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Using an inducible transcription system which allows the regulated expression of C/EBP isoforms in tissue
culture cells, we have found that the ectopic expression of C/EBPa, at a level comparable to that found in
normal liver tissue, has a pronounced antimitogenic effect in mouse L cells and NIH 3T3 cells. The inhibition
of cell division by C/EBPa in mouse cells cannot be reversed by simian virus 40 T antigen, by oncogenic ras,
or by adenovirus E1a protein. When expressed in thymidine kinase-deficient L cells or 3T3 cells, C/EBPa is
detected in a protein complex which binds to the E2F binding sites found in the promoters of the genes for
E2F-1 and dihydrofolate reductase (DHFR). Bacterially expressed C/EBPa has no affinity for these E2F sites,
but when recombinant C/EBPa is added to nuclear extracts from mouse fibroblasts, a new E2F binding activity
appears, which contains the C/EBPa protein. Using an E2F-DP1-responsive promoter linked to a reporter
gene, it can be shown that C/EBPa directly inhibits the induction of this promoter by E2F-DP1 in transient-
transfection assays. Furthermore, C/EBPa can be shown to inhibit the S-phase induction of the E2F and DHFR
promoters in permanent cell lines. These findings delineate a straightforward mechanism for C/EBPa-
mediated cell growth arrest through repression of E2F-DP-mediated S-phase transcription.

The CCAAT enhancer binding proteins or C/EBP family of
basic leucine zipper transcription factors comprises five iso-
forms, a to ε. The various isoforms show different patterns of
expression in vivo, and as a group they regulate a wide variety
of essential differentiation programs and cellular processes
(26). C/EBPa has been implicated in the differentiation of
adipocytes, hepatocytes, and lung (6, 46). C/EBPb is required
for the differentiation of myelomonocytes and may be impor-
tant in the acute-phase response in liver (35). C/EBPd may also
be involved in the acute-phase response and appears to be
required for the G0 growth arrest of epithelial cells in mam-
mary tissues (34). C/EBPa has been implicated in numerous
studies as an important regulator of metabolic enzymes in the
cell (12, 48) and as a negative regulator of cell growth (6, 46,
49). While the mechanisms for C/EBPa-mediated control of
metabolic processes have been well defined, if not as yet com-
pletely understood, the mechanism by which C/EBPa regulates
cell growth has remained elusive despite attempts by several
investigators to describe this process in various cell systems.

Transfection of C/EBPa into cells arrests cell growth in
virtually all cell types and thereby abrogates the establishment
of cell lines in which C/EBPa is stably expressed (46, 49). The
use of chimeric regulatable forms of C/EBPa, by fusion to the
hormone-binding domain of the estrogen receptor (46), intro-
duces an additional potent transactivation domain into the
protein (45), which may result in transcriptional activation
which is different from that of native C/EBPa. 3T3-L1 cells
represent a model of adipocyte differentiation in which the
expression of C/EBPa is essential and sufficient for the estab-
lishment of the adipocyte phenotype as well as cell growth

arrest (29). While 3T3-L1 cells provide a viable model for the
study of adipocyte differentiation, the cocktail of inducers re-
quired to confer the differentiated state induces changes in
these cells through several signaling pathways which undoubt-
edly converge on more than just one transcription factor to
achieve the final effect (23, 50, 51). We have developed a
system for the controlled expression of C/EBPa using an in-
ducible expression system from a gal4-driven promoter. We
have created mouse fibroblast cell lines capable of selective
induction of C/EBPa via this GAL4-estrogen receptor (ER)
expression system. These cells express levels of C/EBPa similar
to those seen in tissues such as liver and allow the analysis of
the mechanisms of C/EBPa-driven cell growth arrest when this
protein is expressed at normal levels.

Cell growth is stringently regulated in a growing cell at the
G1/S-phase transition of the cell cycle. Known regulators of
this system have been well described, and much is known about
the fashion in which cells move from G1 to S phase, including
the E2F-DP-driven transcription of several genes required for
DNA synthesis (17, 21). Briefly, in G1 phase, the regulatory
pocket proteins, which include Rb, p107, and p130, are hypo-
phosphorylated and, in this state, sequester the transcription
factor E2F. Upon phosphorylation of retinoblastoma protein
(Rb) by cyclin-dependent kinases, a process tightly regulated
by both the cyclins and cyclin-dependent kinase inhibitors
(CKIs), Rb loses its affinity for the transactivation domain of
E2F, and this domain is released (21, 33). E2F-DP het-
erodimers are then able to either transactivate promoters for
gene products required in S phase, such as dihydrofolate re-
ductase (DHFR), or derepress promoters such as E2F1 (18,
25, 31, 47). Early studies of cell cycle control found that the
tumor suppressor protein p53 acts to block cell cycle entry by
induction of the promoter for the CK1 p21 (14). This mecha-
nism has since been applied to other models of growth arrest
at the G1/S-phase transition. In muscle cells, it was found that
induction of p21 by myoD and p53 took place during differen-
tiation and cell growth cessation (19). Also, in human HL-60

* Corresponding author. Mailing address: Department of Pharma-
cology, Medical University of South Carolina, Charleston, South Caro-
lina 29425. Phone: (843) 792-5844. Fax: (843) 792-2475. E-mail:
kurtzdt@musc.edu.

† Present address: Department of Microbiology and Immunology,
Medical University of South Carolina, Charleston, SC 29425.

5986



leukemia cells as well as murine erythroleukemia cells, cell
growth arrest during differentiation was accompanied by ele-
vated levels of p21 protein and mRNA (26, 30). All of these
observations suggested an important role for p21 in regulating
growth arrest of cells during differentiation.

C/EBPa is expressed constitutively in highly differentiated
nondividing cells such as hepatocytes, adipocytes, and select
cells in the lung (3). Following partial hepatectomy, C/EBPa
levels in the liver begin to fall rapidly following surgery and do
not return to normal levels until the liver has almost com-
pletely regenerated (20, 32). Furthermore, in preneoplastic
liver nodules and in hepatoma cell lines, C/EBPa expression is
low or nonexistent (16). These observations suggest that ex-
pression of C/EBPa functions in the maintenance of the dif-
ferentiated and growth-arrested state of the liver. Studies in
recent years have developed several potential mechanisms for
C/EBPa-mediated cell growth arrest. It was first suggested that
C/EBPa expression in human fibrosarcoma cell line, HT1080
cells, led to an induction of p21 promoter activity and accu-
mulation of p21 protein, as had been observed for other sys-
tems (41). Further study indicated the potential ability of
C/EBPa to stabilize p21 protein and thereby halt cell cycle
progression (42). C/EBPa knockout mice were also found to
express very low levels of p21 protein, while in older wild-type
animals, the delayed decrease in C/EBPa expression after par-
tial hepatectomy was concurrent with a delayed decrease in
levels of p21 protein (42, 43). Works by Cram et al. (11) and by
Cha et al. (7) with a hepatoma cell line describe a slightly
different mechanism of p21 growth arrest mediated through
the glucocorticoid receptor. Here, it was found that the p21
promoter was induced in the presence of dexamethasone and
also required C/EBPa, but this effect was abolished in cells
lacking a functional glucocorticoid receptor (11). While p21
clearly functions to prevent cell cycle entry into S phase, in
keratinocytes it has been demonstrated that the effect is tran-
sient, while the expression of C/EBPa is maintained in highly
differentiated and growth-arrested cells (3, 13). It remains un-
clear what the exact role of C/EBPa is in cell growth arrest and
whether this effect is separate from its known activities as a
transcriptional activator.

We have observed that, in mouse fibroblasts, C/EBPa has no
effect on p21 promoter activity or mRNA levels or any detect-
able effect on p21 protein levels. Similarly, induction of
C/EBPa had no effect on p27 promoter activity. Furthermore,
we were unable to overcome the C/EBPa-mediated cell growth
arrest with addition of simian virus 40 (SV40) T antigen or
adenovirus E1A to the system. This would argue counter to
p21-mediated growth arrest. On the basis of these findings, our
laboratory began to study the effect of C/EBPa growth arrest
on the activity of E2F-DP-responsive promoters. In this study
we demonstrate that induction of C/EBPa expression in mouse
fibroblasts cells leads to the appearance of C/EBPa protein in
complexes bound at consensus E2F binding sites. We have also
found that C/EBPa protein appears in E2F binding complexes
in mouse liver and in fully differentiated 3T3-L1 cells. More
significantly, we show that C/EBPa can inhibit the induction of
an E2F-DP1-responsive gene in transient transfections as well
as the repress the S-phase-induced transcription of DHFR and
E2F-1 in permanent cell lines.

MATERIALS AND METHODS

Plasmids, cell lines, and transfections. Details of the estradiol-regulatable
expression system will be published elsewhere (K. D’Arigo and D. T. Kurtz,
submitted for publication). Briefly, the DNA sequences encoding amino acids 1
to 147 of the yeast GAL4 gene were fused in frame to sequences corresponding
to the C terminus of the human ER. This GAL4-ER fusion was then placed

downstream of a constitutive promoter. Three GAL4 DNA binding sites (ACG
GAGGACAGTCCTCCGA) were concatamerized and placed upstream of a
minimal mouse c-fos promoter (sequences 255 to 1110). The cDNA for
C/EBPa (a kind gift from Stephen McKnight) was cloned downstream of this
GAL4-Dfos promoter. The C/EBPa cDNA was also cloned in frame into the
bacterial expression vector pET15b (Novagen) and into the mammalian expres-
sion vector pcDNA3 (InVitrogen). The gene for C/EBPb was isolated as de-
scribed previously (38) and cloned into the pcDNA3 expression vector. The
cDNAs for mouse E2F1 and DP1 were cloned by reverse transcription-PCR
from mouse liver RNA and cloned into pcDNA3. The promoter for mouse
E2F-1, corresponding to sequences from 2170 to 137, as well as a mutant E2F-1
promoter containing two disrupted E2F binding sites were a kind gift from Peggy
Farnham. These promoter sequences were cloned into the chloramphenicol
acetyltransferase (CAT) vector BL6 (5). The promoter for the mouse DHFR
gene (2310 to 130) was cloned by PCR from mouse genomic DNA. The
resulting fragment was also cloned into BL6CAT. A mutant DHFR promoter
containing a disrupted E2F binding site was also a gift from Peggy Farnham. All
constructs were made using standard cloning techniques (37). The plasmid
33E2FCAT consists of three copies of the E2F-DP1 binding site from the E2F-1
promoter (see below) cloned upstream of Dfos-CAT. Plasmid 33C/EBPCAT
consists of three copies of the C/EBP binding site from the a2u globulin promoter
(see below) cloned upstream of Dfos-CAT.

Tissue culture cells were transfected using the calcium phosphate method (1,
27). Mouse L (thymidine kinase [TK2] and adenine phosphoribosyltransferase
deficient) cells were cotransfected with 1 mg of HSV-TK, coding for herpes
simplex virus TK, 10 mg of the GAL4-ER plasmid, and 5 mg of GAL4-Dfos
C/EBPa. Cells were selected in phenol red-free hypoxauthine-aminoplenin-thy-
midine (HAT) medium. Individual clones were tested for estradiol-induced
C/EBPa expression by Western blotting and electrophoretic mobility shift anal-
ysis (EMSA). One clone, designated S6, was chosen for further study. Where
indicated, S6 cells were “supertransfected” with RSV-neo (1 mg) and 10 mg of
either the E2F-1-CAT, DHFR-CAT, CMV-E1a, or SV40 T antigen plasmid and
selected in G418 (400 mg/ml) plus HAT in phenol red-free medium to generate
the stable clones. Transient transfections of HEK293 and mouse L TK2 cells
were also performed using the calcium phosphate method. NIH 3T3 cells,
HEK293 cells, and DU-145 cells were obtained from the American Type Culture
Collection.

EMSA. Nuclear extracts from cells or tissues were prepared as described
previously with minor modifications (2). The following oligonucleotides were
used for EMSA: oligonucleotides corresponding to a C/EBP binding site in the
a2u-globulin promoter (TGTTTTGCGAAATGTAATG), the E2F site from the
mouse E2F-1 promoter (GGATTTGGCGCGTAAAAGTG), or the mouse
DHFR promoter (GCGATTTCGCGCCAAACTTC), a consensus SP1 binding
site (TCGGGGCGGGGCGAGC), and an AP1 site (CTTGATGACTCAGC
CGGAA). Nuclear proteins (2 to 5 mg) were incubated with a 32P-labeled
oligonucleotide in an EMSA buffer containing 25 mM HEPES, 100 mM KCl, 4%
Ficoll, 5 mM ZnCl2, 0.05% NP-40, 5 mM MgCl2, 1 mg of bovine serum albumin
per ml, and 50 ng of poly(dI-dC) per ml at 4°C. Specific binding was inhibited
using a 100-fold excess of unlabeled oligonucleotide corresponding to the labeled
oligonucleotide. For antibody supershift experiments, nuclear extracts were in-
cubated with for 20 min prior to addition of labeled probe with anti-C/EBPa
antibody (Santa Cruz). For in vitro addition experiments, approximately 75 ng of
hexahistidine-tagged C/EBPa protein purified from bacteria was added to nu-
clear extracts in EMSA buffer and incubated for 30 min at 0°C prior to any other
additions. All samples were subjected to electrophoresis on 5% polyacrylamide
gels at 4°C and visualized either by phosphoimaging (Molecular Dynamics) or
autoradiography.

Immunoblotting. Nuclear proteins (30 to 60 mg) were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% poly-
acrylamide gels and then transferred at 100 V and 250 to 350 mA to polyvinyli-
dene difluoride (Millipore, Bedford, Mass.). Blots were probed with anti-C/
EBPa antibody (Santa Cruz) and followed with a horseradish peroxidase-
conjugated donkey anti-rabbit immunoglobulin secondary antibody (Amersham).
The blot was developed using the ECL chemiluminescence detection system
(Amersham).

[3H]thymidine incorporation. Cells were plated in 24-well plates at a density
of 5 3 104 cells/well. Cells were treated with estradiol for various times and then
labeled with [3H]thymidine (1 mCi/ml) for 4 h. Incorporation of thymidine into
DNA was measured by cold trichloroacetic acid precipitation. Protein concen-
trations were measured by the bicinchoninic acid method (Pierce), and counts
were normalized for protein content.

FACS analysis. For fluorescence-activated cell sorting (FACS), cells were
analyzed for cell cycle parameters on a FACSCalibur (Becton Dickinson) flow
cytometer utilizing a 488-nm argon-ion laser for excitation. Emission of the DNA
cell cycle was detected through a 585-nm bandpass filter and acquired with
CellQuest (Becton Dickinson) software. The data were analyzed using ModFit
LT (Verity) software. Instrument performance is routinely monitored using
DNA QC Particles and Calibrite beads (Becton Dickinson).

Purification of C/EBPa from bacteria. Escherichia coli BL21(DE3) (pLysS)
bacteria were transformed with pET-C/EBPa. A 2-ml culture was grown over-
night and used to inoculate a 200-ml culture of 2XYT broth with ampicillin (100
mg/ml) and chloramphenicol (33 mg/ml). Five hours following amplification with

VOL. 20, 2000 C/EBPa ARRESTS GROWTH VIA TRANSCRIPTIONAL REPRESSION 5987



a final concentration of 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG), cells
were collected by centrifugation and lysed by sonication in ice-cold binding buffer
(20 mM Tris-HCl [pH 8.0], 500 mM NaCl, 5 mM imidazole) with a cocktail of
protease inhibitors. Centrifugation at 39,000 3 g was used to separate the
insoluble and soluble fractions. The insoluble pellet was resuspended in 6 M
guanidine HCl–50 mM phosphate (pH 8.0) and placed overnight with stirring at
4°C. The sample was then centrifuged at 100,000 3 g; the supernatant was
collected and run over a Biogel P10 column twice to renature the protein.
Protein was stored at 280°C until used for EMSA in vitro addition experiments.
Column eluant was determined to contain approximately 40% C/EBPa by den-
sitometry analysis of silver-stained gels (data not shown).

RESULTS

Expression of C/EBPa in mouse L cells induces cell growth
arrest. Mouse L cells were stably transfected with the estradi-
ol-regulatable C/EBPa expression system as described in Ma-
terials and Methods. Clones surviving selection in HAT me-
dium were tested for estradiol-inducible expression of C/EBPa
by immunoblotting and EMSA. Several clones were found to
display estradiol-induced expression of C/EBPa. One clone,
designated S6, was further tested to determine if estradiol-
dependent induction of C/EBPa led to cell cycle arrest, as seen
with expression of C/EBPa in other cell lines. [3H]thymidine
incorporation was analyzed at doses of estradiol ranging from
1029 to 1026 M and showed an estradiol dose-dependent de-
crease (Fig. 1A). The dose-dependent decrease in DNA syn-
thesis correlated with an increase in the expression of C/EBPa
by these cells, as shown by Western blot analysis (Fig. 1B). At
1028 M estradiol, the level of C/EBPa protein expression in S6
cells is similar to that seen in nuclear extracts from rat hepa-
tocytes. A marked decrease in DNA synthesis, to ;25% of that
of uninduced cells, results from a level of C/EBPa similar to
that seen in hepatocytes. Thus, the cell growth suppression is
not the result of gross overexpression of this transcription
factor. In order to demonstrate that the growth arrest of S6
cells induced with estradiol was an effect of C/EBPa and not
the GAL4-ER inducer protein, clone S6 cells were compared
to clone SCAT cells. Clone SCAT cells were derived from
mouse L TK2 cells stably transfected with the GAL4-ER plas-
mid and a GAL4-driven CAT reporter gene. Cells were se-
lected in HAT medium, and surviving clones were tested for
estradiol-inducible CAT reporter gene activity. These cells ex-
press a level of the Gal4-ER protein essentially equal to that
found in clone S6, as measured by Western blot analysis using
an anti-ER antibody (data not shown). [3H]thymidine incor-
poration does not decrease following induction of SCAT cells
with estradiol, while S6 cells show a marked decrease in
[3H]thymidine incorporation after 24 and 48 h of treatment
with estradiol (Fig. 1C).

To determine the nature of the C/EBPa-induced growth
arrest, cells were subjected to FACS analysis (Fig. 2A and B).
As illustrated in Fig. 2A, S6 cells untreated with estradiol show
a normal distribution throughout the cell cycle. S6 cells in-
duced to express C/EBPa (Fig. 2B) show a dramatic increase in
the number of cells in G0/G1, from 39.7 to 79.2%, and an
equally dramatic decrease in the number of cells in S phase,
from 50.5 to 15.2%. These data are indicative of a G1/G0 cell
cycle arrest. Cell counts from S6 cells treated with 1028 M
estradiol showed a large decrease in cell number after 4 days
compared to untreated cells, which have undergone approxi-
mately four doublings in this time, while the SCAT cells grew
normally in this concentration of estradiol (Fig. 2C). To con-
firm that these effects were not unique to mouse L cells, NIH
3T3 cells were also stably transfected with the GAL4-ER plas-
mid driving C/EBPa expression, and an essentially identical
pattern of cell growth arrest and [3H]thymidine incorporation
was observed (data not shown).

C/EBPa is found in E2F binding complexes in growth-
arrested S6 cells. To investigate the effects of growth arrest on
the pattern of E2F expression in clone S6 cells, nuclear extracts
were prepared from cells following induction of C/EBPa pro-
tein and analyzed by EMSA. Extracts made from uninduced S6
cells produce a pattern of binding to a consensus C/EBP bind-
ing oligonucleotide similar to that of wild-type L TK2 cells,
which corresponds to the native C/EBPb expressed in these
cells. Upon induction of C/EBPa, a new shifted band appears,
as expected, that supershifts with an anti-C/EBPa antibody

FIG. 1. Cell growth arrest in cell line S6. (A) [3H]thymidine incorporation
assay was performed on cells containing the GAL4-ER and GAL-C/EBPa plas-
mids (clone S6) treated with increasing concentrations of estradiol for 72 h. Cells
were pulsed with [3H]thymidine for 4 h prior to being harvested. Samples were
done in duplicate. (B) S6 cells were treated with concentrations of estradiol
ranging from 1029 to 1026 M for 24 h. Nuclear extracts were prepared from S6
cells or rat hepatocytes (RH), and Western blotting was performed using 40 mg
of nuclear protein and an anti-C/EBPa antibody (Santa Cruz). No C/EBPa
protein is detectable in nuclear extracts from untransfected L cells (data not
shown). (C) [3H]thymidine incorporation assay was performed on cells contain-
ing the GAL4-ER-driven C/EBPa (clone S6) or a GAL4-ER-driven CAT gene
(clone SCAT). Cells were treated with 1028 or 1027 M estradiol (est17b) for 0,
24, or 48 h and pulsed with [3H]thymidine 4 h prior to being harvested. Samples
were done in triplicate, and standard deviations are shown.
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(Fig. 3A, lanes 5 and 7). We then examined the binding of
these extracts to consensus E2F binding sites from the E2F-1
and DHFR promoters, two promoters known to be regulated
at the G1/S-phase transition. For both E2F oligonucleotides, a
new band of binding activity appears in extracts from induced
S6 cells (Fig. 3A, lanes 11 and 18). Surprisingly, when coincu-
bated with an anti-C/EBPa antibody, the novel E2F-binding
complex is supershifted, indicating that C/EBPa is present in
the protein complexes which bind to a consensus E2F binding
oligonucleotide (Fig. 3A, lanes 13 and 20). This novel E2F
binding activity is not supershifted with nonimmune sera or
with an antibody specific for C/EBPb (data not shown).

C/EBPa is found associated with E2F in tissues in vivo. To
determine if the appearance of C/EBPa, in these binding com-

plexes was simply an artifact of ectopic expression of C/EBPa
in these mouse fibroblasts, nuclear extracts from mouse hepa-
tocytes were analyzed by EMSA (Fig. 3B). Lanes 1 to 5 depict
the binding activity of these extracts to a consensus C/EBP
binding oligonucleotide and show that binding can be super-
shifted with both anti-C/EBPa and anti-C/EBPb antibodies.
However, when extracts are incubated with a consensus E2F
binding oligonucleotide from the E2F-1 promoter, binding ac-
tivity can be supershifted in the presence of a C/EBPa antibody
and does not supershift in the presence of a C/EBPb-specific
antibody (Fig. 3B, lanes 6 to 10). When this experiment was
repeated using extracts from 3T3-L1 cells induced to undergo
the adipocyte-like differentiation program, C/EBPa was also
found associated with E2F binding complexes (data not

FIG. 2. C/EBPa-mediated growth arrest. FACS sorting of C/EBPa-expressing cells was performed. Untreated S6 cells (A) were compared to S6 cells treated with
1027 M estradiol (E2) for 48 h (B). The percentage of cells at each phase was determined. (C) Approximately 25,000 cells of clones S6 and SCAT were plated per well
of a six-well culture dish. Cells were either left untreated or treated with 1028 M estradiol (est17b) and counted after 2 and 4 days using a hemocytometer.
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shown). Thus, the appearance of C/EBPa in the E2F binding
complex is not merely an artifact of our expression system but
is also found in vivo situations where C/EBPa has been dem-
onstrated to act as a negative regulator of cell growth. The
association of C/EBPa with the E2F complex was also found in
the NIH 3T3 cells that had been stably transfected with the
C/EBPa expression system (data not shown).

Appearance of C/EBPa in the E2F binding complex is dose
dependent in cell line S6. Modulating the inducing dose of
estradiol can tightly regulate the level of protein expression in

the Gal4-ER-inducible expression system. As shown in Fig. 1A
and B, increasing doses of estradiol result in increased expres-
sion of C/EBPa protein, which correlated with a decrease in
[3H]thymidine incorporation. Similarly, when these cell ex-
tracts are subjected to EMSA with an E2F-specific oligonucle-
otide, a band corresponding to the complex that is supershifted
by the anti-C/EBPa antibody grows in intensity with increasing
doses of estradiol and increased induction of C/EBPa protein
expression (Fig. 4). Additionally, appearance of this binding is
concurrent with an increase in the amount of C/EBPa that is

FIG. 3. E2F binding activity in S6 cells following C/EBPa induction. (A) EMSA was performed on 2.5 mg of nuclear extract protein from cell line S6. Extracts were
incubated with a 32P-labeled oligonucleotide corresponding to a consensus C/EBP binding site or consensus E2F binding site. Specific binding was inhibited with an
unlabeled oligonucleotide of the same sequence. Lanes 1 and 14 contain free probe; lanes 2 to 4, 8 to 10, and 15 to 17 contain nuclear extract from untreated S6 cells;
and lanes 5 to 7, 11 to 13, and 18 to 20 contain nuclear extracts from S6 cells treated with 1027 M estradiol (est17b). A rabbit anti-C/EBPa antibody (Anti Ca Ab)
(Santa Cruz) was used to detect the presence of C/EBPa. (B) Nuclear extracts from mouse hepatocytes were incubated with the labeled oligonucleotides, and supershift
analysis was carried out using preimmune serum, the anti-C/EBPa antibody, or an anti-C/EBPb antibody corresponding to the N terminus of C/EBPb (Kurtz,
unpublished). F, free probe.
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seen to be supershifted when using an anti-C/EBPa antibody.
This indicates a dose-dependent effect of C/EBPa in the E2F
binding entities.

C/EBPa does not bind directly to E2F binding oligonucleo-
tides. The presence of C/EBPa as a binding moiety of E2F
consensus binding oligonucleotides was examined further. Nei-
ther of the E2F binding oligonucleotides derived from the
E2F-1 and DHFR promoters contains a consensus C/EBP
binding domain (Fig. 5C). However, we examined the possi-
bility that C/EBPa may be binding directly to E2F consensus
binding motifs. A bacterially expressed peptide fragment of
C/EBPa corresponding to the C-terminal 63 amino acids (a gift
from S. L. McKnight) was used in an EMSA with E2F binding
oligonucleotides from the E2F-1 and DHFR promoters as well
as an oligonucleotide corresponding to the TRE response el-
ement bound by AP1. The bacterially expressed fragment, cor-
responding to the b-zip domain of C/EBPa, bound to a con-
sensus C/EBP binding oligonucleotide, as expected, but not to
the E2F binding sites (Fig. 5A). Next, we examined the binding
of a full-length C/EBPa protein expressed in bacteria to the
same set of oligonucleotides. The full-length purified C/EBPa
also only bound directly to a consensus C/EBP binding oligo-
nucleotide and not to the E2F sites (Fig. 5B), indicating that
the appearance of C/EBPa in E2F binding complexes found in
cells (Fig. 3 and 4) may be mediated through additional pro-
tein-protein interactions and/or altered protein-DNA binding
specificity. When C/EBPa was expressed in HEK293 cells by
transient transfection, the expected new binding activity was
found with the C/EBP binding oligonucleotide and a new band
was also found with the E2F binding oligonucleotide; both of
these bands supershifted upon addition of anti-C/EBPa anti-
body (Fig. 6). Identical results were obtained when C/EBPa
was expressed in COS7 cells (data not shown). These data
suggest that the binding of C/EBPa in the E2F binding com-
plexes may involve additional proteins that are not present
when the protein is purified to near homogeneity from bacteria
but are present in nuclear extracts of mammalian cells when
the protein is transiently expressed.

C/EBPa expressed in bacteria will combine with E2F com-
plexes in vitro. To further examine the interaction of C/EBPa
with proteins binding to an E2F consensus binding sequence,
the in vitro association of bacterially expressed C/EBPa with
proteins from nuclear extracts was analyzed using EMSA.
C/EBPa purified from bacteria was incubated with nuclear
extracts from mouse L TK2 cells, the parental cell line of S6
cells. The mixture was then probed with 32P-labeled oligonu-
cleotides corresponding to binding sites for C/EBP, E2F, or
SP1. In the presence of a C/EBP binding oligonucleotide, ad-
dition of C/EBPa expressed in bacteria yielded, as expected, a
new band that was supershifted with the addition of anti-C/
EBPa antibody (Fig. 7A, lanes 3 to 6). When an oligonucleo-
tide containing an E2F consensus binding domain was used, a
new band of binding activity was present upon addition of
bacterially expressed C/EBPa and was supershifted upon ad-
dition of anti-C/EBPa antibody (Fig. 7A, lanes 10 to 12). This
was observed with E2F consensus binding oligonucleotides
from both the E2F-1 promoter and the DHFR promoter (data
not shown). As a negative control, samples incubated with an
SP1 binding oligonucleotide did not show any new binding
activity upon addition of the bacterially expressed C/EBPa, nor
was a supershift visible upon addition of an anti-C/EBPa an-
tibody (Fig. 7A, lanes 16 to 18).

Since bacterially expressed C/EBPa is not capable of binding
directly to the E2F-1 or DHFR promoter-derived oligonucle-
otides, it appears that C/EBPa must bind to another protein(s)
present in the L cell nuclear extract that allows for its appear-
ance in complexes bound at an E2F binding site. Alternatively,
C/EBPa may undergo a posttranslational modification in eu-
karyotic cells that enables it to bind E2F sequences. If such a
posttranslational modification is responsible for the binding, it
must occur at 0°C within 30 min.

Appearance of C/EBPa in E2F binding complexes does not
require functional Rb protein. Regulation of gene transcrip-
tion at the G1-S transition by E2F is tightly controlled through
the E2F binding protein Rb. It was first claimed that C/EBPb
can interact with Rb in U937 cells during differentiation and,
by extension, that C/EBPa may also be capable of interactions
with Rb, as shown in vitro glutathione S-transferase pulldown
experiments, although this was never shown to occur in vivo (8,
9). These observations led us to investigate whether C/EBPa
association with the E2F binding complex requires Rb. DU-
145 cells are a human prostate cell line that express very low
levels of a Rb protein which is truncated at amino acid 715
(36). This mutation truncates the protein in the B box required
for E2F binding and renders the protein unable to bind E2F or
repress cell growth (24, 39). Nuclear extracts were prepared
from DU-145 cells and used in addition experiments with
C/EBPa purified from bacteria. Bacterially expressed C/EBPa
was incubated with DU-145 cell nuclear extracts and then
analyzed by EMSA using either a C/EBP or E2F binding oli-
gonucleotide (Fig. 7B). When an anti-C/EBPa antibody was
added, a strong band was supershifted in the presence of both
the C/EBP and E2F binding oligonucleotides (Fig. 7B, lanes 7
and 13). The ability of C/EBPa to bind in a protein complex in
the presence of E2F binding proteins in the absence of a
functional Rb protein indicates that Rb is not required for
association of C/EBPa with the E2F complex.

C/EBPa represses transcriptional activation by E2F-DP1.
In order to determine relevance for the physical association of
C/EBPa in E2F binding complexes, we examined the role that
C/EBPa might play in the activation or repression of transcrip-
tion of both artificial and gene-derived promoters. A con-
catamer of three E2F binding sites upstream of a minimal fos
promoter was fused to the CAT reporter gene (33E2F-CAT)

FIG. 4. Dose-dependent appearance of C/EBPa in the E2F binding complex.
Cell line S6 was treated with concentrations of estradiol ranging from 1029 to
1026 M for 24 h prior to the preparation of nuclear extracts. Extracts were
incubated with a 32P-labeled oligonucleotide corresponding to the E2F binding
site in the E2F-1 promoter. Specific binding was inhibited with an unlabeled
oligonucleotide of the same sequence. An anti-C/EBPa antibody was used to
detect the presence of C/EBPa in the binding pattern. F, free probe.
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and transiently transfected into mouse L cells. Addition of a
plasmid expressing C/EBPa had no effect on the activity of this
promoter (data not shown). When plasmids expressing mouse
E2F1 and DP1 were included in the transfection, a large (15 to
20-fold) increase in CAT activity was seen, as expected (Fig.
8A). Titration of increasing amounts of the C/EBPa expression
plasmid into the transfection resulted in a dramatic decrease in
CAT activity, while addition of a plasmid expressing C/EBPb
had little if any effect. C/EBPa and -b were equally effective at
inducing a C/EBP-responsive promoter (Fig. 8B). These data
strongly suggest a direct effect of C/EBPa in suppressing tran-
scription mediated by E2F-DP1.

Expression of C/EBPa represses S-phase induction of the
E2F-1 and DHFR promoters. The effect of expression of
C/EBPa on the transcription of promoters regulated by E2F
was then examined in permanent cell lines. S6 cells were stably
transfected with plasmids encoding wild-type or mutant E2F-1
and DHFR promoters linked to the CAT reporter gene.
Clones positive for both estradiol-induced C/EBPa expression
and serum-inducible CAT activity were identified. These
clones were serum starved for 48 h and then induced to enter
S phase by serum addition for 12 or 24 h. As expected, serum
stimulation of these cells resulted in a large induction of CAT
activity driven by the wild-type E2F-1 and DHFR promoters

FIG. 5. Lack of direct binding of C/EBPa to oligonucleotides with E2F consensus binding sites. (A) EMSA was used to analyze a truncated C/EBPa protein
corresponding to the DNA binding and leucine zipper domains of C/EBPa (aC) purified from bacteria (gift from S. L. McKnight) and incubated with the indicated
32P-labeled oligonucleotides. Specific binding was inhibited with an unlabeled (cold) oligonucleotide (oligo) of the same sequence. (B) Full-length C/EBPa protein with
a N-terminal hexahistidine tag was expressed and purified from bacteria and incubated with 32P-labeled oligonucleotides and analyzed as in panel A. (C) Comparison
of oligonucleotides used in panels A and B. The E2F binding oligonucleotides derived from the DHFR and E2F-1 promoters contain only consensus E2F binding
domains.
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(Fig. 9). However, when the expression of C/EBPa was in-
duced with estradiol, the induction of CAT was reduced to less
than 25% of that in cells not treated with estradiol (Fig. 9). The
mutant DHFR promoter, containing a disruption of the E2F
binding site, was not serum inducible, as expected. In contrast,
the mutant E2F-1 promoter, containing a disruption of both
E2F binding sites, displayed a “constitutive high” phenotype,
i.e., it was active in the absence of serum and this activity was
not diminished by C/EBPa. These data suggest that C/EBPa,
through its interaction with the E2F sites, acts to repress S-
phase activation of these promoters.

Oncogenes cannot override C/EBPa-mediated growth ar-
rest. Previous work in our laboratory had failed to find a link
between the expression of C/EBPa in S6 cells and the in-
duction of CKI proteins such as p21 and p27. Our data
suggest the possibility that C/EBPa acts downstream of Rb
as a “second-line” inhibitor of E2F-driven transcription. To
test this possibility, we employed two viral proteins known to
activate E2F-driven transcription through inactivation of
Rb: SV40 T antigen and adenoviral E1A. S6 cells were
stably transfected with constructs for either viral oncogene
and selected for expression of the viral oncogene and induc-
ible C/EBPa expression by Western blotting. Cells positive
for expression of both entities were subjected to a [3H]thy-
midine incorporation assay. As illustrated in Fig. 10, expres-
sion of E1A or T antigen had no effect on the C/EBPa-
mediated growth arrest. This was also confirmed by cell
counts (data not shown). These data, coupled with the fact
that Rb is not required for C/EBPa binding in the E2F
complex in Rb mutant DU-145 cells (Fig. 7B), indicate to us
that C/EBPa may play a role in the suppression of E2F-DP-
mediated transcription at a position downstream of Rb-
mediated events.

DISCUSSION

Expression of C/EBPa in a variety of systems has been
linked to growth arrest. We have used a GAL4-ER-driven
expression system to examine the mechanism of growth arrest
in mouse fibroblast cell lines. Using this system, we are able to
express levels of C/EBPa comparable to that found in the liver
in mouse L cells and NIH 3T3 cells. At these levels of C/EBPa,
we observed a robust suppression of cell growth (Fig. 1). We
have attempted to reverse the growth-arrested state of these
cells with several known oncogenes and viral proteins known to
override the antimitogenic effects of other factors. Growth
arrest in S6 cells cannot be reversed by SV40 T antigen, by
adenovirus E1a protein, or by oncogenic ras (data not shown).
SV40 T antigen and E1a bind pocket proteins and induce rapid
entry into S phase, thereby overriding the Rb-mediated control
of E2F-directed S-phase transcription (15, 49). The action of
p21 as a CK occurs upstream of Rb, and it would be expected
that if C/EBPa-mediated control of p21 was integral to growth
arrest, SV40 T antigen and E1a would override this effect.

These data, accompanied with the observation that, in
mouse fibroblasts, there was no apparent change in the p21
levels induced by C/EBPa, led us to examine the E2F binding
in cells before and after expression of C/EBPa. The only change
in binding observed between L cells expressing C/EBPa and
nonexpressing cells was the appearance of a new band migrat-
ing more slowly than the other E2F-DP complexes (Fig. 3A).
This new band of binding activity could be supershifted using
an anti-C/EBPa antibody. This new E2F binding activity could
also be observed in NIH 3T3 cells stably transfected with the
Gal4-ER-inducible C/EBPa construct. When increasing doses
of estradiol were used to induce C/EBPa expression in L cells,
we also observed a dose-dependent increase in appearance of
this new band of binding (Fig. 4). This is in direct agreement
with the dose-dependent decrease in [3H]thymidine incorpo-
ration and C/EBPa expression demonstrated in Fig. 1. This
binding is also seen in nuclear extracts made from tissues as
well as from terminally differentiated cells. In extracts made
from mouse liver, a subset of proteins bound at an E2F binding
sequence from the E2F-1 promoter are supershifted with an-
tibodies to C/EBPa but not with antibodies to the related
factor C/EBPb (Fig. 3B). Similar results were seen in termi-
nally differentiated 3T3-L1 cells (data not shown). While these
bands represent only a small subset of the total amount of E2F
expressed in liver, it is important to note that in both L cells
and NIH 3T3 cells, the pattern of E2F binding is not as com-
plex as that seen in liver and contributes to the appearance of
C/EBPa as an apparently major band of E2F binding activity
when expressed in L cells. We were unable to observe binding
of either a pure peptide fragment or purified full-length
C/EBPa to any E2F consensus binding site, although both
proteins bound to a consensus C/EBP binding sequence (Fig.
5). When C/EBPa was expressed in HEK293 or COS7 cells, we
observed a new band of binding using an E2F binding oligo-
nucleotide, and as before, this band could be supershifted
using an anti-C/EBPa antibody.

These observations suggested that, in order for C/EBPa to
be found in the E2F-DP binding complexes, this association
must be mediated either through a unique DNA-protein con-
tact or a novel protein-protein interaction or, conceivably, a
posttranslational modification that occurs only in eukaryotic
cells. A precedent exists for the alteration of a consensus bind-
ing sequence for another member of the C/EBP family of
transcription factors. When C/EBPb forms a heterodimer with
a Rel homology domain, the binding specificity of the het-
erodimer is no longer a consensus C/EBP binding site (40). It

FIG. 6. Binding activity of C/EBPa expressed in HEK293 cells. HEK293 cells
were transiently transfected with pcDNA3 or a pcDNA3-C/EBPa construct.
Nuclear extracts from these cells were analyzed by EMSA using a 32P-labeled
oligonucleotides corresponding to a C/EBP site or an E2F binding site from the
E2F-1 promoter. The presence of C/EBPa in the E2F binding complex was
determined by supershift analysis with an anti-C/EBPa antibody. C/EBPb plas-
mid transfected into these cells results in binding to the C/EBP site but no
binding to the E2F site (data not shown).
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is also possible that C/EBPa may be involved in direct protein-
protein interactions with some E2F and/or DP isoform.

Mixing experiments were performed in which bacterially
expressed full-length C/EBPa was added to nuclear extracts
from growing L cells. When a mixture of bacterially expressed
C/EBPa and L cell nuclear extracts was resolved by EMSA
using an E2F binding oligonucleotide, we again observed a new
band of binding that corresponded to C/EBPa by supershift
analysis (Fig. 7). These results suggest that if the association of
C/EBPa with the E2F-DP complex is the result of posttrans-
lational modification, this modification must occur at 0°C in a

relatively short period of time in vitro. The same mixing ex-
periment was performed using nuclear extracts from cells de-
ficient in a functional Rb protein: when nuclear extracts made
from DU-145 cells were used in the mixing experiments, we
saw no alteration in the appearance of C/EBPa in E2F-DP
binding complexes. While this observation does not rule out an
association of C/EBPa with another pocket protein such as
p107 or p130, it does indicate that Rb is not a key player in the
association of C/EBPa with the E2F-DP complex. We ob-
served evidence for the physical association of C/EBPa with
E2F binding complexes not only in our tissue culture model,

FIG. 7. Bacterially expressed C/EBPa binds in the E2F complex in vitro. (A) EMSA was performed on nuclear extracts from mouse L TK2 cells, the parental line
of S6 cells. Where indicated, extracts were incubated with C/EBPa protein expressed in bacteria. Where indicated, the mixtures were further incubated with an
anti-C/EBPa antibody (Ca Ab) and then with a probe corresponding to either a consensus C/EBP, E2F-1, or SP1 DNA binding domain. In each EMSA, the last three
lanes show the addition of bacterially expressed C/EBPa protein to L TK2 cell nuclear extract. Supershifts are indicated by the arrow at the left. (B) Analysis of C/EBPa
binding in DU-145 cells. EMSA was performed on nuclear extracts from DU-145 cells, a human prostate cell line deficient in functional Rb protein expression. Where
indicated, extracts were incubated with C/EBPa protein expressed in bacteria. Following incubation, the mixtures were further incubated with an anti-C/EBPa antibody
and then with probe corresponding to either a consensus C/EBP or E2F-1 DNA binding domain. Lane 1 contains free probe only. Lanes 5 to 7 and 11 to 13 show the
addition of bacterially expressed C/EBPa protein to DU-145 extracts. The arrow at left indicates supershifts in lanes 7 and 13.
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but also in mouse liver extracts and in fully differentiated
3T3-L1 cells. Currently in our laboratory we are assessing the
domains of C/EBPa required for this interaction and what
proteins are observed in this complex.

C/EBPa cannot activate transcription from a promoter con-
taining a concatamer of E2F sites. When a 33E2F-CAT con-
struct was cotransfected into L cells with plasmids encoding
C/EBPs, no induction was seen, indicating that, in the cellular
context, C/EBPa is not functioning as a simple transcriptional
activator. However, this artificial promoter is inducible by E2F-
DP1, and significantly, C/EBPa is able to suppress this tran-
scriptional activation.

Furthermore, C/EBPa was able to repress the cell cycle-
mediated activation of both the E2F-1 and DHFR promoters
in permanent cell lines, and this suppression occurred only in
promoters containing functional E2F binding sites. These ob-

servations lend a mechanistic significance to the physical associ-
ation of C/EBPa with E2F binding complexes and demonstrate a
straightforward mechanism for C/EBPa-mediated control of cell
growth, namely, growth arrest through transcriptional repression.

FIG. 8. Direct repression of E2F-DP1-mediated transcription by C/EBPa.
(A) Mouse L cells were transfected with 500 ng of plasmid 33E2F-CAT. Where
indicated, 250 ng each of E2F1 and DP1 cloned into pcDNA3 were added.
pcDNA3 plasmids containing either C/EBPa or -b were added at 100, 250, or 500
ng. pcDNA3 was added to all transfections to normalize for the amount of total
DNA used. An internal control RSV-luciferase plasmid was added to all trans-
fections. After 48 h, CAT activity was measured and normalized to luciferase
activity. Transfections were performed in duplicate. The data shown are repre-
sentative of at least four different determinations. (B) Mouse L cells were
transfected with 500 ng of plasmid 33C/EBP-CAT. The pcDNA3-C/EBPa or -b
plasmids were added at 100, 250, or 500 ng. pcDNA3 was added to all transfec-
tions to normalize for the amount of DNA used. An internal control RSV-
luciferase plasmid was added to all transfections. After 48 h, CAT activity was
measured and normalized to luciferase activity.

FIG. 9. Repression of S-phase-regulated promoters in S6 cells. (A) S6 cells
were stably transfected with CAT reporter gene constructs containing either the
2310 to 130 fragment of the murine DHFR promoter or the corresponding
promoter fragment containing a mutant E2F site. (B) S6 cells were stably trans-
fected with CAT reporter gene constructs containing either the 2170 to 137
fragment of the murine E2F-1 promoter or the corresponding promoter frag-
ment containing a two mutant E2F sites. Cells were treated with estradiol for
24 h to induce C/EBPa and then serum starved for 48 h. Serum was added back
to the cells for 12 or 24 h. Cells were harvested and assayed for CAT activity,
which was normalized for protein content. The result shown is one representative
of several different determinations.

FIG. 10. Viral oncogenes cannot override C/EBPa-mediated growth arrest.
S6 cells were stably transfected with plasmids constitutively expressing either
adenoviral E1A or SV40 T antigen (TAg) and reselected for their ability to
express both C/EBPa and viral proteins. Cells were then assayed for [3H]thymi-
dine incorporation 48 h following induction of C/EBPa expression. Results
shown are from clones which are representative of several clones which contain
E1a or T antigen.
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Consistent with this model is our observation that the induction of
C/EBPa in S6 cells leads to a rapid (within 12 h) downregulation
of the mRNAs for several cell cycle-regulated genes, including
cyclin D1 and E2F-1 (data not shown).

While this paper was in preparation, a report by Timchenko
et al. pointed to a role for C/EBPa in disrupting the association
of E2F4 with the pocket protein p107 (44) and reported that
the induction of C/EBPa in HT1080 cells resulted in a loss of E2F
binding. No mention was made in this latest report concerning the
stabilization of p21 protein by C/EBPa. The results presented
herein are not in agreement with these observations. We find that
the induction of C/EBPa in mouse fibroblasts leads to the gain of
a new E2F binding activity which contains C/EBPa and almost
certainly is not mediated by p107. Growth arrest in our cells is not
rescued by addition of SV40 T antigen or E1a, which bind not
only to Rb but also the related pocket proteins p107 and p130
(52), and would argue against C/EBPa acting by disrupting E2F
associations with the pocket protein family as a mechanism of
growth arrest. Indeed, in our cell lines containing inducible
C/EBPa and expressing T antigen or E1A, C/EBPa is still found
in the E2F binding complex (data not shown).

It is still not clear if there is any specificity in the activation
of transcription by discrete E2F or DP isoforms at individual
S-phase-inducible promoters or whether this specificity is de-
pendent on cell type. It therefore remains possible that the
disruption by C/EBPa of p107-E2F4 complexes may occur in
mouse liver; however, how this disruption would suppress E2F-
mediated transcription is not clear.

Figure 11 illustrates several possible models for C/EBPa-
mediated suppression of cell growth. Most simply, C/EBPa
may act as a “surrogate” Rb and prevent E2F-DP-mediated
transcriptional activation even when these proteins are bound

at E2F sites (Fig. 11A). Alternatively, C/EBPa may be able to
form a dimer with some E2F or DP isoform. Both E2F and DP
proteins contain a leucine zipper domain and may interact in
some way with the leucine zipper domains of C/EBPa, with
repression of transcription resulting from an improper trans-
activation domain for the context of the promoter (Fig. 11B).
Another possibility is that C/EBPa acts in concert with another
as yet unknown protein, completely unrelated to E2F or DP,
which binds E2F sites directly and with increased avidity over
E2F-DP pairs, resulting in no transactivation.

Our results indicate that expression of C/EBPa in cells at phys-
iologically relevant levels leads to cell growth arrest. While ex-
pression of C/EBPa may correlate with other events in the cell
during the establishment of this cell cycle block, these events may
be secondary to the physical association of C/EBPa with S-phase
promoters and its activity as a transcriptional repressor.
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