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ABSTRACT E2F transcription activity is composed of a
family of heterodimers encoded by distinct genes. Through the
overproduction of each of the five known E2F proteins in
mammalian cells, we demonstrate that a large number of
genes encoding proteins important for cell cycle regulation
and DNA replication can be activated by the E2F proteins and
that there are distinct specificities in the activation of these
genes by individual E2F family members. Coexpression of each
E2F protein with the DP1 heterodimeric partner does not
significantly alter this specificity. We also find that only E2F1
overexpression induces cells to undergo apoptosis, despite the
fact that at least two other E2F family members, E2F2 and
E2F3, are equally capable of inducing S phase. The ability of
E2F1 to induce apoptosis appears to result from the specific
induction of an apoptosis-promoting activity rather than the
lack of induction of a survival activity, because co-expression
of E2F2 and E2F3 does not rescue cells from E2F1-mediated
apoptosis. We conclude that E2F family members play distinct
roles in cell cycle control and that E2F1 may function as a
specific signal for the initiation of an apoptosis pathway that
must normally be blocked for a productive proliferation event.

Various studies have led to the delineation of a pathway
controlling the progression of cells from quiescence, through
Gj, and into S phase that involves the activation of G;
cyclin-dependent kinases (cdk), inactivation of Rb and related
proteins, and accumulation of E2F transcription factor activity
(for reviews see refs. 1-7). It is also now clear that the
disruption of components of this control pathway, either the
activation of positive acting components such as the G, cyclins
or the inactivation of negative components such as p53, Rb,
and the cyclin-dependent kinase inhibitors (CKI), can lead to
the loss of cell growth control underlying the development of
various forms of human cancer (7, 8).

Like many other signal transduction activities, E2F consists of
afamily of related proteins that include five distinct E2F members
and at least two heterodimer partners, DP1 and DP2. The
complexity of the E2F activity, as generated by the formation of
a variety of heterodimeric protein complexes, suggests a com-
plexity of function whereby the individual family members might
play distinct roles in cellular growth control. For instance, the
individual E2F family members might integrate distinct signaling
pathways within the cell to facilitate the orderly progression
through the growth cycle. That is, individual E2F genes might
respond to different components of a growth signaling process,
either distinct extracellular growth factors or simply distinct signal
transduction pathways that integrate a complex growth response.
Additionally, but not exclusive of the first instance, the individual
E2F proteins could activate distinct target genes, the total of
which constitutes the range of activities necessary for cells to
progress into and through S phase. Finally, the complexity of E2F
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activity might also contribute to cell type-specific activation of
genes controlling cell fate in different tissues.

We have shown previously that E2F1 can activate a number of
suspected endogenous E2F target genes, coincident with the
ability of E2F1 to alter cell growth control (9). We have now
constructed recombinant viruses encoding each member of the
E2F family to compare the abilities of these related proteins to
affect cell cycle control. By using these viruses, we demonstrate
that there are distinct differences in the ability of E2F family
members to induce S phase. In particular, it appears that E2F1,
E2F2, and E2F3 share the capacity to achieve an efficient
induction of S phase. In contrast, E2F4 and E2F5 only weakly
induce S phase. Perhaps most striking is the finding that the
previously described E2F1-mediated induction of apoptosis (10—
13) is an activity that is unique to the E2F1 product, suggesting
a role for this E2F protein as a signal for activating a specific cell
fate pathway.

MATERIALS AND METHODS

Cells and Viruses. Viral stocks were created as described
previously (14), and the virus was purified by CsCl density
gradient centrifugation as described (15). Viral titers were deter-
mined by an indirect immunofluorescent assay specific for the
viral 72-kDa E2 gene product as described (9) and defined as
focus forming units (ffu) per ml. The construction of the recom-
binant viruses Ad-E2F1 and Ad-Con (a control virus, previously
termed AdMb or Ad-CMYV, lacking a cDNA insert) have been
described (14, 16). Ad-E2F2 was constructed by ligation of the
BgllI fragment from pCMV-E2F2 (17) into the BamHI-digested
pcDNA3 (Invitrogen). The resulting construct (E2F2-pcDNA3)
was digested with HindIII-Notl, and the resulting 1401-bp E2F2
fragment was ligated into the HindIII-Notl-digested pGEM-
CMV. Ad-E2F3 was constructed by ligation of the EcoRI frag-
ment containing E2F3 from pBSK-E2F3 (18) into EcoRI-
digested pcDNA3. The 1570-bp HindIII-NotI fragment from
the resulting clone (E2F3-pcDNA3) was then ligated into the
HindIII-Notl-digested pGEM-CMV. Ad-E2F4 was con-
structed by ligation of the KpnI-Xbal fragment from pcDNA3-
E2F4 (19) into the Kpnl-Xbal-digested pPGEM-CMV. Ad-E2F5
was constructed by ligation of the BamHI-Xbal fragment from
pcDNA3-E2F5 (19) into the BamHI-Xbal-digested pGEM-
CMV. Ad-DP1 was constructed by ligation of the HindIII-NorI
fragment from pRcCMV-T7DP1 (20) into the HindIII-NotI-
digested pGEM-CMV.

REF52 cells were grown in DMEM containing 10% serum
(5% fetal bovine serum and 5% calf serum). To bring cells to
quiescence, REF52 cells were plated at approximately 3,500
cells/cm? and incubated overnight. On the next day, the cells
were washed once with DMEM, and the culture medium was
replaced with DMEM containing 0.25% serum. Cells were
further incubated for 48 hr prior to virus infection or serum
stimulation by replacement with culture medium containing
10% serum. Cells on plates were infected in DMEM with 20

Abbreviations: cdk, cyclin-dependent kinase; ffu, focus-forming unit;
DHFR, dihydrofolate reductase; moi, multiplicity of infection; CKI,
cyclin-dependent kinase inhibitors.
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mM Hepes (pH 7.2) for 75 min at 37°C at a cell to volume ratio
of 0.5 X 10° cells/ml (0.5 ml for a 35-mm plate, 2 ml for a
100-mm plate, or 5 ml for a 150-mm plate). Following infec-
tion, 4 volumes of 0.25% serum/DMEM were added to each
plate, and the cells were incubated at 37°C. Where indicated,
the cells were subsequently serum-stimulated by replacement
with culture media containing 10% serum. BrdUrd incorpo-
ration was determined as described previously (9).

Flow Cytometry. REF52 cells on 100-mm dishes were
stained with propidium iodide and processed for flow cytom-
etry as described (21).

E2F DNA Binding Assays. E2F assays were performed as
described previously (22). Supershifts with anti-DP1 antibod-
ies were performed with 1 ul per reaction of polyclonal serum
provided by J. Horowitz (Duke University).

Northern Blot Analysis. Northern blot analysis was per-
formed as described (9) except total RNA was isolated using
the Trizol method (GIBCO/BRL). The cDNA used as probes
for Northern blot analysis have been described previously (9,
23), except for the murine p15M™NK4B p16INKIA - ] QINKAC)
p19™NK4D “and p19ARF ¢cDNAs, which were kindly provided by
C. Sherr (St. Jude), and the murine cyclin E ¢cDNA kindly
provided by P. Jansen-Durr (DKF2, Heidelberg). Exon 1 specific
fragments were used as probes for p15™NK4B (Nhel-Xmnl),
pl6™NK4A (Xhol-Xmnl), and p19ARF (Hinfl-Hinfl) cDNAs.

Western Blot Analysis. Cell lysates containing 40 ug of protein
were subjected to SDS/PAGE on 10% polyacrylamide gels.
Proteins were transferred onto poly(vinylidene difluoride) mem-
brane as described previously (22). The poly(vinylidene difluo-
ride) membrane was blocked in TBS (25 mM Tris, pH 7.4/137
mM NaCl/2.7 mM KCI) containing 10% skim milk for 2 hr. Blots
were then incubated with primary antibodies in TBS containing
5% skim milk overnight at 4°C and subsequently washed in TBS
containing 0.1% Tween 20 for 30 min. Blots were then incubated
in TBS containing 5% skim milk and secondary antibodies for 1
hr at room temperature and then washed for 30 min. Blots were
processed with ECL system (Amersham) as described by the
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manufacturer. Antibodies against E2F1 (SC-251), E2F2 (SC-
633), E2F4 (SC-1082), and E2F5 (SC-1083) were from Santa
Cruz Biotechnology, and anti-E2F3 mAb was a gift from J. Lees
(Massachusetts Institute of Technology).

RESULTS

Differential Ability of Individual E2F Family Members to
Induce S Phase and Cellular DNA Replication. We generated a
series of recombinant adenoviruses encoding each of the E2F
family members to compare the ability of each protein to stim-
ulate cell cycle progression following expression of the E2F
proteins in quiescent cells (Fig. 14). Previous studies have indi-
cated that the heterodimeric DP1 partner appears to be in
sufficient excess to allow for the overexpression of these activities
without added DP1 expression. Indeed, infection of quiescent
REFS52 fibroblasts with each of the E2F-expressing viruses re-
sulted in the generation of E2F-specific DNA binding activity
with distinct mobilities characteristic of each individual E2F
species (Fig. 1B). Importantly, these induced activities were
recognized by DP1-specific antibodies, thereby demonstrating
the formation of authentic E2F/DP1 heterodimers and thus the
fact that DP1 was initially in excess. Less E2F3-specific DNA
binding complex was detected relative to the other E2Fs, despite
the use of a higher multiplicity of infection (moi) for this virus and
its obvious overexpression at the protein level (Fig. 14). Similar
relative binding properties have also been observed using an
E2 site containing DNA fragment (data not shown). Although
we do not understand the relatively inefficient detection of
E2F3 by gel shift assays, E2F3 activity was clearly present as
seen by both the induction of S phase and activation of certain
target genes (shown below).

The ability to express each of the E2F activities in otherwise
quiescent cells allows a determination of the specific roles of the
individual E2F proteins in controlling cell cycle progression. It is
important to note that although we are forcing the expression of
a particular E2F protein in an otherwise quiescent cell, this
generates a condition not unlike that which would occur following
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F1G. 1. Induction of S phase by E2F family members. (4) Overexpression of each of the E2F family members in REF52 cells. REF52 cells were

deprived of serum for 48 hr (0.25% serum) and then infected with either the control recombinant adenovirus (Ad-Con) or with a recombinant expressing
the indicated E2F family member (E2F1, E2F2, E2F3, E2F4, or E2F5) at an moi of 75 ffu/ml for each virus. A virus expressing the DP1 protein, Ad-DP1,
was coinfected (moi of 75 ffu/ml) with each E2F expressing virus. Following infection, the cells were returned to 0.25% serum media. The cells were
harvested 15 hr postinfection for Western blot analysis using the corresponding antibody specific for the indicated E2F family member. (B) Production
of E2F activity following infection with recombinant adenoviruses. Starved REF52 cells were infected with either the control recombinant adenovirus
(Con) or with a recombinant expressing the indicated E2F family member at the following mois: Ad-Con, Ad-E2F1, Ad-E2F2, Ad-E2F4, and Ad-E2F5
at 400 ffu/ml, or Ad-E2F3 at 800 ffu/ml. Even at the elevated moi used for Ad-E2F3, less activity was produced than for the other E2Fs. Five hours
postinfection, the cells were stimulated with 10% serum and then harvested 15 hr later for an electrophoretic mobility shift assay using a DHFR E2F
binding site as a probe. Complexes specific for each overexpressed E2F are indicated with an asterisk. Where indicated, a polyclonal antibody against the
DP1 protein (+) or control rabbit immunoglobulin (—) was added to the binding reaction after 20 min, and the reaction continued for an additional 20
min. Lanes 2 and 3 depict competition with either wildtype (wt) or mutant (mt) binding sites. (C) E2F family members induce S phase in quiescent cells.
Serum starved REF52 cells were infected as described in Fig. 1B. Following infection, the cells were returned to either 10% serum media (Con+, left
bar) or 0.25% serum media (other bars). Cells were labeled with BrdUrd from 12 to 30 hr, and BrdUrd incorporation was determined by indirect
immunofluorescence. At least 200 nuclei were scored for BrdUrd incorporation.
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a growth stimulation, at least for the E2F1, E2F2, and E2F3
activities, but with only one of the family members induced to
accumulate. As shown in Fig. 1C, E2F1, E2F2, and E2F3, and to
a lesser extent E2F4, were clearly capable of inducing S phase, as
assayed by BrdUrd incorporation. In contrast, E2F5 failed to
induce S phase. This is despite the fact that significant E2F5
binding activity (that contains the DP1 protein) could be detected
in the infected cells (Fig. 1B). These results thus demonstrate a
potential distinction in the activities of the E2F proteins with
respect to the control of cell cycle progression.

Activation of Target Genes by E2F Family Members. We have
also examined the ability of the E2F proteins to transactivate
endogenous target genes. A particular advantage of the use of
adenovirus vectors lies in their ability to infect the entire cell
population, regardless of the growth state, allowing a detailed
biochemical analysis including the assessment of suspected E2F
target gene expression. REF52 cells were brought to quiescence,
infected with the various E2F-expressing adenoviruses, and then
harvested 21 hr later for Northern blot analysis. As seen in Fig.
24, some genes such as DNA polymerase « and cyclin E were
activated by each of the E2F products, except E2F5, whereas
other genes exhibited a clear differential response to the individ-
ual E2F proteins. For instance, thymidine kinase and dihydro-
folate reductase (DHFR) were preferentially activated by E2F2,
whereas E2F3 was the primary activator of cdk2. In contrast,
ribonucleotide reductase 2, cyclin A, and cdc2 were stimulated by
both E2F1 and E2F2 but only marginally by the other E2F
proteins. Thus, E2F1 efficiently activates cyclin A but not cdk2,
but the reverse is true for E2F3.

In addition to the genes that have been identified previously
as E2F targets, our recent experiments have shown that E2F1
expression leads to the activation of a p16™K4_related tran-
script, although not p16™&4a jtself (24). The INK4 family of
CKI, which includes p15NK4B  p]16INKAA " n1QINKAC and
p19™NK4D - has been shown to bind to and inhibit cyclin D-
associated cdks (25-30). A novel CKI, p194RF  which is
translated from an alternative reading frame spanning exons 2
and 3 of pl16™NK4A appears to inhibit cdk activity indirectly
(31). Expression of two of the INK4 family members, p15™NK4B
and p16™K4A was not affected by any of the E2Fs. In contrast,
E2F1 and E2F2 led to a marked increase in the levels of the

18™K4C and p19ARF transcripts and to a lesser increase of
p19INK4D correlating with the induction of these CKls follow-
ing serum stimulation (Fig. 2B). These genes were also acti-
vated by the expression of an E2F1/VP16 chimera that lacks
the capacity to bind Rb (32), indicating that activation is not
simply due to Rb sequestration (data not shown).

Although the expression of the E2Fs without DP1 accurately
reflects the individual contributions that each E2F makes as it
accumulates in late Gy, other studies have indicated that the
efficient generation of E2F4 and E2F5 activity depends on the
coexpression of DP1 (33-35). Coexpression of DP1, again
using a recombinant adenovirus, enhanced the level of each
E2F activity, particularly that of E2F3, E2F4, and E2F5 as
measured by gel shift assays (Fig. 34). In addition, a substantial
overexpression of each E2F protein was detected in the
nucleus following cell fractionation (data not shown). Never-
theless, the coexpression of DP1 did not substantially affect the
relative ability of the different E2Fs to induce S phase in
quiescent fibroblasts, with E2F1, E2F2, and E2F3 activating S
phase more efficiently than E2F4 and E2F5 (Fig. 3B). More-
over, coexpression of DP1 did not alter the gene activation
properties of the E2F proteins (data not shown).

We conclude from these results that E2F transcription activity
plays a central role in regulating the expression of a large number
of genes important for cell cycle progression and DNA replica-
tion. Moreover, our results suggest that the individual E2F
activities possess distinct specificities for target gene activation
and that the normal G;/S induction of this group of genes may
result from the combined specificities of the individual E2F
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FiG. 2. Specificity in the activation of target genes by E2F family
members. (4) Activation of DNA synthesis and cell cycle regulatory genes
by E2F proteins. REF52 cells were deprived of serum for 48 hr and then
infected with the indicated recombinant viruses as described in Fig. 1B.
Con+ was stimulated by the addition of 10% serum, and the others
remained in 0.25% serum. The cells were harvested at either 18 hr
(Con+) or 21 hr (others) postinfection, and poly(A)* RNA was isolated.
Poly(A)* RNA (derived from 330 pg of total RNA per lane) was then
separated by agarose gel electrophoresis, transferred to nylon membrane,
and probed with the indicated cDNAs. Equivalent loading of RNA was
confirmed by probing with the GAPDH cDNA. The hybridizing species
in the thymidine kinase blot unique to the E2F4 sample represents
cross-hybridization with a viral specific RNA. (B) Induction of CKI genes.
REF52 cells were infected and harvested as described in A. Poly(A)™
RNA (derived from 400 pug of total RNA per lane) was then separated
by agarose gel electrophoresis, transferred to nylon membrane, and
probed with the indicated cDNAs. Exon I-specific fragments were used
as probes for p15INK4B| p16INK4A and p19ARF,

activities. Nonetheless, the ability of the different E2F proteins to
contribute to target gene activation may well be influenced by
factors that vary depending on either cell state or cell type.

A Unique Ability of E2F1 to Induce Apoptosis. Previous
experiments have shown that the ability of E2F1 to induce S
phase is accompanied by the p53-dependent induction of
apoptosis (10-13). The underlying basis for this effect is not
clear, but two general possibilities seem plausible. First, the
E2F-mediated induction of DNA replication may in some way
be aberrant, resulting in the generation of DNA products that
are recognized as abnormal by the p53 pathway. If so, we might
expect that the overproduction of either E2F1, E2F2, or E2F3,
and possibly E2F4 would lead to apoptosis. Alternatively, the
action of E2F1 may represent a specific signal for apoptosis. As
an approach to this question, we compared the ability of each
E2F family member to induce apoptosis.
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Fic. 3. Coexpression of DP1 does not alter E2F function. (A4)
Coexpression of DP1 enhances the production of E2F DNA binding
activity. Serum starved REFS52 cells were infected as described in Fig.
1B, except where indicated. Ad-DP1 was coinfected at an moi of 400
ffu/cell together with the indicated E2F expressing virus or control
(Con) virus. At 5 hr postinfection, the cells were stimulated with 10%
serum and then harvested 15 hr later for an electrophoretic mobility
shift assay using a DHFR E2F binding site as a probe. (B) Induction
of S phase by E2F family members when coexpressed with DP1.
Starved REF52 cells were infected with the indicated recombinant
viruses at the following mois: Ad-E2F1, Ad-E2F2, Ad-E2F3, Ad-
E2F4, Ad-E2F5 at 100 ffu/cell, Ad-DP1 at 50 ffu/cell, and Ad-Con at
150 ffu/cell. Following infection, the cells were returned to 0.25%
serum. Cells were labeled with BrdUrd from 12 to 30 hr, and BrdUrd
incorporation was determined as described in Fig. 1B.

+ DP1

Quiescent REF52 cells were infected with the various E2F-
expressing viruses, and apoptosis was determined by quantitating
the percentage of cells with a less than G; DNA content using
flow cytometry. As seen in previous experiments, E2F1 expres-
sion induced apoptosis as indicated by the appearance of cells
with a sub-G; DNA content (Fig. 44). In contrast, there was no
induction of apoptosis in cells expressing E2F2, E2F3, E2F4, or
E2F5, despite the fact that E2F2 and, to a lesser degree, E2F3
were as competent as E2F1 in inducing DNA replication.

Because E2F1 and E2F2 are equally effective in target gene
activation and induction of S phase, we have undertaken a
more detailed comparison of their abilities to induce apoptosis.
E2F1 and E2F2 were expressed using three different mois in
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REF52 cells. As seen in Fig. 4B, E2F1 induced apoptosis at all
three mois. In sharp contrast, E2F2 did not induce apoptosis
at any moi The E2F1-, but not E2F2-, expressing cells exhibited
morphological characteristics of apoptosis, including cell bleb-
bing and chromatin condensation, and most cells had detached
from the surface of the plates by 5 days postinfection (Fig. 4C).
The E2F1 and E2F2 products were overexpressed at equiva-
lent levels as measured by gel shift analysis; both proteins
activated endogenous target genes to a similar extent (data not
shown), and both E2F1 and E2F2 were similarly effective at
inducing DNA synthesis (Fig. 4D). We conclude from these
results that E2F1 can specifically induce apoptosis.

The fact that the E2F1, E2F2, and E2F3 all possess the
ability to induce S phase (yet only E2F1 expression results in
the induction of apoptosis) strongly suggests that this is not
simply a consequence of cells replicating DNA inappropriately
but rather a specific function of E2F1. To determine whether
E2F1 induces a signal promoting apoptosis or whether E2F1-
induced apoptosis is the result of a lack of a signal promoting
cell survival that would be induced by the other E2F members, we
have examined the effects of overproduction of E2F1 together
with each of the other E2F activities and analyzed the cells for the
induction of apoptosis by flow cytometry. As shown in Fig. 5,
E2F1 induced apoptosis equally well when expressed alone or
in combination with the E2F2 and/or E2F3 proteins. In
contrast, coexpression of E2F2, E2F3, or both E2F2 and E2F3
proteins failed to induce apoptosis. The expression of each
E2F protein in this experiment, as measured by gel shift assay,
was not affected by coexpression of other E2Fs (data not
shown). We thus conclude that E2F1 specifically induces
apoptosis, independent of the other E2F activities.

DISCUSSION

We find that the individual E2F activities display distinct effects
on cell proliferation and survival, coincident with differential
abilities to activate a large array of endogenous genes that encode
proteins important for DNA replication and cell cycle. This
finding, together with data showing an ability of E2F to stimulate
cell cycle progression, argues strongly for a central and critical
role for this transcription activity in promoting cell growth.
Moreover, the fact that E2Fs also activate a variety of genes
encoding proteins that regulate cell cycle progression, including
the INK4 family members, suggests that E2F activity may play a
critical role in regulating cell cycle progression.

Based on the work described here, together with other studies,
it is clear that the E2F family members possess distinct activities
and functions in cell growth. In particular, E2F1, E2F2, and E2F3
can efficiently activate DNA synthesis in quiescent fibroblasts,
E2F4 does so only poorly and E2F5 has little or no activity in S
phase induction. This distinction in roles for E2F family members,
separating E2F1-3 from E2F4 and E2F5, is reflected in various
other properties of the E2F proteins. E2F4 and E2F5 specifically
interact with the p130 and p107 Rb family proteins (19, 34-36)
and although the function of the p107-containing complex,
which also includes the cyclin A protein and the cdk2 kinase
(37-40), is yet to be defined, it is likely that the E2F4-p130 and
E2F5-p130 complexes function as transcriptional repressors in
quiescent cells (22, 41, 42). In contrast to E2F4 and E2F5, E2F1,
E2F2, and E2F3 are not expressed in quiescent cells and only
accumulate as cells enter G, (ref. 41; R. Sears, K. Ohtani, G.L.,
J.D., and J.R.N., unpublished data).

These observations, taken together with the results pre-
sented in this study, suggest a cascade of E2F control that
distinguishes roles for the E2F family members in the regula-
tion of cell cycle progression (Fig. 6). In this model, G; cdk
mediated phosphorylation of p130 leads to the dissolution of
the E2F4-p130 and E2F5-p130 repressor complexes, resulting
in the derepression of various genes involved in cell growth
control including the E2F1 and E2F2 genes. This derepression
allows an accumulation of E2F1 and E2F2 activity (and
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F1G. 4. The unique capacity of E2F1 to induce apoptosis (4) E2F1, but not the other E2F family members, induces apoptosis. REF52 cells were
deprived of serum for 48 hr, and then infected with the indicated recombinant viruses at an moi of 200 ffu/cell. Following infection, the cells were returned
to 0.25% serum media and harvested at either 4 or 5 days postinfection for analysis by flow cytometry. The horizontal axis reflects relative DNA content,
and the vertical axis represents cell number. The position of cells with less than a G; DNA content, indicative of apoptosis, is shown by an arrow. (B)
A comparison of the relative abilities of E2F1 and E2F?2 to induce apoptosis. REF52 cells were deprived of serum for 48 hr and then infected with Ad-E2F1
or Ad-E2F?2 at either a low (50 ffu/cell), medium (100 ffu/cell), or high (200 ffu/cell) moi. Alternatively, cells were infected with Ad-Con at 100 ffu/cell.
Following infection, the cells were returned to 0.25% serum media and harvested at either 4, 5, or 6 days postinfection for analysis by flow cytometry.
(C) E2F1, but not E2F2, expressing cells exhibit morphological characteristics of apoptosis. Cells from Fig. 4B were photographed at 5 days postinfection,
and representative photographs are shown. (D) Both E2F1 and E2F2 induce S phase. Cells from Fig. 4B were also labeled with BrdUrd from 10 to 40
hr postinfection, and BrdUrd incorporation was determined as described in Fig. 1B.

possibly E2F3) which function in a positive manner to allow
activation of genes important for DNA replication. These
include the cyclin E and cdk2 genes, thereby generating
additional G cdk activity that facilitates E2F accumulation
and also kinase activity that appears to play a direct role in
starting DNA replication. Finally, in addition to the activation
of genes that provide positive activities for cell cycle progres-
sion, E2F1 and E2F2 uniquely activate the expression of G
cdk inhibitory activities that include p18™NK4C p19INK4D "apd
p19ARF, These activities, which are normally induced in late Gy
and likely contribute to the down-regulation of G cdk activity,
may be important in allowing further cell cycle progression.
The capacity of E2F to regulate activities that are important
for promoting and inhibiting cell cycle progression under-
scores its role in transcriptional regulation of the cell cycle.

Our finding that the induction of apoptosis is a property
unique to the E2F1 product suggests that E2F-dependent
transcription and S phase induction, functions provided by
E2F2 to an extent equal to E2F1, can be unlinked from
apoptosis. As such, these results would suggest that E2F1-
induced apoptosis is not simply the consequence of the induc-
tion of an abnormal S phase entry but rather may represent an
intrinsic property of E2F1. In addition, the E2F1 induction of
apoptosis is not due simply to an imbalance of total E2F
activity as seen by the ability of E2F1 to induce cell death
whether other E2F proteins are produced or not.

Given the fact that the various E2F gene products do display
some specificity with respect to target gene activation, it is
possible that E2F1 has the unique ability to activate a gene or
genes that initiate the cell death program. It is also possible that
the unique ability of E2F1 to induce apoptosis could reflect
differential interactions, either direct or indirect, with proteins
known to participate in the apoptosis pathway, including p53 (43).
Indeed, our recent experiments suggest an ability of E2F1, but not
E2F2, to induce an accumulation of p53 (T. Kowalik, J.D., G.L.,
and J.R.N,, unpublished data). Perhaps p53 monitors the E2F
pathway, specifically through the accumulation of E2F1, as a
means to assess the initiation of a cell growth signal transduction
pathway that may or may not be accompanied by the other
necessary signal transduction pathways essential for a normal
proliferative process. In this view, E2F1 would serve as a signal
to start an apoptosis pathway that would be blocked under
conditions of proliferation by the action of other pathways
associated with normal cell proliferation (Fig. 6).

Finally, two recent studies describing the consequences of the
disruption of the E2F1 gene in the mouse (44, 45) suggest a role
for E2F1 in the induction of apoptosis in a physiological context of
thymocyte maturation. The E2F1 deficiency results in both an
excess of mature T cells due to a maturation stage-specific defect
in thymocyte apoptosis as well as the genesis of a diverse range of
tumors in older adults. The latter phenotype could be due to either
the failure of cells to undergo apoptosis or to the loss of prolifer-



7250 Biochemistry: DeGregori et al.

Con

v E2F1 v E2F1
E2F2

E2F2 v E2F1
E2F2
E2F3

E2F3 E2F2
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FiG. 5. E2F1 induces apoptosis in the presence of each of the E2F
activities. REF52 cells were deprived of serum for 48 hr and then were
infected with the indicated E2F expressing recombinant viruses at an moi
of 100 ffu/cell for each virus. Alternatively, cells were infected with
Ad-Con at 100 ffu/cell. Following infection, the cells were returned to
0.25% serum media and harvested at 5 days postinfection for analysis by
flow cytometry. The horizontal axis reflects relative DNA content, and
the vertical axis represents cell number. The position of cells with less than
a G; DNA content, indicative of apoptosis, is shown by an arrow.

ation control. Although it has been suggested that E2F1 might
function as a tumor suppressor in conjunction with Rb (44) (as a
consequence of the transcriptional repression of growth regulatory
genes) we would suggest that the unique ability of E2F1 to induce
apoptosis could contribute to the increased incidence of tumors
observed in the E2F1 mutant mice. These results, coupled with the
observation that E2F1 uniquely induces apoptosis, strongly suggest
that E2F1 may play a role in cell death determinations in normal,
physiologically important contexts. One possibility, in keeping with
paradigms seen from the DNA tumor viruses, is a role for other
targets of signal transduction pathways associated with normal,
productive proliferative events in countering the action of the
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F1G. 6. Distinct roles for E2F proteins in cell growth and apoptosis.
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E2F1 protein. For instance, E1A-mediated apoptosis is countered
in adenovirus infections by the action of the 55-kDa and 19-kDa
E1B proteins that target the p53 protein and the Bax protein,
respectively. Cellular counterparts to these viral anti-apoptotic
proteins, which could include the Mdm?2 protein and Bcl2, may
represent important signaling molecules activated during a normal
growth response. In the absence of such balancing activities, the
action of E2F1 would lead to the initiation of a cell death pathway.
In this view, E2F1 provides a constant signal for apoptosis that
must always be blocked by a cell survival event. As such, this might
represent one mechanism to insure that a normal and complete
proliferative process was underway.
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