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Liver tumor cells arise from normal hepatocytes that escape negative control of proliferation. The
transcription factor C/EBP� maintains quiescence of hepatocytes through two pathways: inhibition of cdks
and repression of E2F. Nevertheless, liver tumors and cultured hepatoma cell lines proliferate in the presence
of C/EBP�. In this paper, we present evidence that the activation of the PI3K/Akt pathway in liver tumor
cells blocks the growth inhibitory activity of C/EBP� through the PP2A-mediated dephosphorylation of
C/EBP� on Ser 193, leading to a failure of C/EBP� to interact with and inhibit cdks and E2F. Mutation of Ser
193 to Ala also abolishes the ability of C/EBP� to cause growth arrest because of a lack of interactions with
cdk2 and E2F–Rb complexes. These data provide a molecular basis for the development of liver tumors in
which the activation of PI3K/Akt pathway neutralizes C/EBP� growth inhibitory activity.
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Maintenance of the growth-arrested state is a crucial
step for normal functions of many tissues. The loss of
negative control of proliferation can promote tumorigen-
esis. The best example of tumor development due to loss
of inhibitory functions is the identification of tumors
containing mutations within the retinoblastoma pro-
tein, Rb (Zheng and Lee 2002; Sage et al. 2003). In the
liver and in myeloid cells, CCAAT/enhancer binding
protein alpha (C/EBP�) is a key inhibitor of cell prolif-
eration. A number of studies have demonstrated that
liver quiescence is mediated by growth inhibitory activ-
ity of C/EBP�. C/EBP� knockout livers have an in-
creased rate of proliferation and express high levels of
cell cycle proteins (Timchenko et al. 1999). Examination
of cultured hepatocytes derived from C/EBP� knockout
mice also showed that the lack of C/EBP� leads to in-
creased proliferation (Soriano et al. 1998). A detailed
analysis of the mechanisms by which C/EBP� inhibits
liver growth revealed that protein–protein interactions
are the major pathway of C/EBP�-mediated growth ar-
rest in liver (Timchenko et al. 1999; Wang et al. 2001;
Iakova et al. 2003). C/EBP� inhibits the proliferation of
myeloid cells through mechanisms that differ from those
operating in liver and involve the transcriptional activity
of C/EBP� (Porse et al. 2001; Keeshan et al. 2003; Wang

et al. 2003). Although mutations within the DNA bind-
ing region of C/EBP� cause the development of leuke-
mia, no liver tumors were associated with mutations
within the DNA binding region of C/EBP� (Pabst et al.
2001). The lack of proliferation abnormalities in the liver
of patients with mutations/deletions within the DNA
binding region of C/EBP� is consistent with findings
showing that, in liver, C/EBP� inhibits proliferation
through protein–protein interactions and that this inhi-
bition does not require the transcriptional activity of
C/EBP� (Wang et al. 2001; Iakova et al. 2003).

C/EBP� interacts with a number of cell cycle proteins
and potentially might inhibit cell proliferation via differ-
ent pathways, including inhibition of cdk2 and cdk4, up-
regulation of p21, and repression of E2F transcription
(Timchenko et al. 1996; Johansen et al. 2001; Porse et al.
2001; Wang et al. 2001; Iakova et al. 2003). Given these
multiple pathways, one can suggest that the growth in-
hibitory activity of C/EBP� is tightly regulated in tissues
during prenatal development and in adults. Despite the
fact that significant progress in the identification of
downstream targets of C/EBP� has been made, very little
is known about molecular mechanisms that regulate the
ability of C/EBP� to cause growth arrest. A growing
number of observations suggest that posttranslational
modifications of C/EBP� or interactions of C/EBP� with
other proteins influence its growth inhibitory activity.
Several publications suggested that biological activities
of C/EBP� might be controlled on the level of posttrans-
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lational modifications (Hemati et al. 1997; Ross et al.
1999). These studies showed that insulin signaling leads
to a dephosphorylation C/EBP� via the PI3K/Akt path-
way, suggesting that C/EBP� is a downstream target of
this pathway. A recent paper with Akt1/Akt2 double
knockout animals showed that the ablation of these ki-
nases reduces expression and activities of C/EBP�,
which correlates with impaired adipogenesis in these
animals (Peng et al. 2003).

Here we present evidence that the growth inhibitory
activity of C/EBP� is blocked in liver tumors and in cul-
tured hepatoma cells by activation of the PI3K/Akt path-
way. We found that the activation of PI3K/Akt pathway
leads to the nuclear accumulation of PP2A, which de-
phosphorylates mouse C/EBP� on Ser 193, leading to a
failure of C/EBP� to cause growth arrest. Phosphoryla-
tion of C/EBP� on Ser 193 is required for the interactions
of C/EBP� with cdks and with E2F–Rb–Brm complexes
and for the inhibition of these targets. Both mutation of
Ser 193 and dephosphorylation of Ser 193 block the
growth inhibitory activity of C/EBP�. Our data provide a
molecular basis for the development of liver tumors:
neutralization of C/EBP� growth inhibitory activity by
the PI3K/Akt pathway.

Results

Human liver tumors and hepatoma cells are resistant
to C/EBP� growth arrest

C/EBP� inhibits liver growth through multiple path-
ways, suggesting that liver should not proliferate in the
presence of C/EBP�. However, under several biological
situations, liver proliferates and expresses high levels of

C/EBP�. As can be seen in Figure 1A, protein levels of
C/EBP� remain high in liver proliferating after partial
hepatectomy (PH). Surprisingly, we found that liver tu-
mors also proliferate in the presence of C/EBP�. Western
blotting of two tumor samples with antibodies to
C/EBP� showed no reduction of C/EBP� in tumor sec-
tions of the livers (Fig. 1B). A parallel examination of cell
cycle proteins in the tumor samples revealed that livers
proliferate, because they expressed high levels of cell
cycle proteins such as cyclin D1 and S-phase-specific
protein PCNA (Fig. 1B). In addition to these observa-
tions, our group and others previously showed that hepa-
toma cell lines derived from liver tumors Hep3B2 and
HepG2 express endogenous C/EBP� and may be arrested
by C/EBP� only when C/EBP� is expressed to very high
levels from strong RSV or CMV promoters (Timchenko
et al. 1996; Wang et al. 2001). However, biologically rel-
evant levels of C/EBP� do not cause inhibition of prolif-
eration in these cells (see following). How can liver tu-
mors and hepatoma cell lines proliferate in the presence
of C/EBP�? We hypothesized that, during malignant
transformation, cells in liver tumors may have devel-
oped a mechanism to neutralize the inhibitory activity
of C/EBP�. To determine the molecular basis of the re-
sistance of hepatoma cells to C/EBP� growth arrest, we
generated stable Hep3B2 clones expressing different lev-
els of C/EBP�. Figure 1C shows that the levels of IPTG-
induced expression of C/EBP� in these clones are signifi-
cantly higher than endogenous levels of C/EBP�. How-
ever, the examination of growth in these clones showed
that these lines still proliferate in the presence of exog-
enous C/EBP� (Fig. 1C). A comparison of these Hep3B2
clones and stable clones previously generated in human

Figure 1. Regenerating liver, liver tumors, and hepatoma cells proliferate in the presence of C/EBP�. (A) Expression of C/EBP� in rat
livers after PH. Nuclear extracts were isolated from rat livers at different time points after PH or sham surgery and analyzed by Western
blotting with C/EBP� antibodies. Levels of C/EBP� were calculated as ratios of two isoforms (42 and 30 kD) to �-actin control. Bar
graphs present a summary of three independent experiments. (B) C/EBP� levels are not reduced in tumors. Nuclear extracts from
tumor (T) and control (C) sections of livers of two patients were examined by Western blotting with antibodies to C/EBP�. �-Actin and
Coomassie stain of the same membrane show protein loading. Expression of cell cycle proteins PCNA, cyclin D1, cdk2, and Brm was
examined by Western blotting in control (C) and tumor (T) cells. (C) Hepatoma cells are resistant to C/EBP� growth arrest. Western
blotting shows levels of C/EBP� induced by IPTG in stable Hep3B2 clones (shown on the top). Cross-reactive material (CRM) shows
protein loading. The bottom image shows a colony growth assay with Hep3B2-b10 clone.
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fibrosarcoma cells HT1080 and in SAOS2 cells showed
that similar levels of C/EBP� are sufficient to cause
growth arrest in the latter cell lines (Timchenko et al.
1996; Wang et al. 2001). The failure of C/EBP� to inhibit
Hep3B2 cells under physiological conditions confirmed
the hypothesis that hepatoma cells developed a mecha-
nism to block growth inhibitory activity of C/EBP�.

PI3K/Akt pathway blocks growth inhibitory activity
of endogenous C/EBP� in cultured hepatoma cells

If our hypothesis is correct, one would expect that other
hepatoma cell lines also escape negative control of pro-

liferation by the block of C/EBP� growth inhibitory ac-
tivity. Therefore, we used three hepatoma cell lines,
Hep3B2, HepG2, and SK-Hep1, to examine this hypoth-
esis. Figure 2A (upper) shows that all three hepatoma cell
lines express C/EBP�. Parallel examinations of growth
inhibitory activity of C/EBP� in 3T3-L1 cells indicated
that insulin blocks growth inhibitory activity of C/EBP�
in these cells (data not shown; see Fig. 6A, below). Be-
cause insulin affects many biological processes through
activation of the PI3K/Akt pathway (Lawlor and Alessi
2001; Shamji et al. 2003), we examined whether PI3K/
Akt is active in hepatoma cells. Western blotting with
antibodies to ph-Akt showed that the active form of Akt

Figure 2. Hepatoma cell lines block growth inhibitory activity of C/EBP� by activation of PI3K/Akt pathway. (A) PI3K/Akt pathway
is active in hepatoma cell lines. The upper image shows expression of C/EBP� in three hepatoma cell lines (shown on the top) detected
by Western blotting. The bottom image shows Western blotting of ph-Akt and total Akt with proteins isolated from Hep3B2 cells.
3T3-L1 cells were used as a control in which Akt is activated by insulin. (B) Inhibition of PI3K by WM blocks Akt pathway in hepatoma
cells. Treatment of Hep3B2, HepG2, and SK-Hep1 cells with WM blocks the activation of Akt. (C) WM-mediated block of PI3K/Akt
leads to inhibition of Hep3B2 cells. Hep3B2 cells were stained at day 7 after plating with or without WM. The bottom image shows
the size of colonies under 40× magnification. (D) HepG2 cells are arrested by WM. HepG2 cells were transfected with GFP and treated
with WM. The upper images show size of green colonies at 0, 1, 2, and 4 d after transfection. (Bottom bar graphs) HepG2 cells (200,000)
were plated and grown in the presence or in the absence of WM. The total number of cells was counted at days 0, 1, 2, and 4 after
plating. (E) Inhibition of Akt by siRNA blocks insulin-mediated release of C/EBP� growth arrest. Western blotting shows levels of Akt1
in insulin-treated 3T3-L1 cells after transfections with Akt siRNAs (siA and siB). Bar graphs show C/EBP� growth arrest in cells treated
with insulin in the presence of Akt siRNA. (F) Inhibition of C/EBP� by siRNA. (Left) pcDNA–C/EBP� and siRNA were cotransfected
into Hep3B2 cells. C/EBP� was examined by Western blotting. �-Actin shows protein loading. (Right) Inhibition of endogenous
C/EBP� by siRNA. IPTG-induced C/EBP� in stable Hep3B2-b10 serves as a positive control. (G) WM-mediated growth arrest of
hepatoma cells requires C/EBP�. Hep3B2 cells were transfected with C/EBP�-siRNA, treated with wortmannin, and examined for the
formation of colonies at day 3 after transfections. Bar graphs show a summary of three independent experiments. The upper image
shows a typical picture of colonies.
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is abundant in hepatoma cells, whereas in 3T3-L1 cells
ph-Akt is not detectable, but can be activated by insulin
(Fig. 2A,B). The activation of Akt in hepatoma cells is
mediated by PI3K, because the treatment of these cells
with the PI3K inhibitor wortmannin (WM) leads to the
reduction of the active Akt (Fig. 2B). We next examined
whether the inhibition of PI3K/Akt pathway by specific
inhibitors might restore growth inhibitory activity of
C/EBP�. Colony formation assay (Fig. 2C) and cell count-
ing (Fig. 2D) showed that hepatoma cell lines are arrested
by treatment with WM. Because WM is a specific inhibi-
tor of PI3K and because WM restores growth inhibitory
activity of C/EBP� (see Fig. 6C, below), this result sug-
gests that hepatoma cells block growth inhibitory activ-
ity of C/EBP� via the PI3K/Akt pathway. To confirm the
role of Akt in the PI3K-mediated blocking C/EBP�, we
applied an additional approach: inhibition of Akt by
siRNA technique. It has been recently demonstrated
that the inhibition of both Akt1 and Akt2 by siRNA is
required for efficient blockage of downstream targets of
Akts (Jiang et al. 2003). Therefore, we expressed siAkt1
and siAkt2 RNA oligomers in 3T3-L1 cells, and then
transfected these cells with C/EBP�. 3T3-L1 cells were
chosen for these experiments because the PI3K/Akt
pathway is not active in these cells, but might be acti-
vated by insulin (Ross et al. 1999; see Fig. 2A). Growth
inhibitory activity of C/EBP� was measured in untreated
cells and in cells treated with insulin. As can be seen, the
inhibition of Akts by si RNAs abolishes the ability of
insulin to block C/EBP� growth arrest (Fig. 2E).

To determine whether WM-mediated growth arrest in
hepatoma cells occurs through C/EBP�, we inhibited
C/EBP� Hep3B2 cells by siRNA, as shown in Figure 2F.
siRNA-mediated inhibition of C/EBP� abolishes WM-
dependent growth arrest in Hep3B2 cells (Fig. 2G). Simi-
lar results were obtained for HepG2 and SK-Hep1 cells
(data not shown). Thus, these data demonstrate that
hepatoma cells block the growth inhibitory activity of
C/EBP� by activating the PI3K/Akt pathway.

A mutation of Ser 193 to Ala blocks the interaction
of C/EBP� with cdks and abolishes C/EBP�-mediated
growth arrest

Given that we have identified a potential pathway by
which hepatoma cells neutralize C/EBP�, we further de-
termined a precise molecular mechanism by which in-
sulin/PI3K/Akt blocks growth inhibitory activity of
C/EBP�. We previously mapped a short region of mouse/
rat C/EBP� that interacts with cdk2 and cdk4 and alone
is sufficient to cause growth arrest (Wang et al. 2001).
Figure 3A shows that amino acid sequences of growth
inhibitory regions of human and mouse C/EBP� have a
very high level of homology including identical proline-
rich sequences and a Ser residue surrounded by the pro-
lines. Given this high level of homology and similar
growth inhibitory activities of the mouse and human
C/EBP�, we focused our mutational studies on mouse
C/EBP�. We generated mouse C/EBP� constructs with
mutations that substitute prolines (mut182 and mut184)

and a mutation that replaces Ser 193 with Ala (Fig. 3A).
The mutant C/EBP� molecules were cloned into the
pcDNA vector for expression in mammalian cells and
fused to GST to investigate protein–protein interactions.
First, we determined whether the C/EBP� mutants in-
teract with C/EBP DNA consensuses by using a gelshift
assay. Figure 3B shows that all constructs are expressed
in mammalian cells at approximately equal levels and
bind to C/EBP� consensus. Then, we examined the in-
teractions of these mutants with cdk2 and cdk4 in cul-
tured cells. 3T3-L1 cells were transfected with C/EBP�
constructs, C/EBP� was precipitated with specific anti-
bodies, and cdk2 and cdk4 were examined in C/EBP� IPs.
Figure 3C shows a typical picture of these experiments.
The mutations of prolines do not affect the interactions
of C/EBP� with cdk2 and cdk4; however, the substitu-
tion of Ser 193 with Ala abolishes the interactions of
C/EBP� with cdks. To verify these observations, we ap-
plied a GST pull-down approach by using GST–C/EBP�
mutants and nuclear extracts from 3T3-L1 adipocytes.
Consistent with Co-IP results, the GST pull-down assay
showed that the C/EBP�-S193A mutant fails to interact
with cdk2 and cdk4, whereas C/EBP� mut182 and
mut184 interact with these kinases. On the basis of
these observations, Ser 193 is a key residue that is re-
quired for the interactions with cdks.

We next examined the growth inhibitory activity of
the C/EBP� mutants by using cotransfections with a
�-gal plasmid (ratio 10:1) in 3T3-L1 cells. Growth-ar-
rested (single cells) and dividing cells (two, three, and
more cells per colony) were counted at day 1 and day 3
after transfections. Results of these studies are shown in
Figure 3D. At day 3 after transfection, 85%–90% of cells
expressing wild-type C/EBP�, C/EBP�-182, and C/EBP�-
184 mutants are arrested and stay as single colonies.
However, cells expressing C/EBP�-S193A mutant divide
and form colonies containing multiple cells. In the
course of these studies, we observed that cells expressing
the C/EBP�-S193A mutant proliferate faster than cells
transfected with an empty vector. As can be seen in Fig-
ure 3D, >50% of cells transfected with C/EBP�-S193A
form two and three cell colonies at day 1. At day 3, ∼35%
of the colonies contain multiple cells, whereas in control
cells only 7%–10% of the colonies contain four-cell clus-
ters. A typical picture of these multicell colonies is
shown in Figure 3D (bottom). The increased number of
dividing cells in C/EBP�-S193A transfections suggested
that this mutant promotes cell proliferation. To better
investigate this possibility, we used constructs in which
wild-type C/EBP� and C/EBP� mutants were cloned into
pAdTrack-CMV plasmid that also expresses a green fluo-
rescent protein (GFP) from a separate mRNA. Using this
approach, one can monitor growth arrest without fixa-
tion of cells and test the levels of C/EBP� within each
experimental plate at the end of experiments. A sum-
mary of these studies is shown in Figure 3E (bar graphs).
Consistent with previous experiments, this assay con-
firmed that C/EBP�-S193A mutant promotes cell prolif-
eration. A typical picture of cell images is shown in Fig-
ure 3E. Western blotting showed that wild-type C/EBP�
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and the C/EBP�-S193A are expressed at approximately
equal levels. Western blotting for GFP was used as a
control for loading. These data and further studies of
BrdU uptake and FACS analysis of DNA content (Fig. 4)
showed that the C/EBP�-S193A mutant is not capable of
inhibiting cell proliferation.

The C/EBP�-S193A mutant accelerates
cell proliferation

Because the data for the colony growth assay (Fig. 3D,E)
suggested that the C/EBP�-S193A mutant enhances cell
proliferation, we performed a detailed analysis of biologi-
cal activities of this mutant. First, DNA synthesis (BrdU
uptake) was measured in cells transfected with empty
vector, wild-type C/EBP�, and C/EBP�-S193A mutant.
C/EBP�-S193A transfected plates contain ∼40% BrdU-

positive cells, whereas cells transfected with an empty
vector contain 15%–20% BrdU-positive cells (Fig. 4A).
This result confirms data of colony growth arrest, show-
ing that the mutant accelerates proliferation. To obtain
more evidence for this conclusion, we examined the cell
cycle distribution of transfected cells by using FACS
analysis. A typical picture of these studies is shown in
Figure 4B. In agreement with colony growth assays and
BrdU uptake, the majority of cells transfected with wild-
type C/EBP� are arrested in G1. In contrast, the C/EBP�-
S193A mutant drives a significant portion of cells (38%–
40%) into S phase. The summary of three experiments
showed that the number of C/EBP�-S193A transfected
cells in the S phase is twofold higher than the number of
cells in S phase on the plates transfected with the empty
vector. Taken together, these data revealed that the
C/EBP�-S193A mutant accelerates cell proliferation by

Figure 3. Growth inhibitory activity of C/EBP� is dependent on Ser 193. (A) Amino acid sequences of growth inhibitory regions of
human (upper) and mouse (bottom) C/EBP�. C/EBP� constructs with point mutations within the growth inhibitory region of C/EBP�

are shown below. (B) Expression and DNA binding activity of the C/EBP� mutant constructs. 3T3-L1 cells were transfected with
C/EBP� constructs, and proteins were isolated and examined by Western blotting (upper) or by gelshift assays with C/EBP consensus
bZIP. Antibodies to C/EBP� were incorporated into the binding reactions before the probe addition. (C) C/EBP�-S193A mutant does
not interact with cdk2 and cdk4. The upper image (Co-IP) shows coimmunoprecipitation (C/EBP�-IP) of cdk2 and cdk4 from cells
transfected with C/EBP� mutants shown at the top. (Ag) Mock control. The bottom panel shows C/EBP� in immunoprecipitates. The
bottom image (GST pull-down) shows GST pull-down experiments with C/EBP� mutants. (b) Beads only; (In) 1/5 part of the input. (D)
The C/EBP�-S193A mutant does not inhibit proliferation of 3T3-L1 cells. C/EBP� mutants were cotransfected with �-gal into 3T3-L1
cells and cells were stained for �-gal activity at day 1 and day 3 after transfections. Proliferation was examined by counting blue cell
clusters. A summary of three independent experiments is shown. The bottom image shows a typical picture of blue 3T3-L1 cells at
day 3 after transfections. (E) Colony growth assay with pAdTrack–C/EBP� constructs. The bottom image shows a typical picture of
cells at days 1 and 3 after transfections. Western blotting indicates levels of C/EBP� at the end of experiment. Bar graphs represent a
summary of three independent experiments.
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driving a higher percentage of cells into S phase. Thus,
the mutation of Ser 193 to Ala not only abolishes growth
inhibitory activity of C/EBP� but also accelerates cell
proliferation.

Given the acceleration of proliferation by C/EBP�-
S193A mutant, we examined mechanisms by which this
mutant causes increased proliferation. Because the
C/EBP�-S193A mutant binds to DNA, it might acceler-
ate proliferation by transcriptional activity independent
of binding and inhibiting cdks. To test this possibility,
we incorporated an additional point mutation, R290A,
into C/EBP�-S193A. This mutation abolishes the bind-
ing of C/EBP� to DNA (Miller et al. 2003). As can be seen
in Figure 4C, this additional mutation blocks the binding
of the C/EBP�-S193A to DNA. Colony growth assays
indicated that the double-mutant (DM) C/EBP� retains
the ability to accelerate cell proliferation (Fig. 4D). Ex-
amination of the protein levels of C/EBP� showed that

wild-type and the mutant C/EBP� are expressed at ap-
proximately equal levels (Fig. 4D, bottom image). To fur-
ther examine the possible role of transcriptional activity
of the C/EBP�-S193A mutant in the promotion of pro-
liferation, we examined the activation of C/EBP�-depen-
dent promoters by wild-type, C/EBP�-S193A, and DM.
These proteins were cotransfected with a reporter C3-
luciferase construct (C3 promoter linked to luciferase;
Timchenko et al. 1996) into 3T3-L1 cells. The activation
of C3 promoter by C/EBP� mutants was examined in
untreated cells and in cells treated with insulin (in
which C/EBP� inhibitory activity is blocked, see below).
C3 promoter contains a C/EBP� binding site and has
been shown to be activated by C/EBP� (Timchenko et al.
1996). As can be seen in Figure 4E, wild-type C/EBP� and
C/EBP�-S193A activate C3-luc promoter, whereas the
DM construct fails to increase activity of the C3 pro-
moter. We also observed that insulin slightly induces

Figure 4. The C/EBP�-S193A mutant accelerates cell proliferation. (A) BrdU uptake in cells transfected with empty vector, wild-type
C/EBP�, or C/EBP�-S193A mutant. The upper image shows a typical picture of incorporation of BrdU in transfected cells. Bar graphs
present a summary of three independent experiments. (B) FACS analysis of cells infected with pAdTrack–C/EBP� adenovirus con-
structs. DNA content was examined in GFP-positive cells. Bar graphs represent summary of three experiments. (C) Generation of a
double mutant C/EBP�-S193A, R290A construct that does not bind to DNA. The upper image shows the positions of point mutations
within the C/EBP� molecule. The bottom image shows a gelshift assay with bZIP probe. (D) Colony growth assay. pAdTrack–C/EBP�

constructs were transfected into 3T3-L1 cells and growth assay was performed as described earlier. Percentage of dividing cells (two
or three cells per colony) is shown as a summary of two experiments. (E) Activation of C/EBP reporter construct, pC3-luc, by C/EBP�

mutants. pC3-luceferase construct (pC3-luc) contains C3 promoter, which is activated by C/EBP� (Timchenko et al. 1996). pC3-luc
was cotransfected with C/EBP� proteins into 3T3-L1 cells treated or untreated with insulin and luciferase activity was examined. Bar
graphs represent a summary of three independent experiments. The bottom image shows expression of C/EBP� proteins in transfected
cells. The filter was stained with Coomassie to verify protein loading.
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transcriptional activity of C/EBP�; however, this induc-
tion is not dependent on Ser 193. Because the DM does
not activate transcription, but still accelerates cell
growth, these data clearly demonstrate that the tran-
scriptional activity of the C/EBP�-S193A mutant is not
required for the acceleration of growth. Our investiga-
tions of biological activities of the C/EBP�-S193A mu-
tant suggest that this mutant accelerates proliferation
through sequestering of Rb (data not shown).

Dephosphorylation of Ser 193 inhibits the interaction
of C/EBP� with cdk2 and Brm

The failure of C/EBP�-S193A mutant to inhibit cell pro-
liferation suggested that Ser 193 plays a key role in the
regulation of C/EBP� growth inhibitory activity. There-
fore, we examined whether dephosphorylation of C/EBP�
might affect its interactions with cdks and Brm and its
ability to cause growth arrest. Because C/EBP� inhibits
liver proliferation through interactions with cdk2 and
cdk4 (Wang et al. 2001, 2002), we tested the phosphory-

lation status of C/EBP� in young mouse livers, where
C/EBP� forms complexes with cdk2 (Wang et al. 2001,
2002). After immunoprecipitation from mouse livers,
C/EBP� was separated by 2D gel electrophoresis and ex-
amined by Western blotting. Figure 5A shows that
C/EBP� in nuclear extracts from mouse livers migrates
as five isoforms, three of which are eliminated after
treatment with CIP. The shift of these three isoforms
after CIP treatment demonstrates that C/EBP� is phos-
phorylated in livers. Then, we examined the effects of
dephosphorylation on the ability of C/EBP� to form
C/EBP�–cdk2 complexes. Liver nuclear extracts were
treated with CIP, and C/EBP�–cdk complexes were ex-
amined by size exclusion chromatography as described
in our previous papers (Wang et al. 2001; Iakova et al.
2003). Results of these experiments are presented in Fig-
ure 5B. Immunoprecipitation of C/EBP� from gel-filtra-
tion fractions of untreated nuclear extracts and Western
blotting with Abs to cdk2 showed that C/EBP� forms
complexes with cdk2 (Fig. 5B). After the incubation of
nuclear extracts with CIP, C/EBP� is dephosphorylated

Figure 5. Dephosphorylation blocks the interactions of C/EBP� with cdks and Brm in vitro and in vivo. (A) C/EBP� is phosphorylated
in livers. 2D gel electrophoresis was performed with C/EBP� precipitated from NE of young mouse livers. (CIP) 2D gel separation of
C/EBP� treated with CIP; (Control) C/EBP� precipitated from 3T3-L1 cells transfected with pcDNA–C/EBP�. Five isoforms (a, b, c, d,
and e) of C/EBP� are observed in mouse liver. (B) Dephosphorylation of C/EBP� in liver extracts destroys C/EBP�–cdk2 complexes.
Untreated (control) and CIP-treated nuclear extracts were fractionated by size exclusion chromatography (HPLC). Positions of C/EBP�

and cdk2 within the fractions were determined by Western blotting. To detect C/EBP�–cdk2 complexes, we precipitated C/EBP� from
each fraction and examined cdk2 in C/EBP� IPs. (IgG) Heavy chains of immunoglobulins. (C) Insulin signaling leads to a dephos-
phorylation of C/EBP� on Ser 193. Wild-type C/EBP� or C/EBP�-S193A mutant were transfected in 3T3-L1, cells were treated with
insulin, and C/EBP� was isolated and examined by 2D gel electrophoresis. Acidic isoforms (a and b) are not detectable in C/EBP�-
S193A mutant and are dramatically reduced in wild-type C/EBP� after treatment with insulin. (D) Insulin-mediated dephosphorylation
of C/EBP� blocks the interaction of C/EBP� with cdks and Brm. (Left image) C/EBP� was transfected into 3T3-L1 cells, cells were
treated with insulin, and C/EBP� was precipitated with specific antibodies. Cdk2, cdk4, Brm, and C/EBP� were examined in C/EBP�

IPs. (Right image) Insulin does not affect the interaction of p21 with cdk2. 3T3-L1 cells were transfected with p21, treated with insulin,
and p21 was precipitated with specific Abs. cdk2 and p21 were examined in p21 IPs.
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(Fig. 5A) and is shifted to low-molecular-weight fractions
of gel filtration. Co-IP studies revealed that the CIP treat-
ment destroys C/EBP�–cdk2 complexes because cdk2 is
no longer detectable in C/EBP� IPs (Fig. 5B, bottom).

PI3K/Akt pathway triggers dephosphorylation
of C/EBP� and blocks the ability of C/EBP�
to interact with cdks and Brm

Given the observations that the C/EBP�-S193A mutant
does not inhibit cell proliferation (Figs. 3, 4) and that the
dephosphorylation destroys cdk2–C/EBP� interactions,
we suggested that hepatoma cells might block C/EBP�
growth inhibitory activity by dephosphorylation C/EBP�
at Ser 193. To test this hypothesis, we used 3T3-L1 cells
in which the PI3K/Akt pathway is not detectable, but
might be activated by insulin (Ross et al. 1999). We have
initially verified that the activation of PI3K/Akt dephos-
phorylates C/EBP� in these cells. Wild-type C/EBP� and
C/EBP�-S193A were immunoprecipitated from insulin-
treated and untreated cells and examined by 2D gel elec-
trophoresis. Results of these studies are shown in Figure
5C. Two acidic isoforms of wild-type C/EBP� (a and b)
are not detectable in cells treated with insulin. Parallel
examination of the C/EBP�-S193A mutant revealed that
these acidic isoforms are the result of phosphorylation of
wild-type C/EBP� on Ser 193, because they are not de-
tectable within the C/EBP�-S193A mutant. Thus, these
data demonstrate that treatment of 3T3-L1 cells with
insulin causes dephosphorylation of C/EBP� on Ser 193.

We next examined whether the insulin-mediated de-
phosphorylation of Ser 193 affects the interactions of
C/EBP� with cdks and Brm. After transfections with
wild-type C/EBP� and insulin treatment, C/EBP� was
precipitated with specific antibodies. Western blotting of
C/EBP� IPs revealed that, in insulin-treated cells, de-
phosphorylated C/EBP� does not interact with cdks and
Brm (Fig. 5D). Because insulin affects several biochemi-
cal pathways, the lack of the interactions with cdks
might also be due to alterations with cdks. To examine
this possibility, we determined whether insulin affects
interactions of cdk2 with p21. Co-IP studies showed that
p21 interacts equally well with cdk2 in untreated cells
and in cells treated with insulin (Fig. 5D, right). These
results show that C/EBP� does not interact with cdks
and Brm because of dephosphorylation on Ser 193.

Activation of PI3K/Akt pathway blocks C/EBP�
growth inhibitory activity in 3T3-L1 cells

We next determined whether activation of the PI3K/Akt
pathway abolishes C/EBP� growth arrest in 3T3-L1 cells
in which the PI3K/Akt pathway is not active (see Fig. 2).
Western blotting with antibodies specific to Akt–Ser
473-ph showed a dramatic induction of the active, phos-
phorylated Akt by insulin, whereas there was no change
in the total protein levels of Akt (Fig. 6A). Incorporation
of a specific inhibitor of PI3K, WM, blocks activation of
Akt (Fig. 6A). To examine whether Akt activation leads

to a dephosphorylation of C/EBP� and subsequent re-
lease of growth arrest, we transfected 3T3-L1 cells with
wild-type C/EBP�, treated with insulin (100 nM) or with
insulin + WM. Figure 6A (right image) shows that insu-
lin signaling leads to a dephosphorylation of C/EBP� and
that WM blocks insulin-mediated C/EBP� dephosphory-
lation. Examination of the growth inhibitory activity of
C/EBP� showed that WM-mediated inhibition of Akt
also restores the ability of C/EBP� to cause growth arrest
(Fig. 6A, bottom). Thus, these data demonstrate that in-
sulin releases C/EBP� growth arrest in 3T3-L1 cells
through activation of PI3K/Akt, which results in dephos-
phorylation of C/EBP� on Ser 193.

It has been shown that insulin signaling causes a de-
phosphorylation of C/EBP� on several residues (Ross et
al. 1999), suggesting that, in addition to Ser 193, dephos-
phorylation of other residues might contribute to the
lack of growth arrest. To examine whether Ser 193 is the
critical target of this pathway, we cloned a short growth
inhibitory region (SGIR, previously shown to be suffi-
cient for growth arrest) of C/EBP� into pcDNA6, fusing
it to his/myc tag (Fig. 6B), and performed functional
analysis of growth inhibitory activity of this region in
insulin-treated cells. Figure 6B shows that insulin does
not affect the protein levels of the SGIR. Examination of
phosphorylation of the SGIR by 2D gel electrophoresis
revealed that insulin signaling dephosphorylates the
SGIR, and WM causes the accumulation of ph-SGIR. We
next examined the growth inhibitory activity of the
SGIR in cells treated with insulin or with insulin + WM.
Figure 6B (bottom) represents a summary of these stud-
ies. Expression of SGIR in 3T3-L1 cells inhibits prolif-
eration, and insulin-mediated de-phosphorylation of the
SGIR leads to a block of growth inhibitory activity of the
SGIR. WM reverses the growth inhibitory activity of the
SGIR of C/EBP�. Because the SGIR contains only one
residue (Ser 193) that can be phosphorylated, these data
demonstrate that insulin/WM regulates the growth in-
hibitory activity of C/EBP� through regulation of Ser 193
phosphorylation.

Inhibition of PI3K/Akt in stable Hep3B2 clones leads
to the restoration of the growth inhibitory activity
of C/EBP�

We next examined whether the block of PI3K/Akt might
restore growth inhibitory activity of C/EBP� in stable
clones, Hep3B2-A2, and Hep3B2-b10 (see Fig. 1). Exami-
nation of C/EBP� in control and in WM-treated Hep3B2
cells by 2D gel-Western shows that, in control samples,
C/EBP� is not phosphorylated on Ser 193 and migrates as
three isoforms (Fig. 6C). However, WM dramatically in-
creases phosphorylation of C/EBP� and leads to the ac-
cumulation of growth inhibitory isoforms of C/EBP� in
stable clones and in original Hep3B2 cells. Colony
growth assay demonstrated that the accumulation of the
growth inhibitory isoform of C/EBP� in WM-treated
Hep3B2-b10 and Hep3B2-A2 cells leads to growth arrest
(Fig. 6C; data for Hep3B2-A2 clone are not shown). To
examine whether WM causes growth arrest in stable
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clones through activation of C/EBP� we inhibited
C/EBP� expression by siRNA as shown in Figure 2. Cells
were transfected with pAdTrack-siRNA, and C/EBP�
was induced by IPTG. In control samples, cells were
transfected with an empty pAdTrack-CMV vector that
expresses only GFP. As can be seen in Figure 6D, WM
inhibits Hep3B2-b10 cells through the activation of
C/EBP�, because WM fails to induce growth arrest in
cells that do not express C/EBP�.

PP2A is responsible for insulin/Akt-mediated block
of C/EBP� growth inhibitory activity in 3T3-L1 cells

We next determined a phosphatase that dephosphory-
lates C/EBP�. Because insulin activates PP1� and PP2A

(Hemati et al. 1997), we first examined whether these
phosphatases might be involved in the insulin-depen-
dent dephosphorylation of C/EBP�. We initially exam-
ined whether a specific inhibitor of PP2A and PP1�, oka-
daic acid, might abolish insulin-mediated effects. Figure
7A shows that insulin is not able to block C/EBP�
growth arrest in 3T3-L1 cells treated with okadaic acid.
In control cells, the majority of PP2A is located in the
cytoplasm (Fig. 7B). Western blotting shows that insulin
causes accumulation of PP2A in the nuclei of 3T3-L1
cells, whereas PP1� is not affected in insulin-treated
cells (Fig. 7B). Coimmunoprecipitation studies revealed
that the accumulation of PP2A in nuclei leads to the
interaction of PP2A with C/EBP� and to dephosphoryla-

Figure 6. Inhibition of PI3K/Akt pathway restores phosphorylation of Ser 193 and causes C/EBP�-mediated growth arrest in Hep3B2
cells. (A) Insulin blocks C/EBP� growth arrest by activation of PI3K/Akt pathway. 3T3-L1 cells, transfected with pAdTrack–C/EBP�,
were treated with insulin (100 mM) or insulin + wortmannin (WM, 150 mM). Proteins were isolated from the plates at the end of each
experiment and analyzed by Western blotting with Abs to ph-S473–AkT and antibodies to total Akt and to C/EBP� (Western). C/EBP�

was immunoprecipitated from extracts and examined by 2D gel electrophoresis (2D gel-Western). (Bottom image) Colony growth
assay. Bar graphs show a summary of three independent experiments. The image at right shows a typical picture of cells. (B) Insulin
blocks the growth inhibitory activity of C/EBP� through dephosphorylation of Ser 193. His-tagged SGIR of C/EBP� (top) was trans-
fected into 3T3-L1 cells. Cells were treated with insulin or insulin + WM and examined for growth arrest (bar graphs). Proteins were
isolated from each plate, and expression of SGIR was examined by Western blotting with Abs to his tag and by 2D gel-Western. Two
isoforms of SGIR are detectable in untreated cells by 2D gel. To determine a precise position of each isoform, we loaded a parallel lane
with the control sample (C, SGIR overexpressed in cultured cells) and determined the position of the SGIR as a distance from the C
lane. (C) The inhibition of PI3K/Akt pathway in Hep3B2 cells leads to the accumulation of a growth inhibitory isoform, C/EBP�-
S193-ph, and to growth arrest. C/EBP� was immunoprecipitated from Hep3B2 cells and from stable clones Hep3B2-A2 and Hep3B2-b10
induced by IPTG. C/EBP� was examined by 2D gel electrophoresis. The image on the right shows staining of Hep3B2-b10 plates
induced by IPTG alone or by IPTG with WM. (D) The inhibition of C/EBP� expression by siRNA abolishes WM-mediated growth arrest
in stable clones. Stable clone Hep3B2-b10 was transfected with pAdTrack-siRNA and IPTG was added to the plates. Proliferation of
green (transfected) cells was calculated at day 3. A summary of three independent experiments is shown.
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tion of C/EBP�. The inhibition of PP2A by okadaic acid
blocks insulin-mediated dephosphorylation of C/EBP�
(Fig. 7B,C). Thus, these studies suggested that, in 3T3-L1
cells, the insulin/Akt pathway inhibits C/EBP� activi-
ties through PP2A.

Growth inhibitory activity of C/EBP� is blocked
in regenerating livers by Akt–PP2A pathway

We next examined whether the PI3K/Akt/PP2A pathway
might be involved in the neutralization of the growth
inhibitory activity of C/EBP� in liver when the liver pro-
liferates after surgery. A removal of a portion of the liver
by surgery (PH) leads to the initiation of liver prolifera-
tion (Iakova et al. 2003). Although expression of C/EBP�
is reduced after PH, protein levels of C/EBP� remain
relatively high during liver proliferation (Timchenko et

al. 1999; Figs. 1A, 7D), suggesting that additional mecha-
nisms are activated to neutralize the growth inhibitory
activity of the remaining C/EBP�. We examined whether
the Akt-mediated dephosphorylation of C/EBP� might
be such a mechanism. Western blotting with ph-Akt-
specific antibodies showed that Akt is activated in
mouse livers at 4 and 8 h after PH (Fig. 7D). Consistent
with data for cultured cells, the activation of Akt also
leads to accumulation of PP2A in nuclei after PH. Pre-
cipitation of C/EBP� from nuclear extracts and analysis
of C/EBP� IPs with antibodies to PP2A revealed that
increasing levels of PP2A bind to C/EBP� (Fig. 7E). This
suggested that PP2A might dephosphorylate C/EBP� on
Ser 193 to allow liver proliferation. Therefore, we next
examined C/EBP� status after PH. Examination of
C/EBP� isoforms by 2D gel electrophoresis showed that

Figure 7. PP2A dephosphorylates C/EBP� on Ser 193. (A) Okadaic acid blocks insulin-mediated release of C/EBP� growth arrest.
3T3-L1 cells were transfected with C/EBP� and treated with insulin or with insulin/okadaic acid. The image on the right shows a
typical picture of cells. Bar graphs represent a summary of three independent experiments. (B) Insulin increases concentration of PP2A
in nuclear extracts. (Left) Western blotting was performed with antibodies to PP1� and PP2A by using nuclear extracts isolated from
untreated and insulin treated 3T3-L1 cells. (Right) C/EBP� was immunoprecipitated from nuclear extracts, and Western blotting was
performed with antibodies to PP2A. (C) Inhibition of PP2A by okadaic acid blocks insulin-mediated dephosphorylation of C/EBP�. 2D
gel-Western of C/EBP� transfected into 3T3-L1 cells treated with insulin or with insulin + okadaic acid was performed. (D) Expression
of C/EBP�? ph-Akt and PP2A in mouse livers at 4 and 8 h after partial hepatectomy. Bar graphs show levels of C/EBP� as a summary
of three experiments. (Western) Western blotting of cytoplasmic (for Akt) and nuclear (for C/EBP� and PP2A) proteins isolated at 0, 4,
and 8 h after PH. (E) Coimmunoprecipitation of C/EBP� and PP2A from NE isolated from liver after partial hepatectomy. The
membrane was stained with Coomassie. The section of the membrane with heavy chain IgG is shown. (F) 2D gel-Western. The analysis
of C/EBP� isoforms by 2D gel electrophoresis in quiescent livers (0) and in liver 4 h after PH is shown. (G) PP2A dephosphorylates
C/EBP� on Ser 193. PP2A was immunoprecipitated from nuclear extracts of liver tumor (patient #2, see Fig. 8) 4 h after PH and from
3T3-L1 cells treated with insulin. C/EBP� was incubated with the PP2A IPs and examined by 2D gel electrophoresis. The control
sample (C/EBP�-Ag) was incubated with agarose.
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growth inhibitory isoforms of C/EBP� are abundant in
quiescent livers; however, these isoforms are not ob-
served at 4 h after PH (Fig. 7F). To examine whether
PP2A is responsible for the dephosphorylation of C/EBP�
in liver after PH and in insulin-treated 3T3-L1 cells, we
immunoprecipitated PP2A from corresponding nuclear
extracts and incubated it with C/EBP� overexpressed in
untreated 3T3-L1 cells, where it is properly phosphory-
lated. Examination of C/EBP� isoforms after this incu-
bation shows that PP2A isolated from insulin-treated
3T3-L1 cells and PP2A isolated from livers 4 h after PH
dephosphorylates C/EBP�, leading to the disappearance
of the growth inhibitory isoforms of C/EBP� (Fig. 7G).
Taken together, these data show that the accumulation
of PP2A in nuclei causes dephosphorylation of C/EBP�,
leading to the neutralization of the growth inhibitory
activity of C/EBP�.

Human liver tumors block growth inhibitory activity
of C/EBP� through the activation of Akt–PP2A

Having established the pathway by which hepatoma
cells and regenerating liver neutralize growth inhibitory
activity of C/EBP�, we asked whether the Akt/PP2A-
mediated block of C/EBP� is relevant for liver tumors in
vivo. Therefore, we examined the PI3K/Akt/PP2A path-
way and phosphorylation status of C/EBP� in two hu-
man liver tumor samples that proliferate and express
high levels of C/EBP� (see Fig. 1B). We initially tested
whether the tumor samples have mutations/deletions
within the growth inhibitory region of C/EBP� by am-
plifying a fragment of C/EBP� from amino acid 110 to
amino acid 200 (which covers the growth inhibitory re-
gion of C/EBP�) from each tumor sample. No mutation/
deletion was observed in the growth inhibitory region of
C/EBP� amplified from the tumor cells (data not shown).
Therefore, we next examined the PI3K/Akt/PP2A path-
way in control and tumor samples. Western blotting
with antibodies to the active, phosphorylated form of
Akt showed that Akt is activated in both liver tumor
samples (Fig. 8A). As can be seen in Figure 1B, the acti-
vation of Akt in the tumors correlates with the induc-
tion of the S-phase-specific protein PCNA and cyclin D1,
whereas protein levels of cdk2, Brm, and cdk4 are not
altered (Fig. 1B; cdk4 data are not shown). Because acti-
vation of Akt in liver after PH and in cultured cells neu-
tralizes C/EBP� through dephosphorylation on Ser 193,
we next analyzed C/EBP� in liver tumors by 2D gel-
Western assay. In control human samples, growth in-
hibitory isoforms of C/EBP� (a and b) are abundant; how-
ever, liver tumors do not contain detectable amounts of
these isoforms (Fig. 8A). Because PP2A dephosphorylates
C/EBP� in cultured cells and in regenerating livers, we
determined protein levels of PP2A in nuclear extracts of
human liver tumors and the interactions of PP2A with
C/EBP�. Figure 8B shows that, in control samples, the
majority of PP2A is observed in the cytoplasm, whereas
in liver tumor samples PP2A is accumulated in the nu-
clei and interacts with C/EBP� (Fig. 8B, C/EBP� IP). GST
pull-down assay with nuclear extracts from the livers

confirmed that wild-type C/EBP� is interacting with
PP2A. Interestingly, the mutant C/EBP�-S193A also in-
teracts with PP2A in GST pull-down assay, suggesting
that the presence of a phosphate on Ser 193 is not re-
quired for efficient interactions. To further examine
C/EBP�–PP2A interactions in liver tumors, we fraction-
ated nuclear extracts from liver tumor by size exclusion
chromatography and examined them by Western blot-
ting and Co-IP assays. These studies identified a complex
C/EBP�–PP2A that is located in the region of 300 kD
(Fig. 8C). Thus, these data demonstrate that PP2A inter-
acts with C/EBP� in tumor cells. We next precipitated
PP2A from liver tumors and incubated it with phos-
phorylated C/EBP�. Examination of C/EBP� by 2D gel
electrophoresis after this incubation shows that the in-
teraction of PP2A with C/EBP� leads to dephosphoryla-
tion of C/EBP� on Ser 193 (Fig. 7G).

We next examined the interactions of C/EBP� with
cdks and Brm in control and tumor samples by coimmu-
noprecipitation assay. Figure 8D shows a typical result of
these studies. In control samples, C/EBP� forms com-
plexes with cdks and with Brm; however, no interactions
with these proteins were detected in protein extracts iso-
lated from liver tumors. The failure of C/EBP� to inter-
act with cdks and Brm in liver tumor cells correlates
with the lack of a growth inhibitory form of C/EBP�,
C/EBP�-S193-ph, and with the proliferative status of the
livers. Thus, these investigations suggest that liver tu-
mors in humans proliferate because growth inhibitory
activity of C/EBP� is neutralized by dephosphorylation
on Ser 193.

Discussion

In this paper, we show that the PI3K/Akt pathway is
active in human liver tumors and in cultured hepatoma
cells and that this activation causes dephosphorylation
of C/EBP� on Ser 193, leading to proliferation of cells.
Akt was originally identified as an oncogene that can
transform rodent cells (Bellacosa et al. 1991). Examina-
tion of mouse transgenic models overexpressing Akt in
heart showed that Akt causes an increased proliferation
and increased heart size (Shioi et al. 2002). Interestingly,
Akt promotes proliferation of cells under conditions in
which cells should normally be growth arrested (Lawlor
and Alessi 2001; Shamji et al. 2003). Our findings suggest
a pathway by which Akt displays its growth promotion
function in liver: through inactivation of C/EBP�. In
agreement with this hypothesis, a number of previous
investigations indicated that the inhibition of Akt in
many hepatoma cell lines leads to growth arrest (Lin and
Chou 1998; Zou et al. 2002; Shi et al. 2003). Examination
of liver tumors in humans revealed that C/EBP� growth
inhibitory activity is also blocked in tumors by activa-
tion of Akt. Our hypothetical model for the mechanism
by which tumor cells block C/EBP� activity is shown in
Figure 8E. We suggest that the activation of the PI3K/
Akt pathway in liver tumors causes a translocation of
PP2A into nuclei, where PP2A binds to and dephos-
phorylates C/EBP�. As a result, liver loses a negative
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control of proliferation and may proliferate or develop
tumors. Although our experimental data favor the hy-
pothesis that the PI3K/Akt pathway activates PP2A to
dephosphorylate C/EBP�, it is also possible that inhibi-
tion of an additional kinase might contribute to the de-
phosphorylation of C/EBP�.

C/EBP family proteins regulate transcription of genes
in specific tissues. Recent studies demonstrated that two
members of the C/EBP family, C/EBP� and C/EBP�, con-
trol cell proliferation and cell survival through protein–
protein interactions (Buck et al. 2001; McKnight 2001;
Wang et al. 2001; Timchenko 2003). These new activi-
ties of C/EBP proteins are mainly regulated at the level of
posttranslational modifications. In this paper, we deter-
mined mechanisms that block the growth inhibitory ac-
tivity of C/EBP� in hepatoma cells. We have previously
shown that a short region of C/EBP� interacts with cdks
and alone is sufficient to inhibit cell proliferation (Wang

et al. 2001). Within this region, we found a residue (Ser
193 for mouse/rat protein and Ser 190 for human protein)
that is crucial for the regulation of growth inhibitory
activity of C/EBP� and for the interactions with cdk2
and with Rb–E2F complexes. A mutation of Ser 193 to
Ala makes C/EBP� unable to cause growth arrest. Sur-
prisingly, this mutant molecule displays an opposite ac-
tivity, which is the acceleration of proliferation. Our un-
published observations suggest that the C/EBP�-S193A
accelerates cell proliferation via sequestering of Rb. Fur-
ther work is required to understand whether this accel-
eration is relevant to in vivo conditions.

C/EBP� interacts with several cell cycle proteins and
might cause growth arrest through multiple pathways
(Timchenko et al. 1996; Johansen et al. 2001; Porse et al.
2001; Wang et al. 2001; Iakova et al. 2003). In addition to
growth arrest, C/EBP� is also a critical regulator of ex-
pression of adipose- and liver-specific genes. How might

Figure 8. Human liver tumors block C/EBP� growth inhibitory activity by activating Akt/PP2A. (A) PI3K/Akt pathway is active in
tumor cells. The upper image shows Western blotting with phospho-Akt-specific antibodies (ph-Akt) and with antibodies to total Akt.
(2D gel-Western) Liver tumors lack the growth inhibitory isoform of C/EBP�. Nuclear proteins from two patients (control and tumor)
were separated by 2D gel electrophoresis, and C/EBP� was examined by Western blotting. (B) C/EBP� is associated with PP2A in liver
tumors. (Western) Western analysis of PP2A and PP1� in cytoplasmic and nuclear extracts from control and tumor sections of patient
#2. (C/EBP�-IP) Examination of PP2A in C/EBP� IPs from nuclear extracts of control (C) and tumor (T) sections. (GST pull-down)
GST–C/EBP� proteins were incubated with nuclear extracts from tumor #2, and PP2A was examined in GST pull-down samples. (C)
C/EBP� forms a high MW complex with PP2A in liver tumors. Nuclear extracts from liver tumor were fractionated by gel filtration.
The location of C/EBP� and PP2A within gel-filtration fractions was determined by Western blotting. (C/EBP�-IP) C/EBP� was
precipitated from each fraction, and PP2A was examined in C/EBP� IPs. (D) C/EBP� does not interact with cdks and Brm in liver
tumors. Rb, Brm, cdk2, cdk4, and E2F4 were examined in C/EBP� IPs. (IgG) Heavy chains of immunoglobulins. (E) A hypothetical
pathway for PI3K/Akt-mediated regulation of growth inhibitory activity of C/EBP� in liver.
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all of these activities (pathways) be regulated in vivo?
Our previous papers showed that one possible mecha-
nism is a switch of protein partners that interact with
C/EBP� (Iakova et al. 2003; Timchenko 2003). In this
paper, we show that substitution of Ser 193 with Ala
abolishes C/EBP�-mediated growth arrest. On the other
hand, the S193A mutation does not affect the ability of
C/EBP� to interact with DNA and to activate transcrip-
tion of target genes (Fig. 4). This finding suggests a path-
way by which cells might distinctly regulate growth in-
hibitory and transcriptional activities of C/EBP�. Insu-
lin-mediated dephosphorylation of Ser 193 specifically
blocks the growth inhibitory function of C/EBP�, but
does not affect the binding to DNA and presumably
would not affect the activation of corresponding promot-
ers.

Materials and methods

Materials and plasmids

Antibodies to C/EBP� (14AA and N19), cdk4 (C-22), cdk2 (M2),
Brm, and Rb (C-15) were purchased from Santa Cruz Biotech-
nology. Antibodies to PP2A and PP1� are from Signal Trans-
duction Laboratories. Expression vectors for wild-type mouse
CEBP� and mutations were generated by PCR-based amplifica-
tion of the coding region of C/EBP� from genomic clone pBS-
Bam#6 (Wang et al. 1995). The full-length C/EBP� cDNA was
subcloned into the pcDNA3.1(+) expression vector. Based on the
pcDNA3.1(+)-mCEBP� construct, mutations (shown in Fig. 3A)
were created using point mutational PCR. For growth arrest
assays, wild-type CEBP� and mutants were cloned into a
pAdTrack-CMV vector that expresses GFP from a separate
CMV promoter. Generation of pcDNA6/myc-His(B)-SGIR: An
SGIR of C/EBP� (see Fig. 6) was generated by fusing a synthetic
DNA oligomer (amino acids 180–211) to the AUG codon on the
5� end, and cloned it into KpnI and Not I sites of pcDNA6/myc-
His expression vector. Generation of mCEBP� recombinant ad-
enoviruses: pAdTrack–C/EBP� constructs were cotransformed
into BJ 5183 cells. Recombinant virus DNAs were selected from
the kanamycin plates. The recombinant adenoviruses were
packaged and produced in HEK 293 cells. Purified high-titer
viral supplies were used in culture cell infections as described
(He et al. 1998). Constructs with small interfering RNAs
against C/EBP� were generated as follows: Two siRNA primers
(specific for mouse and human CEBP�) were synthesized. Each
primer contained 19 nt of CEBP� sequences (828–846 in mouse
and 825–843 in human). The annealed fragment was cloned into
BglII/HindIII sites of pSUPER vector. For growth arrest assay,
the siRNA fragment was subcloned into pAdTrack-CMV ex-
pression vector. All constructs were verified by sequencing.

Human liver tumor samples and liver regeneration

Human liver samples were obtained as part of the IRB approved
protocol, where tumor and normal sections were collected from
resected samples. Liver regeneration and examination of
C/EBP� were performed as described in our previous paper (Ia-
kova et al. 2003).

Transient transfection assay

Analysis of C/EBP� growth arrest was performed in Hep3B2,
HepG2, SK-Hep1, HT1080, and 3T3-L1 cells by using C/EBP�

mutants described earlier. Transient transfection assay was per-
formed with two approaches: cotransfections of pcDNA–C/
EBP� with �-gal and single transfection of pAdTrack–C/EBP�,
which expresses both GFP and C/EBP� from distinct mRNAs.
C/EBP� vectors were cotransfected into cells with CMV-�-gal at
a ratio of 10:1. Cells were stained for �-gal activity at days 1 and
3 following transfection. Cell growth was calculated by count-
ing the number of blue-stained cells in each colony. In experi-
ments with pAdTrack–C/EBP�, the inhibition was calculated
by counting the number of green cells in each colony.

BrdU uptake

Cells were transfected with pAdTrack–C/EBP� constructs.
Control cells were transfected with an empty pAdTrack vector.
Twenty-four hours later, BrdU was added for 1 h, and cells were
fixed and stained with monoclonal Abs to BrdU. DAPI staining
was performed to visualize untransfected cells.

Gel-filtration analysis of C/EBP�–cdk2 complexes
in mouse liver

The detailed procedure for the analysis of C/EBP� complexes is
described in our previous papers (Wang et al. 2001; Iakova et al.
2003). Nuclear extracts were isolated from livers as described
earlier (Timchenko et al. 1999) and fractionated by size-exclu-
sion column SEC-400 (HPLC, BioLogic HR, Bio-Rad). To exam-
ine the effects of dephosphorylation on C/EBP�–cdk2 com-
plexes, we treated nuclear extracts with CIP and fractionated
them as described earlier. Gel-filtration fractions were loaded
on denaturing gradient (4%–20%) PAAG, blotted onto mem-
brane, and probed with antibodies to C/EBP� and cdk2. To de-
tect C/EBP�–cdk2 complexes, we immunoprecipitated C/EBP�

from each fraction and probed IPs with antibodies to cdk2.

Protein isolation and Western blotting

Nuclear extracts were isolated as described in previous papers
(Timchenko et al. 1996; Wang et al. 2001). Stable C/EBP� clones
in Hep3B2 cells were generated as described (Timchenko et al.
1996). C/EBP� was induced by IPTG, and proteins were isolated
18 h after C/EBP� induction. Proteins (50 µg) were loaded on
gradient (4%–20%) PAAG, transferred on the membrane, and
probed with antibodies to C/EBP�, cdk2, cdk4, Rb, E2F4, or
Brm. To verify protein loading, we reprobed each filter with
�-actin and then stained it with Coomassie.

2D gel-Western

C/EBP� was immunoprecipitated from transfected cells or from
livers with specific antibodies (N19, Santa Cruz Biotechnology).
IPs were separated by 2D gel electrophoresis (Protean IEF, Bio-
Rad) and C/EBP� was transferred on the membrane and probed
with rabbit antibodies (14AA, Santa Cruz Biotechnology).

Gelshift

Conditions for gelshift assay with bZIP probe are described in
our earlier papers (Timchenko et al. 1996, 1999).

Coimmunoprecipitation and GST pull-down

C/EBP� was immunoprecipitated from nuclear extracts with
polyclonal antibodies (14AA, Santa Cruz), and the presence of
Rb, Brm, E2F4, cdk4, or cdk2 in C/EBP� IPs was examined by
Western blotting with monoclonal antibodies to mentioned pro-
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teins. GST–C/EBP� constructs were generated and GST pull-
down assay was performed as described in our papers (Wang et
al. 2001, 2002).
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