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Abstract The E2F1 transcription factor or an amino terminal deletion mutant termed E2F1d87 was constitutively
expressed in NIH3T3 fibroblasts. Cells expressing wild-type E2F1 display a morphology indistinguishable from that of
normal fibroblasts. However, the E2F1d87-expressing cells exhibited a distinct rounding during culture in media
containing 10% calf serum. The morphology change was most pronounced during S phase, which was considerably
lengthened in the E2F1d87-expressing cells. Consistent with this rounded shape, the E2F1d87-expressing cells have
significantly increased levels of both p34cdc2 mRNA and protein. Also observed was an increase in active p34cdc2 in
immunoprecipitates from extracts of the E2F1d87 cell line, as assayed by histone H1 kinase assay. The upregulation of
p34cdc2 expression occurs at the transcriptional level and requires ectopic E2F1d87 along with serum growth factor
stimulation, since culture of these cells in low serum media results in a flattened shape and a drop in p34cdc2 expression
compared to that of the control cells. J. Cell. Biochem. 65:83–94. r 1997 Wiley-Liss, Inc.
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The E2F transcription factor is known to be a
multiprotein family represented by E2F1-5,
DP1, and DP2 [Girling et al., 1993; Helin et al.,
1992; Ivey-Hoyle et al., 1993; Huber et al.,
1993; Kaelin et al., 1992; Lees et al., 1993;
Ginsberg et al., 1994; Sardet et al., 1995]. These
proteins regulate expression of such genes such
as dihydrofolate reductase, DNA polymerase
alpha, p34cdc2, thymidine kinase, and c-myc
[Mudryj et al., 1990; Schwarz et al., 1993],
which is consistent with the presence of E2F
binding sites (GCGCGAAA) within these pro-
moters [Nevins, 1992]. The targets of E2F code
for proteins whose activities are needed for
DNAsynthesis [Nevins, 1992]. These E2Fmem-
bers are known to interact with the retinoblas-
toma susceptibility gene product, pRb, and the
pRb-related proteins p107 and p130 as well as
cyclin A/E and cdk 2 [Cao et al., 1992; Chel-
lappan et al., 1991; Cress et al., 1993; Mudryj et
al., 1991; Shirodkar et al., 1992]. These interac-

tions appear to regulate the transcriptional and
DNAbinding activity of E2F.
The first member of the family to be cloned,

E2F1, posesses multiple domains [Kaelin et al.,
1992]. The bHLH domain is required for DNA
binding; however, the structure of the basic
domain of E2F1 appears unique among bHLH-
containing proteins in that the center of the
domain likely contains a turn instead of an
a-helix [ Jordan et al., 1994]. The transcrip-
tional activation domain of E2F1 resides at the
carboxy terminus and overlaps with the pRb
binding domain [Helin et al., 1992; Kaelin et
al., 1992; Flemington et al., 1993]. When the
product of the retinoblastoma susceptibility
gene, pRb, binds the C-terminus of E2F1 it
blocks its ability to activate transcription [Helin
et al., 1992, 1993; Kaelin et al., 1992; Fleming-
ton et al., 1993].
Constitutive expression of E2F1 in NIH3T3

fibroblasts promotes entry of the cells into S
phase during serum starvation conditions, yet
the cells are unable to complete S phase [Logan
et al., 1994]. This is consistent with the effect of
microinjection of E2F1 into serum-starved fibro-
blasts [ Johnson et al., 1993]. The primary cell
cycle phase affected by constitutive expression
of E2F1 is G0, since this phase is dramatically
shortened in serum-starved fibroblasts, while
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the G1 phase is unaffected during the course of
proliferation [Logan et al., 1995b].
Constitutive expression of a mutant E2F1 (an

amino terminal deletion termed E2F1d87) has
similar effects onG0/G1phase transit andSphase
entry as the cells expressing full-length E2F1, yet
these cells demonstrate a lengthened S phase dur-
ing proliferation [Logan et al., 1995a]. These cells
are also more sensitive to S phase–specific toxins
[Logan et al., 1995a]. In addition, the cells express-
ing E2F1d87 demonstrate a rounded morphology
that is dependent on serum growth factors, such
that cytoskeletal structures asmicrofilaments,mi-
crutubules, and vinculin containing focal contacts
are not detectable [Logan et al., 1994]. Since the
morphology of the E2F1d87-expressing cells is
similar to that of cells microinjected with p34cdc2
[Lamb et al., 1990], a known target of E2F [Nev-
ins, 1992; Dalton, 1992], we have analyzed in de-
tail the effects of constitutive expression of E2F1
andE2F1d87onp34cdc2 geneexpression inNIH3T3
fibroblasts.

MATERIALS AND METHODS
Cell Culture/Cell Cycle Analysis/Thymidine Block

NIH3T3 fibroblasts (ATCC, Rockville, MD)
and the E2F1 and E2F1d87 cell lines [Logan et
al., 1994] were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented
with 10% bovine calf serum.
Cells to be processed for flow cytometry were

rinsed once in chilled phosphate buffered saline
(PBS) and then trypsanized and resuspended in
10mlDMEMplus 10%serum.The cellswere then
pelleted and resuspended in 70% ethanol. The
cellswerekept on ice for 10min, pelleted, and then
treated with RNAase A (1.8 µg/ml) for 30 min at
room temperature. Propidium iodide (Sigma, St.
Louis, MO) was added to a final concentration of 2
µg/ml for an additional 15 min at room tempera-
ture. Cell cycle analysis was then performed on a
Coulter (Hialeah, FL) Profile 2 flow cytometer.
To block cells at the G1/S boundary by double

thymidineblock,we treatedproliferating cellswith
excess thymdine (2 mM) for 14 h. The cells were
washed in PBS and fresh media added containing
10%serum.After 9h, excess thymdine (2mM)was
again added for an additional 14 h. The cells were
washed in PBS, fresh media containing 10% se-
rum was added, and flow cytometry was per-
formed.

Generation of Extracts

Nuclear extracts forWestern blots and immu-
noprecipitations were generated by lysing the

cells on ice in 0.1% NP-40, 10 mM Tris (pH 7.9),
10 mM MgCl2, 15 mM NaCl, and the protease
inhibitors PMSF (0.5 mM), pepstatin (2 µg/ml),
and leupeptin (1 µg/ml). The nuclei were pel-
leted by centrifugation at 800g for 10 min and
then were resuspended in extraction buffer con-
sisting of 0.42 M NaCl, 20 mM Hepes (pH 7.9),
20% glycerol, PMSF (0.5 mM), pepstatin (2
µg/ml), and leupeptin (1 µg/ml) for 10 min on
ice, and then were centrifuged at 14,000g for
8mintopellet theresidualnuclearmaterial.This
supernatant fraction was termed nuclear ex-
tract. For immunoprecipitations the nuclear
extract was diluted with extraction buffer lack-
ing NaCl to lower the salt concentration to 0.1M.

Western Blot Hybridizations/Northern
Blots/Transfections

Nuclear extracts were electrophoresed by
SDS-PAGE. The proteins were electrophoreti-
cally transferred onto nitrocellulose, washed in
TBST buffer (10 mM Tris, pH 8; 150 mM NaCl;
0.05% Tween 20), blocked with 2.5% bovine
serum albumin (BSA) in TBST for 30 min at
room temperature, and then incubated with the
primary antibodies for 30–60 min at room tem-
perature in TBST. The primary antibodies used
were anti-p34cdc2 (Oncogene Science, directed
against the C-terminal 8 amino acids; Ab-1,
Manhasset, NY), anti-PCNA (proliferating cell
nuclear antigen; Oncogene Science), and anti-
cyclin A (UBI, Lake Placid, NY). The blots were
then incubatedwith a 1:7,500 dilution of second-
ary antibody (goat antimouse; Vector Labs, Bur-
lingame, CA) conjugated to alkaline phospha-
tase for 30 min at room temperature in TBST.
The blot was then stained using the Protoblot
system from Promega (Madison, WI).
For Northern blot hybridization, 20 µg of

total RNAwas electrophoresed on a 1% formal-
dehyde agarose gel and blotted onto nitrocellu-
lose. The blot was hybridized with 1 3 106
CPM/ml of 32P-labelled p34cdc2 cDNAprobe.
Transient transfections were performed by

the calcium phosphate method [Moberg et al.,
1991]. The p34cdc2 promoter-CAT construct en-
compasses 1,014 basepairs of the p34cdc2 pro-
moter [Ku et al., 1993] from position 2941 to
173. CAT assays were performed and analyzed
as in Moberg et al. [1991].

Immunoprecipitations/Histone H1 Kinase Assays

For immunoprecipitations, 50–100 µg of
nuclear extract was incubated at 4°C with 1 µg
of anti-p34cdc2 polyclonal antibody (Ab-1; Onco-
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gene Science) for 1 h. Two micrograms of
Staphyloccocus protein-A acrylamide beads
were added to the extracts for an additional 1.5
h at 4°C. The beads were pelleted and washed
five times in NTEN (100mMNaCl, 20mMTris,
pH 8, 1 mM EDTA, 0.5% NP-40). The beads
were boiled in SDS-PAGE sample buffer, and
the soluble fractionwas electrophoresed onSDS-
PAGE, Western-blotted, and probed with and
antiphosphotyrosine antibody (UBI).
For histone H1 kinase assays, immunopre-

cipitates on protein-A acrylamide beads were
washed four times with 20 mM Tris (pH 8), 100
mM NaCl, 1 mM EDTA, and 0.5% NP-40
(NETN) by pelleting in Eppendorf tubes.Afinal
column wash was performed with kinase buffer
(50 mM Tris (pH 7.6) 10 mM MgCl2, and 1 mM
DTT). Then 40 µl of kinase solution containing
10 µg histone H1 (GIBCO/BRL, Gaithersburg,
MD), 75 µCi 32P-gATP, and 10 µM ATP in ki-
nase buffer was added to the immunoprecipi-
tates for 8 min at 30°C. The supernatent was
then analyzed for H1 kinase activity by SDS-
PAGE and autoradiography.

Gel-Shift Assays

Gel-shift assays were performed as described
by Moberg et al., [1991]. Briefly, 0.5 ng of a 32P
end-labelled, double-stranded oligonucleotide
was incubatedwith nuclear extracts in the pres-
ence of 1 µg of sheared salmon sperm DNAas a
nonspecific competitor. The final buffer condi-
tions for protein binding to the radiolabelled
DNAwere 16 mM Hepes, pH 7.9, 16% glycerol,
80 mM KCl, 0.16 mM EDTA, 0.4 mM DTT, and
0.4 mMPMSF. The reactions were then electro-
phoresed in a low ionic strength (7 mMTris, pH
7.9, 3.3 mM NaAcetate, 1 mM EDTA) 4% poly-
acrylamide gel and visualized by autoradiogra-
phy. The double-stranded oligonucleotide repre-
senting the E2F element is

AATTCGCTTGGCGGGAAAAC

GCGAACCGCCCTTTTGTTAA.

RESULTS
E2F1d87-Expressing Cell Lines Demonstrate
Altered Morphology That Is Dependent

on Serum Growth Factors and Is Most Distinct
During S Phase

Cell lines were generated that constitutively
express epitope-tagged full-length E2F1 (resi-
dues 1–437) protein or a tagged mutant E2F1
that spans amino acids 88–437 (termed

E2F1d87) [Logan et al., 1994]. E2F1d87 lacks
the proline/alanine-rich amino terminus [Helin
et al., 1992; Kaelin et al., 1992] containing the
cyclin A/cdk2 binding region [Krek et al., 1994;
Xu et al., 1994]. The epitope tag is recognized
by a specific monoclonal antibody (M2; VWR,
Plainfield, NJ). Shown in Figure 1 is an immu-
noblot of the ectopically expressed E2F1 and
E2F1d87 proteins in the cell lines growing in
10% calf serum containing media (Fig. 1A) or
following serum starvation (0.5% serum) for 48
h (Fig. 1B). The blots show equivalent levels of
expression of the full-length and mutant pro-
teins (the slight difference in intensities is due
to the fact that the blot in Fig. 1B has double
the protein concentration compared to that in
Fig. 1A). It has been previously demonstrated
that constitutive expression of E2F1d87 pro-
duces a profound shape change (rounding) in
NIH3T3 fibroblasts cultured in 10% calf serum
[Logan et al., 1994]. However, culture of the
E2F1d87-expressing cells in low serum (0.5%)
causes them to revert to a normal fibroblast
morphology [Logan et al., 1994]. This finding
would suggest that the rounded morphology is
dependent on movement through the cell cycle.
Recently it has been shown that S phase is
lengthened in the E2F1d87-expressing cells cul-
tured in 10% serum [Logan et al., 1995a]. There-
fore, experiments were performed to determine
if morphology was a function of movement
through S phase. The cells were synchronized
at the G1/S boundary by a double thymidine
block and then released. As seen in Figure 2A,
about half of the E2F1d87-expressing cells have
a very rounded morphology at the G1/S phase
boundary, while the other half of the cells are
spindle-shaped. The control and E2F1-express-
ing cells have the flattened morphology of nor-
mal fibroblasts. At 2 h after the release of the
block, nearly 100% of the population of the
E2F1d87 cells is spherical. This spherical mor-
phology slowly begins to change, such that by
6–8 h following release from the block the cells
adopt a more irregular rounded shape. The
control and E2F1-expressing cells show little
change in morphology during this time. By 24 h
following the release, the E2F1d87-expressing
cells display the original phenotype, reflected
by a mix of rounded cells and some spindle-
shaped cells. The data show that the E2F1d87
cells manifest the most spherical shape during
the middle of S phase. Figure 2B shows the
percent of cells in S phase, by flow cytometry,
during the period between 0 and 8 h after
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release from the block. The data show the slow
progression of the E2F1d87 cell line through S
phase compared to the control and E2F1-express-
ing cells, consistent with a recent report [Logan et
al., 1995a]. Figure 2C shows a gel-shift assay,
using extracts from the cells during the 0–8 h
period after release from the thymidine block and
a 32P-labelledDNAfragmentrepresentingandE2F
binding site. It is clear that the ectopic E2F1 and
E2F1d87 proteins bind DNA through S phase.
Addition of M2 antibodies to the gel-shift reac-
tions results in a supershift of E2F1 and
E2F1d87 (data not shown). The increase in
DNA binding by E2F1d87 by 8 h may reflect
insensitivity to the inhibitory effects of cyclin
A/cdk2 phosphorylation, due to lack of the cy-
clinA/cdk2 binding domain on E2F1d87.

p34cdc2 Levels Are Significantly Enhanced in
Extracts From the E2F1d87 Cell Line

In an attempt to understand how shape is
altered by E2F1d87, we assayed E2F target
gene expression. One such target is the p34cdc2
protein kinase [Nevins, 1992; Dalton, 1992].
That altered p34cdc2 expression may mediate

the shape change of these cells is suggested by
the work of Lamb et al. [1990], who showed that
microinjection of p34cdc2 caused significant
rounding of fibroblasts. If p34cdc2 mediates the
shape change, then the level of its expression

A B

Fig. 1. Western analysis of E2F1- and E2F1d87-overexpressing
cell lines. NIH3T3 fibroblasts infected with the E2F1- and
E2F1d87-expressing retrovirus were grown in the presence of
G418; colonies were selected and screened for E2F1 and
E2F1d87 expression. The control cells were infected with the
pMV7 virus alone. A Western blot of nuclear extracts (100 µg)
from subconfluent cells growing in 10% calf serum containing

media is shown in A, while a blot of nuclear extracts (200 µg)
from cells serum starved for 48 h (0.5% serum) is shown in B.
The M2 monoclonal antibody was used as a primary antibody
followed by a secondary antibody conjugated to alkaline phos-
phatase. The position of ectopically expressed E2F1 and E2F1d87
is indicated by the arrows.

Fig. 2. E2F1d87 cell lines display the greatest change in shape
during S phase compared to control and E2F1 cell lines. A: Sub-
confluent, growing control cells and E2F1- and E2F1d87-express-
ing cells were treated with a double thymidine block to arrest
them at the G1/S phase boundary. Fresh medium was then
added to the cultures to release the cells from the block, and the
morphology of the cells was monitored as they passed through S
phase. Shown are the photomicrographs of the phase contrast
microscopy after release from the thymdine block. 310. B: Per-
cent of cells in S phase. Aliquots of cells from Awere processed
for flow cytometry. Shown is the percent of cells in S phase
following the release of the thymidine block. C: Nuclear ex-
tracts were generated from control cells and the E2F1 and
E2F1d87 cell lines. Nuclear extracts were made from cells that
were arrested at the G1/S phase boundary and then released as
A above. Two micrograms of nuclear extract from each cell line
under each condition was used in the gel-shift assay with a
32P-labelled E2F element, except for the extracts from asynchro-
nously growing E2F1d87 cells, where 8 µg was used. Shown is
the autoradiograph of the gel; the free unbound probe was in
excess and is not shown.

86 Logan et al.



A

C

Figure 2



should be elevated in the E2F1d87 cell line. In
particular, the level should be elevated during
S phase since this is the time the cells display
the most significant alteration in morphology.
To determine if this is the case, we generated
nuclear extracts from the cell lines following
release from a block at the G1/S boundary with
excess thymidine. These extracts were ana-
lyzed byWestern blot using an antibody specific
only for p34cdc2 (the antibody recognizes the
unique C-terminal domain of p34cdc2). As can be
seen in Figure 3A (left side), p34cdc2 protein
levels are significantly increased compared to
the control cells or the E2F1 cell line. The
slowly migrating species of p34cdc2 is known to
be doubly phosphorylated on thr14 and tyr15
[Norbury and Nurse, 1992]. Tyrosine phosphor-
ylation is confirmed by the data in Figure 3A
(right side) showing that the upper form is
indeed a phosphotyrosine. Immunoprecipita-
tions of p34cdc2 from extracts followed by immu-
noblotting and hybridization with an antiphos-
photyrosine antibody also demonstrate that the
upper form in Figure 3A is phosphorylated on
tyrosine (data not shown).
To determine if the effect of E2F1d87 was

specific to p34cdc2, other S phase–specific factors
were also analyzed. One such factor is prolifer-
ating cell nuclear antigen (PCNA), a cofactor
for DNA polymerase d that is required for DNA
synthesis. Extracts were examined for PCNA
levels during the transit of S phase by immuno-
blot using an anti-PCNA specific antibody. As
seen in Figure 3B, PCNA levels were un-
changed compared to the extracts from control
cells and the E2F1-expressing cells. In addi-
tion, the level of cyclin A was the same in all
three cell lines as assayed by immunoblot (data
not shown). Thus, E2F1d87 does not exert a
general effect on genes whose products are
needed for DNA replication.
The levels of p34cdc2 protein were quantitated

by scanning the blots in Figure 3A. Graphs of
the relative levels of p34cdc2 protein were plot-
ted over time after release from the G1/S block.
As can be seen in Figure 3C, the levels of the
upper form of p34cdc2 are increased by fortyfold
over that in the extracts from the other cell
lines at the G1/S boundary and remain elevated
over time. It should be noted that other E2F1d87
cell lines were examined and found to also have
significantly elevated p34cdc2 protein levels com-
pared to control and E2F1 cell lines (data not
shown), indicating that the effect is not due to
clonal variation.

Northern blot assays were next performed to
determine if the increase in p34cdc2 was due to
increases in the level of mRNA. As seen in
Figure 4, there is a significant increase in the
level of p34cdc2 mRNAat the G1/S phase bound-
ary. This increase is maintained through S
phase and coincides with the increase in p34cdc2
protein seen at this time. The levels of p34cdc2
mRNA in the control and E2F1 cell lines in-
crease fromG1/S into G2/M, which is consistent
the published behavior of p34cdc2 gene expres-
sion during transit through S, G2, andMphases
[Welch and Wang, 1992]. These data indicate
that p34cdc2 gene expression is significantly up-
regulated through S phase in the E2F1d87 cell
line. By 2 h postrelease from the thymidine
block, the H1 kinase activity in the extracts
from the E2F1d87 cell line is roughly 2.5-fold
higher than in the control and E2F1 cell line.
This occurs at a time of greatest change in cell
shape (from Fig. 2).

Increases in the Active Form of p34cdc2 Are
Evident in the E2F1d87 Cell Line

While p34cdc2 levels are increased by E2F1d87
expression, it was important to determine if
this corresponded with increased p34cdc2 activ-
ity. The phosphotyrosine form of the protein
(see Fig. 3A) is inactive as a kinase, while the
non-tyrosine-phosphorylated form is active
[Norbury and Nurse, 1992; Atherton-Fessler et
al., 1994]. p34cdc2 was therefore immunoprecipi-
tated from extracts of cells blocked at the G1/S
border and the immunoprecipitates used in a
histone H1 kinase assay, a measure of active
p34cdc2 [Norbury and Nurse, 1992; Atherton-
Fessler et al., 1994]. As seen in Figure 5, there
was an increase in H1 kinase activity in p34cdc2
immunoprecipitates from the E2F1d87 cells
relative to the other cell lines. This indicates
that the increased levels of the non-tyrosine-
phosphorylated form of p34cdc2 protein in S
phase corresponds with an increase in the level
p34cdc2 kinase activity in the E2F1d87-express-
ing cells.

Serum Growth Factors and Ectopic
E2F1d87 Expression Are Needed for

Upregulation of p34cdc2

It has been previously shown that the change
in morphology of the E2F1d87-expressing cells
was due to both growth factor signals and ec-
topic expression of E2F1d87 [Logan et al., 1994].
If the rounded morphology is linked to in-
creased expression of p34cdc2, then culture of
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Fig. 3. Western blots reveal elevated p34cdc2 levels in extracts
from the E2F1d87 cell line. A, left panel: Control cells, E2F1-
expressing cells, and E2F1d87-expressing cells were arrested at
the G1/S phase boundary with a double thymidine block and
then released as in Fig. 2. Nuclear protein extracts were gener-
ated and 25 µg of protein was immunoblotted and probed with
an anti-p34cdc2–specific antibody (Oncogene Science). The ar-
rows point to the phosphotyrosine-containing p34cdc2 band and
the underphosphorylated form. Right panel: Protein extracts
(25 µg) from G1/S arrested E2F1d87 cells were electrophoresed
in adjacent lanes of SDS-PAGE. The gel was immunoblotted, the

blot containing the lanes was separated, and one lane was
probed with anti-p34cdc2 antibody and the other lane with anti-
phosphotyrosine-specific antibody. B: Protein extracts (25 µg) as
in A were immunoblotted and probed with an anti-PCNA–
specific antibody. C: Immunoblots as in A were processed for
image analysis to determine the levels of increase of the forms of
p34cdc2. Shown are the levels of the upper form (phosphotyro-
sine-containing) and the lower form of p34cdc2 in extracts of
control cells (X) and E2F1d87 (W) and E2F1 (N) cell lines. The
levels are relative to the lower form in the control cells at 0 time
(set equal to 1).



the E2F1d87 cell line in low serum should cause
a drop in the p34cdc2 levels. Therefore, cells were
cultured for 48 h in low serum (0.5%), extracts
were generated, and p34cdc2 levels were ana-
lyzed by immunoblot. The levels of p34cdc2 were
found to be roughly equivalent among the three
cell lines (Fig. 6A). However, an additional band
appeared in the lane of the E2F1d87 extracts
(Fig. 6A, asterisk), migrating at the position of
a phosphorylated form of p34cdc2 [Draetta et al.,
1988; Atherton-Fessler et al., 1994].
p34cdc2 was then immunoprecipitated from

these extracts of serum-deprived cells. The im-
munoprecipitates were used in histone H1 ki-
nase assays. The level of activity between the
cell lines was found to be equal (Fig. 6B). This
result is consistent with the similar levels of
p34cdc2 protein found in the three cell lines
following culture in low serum (Fig. 6A). These
data indicate that during serum starvation the
levels of p34cdc2 protein and activity are approxi-
mately equivalent to that in the control cells
and E2F1 cell lines.

Induction of p34cdc2 Gene Expression Occurs at
the Transcriptional Level

To determine if the elevated p34cdc2 expres-
sion in the E2F1d87 cell line was due to tran-

scriptional induction, we transfected a p34cdc2
promoter-CAT reporter construct into the three
cell lines. An SV40 promoter–b galactosidase
reporter construct was cotransfected to correct
for differences in transfection efficiency among
the three cell lines. As seen in Figure 7A, prolif-
erating E2F1d87 cells demonstrate increased
transcriptional activity from the p34cdc2 pro-
moter compared to the other cell lines. When
the cells were synchronized in S phase follow-
ing transfection by a double thymidine block,
transcription from the p34cdc2 promoter was
further increased over that of the other cell
lines. When similar transfection experiments
were performed with a cyclin D1 promoter–
CAT construct, responsive to E2F1 [Sala et al.,
1994], there was no enhanced effect on tran-

Fig. 4. Northern blots reveal elevated p34cdc2 mRNA levels in
the E2F1d87 cell line. Total RNA (25 µg) from control cells and
E2F1 and E2F1d87 cell lines were electrophoresed on formalde-
hyde-agarose gels, blotted onto nitrocellulose, and probed with
an 32P-labelled p34cdc2 cDNA. The cells were arrested at the
G1/S phase boundary with a double thymidine block and then
released as in Fig. 2. Shown is an autoradiogram of the blot. Also
shown is the ethidium bromide–stained gel, after blotting, indi-
cating the remaining 28S rRNA which reflects equally loaded
lanes.

Fig. 5. p34cdc2 associated histone H1 kinase activity is in-
creased in extracts from the E2F1d87 cell line. Nuclear protein
extracts (25 µg) from control cells and E2F1 and E2F1d87 cell
lines were immunoprecipitated with an anti-p34cdc2–specific
antibody. The extracts were generated from cells that had been
arrested at the G1/S phase boundary with a double thymidine
block and then released as in Fig. 2. The extracts were generated
at the time of release. The immunoprecipitates were used in a
histone H1 kinase assay. Shown are the relative levels of phos-
phorylated histone H1 generated by the immunoprecipitates.
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scription following transfection into the
E2F1d87 cell line over that seen in the E2F1
cell line (Fig. 7B). This data indicates that the
effect of E2F1d87 may be specific to a subset of
E2F1-responsive promoters.
When the cells were cultured in low serum,

following the transfection, the level of transcrip-
tion from the p34cdc2 promoter was identical to
that of the other cell lines (Fig. 7C). This indi-
cates that p34cdc2 promoter activity is due to the
dual action of ectopic E2F1d87 expression and
serum growth factor stimulation.

DISCUSSION

In this report we have analyzed the effect of
constitutive expression of a mutant form of
E2F1 on both cell shape and p34cdc2 gene expres-
sion in NIH3T3 fibroblasts. The data presented
here show that levels of p34cdc2 mRNA, protein,
and activity are elevated during S phase in the
E2F1d87-expressing cells. This occurs at a time
when these cells demonstrate the greatest
changes in morphology, reflected by a signifi-
cant rounding. That increased p34cdc2 levels
correspond with the morphology change in the
E2F1d87-expressing cells is consistent with the
results of a previous study by Lamb et al. [1990]
demonstrating thatmicroinjection of p34cdc2 into
fibroblasts results in a similar type of rounding
phenomena. However, the change in shape and
cytoskeletal structure appears much more sig-
nificant in the E2F1d87-expressing cells (re-
sults presented here and Logan et al. [1994])
than in cells injected with p34cdc2 [Lamb et al.,
1990]. Since p34cdc2 plays amajor role in regula-
tion of transit through mitosis, primarily in
conjunction with cyclin B [Norbury and Nurse,
1992], it was previously proposed that inappro-
priate p34cdc2 expression drives nonmitotic cells
into a mitotic phenotype [Lamb et al., 1990].
This may be occuring during S phase in cells
expressing E2F1d87. Yet, while this may be
detrimental to the cells, because S phase is
lengthened, it is not lethal because the cells do
proliferate.
The mechanism by which p34cdc2 could affect

cellular morphology in S phase is not clear.
p34cdc2 normally forms an active complex with
cyclin B during mitosis, with relatively little
cyclin B present during S phase [Norbury and
Nurse, 1992]. Since cyclin A/p33cdk2 is the pri-
mary S phase cyclin kinase complex [Norbury
and Nurse, 1992], it is possible that elevated
p34cdc2 associates with cyclin A, resulting in an

A

Fig. 6. Following serum starvation,Western blots reveal similar
p34cdc2 protein levels and activity in extracts of the three cell
lines. A: Control cells and E2F1- and E2F1d87-expressing cells
were cultured in 0.5% calf serum for 48 h to arrest them in the
G0/G1 phase. Nuclear protein extracts were generated, and 25
µgwas immunoblotted and probedwith an anti-p34cdc2–specific
antibody. The arrows point to the phosphotyrosine-containg
p34cdc2 band and the underphosphorylated form (the faster mi-
grating species). In addition, a new band in the extracts from the
E2F1d87 cells is marked (*). B: Nuclear protein extracts (25 µg)
from A were immunoprecipitated with an anti-p34cdc2–specific
antibody. The immunoprecipitates were used in a histone H1
kinase assay. The phosphorylated H1 was electrophoresed on
SDS-PAGE and exposed to X-ray film, and the films were
scanned with a densitometer. Shown are the relative levels of
phosphorylated histoneH1 generated by the immunoprecipitates.
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Fig. 7. Increased transcription from the p34cdc2 promoter occurs in the
E2F1d87 cell line, compared to the control cells, during culture in high
serum but not in low serum. A, Left side: Growing cell lines (as
indicated) were transiently transfected with a p34cdc2 promoter–CAT
(chloramphenicol acetyl-transferase) construct and a SV40 promoter–b-
galactosidase construct (5:1 ratio, respectively). Twenty-four hours after
the transfection, extracts were generated and assayed for both CAT and
b-galactosidase activity (the latter to normalize CAT activity for differ-
ences in transfection efficiency among the three cell lines). Shown is the
fold increase in CAT activity, where the level in the control cells was set
equal to one. Right side: Following transfection of growing cells, the
cultures were doubly thymidine blocked as in Fig. 2. At the end of the
second block, extracts were generated and processed for CAT and
b-galactosidase activity. Shown is the fold increase in CAT activity,
where the level in the control cells was set equal to one. B:Growing cell
lines (as indicated) were transiently transfected with a cyclin D1 promo-
ter–CAT (chloramphenicol acetyl-transferase) construct and a SV40 pro-
moter–b-galactosidase construct as described above. Twenty-four hours
after the transfection, extracts were generated and assayed for both CAT
and b-galactosidase activity (the latter to normalize CAT activity for
differences in transfection efficiency among the three cell lines). Shown
is the fold increase in CAT activity, where the level in the control cells
was set equal to one.C:Growing cells were transiently transfected with a
p34cdc2 promoter–CAT (chloramphenicol acetyl-transferase) construct
and a SV40 promoter–b-galactosidase construct as described above.
Following the transfection the cells were cultured in 0.5% calf serum
containing media for 24 or 48 h, at which time CAT and b-galactosidase
activity was assayed. Shown is the fold increase in CAT activity, where
the level in the control cells was set equal to one.
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inactive or only partially dimer with cyclin A,
especially since much of the p34cdc2 is in an
inactive phosphotyrosine form (Fig. 3A). Thus,
p34cdc2 may effectively compete with p33cdk2 for
binding to cyclin A, or p34cdc2 may inhibit opti-
mal binding of p33cdk2 to cyclin A. Alternatively,
a small amount of active cyclin B/p34cdc2 may
form in S phase, resulting in the inappropriate
phosphorylation of critical substrates, possibly
the known mediators of cell shape, such as
components of the cytoskeleton or extracellular
matrix.Additionally, since it appears that p34cdc2
plays a role in transit S phase, possibly through
a novel mechanism [Furukawa et al., 1990;
Mercer et al., 1992; D’Urso et al., 1990; Marrac-
cino et al., 1992], it may be that the elevation of
p34cdc2 alters this normal function leading to
changes in substrate phosphorylation as just
mentioned.
In keeping with the notion that increased

p34cdc2 expression is linked to changes in cell
shape, it was found that culture of the E2F1d87
cells in low-serum-containing media caused
them to adopt the morphology and cytoskeletal
structure of normal fibroblasts [Logan et al.,
1994]. Under these culture conditions, it was
shown here that the levels of p34cdc2 protein and
activity, as well as transcription from the p34cdc2
promoter, approach that of the control cells.
Thus, two signals appear to be needed for the
elevation of p34cdc2, ectopic E2F1d87 expression
and serum growth factor stimulation.
That the E2F1d87 protein has a profound

effect on cellular physiology is consistent with
the fact that the amino terminus of E2F1 is the
site of cyclin A/cdk2 association [Krek et al.,
1994; Xu et al., 1994]. Binding of cyclin A/cdk2
results in the phosphorylation of both E2F1
and DP1, the heterodimer partner of E2F1.
These phosphorylations affect the binding of
the E2F1:DP1 heterodimer to DNA [Krek et al.,
1994; Xu et al., 1994]. Importantly, E2F1d87
lacks the cyclin A/cdk2 binding domain and is
therefore not under regulation by cyclinA/cdk2.
In keeping with this fact, the cells expressing
E2F1d87 have a lengthened S phase [Logan
et al., 1995a], presumably in part because
E2F1d87 remains bound to DNA and induces a
partial arrest at the S phase checkpoint [Krek
et al., 1995]. Themechanism bywhichE2F1d87,
in conjunction with serum stimulation, leads to
increased expression of p34cdc2 is not known at
this time, although attempts are being made to
better understand this regulation.

Thus, the data presented here show that the
amino terminus of E2F1 provides a regulatory
domain for the protein. Amutant E2F1 lacking
this domain is able to significantly upregulate
p34cdc2 gene expression, in conjunction with se-
rum growth factor stimulation. This is in keep-
ing with the fact that E2F1 is known to transac-
tivate p34cdc2 [DeGregori et al., 1995]. However,
it extends their findings by showing that, at low
level of expression from the retroviral vector,
the mutant E2F1d87 has a much more pro-
found affect on transactivation than wild-type
E2F1.
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