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Despite significant advancements in our understanding of cancer development, the molecular mechanisms
that underlie the formation of liver cancer remain largely unknown. C/EBPa. is a transcription factor that regu-
lates liver quiescence. Phosphorylation of C/EBPa at serine 193 (S193-ph) is upregulated in older mice and is
thought to contribute to age-associated liver dysfunction. Because development of liver tumors is associated
with increasing age, we investigated the role of S193-ph in the development of liver cancer using knockin mice
expressing a phospho-mimetic aspartic acid residue in place of serine at position 193 (S193D) of C/EBPo.. The
S$193D isoform of C/EBPo. was able to completely inhibit liver proliferation in vivo after partial hepatectomy.
However, treatment of these mice with diethylnitrosamine/phenobarbital (DEN/PB), which induces formation
of liver cancer, actually resulted in earlier development of liver tumors. DEN/PB treatment was associated with
specific degradation of both the S193-ph and S193D isoforms of C/EBPa through activation of the ubiquitin-
proteasome system (UPS). The mechanism of UPS-mediated elimination of C/EBPa during carcinogenesis
involved elevated levels of gankyrin, a protein that was found to interact with the S193-ph isoform of C/EBPa
and target it for UPS-mediated degradation. This study identifies a molecular mechanism that supports the
development of liver cancer in older mice and potential therapeutic targets for the prevention of liver cancer.

Introduction

Liver is a quiescent tissue that is able to regenerate itself in response
to partial hepatectomy (PH) and after injury (1, 2). Under normal
conditions, the quiescent stage of the liver is mediated by C/EBP
proteins (3) and by Rb family proteins (4). A member of the C/EBP
family, transcription factor C/EBPa, is expressed at high levels in
liver and is a critical regulator of many metabolic processes (3).
The constitutional deletion of the C/EBPa gene causes mice to die
shortly after birth due to impaired energy homeostasis (5). Numer-
ous studies have shown that C/EBPa supports liver quiescence (3,
6-9). While the energy metabolism and expression of liver-specific
genes are controlled by transcriptional activity of C/EBPa, the
growth inhibitory activity of C/EBPa. is mediated by direct interac-
tions of C/EBPa with cell-cycle proteins (8-11). It has been shown
that C/EBPa utilizes different mechanisms in different tissues.
C/EBPo. growth inhibitory activity in liver of young animals is
mediated through direct interactions with cdk2 (8-11). In adi-
pose and myeloid tissues, the antiproliferative effects of C/EBPa
are mediated through repression of E2F-dependent transcription
(12). C/EBPa also interacts with several chromatin-remodeling
proteins. It has been shown that C/EBPa cooperates with the
catalytic components of SWI/SNF complex, Brm and Brgl, in the
regulation of gene expression during adipogenesis (13). Following
these findings, we and other groups have observed that C/EBPa.
interacts with Brm and that this interaction is involved in the inhi-
bition of liver proliferation and in the inhibition of proliferation
of cultured cells (11, 14-16). Recent studies have shown a critical
role of C/EBPa. in development of aging phenotype in the liver.
Aging liver hyperphosphorylates C/EBPa at S193 and increases
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amounts of the age-specific C/EBPa-Brm complex, which repress-
es E2F-dependent promoters and inhibits liver proliferation (11,
14, 15). Our recent studies show that the phosphorylation of
C/EBPa at S193 enhances the interactions of C/EBPa with
histone deacetylase 1 (HDAC1) and with heterochromatin protein
la (HP1a) and that this interaction is a key event in the inhibition
of liver proliferation of old mice (17, 18).

Despite the elevation of the C/EBPa-Brm-HDAC1 complex and
following epigenetic silencing of E2F-dependent promoters, livers
of old mice frequently develop tumors beginning at 22-24 months
of age. We generated C/EBPa-S193D knockin mice, which express
the constitutively “active,” age-specific isoform of C/EBPa. These
studies allowed us to identify a molecular basis for liver cancer.
Although the S193D-C/EBPa strongly inhibits liver proliferation
after PH, we found that the S193D knockin mice developed liver
cancer much earlier than WT mice. The molecular mechanisms of
the early liver cancer in these knockin mice and in old mice includ-
ed the complete elimination of the S193D and S193-ph isoforms
of C/EBPa. by activation of the gankyrin-UPS (where UPS indi-
cates ubiquitin-proteasome system) pathway.

Results

Generation of C/EBPa-S193D knockin mice and characterization of liver
functions. In livers of old mice, the major portion of C/EBPa is
phosphorylated at S193 (10, 15). The ph-S193 isoform of C/EBPa.
is the strong inhibitor of cell proliferation in tissue culture models,
and the phosphorylation of S193 correlated with the inhibition
of liver proliferation (10, 15, 19). Despite these observations, the
causal role of phosphorylation of S193 in the regulation of liver
biology has been not shown. To examine the role of ph-S193 iso-
form of C/EBPa in liver proliferation and in regulation of the age-
associated dysfunctions of the liver, we generated C/EBPa-S193D
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Generation of C/EBPa-S193D mice and characterization of liver functions in these animals. (A) Genotyping
of C/EBPa-S193D mice. Upper image shows a structure of the targeting construct and positions of primers
used for genotyping. Primers 193D-F and 193D-R were used for generation of PCR products and follow-
ing restriction with Mlul and BamHI. Middle image shows the sequence surrounding S193. TC nucleotides
were mutated to GA, leading to the disruption of the restriction site for Mlul and creation of restriction site
for BamHlI. Bottom image shows an example of genotyping. PCR products of 858 bp were generated using
DNA from littermates and examined by restriction with Mlul and BamH].
WT and C/EBPa-S193D mice at days 1, 3, and 15 after birth. Original magnification, x20.

knockin mice that express the age-specific C/EBPa isoform. We
replaced WT C/EBPo. with the mutant gene as it is shown in Fig-
ure 1A. C/EBPa knockin construct contained a substitution of
TC to GA in the position of S193 (Figure 1A). This substitution
leads to the mutation of Ser to Asp and to alterations in restriction
sites for Mlul and BamH1. Therefore, PCR products from WT ani-
mals are resistant to BamHI, but are sensitive to Mlul, while PCR
products from homozygous knockin mice are cut by BamHI, but
not by Mlul. Figure 1A shows a typical genotyping of a litter that
contained WT, heterozygous, and homozygous mice. To confirm
this genotyping, the PCR products were sequenced (Supplemental
Figure 1A; supplemental material available online with this article;
doi:10.1172/JCI41933DS1). The animals were born at the expected
Mendelian frequency; and the homozygous and heterozygous mice
did not show abnormal growth within 1 year. In this paper, we bred
heterozygous mice and used WT, heterozygous, and homozygous
littermates for the majority of studies.

Since C/EBPa is involved in the regulation of fat accumula-
tion, we stained livers of S193D mice and WT mice with oil red O.
These studies have found that S193D mutation leads to the
accumulation of fat droplets in the livers of S193D mice at very
early ages (days 1 and 3 after birth), while WT livers do not have
fat droplets at that time (Figure 1B). We next asked whether the
liver functions are affected by the S193D mutation. The analy-
sis of blood parameters showed significant elevations in activi-
ties of alanine and aspartate transaminases, ALT and AST, and
the elevation of levels of triglycerides (Table 1). These alterations
are similar to those observed in livers of old mice (10), showing
2550
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that the S193D mutation mim-
ics the functions of S193-ph
isoform of C/EBPa in livers of
old mice. In addition to these
alterations, we also found that
levels of glucose are reduced in
the blood 0of S193D mice. Other
blood parameters do not differ
or show minor alterations.

C/EBPa.-S$193D isoform inbibits
liver proliferation after PH. Since
the ph-S193-C/EBPa. isoform
is abundantin livers of old mice
and is required for the inhibi-
tion of liver proliferation (15),
we suggested that these animals
should be resistant to the devel-
opment of tumors. Therefore,
we tested this hypothesis using
a well-established protocol of
carcinogenesis: diethylnitrosa-
mine/phenobarbital (DEN/PB).
Prior to these studies, we exam-
ined proliferative capacities of
liver in young adult S193D mice
after PH. PHs were performed
in 2-month-old WT and S193D
mice. BrdU labeling showed
that a peak of DNA synthesis
in WT mice is observed at 36
hours after PH. However, DNA
synthesis was almost completely
blocked in C/EBPa.-S193D mice (Figure 2, A and B). Examination
of mitotic figures showed that mitotic figures are virtually unde-
tectable in knockin mice (Figure 2C). Investigations of the livers
at 72 hours after PH did not detect BrdU uptake and/or mitotic
figures in either WT or C/EBPa-S193D knockin mice, showing
that proliferation is not delayed, but rather dramatically inhibited
by the mutant C/EBPa-S193D. Examination of cell-cycle proteins
confirmed this conclusion. The expression of proliferating cell
nuclear antigen (PCNA), cyclin D1, cyclin A, cyclin E, and cdc2 was
increased in WT livers at 36-48 hours after PH; however, livers of
C/EBPa-S193D mice fail to increase expression of these cell-cycle
proteins (Figure 2D). Since previous studies showed that C/EBPa
inhibits liver proliferation via cdk2, we examined the C/EBPa.-
cdk2 complexes in livers of WT and C/EBPa-S193D mice at 24
hours after PH. Significantly higher amounts of cdk2 are associ-
ated with C/EBPa in quiescent livers of C/EBPa-S193D mice than
in those of WT mice. Most important, cdk2 remains associated
with C/EBPa in C/EBPa-S193D mice 24 hours after PH, while
no cdk2 is detectable in C/EBPa IPs from WT livers (Figure 2E).
We next asked whether the C/EBPa-S193D mutant inhibits liver
proliferation in heterozygous C/EBPa-S193D mice, which express
50% of constitutively active C/EBPo. Examination of mitosis and
cell-cycle proteins revealed that the C/EBPa-S193D mutant also
inhibits proliferation of hepatocytes in livers of heterozygous mice
(Supplemental Figure 1, B and C).

Given almost complete inhibition of proliferation in C/EBPa.-
S193D mice within 72 hours after PH, we asked whether the
liver might recover the original size in these animals at later time

WT

(B) Oil red O staining of the liver of
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Table 1
The blood chemistry of 2-month-old WT and C/EBPa-S193D
knockin mice

Blood parameters WT mice §193D mice
ALT (U/) 49.4+15.4 78.1+26.3
AST (U/N) 102.2+£17.8 209.2+77.9
ALP (U/N) 524 +21.8 52.7+21.1
T.Bill (mg/dl) 0.12+0.05 0.17 £+ 0.05
D.Bill (mg/dl) 0.012 £ 0.009 0.022 + 0.023
LDH (U/L) 455.6 + 141 620.7 + 259.5
Alb (g/dl) 2.75+0.3 2.71+0.35
TP (g/dl) 42+0.13 44+035
Globulin 1.54+0.16 1.54+0.19
A/G Ratio 2.03+0.7 17504
VLDL 11428 16 +6.1
Chol (mg/dl) 113+£10.5 98.8 +16.3
Trig (mg/dl) 54.2 +13.8 80+ 30.5
HDL (mg/dl) 98.6+15.3 81+ 14
LDL (mg/dl) 13.6 £3.4 8+22
Glucose (mg/dl) 238.6+23.9 178.9+ 23

The table shows a summary of analyses of 8 animals of each genotype.
Significant alterations are shown in bold.

points after surgery. For these studies, liver mass was determined
at 3, 6,9, and 15 days after PH in WT and in S193D mice. Figure
2F shows that livers in WT animals completely restored original
size at 15 days after surgery. On the contrary, S193D livers had
increased weight only to 65%-70% at day 6 and then stayed at this
level to the end of the experiments. We suggest that the partial
restoration of the mass of S193D livers might be due to prolifera-
tion of nonhepatic cells or due to increased translation of pro-
teins without liver proliferation. Taken together, the studies of
liver regeneration have shown that the C/EBPa-S193D livers do
not proliferate after PH and fail to restore the original size.
Development of tumors is accelerated in C/EBPa-S193D knockin
mice. Given the strong inhibition of liver proliferation after PH in
S$193D knockin mice, we expected that these animals should be
resistant to the development of tumors. To test this suggestion, we
applied DEN/PB tumor liver induction protocol (8). We surpris-
ingly found that the S193D mice developed tumors much earlier
than WT mice (Figure 3A). The tumor formation was observed in
S$193D mice at 25 weeks after initiation of DEN/PB protocol (see
bigger images of the tumor in Supplemental Figure 2), while in
WT mice, liver tumors were detected at 35 weeks. We also found
enlarged livers in S193D mice starting from 20 weeks after ini-
tiation of carcinogenesis by DEN/PB, while enlarged livers were
observed in WT mice at 30 weeks. To further confirm the increased
liver proliferation and early tumor formation in S193D mice,
2 additional approaches were used. First, we examined DNA syn-
thesis by measuring BrdU uptake. BrdU was injected in animals
2-4 hours before animals were sacrificed. BrdU staining showed
that DNA synthesis was increased at 25 weeks in S193D mice,
while it was very rare in WT mice until 30-35 weeks (Figure 3B
and see Supplemental Figure 3A). The percentage of BrdU-posi-
tive hepatocytes was higher in S193D mice at all stages of liver
cancer development (Figure 3B). Second, we examined expression
of cell-cycle proteins in livers of WT and S193D mice at 25 weeks
after DEN injection. We found that expression of cyclin A, cyclin
D1, and PCNA was significantly increased in livers of S193D mice
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treated with DEN/PB, while these proteins were not detectable
in livers of DEN/PB-treated WT mice at this stage (Figure 3C).
Examination of C/EBPa. surprisingly showed that both isoforms
of S193D-C/EBPa. (42 kDa and 30 kDa) were virtually not detect-
able in livers of S193D mice at 25 weeks after DEN/PB injection
and that WT C/EBPa was also reduced at that time point (Figure
3C). Therefore, we performed detailed examination of C/EBPa in
WT and S193D livers during cancer development.

Liver cancer eliminates S193D and S193-ph isoforms of C/EBPo.. Given
the early development of tumors in livers of S193D mice, we exam-
ined expression of C/EBPa.in WT and in S193D mice at different
time points after DEN/PB treatments. We found that the mutant
C/EBP0-S193D was eliminated in DEN/PB-treated mice at 6 weeks
after initiation, while the WT C/EBPa. was gradually reduced and
completely eliminated only at 30 weeks (Figure 3D). We determined
levels of C/EBPa mRNA and found that DEN/PB did not affect
levels of mRNA (Supplemental Figure 3B). Thus, these studies
showed that liver tumor development requires specific degrada-
tion of S193D isoform in S193D knockin mice and perhaps ph-
S$193 isoform in WT mice. These studies suggested that, in WT
animals, there is a pathway that converts C/EBPa into the S193-ph
isoform and leads to degradation of the ph-S193-C/EBPa.at 25-35
weeks. Searching for a kinase that might convert C/EBPo. into the
ph-S193 isoform, we found that DEN/PB elevates cdc2 at 30 weeks
after DEN/PB treatment (Figure 3D). We next examined expression
of cdc2 at early time points and found that cdc2 is elevated in both
WT and S193D mice at 6 weeks and at later time points (Supple-
mental Figure 3C). Since our hypothesis suggested that C/EBPa
is hyperphosphorylated at S193 before degradation, we examined
cdc2 expression and phosphorylation of C/EBPa. at an additional
time point, 1 week after DEN injection. Western blotting showed
that C/EBPa is not reduced, but cdc2 is already activated in liv-
ers of WT mice at 1 week after DEN injection (Figure 3E). Co-IP
studies showed that cdc2 strongly interacts with WT C/EBPa. at
1 and 6 weeks after DEN injection (Figure 3E). The interaction of
cdc2 with C/EBPa is not detectable at later time points, perhaps
due to degradation of C/EBPa. We also examined S193-ph iso-
form of C/EBPa in C/EBPa. IPs and found that the amounts of
phosphorylated C/EBPa (as a ratio to total protein) are dramati-
cally increased at 1 and 6 weeks after DEN injection. Thus, these
studies showed that C/EBPa is hyperphosphorylated at S193 by
cdc2 prior to being degraded. A search for cdc2 phosphorylation
site(s) within C/EBPa molecule found high scores for S193 and
S21 (Figure 3F). To determine whether cdc2 phosphorylates
C/EBPa at these residues, we generated 3 C/EBPa mutants
S21A, S193A, and double-mutant S21A-S193A and examined
phosphorylation of these mutants by cdc2, precipitated from
liver tumors at 30 weeks after DEN treatments. Figure 3G shows
that cdc2-dependent phosphorylation of C/EBPa is dramati-
cally reduced by S193A mutation, S21A mutation, and double
mutations. Thus, these studies revealed that cdc2 phosphory-
lates C/EBPoat S21 and at S193 in in vitro kinase assays.

Phosphorylation of C/EBPa. by cdc2 inhibits proliferation of hepatocytes
under normal conditions. Given the cdc2-mediated phosphorylation
of C/EBPa. at S193, one would assume that this phosphorylation
should increase growth inhibitory activity of C/EBPa under condi-
tions in which C/EBPa.is not degraded. To test this hypothesis, we
performed a number of experiments in cultured cells and in livers.
WT C/EBPa and S193A mutant C/EBPa were cotransfected with
cdc2 into Hep3B2, and phosphorylation of C/EBPa at S193 was
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Figure 2

C/EBPa-S193D inhibits liver proliferation after PH. (A) C/EBPa-S193D inhibits DNA synthesis after PH. BrdU staining is shown. Arrows
show mitotic figures in the liver of WT mice at 48 hours after PH. Original magnification, x63. (B) Bar graphs show the percentage of BrdU-
positive hepatocytes. (C) C/EBPa-S193D inhibits mitosis. Livers were stained with H&E. Typical pictures of mitotic figures at 48 hours after
PH are shown. Original magnification, x63. Arrows show mitotic figures. Bar graph picture shows number of mitotic figures at each time point
after PH. (D) Expression of C/EBPa and cell-cycle proteins after PH. Positions of C/EBPa isoforms are shown on the right. Expression of
cell-cycle proteins cyclin D1 (Cyc D1), PCNA, cyclin A (Cy A), cyclin E (Cy e) and cdc2 was examined with antibodies shown on the right.
Each membrane was reprobed with 3-actin. (E) C/EBPa-S193D is associated with cdk2 after PH. C/EBPa was IP from nuclear extracts and
the IPs were probed with Abs to cdk2. IgG, heavy chains of immunoglobulins. B, incubation of protein with beads; W, incubation of liver pro-
teins from WT mice with C/EBPa IgGs. (F) Livers of C/EBPa-S193D mice fail to restore the original mass. 70% of the livers were removed,
and the percentage of growing livers was calculated at 3, 6, 9, and 15 days after PH. Bar graphs show summary of results obtained with
3 animals of each genotype per time point. Data shown are mean + SD.
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examined by Western blotting with specific Abs and by 2D-Western
approach. Figure 4, A and B, shows that phosphorylation of
C/EBPa. at S193 is very weak in Hep3B2 cells and that cdc2 dra-
matically increases this phosphorylation. Although our data show
that cdc2 phosphorylates C/EBPa at S193, it is possible that S21
of C/EBPa. is also phosphorylated by cdc2.

We next determined whether the phosphorylation of C/EBPa
at S193 might restore its growth inhibitory activity. These studies
were performed in 2 cultured lines of hepatocytes: mouse Hepal-6
and human Hep3B2 cells. These cells express relatively high lev-
els of C/EBPa; however, they proliferate since C/EBPa is not
phosphorylated in these cells (18-20). Therefore, we asked whether
cdc2-mediated phosphorylation of C/EBPa. in these cells might
restore inhibitory activity of endogenous C/EBPo. Cells were trans-
fected with pAdTrack-cdc2 plasmid, which expresses GFP and cdc2
from independent mRNAs. These studies showed that the ectopic
expression of cdc2 inhibits proliferation of Hepal-6 and Hep3B2
cells (Figure 4C; for Hepal-6, see Supplemental Figure 5). To deter-
mine whether this inhibition requires C/EBPa, the expression of
C/EBPa. was inhibited by siRNA in cells transfected with cdc2 as
shown in Figure 4C. We found that the inhibition of C/EBPa by
siRNA eliminated the ability of cdc2 to stop proliferation of Hepal-6
and Hep3B2 cells, while transfections with control siRNA did not
change levels of C/EBPa and did not affect cdc2-mediated inhi-
bition of cell proliferation. Thus, these studies revealed that cdc2
phosphorylates C/EBPa at S193 and restores its growth inhibitory
activity in hepatoma cells.

In parallel studies, we examined the hypothesis that WT
C/EBPa. contributes to the arrest of cell division when hepatocytes
finish the first round of cell division after PH. Particularly, we
asked whether C/EBPa. is hyperphosphorylated at 48 hours after
PH when hepatocytes are finishing proliferation. 2D-Western
approach showed that C/EBPa. is phosphorylated at S193 in 48
hours after PH (Figure 4D). Examination of phosphorylation of
C/EBPa by Western blotting with antibodies to ph-S193 showed
that C/EBPa. is phosphorylated at S193 in quiescent livers and in
livers at 48 hours after PH (Figure 4F; C/EBPo. IP). The increase of
ph-S193 isoform at 48 hours after PH correlates with termination
of hepatocyte proliferation. Since cyclin D3-cdk4 phosphorylates
C/EBPa. at S193 in the liver, we expected that this enzyme might
be involved in the restoration of the inhibitory activity of C/EBPa.
Therefore, we examined association of cdk4 with C/EBPa during
the whole course of liver regeneration. Surprisingly, the interac-
tion of C/EBPa with cdk4 was not detectable at 48 hours after PH
(Figure 4F) despite the fact that C/EBPa is hyperphosphorylated
at that time. Since cdc2 is elevated at 36-48 hours after PH (Fig-
ure 2D and Figure 4E), we reprobed the same filter with Abs to
cdc2. Figure 4F shows that cdc2 is abundant in C/EBPo IPs at 48
hours after PH. The interactions of C/EBPa with cdc2 at 48 hours
after PH was further confirmed by size exclusion chromatography
(Supplemental Figure 4). Thus, these studies showed that cdc2
phosphorylates C/EBPo. at S193 and, under normal conditions,
increases its growth inhibitory activity. Under conditions of car-
cinogenesis, however, cdc2-mediated phosphorylation of C/EBPa
leads to the degradation of C/EBPa via UPS (see below).

UPS degrades S193D mutant and ph-S193 isoform of C/EBPa. by acti-
vation of gankyrin-mediated pathway. To determine pathways that
degrade mutant S193D-C/EBPa and ph-S193 isoform of C/EBPa.
during DEN-mediated development of tumors, we inhibited pro-
teasome activity by MG132 in C/EBPa-S193D mice treated by
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DEN/PB for 25 weeks. MG132 was injected in mice for 24 hours,
and protein extracts were isolated and examined by Western blot-
ting with antibodies to C/EBPa. The inhibition of proteasome
activity led to the restoration of C/EBPa. protein (Figure SA).
MG132 treatment also led to accumulation of higher MW forms
of C/EBPa, which represent ubiquitin-C/EBPa conjugates. Exami-
nation of ubiquitin by direct Western blotting revealed a dramatic
accumulation of total amounts of ubiquitin-protein conjugates in
DEN/PB-treated mice (Figure 5A).

The specific degradation of ph-S193 and S193D isoforms of
C/EBPa. suggested that the liver cancer elevates expression of some
proteins that recognize S193D and ph-S193 isoforms of C/EBPa.
To identify these proteins, we performed glutathione S transferase
(GST) pull-down experiments with GST-C/EBPa-S193D mutant.
The initial studies were unsuccessful, since S193D mutant was
degraded in nuclear extracts from DEN/PB-treated livers. There-
fore, we included 10x excess of inhibitor of proteasome MG132
into the GST pull-down reactions. Several proteins were identi-
fied by mass spectroscopy analysis of GST pull-down samples of
GST-S193D-C/EBPo. One of these proteins is gankyrin, which has
been previously shown to be increased in livers of DEN/PB-treated
animals (21). Gankyrin is a 25-kDa protein that was also identified
as a subunit of 26S proteasome (22) and as the protein that causes
activation of cdk4 by displacement of p16 from cdk4 (23). Given
these activities of gankyrin, we asked whether gankyrin might be
involved in the hyperphosphorylation of C/EBPa at S193 and in
the proteasome-mediated degradation of C/EBPa. We first deter-
mined whether the interaction of gankyrin with C/EBPa. requires
phosphorylation of C/EBPa at S193. For this goal, GST pull-down
assay was performed with S193A mutant and with phosphomi-
metic S193D mutant. Figure 5B shows that gankyrin interacts with
S$193D isoform of C/EBPa; however, no interaction was detectable
with S193A mutant. We next examined expression of gankyrin in
our animals at different time points after DEN/PB treatments.
Western blotting revealed that expression of gankyrin was elevated
at 6-10 weeks and then stayed at high levels throughout 35 weeks.
The elevation of gankyrin correlated with the reduction of C/EBPa
(Figure 5C). Examination of gankyrin mRNA confirmed the eleva-
tion of gankyrin in DEN/PB-treated mice. We next determined
whether endogenous gankyrin interacts with WT C/EBPa in livers
of DEN/PB-treated mice. Examination of C/EBPa IPs from nuclear
extracts of different time points showed that gankyrin is associated
with C/EBPa. at 6 and 10 weeks and is not detectable in C/EBPo IPs
at later time points since C/EBPa is degraded at this time (Figure
SD). We also examined the C/EBPo. IPs with antibodies to cdk4
and found that cdk4 is also associated with C/EBPa. (Figure SD),
suggesting that cdk4 might also be involved in the conversion of
C/EBPa. into S193-ph isoform.

The gankyrin-mediated displacement of p16™NX*4 from cdk4 activates
cdk4, which phosphorylates C/EBPao. during DEN/PB-mediated carcino-
genesis. Since previous studies implicated gankyrin in activation
of cdk4 after DEN/PB treatments (23), we determined whether
this activation of cdk4 might be involved in the conversion of
C/EBPa into ph-S193 isoform. We first determined expression of
cdk4, cyclin D3, and p16 after DEN/PB injections. Western blot-
ting analyses showed that protein levels of cdk4 and cyclin D3 were
increased at 20-30 weeks after DEN injection, while levels of p16
were reduced at these time points. The reprobe of p16 membrane
with Abs to gankyrin confirmed the elevation of gankyrin in experi-
mental mice (Figure SE). These results showed that the interactions
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Figure 3

Development of tumors is accelerated in C/EBPo-S193D knockin mice. (A) Pictures of livers at different time points after DEN injection. Arrows
show large tumor nodules observed in livers of mice treated with DEN for 25 weeks. (B) DNA synthesis is increased in livers of S193D mice. Bar
graphs show percentage of BrdU-positive hepatocytes in tumor sections of livers of WT and S193D mice. Summary of results with 3 animals of
each genotype is shown. Data shown are mean + SD. (C) Expression of C/EBPa. and cell-cycle proteins in WT and S193D livers at 25 weeks
after DEN injection. Nuclear extracts were examined by Western blotting with antibodies shown on the right. (D) The mutant S193D isoform of
C/EBPa. is specifically degraded during liver tumor development. Western blotting was performed with WT and S193D livers at 6, 20, 25, and
30 weeks after injection of DEN. 2 isoforms of C/EBPa are shown by arrows. (E) cdc2 is elevated during DEN-mediated carcinogenesis and
phosphorylates C/EBPa at S193 before degradation of C/EBPa. Western blotting was performed with nuclear extracts of WT mice. Bottom:
C/EBPa was IP from nuclear extracts, and the IPs were probed with antibodies to cdc2 and ph-S193 C/EBPa. Bar graphs show a ratio of S193-
ph isoform of C/EBPa to total C/EBPa protein. (F) Location of the predicted cdc2 sites within C/EBPo. and generation of mutant constructs. (G)
Cdc2 phosphorylates C/EBPa at S193 and S21. Cdc2 was IP from nuclear extracts isolated from the liver at 30 weeks after DEN treatments.
Kinase assay was performed with WT C/EBPa and with C/EBPa mutants S21A, S193A, and S21A-S193A (Dm).
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Figure 4

Cdc2 phosphorylates C/EBPa at S193 in Hep3B2 cells and restores growth inhibitory activity
of C/EBPa. (A) Ectopic expression of cdc2 leads to phosphorylation of C/EPBa at S193. WT
and S193A-C/EBPa were cotransfected with cdc2 into Hep3B2 cells. Expression of proteins
was examined by Western blotting with antibodies to total C/EBPa, ph-S193-C/EBPa, cdc2,
and B-actin. Un, untransfected cells. (B) Proteins were separated by 2D electrophoresis, trans-
ferred to the membrane, and probed with Abs to C/EBPa. Positions of ph-S193 isoforms (a and
b) are shown by red arrows. (C) Cdc2 inhibits proliferation of Hep3B2 cells via restoration of
growth inhibitory activity of C/EBPa. Hep3B2 cells were transfected with pAdTrack-cdc2, with
pAdTrack-cdc2 plus siRNA to C/EBPa, and with pAdTrack-cdc2 plus scramble siRNA (control).
Percentage of single cells (growth arrest) and proliferating cells was calculated. Upper image
shows expression of C/EBPa and cdc2 in transfected cells. Data shown are mean + SD. (D)
C/EBPa. is phosphorylated at S193 at 48 hours after PH. Nuclear extracts from livers at 48 hours
after PH were examined by 2D gel Western blot approach. The bottom image shows 2D separa-
tion of the samples treated with alkaline phosphatase (CIP). (E) Expression of C/EBP«, cdk4,
and cdc2 after PH. Western blotting was performed with the nuclear extracts isolated at different
time points after PH. (F) Switch of interactions of C/EBPa. with cdk4 to the interactions with cdc2
during liver regeneration. Upper image shows examination of C/EBPa. in extracts used for the IP.
Bottom image shows Western blotting of C/EBPa IPs with Abs to ph-S193 isoform of C/EBPa,
cdk4, and cdc2. Heavy and light chains of IgGs are shown.
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actions with C/EBPa. Cdk4 was IP from
nuclear extracts, and the IPs were sequen-
tially probed with Abs to gankyrin and to
pl6. Figure SF shows that p16 is associ-
ated with cdk4 at 0 and 6 weeks; however,
itis not detectable in cdk4 IPs at later time
points after DEN/PB treatments. On the
contrary, gankyrin is associated with cdk4
at 10-30 weeks after DEN/PB treatments.
Examination of these cdk4 IPs in in vitro
kinase reaction showed that kinase activity
of cdk4 toward WT C/EBPa is much stron-
ger at 6-35 weeks. This phosphorylation is
specific for S193 because cdk4 does not
phosphorylate the SI93A mutant (Figure
SF). The lack of phosphorylation of SI93A
mutant by cdk4 is unlikely to be associated
with the misfolding of the S193A mutant,
because this mutant is highly active as tran-
scriptional activator (19). Taken together,
these studies showed that the elevation
of gankyrin leads to the displacement of
p16 from cdk4 and to activation of cdk4
toward C/EBPo.

Gankyrin triggers UPS-dependent degrada-
tion of S193D and S193-ph isoforms of C/EBPa.
To further determine the role of gan-
kyrin in the degradation of S193-ph and
S193D isoforms of C/EBPa, we injected
HA-tagged WT C/EBPa, C/EBPa-S193D,
and C/EBPa-S193A mutants into con-
trol WT mice and into WT mice treated
with DEN/PB for 25 weeks (which have
increased levels of gankyrin) and exam-
ined stability of these proteins 3 days
after injection. Western blotting with Abs
to HA-tag showed that WT C/EBPa and
S$193D mutant are significantly reduced
in DEN/PB-treated mice, while amounts
of S193A mutant were not altered com-
pared with amounts of this protein in
untreated control mice (Figure 6A). These
data clearly show that DEN/PB treatment
triggers degradation of S193D and ph-
S193D isoforms of C/EBPa in livers. To
further examine the mechanisms of DEN-
mediated reduction of S193D isoform
of C/EBPa, we examined stability of WT
and mutant C/EBPa in cultured HEK293
cells. The cells were treated with DEN
and WT C/EBPa, and S193D and S193A
mutants were transfected into these cells.
The protein synthesis was blocked by
cycloheximide (CHX), and the stability of

of cdk4 with C/EBPa were increased at 6 weeks; however, cdk4/cyc  the transfected proteins was examined. While the half-life of WT
D3 levels were elevated at time points starting from 20 weeks. These ~ C/EBPa was around 8 hours, the phosphomimetic mutation S193D
differences suggested that there is an additional mechanism that  reduced the half-life of C/EBPa. to 2 hours. On the contrary, S193A
activates cdk4 before the increase of cyclin D3-cdk4. Therefore, we = mutation stabilized the protein (Figure 6B). We could not detect
next determined whether the elevation of gankyrin changes asso-  degradation of the S193A mutant within 16 hours. Investigation of
ciation of cdk4 with p16 and alters activity of cdk4 and its inter-  longer time periods was complicated due to cell death.
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Figure 5

Elevation of gankyrin triggers degradation of C/EBPa by UPS. (A) Inhibition of proteasome blocks degradation of S193D C/EBPa. in DEN-treated
livers. Protein extracts of S193D untreated (Con), DEN-treated (for 25 weeks), and DEN-treated mice injected with MG132 were examined by
Western blotting with Abs to C/EBPa and ubiquitin. Middle panel shows results of Western blotting of C/EBPa. IP with antibodies to ubiquitin. Posi-
tions of C/EBPa isoforms and ubiquitinated conjugates are shown on the right. (B) Gankyrin preferentially interacts with S193D isoform of C/EBPa.
GST-S193A and GST-S193D mutants were incubated with nuclear extracts isolated from livers of mice treated with DEN/PB for 25 weeks. (C)
Expression of gankyrin is increased in livers of DEN/PB-treated mice. Upper image shows Western blotting with antibodies to C/EBPa and gan-
kyrin. Middle image shows densitometric calculations of the levels of C/EBPa and gankyrin (gank). Bottom image shows levels of gankyrin mRNA
determined by RT-PCR and calculated as a ratio to p-actin. Data shown are mean + SD. (D) Gankyrin and cdk4 are associated with C/EBPo. at
early time points after DEN treatments. C/EBPa was IP from nuclear extracts and probed with antibodies to gankyrin and cdk4. (E) Expression
of proteins that regulate activity of cdk4. Western blotting of nuclear extracts of DEN-treated mice was performed with antibodies shown on the
right. (F) Gankyrin displaces p16 from cdk4 and activates cdk4. Cdk4 was IP from nuclear extracts and probed with Abs to gankyrin and to p16
(Western). The cdk4 IPs were examined in a kinase assay with WT C/EBPo. and with S193A-C/EBPa as substrates (kinase assay).

The elevation of gankyrin in livers of DEN/PB-treated mice and
its preferential interaction with S193D isoform of C/EBPa sug-
gested that gankyrin might trigger UPS-mediated degradation of
the S193D isoform of C/EBPa. To test this hypothesis, we set up
a cotransfection system in which the degradation of C/EBPa was
initiated by Ub-HA and it was determined whether gankyrin might
accelerate degradation of the ubiquitinated form of C/EBPa. Fig-
ure 6C shows that cotransfection of WT C/EBPa with HA-UD led
to the accumulation of Ub-C/EBPa isoforms. While protein levels
of 42-kDa C/EBPa. were only slightly reduced in cells transfected
with Ub-HA, the expression of gankyrin dramatically reduced
both 42-kDa C/EBPa and Ub-C/EBPa conjugates (Figure 6C). We
found that gankyrin triggered proteasome-dependent degradation
of C/EBPa. because inhibition of proteasome by MG132 abolishes
the ability of gankyrin to reduce C/EBPo.. We next performed simi-
lar studies with S193A mutant, which does not interact with gan-
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kyrin. We found that although HA-UD causes elevation of ubiqui-
tinated C/EBPa-S193A isoforms, gankyrin is not able to trigger
this mutant molecule for the UPS-mediated degradation (Figure
6D). Based on these data, we propose a mechanism by which can-
cer eliminates WT C/EBPa. According to our hypothesis, DEN/PB
activates cdc2 and cdk4, which convert C/EBPa into ph-S193 iso-
form, and then gankyrin triggers UPS-mediated degradation of
the ph-S193 isoform of C/EBPa. (Figure 6E).

DEN/PB-mediated activation of gankyrin in old mice causes liver tumors
at early time points due to fast elimination of the ph-S193-C/EBPa. Since
the S193-ph isoform of C/EBPa. represents more than 80% of the
total protein in normal livers of old mice (15), one would assume
that it might be eliminated quickly under conditions when expres-
sion of gankyrin is increased and that this elimination might lead
to a faster development of tumors. To test this hypothesis, we treat-
ed 22-month-old mice with DEN/PB to increase expression of gan-
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Gankyrin triggers UPS-mediated degradation of S193-ph isoform of C/EBP« in DEN/PB-treated mice and in cultured cells. (A) Mutation of S193
to Ala blocks degradation of C/EBPa. in livers of DEN-treated mice. HA-tagged WT, S193D, and S193A mutant C/EBPa were injected in control
and in DEN-treated mice; protein extracts were isolated 24 hours after injections and examined by Western blotting with Abs to HA-tag. Bar
graphs show levels of C/EBPa calculated as ratio to $-actin. A summary of 2 experiments is shown. (B) Mutation of S193 to Asp reduces the
half-life of C/EBPa., while mutation of S193 to Ala stabilizes C/EBPa. in cells treated with DEN. C/EBPa. proteins were transfected in HEK293
cells treated with DEN, protein synthesis was blocked by CHX, and the amounts of C/EBPa. were determined by Western blotting. The bottom
image shows densitometric calculations of C/EBPa levels. (C and D) Gankyrin triggers S193-ph isoform of C/EBPa to UPS-dependent degrada-
tion. WT C/EBPa. (C) and S193A mutant (D) were cotransfected with HA-Ub and gankyrin in HEK293 cells. C/EBPa was IP and the IPs were
examined by Western blot with antibodies to HA-tag and then with Abs to C/EBPa. Light and dark exposures for HA-tag Western blot are shown.
Bar graphs show levels of C/EBPa calculated as ratio to IgGs. (E) A diagram showing pathways that convert WT C/EBPa into S193-ph isoform

and pathways that trigger degradation of the ph-S193-C/EBPa during tumor development. Data shown are mean + SD.

kyrin and to initiate carcinogenesis. Since old animals frequently
have tumors, the animals were opened before the injection of DEN
and tested for possible tumors. We focused examinations of liver
proliferation on the animals at 12 and 20 weeks after DEN/PB
injections, since old mice start to die at later time points. We initial-
ly examined expression of C/EBPa and gankyrin in mice treated for
12 weeks. Western blotting with 3 controls and 3 DEN/PB-treated
animals of each age group showed that, although expression of
gankyrin was increased in both young and old mice, the levels of
elevation of gankyrin protein was higher in old mice (Figure 7, A
and B). Examination of C/EBPa showed that, in young animals,
C/EBPo. was reduced to 50%, while C/EBPo. was almost completely
eliminated in livers of old mice (Figure 7, A and B). This elimi-
nation of C/EBPa took place at the protein level, since C/EBPa
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mRNA was not changed by DEN/PB in young and old mice (Fig-
ure 7C). We next asked whether cdc2 was elevated in these mice
and might contribute to the conversion of C/EBPa. into ph-S193
isoform. We found that cdc2 was elevated in young and old livers
by DEN/PB treatment (Figure 7A). Thus, these data show that the
elevation of gankyrin in old mice leads to the fast and almost com-
plete degradation of C/EBPa, while C/EBPa. is degraded to a much
lower degree in young mice. Our studies of young mice showed
that the increase of rate of liver proliferation is a key step that takes
place before appearance of the tumors and that S193D mice have
an early increase in BrdU uptake (Figure 3B). Therefore, we deter-
mined DNA synthesis in young and old mice at 12 weeks after
DEN/PB treatments. Figure 7D shows that only 2% of hepatocytes
are BrdU positive in young mice at 12 weeks after DEN injection;
Number 7 2557
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Old

Young

Treatment of old mice with DEN/PB initiates early liver proliferation and liver cancer via fast elimination of the ph-S193 isoform of C/EBPa. (A)
Activation of gankyrin by DEN/PB in livers of old mice causes an early elimination of C/EBPa protein. Expression of C/EBPa, gankyrin, and cdc2
was examined by Western blotting with nuclear extracts from 3 mice of each age group. Positions of 42-kDa and 30-kDa isoforms of C/EBPa
are shown. The membranes were reprobed with B-actin. (B) Levels of C/EBPa and gankyrin were calculated as ratios to -actin. (C) Levels
of gankyrin mRNA and C/EBPo. mRNA were examined by RT-PCR and shown as ratios to f3-actin mRNA. Bar graphs show a summary of 3
independent experiments. (D) DNA synthesis is increased in livers of old mice at 12 weeks after DEN/PB treatments. Left image shows a typical
picture of BrdU staining of young and old livers. Arrows show BrdU-positive hepatocytes. Original magnification, x63. Bar graphs present a sum-
mary of 3 experiments with 3 animals of each age group. (E) A typical picture of liver tumors in old mice at 20 weeks after DEN/PB treatments.
Arrows show tumor nodules. (F) Liver body ratios in young and old animals at 20 weeks after DEN treatments. Data shown are mean + SD.

however, up to 8% of hepatocytes proliferate in the old DEN/PB-
treated mice. As shown in Figure 3B, this rate of liver proliferation
(7%-8% BrdU-positive hepatocytes) is observed in young WT mice
only at 30 weeks after DEN/PB treatments. Examination of livers
at 20 weeks after DEN treatments showed that the development
of tumor occurs early in livers of old mice, and it is detected at 20
weeks. Thus, these studies demonstrate that the aging liver is more
susceptible to tumor development due to abundance of ph-S193
isoform of C/EBPa and due to a rapid elimination of the C/EBPa.-
S$193-ph isoform by gankyrin-UPS pathway.

Age-associated spontaneous development of liver cancer is caused by gan-
kyrin-mediated degradation of ph-S193-C/EBPa.. Based on our results,
we hypothesized that the spontaneous age-associated development
of liver cancer might involve degradation of the ph-S193 isoform
of C/EBPa.. To test this hypothesis, we collected 4 samples of liver
tumors from 30 animals of age 22-24 months. Examination of
many young animals did not show tumor formation. Although
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liver tumors in these 4 old animals differed, they were all neoplas-
tic and included lymphoma, adenoma, and hepatocellular carci-
noma. Supplemental Figure 6 shows a representative region of the
large tumor in which the normal lobular architecture and portal
tracts, including bile ducts, are not present. Hepatocytes are highly
variable, with most containing cytoplasmic fat vacuoles or large
eosinophilic protein globular inclusions and having hyperchro-
matic nuclei, with occasional atypical mitoses. We further con-
firmed that tumor sections have increased rates of proliferation
by measuring BrdU uptake (Supplemental Figure 7).

Our studies of carcinogenesis in young WT mice showed that
phosphorylation of C/EBPa at S193 is increased prior to the
onset of the gankyrin elevation and development of liver cancer.
Therefore, we asked whether the phosphorylation of C/EBPa. at
S$193 might be also increased in livers of animals with tumors.
Since ph-S193-C/EBPa. is degraded by gankyrin in liver tumors,
we examined phosphorylation status of C/EBPa. in adjacent non-
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Age-associated liver cancer elevates gankyrin and eliminates C/EBPa. (A) C/EBPa. is hyperphosphorylated in livers of old mice. Upper panel:
Western blotting analysis of C/EBPa in nuclear extracts isolated from livers of young mice (Y), from healthy sections adjacent to liver tumors of
old mice (O), and from liver tumors of old mice (OT). Bottom panel: C/EBPa was IP with antibodies to total C/EBPa and probed with antibodies
to ph-S193 isoform of C/EBPa. (B) Gankyrin is elevated in liver tumors of old mice. Western blotting of proteins isolated from control mice and
tumor sections was performed with Abs shown on the left. (C and D) Levels of mMRNA coding for cell-cycle proteins. RT-PCR was performed
with RNA isolated from control and tumor sections of old livers. (E) Cdc2 is increased in liver tumors. Western blotting was performed with Abs
to cdc2. The membrane was reprobed with Abs to (3-actin. Cdc2-IP:kinase: cdc2 was IP and examined in a kinase assay with WT and S193A
mutant C/EBPo. (F) Cdk4 is activated in liver tumors of old mice. Western blotting was performed with antibodies shown on the right. Cdk4 was
IP, and gankyrin and cyclin D1 were examined in these IPs. (G) Kinase activity of cdk4 toward C/EBPa. is increased in tumor sections of the liv-
ers. Upper image shows input of cdk4 used for the IP. Cdk4 IPs were examined in a kinase assay with WT and S193A-C/EBPa as substrates.
(H) A hypothetical model for the molecular basis of liver cancer in old mice. Data shown are mean + SD.

tumor sections of the livers of old mice. We found that amounts of
C/EBPa-ph-5193 isoform are dramatically increased in the adja-
cent nontumor sections, while total C/EBPa and ph-S193 isoform
of C/EBPa. were not detected in tumor sections due to degradation
(Figure 8A). Thus, these data show that the hyperphosphorylation
of C/EBPat at S193 is dramatically increased in nontumor sections
of old mice adjacent to tumor sections.
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We next examined expression of gankyrin in liver tumor sections
and in livers of control animals of the same age and found that
gankyrin was elevated in all tested liver tumor sections (Figure 8B).
Consistent with data in Figure 8A, the levels of C/EBPa protein
were dramatically reduced or undetectable in all tumor sections
from old mice (Figure 8B). Real-time PCR was performed with
RNA isolated from the same livers and detected a small reduction
Number 7 2559
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of C/EBPa. mRNA (Figure 8C). Since the elevation of gankyrin in
DEN/PB-treated animals also causes degradation of p53 and Rb,
we examined levels of these proteins in liver tumors. We found that
p53 and Rb were dramatically reduced in tumor sections of the liv-
ers. In livers of old mice, ph-S193-C/EBPa isoform formed com-
plexes with Rb and HDAC1 (17); therefore, we examined expression
of HDACI1 and found a dramatic reduction of this protein in the
tumor sections of the liver (Figure 8B). Examination of mRNA lev-
els for p53, Rb, and HDAC1 showed that, while p53 mRNA was sig-
nificantly reduced in tumors, the levels of Rb and HDAC1 mRNAs
were not changed significantly (Figure 8C). Taken together, these
studies show that 3 components of the C/EBPa-Rb-HDAC1 com-
plex were eliminated in tumor sections of livers on the level of pro-
teins, while levels of mRINAs were not changed.

We next determined kinases that might be activated in tumors of
old mice and might be involved in the conversion of C/EBPa into
ph-S193 isoform. Given our observations in DEN/PB-treated mice,
we examined expression of cdc2 and found that this protein and its
mRNA are elevated in tumor sections (Figure 8, D and E). Cdc2 was
next IP and examined on the ability to phosphorylate C/EBPa. at
S193. Figure 8E shows thatkinase activity of cdc2 toward WT C/EBPa.
was increased in liver tumors. This phosphorylation involves S193,
since cdc2 does not phosphorylate S193A-C/EBPo. mutant. Since
cdk4 phosphorylates C/EBPa during DEN/PB-mediated carci-
nogenesis, we examined expression and activity of cdk4 as well as
expression of proteins that regulate activity of cdk4. We observed
a significant elevation of cdk4, cyclin D3, and cyclin D1 in liver
tumors. Interestingly, only cyclin D1 was elevated on both mRNA
and protein levels, while protein levels of cdk4 and cyclin D3 were
elevated, but mRNAs not changed or reduced (Figure 8, C and D).
Co-IP studies revealed that gankyrin and cyclin D1 were associated
with cdk4 in tumors. Taking together the increase of cdk4-cyclin
D1/D3 proteins and association of cdk4 with gankyrin, we inferred
that cdk4 is activated in tumor sections. To further test this, cdk4
was IP and examined in in vitro kinase assay with C/EBPa. sub-
strate. Figure 8G shows that the kinase activity of cdk4 toward
C/EBPa. is much stronger in liver tumor sections. Experiments
with WT and S193A mutant of C/EBPa showed that the activated
cdk4 phosphorylated C/EBPa at S193. Based on these observa-
tions, we propose the following mechanisms of the age-associated
development of cancer in the liver. Similar to DEN/PB, aging acti-
vates cdc2 and cdk4, leading to the complete conversion of C/EBPa
into S193-ph isoform. This conversion leads to the interactions of
ph-S193-C/EBPa with gankyrin, which delivers C/EBPa to protea-
some-mediated degradation, leading to cancer (Figure 8H).

Discussion
C/EBPa.is a strong inbibitor of liver proliferation. Proliferating livers neu-
tralize growth inhibitory activity of C/EBPa by dephosphorylation
at S193 (10, 15, 17). To determine whether the phosphorylation at
S193 will protect livers from cancer, we generated C/EBPa-S193D
knockin mice. Investigations of the liver proliferation after PH in
C/EBPa-S193D mice have shown that the liver proliferation is dra-
matically inhibited by the phosphomimetic mutant of C/EBPa
in young mice. These studies clearly demonstrated that C/EBPa.
should be dephosphorylated at S193 to allow liver proliferation.
It is interesting to note that examination of C/EBPa-APHR mice,
in which S193 was deleted, did not find differences in liver prolif-
eration in these animals compared with WT mice after PH (24).
In light of our new data with the C/EBPa-S193D knockin mice,
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it is clear that the lack of differences in liver proliferation between
C/EBPo—~APHR and WT mice is associated with a neutralization
of C/EBPa. activity in livers of WT mice after PH by dephosphory-
lation at S193. In addition, the studies of liver regeneration in
C/EBPo—~APHR mice have been limited to the analysis of a single
time point, 48 hours after PH, which is not sufficient and does not
show whether the whole course of liver regeneration is affected in
these mice. Our studies of liver regeneration at several time points
within 15 days after PH demonstrated that S193D mutant and
ph-S193 isoforms of C/EBPa are strong inhibitors of liver prolif-
eration and that proliferation of the liver requires dephosphoryla-
tion of C/EBPa or complete elimination of the protein. It is also
important to note that studies of liver cancer in DEN/PB model of
carcinogenesis and in liver cancer of old mice showed that C/EBPa
needs to be degraded or neutralized to allow liver proliferation.
Liver cancer eliminates the “active” ph-S193 isoform of C/EBPo. by
activation of gankyrin-UPS pathways. Given the strong inhibition
of liver proliferation by C/EBPa-S193D after PH, we expected
that the C/EBPa-S193D mice should be resistant to liver cancer
because C/EBPa-S193D cannot be neutralized by dephosphory-
lation. Surprisingly, we found that these animals became more
sensitive to the development of liver tumors due to specific deg-
radation of C/EBPa. Examination of cancer that naturally occurs
in livers of old mice revealed a number of similarities in the
molecular basis for the liver cancer in young mice under DEN/PB
protocol and in livers of old mice (Figure 6E and Figure 8H). The
key events of the cancer development include the following: (a)
activation of cdc2 and cdk4 kinases, which completely convert
C/EBPa into ph-S193 isoform, and (b) the elevation of gankyrin,
which delivers ph-S193 isoform of C/EBPa to the proteasome to
be degraded (see Figure 8H). In support of this hypothesis, we
found that the treatments of old mice with DEN/PB also led to
the faster elimination of ph-S193 isoform of C/EBPa and to the
earlier development of tumors. It has been suggested that liver
cancer might arise from the proliferation of transformed pro-
genitor cells. Therefore, we examined the livers of S193D mice
for expansion of progenitor cells. Immunostaining of the livers
with markers of progenitor cells by double staining with o feto-
protein and cytokeratin 19 failed to detect a difference between
WT and S193D livers (data not shown). This result suggests that
the accelerated cancer in S193D mice is because of the loss of
C/EBPa-mediated negative control in mature (differentiated)
hepatocytes. During development of liver tumors, 2 kinases are
involved in the conversion of C/EBPa into ph-S193 isoform: cdk4
and cdc2. The mechanisms of activation of cdc2 and cdk4 in liver
tumor differ. While cdc2 is elevated by increase of cdc2 mRNA,
cdk4 is activated by stabilization of protein and by removing p16
from the cdk4. The identification of cdc2 as the enzyme that
phosphorylates C/EBPa at S193 was quite surprising, since it
also suggested that cdc2 might increase growth inhibitory activ-
ity of C/EBPa in livers that do not express gankyrin. In fact,
we found that cdc2 does enhance growth inhibitory activity of
C/EBPa. at later stages of liver regeneration when livers have to
stop division. Our data are consistent with previous observations
showing the prooncogenic role of gankyrin in livers. Gankyrin
is a small molecule (25 kDa), which also was discovered as 26S
proteasome regulatory subunit p28 or p28SANK (21, 25). Further
studies have shown that the expression of gankyrin is elevated
in a number of hepatocellular carcinoma (HCC) (22). It has also
been shown that the inhibition of gankyrin by siRNA reduces cell
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growth (23). Little is known about mechanisms of gankyrin func-
tions in HCC. It has been shown that gankyrin binds to MDM2/
HDM2 and enhances ubiquitination and degradation of p53
(25, 26). Gankyrin contains the LACDE motif and interacts with
RbD, leading to reduction of Rb (26). This interaction is involved
in the conferring anchorage-independent growth on NIH 3T3
fibroblasts. In addition to the interaction with Rb, gankyrin
also binds to cdk4 and displaces p16™&4 from cdk4, leading to
the activation of cdk4 (27). Our data revealed a new target for
gankyrin — the active ph-S193 isoform of C/EBPa. The ph-S193
isoform of C/EBPa. is associated in old livers with Brm, Rb, and
HDAC1 (17). Our data show that liver tumors in old mice have
reduced protein levels of 3 components of this complex: C/EBPa,
Rb, and HDAC1. We suggest that gankyrin might trigger degra-
dation of these proteins as components of the ph-S193-C/EBPa.
complexes. Although the reduction of Rb and p53 contributes to
the liver cancer, the elimination of C/EBPa seems to be the most
important event because the lack of C/EBPo in S193D mice after
DEN/PB treatments leads to the earlier tumor development. An
important question is how liver cancer activates gankyrin. Our
data show that the levels of gankyrin mRNA are increased in liver
tumors, suggesting the gankyrin promoter is activated by cancer.
We are now examining mechanisms by which cancer activates the
gankyrin promoter. In summary, we present molecular basis for
the liver cancer that includes specific elimination of the growth
inhibitory isoform of C/EBPa by gankyrin-UPS pathway. This
information is quite significant because it will help to develop
therapeutic approaches that might lead the protection of degra-
dation of C/EBPa and to prevention of liver cancer.

Methods

Generation and genotyping C/EBP0-S193D knockin mice. C/EBPa. gene is
intronless. The C/EBPa-S193D mice were generated by replacement of the
endogenous C/EBPa gene with knockin construct that contained a substi-
tution of TC to GA in the position of S193 (see Figure 1A). This substitu-
tion led to the mutation of Ser to Asp and to alterations in restriction sites
for Mlul and BamH1. For experiments presented in this paper, we bred
heterozygous mice and have examined WT, heterozygous, and homozy-
gous mice from the same littermates. Experiments with animals have been
approved by the Institutional Animal Care and Use Committee at Baylor
College of Medicine (protocol AN-1439).

Antibodies and reagents. Antibodies to cyclin A, cyclin D1 (H-295), cdc2
(L-19), PCNA (FL-261), cdk4, Rb, p53, C/EBPot (14AA), gankyrin, and HA-
tag were purchased from Santa Cruz Biotechnology Inc. Monoclonal anti-
B-actin antibody was from Sigma-Aldrich. CHX and MG132 were from
Sigma-Aldrich. BrdU uptake assay kit was from Invitrogen.

Kinase assay. Cdk4 and cdc2 were IP from nuclear extracts, and these IPs
were examined in in vitro kinase assay as described (9, 15). WT C/EBPo.and
S193A-C/EBPa were used as substrates.
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PH. PH was performed with 2-month-old WT and C/EBP0ai-S193D mice
as described in our earlier publications (9, 15, 19). 70% of the liver was
surgically removed, and regeneration was allowed to proceed for 8, 24, 36,
48, and 72 hours. Livers were collected and frozen in liquid nitrogen. Four
animals at each time point after PH were examined.

Protein isolation and Western blotting. Nuclear extracts were isolated from
cultured cells and from livers as described in previous papers (17-19).
Nuclear extracts were isolated from mouse livers at 0, 8, 24, 36, 48, and
72 hours after PH, loaded on the gradient (4%-20%) PAAG, and analyzed
by Western blotting.

Co-IP. C/EBPa. or cdk4 was IP from nuclear extracts with polyclonal anti-
bodies, and the presence of gankyrin, cdk2,and p16 in these IPs was examined
by Western blotting with monoclonal antibodies to mentioned proteins.

BrdU uptake. BrdU was injected in animals 2 hours before animals were
sacrificed. Livers were harvested and stained with antibodies to BrdU as
described in our papers (18, 19).

DEN/PB protocol of liver carcinogenesis. Liver tumors were induced by DEN/PB
tumor liver induction protocol as described (8). 5 ug DEN/g body weight
was injected into WT and S193D mice, and then mice were provided with PB
(0.05%) in drinking water. Animals were sacrificed at 6, 10, 20, 25, 30, and 35
weeks after DEN injection. Livers were harvested and analyzed as described
above. Eight to ten animals of each genotype were used per time point.

Examination of gankyrin-mediated degradation of C/EBPo. in mice and in
cultured cells. For studies in animals, WT, S193D, and S193A C/EBPa
were linked to HA-tag and the plasmids were injected in mice treated for
25 weeks with DEN/PB. Protein extracts were isolated in 24 hours and
examined for expression of HA-C/EBPa. using antibodies to HA-tag. For
tissue culture studies, WT C/EBPa and S193A mutant were cotransfected
with HA-ubiquitin and gankyrin into HEK293 cells, which express high lev-
els of cyclin D3-cdk4 and phosphorylate WT C/EBPa at S193 (20). Protein
extracts were isolated and C/EBPa was IP with polyclonal Abs. The IPs were
probed with antibodies to HA-tag and with antibodies to C/EBPa.

Statistics. Bar graft data (mean + SD) were generated by 2-tailed Student’s
t test from 3 independent experiments. Differences were considered sig-
nificant at P < 0.05.
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