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Overexpression of E2F-1 in rat embryo fibroblasts
leads to neoplastic transformation
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The transcription factor E2F has been implicated in
controlling the activation of multiple genes associated
with cell proliferation. E2F.1, which is a component
of E2F, can promote oncogenesis when transfected
into REF cells. The transformation caused by E2F-
1 correlates with constitutive overexpression of the
transgene, increased transcription of E2F-dependent
genes and the enhancement of two E2F DNA binding
complexes containing the retinoblastoma susceptibility
gene product (Rb) and E2F-1. The oncogenic potential
of E2F-1 is dependent on functional DNA binding and
transactivation domains but does not require the ability
to interact directly with Rb. These findings provide
the first direct evidence that sustained unregulated
expression of E2F-1 can lead to the loss of cell prolifera-
tion control and that E2F-1 is a key component in cell
cycle control.
Key words: E2F-1/neoplastic transformation/retinoblas-
toma protein/

Introduction
The transcription factor E2F, also called DRTF1 (differen-
tiation-regulated transcription factor 1), was initially iden-
tified as a cellular factor participating in the activation of
the adenovirus E2 promoter through interactions with two
identical elements within the promoter (Nevins, 1986;
Kovesdi et al., 1986, 1987; Yee et al., 1987; Reichel
et al., 1989; Marton et al., 1990). Its normal cellular
function is likely to be the regulation of the cell cycle,
since it is implicated in the transcriptional regulation of
several growth-responsive genes that participate in DNA
synthesis. The E2F binding sequence has been identified
in the promoters of c-myc, c-myb, N-myc, dihydrofolate
reductase (DHFR), thymidine kinase, DNA polymerase a
and cdc2 genes (Blake and Azizkhan, 1989; Thalmeier
et al., 1989; Hiebert et al., 1989, 1991; Mudryj et al.,
1990; Pearson et al., 1991; Dalton, 1992; Nevins, 1992);
the products of which are associated with entry into S
phase and DNA synthesis. Significantly, the E2F binding
sites have proved necessary for the activation of c-myc
transcription in response to serum stimulation (Mudryj
et al., 1990) and for the increased expression of the DHFR
gene at the G1/S boundary (Means et al., 1992). This
variation of E2F site-containing gene expression with the

cell cycle would require a corresponding regulation of
E2F activity. This regulation is presumably achieved
through the interaction of E2F with multiple cellular
proteins (Nevins, 1992). E2F has been shown to form
specific multiprotein complexes with the retinoblastoma
susceptibility protein (Rb), p1O7 (a homologue of Rb),
cyclins and cdk2; the formation and dissociation of these
complexes correlate with progression through the cell
cycle (Bagchi et al., 1991; Bandara and La Thangue,
1991; Chellappan et al., 1991; Chittenden et al., 1991;
Cao et al., 1992; Devoto et al., 1992; Lees et al., 1992;
Pagano et al., 1992; Shirodkar et al., 1992). Rb and pO7,
both of which exhibit anti-proliferative activity, have been
shown to inhibit the transactivation activity ofE2F (Hiebert
et al., 1992; Schwarz et al., 1993; Zhu et al., 1993).
Growth inhibition by Rb also appears to be mediated, at
least in part, through interactions with E2F (Qin et al.,
1992). Furthermore, conditions that prevent Rb from
interacting with E2F, e.g. mutations in the E2F binding
'pocket' of Rb and the adenovirus ElA (or other viral
oncoproteins)-mediated dissociation of the Rb-E2F com-
plex (Bandara and La Thangue, 1991), are associated with
human tumours (Marshall, 1991) and cell transformation
(Raychaudhuri et al., 1991). Together, these observations
suggest a growth promoting role for E2F which is nega-
tively regulated by Rb and p1O7 through the suppression
of its transactivation activity.
E2F itself appears to be a multicomponent transcription

factor (Shivji and La Thangue, 1991), requiring a hetero-
dimeric complex for efficient binding of DNA in a
sequence-specific manner (Huber et al., 1993). Recently,
two distinct polypeptides of comparable size and structural
organization, E2F-1 and DP- 1, were each shown to bind
E2F sites on DNA (Helin et al., 1992; Kaelin et al., 1992;
Shan et al., 1992; Girling et al., 1993) and together form
at least part of the transcriptionally active E2F complex
(Helin et al., 1993b; La Thangue and Johnston, 1993).
Like the E2F complex, transactivation mediated by E2F-1
is also inhibited by direct association with Rb (Flemington
et al., 1993). However, E2F- 1 appears to be significantly
less abundant than DP-1 and exists in only a subset of
the E2F complexes (La Thangue and Johnston, 1993).
The expression of E2F-1 is also linked to the cell cycle,
occurring predominantly at the GI/S boundary and in the
S phase (Shan et al., 1992). All these observations raise
the possibility that, besides the interactions of pre-existing
complexes with cellular proteins like Rb and p107, de
novo synthesis of E2F- 1 might contribute to the overall
regulation of E2F activity during the cell cycle. We
investigated whether the deregulated overexpression of
E2F-1 could by itself lead to neoplastic transformation.
Our results provide a direct demonstration that sustained
overexpression of E2F- 1 results in loss of cell proliferation
control and cell transformation. Furthermore, our biochem-
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Fig. 1. Morphology and colony-forming ability of transfected rat embryo fibroblasts. Cultures growing in DME with 10% fetal calf serum were

photographed at subconfluent and confluent stages. Colony formation in 60 mm diameter dishes shown here is 21 days after 100 cells were seeded in
0.3% agarose in DME with 10% fetal calf serum.

ical characterization of the transformed cells as well as

mutagenesis of E2F-1 provide significant insight into the
mechanistic process underlying the E2F-1-mediated cell
transformation.

Results
Transformation of REF by E2F-1
Rat embryo fibroblast (REF) cells were chosen for this
study because they display the characteristics of normal
fibroblastic cells, namely a flat morphology and anchorage-
dependent growth which is inhibited in a density-depend-
ent manner. The REF cells also take up DNA fairly well
and display a low background transformation rate during
cloning and drug selection for markers on the introduced
extraneous DNA. The E2F-1 cDNA was placed under the
control of the CMV promoter by introducing it as an
EcoRI-SacI fragment into the G41 8-selectable mammalian
expression vector pXJ41neo (Zheng et al., 1992). This
plasmid was transfected into REF cells which were replated

at one tenth density after 2 days and selected for DNA
uptake by including G418 in the growth medium. Indi-
vidual colonies were isolated and replated at cloning
densities to obtain secondary clones which were expanded
into cell lines. In all cases, the initial and secondary clones
exhibited identical morphology and growth characteristics.

In four independent transfections, the CMV vector
and CMV-E2F-1 construct yielded approximately equal
numbers of stable transfectants, a total of 61 REF-neo
and 72 REF-E2F-1 respectively. Of these, only the 14
REF-neo and 16 REF-E2F- 1 obtained from the first
transfection were investigated further. All 14 REF-neo
clones displayed the adherent flat cell morphology of the
parental cell line and remained as tight monolayers when
the cultures were confluent (Figure 1). On the other hand,
only seven of the 16 REF-E2F-1 clones displayed the
normal morphology of REF. The others exhibited a smaller,
spindle-shaped morphology with many rounded and
refractile cells and a tendency to form foci at subconfluent
densities (Figure 1). These clones adhered less strongly
to the culture vessel and also tended to form short strings
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Transformation by E2F-1

Table I. Phenotype of transfected rat embryo fibroblasts

Neomycin Contact Growth in Growth in Doubling time Tumorigenicity
resistant inhibition soft agarose 0.1% serum in 1% serum (h) in nude mice
colonies

REF-neo
Untransformed
REF-E2F- 1
Transformed
REF-E2F- I

14

9

7

+ 120

+ 120

+ + 48

0/5

0/5

5/5

Non-transformed
REF-E2F-1

BTransformed
REF-E2F-I

F1l J14 I17 [1-2 G-5 1110G4 118 113 F2 Jl5GG6 H9

Non-transformed
REF-neo REF-E2F-1

Cl D2 Fl J14 117 (;3 112

Transformed
REF-E2F-1

(;4 H8 113 F2 J15

kI)

200 -

97.4 -

69 -

-

*

46 -

0.87 -
0.56 -

30

Il-actin

Fig. 2. Transformation of REF correlates with E2F-1 expression. (A) Twenty micrograms of total RNA from each transfected REF cell line were

fractionated by agarose gel electrophoresis, blotted onto a nylon membrane and hybridized with 32P-labelled E2F-1 cDNA. The hollow arrow

indicates the endogenous 2.6 kb E2F-1 message and the filled arrow indicates the transcript from the transfected E2F-1 cDNA. The blot was stripped
of bound E2F-l probe and rehybridized with labelled actin cDNA to normalize for loading inequalities across the tracks. (B) Ninety micrograms of
protein in total cell extracts from each transfected REF cell line were resolved by SDS-PAGE, transferred to nitrocellulose and probed with
monoclonal antibody against E2F-1. The membrane was developed with 125I-labelled protein A and visualized through autoradiography at -70°C.
E2F-1 appears as a broad band of -60 kDa size.

and bunches of cells, the latter often growing as free-
floating masses. Confluent cultures rapidly progressed to
disorganized multilayers resulting from continued growth
of the cells.

The morphologically transformed REF-E2F- 1 clones
also displayed anchorage-independent growth as assessed
by growth in soft agar. These clones were able to form
colonies in agarose (Figure 1) ranging in concentration
from 0.3% to 1.2% with an apparent cloning efficiency
of -50%. Neither the REF-neo clones nor the morpholo-
gically non-transformed REF-E2F-1 transfectants formed
detectable colonies in the soft agar assay. From these
results, we arrived at a preliminary conclusion that a

fraction of the REF-E2F- 1 transfectants exhibited the
characteristics of uncontrolled growth and transformation.

E2F- 1 transformed cells are tumorigenic
The transformation of the CMV-E2F-1 transfectants was

further supported by their growth characteristics. The
morphologically transformed REF-E2F-1 cells displayed
a reduced requirement for serum growth factors evidenced
by their continued proliferation in media with 0.1% fetal

calf serum, whereas the unaltered REF-E2F-1 and REF-
neo cell lines became quiescent (Table I). Under reduced
serum conditions (1%), the altered REF-E2F-1 cells also
displayed an accelerated rate of proliferation with a

doubling time of only 48 h compared with 120 h for the
unaltered REF cell lines, although this difference was less
marked in 10% serum. Unlike the REF-neo and unaltered
REF-E2F-1 cells, no apparent saturation density could be
recorded for the morphologically transformed REF-E2F-
1 lines as proliferation in culture continued beyond conflu-
ence and the cells eventually lifted off the dishes in sheets.
This indicated that these cells were not inhibited by contact
with neighbouring cells and grew in a density-independent
manner. Taken together, the anchorage-independent growth
in low serum and their lack of contact inhibition qualify
the morphologically altered REF-E2F- 1 cells as fully
transformed.
To determine if the transformed REF-E2F- 1 cells were

also tumorigenic, 5 x 105 cells from each clone were

introduced subcutaneously into 4-week-old female athymic
mice. After a latency of 2 weeks, tumours appeared at the
site of injection of the transformed REF-E2F- 1 cells,
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Fig. 3. Transformed REF exhibit increased expression of E2F-
dependent genes. The nitrocellulose membrane shown in Figure 2 was
reprobed sequentially with labelled c-myc, dihydrofolate reductase and
thymidine kinase cDNAs after stripping the previous probe. The
hybridized probe was quantified with the Phosphorlmager.

whereas no tumours were detected with REF-neo or the
unaltered REF-E2F-1 cells after 2 months. No secondary
tumours were detected during the period of these experi-
ments. Hence the transformed REF-E2F-1 cells are also
tumorigenic.

Transformation of REF correlates with E2F- 1
expression
To resolve the observation that only slightly more than half
of the E2F-1 transfected clones displayed a transformed
phenotype, the expression of the transgene in each clone
was analysed. Analysis of total RNA with the E2F- 1
cDNA as a hybridization probe revealed that although all
clones exhibited low levels of the 2.6 kb endogenous E2F-
1 mRNA transcript, only the transformed REF-E2F- 1 lines
showed expression of the transgene (Figure 2A). This was
seen as an intense band of -1.9 kb and appeared to be
expressed at similar levels in all the transformed REF-
E2F-1 clones. This E2F-1 transgene expression, which
was quantified to be >10 times in excess of the endogenous
gene, did not affect the expression of the endogenous
E2F-1 gene in the transformed cells compared with the
REF-neo or unaltered REF-E2F- 1 transfectants. Thus
the endogenous E2F-1 gene expression is not subject to
autoregulation.

Immunoblot analysis for the presence of the E2F-1
polypeptide yielded results consistent with the RNA ana-
lysis. Specific monoclonal antibodies detected large
amounts of E2F-1 in total extracts of transformed REF-
E2F-1 cells, whereas the same protein was barely detect-
able in identical extracts of REF-neo and unaltered REF-
E2F-1 (Figure 2B). The overexpressed E2F-1, estimated
by densitometric scanning to be -20 times in excess of
the endogenous levels, migrated in SDS-PAGE with an
apparent molecular weight of -60 kDa and exhibited
some trailing. In some experiments, especially when
significantly less protein was loaded, E2F-1 was detected
as a doublet with another band of -57 kDa (Figure 7B,
lane 10) consistent with earlier observations (Helin et al.,
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Fig. 4. Transformed REF exhibit enhancement of selected E2F DNA
binding complexes. Twenty micrograms of total cell protein were
incubated with a 32P-labelled synthetic E2 promoter fragment, resolved
by polyacrylamide electrophoresis and the DNA binding complexes
detected and quantified with the Phosphorlmager. Specificity of the
complexes was determined with labelled mutant E2 promoter DNA
(lane 11) and competition with excess unlabelled E2 promoter and
mutant DNA fragments (lanes 12 and 13). The filled arrows indicate
the specific E2F DNA binding complexes and the hollow arrow shows
the excess unbound probe.

1992; Kaelin et al., 1992). Thus the overexpressed E2F-
1 protein in the transformed REF-E2F-1 cells exhibits
physical properties similar to the endogenous protein.
Furthermore, the transformation of REF cells clearly
correlates with the overexpression of E2F-1.

Overexpression of E2F- 1 results in increased
expression of E2F-dependent genes
The increased levels of E2F-1 in the transformed cells
might be expected to affect the overall E2F transactivation
activity in these cells. We assessed this by analysing the
expression of selected E2F-dependent genes. Total RNA
from the various transfectants was hybridized sequentially
with cDNA probes for c-myc, thymidine kinase and DHFR.
All three genes examined were expressed at increased
levels in the transformed REF-E2F- 1 cells compared with
REF-neo and the unaltered REF-E2F- 1 (Figure 3). The
enhanced expression in the transformed cells was most
notable with thymidine kinase where a 6-fold increase in
its message was detected, whereas the expression of c-
myc and DHFR genes was increased -2-fold. Thus the
presence of high levels of E2F-1 in the transformed REF
cells apparently results in the increased expression of
the E2F-dependent genes, although the nominal changes

3332



Transformation by E2F-1

observed may very well reflect the increased growth rates
of the transformed cells.

Enhancement of two E2F DNA binding complexes
in transformed cells
We analysed the E2F DNA binding activity in the various
REF clones to determine if increased levels of the tran-
scription factor were present to account for higher expres-
sion of the target genes. Total cell extracts were mixed
with a 32P-labelled double-stranded oligonucleotide probe
representing the E2F binding site within the adenovirus
E2 promoter (Shirodkar et al., 1992) and the protein-
DNA complexes were resolved by non-denaturing acryl-
amide gel electrophoresis. In all the REF-neo and REF-
E2F-1 cell lines, the same five distinct E2F complexes
(A, B, C, D and E) were detected and these were specific
for the E2F probe, as determined through the use of a
labelled non binding mutant probe and competition with
unlabelled homologous probe (Figure 4). However, the
levels of the slower migrating complexes A and B were
significantly increased in the transformed REF-E2F- 1
as compared with the non-transformed lines (Figure 4,
compare lanes 1-6 with lanes 7-10). This increase in the
DNA binding capacity was estimated by densitometric
scanning to be five times for complex A and 15 times for
complex B, which in some experiments appeared as a
doublet (data not shown). Both complexes A and B were
converted to C, D and E in the presence of 0.6% DOC,
suggesting that the latter were components of A and B
(Figure 5, lanes 2 and 7). Consistent with earlier reports
(Kaelin et al., 1992; Shan et al., 1992), antibodies specific
for E2F-1 had little effect on the complexes in the non-
transformed cells, suggesting that little, if any, E2F-1 was
present in these complexes. However, in the transformed
REF-E2F- 1, the complexes A and B were both essentially
abolished (Figure 5, lanes 3-4 and 8-9), indicating that
E2F-1 is a major component of these complexes. These
complexes, which are present in the non-transformed cells
at significantly lower amounts, appear to have incorporated
the overexpressed E2F-1 in the transformed cells. Thus
the other components of these complexes are not limiting
and are available for complexing with the overexpressed
E2F- 1. Antibodies specific for Rb abolished complex B
and reduced complex A, with the concomitant appearance
of a complex migrating more slowly than complex A
(Figure 5, lanes 5 and 10). Thus both complexes A and
B also contain Rb in addition to E2F- 1. Treatment with
antisera specific for other components known to exist in
E2F complexes did not yield any conclusive results, but
their presence in complexes A and B cannot be dismissed,
since faint, severely retarded complexes were detected
with antibodies specific for cyclin E and cdc2 but without
abolishing or reducing any of the complexes (data not
shown).

Transforming activity of E2F-1 is independent of
its Rb binding domain but requires the DNA
binding and transactivation domains
The enhancement of the Rb-containing complexes A and
B in the transformed cells raised the possibility that high
levels of E2F-1 could compete effectively for Rb by
binding directly to it (Helin et al., 1992; Kaelin et al.,
1992; Shan et al., 1992). This might eliminate free Rb or

inon-transformed Transformed
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Fig. 5. The enhanced E2F DNA binding complexes A and B in
transformed REF contain E2F-1 and Rb. Total cell extracts were
treated for 30 min with 0.6% DOC or antibodies against E2F-1 or Rb
before analysis for E2F DNA binding activities. The filled arrows
indicate the specific E2F DNA binding complexes and the hollow
arrow shows the excess unbound probe.

even extract it from a complex or complexes where it is
required for regulation, with the overall effect of lifting
the Rb suppression on E2F activity and causing uncon-
trolled cell growth. We tested this possibility by transfect-
ing REF cells with cDNA coding for an E2F-1 mutant,
E2F-1(1-416) which lacks the C-terminal 21 amino acids.
This mutant has been documented as being incapable of
binding Rb by itself but retains considerable transactivation
activity (Shan et al., 1992; Helin et al., 1993a). Twelve
independent REF clones with stable integration of E2F-
1(1-416) were isolated and analysed for characteristics of
transformation. Of these, five were unaltered in morpho-
logy and growth characteristics, whereas the remaining
seven displayed a morphology indistinguishable from the
transformed REF-E2F-1 (Figure 6A). These morpholo-
gically altered cells were confirmed to be indeed trans-
formed by virtue of their growth in low serum and soft
agarose and tumorigenicity in nude mice (data not shown).
Interestingly, when the REF-E2F-1(1-416) clones were
examined for their E2F DNA binding activities, the pattern
obtained was similar to that seen with REF-E2F-1 (Figure
6B). The non-transformed REF-E2F-1(1-416) displayed
the five complexes with relative levels similar to unaltered
REF, whereas the transformed clones exhibited increased
amounts of complexes A and B. Both complexes A
and B contained E2F-1(1-416), since both polyclonal and
monoclonal antisera to E2F-1 were able to disrupt these
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Fig. 6. REF expressing E2F-1(1-416) are transformed and exhibit enhanced E2F DNA binding complexes A and B. (A) Morphology of transformed
and non-transformed REF-E2F-1(1-416) at subconfluent density. Northern analysis indicated that the transformed REF-E2F-1(1-416) expressed the
transfected E2F-1(1-416) cDNA but the non-transformed REF-E2F-1(1-416) did not (data not shown). (B) Total cell extracts from two clones each
of transformed and non-transformed REF-E2F-1 were analysed for E2F DNA binding activities. Specificity of the DNA binding complexes was
determined with excess unlabelled E2 promoter DNA. The presence of E2F-1(1-416) and Rb was assessed by pretreating the cell extracts with
specific antibodies. The filled arrows indicate the specific E2F DNA binding complexes and the hollow arrow shows the excess unbound probe.

complexes. Surprisingly, both complexes A and B were
abolished by antibodies to Rb, indicating that Rb was
again present in these complexes. Since E2F-1(1-416)
does not bind directly to Rb (Shan et al., 1992), its
association with Rb could be mediated by other compon-
ents in the complex. Thus the transforming potential of
E2F-1 does not require its direct binding to Rb.
We further transfected REF cells with cDNA for another

mutant of E2F-1, E2F-1(DBM), which is altered from
amino acids 124 to 134 within the DNA binding domain
and was designed to be deficient in DNA binding. This
was confirmed earlier by mixing the in vitro translated
E2F-1(DBM) with the 32P-labelled E2 promoter fragment.
No DNA binding was detected (Figure 7A) although the
wild type E2F-1 clearly bound DNA under the same
conditions. When nine stable clones of REF-E2F- 1 (DBM)
were examined, none displayed an altered morphology,
ability to grow in soft agarose or low serum, foci formation
or tumorigenicity in nude mice (data not shown). Immuno-
blot analysis revealed that most clones were expressing
E2F-1(DBM), with at least four exhibiting levels equal to
or higher than E2F- 1 in the transformed REF-E2F- 1
(Figure 7B). In addition to the absence of transformation,
the DNA binding pattern was identical to that of untrans-
formed REF and enhancement of complexes A and B was
not detected (Figure 7C). Thus, although E2F- 1(DBM) is
overexpressed, its inability to bind DNA renders it unable
to transform REF cells, even with a functional Rb binding
domain. Therefore, the depletion of Rb and the consequent

derepression of endogenous E2F activity cannot be the
mechanism for transformation of REF cells by deregulated
overexpression of E2F- 1. Hence the transforming potential
of E2F- 1 is associated with its DNA binding activity but
not a functional Rb binding domain.

Since E2F- 1 possesses a functional transactivation
domain within residues 368-437 (Kaelin et al., 1992;
Shan et al., 1992), we investigated its involvement in the
transformation ofREF caused by overexpression of E2F- 1.
REF cells were transfected with a truncated cDNA of
E2F-1, E2F-1(1-284), which codes for the first 284
amino acids of E2F- 1. This completely removes the
transactivation domain (Helin et al., 1992; Kaelin et al.,
1992; Shan et al., 1992) but the resulting polypeptide is
still capable of binding DNA (data not shown). Of the
total of 18 stable transfectants isolated and analysed, none
exhibited any characteristics of cell transformation. Using
a subset of nine randomly selected REF-E2F-1(1-284)
clones, it was obvious that some of these expressed the
E2F-1(1-284) transcript at levels equal to or higher than
the E2F-1 message in the transformed REF-E2F-1 (data
not shown). Furthermore, the E2F DNA binding activity
profile of five out of these nine clones was indistinguishable
from that of the transformed REF-E2F- 1, complete with
increased levels of complexes A and B (Figure 8A). These
complexes clearly contained E2F-1(1-284), since antisera
directed against amino acids 369-437 at the C-terminus
of E2F-1 (Kaelin et al., 1992) was unable to disrupt them
(Figure 8B). In the event, polyclonal antibodies against
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Transformation by E2F-1

REF-E2F-1(DBMI)
1 2 3 4 5 6 7 8

r.i

9I0 REF-E2F-1(D)BMI)

1 2 3 4 5 6 7 8 9 10

Fig. 7. Expression of the non-transforming, DNA binding deficient E2F-l(DBM) does not lead to enhancement of E2F complexes A and B. (A) Ten
microliters of in vitro translated E2F-1 and E2F-1(DBM), altered across residues 124-150, were tested for E2F DNA binding activity against mock
translated extract. Specificity of the DNA binding complex was determined with excess unlabelled E2 promoter DNA. The arrow indicates the
specific E2F-I/DNA complex. (B) Twenty micrograms of total protein from 10 REF-E2F-1(DBM) clones and one transformed REF-E2F-1 were

resolved by SDS-polyacrylamide electrophoresis, blotted onto nitrocellulose, probed with monoclonal antibody against E2F-1 and developed with
1251-labelled protein A. The blot was visualized and quantified with the Phosphorlmager. The arrows indicate the 60 kDa and 57 kDa doublet
resulting from expression of E2F-1 and E2F-1(DBM). The band across all tracks between the 60 and 57 kDa proteins was observed in some

experiments. (C) Total cell extracts of REF-E2F-1(DBM), containing 20 ,ug protein, were tested for E2F DNA binding activity. The filled arrows

indicate the specific E2F DNA binding complexes and the hollow arrow shows the excess unbound probe.

the full length E2F-1 also did not affect the complexes
(Figure 8), although they reacted with E2F-1(1-284) in
immunoblot analysis of the in vivo and in vitro translated
protein. The residual portion of the truncated E2F-1(1-
284) in complexes A and B could possibly be inaccessible
to antibodies, probably because the remaining domains
are those involved in dimerization and DNA binding.
However these complexes were still sensitive to 0.6%
DOC and contained Rb since they were disrupted by
antibodies against Rb. Thus the incorporation of the
transactivation deficient E2F-1(1-284) into complexes A
and B enables DNA binding functionality but does not
lead to transformation of the host cells, suggesting that
cell transformation by sustained levels of E2F-1 is associ-
ated with its direct transactivation activity.

Discussion
The data presented in this report relate to whether the
deregulated overexpression of E2F- 1 in primary cells
could cause cell transformation and its underlying mechan-
ism. We chose rat embryo fibroblasts for our studies
because these cells exhibit the growth characteristics of
primary fibroblasts. In addition, REF cells have a low
background transformation rate and are refractory to
transformation by most single oncogenes (Weinberg,
1989). This property is particularly attractive, since trans-
formation by a single factor must then result from the
perturbation of a process fundamental to the maintenance

of the normal cellular state, rather than the additive or
synergistic effects of a subpotent stimulus and a pre-
existing latent defect. Although our study is based on
overexpression, this does not limit our interpretations and
conclusions, because only the wild-type E2F-1 and E2F-
1(1-416), but not E2F-1(DBM) or E2F-1(1-284)
expressed at similar levels, could lead to cell transforma-
tion. Our preliminary studies also suggest that a compar-
able expression of DP-1, another component of E2F, has
no effect on the growth characteristics (data not shown).
The E2F-1 gene was placed under the control of the

strong constitutive promoter of CMV and introduced into
REF cells in a neomycin-selectable vector. The stable
transfectants were analysed for cell transformation based
on changes in morphology, altered growth characteristics
and tumorigenicity in nude mice. In the event, about half
of the transfectants were confirmed to be transformed with
an altered morphology. The transformation of REF-E2F-
1 cells was clearly associated with overexpression of the
transfected E2F-1 cDNA, the expression of which was
similar in all the transformed clones. Since only E2F-1
was transfected and overexpressed, it follows then that
this is sufficient to cause uncontrolled growth and trans-
formation of REF cells. The overexpression of E2F-1, in
all probability, resulted in increased E2F activity, detected
as enhanced expression of the E2F-dependent genes associ-
ated with entry into and progression through the S phase.
This increased expression of the E2F-dependent genes
suggests that the provision of E2F-1 alone is sufficient to
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Fig. 8. The non-transforming E2F-1(1-284) lacking the Rb binding and transactivation domains incorporates into and enhances the E2F complexes
A and B. (A) Total cell extracts of REF-E2F-1(1-284), containing 20 gg protein, were tested for E2F DNA binding activity. The filled arrows
indicate the specific E2F DNA binding complexes and the hollow arrow shows the excess unbound probe. (B) The cell extract from clone 7 of REF-
E2F-1(1-284) was pretreated with DOC or antibodies against E2F-l or Rb. The arrows indicate the specific E2F DNA binding complexes.

elicit E2F activity. It is unclear whether the increased
expression of the E2F-dependent genes we detect is a
cause or consequence of the entry into S phase, but it
appears that the constitutive expression of E2F-1 drives
REF cells that would otherwise have remained quiescent
to enter S phase independently of mitogenic signals and
would be sufficient for the observed uncontrolled growth
of these cells. It is tempting to extrapolate from this that
one of the normal physiological functions of E2F-1 may
be to trigger the entry of cells into the S phase in response
to appropriate growth signals. This is consistent with a
report that appeared while this manuscript was in prepara-
tion, which showed that transient overexpression of E2F-
1 alone is sufficient to cause quiescent cells to enter S
phase (Johnson et al., 1993), although this study did
not evaluate the effect of E2F-1 on endogenous gene
expression, E2F DNA binding complexes or cell growth.
Our work extends this by showing unequivocally that
sustained levels of E2F-1 do not merely induce cells to
enter S phase, but are also capable of driving the cell
division cycle through all stages.
Two potential explanations for the E2F-1-mediated cell

transformation are the direct activation of E2F-responsive
genes by overexpressed E2F-1 or the sequestration of Rb
which results in the release of other Rb-bound factors.
Several lines of evidence suggest that the latter is unlikely.
First, E2F-1(1-416), in which the Rb binding domain was
deleted, is still transforming. Secondly, mutation of the
DNA binding region of E2F- 1 resulted in a mutant

which contains the Rb binding domain but is no longer
transforming. Thus the transformation activity of E2F-1
is closely associated with the DNA binding but not
the Rb binding activity of E2F-1, supporting the first
hypothesis. Furthermore, the transactivation domain of
E2F-1 is essential for this transforming activity, since
the transactivation domain deletion mutant E2F-1(1-284)
could be incorporated into complexes A and B but was
non-transforming. It thus emerges that direct binding of
E2F-1 to the target genes and the direct interaction of its
transactivation domain with the cellular transcriptional
machinery are the major events leading to the transforma-
tion of the transfected cells. However, this does not
eliminate the possibility that Rb could also be a target of
the transforming event.

Although five distinct E2F DNA binding complexes are
detected in the transformed cells, only complexes A and,
especially, B contain E2F-1 as their principal component,
since they could be selectively abolished by antibodies
against E2F-1. The correlation between E2F-1-mediated
transformation and the marked enhancement of complexes
A and B indicates that these complexes may be directly
involved in the enhanced E2F-responsive gene expression
and cell transformation. The presence of Rb, a reported
suppressor of E2F- 1-mediated transactivation (Flemington
et al., 1993), raises the query as to how these complexes
could participate in such activities. It seems that incorpora-
tion of Rb into complexes A and B does not involve its
direct interaction with E2F-1, because deletion of the Rb
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binding domain of E2F- 1 in both E2F- 1(1-416) and E2F-
1(1-284) has no apparent effect on the incorporation of
Rb into complexes A and B. It is thus possible that other
endogenous proteins associated with complexes A and B
play a dominant role in recruiting Rb into these complexes,
leaving the DNA binding and transactivation domains of
E2F- 1 accessible for extraneous interactions. The resulting
complexes could bind effectively to E2F sites on target
genes and trans-activate their expression. This is possible
because additional cellular Rb binding proteins, including
other components of E2F complexes, have been identified
(DeCaprio et al., 1988; Dyson et al., 1989, 1990; Munger
et al., 1989; Defeo-Jones et al., 1991; Lees et al., 1993;
Ivey-Hoyle et al., 1993) and more are expected to be
found. Our observations raise the possibility that the Rb-
containing complexes A and B may be transcriptionally
active and responsible for the transformed state of REF
cells overexpressing E2F- 1, especially since Rb has been
observed to exert a positive effect on transcription (Kim
et al., 1992a,b, Bocco et al., 1993; Udvadia et al., 1993).
This explanation is not consistent with the current view
that 'free' E2F is the major driving complex for E2F-
responsive gene expression (Moran, 1991; Mudryj et al.,
1991; Nevins, 1992; Schwarz et al., 1993). This 'free
E2F' concept is derived mainly from correlation of 'free'
E2F with transcriptional activation of a limited and very
well defined E2F-responsive reporter construct in transient
transfection assays with Rb and p107 (Dalton, 1992;
Hiebert et al., 1992; Weintraub et al., 1992) or following
dissociation of E2F complexes with viral oncoproteins
(Mudryj et al., 1991). The response of such a transiently
transfected reporter system could be compromised by
its presence in excessive copies, absence of a proper
chromosomal environment and the lack of flanking
sequences, and thus not represent the complicated cellular
process of E2F-responsive gene expression. This is especi-
ally so since E2F-responsive genes exhibit differential
transcriptional activation with respect to the cell cycle
(Helin and Harlow, 1993). Further investigations of the
regulation of endogenous E2F-dependent genes with
regard to E2F DNA binding complexes should provide a
clearer insight into the important but complicated cell
cycle regulatory events.

Materials and methods
Cell culture and transfection
REF cells (a gift from C.J.Pallen's laboratory, IMCB) were maintained
in Dulbeco's modified Eagle's minimal essential medium (DME) supple-
mented with 10% fetal bovine serum. DOTAP (N-[l-(2,3-dioleoyloxy)
propyl]-N,N,N-trimethylammonium methylsulfate; Boehringer Mann-
heim) was used according to the manufacturer's instructions for transfec-
tion of cells. Forty-eight hours after transfection, the cells were replated
at one tenth density in media with 400 gg/ml G418 sulfate (Life
Technologies). Well-isolated colonies were selectively removed with
cloning cylinders and replated at low densities to obtain secondary
colonies which were then expanded into cell lines.

Growth in soft agar
One thousand or one hundred cells were plated on separate 60 mm
diameter dishes in 0.3-1.2% agar in complete medium on a bed of 1.5%
agar in complete medium. After 21 days, the colonies were scored and
photographed.

Saturation density, serum requirement and growth in low
serum
Approximately 5 x 104 cells were plated on 60 mm diameter dishes and
incubated overnight. The old medium was then removed and the cells
were washed twice with serum-free medium and fed with DME containing
fetal calf serum at 0.1% (serum requirement studies), 1% (low serum
growth studies) or 10% (saturation density studies). Over the next 7
days, triplicate dishes were scored daily by dispersing the cells with
trypsin, staining with trypan blue and counting with a haemocytometer.
Doubling times were determined by analysis of semilogarithmic plots,
using data from the exponential phase of growth. Saturation density was
estimated from dishes that exhibited no increase in cell numbers over 3
consecutive days.

Tumorigenicity in nude mice
Cells were dispersed with trypsin, washed three times with phosphate-
buffered saline (PBS) to remove serum and resuspended at 1 X 106 cells/
ml in PBS. About 1 X105 cells were then injected subcutaneously into
3-week-old athymic mice. Tumour occurrence and size was monitored
weekly for up to 3 months.

Construction of E2F-1 plasmids
The mammalian expression vector used was pXJ41neo (Zheng et al.,
1992) which carries the strong constitutive CMV promoter for high level
expression of transgenes and the neomycin gene to confer resistance to
G418 sulfate for selection of stable transfectants. The cDNA for E2F-1
has been described previously (Helin et al., 1992; Kaelin et al., 1992;
Shan et al., 1992). The E2F-1 cDNA was placed under the control of
the CMV promoter by ligating the EcoRI-SacI(blunt-ended) cDNA
fragment with the EcoRI-XhoI(blunt-ended) pXJ41neo to form pXJ41-
E2F-1. pXJ41-E2F-1(1-416), which expresses a truncated E2F-1, amino
acids 1-416, was created by replacing the XhoI-XhoI fragment of pXJ41 -

E2F-1 with a XhoI linker carrying translation termination codons in all
three frames. pXJ41-E2F-1(1-284), which expresses another truncated
form of E2F-1 consisting of the N-terminal 284 amino acids, was
constructed by cloning the EcoRI-BglII fragment of the cDNA into the
EcoRI-XhoHI treated pXJ41neo via a Bglll-XhoI adapter with translation
termination codons. The DNA binding-deficient mutant E2F-l(DBM),
with a frameshift mutation (codons 124-150) in the putative DNA
binding domain, was created by replacing the SmaI-SalI fragment of
the E2F-1 cDNA with a homologous synthetic DNA. This fragment was

designed with an additional guanine nucleotide after codon 123 but
lacked the cytosine nucleotide of codon 150 and the two termination
codons (TGA) that would have appeared in the frame if the E2F-I
cDNA were changed to tryptophan codons (TGG).

Analysis of gene expression
Messenger RNA levels were assessed by Northern blot analysis of total
RNA (Ausubel et al., 1993) with 32P-labelled probes generated from
appropriate cDNA fragments. For determination of protein levels of
E2F-1, cells were lysed in 10 mM Tris, pH 8.0, 0.5% SDS and 5 mM
EDTA and the protein content determined with the BCA protein assay
reagent (Pierce). Equal amounts of protein were fractionated in each
track of denaturing polyacrylamide gels, electroblotted onto nitrocellulose
membranes, probed with monoclonal and polyclonal E2F- 1 antibodies
(Upstate Biotechnology), which have been described before (Kaelin
et al., 1992), and developed with 1251-labelled protein A (Ausubel et al.,
1993). Radioactive membranes were quantified with storage phosphor
screens (Phosphorlmager, Molecular Dynamics) and the electronic
images output directly to a film recorder (Lasergraphics Personal LFR).

In vitro translation
About 5 tg plasmid DNA that had been linearized with an appropriate
restriction enzyme was transcribed in a 50 gl reaction with the Promega
kit using T7 RNA polymerase. The RNA transcripts from each reaction
were purified and translated in rabbit reticulocyte lysate. Both procedures
were according to protocols provided by Promega.

E2F DNA binding assays
E2F electrophoretic mobility shift assays were performed with total cell
extracts (Shirodkar et al., 1992) and a 32P-labelled synthetic probe
corresponding to the adenovirus promoter (-70 to -32) or a non binding
mutant as previously described (Qin et al., 1992; Shirodkar et al., 1992).
Where used, 0.6% DOC, followed 20 min later by 1.2% NP-40, was

added to the total cell extracts prior to complex formation with the
labelled probe. Similarly, the cell extracts were reacted with the E2F-
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1 and Rb antibodies (Rb-Ab2, Oncogene Science) 30 min before
probe addition.
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