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We previously showed that the rate of hepatocyte proliferation in livers from newborn C/EBPa knockout
mice was increased. An examination of cell cycle-related proteins showed that the cyclin-dependent kinase
(CDK) inhibitor p21 level was reduced in the knockout animals compared to that in wild-type littermates. Here
we show additional cell cycle-associated proteins that are affected by C/EBPa. We have observed that C/EBPa
controls the composition of E2F complexes through interaction with the retinoblastoma (Rb)-like protein,
p107, during prenatal liver development. S-phase-specific E2F complexes containing E2F, DP, cdk2, cyclin A,
and p107 are observed in the developing liver. In wild-type animals these complexes disappear by day 18 of
gestation and are no longer present in the newborn animals. In the C/EBPa mutant, the S-phase-specific
complexes do not diminish and persist to birth. The elevation of levels of the S-phase-specific E2F-p107
complexes in C/EBPa knockout mice correlates with the increased expression of several E2F-dependent genes
such as those that encode cyclin A, proliferating cell nuclear antigen, and p107. The C/EBPa-mediated
regulation of E2F binding is specific, since the deletion of another C/EBP family member, C/EBPb, does not
change the pattern of E2F binding during prenatal liver development. The addition of bacterially expressed,
purified His-C/EBPa to the E2F binding reaction resulted in the disruption of E2F complexes containing p107
in nuclear extracts from C/EBPa knockout mouse livers. Ectopic expression of C/EBPa in cultured cells also
leads to a reduction of E2F complexes containing Rb family proteins. Coimmunoprecipitation analyses
revealed an interaction of C/EBPa with p107 but none with cdk2, E2F1, or cyclin A. A region of C/EBPa that
has sequence similarity to E2F is sufficient for the disruption of the E2F-p107 complexes. Despite its role as
a DNA binding protein, C/EBPa brings about a change in E2F complex composition through a protein-protein
interaction. The disruption of E2F-p107 complexes correlates with C/EBPa-mediated growth arrest of hepa-
tocytes in newborn animals.

Hepatocyte proliferation has been studied extensively in var-
ious models of liver regeneration, yet the molecular mecha-
nisms controlling hepatocyte proliferation have only recently
been elucidated. The transcription factor C/EBPa is a key
protein in the inhibition of liver proliferation (11, 34). C/EBPa
belongs to the C/EBP family of proteins that is characterized
by the presence of a basic region and leucine zipper motif in
the C-terminal region of the molecule (22, 23). C/EBPa binds
to DNA as homo- or heterodimers with other family members
and activates the transcription of target genes (2, 21). C/EBPa
has been shown to play a significant role in adipocyte differ-
entiation (12, 25, 37) and in the regulation of both liver- and
adipocyte-specific genes (13, 44). The generation of C/EBPa
knockout mice showed a central role for C/EBPa in energy
metabolism (38). The study of the effect of C/EBPa on the
proliferation of cells in culture clearly has shown that C/EBPa
inhibited cell proliferation in transient transfection experi-
ments (15), as well as in stable clones conditionally expressing
C/EBPa (36). Although the growth-inhibitory role of C/EBPa
is well established in vitro and in vivo (9, 11, 34, 36), the
molecular pathways of C/EBPa-mediated growth arrest are
unknown. One pathway operating in cultured cells has been
suggested by the study of C/EBPa growth arrest in human
fibrosarcoma HT1 cells (36). In these cells, C/EBPa brings
about growth arrest via the elevation of p21-CIP-1-WAF-1-
SDI-1 protein levels (36). It has been shown that C/EBPa

up-regulates p21 mRNA transiently, but protein level elevation
occurs primarily via the stabilization of p21 protein (36). It has
been recently shown that C/EBPa can also up-regulate p21
protein in hepatoma cells (3, 5). In the liver, C/EBPa regulates
p21 protein levels presumably through a protein-protein inter-
action (34). Serfas et al. have observed high levels of p21
protein in mouse hepatocytes that expressed C/EBPa but not
in those that did not have C/EBPa (29). Taken together, these
observations suggest that p21 is regulated by C/EBPa in the
liver. The p21 protein is a strong inhibitor of cell proliferation
in culture when it is overexpressed (30); however, contradic-
tory observations have been made regarding its inhibitory role
in vivo. p21 knockout mice develop normally and do not de-
velop tumors (7), but the overexpression of p21 in the livers of
p21 transgenic mice leads to a strong inhibition of hepatocyte
proliferation during prenatal development and after partial
hepatectomy (42). C/EBPa-mediated growth arrest in new-
born mice involves the elevation of p21 protein levels and,
presumably, the regulation of additional proteins that control
cell cycle progression. In this paper, we present evidence that
C/EBPa regulates the formation of E2F transcription com-
plexes in vitro and in cell cultures, through direct interaction
with retinoblastoma (Rb) and Rb-like proteins and that this
pathway is likely to be involved in growth arrest.

The E2F transcription factors bind and activate promoters
of several genes whose products are involved in DNA synthesis
and mitosis, such as those that encode dihydrofolate reductase,
b-myb, cdc2, proliferating cell nuclear antigen (PCNA), c-myc,
and DNA polymerase a (6, 43). E2F binds to DNA as a
heterodimer with DP proteins. At the present time, six E2F
and two DP (DP1 and DP2) proteins have been identified (39,
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40). E2F-dependent transcription is regulated by several path-
ways. The E2F1 promoter contains an E2F binding site and
might be autoactivated during cell cycle progression (19, 27).
However, the major pathway of E2F regulation includes the
physical association of E2F-DP with Rb and the Rb-like pro-
teins p107 and p130, and this association is controlled by the
phosphorylation of Rb proteins by cyclin-dependent kinases
(16, 18, 39). The investigation of Rb-E2F complexes is com-
plicated since Rb proteins can substitute for each other. It has
been shown that Rb preferentially associates with E2F1, E2F2,
and E2F3; E2F5 binds to p130, and E2F4 can associate with all
three Rb family members (39). Although preferential associa-
tions are well documented, their significance has not been
shown. Differences in the biological functions of various Rb-
E2F complexes might be proposed, based on the cell cycle
points where the complexes are abundant. Rb and p130-E2F
complexes predominate in quiescent cells (32), while p107-E2F
complexes are found primarily in dividing cells, preferentially
during S phase (8, 20). Despite the universal role of Rb-like
proteins in cell cycle regulation, p107 and p130 knockout mice
showed no abnormalities (24). However, double-knockout
mice, deficient in both p107 and 130, die within several hours
after birth (17), indicating overlapping functions for these pro-
teins. Study of the E2F target genes in cultured p1072/2

p1302/2 cells from double-knockout animals confirmed the
overlapping functions of p107 and p130 (17).

In this paper, we present evidence that the formation of
E2F-p107 complexes during prenatal liver development in
mice is dependent on C/EBPa. The E2F complexes that con-
tain p107 are prevalent in the developing liver at day 16 of
gestation but are dramatically reduced in wild-type animals
before birth. In contrast, E2F-p107 complexes remain high in
C/EBPa knockout mouse livers throughout development. The
effect of C/EBPa on E2F complexes is specific, since mice
lacking p21 or C/EBPb show E2F binding identical to that of
genetically normal littermates. In vitro experiments show that
C/EBPa disrupts E2F-p107 complexes by a direct interaction
of C/EBPa with p107. The E2F homology region of C/EBPa is
sufficient for the interaction with p107 and for disruption of
p107-E2F complexes.

MATERIALS AND METHODS

Animals. Since C/EBPa knockout mice die within several hours after birth,
C/EBPa knockout mice and genetically normal littermates were sacrificed im-
mediately after birth. Livers were collected, frozen in liquid nitrogen, and kept at
280°C. For the study of prenatal development, C/EBPa and C/EBPb littermates
were collected at 14, 16, and 18 days of gestation. Livers were frozen in liquid
nitrogen. Proteins and total RNA were isolated from two to three livers from
mice of the same genotype as described below.

RNA isolation and Northern blot analysis. Total RNA was isolated as de-
scribed previously (36). Total RNA (25 mg) was loaded on a 1% agarose–2.2 M
formaldehyde gel, transferred onto a membrane, and hybridized with specific
probes. Each filter was hybridized sequentially with C/EBPa-, p21-, C/EBPb-,
and 18S rRNA-specific probes as described previously (36). Quantitation of
Northern blots was performed by using phosphorimaging. The levels of C/EBPa,
C/EBPb, and p21 mRNAs were normalized to the 18S rRNA control.

Protein isolation and Western blot analysis. The isolation of nuclear proteins
from livers has been described in our previous publications (34, 36). Briefly, the
livers were homogenized in buffer A containing 25 mM Tris-HCl (pH 7.5), 50
mM KCl, 2 mM MgCl2, 1 mM EDTA, and 5 mM dithiothreitol (DTT). Nuclei
were pelleted by centrifugation at 1,710 3 g for 10 min and washed with buffer
A. The supernatant (cytoplasm) was frozen. High-salt extraction of nuclear
proteins was performed by incubation of nuclei with buffer B (25 mM Tris-HCl
[pH 7.5], 0.42 M NaCl, 1.5 mM MgCl2, 1 mM DTT, 0.5 mM EDTA, and 25%
sucrose) for 30 min on ice. After centrifugation, the supernatant (nuclear extract)
was divided into small fractions and kept at 280°C. Western blot analysis was
carried out as described previously (36). Briefly, 50 to 100 mg of nuclear proteins
was loaded on a 12% polyacrylamide–0.1% sodium dodecyl sulfate gel. After
separation, proteins were transferred onto membranes (Bio-Rad) by electro-
blotting. To equalize the protein loading, a preliminary filter was stained with
Coomassie blue to verify the measured protein concentration. After the detec-

tion of specific proteins, each filter was reprobed with antibodies to b-actin
(Sigma) to verify protein loading. Filters were blocked with 10% dry milk–2%
bovine serum albumin prepared on TTBS (20 mM Tris-HCl [pH 7.5], 150 mM
NaCl, and 0.05% Tween 20) saline buffer. Incubations with primary and second-
ary antibodies were carried out according to recommendations for each antibody.
Dry milk (0.5%) was added to TTBS, and this solution was used for incubation
with antibodies. Immunoreactive proteins were detected by using the ECL pro-
tocol (Amersham). Antibodies to human C/EBPa are described in our earlier
publication (36). Antibodies to E2F1 (C-20 and KH95), E2F2 (C-20), E2F3
(N-20), E2F4 (C-20), E2E5 (E-19), cyclin A, cyclin E, DP1 (K-20), cdk2, cdk4,
Rb (C-15 and IF8), p107 (SD9 and C-18), p130 (C-20), and PCNA were from
Santa Cruz Biotechnology.

Analysis of E2F binding in HT1 cells. The conditions for the culturing of HT1
cells have been described previously (36). The HT1 cells were induced by (iso-
propyl-b-D-thiogalactopyranoside) (IPTG) (for C/EBPa induction) or glucose
(control). Twenty-four hours after plating and IPTG addition, cytoplasm and
nuclear extracts were isolated as described previously (36). E2F binding activity
was analyzed by band shift assay as described below.

Electrophoretical mobility shift assay. E2F binding activity was investigated by
using the band shift assay. Single-stranded dihydrofolate reductase-E2F oligo-
nucleotides (nucleotide sequence of the upper chain, 59-CTAGTGCAATTTCG
CGCCAAACTTG-39) were synthesized, purified by gel fractionation, and an-
nealed. After purification by gel electrophoresis, the double-stranded
oligonucleotide was labeled with Klenow enzyme in a fill-in reaction with P32
dCTP. Protein extracts (5 mg) were incubated in a binding buffer containing 20
mM Tris-HCl [pH 7.5], 100 mM KCl, 5 mM DTT, 2 mM MgCl2, 10% glycerol,
0.5 mg of salmon sperm DNA per 10 ml, and 50 to 100,000 cpm of probe.
Incubations were carried out at 4°C for 30 min. Samples were loaded on a 5%
native polyacrylamide gel and run for 3 to 4 h at 4°C. For the detection of
proteins that are involved in E2F complexes, specific antibodies were added to
the binding reaction mixture before probe addition. For p107 supershift, mono-
clonal antibody SD9 (Santa Cruz Biotechnology) was used. In experiments with
a Y-DLF peptide, the increasing amounts of the Y-DLF peptide were preincu-
bated with nuclear extracts for 15 min at room temperature and added to the
binding reaction mixture.

IP-bandshift assay and IP-Western blot analysis. The interaction of C/EBPa
and p107 in rat livers was studied by the immunoprecipitation (IP)-bandshift
assay and by IP-Western blot analysis. A total of 500 mg of nuclear extracts from
regenerating rat livers (24 h after partial hepatectomy) was incubated with
antibodies to p107, cdk2, and Rb for 1 h and with protein A-agarose overnight.
After being washed with phosphate-buffered saline (four times), immunoprecipi-
tates were incubated with 0.5% deoxycholate and Nonidet P-40 as described
previously (8). Samples were centrifuged, and the supernatant was added to the
binding reaction mixture containing the bZIP probe. Conditions for the gel shift
assay were described earlier (33, 36). For IP-Western blotting, C/EBPa was
immunoprecipitated from rat livers as described above, and p107 was detected
with an antibody specific to p107. Two types of antibodies were used for these
studies: monoclonal SD9 and polyclonal C-18 (Santa Cruz Biotechnology).

Interaction of p107 with E2F homology region of C/EBPa. A short peptide
containing the E2F homology region (see Fig. 6) was synthesized at Baylor
College of Medicine. The sequence of the Y-DLF peptide (corresponding to
amino acids 67 to 81 of C/EBPa) is as follows: YIDPAAFNDEFLADLF. The
Y-DLF peptide was purified by high-pressure liquid chromatography and ana-
lyzed by gel electrophoresis. Y-DLF peptide was covalently attached to Sepha-
rose (Pharmacia) as described in the manufacturer’s protocol. Since p107 ex-
pression is induced in S phase, we used nuclear extracts from rat livers 24 h after
partial hepatectomy (peak of DNA synthesis) (34). A control peptide with a
random composition of the amino acids (C-pept.) was linked to Sepharose and
used as the control for specific interaction. Nuclear proteins were incubated with
Y-DLF-Sepharose or with C-pept.-Sepharose overnight at 4°C, washed four
times with phosphate-buffered saline, and analyzed by Western blotting with a
monoclonal antibody to p107.

RESULTS

C/EBPa and p21 expression is induced before birth.
C/EBPa expression is induced in the liver before birth (2) and
correlates with the inhibition of hepatocyte proliferation in
newborn mice (11, 34). p21 protein is coordinately expressed in
the liver (5, 29, 34) and is likely to be controlled by C/EBPa
through the stabilization of the p21 protein (34). Overexpres-
sion of p21 inhibited liver proliferation during prenatal devel-
opment (42); however, the expression of endogenous p21 dur-
ing prenatal development has not been described. To examine
the expression of p21 during gestation, total RNA was isolated
from livers at different times during fetal development. North-
ern blot analysis showed low levels of p21 mRNA present
before birth (14 and 16 days of gestation) (Fig. 1A). However,
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p21 mRNA levels are induced at day 18 and in newborn mice.
The levels of p21 mRNA calculated as the ratio to 18S rRNA
are 15-fold higher in newborn animals than in mice at 16 days
of gestation. This pattern of induction suggests that p21 may
play a role in the inhibition of hepatocyte proliferation in
newborn mice and is also consistent with the role of p21 during
liver development described by Wu et al. (42). C/EBPa mRNA
was also induced before birth as was C/EBPb, in agreement

with previously published observations (2). It has been previ-
ously reported that p21 knockout mice survive in expected
Mendelian frequencies and do not show tumor formation (7),
suggesting that hepatocyte proliferation was not altered by the
absence of p21 protein. We determined the rate of prolifera-
tion in newborn p21 knockout animals by measuring the levels
of the S-phase-specific protein PCNA. Western blot analysis of
two newborn p21 knockout mice and two heterozygous litter-
mates shows no difference in the levels of PCNA (Fig. 1C).
Thus, despite the induction of p21 expression in genetically
normal newborn mice (Fig. 1A), the deletion of the p21 gene
does not cause a change in the levels of PCNA. Based on these
data and on the previously published observations (7), we
conclude that the proliferation of hepatocytes is not signifi-
cantly different between heterozygous and p21 knockout new-
born animals.

The composition of E2F complexes during prenatal devel-
opment. The observation that hepatocyte division was in-
creased in C/EBPa knockout mice prompted us to measure the
levels and activity of several cell cycle-related proteins that
might be involved in the C/EBPa-mediated control of hepato-
cyte proliferation. E2F binding during prenatal liver develop-
ment in C/EBPa knockout, wild-type, and heterozygous mice
was examined by the electrophoretic mobility shift assay. At
day 16 of gestation, multiple E2F complexes are observed in
mice of all genotypes (Fig. 2A). However, the pattern of E2F
binding at that stage of development is significantly different
between livers that lack C/EBPa and those expressing
C/EBPa. Dramatic differences in E2F binding are seen at 18
days of gestation and in newborn mice (20 days). At day 18,
C/EBPa expression is maximal (Fig. 1A), and E2F binding is
dramatically reduced in wild-type and heterozygous animals
but is not changed in C/EBPa knockout mice. In wild-type
newborn mice, E2F binding shifted to low-molecular-weight
complexes. Because p21 has been shown to disrupt cdk2-E2F
complexes (31) and p21 levels are reduced in C/EBPa knock-
out mice, we also examined E2F binding in p21 knockout
mouse livers. Figure 2B shows that there is no detectable
difference in either the composition or the intensity of the E2F
complexes between heterozygous and p21 knockout mouse

FIG. 1. Expression of p21 in the liver is induced before birth. (A) Northern
blot analysis of mRNA expression in mouse livers during prenatal liver devel-
opment. Total RNA was isolated from two to three livers harvested at different
stages of gestation (14, 16, and 18 days) and from newborn (N) mice and
analyzed with probes to p21, C/EBPa, and C/EBPb and 18S rRNA as a loading
control. (B) Levels of p21, C/EBPa, and C/EBPb mRNAs were calculated as the
ratio to 18S RNA by using phosphorimaging. (C) Levels of the S-phase-specific
protein PCNA are not changed in p21 knockout newborn mice. Nuclear extracts
from two heterozygous (HET) and two p21 knockout (KO) mouse livers were
analyzed with antibodies to PCNA as described in Materials and Methods.

FIG. 2. E2F binding is altered in C/EBPa knockout animals during prenatal development. (A) Gel shift assay of nuclear extracts isolated from livers of mice at
different stages of gestation (16 and 18 days) and of newborn (N) animals. The 16-day points of all genotypes represent isolates from three livers from mice of the same
genotype. Four E2F complexes specific to C/EBPa knockout (KO) mouse livers are shown by arrows. (B) E2F binding in p21 knockout and C/EBPb and C/EBPa and
knockout newborn mice. Nuclear extracts were isolated from livers of newborn p21 knockout (KO) or heterozygous (HET) littermates and analyzed by gel shift assay.
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livers. This observation suggests that C/EBPa regulates E2F
complexes through a p21-independent mechanism(s). The pat-
tern of E2F complexes in the C/EBPa homozygous mutants is
specific, as another member of the C/EBP family, C/EBPb, has
no effect on the pattern of E2F binding activity. In C/EBPb
knockout mice, the pattern of E2F binding is similar to that
observed in wild-type animals (Fig. 2B), showing that C/EBPb
is not involved in the regulation of E2F complexes. Thus,
although the expression of p21 and C/EBPb is induced during
prenatal liver development (Fig. 1A), alterations in E2F bind-
ing are observed only in C/EBPa mutant animals. Our data
demonstrate that C/EBPa, but not C/EBPb, directly or indi-
rectly down-regulates the formation of the E2F complexes and
that the E2F regulation by C/EBPa is p21 independent.

The S-phase-specific E2F complex: cdk2-DP1-E2F-p107-cy-
clin A is expressed in C/EBPa knockout mouse livers during
prenatal development. E2F proteins have been shown to asso-
ciate with different Rb and Rb-like proteins, and this associa-
tion is cell cycle specific (1, 32, 39). Therefore, we examined
the composition of the E2F complexes in newborn C/EBPa
knockout mouse livers by using gel shift-supershift assays (Fig.
3A). Specific antibodies to DP1, E2F1, E2F2, cdk2, cdk4, p107,
Rb, and cyclins A, E, and D1 were individually added to the
binding reaction mixtures. Antibodies to DP1-supershifted
complexes 1, 2, and 3, indicating that those are formed by
E2F-DP1 heterodimers. Complex 2 was also shifted by anti-
bodies to p107 and therefore contains E2F-DP1-p107. We
conclude that the upper E2F complex is formed by cdk2, DP1,
E2F, p107, and cyclin A, as this complex is completely super-
shifted by each of these antibodies. Antibodies to DP2, E2F1,
E2F2, E2F3, E2F4, and E2F5 did not supershift E2F com-
plexes under our experimental conditions (for DP2, E2F3,
E2F4, and E2F5, data not shown). We suggest that the E2F
protein present in C/EBPa knockout mouse livers might be an
unknown member of the E2F family. However, it might also be
possible that the antibodies used in these studies do not su-
pershift the E2F in complexes in C/EBPa knockout mouse
liver extracts. In any event, gel shift analysis indicates that the
pattern of E2F binding in mouse livers lacking C/EBPa is
different from E2F binding in the livers of genetically normal
littermates and that the E2F complex, cdk2-DP1-E2F-p107-
cyclin A, is observed only in C/EBPa-null livers. Figure 3 shows
the supershift analysis with newborn C/EBPa knockout mouse
livers. Similar results were obtained with C/EBPa knockout
mouse livers after 16 and 18 days of gestation. The cdk2-DP1-
p107-cyclin A complex has been previously characterized by
several laboratories as an S-phase-specific E2F complex (8, 20,
26). Elevated levels of this complex in C/EBPa knockout mice
correlate with the increased rate of hepatocyte proliferation in
these animals (34). As C/EBPa is a transcription factor, the
formation of the cdk2-E2F-p107 complexes could be con-
trolled by C/EBPa through the regulation of the genes whose
protein products are components of the E2F-p107 complex.
We measured the levels of cyclin A, cdk2, and DP1 in the livers
of C/EBPa knockout mice and in those of genetically normal
littermates. The membrane was reprobed with b-actin as a
loading control after removal of the previous antibodies, as
described in the legend to Fig. 3. p107 protein was not detected
by Western blotting under the conditions of this experiment;
however, its expression was detected by using much higher
amounts of protein (see below). The levels of DP1 and cdk2
proteins are unchanged during liver development in all three
genotypes; however, the expression of cyclin A is dramatically
reduced before and at birth in genetically normal animals and
heterozygous mice. Increased levels of cyclin A in the knockout
mice may contribute to the increased proliferation through

promotion of the formation of E2F-p107-cyclin A complexes.
The mechanism by which cyclin A is elevated is currently under
investigation. However, in this paper we report that C/EBPa
has a role in preventing the formation of E2F complexes and
that C/EBPa directly disrupts the E2F complexes containing
p107 (see below). In the absence of C/EBPa, the E2F com-
plexes associated with the S phase persist in the livers of the
mutant animals, consistent with increased hepatocyte cell di-
vision.

Composition of E2F complexes at day 16 of gestation in
wild-type mice differs from that in C/EBPa knockout litter-
mates. An analysis of E2F binding in wild-type and heterozy-
gous animals showed the presence of low-mobility E2F com-
plexes at day 16 of gestation (Fig. 2). To determine the
composition of these complexes, gel shift-supershift analysis
was performed with nuclear extracts from livers at 16 days of
gestation. Two pools of three animals each were used for these
studies. Figure 4 shows that antibodies to DP1 do not super-

FIG. 3. (A) C/EBPa knockout mice contain an S-phase-specific complex:
cdk2-E2F-DP1-p107-cyclin A. Antibodies to putative components of the E2F
complex (indicated at the top) were added to binding reaction mixtures before
the addition of nuclear extracts. To better resolve the E2F complexes, electro-
phoresis was run twice as long. (B) Expression of the components of E2F-p107
complexes during mouse liver development. Nuclear extracts (50 mg) from mice
at 16 or 18 days of gestation or from newborn (N) mice were loaded on a 12%
polyacrylamide–0.1% sodium dodecyl sulfate gel and analyzed by Western blot-
ting. The same filter was probed sequentially with antibodies to cyclin A, DP1,
cdk2, PCNA, and b-actin after removal of the previous antibodies. The results
were obtained with nuclear proteins isolated from the animals (wild type [WT],
knockout [KO], or heterozygous [HET]) that were analyzed in Fig. 1 and Fig. 2A.
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shift E2F complexes in wild-type livers. Slow-migrating E2F
complex 1wt consists of cdk2, E2F, and p107, as antibodies to
these proteins supershifted the complex. Cyclin A was not
detectable in the E2F complexes in livers after 16 days of
gestation. Antibodies to p130 used in these studies partially
cross-react with p107 and show a weak supershift of the E2F-
p107 complex. Complex 2wt is supershifted with antibodies to
E2F2 and Rb. Complex 3wt contains free E2F, since antibodies
to Rb family members did not react with this complex. Thus,
analysis of E2F complexes in wild-type livers at 16 days of
gestation showed quite a different composition of E2F com-
plexes than that observed in C/EBPa knockout littermates.
Wild-type animals contain cdk2-E2F-p107 and E2F2-Rb com-
plexes, while E2F2-Rb complexes are not detectable in
C/EBPa knockout mouse livers. The cdk2-E2F-p107 complex
is present in both genotypes at 16 days of gestation. Since the
cdk2-E2F-p107 complex disappeared at later stages of devel-
opment, we examined the expression of p107 under conditions
that allowed us to detect this protein by Western blot assay. We
found that p107 can be detected if up to 200 mg of protein is
loaded on the gel (the usual loading amount is 50 mg of nuclear
extract/lane). The results of Western blot analysis of p107
expression with 200 mg of total protein are shown in Fig. 4. At
day 16, livers from mice of both genotypes contain p107 pro-
tein. In contrast, this protein is not detectable in livers from
mice at the newborn stage, but in C/EBPa knockout mouse
livers, p107 levels are relatively high. Reprobing the same filter
with b-actin antibodies indicated equal protein loading. Thus,
these data show that p107 expression is also regulated during
prenatal liver development and might contribute to the change
in E2F complexes. Our data suggest that the pathway of the
regulation for E2F complexes involves the disruption of
E2F-Rb family complexes by C/EBPa via a direct interaction
with p107.

C/EBPa disrupts the E2F-p107 complexes in nuclear ex-
tracts from newborn mice. To examine the effect of the nuclear
proteins from wild-type animals on E2F-p107 complexes, the
nuclear extracts from mice of both genotypes were added to
the binding reaction mixture. The addition of proteins from
wild-type livers to null extracts resulted in a reduction of the
E2F complexes (Fig. 5A). These data suggest that nuclear

extracts from wild-type animals contain some factors that dis-
rupt the E2F complexes through a direct or indirect interaction
with the complex. Because p21 has been reported to disrupt
E2F complexes, we examined the effect of both C/EBPa and
p21 proteins on the E2F complexes. Figure 5B shows that
bacterially expressed, gel-purified histidine-tagged C/EBPa
disrupts the p107-E2F complexes in nuclear extracts from
C/EBPa knockout mice. This result is consistent with the sug-
gestion that in wild-type animals, increased C/EBPa levels
disrupt the E2F complexes during prenatal liver development.
In the complete absence of C/EBPa, a new cdk2-E2F-p107
complex can be formed. To examine the possibility that
C/EBPa regulates cdk2-E2F-p107 complexes in wild-type liver
extracts, His-C/EBPa was incorporated into the binding reac-
tion with nuclear extracts from livers of wild-type animals at 16
days of gestation. Figure 5C shows that C/EBPa also disrupts
E2F-p107 and E2F-Rb complexes in wild-type livers. This ob-
servation is consistent with the suggestion that the induction of
C/EBPa at day 18 of gestation (Fig. 1) leads to the disruption
of E2F-p107 and E2F-Rb complexes. It is interesting that the
E2F binding pattern after the neutralization of the E2F-p107
complexes by C/EBPa in knockout mouse livers (Fig. 5B, lanes
2 and 3) is similar to that observed after the addition of anti-
p107 (lane 8). This correlation suggested that C/EBPa destroys
E2F-p107 complexes through p107 (see below). In this in vitro
assay, the addition of high concentrations of C/EBPa led to the
appearance of a new larger complex (Fig. 5B, lane 3) that
contains C/EBPa, as shown by the incorporation of antisera
specific to C/EBPa into the binding reaction mixture (data not
shown). However, we were not able to detect the large complex
in cultured cells overexpressing C/EBPa, nor were these com-
plexes formed when lower concentrations of C/EBPa were
added.

C/EBPa interacts with p107 through the E2F homology
region. To determine which protein components of the E2F-
p107 complexes interact with C/EBPa, IP-band shift assays
were carried out. Because C/EBPa is highly expressed in the
liver, nuclear extracts from rat livers were used as the source of
C/EBPa protein. Rat liver nuclear proteins (24 h after partial
hepatectomy) were incubated with antibodies to E2F1, DP1,
cdk2, p107, and cyclin A and protein A-agarose. This protein

FIG. 4. Composition of E2F complexes in wild-type livers at day 16 of gestation. Nuclear proteins (5 mg) isolated from three livers were incubated with the E2F
probe in the presence of antibodies (indicated at the top) and analyzed by gel shift assay. Nuclear proteins (200 mg) from mouse livers after 16 days of gestation and
newborn (N) mouse livers were loaded on a 6% polyacrylamide gel and probed with polyclonal (C-18) antibodies to p107. After being stripped, the membrane was
reprobed with antibodies to b-actin as a loading control.
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extract was chosen because for rats at this time after partial
hepatectomy, p107 protein is expressed at high levels correlat-
ing with the peak of DNA synthesis in regenerating livers (14).
After being washed, immunoprecipitates were analyzed by the
electrophoretic mobility shift assay with the bZIP oligonucle-
otide containing a C/EBP consensus binding site (41).
C/EBPa-specific binding activity is detectable only in p107 and
in Rb immunoprecipitates and not in cdk2 immunoprecipitates
(Fig. 6). We were not able to detect C/EBPa in IPs with DP1,
cyclin A, and E2F1 antibodies (data not shown). To confirm
the interaction of C/EBPa with p107, C/EBPa was precipitated
from liver nuclear extracts and the presence of p107 was ex-
amined by Western blot analysis with anti-p107 antibodies. An

immunoreactive protein with the correct molecular weight
(107) is observed coprecipitating with C/EBPa (Fig. 6). Immu-
noreactive p107 protein was detected in C/EBPa immunopre-
cipitates with both monoclonal and polyclonal specific antibod-
ies. Thus, two independent methods showed that C/EBPa
interacts with p107, a component of the S-phase-specific E2F-
p107 complex.

Chen et al. reported that C/EBPa and C/EBPb proteins
directly interact with Rb (4). The putative C/EBPa region of
interaction includes a sequence that is homologous to the E2F-
like region that interacts with the Rb pocket. Figure 7A shows
the location of this region within C/EBPa and its sequence
similarity with the corresponding E2F region that is necessary
for the interaction with pocket proteins. To examine whether
this region of C/EBPa interacted with p107 protein, a short
peptide, YIDPAAFNDEFLADLF (Y-DLF peptide; Fig. 7A),
was synthesized and linked to Sepharose. A control peptide
with an unrelated composition of 18 amino acids (C-pept.) was
used. Sepharose-Y-DLF and Sepharose-C-pept. were incu-
bated with nuclear proteins from rat livers isolated 24 h after
partial hepatectomy (S phase). Western blot analysis with a
monoclonal p107 antibody (Fig. 7B) showed that immunore-
active p107 protein is associated with Y-DLF but not with the
control peptide. To examine whether the Y-DLF region of
C/EBPa was sufficient for the interaction with p107, increasing
amounts of the Y-DLF peptide were preincubated with nu-
clear extracts and C/EBPa was immunoprecipitated. Western
blot analysis of p107 in C/EBPa IPs shows that the Y-DLF
peptide competes for the binding of p107 and, at high concen-
trations, blocks the binding (Fig. 7C). Thus, the E2F homology
region of C/EBPa is involved in the interaction of C/EBPa
with the p107 protein.

The E2F homology region of C/EBPa is sufficient to disrupt
E2F-p107 complexes in C/EBPa knockout mouse livers. Be-
cause the Y-DLF peptide of C/EBPa interacts with the p107
protein, we propose that this region may compete with p107
for the binding to E2F. Therefore, we investigated whether the
Y-DLF region is involved in the disruption of the E2F-p107
complexes. Figure 8 shows the effect of the Y-DLF peptide on
E2F binding in nuclear extracts from C/EBPa knockout mice.

FIG. 5. (A) Mixing of wild-type (W) and C/EBPa knockout (K) nuclear extracts results in the disruption of E2F complexes. A mixture of nuclear extracts from
wild-type and C/EBPa knockout mouse livers was preincubated on ice for 15 min and added to the E2F binding reaction mixture. (B) C/EBPa disrupts E2F-p107
complexes in nuclear extracts from C/EBPa knockout mouse livers. Increasing amounts of bacterially expressed, purified C/EBPa and p21 (100 and 200 ng, respectively)
were added to E2F binding reaction mixtures before the addition of nuclear extract from C/EBPa knockout mouse livers. Antibody to p107 (SD9) was added before
the probe addition. (C) C/EBPa disrupts E2F-p107 and E2F-Rb complexes in livers at day 16 of gestation from wild-type animals. C/EBPa was incorporated into the
binding reaction mixture with nuclear extracts from wild-type livers at day 16 of gestation as described above. NS, nonspecific binding; free, unbound oligonucleotide.

FIG. 6. C/EBPa interacts with p107. (Left) Rb, p107, and cdk2 proteins were
immunoprecipitated from rat liver nuclear extracts isolated 24 h after partial
hepatectomy. The presence of C/EBPa in IPs was analyzed by gel shift assay after
release with deoxycholate and Nonidet P-40 treatment as described in Materials
and Methods. Antibody to C/EBPa was added to the binding reaction mixture
before the probe addition. (Right) C/EBPa was immunoprecipitated from rat
liver nuclear extract. The presence of p107 was determined by Western blot
analysis with monoclonal antibodies. Immunoprecipitate with agarose (Ag.)
serves as the control on nonspecific absorption. IgG, immunoglobulin G.
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Increasing amounts of Y-DLF peptide (1, 10, 50, and 100 ng)
were incorporated into the binding reaction mixture. The con-
trol peptide was used at the highest concentration (100 ng). As
can be seen, the Y-DLF peptide, but not the control peptide,
disrupts both E2F-p107 and E2F-p107-cyclin A complexes.
This effect is specific to E2F-p107 complexes, since the E2F-
DP1 complex is not affected by Y-DLF under the same con-
ditions. Upon the addition of the Y-DLF peptide, one can
observe a slight increase in the E2F-DP1 complex. Thus, the
E2F homology region of C/EBPa is sufficient to bring about
the disruption of E2F complexes that contain p107 in liver
nuclear extracts of C/EBPa knockout mice.

Induction of C/EBPa in cultured cells leads to disruption of
E2F-p107 and E2F-Rb complexes. Having observed that
C/EBPa regulates E2F complexes in vivo and in vitro and that
this regulation correlates with an increased rate of prolifera-
tion (34), we examined E2F complex formation in a previously
described cell line that contains C/EBPa under the control of
an inducible promoter (36). Forced expression of C/EBPa in
human HT1 fibrosarcoma cells causes growth arrest (36). Ini-
tially, we examined E2F binding in dividing HT1 cells by using
Bandshift-supershift assays in order to identify the proteins
that form E2F complexes in these cells. Figure 9A shows that
HT1 cells contain E2F4-DP1 as the major E2F binding com-
plex, because antibodies to E2F4 and to DP1 interact with all

E2F complexes except the one with the fastest mobility. p107-
E2F4 and p130-E2F4 complexes are also observed in HT1
cells. E2F1, E2F2, and E2F3 do not appear to be present in the
complexes, as addition of antibodies to each of these E2F
proteins did not result in supershifted E2F complexes (data not
shown). To test the effect of C/EBPa on E2F complexes in
cultured cells, HT1 cells synchronized by high density and
serum deprivation were released to grow in the presence of
glucose (control) and in the presence of 10 mM IPTG (C/
EBPa inducer). Figure 9B shows that HT1 cells expressing
C/EBPa do not contain detectable amounts of the E2F-p107
and E2F-Rb complexes. These data show that induction of
C/EBPa in cultured cells leads to disruption of or failure to
form E2F-p107 and E2F-Rb complexes. To examine whether
the E2F homology region of C/EBPa is sufficient to disrupt
p107 and Rb containing E2F complexes, the Y-DLF peptide
was incorporated into the E2F binding reaction mixture with
nuclear proteins from HT1 cells. The effect of the Y-DLF
peptide on the E2F complexes that are observed in dividing
HT1 cells was similar to that in liver nuclear extracts with
specific disruption of the E2F4-Rb and E2F4-p107 complexes
(Fig. 9C). The control peptide did not affect the E2F com-
plexes. These data suggest that C/EBPa-dependent regulation
of the E2F complexes in the liver and in cultured cells is
mediated through a direct interaction with Rb and Rb-like
proteins and that the region of C/EBPa containing the Y-DLF
sequence is sufficient to disrupt the E2F-Rb and E2F-p107
complexes. To examine the expression of E2F-dependent
genes in response to C/EBPa induction, levels of mRNA for
c-myc (encoded by an E2F target gene) were determined in
HT1 cells after induction of C/EBPa. Northern blot analysis
and phosphorimager calculations of two independent experi-
ments are shown in Fig. 10. The expression of c-myc mRNA is
reduced in response to C/EBPa induction. The correlation

FIG. 7. (A) Diagram showing localization of the E2F homology region within
the C/EBPa molecule. The homology of C/EBPa and E2F4 is shown below. (B)
Y-DLF region of C/EBPa interacts with p107 protein. The Y-DLF peptide was
linked to Sepharose and incubated with nuclear extracts from dividing rat livers
(24 h after partial hepatectomy) overnight. After being washed, samples were
analyzed by Western blotting with p107 antibodies. C-pept. was used as the
control for specific binding. (C) E2F homology region of C/EBPa is sufficient for
the interaction with p107. Nuclear extracts (NE) were preincubated with increas-
ing amounts of Y-DLF peptide. C/EBPa was immunoprecipitated, and p107
protein was detected in IPs by Western blotting with a monoclonal antibody. Ag,
agarose.

FIG. 8. E2F homology region of C/EBPa is sufficient to disrupt E2F-p107
complexes. Nuclear extract from C/EBPa knockout mouse livers was incubated
with increasing amounts of Y-DLF peptide (5, 10, 50, and 100 ng) and analyzed
by gel shift assay. The control peptide (C) (100 ng) shows no effect on the E2F
complexes.
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between the disruption of E2F-p107 complexes and the reduc-
tion of c-myc mRNA is consistent with the suggestion that
C/EBPa down-regulates E2F-dependent genes.

DISCUSSION

The transcription factor C/EBPa has been shown to regulate
several biological processes such as adipose differentiation (12,
25, 37, 44), energy metabolism (38), and cell proliferation (9,
15, 36). The transcriptional regulation of specific genes by
C/EBPa has been found to be a major mechanism in the
control of adipose tissue differentiation and energy metabo-
lism. However, the regulation of cell proliferation by C/EBPa
is more complicated and involves both transcriptional control
(3, 5, 36) and interaction with proteins that regulate cell cycle
progression (34). The expression of C/EBPa and C/EBPb pro-
teins has been shown to be increased in the liver before birth
(2). The generation of knockout mouse models suggested that
C/EBPa is necessary to decrease hepatocyte proliferation in
newborn animals (11, 34), while the deletion of C/EBPb had
no effect on liver proliferation (28). One possible pathway of
C/EBPa-mediated growth arrest in newborn mice has been
suggested by the observation that C/EBPa regulates the cyclin-
dependent kinase inhibitor p21 (5, 34, 36). However, measure-
ments of PCNA levels in p21 knockout mice (Fig. 1C) showed
no differences in the levels of this S-phase-specific protein
which serves as an indicator of proliferation. The description of
p21 knockout mice (7) did not suggest any alterations in he-
patocyte proliferation. These observations suggest that the re-
duction of p21 protein in C/EBPa knockout mouse livers is
probably not sufficient to cause an increased rate of prolifera-
tion and that, in addition to p21 regulation, C/EBPa controls
the expression of other proteins that regulate cell cycle pro-
gression. In this paper, we present evidence that C/EBPa con-
trols the formation of E2F complexes in newborn mice. These
data demonstrate that one pathway of C/EBPa-mediated
growth arrest involves the disruption of E2F-p107 complexes.
It has been stated that p21 can disrupt cdk2-E2F-p130 com-
plexes when it is added to the binding reaction (31). However,

E2F binding in p21 knockout newborn mouse livers was not
different from that in p21 heterozygous mice, indicating that
C/EBPa-mediated regulation of the E2F complexes in new-
born mice is p21 independent. We suggest that the p21-depen-
dent pathway of C/EBPa-mediated growth arrest involves the
inhibition of cdk2 and cdk4 kinase activities as has been de-
scribed by Wu et al. (42) and is shown by our data (35). In p21
knockout animals, this pathway might be rescued by other
members of the p21 family, such as p27 or p57.

Multiple changes in the expression of C/EBP proteins during
prenatal liver development and at birth prompted us to exam-
ine E2F complexes in C/EBPb knockout newborn mice as well.
These investigations revealed that although C/EBPb expres-
sion is induced before birth (Fig. 1) and C/EBPb protein in-
teracts with Rb (4), the regulation of the E2F complexes is
specific to the C/EBPa protein. C/EBPa knockout animals
contain cdk2-E2F-p107 and cdk2-E2F-p107-cyclin A com-
plexes that have been characterized as S-phase-specific com-
plexes (8, 20, 26). Although the biological targets of the E2F-
p107 complexes in the liver are not known, the induction of
these complexes in dividing cells is well documented. Flodby et
al. have described increased expression of c-myc mRNA in
C/EBPa knockout mice (11). Both c-myc and PCNA have E2F
binding sites in their promoter regions (6, 43). Data from this
paper also show that in livers of C/EBPa knockout mice, two
other E2F-dependent genes that encode cyclin A and p107 are
induced. Taken together, these observations suggest that cdk2-
E2F-p107-cyclin A complexes seen in C/EBPa knockout
mouse livers may be positive regulators of the c-myc, PCNA,
cyclin A gene, and p107 loci, all of which are associated with
increased cell proliferation. It is interesting that the reduction
of PCNA, cyclin A, and p107 at day 18 of gestation and in
wild-type newborn animals correlates with a disappearance of
the E2F-p107 complexes.

Under the conditions of our experiments, genetically normal
newborn littermates do not contain detectable E2F-p107 com-
plexes. This observation is unexpected, since the livers of new-
born mice continue to proliferate after birth until the adult age
is reached. It is likely that there are several pathways of growth

FIG. 9. C/EBPa regulates E2F complexes in HT1 cultured cells. (A) Composition of E2F complexes in dividing HT1 cells. Nuclear extracts (5 mg) from HT1 cells
were incubated with the E2F oligomer in the presence of antibodies (indicated at the top) and analyzed by gel shift assay. (B) Induction of C/EBPa by IPTG (36) leads
to the disruption of E2F-p107 and E2F-Rb complexes. Cytoplasmic (C) and nuclear (N) proteins of HT1 cells were isolated 24 h after IPTG or glucose (Gl) (control)
addition and analyzed by gel shift assay. Free probe was run off the gel. (C) The E2F homology region of C/EBPa (Y-DLF) is sufficient to disrupt E2F-p107 and E2F-Rb
complexes. Y-DLF peptide and control peptide (C.pept.) were preincubated with nuclear extracts from dividing HT1 cells and added to the E2F binding reaction
mixture.
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control in newborn mice, only some of which are C/EBPa
dependent and involve p21 and E2F complexes. The increased
rate of proliferation in C/EBPa knockout mouse livers indi-
cates that the regulation of E2F binding might be an addi-
tional, p21-independent pathway of C/EBPa-mediated growth
arrest in vivo. In this paper, we present an analysis of E2F
binding during later stages of prenatal liver development, be-
tween day 16 of gestation and birth. This period was chosen
because C/EBPa expression is induced in wild-type animals at
day 18 of gestation and in newborn animals (2) (Fig. 1). Dra-
matic alterations of E2F complexes in wild-type animals cor-
relate with the kinetics of C/EBPa induction. We suggest that
the C/EBPa-dependent regulation of E2F complexes also oc-
curs earlier in gestation, because differences in the composi-
tion of E2F complexes are detected at day 16 of gestation (Fig.
2). It is interesting that two components of the S-phase-specific
E2F complexes, cyclin A and p107, are also regulated by
C/EBPa at the protein level. These proteins are expressed at
high levels in C/EBPa knockout newborn mice but are not
detectable in wild-type littermates (Fig. 4). Because both genes
are regulated by E2F, it is possible that these alterations are
due to repression of E2F-dependent transcription by C/EBPa.
Although reduction of cyclin A and p107 could also contribute
to the regulation of E2F complexes, we think that the direct
interaction of C/EBPa with p107 and the disruption of the

E2F-p107 complexes are a major pathway of C/EBPa-medi-
ated control of E2F complexes.

Experiments with full-length C/EBPa and with the Y-DLF
E2F homology region of C/EBPa showed that in vitro,
C/EBPa disrupts E2F-p107 complexes via a direct interaction
with p107 and that the E2F homology region of C/EBPa is
sufficient to bring about the disruption. This pathway of E2F
regulation would depend on the concentration and localization
of C/EBPa but not on the transcriptional capacities of
C/EBPa. Although C/EBPa has been well characterized as a
transcription factor and can activate p21 transcription in cul-
tured cells (5, 36), we could not detect transcriptional activa-
tion of p21 by C/EBPa in the liver. Protein-protein interactions
with E2F-p107 complexes and with p21 (34) appear to be the
major pathways of C/EBPa-mediated growth arrest. E2F com-
plexes are important regulators of cell cycle progression that
operate in all mammalian cells. C/EBPa-mediated regulation
of E2F complexes suggests the potential capacity of C/EBPa to
inhibit proliferation of a broad number of cells and may ex-
plain the nearly universal character of C/EBPa-mediated
growth arrest in cultured cells described by many investigators.
In agreement with this suggestion, we found that ectopic ex-
pression of C/EBPa in cultured HT1 cells leads to disruption
(or prevention of formation) of E2F complexes containing
p107 (Fig. 9). The interaction of C/EBPa and C/EBPb with Rb
was described by Chen et al. (4). The authors suggest that this
interaction might be involved in the differentiation of adipo-
cytes, because DNA binding activities of C/EBPb and C/EBPa
were increased as a result of this interaction (4). We suggest
that the activation of C/EBPa binding by interaction with Rb
(4) and the disruption of E2F-p107 complexes by C/EBPa
might contribute to the differentiation and growth cessation of
adipocytes as two tightly regulated, interdependent processes.

The effect of C/EBPa on E2F-p107 complexes is specific,
because the deletion of another member of the C/EBP family,
C/EBPb, did not alter E2F complexes in newborn mice. Al-
though C/EBPb contains a similar DLF peptide that is likely to
be involved in the interaction with Rb (4), C/EBPb knockout
mice do not show a difference in E2F binding (Fig. 2B), sug-
gesting that in vivo, C/EBPb does not regulate E2F complexes
in newborn mice or during prenatal development. C/EBPa is
highly expressed in quiescent hepatocytes and in differentiated
adipocytes, cells that do not proliferate extensively in the adult
animals. On the contrary, C/EBPb expression is observed in
many tissues and in dividing cultured cells. This difference in
the expression of C/EBPa and C/EBPb correlates with the
functional differences of these proteins. Although both pro-
teins have regions of high-level sequence similarity, they do not
completely share functions. The interaction of C/EBPb with
Rb is involved in the differentiation of adipocytes (4), while the
interaction of C/EBPa with p107 correlates with C/EBPa-me-
diated growth arrest and leads to the disruption of E2F com-
plexes.

Several earlier studies suggest that p107 is an inhibitor of cell
proliferation, operating through depression of E2F-dependent
transcription by interaction with E2F (10). Our results do not
support a growth inhibitory function of p107 during prenatal
liver development. The elevation of p107 protein levels corre-
lates with an increase of hepatocyte proliferation in newborn
livers. Data from our studies suggest that cdk2-E2F-p107-cy-
clin A complexes may also contribute to the promotion of
proliferation during prenatal liver development. We have ob-
served that increased levels of cdk2-E2F-p107-cyclin A com-
plexes correlate with induction of hepatocyte proliferation in
newborn C/EBPa knockout mice and that the elevation of
cdk2-E2F-p107-cyclin A complexes in C/EBPa knockout mice

FIG. 10. Overexpression of C/EBPa results in the repression of c-myc
mRNA in HT1 cells. Total RNA from HT1 cells treated with glucose (G) or
IPTG (I) and from untreated cells (2) was analyzed by Northern blotting with
c-myc, C/EBPa, and 18S probes. 0, prior to addition of glucose or IPTG. The
bottom section shows phosphorimager analysis of two independent experiments.
Levels of c-myc mRNA were calculated as a ratio to 18S rRNA in IPTG- and
glucose-treated cells, and then the percentages of c-myc mRNA were calculated
in IPTG-treated cells compared to those in glucose-treated cells. Error bars
indicate standard deviation.
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is accompanied by increased expression of several E2F targets.
Based on these observations, we suggest that cdk2-E2F-p107-
cyclin A complexes may play a positive role in the promotion of
hepatocyte proliferation during prenatal liver development.
The C/EBPa-dependent pathway of growth arrest in hepato-
cytes involves disruption of these cdk2-E2F-p107-cyclin A
complexes.
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