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ABSTRACT

The nuclear transcription factor, CCAAT/enhancer
binding protein o (C/EBPa) is expressed at high levels
in the liver and inhibits growth in cultured cells. We
have tested the correlation between C/EBP o levels, cell
cycle proteins and hepatocyte proliferation in old and
young animalsasan invivo model system in which the
proliferative response to partial hepatectomy (PH) has
been shown to be reduced and delayed in old animals.
Here we present evidence that the expression of
C/EBPa in old rats (24 months) differs from its
expression in young animals (6—10 months) during
liver regeneration. Induction of proliferating cell nuclear
antigen (PCNA), a marker of DNA synthesis, occurs at
24 h after PH in young rats but is delayed and reduced

in old animals. Induction of the mitotic-specific protein,
cdc2 p34, is 3—4-fold less in regenerating liver of old
rats than in the liver of young animals, confirming the
reduced proliferative response in old animals. In
young rats, the normal regenerative response involves

a reduction of 3—4-fold in the levels of C/EBP o protein
at 3—24 h. In old animals, C/EBP a is not reduced within
24 h after PH, but a decrease of C/EBP « protein levels
can be detected at 72 h after PH. Induction of C/EBP  j3,
another member of the C/EBP family, is delayed in old
animals. Changes in the expression of C/EBP proteins
are accompanied by alteration of the CDK inhibitor,
p21, whichis also decreased in young rats after PH, but

in old animals remains unchanged. High levels of p21
protein in older animals correlate with the lack of cdk2
activation. We suggest that the failure to reduce the
amount of C/EBP a and p21 is a critical event in the
dysregulation of hepatocyte proliferation in old animals
following PH.

INTRODUCTION

The effect of age on liver regeneration in rats and mice has been
the subject of numerous investigations showing that the proliferative
response to partial hepatectomy in older rats is reduced and
delayed (1,2). The rate of DNArgthesis in young rats is biphasic
with peaks at 22—24 and 35-37 h after partial hepatectomy (PH).
In old animals, a delayed, single and broad peak of DNA
replication initiating at 30—36 h was observed. The levels of DNA
polymerase and DNA replication in regenerating livers of aging
mice were also reduced and delayed compared to young animals
(3). Recently, we demonstrated that C/&B&a crucial regulator

of liver proliferation: hepatocytes in C/EBRnockout mice had
increased DNA synthesis at birth compared to normal animals
and hepatocyte proliferation continued at a high rate (30—40%)
relative to control littermates (3%) at day 17 of life (4). The
observations of this genetic knockout model and the reported
delay in the regenerative response in aged animals prompted our
examination of the regulation of C/EBRXxpression in livers of

old rats. The nuclear transcription factor, C/&GBR member of

the bzIP family of proteins, is expressed at high levels in
differentiated hepatocytes and plays a significant role in adipose
tissue differentiatiof5—-8) and in ontrol of cell proliferation.
Overexpression of C/ERPFin cultured mammalian cells leads to
growth arrest (5,9-11). lthough C/EBR mediated growth
arrest of mammalian cells in culture is well documented, the
molecular mechanisms by which this factor inhibits growth are
not well understood. One pathway of C/EBRediated growth
arrest was suggested by experiments with a stably transformed
human cell line that conditionally expressed high levels of
C/EBRx (10). C/EBR inhibited growth of these human
fibrosarcoma cells through the stabilization and elevation of p21
protein level (10). Bcently we have shown that the hepatocytes
of newborn C/EBB~—mice have several characteristics specific
to dividing hepatocytes: increased DNA synthesis, low levels of
p21 and high levels of the S phase specific protein, PCNA (4).
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Flodby et al. also described an increased frequency of PCNMicron Separation, Inc.) using electroblotting. To equalize the
positive hepatocytes in the liver of C/EBHBeficient mice (12). protein loading, a preliminary filter was stained with Coomassie
The p21 protein, an inhibitor of DNA synthesis and cyclinblue to verify the measured protein concentration. After detection
dependent kinases (CDKs), was discovered as an mRNA that wdsspecific proteins, each filter was reprobed with antibodies to
overexpressed in senescent fibrobl@k?s. p21 is also known as (-actin (Sigma) or with antibodies to cdk4. TBwactin control,
SDI-1 (senescent derived inhibitor-)3), WAF-1 (wild type shown for westerns presented in the paper, was used for
p53 activated fragment 1)4) and as CIP-1 (CDK inteiitgy  quantitation of protein expression in young and old rats. The level
protein 1) (15). Invemyation of p21 function, carried out in of the proteins was calculated as the rati@-&xtin. Filters were
cultured cell lines, has shown that the general mechanism of pltbcked by 10% dry milk, 2% BSA prepared on TTBS (20 mM
action is inhibition of cyclin dependent kinases resulting infris—HCI, pH 7.5, 150 mM NaCl and 0.05% Tween-20) buffer
growth arrest in the (phase of cell the cycle (16). p21 has alscsaline. Incubations with primary and secondary antibodies were
been shown to interact with PCNA, a protein that is involved iarried out according to recommendations for each antibody.
DNA synthesis, and to inhibit proliferation through this interactiorD.5% dry milk was added to TTBS and this solution was used for
(17). p21 mediatedhhibition of CDK activities is complex and incubation with antibodies. For analysis of the p21 protein, two
depends on whether the p21/cdk complexes contain one p@ifferent antibodies were used: a monoclonal antiserum, cp36
molecule (this complex is active) or two molecules of p21 (kinas@ift from W.Harper, S.Elledge and E.Harlow) and a polyclonal
activity is not preseni)18,19). antiserum M-143 (Santa Cruz Biotechnology). All antibodies
Here we present evidence that C/BBihd p21 expression in  showed similar results. Antibodies to C/EBE4AA), C/EBHB
hepatocytes in old rats (24 months) following PH is regulateC-19), PCNA, cdk4 and cdc2 p34 were from Santa Cruz
differently from young animals and shows significantly delayediotechnology. Immunoreactive proteins were detected using the
reduction in the levels of these proteins compared to their youegphanced chemiluminescent (ECL) protocol (Amersham).
(6-10 months) counterparts. The regulation of p21 in regenerating
livers is likely to be C/EB& dependent, because C/EBBan o
protect p21 from degradation in nuclear extracts (4). Failure to
reduce p21 and C/EBFin old rats is coincident with alteration Total RNA was isolated as described (10). fitydive pg of total
in the expression of a number of cell cycle associated proteins. \R§A were loaded on 1% agarose-2.2 M formaldehyde gel,
propose that the failure to lower C/EBRNd p21 protein levels transferred onto a membrane and hybridized with specific probes.
is responsible for the delay in the synthesis of DNA which igach filter was hybridized sequentially with C/EBRC/EBH3
observed in old rats relative to young. and 18S rRNA specific probes as described (10)n@ation of
northerns was performed using phosphor imaging. The levels of

C/EBRx and C/EBIB mRNAs were normalized to the 18S rRNA
MATERIALS AND METHODS control.

NA isolation and northern analysis

Animals and partial hepatectom
P P Y Stability of p21 protein in nuclear extracts

Fischer 344 rats of 6—-10 months (young) and 24 months (old)
age were used in these studies. Approximately 70% of the livi
was surgically removed and regeneration was allowed to proce!
for 30 min, and 3, 6, 12, 24, 48 and 72 h. Three to four anim
at each time point were used for young and old rats. Animals we
sacrificed under anesthesia. Livers from untreated animals wet
used as the point 0 controls. Sham operations were performed in

parallel to the hepatectomized animals and served as a control fimunoprecipitation and kinase assay
the stress response.

§Pl stability in nuclear extracts was examined as described in our
EE?vious paper (4). Briefly, bacterially expressed p21 protein was
gcubated with NEs from regenerating livers of young and old rats
r 30 min at 37C and analyzed by western blotting with

8ch|ona| (H-164) or monoclonal (187) antibodies as described (4).

Cdk2 was precipitated from nuclear extracts (RQZ500 pl)

using polyclonal antibodies (Santa Cruz Biotechnology). Immuno-

Protein isolation and western analysis precipitates were resuspended inuBOf kinase buffer: 25 mM
Tris—HCI pH 7.5, 5 mM MgGland 5 mM DDT. Fiveul of the

Liver nuclear extracts (NE) were isolated as follows. Livers werguspension was incubated witlud. histone H1 in the presence

homogenized in buffer A containing 25 mM Tris—HCI, pH 7.5,0f 1 uCi of [y-32P]ATP for 30 min at 37C. Samples were loaded

50 mM KCI, 2 mM MgC$, 1 mM EDTA and 5 mM DTT. Nuclei on 0.1% SDS-12% polyacrylamide gel, blotted on nitrocellulose

were pelleted by centrifugation at 5000 r.p.m. for 10 min andliter (BioRad) and exposed with X-ray film. To examine the

washed with buffer A. Supernatant (cytoplasm) was frozen. Higamounts of cdk2 in IPs, the membrane was probed by western

salt extraction of proteins was performed by incubation of nuclgissay with antibodies to cdk2. The data described in this paper

with buffer B [25 mM Tris—HCI, pH 7.5, 0.42 M NaCl, 1.5 mM represent six repeats with two independent isolations of NEs from

MgClp, 1 mM DTT, 0.5 mM EDTA and 25% sucrose] for 30 mintwo animals per each time point.

on ice. After centrifugation, the supernatant (nuclear extract) was

divided onto small fractions and kept at =80 Western analysis Immunostaining with antibodies to PCNA

was carried out as described (10). Briefly-500ug of nuclear

proteins were loaded on 12% polyacrylamide—0.1% SDS gel. Assue was fixed overnight in 10% formalin, paraffin embedded

15% gel was used for low molecular weight proteins. Afteand stained for PCNA using anti-PCNA (Dako) and AEC

separation, proteins were transferred onto membranes (NitroBindectastain).
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RESULTS A YOUNG OLD
The proliferative response after PH is delayed in old rats

A reduction in C/EBR expression during liver regeneration in

rats has been previously described (20—283aBse the reduction e

in C/EBRx precedes DNA replication in young animals, it has - &

been speculated that the levels of C/EBR the normal liver - ’

must be reduced for cell proliferation to occur. The delaye & Ty »

response of older animals to PH provided a model in which w o P RS, 8

could observe whether C/EBRhanges occurred with the same : -

kinetics as in the young or whether C/EBBorrelated with : 3 .

hepatocyte proliferation. To investigate the effect of aging o y . B

C/EBRu in liver, we measured this protein by western blotting ir N A P . "

young (6-10 months, three per time point) and old rat ) - )

(24 months). Sham operated rats served as the cowieol. . 5 S et 2

initially verified that the proliferative response is reduced anc . s o g AP T e (o)

delayed in old animals after PH. In young rats, DNA synthesis iy b T

reported to take place between 16 and 26 h with a peak at 22—2 . P . ]

after PH (1,23).Hepatocyte proliferation in young and old AR L P o K0 PR

animals in our study was investigated by measuring PCN. LA o N e :

expression using immunostaining of tissue sections (Fig. 1A) as

well as western blotting (Fig. 1B and C). The number of

PCNA-positive hepatocyte nuclei at 24 h after PH clearly B WESTERN

increases in young, but not in old animals (Fig. 1A). In young

animals,[65% hepatocytes are PCNA positive at 24 h after PH.

In old rats, PCNA positive nuclei (50%) are detectable at 48 h YOUNG oLD

indicating a delayed response to PH. Western analysis of PCNA HRS D 3 62448 0 3 62448

(Fig. 1B) shows that PCNA levels were increased at 24 h after

surgery in young animals, indicating a normal proliferative

response. Densitometric analysis of PCNA expression showed that cdk4 L -

PCNA levels in old rats are decreased at 3 and 6 h and return 8

control levels at 24 h. A slight induction is observed only at 48 h

(Fig. 1C). Thus, both the number of cells entering S phase and th&id induction

total amount of PCNA are reduced in old rats relative to the younggtio to cdk4

animals after PH. 6 - Young o young—o/d
To confirm the reduced proliferative response in old rats, we | PENA expression

examined the level of cdc2 p34 protein as a second measure of the

proliferative status of the cells. This kinase plays an important | young od  young od  young oid

role in the transition of cells through @ M phase (24,25). Cdc2 4

p34 is not detectable in quiescent hepatocytes from either young

or old rats. Within 48 h following PH, a strong induction of cdc2 3 |

p34 is observed in young rats, however, in old rats the induction |

is moderate (Fig. 2). The induction of cdc2 p34 in old rats is, |

3—4-fold less than in young rats. In addition, inducible cdc2 p34

protein in young rats consists of two bands, whereas cdc2 p34 ip|

old rats migrates as a single protein. The upper immunoreactive band

seen in regenerating livers is the phosphorylated form of cdc2 p34 5

as treatment of proteins with increasing amount of alkaline 0 3 6 24 48

phosphatase (AP) resulted in a shift of the upper band to the position HRS AFTER PH

of the b(-)ttom one (Fig. 2, |OV\{6'I’ panel). This observation shows that'gure 1. The proliferative response to PH in old rats is delay&}iLivers

expression and phosphorylation of CFICZ 934 (;Ilffers inyoung and Oraom young (6—10 months) and old (24 months) rats were collected at 6, 24 and

rats and reflects the degree of proliferation induced by PH. Thugg h’after PH (indicated on the left), fixed with formalin and stained with

examination of PCNA and cdc2 p34 expression showed that theonoclonal antibodies to the S phase specific protein, PEB)JAWestern

proliferative response in old rats is reduced and delayed. Tgfalysis of PCNA. Nuclear protein (3) isolated at different times after PH

determine the molecular basis for the delaved response in old Indicated on the top) was analyzed by western analysis with antibodies to PCNA.

- 8 - y p Ple membrane was stripped and reprobed with antibody to &jKaefsitomet-
we examined the expression of C/EBRhich has been shown to  ric analysis of PCNA expression. PCNA levels were calculated as a ratio to cdk4.
inhibit hepatocyte proliferation (4). The average of three independent experiments is shown.

6 hrs

24 hrs

48 hrs
»
-
L
»
s

PCNA T — — -




3296 Nucleic Acids Research, 1998, Vol. 26, No. 13
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Figure 2. Induction of cdc2 p34 protein in old rats is reduced compared to an
induction in young animals(Upper) Western analysis with cdc2 p34 i
antibodies was performed as described above. Laser densitometry analysis and [
quantitation of cdc2 p34 levels as the ratio to cdk4 indicated that, in young rats,
the level of cdc2 p34 at 48 h is 3—4-fold higher than in old atsvér) The

upper band of cdc2 p34 is the phosphorylated form of cdc2. Nuclear extracts_. . . _ .
(NE) from young (left) and old (right) rats were treated with increasing amounts F19ure 3. (A) C/EBRx protein levels are not reduced in old rats within 24 h in
(indicated on the top), alkaline phosphatase (AP). After the treatment, proteins/®SPonse to PH. Nuclear protein (56) isolated at different times after PH
were analyzed by western blotting. Positions of phosphorylated (p-cdc2) andg;?gg?éedv\?gsttg; t%?cztg\;\%rewirr]glﬁﬁg t\:ala;vepséffgn?ggly:;tse rvwsttrl]'i;;trllzogrllzs to
unphosphorylated (cdc2) forms are shown on the left C/EBRx membrane K) Reduction of C/EBE in old animals is shifted to 72 h
after PH. Proteins were isolated from old rat livers and analyzed by western with
antibodies to C/EB®. Two animals for 48 and 72 h are shown.

The levels of C/EBFR protein are not reduced in the livers

of old rats within 24 h after PH

Reduction of C/EBR in young animals in response to PH hagWith the observation that although the proliferative response in
been described by several gro(®3-22). To determine whether old animals is reduced, livers finally restore their original mass.
the levels of C/EB® protein were similarly reduced in old

animals, we examined C/EBRprotein levels at different times nqyction of C/EBP in old rats is delayed, but is ultimately

after PH in these animals. Three animals were studied for mQgleater than in young animals

time points. Figure 3 shows a representative western analysis.

C/EBRa mRNA produces two C/EBPisoforms, 42 and 30 kDa, Expression of another member of the C/EBP family, C{EBBRs
presumably by a ‘leaky ribosome scanning’ mechaf@6n28). been shown to be induced in young rats in response to PH. We
A reduction of both C/EB#®isoforms in young rats was observedexamined this protein in old animals after PH by northern and
by 3 h after PH with maximum decrease at 12-24 h, in googlestern assays. Several published studies showed that, in young
agreement with previously published observatigh0-22). rats, expression of both C/EBRranslation isoforms, LAP and
The pattern of C/EB# expression in old animals is quite LIP, is induced at 3 and 6 h after PH (21,22). Northern analysis
different. C/EBR levels are not reduced. In some old animalswith total RNA from young and old rats isolated at various times
C/EBRx induction was observed at 3 and 6 h (Fig. 3B and datfter PH showed that, in young rats, induction of C/EBIRNA

not shown). Sham operated animals did not show changesvims consistent with previously published observations. In old
C/EBRu expression. There was little variation in C/EBP rats, however, C/EBPmMRNA was not induced within this 3-6 h
expression among the animals at each time point although a sligihte frame, but was shifted to 12—24 h after surgery (Fig. 4A).
reduction of C/EBR was detectable in one old rat at 24 h afteReprobing the filter for C/EB® shows an inverse pattern of
PH. Western analysis on nuclear and cytoplasmic proteimeRNA expression. When C/EBPMRNA induction is at its
showed that C/EB® is located in nuclei at all stages of liver maximum, C/EBR is reduced. The expression of C/HBP
regeneration in both age groups (data not shown). Thus, tpeotein isoforms in young and old rats is in agreement with the
hepatocytes of old rats were shown to maintain C(ERRels  expression of its mMRNA. Both C/EBsoforms (LAP and LIP) are
within first 24 h after surgery, unlike the situation in youngeilinduced in old rats at the later times (12—24 h) (Fig. 4B), but to
animals. To examine whether older animals never downregulat@her levels. Thus, although induction of C/EBProtein is
C/EBRx or whether C/EB®& reduction occurs at a later time, two delayed in old animals compared to young, the amount of induction
additional time points were examined: 48 and 72 h after PHb greater. Itis interesting to note that the truncated (BERROrm,
Figure 3B shows western analysis of C/EB#pression in old LIP, is induced at higher levels in all animals than LAP resulting in
rats after PH. C/EB® protein levels are reduced in old animalsa change of the LAP/LIP ratio (Fig. 4B). The relative abundance of
between 48 and 72 h after PH. Itis interesting to note that PCN&EBH3 isoforms in young and old rats wiak:1 suggesting that
immunostaining in old rats correlates with C/EBReduction  LIP levels are adequate to inhibit the activity of other bZIP proteins
(Fig. 1). Thus, we conclude that, in older animals, CHEBP by heterodimerization and may thereby inhibit genes with promoters
reduction is shifted to a later time. This conclusion is consisterbntaining C/EBP consensus sites.
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- Figure 5.(A) Regenerating livers in old animals have high levels of p21 protein.
Lir = - - Nuclear proteins (10Qg) isolated from young and old rats at different time
points after PH were analyzed by western blotting with p21 specific antibodies.
[-actin - ——— — Analysis of two sets of hepatectomized animals is shown. Sham operated rats

served as the controB) Stability of bacterially expressed C-p21 in nuclear
extracts isolated from young and old animals at different time points (indicated

c on the top) after PH. C-p21 was incubated withg5of NE for 30 min as
described in Materials and Methods and analyzed by western with polyclonal
antibodies H-164 (SC).

% of point O

O g cEare ' ] young and old rats. Sham operated animals were used as the

soo| H ciEspp control and these did not show changes in p21 expression after
surgery. The p21 level in young rats was dramatically reduced at

“0e 3-24 h, however, in old animals no reduction was observed. Some

old animals showed a slight induction of p21 at different times
after PH (Fig. 5A). Thus, in hepatocytes of old rats, p21 protein
does not decline in response to PH.

300
200
i || N N
- | ﬂ ﬂ I] p21 degradation is reduced in liver nuclear extracts from old
n L -
0o 3 0 3

12 24 48 - 12 24 48 HRS rats
YOUNG oLD

We have previously found that p21 protein is the subject of
specific degradation in nuclear extracts isolated from livers of
Figure 4. Induction of another member of the C/EBP family, C/BB&tcurs young animals at 3 and 6 h after PH (4). We have also shown that
slightly later in old rats after PHAJ Northern analysis of C/ERPand C/EBB bacterially expressed C/EBFcan protect p21 degradation in
MRNA expressian In yourg and old fate in fesponse 10 P T otal RNA Washese extracts (4). Since older animals do not reduce @/EBP
isolated from rat livers at different times after PH and analyzed by northern wit . . e
specific probes. The membrane was sequentially hybridized with @Q/EBP h!evels at3and6h, one possible meChamsm of p21 stablll_zatlon
C/EBFB and 18S rRNA probegB) Induction of C/EBB isoforms, LAP and is that C(EBB blocks Its degradation. Ther_e_fore, we _examlned
LIP, in old rats is delayed after PH. Western analysis of nuclear extracts fronthe stability of bacterially expressed, purified p21 in nuclear
young and old rats was carried out as described above. Positions of th@ C/EBRextracts from young and old rats. To distinguish bacteria”y
isoforms, LAP and LIP, are shown on the |gfactin staining of the same filter ; ~ ; ;
shows relative protein loadingC) Quantitation of C/EBR and C/EBB e;(przelssce:d I32211 from the;:ndor?enous pro_teln, aCF.term";aBlp?]rtlon
mMRNA levels was done using phosphor imaging. The levels of GIEBE of p21 (C-p ) was used in t 1ese eXpe”mentS' Figure 55 shows
C/EBAB mRNA were calculated as the ratio to 18S rRNA. Three independentthat degradation of C-p21 in older animals is significantly
experiments were used for these calculations. reduced compared to that in nuclear extracts from young rats
(containing lower levels of C/ERP at 3 and 6 h post-hepatectomy.
This observation is consistent with a C/EBfRediated stabilization
Alterations in p21 protein levels correlate with C/EBFRx levels  of p21 in liver (4) and wgests that the altered regulation of

. S . o . C/EBRx and p21 in old rats after PH, in turn, changes the kinetics
C/EBRu is an inhibitor of proliferation in cultured cells and in g cycle progression.

developing liver and regulates the level of p21 prq#it0). The
reduction of these two proteins at 6-24 h frame after PH may EBPa down-regulates cdk2 kinase activity in the liver of

necessary to allow normal proliferation of hepatocytes (4). Bewborn mice and in older animals after PH
speculated that the expression of p21 protein might be changed

in old rats because of the alterations in the response of G/EBPB21 has been shown to interact with cdk2 and control its kinase
to PH. Figure 5A shows a representative western with two setsadtivity in cultured cells (15). Given the failure of old rats to reduce
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Histone H1 kinase assay animals, the proliferative response to PH was significantly
delayed although full restoration of liver mass eventually
occurred (1,2). Wile the molecular basis for this delay is not

A LIVER REGENERATION known, alterations in the expression of numerous proteins have
been well documented in regenerating hepatocytes of young
YOUNG OLD animals (23). C/EBP proteins ateumdant in liver and are good
HRS 0 6240 624 candidates for regulation of hepatocyte proliferation because of
- their role in growth arrest of cultured cgls9—-11). Their growth
H - @ related activitiesn vivo, however, are not clearly understood.
—— C/EBRu is highly expressed in quiescent hepatocytes and is
edk2 — - - - reduced when hepatocytes undergo divigd—22). Bcause

C/EBRu is an inhibitor of cell proliferation, the high levels of
C/EBRu in regenerating livers of old rats might well act to

B C/EBPu KNOGKOUT maintain the non-dividing homeostatic condition by affecting the
expression of cell cycle associated proteins. Here we examine the

He - kinetics of expression of p21, cdk2 and cdc2 p34 to better
H1 = . understand the molecular changes that account for hepatocyte

proliferation. C/EBRx has been shown to elevate the protein
levels of p21 in cultured cel{(&0,29). Our radts with newborn

and suckling C/EB& knockout mice showed that, in the absence
of C/EBRy, p21 levels are greatly reduced and hepatocyte
proliferation is increased at birth and continues for up to 2 weeks,
Figure 6. (A) Activation of cdk2 does not occur in old animals in response to at which time, genetically normal hepatocytes have a low level of
PH. Cdk2 was precipitated from nuclear extracts isolated at 0, 6 and 24 h after Pigroliferation (4). In this paper, we show that regulation of

Histone H1 kinase activity of the cdk2 was examined as described in Materials a i i i i
Methods. The same membrane was probed with antibodies to BjK2dK2 né/EBR} expression in old rats is deranged followmg the

kinase activity is induced in the absence of CA£BBdk2 kinase activity was regen_eratlve St'mUIUS of PH. The expression OT the cell cycle
analyzed in IPs from C/EBPknockout livers () and from genetically normal ~ @ssociated proteins, (PCNA and cdc2 p34), putative targets of the
littermate (+/+). The bottom panel shows the level of cdk2 in livers. p21 is altered. In addition to the observation that older animals
failed to reduce C/EB® protein levels in response to PH, the
C/EBRu and p21 in response to PH, we asked whether cdk2 activiyEBRt mRNA was shown to be 2—-3-fold induced in old animals
might be altered. To examine this possibility, we determined cdka& 3 h after PH. We have observed that, in some old animals,
kinase activity in young and old rats in response to PH. Cdk2 wabange in C/EB&® mRNA levels does not always lead to
immunoprecipitated from nuclear extracts and its activity waexpected alterations in protein levels, suggesting that post-
examined using histone H1 as a substrate. Figure 6A shows ttranslation events are also involved in the regulation of CdEBP
cdk2 kinase activity is induced in young animals in 24 h after Phvels in liver. Flodbyet al. have also described that although the
in agreement with previously published observations. HoweveEG/EBRx protein reduction correlates with a decrease of mRNA,
in old rats, cdk2 kinase activity is not changed. Reprobing thie kinetics of reduction are slightly differe(®2). Because
same filter with antibodies to cdk2 showed identical amounts @xpression of C/EB®mMRNA during liver regeneration has been
cdk2 in IPs. We suggest that the kinase activity of cdk 2 ishown to be regulated at the level of transcri{@a), we siggest
regulated during liver regeneration by p21 protein whose levethat old animals have lost the appropriate transcriptional control
are reduced at 24 h in young animals, but not in old rats. Taf this gene. A careful analysis of C/E@Promoter will be
determine whether cdk2 activity is regulated by C/&BHiver,  required to understand the multitude of regulatory factors that
we studied cdk2 kinase activity in wild type and in C/BBP influence C/EBR gene expression. The proximal region of rat
knockout livers. When cdk2 is immunoprecipitated from liverC/EBRx was recently characterized by Ranal.(30) and these
extracts derived from both genotypes and its kinase activity vitro studies of HepG2 cells showed that C/BB®Rs a positive
measured by phosphorylation of histone H1, we observed that cdigtjulator of the C/EBIPpromoter. We have found that the induction
in C/EBRx knockout mice isclLO-fold more active (Fig. 6B). of C/EBMB is delayed in old rats after PH. In both young and old rats
Because p21 levels are reduced in C/&@BRockout livers, we the induction of C/EBR correlates with the time of C/EBP
suggest that this reduction leads to induction of cdk2 activity. ThisRNA reduction (Fig. 4) suggesting that C/EBBRight be a
observation shows that, in liver, C/E@Rontrols cdk2 kinase negative regulator of C/EBPexpressionn viva
activity presumably through the regulation of p21 protein levels. Five proteins showed significant changes in their levels in old
rats compared to young: C/EBFC/EBRy, p21, PCNA and cdc2
DISCUSSION p34. The p21 protein has been shown to be reduced in the livers
of newborn mice deficient for C/EBP(4). C/EBR1 mediated
C/EBRu levels decrease before DNA synthesis in regeneratingpntrol of p21 protein in liver does not involve transcriptional
rat livers. Older animals serve as a model to test a hypothesis tregulation of the p21 gene, but rather increases in p21 protein
a decrease in C/EBP must take place before hepatocytelevels. We have shown that C/E@rteracts with p21 protein in
proliferation can proceed. If C/EBRexpression has no effect on mammalian cells suggesting that this interaction contributes to
cell growthin vivo, a reduction of C/EB#® might be predicted to p21 stability (4). The mechanism of p21 degradation in liver is
occur normally despite the delayed initiation of DNA synthesisunknown. We have observed that, in liver nuclear extiracitso,
Liver regeneration is affected by the age of the animal: in oldnd in growth arrested HT1 cells, stability of p21 correlates with
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high levels of C/EBB (10) stongly suggesting that this supported by NIH grants DK45285 (G.J.D.), AG13663 (G.J.D.),
stabilization is a part of the mechanism of C/EBRediated AG00765-01 (N.A.T.) and GM55188-01 (N.A.T.), by AFAR
growth arrest. Using C/ERPdeficient animals we showed that grant A 97161, by The Moran Foundation and by the Estate of
C/EBRu regulates cdk2 kinase activity presumably through th&velyn Lucille Hansen.
p21 protein (Fig. 6B). Failure to increase cdk2 activity in old rats
correlates with high p21 levels in cdk 2 immunoprecipitates. Our
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