (Fig. 2).

The immunoblotting experiments detected a 
group o f at least three E2F-1 proteins in virus- 
infected cells that clustered around 60 kDa in mo
lecular weight (Fig. 2). These multiple E2F-1 pro
tein bands were present in all four of the cell lines 
in which E2F-1 was overexpressed. The same 
bands were present in control cells in lower abun
dance. The identity of the multiple E2F-1-specific 
bands is not known but, because they arise from 
expression of a single cDNA, they could be modi
fied forms of the protein. It is known that E2F is 
phosphorylated and that its DNA binding activity 
(Bagchi et al., 1989), and possibly transactivation
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function (Krek et al., 1994), is regulated by this 
phosphorylation. One possibility is that the mul
tiple E2F-1 bands seen in our immunoblots 
represent differentially phosphorylated forms of 
E2F-1. Interestingly, differentially phosphory
lated forms of the pRb protein can be separated 
by SDS-polyacrylamide electrophoresis (DeCaprio 
et al., 1988; Lee et al., 1987; Ludlow et al., 1989).

Overexpressed E2F-1 protein was functional 
because it could transactivate the adenovirus E2 
promoter in transient transfection assays (Fig. 3). 
Transactivation was dependent on functional E2F 
binding sites in the E2 promoter. Therefore, the 
effect was specifically due to E2F action on the 
promoter. The level of E2F stimulation of the E2 
promoter in these experiments was low (1.3- to
3.4-fold), but similar levels of promoter stimula
tion by E2F have been previously reported in both 
transfection experiments (Bandara et al., 1993; 
Johnson et al., 1993; Wu and Levine, 1994) and in 
vitro transcription systems (Dynlacht et al., 1994). 
It should be noted that maximal transactivation 
by E2F is only achieved in the presence of the 
DP-1 protein (Bandara et al., 1993; Helin et al., 
1993b; Krek et al., 1993). DP-1 protein was not 
overexpressed along with E2F-1 in these experi
ments. Therefore, considering that E2F-1 was ov
erexpressed 10- to 30-fold, DP-1 levels may have 
been limiting.

In our experiments, the weakest stimulation of 
the wild-type E2 promoter by E2F-1 (1.3-fold) was 
found in 3T3 clone 4 cells that expressed E2F-1 
10-fold over background. Stronger stimulation of 
the E2 promoter was found in 'k-CRE (3.4-fold) 
and C3H10T1/2 (2.4-fold) cells that expressed 
E2F-1 20- to 30-fold over background. These data 
suggest a dose-dependent effect of E2F-1 on tran
scriptional regulation and, as will be discussed be
low, on phenotype.

The cells overexpressing functional E2F-1 pro
tein were examined and found to possess phe
notypes common to malignant cells. Cells 
overexpressing E2F-1 were able to grow in an an
chorage-independent manner as demonstrated by 
their ability to form colonies in soft agar medium 
(Figs. 4 and 5). Anchorage-independent growth of 
fibroblasts is highly correlative with the ability of 
cells to form tumors in animals (Barrett et al., 
1979). Therefore, E2F-1 overexpression leads to a 
transformed phenotype in these cells. This pheno
type appeared to be dose dependent because the 
transformation efficiency of 3T3 clone 4 cells with 
10-fold E2F-1 overexpression was lower (3.4%) 
than that for cells with 20- to 30-fold E2F-1 over
expression (6.1% for >k-CRE cells, 9.2% for

Balb/3T3 clone A31 cells, 8.4% for C3H10T1/2 
cells).

The finding that E2F-1 overexpression leads to 
cell transformation is consistent with other known 
activities of E2F. First, target genes known to be 
regulated by E2F play an important role in DNA 
synthesis and cell proliferation control (Dalton, 
1992; Hamel et al., 1992; Lam and Watson, 1993; 
Means et al., 1992; Ogris et al., 1993; Pearson et 
al., 1991; Weintraub et al., 1992). Overexpression 
of E2F could increase the expression of these 
genes, resulting in transformation. Second, E2F-1 
transcription factor activity is negatively regulated 
through complex formation with other proteins, 
including pRb (Flemington et al., 1993; Helin et 
al., 1993a) and cyclin A (Krek et al., 1994). Over
expression of E2F would likely result in subver
sion of this negative regulation and possible trans
formation by the mechanism above. Third, 
transiently overexpressed E2F-1 can drive quies
cent cells into S phase of the cell cycle (Johnson et 
al., 1993). Stable overexpression of E2F resulting 
in transformation could be an extension of this 
phenotype.

A second phenotype found in cells overexpress
ing E2F-1 was a shortened G1 cell cycle phase du
ration compared to control cells (Fig. 6). Early 
entry into S phase, as occurs when the G1 phase 
duration is shortened, is a cellular phenotype pro
duced by genes causing transformation (Belyav- 
skyi et al., 1994; Karn et al., 1989; Ohtsubo and 
Roberts, 1993; Quell et al., 1993; Sladek and Ja- 
cobberger, 1992a). That the G1 cell cycle phase 
was specifically affected is consistent with the 
point during the cell cycle when E2F is known to 
act. E2F-1 expression is normally cell cycle regu
lated and it is initially synthesized in middle to late 
G1 phase (Kaelin et al., 1992; Slansky et al., 
1993). In addition, cellular promoters known to 
be regulated by E2F-1 are activated in middle to 
late G1 (Lam and Watson, 1993; Means et al.,
1992). Because E2F-1 synthesis and transcrip
tional activity occurs in middle to late G1 phase, it 
is reasonable to expect that if overexpressed E2F-1 
would have a cell cycle effect, it would be in the 
G1 phase.

Besides the cell proliferation phenotypes that 
we describe here and that others have previously 
reported (Johnson et al., 1993), overexpression of 
E2F-1 has been shown to produce another cellular 
effect. Recent experiments have shown that over
expression of E2F-1 causes cells to undergo pro
grammed cell death (i.e., apoptosis) that is depen
dent on the presence of a wild-type p53 gene 
product (Wu and Levine, 1994). One possible ex



planation for these diverse phenotypes may be 
that the cells we have used in our experiments do 
not contain wild-type p53. It has been shown that 
immortalized rodent cell lines derived from con
tinued passage of primary embryo cells have mu
tations in p53 (Harvey and Levine, 1991). Because 
the cells used in these experiments were derived 
from continued passage of primary mouse embryo 
cultures, perhaps the cells used here contain mu
tated p53. It is therefore possible that overexpres
sion of E2F without wild-type p53 may result in 
an oncogenic phenotype, but if wild type p53 is 
present, apoptosis will result. Experiments to test 
this possibility are underway. Therefore, because 
p53 alteration is a frequent genetic event in human 
cancers (Harris and Hollstein, 1993), it is intri
guing to speculate that overexpression of the E2F 
family of proteins may contribute to carcinogene
sis in these cancers.

Finally, while this paper was being prepared for 
publication, a similar report appeared demon
strating that E2F-1 overexpression in rat fibro
blasts leads to cell transformation (Singh et al.,
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