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Changes in Expression of Cell Cycle Regulators and Their Hepatic
Lobular Distribution in Partial Hepatectomy-induced Regenerating

Rat Liver

Partial hepatectomy (PH) endorses quiescent hepatocytes to reenter the cell
cycle. The regenerating liver returns to its preresection weight after 7 days,
following one or two cell division and maintains nearly its original volume after
then. We focused on the inhibition of further hepatocyte proliferation, hypoth-
esizing possible involvement of cell cycle upregulators and inhibitors. We studied
protein levels in expression of cycling, cyclin dependent kinases (CDKs) and
CDK inhibitors (CKIs), and their in situ hepatic lobular distributions in partial
hepatectomized rat liver. Cyclin E was expressed in the same levels in normal
liver and after PH. Expression of cyclin A, not detected in normal liver, increased
in following times after PH and reached a maximum at 7 day. CDK2 and 4
showed increased expression toward terminal period. Contradictory findings of
cyclin A and these CDKs might play an important role in the inhibition of further
cell division, although still unclear. Constitutively expressed CDK6 decreased
after 1 day. p18 showed peak expression within 1 day, and p16, p21, p27 and
p57 were stronger at terminal periods. During the expected period of their activity,
intranuclear translocations were observed in cyclin E, p18 and p16. There was
no evidence of regional distribution in hepatic lobular architecture, instead, dif-
fuse in situ expression, corroborating synchronous event, was found.
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INTRODUCTION

In notmal adult animals, hepatocytes are highly differ-
entiated, and can remain for a long petiod in a quiescent
GO state (1). However, hepatocytes have the potential
to proliferate after chemical or physical partial hepatec-
tomy (PH) (2). Normal liver regeneration following PH
serves as an excellent model to study cell proliferation
and cell cyce control in differentiated and nontrans-
formed cells (3). After removal of the liver, the remaining
hepatocytes and nonparenchymal cells synchronously
entet the cell cycle, progress through G1 phase, and
reach maximum “H-thymidine uptake at 24 hr with sub-
sequent mitosis at 32 hr (1, 4, 5). Seven days after PH,
all hepatocytes divided once or twice and the liver
recovered its original mass (1, 6).

The eukatyotic cell cycle is regulated by signal trans-
duction pathways mediated by complexes of cyclin de-
pendent kinases (CDKSs) and their partner cyclins (7, 8).
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The catalytic activity of CDK is dependent on tyrosine
and threonine phosphorylation by CDK activating ki-
nases, binding to cyclins and interaction with CDK in-
hibitors (CKIs) (7, 9-14). CDK2, 4 and 6 in conjunction
with cyclin C, D and E have been implicated in the
passage through G1; while CDK1 and 2 complexed with
cyclin A and B seem to have critical importance in the
S and G2/M phases (7, 9-14). CDK inhibitots are nega-
tive regulatots of cell cycle. Two families of CKIs have
been desctibed; the Ink4 family and the Cip/Kip family
(15-17). The Inkd members include pl6, p15, p18, and
p19. They bind specifically to CDK4 and its homologue,
CDKO6. The Cip/Kip family includes p21, p27 and p57,
and they bind to and inhibit the activity of a wide range
of cyclin-CDK complexes, including cyclin D-CDKA4/6,
cyclin E-CDK2 and cyclin A-CDK2.

Recently, it has been reported that most of the pro-
teins of cell cycle regulators are already present in regen-
erating rat liver cells and most of them ate related to
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transcriptional and translational expression levels within
24-36 hr. They focus on cell cycle uptegulation, although
the detailed mechanisms are obscure. Intracellular locali-
zation with translocation of some of these cell cycle reg-
ulators was repotted this year (18), but the overall dis-
tribution tendency of protein expression within hepatic
lobular architectute was not tried. This experiment was
designed to decipher the consecutive timing throughout
7 day post-surgery and in situ hepatic lobular distribu-
tion of cell cycle mediators (uptegulators & inhibitors) ex-
ptession duting liver regeneration induced by PH.

MATERIALS AND METHODS

Experimental animals and partial hepatectomy

Two to three-month-old male Sprague Dawley rats
(200-250 g) were used for all outr expetiments. The ani-
mals were fed with labchow and water ad libitum, and
maintained with a 12-hr light/12-hr darkness schedule.
PH were petformed, according to Higgins and Anderson
(2), in which approximately 70% of the liver mass was
removed under ether anesthesia. Hepatectomized rats
were sacrificed at 6 hr, 12 hr, 16 hr, 1 day, 2 day, 3
day, 4 day, and 7 day post-surgery. Sham operated rats
were used as controls.

Liver sample preparations

Rat liver was petfused with normal saline through the
portal vein to temove RBGs. Removed livers were flash-
frozen in liquid nitrogen and stored at -80TC. For the
histologic studies, perfusion with normal saline was pet-
formed. Then, petfusion with 10% neutral buffered for-

Table 1. Antibodies to cell-cycle associated proteins*
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malin was continued for about 1 hr and removed livers
were sliced and fixed in 10% neutral buffered formalin

for 24 hr.

Protein extraction

Using a Teflon-glass homogenizer, 0.5 g of liver tissue
was homogenized in 1 mL of homogenization buffer (Ttis-
HA, pH 7.4, 20 mM; Nadl, 100 mM; NP-40, 1%; sodi-
um deoxycholate, 0.5%; MgCl,, 5 mM,; pepstatin, 0.1
mM; antipain, 0.1 mM; chymostatin, 0.1 mM; leupeptin,
0.2 mM; aprotinin, 0.4 mM; soybean trypsin inhibitor,
0.5 mg/mL). Tissue homogenates were centrifuged at
15,000 g for 5 min and the supernatant fraction was col-
lected. After measuring the protein concentration, aliquots

of samples stored at -80°C. All procedutes wete done at
4T.

Antibodies

Antibodies used in this study are listed in Table 1.

SDS polyacrylamide gel electrophoresis and immuno-
blotting

Proteins wete fractionated on 12% SDS-polyacrylam-
ide slab gels, according to Laemmli (19). The gels were
transferted into nitrocellulose membrane for 2 hr at 60
V. The membranes were preincubated in Ttis buffered
saline (TBS) including 10% defatted milk powder for 1
ht at room temperature. Then, adequately diluted anti-
bodies were added, and incubated for 1 ht. After washing
with TBS-0.1% Tween 20, membranes were incubated
with alkaline-phosphate-conjugated secondary antibodies
for 30 min. After washing with TBS-0.1% Tween 20 and

Target protein Host Specificity Application Cat. #
Cyclin E h P WB, IP, IHC SC-198
Cyclin A m M WB, IP, IHC SC-239
CDK2 h M WB, IP, IHC SC-6248
CDK4 m P WB, IP, IHC (F/P) SC-260
CDk6 h P WB, IP, IHC SC-177
p15 h P WB, IHC SC-613
p16 m M WB, IHC (F/P) SC-1661
p18 m P WB, IP, IHC SC-12078
p19 m P WB, IP, IHC SC-1063
p21 m M WB, IP, IHC SC-6246
p27 m M WB, IP, IHC (F/P) SC-1641
p57 m P WB, IHC SC-1039

h, human: m, mouse; P, polyclonal; M, monoclonal; WB, Western Blotting; IP, Immunoprecipitation; IHC, Immunohistochemistry;

F/P, formalin fixed, paraffin embedded

*All antibodies are purchased from Santa-Cruz Biotechnology, INC., Santa-Cruz, CA, U.SA)
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TBS, the teaction was visualized with nitro blue tetrazoli-
um/S-bromo-4-chloro-3-indoyl-1-phosphate.

Immunohistochemistry

Processed and paraffin embedded tissue blocks were
cut into 4-6 pum thickness onto Probe-on slides. They
wete deparaffinized with xylene and hydrated with de-
creasing concentrations of ethanol and washed with phos-
phate buffered saline (PBS). For the retrieval of nuclear
antigen, they were placed in Coplin jars, immersed in
citrate buffer and put in a mictowave for 5 min. LSAB
detection system was used for immunostaining as follows:
Pretreated slides were incubated in normal goat serum
for 30 min to block nonspecific bindings. The ptimaty
antibodies were incubated overnight at 4°C. Twice wash-
ing with PBS for 10 min followed incubation with ABC-
linked peroxidase solution, and tinsed with PBS for 10
min, two times. For colorization, AEC, 0.01% hydrogen
petoxide, Ttis buffer 50 mmol/L, pH 7.2 was applied un-
dl positive controls were detected. After the PBS wash,
the slides were mounted and microscopic examination
followed. Negative control slices were processed in the
same mannet, but the primaty antibody treatment was
omitted. For general inspection of liver motphology,
slices were stained with conventional hematoxylin-eosin.
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Fig. 1. DNA content analysis in normal and post-partial hepa-
tectomized rat liver. Fraction of S phase increases at 16 hr, and
fraction of G2/M phase peaks at 1 day. Note population of GO/G1
is higher at 7 day, than control.
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Flow cytometry

After petfusion with normal saline through portal vein,
the liver was removed, teased, filtered and trypsinized for
nuclear isolation. Isolated nuclei wete stained with pro-
pidium iodide and analyzed in a FACSott-flow cytometer
(Beckton Dickinson).

RESULTS

DNA content analysis by flow cytometry

S phase fraction for DNA synthesis increased 16 he
aftert PH (9.2%), when compated with sham-operated
control (8.7%). G2/M fraction increased from 16 hr till
2 day after PH, showing a peak in 1 day after PH
(43.9%). Resting hepatocytes corresponding to GO/G1
phase were more abundant in 7 day after PH (70.6%)
than in control (61.2%) (Fig. 1).

Changes in expression of cyclins

The expression of cyclin E was not changed through-
out control and sequential timing after PH, representing
constitutive expression (Fig. 2). In situ protein expression
showed no evidence of regional distribution in hepatic
lobular architecture and control liver showed diffuse in-
tracytoplasmic staining (data not shown). One notewor-
thy observation was earlier partial translocation (6 he
after PH) of cyclin E, showing both intracytoplasmic and
intranuclear localization (Fig. 3A, B). One day after PH,
the nuclear protein shifted to the cytoplasms (Fig. 3C,
D). The immunostaining density was telatively constant,
corresponding to the data of immunoblot. On the con-
traty, cyclin A was not detected in control and increased
after 12 hr to 7 day after PH (Fig. 2). Cyclin A was
not detected in liver tissue (data not shown).

0 6h 12h 1D 4D 7D

Cyclin E

Cyclin A

Fig. 2. Immunobilot for cyclins. Upper panel shows constitutive
expression of cyclin E, and lower panel shows increasing ex-
pression of cyclin A, according to sequential timing after PH
with a peak at 7 day.
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Fig. 3. In situ expression of cyclin E (A: 6 hr, X200, B: 6 hr, X200, C: 1 day, X100, D: 4 day, x200). The immunostaining densities
are constant. At 6 hr after PH, cyclin E shows both cytoplasmic and nuclear localization. One day after PH, the nuclear protein

retums to cytoplasms.

Changes in expressions of CDKs

CDK2, CDK4 and CDKG6 wete all exptessed in sham
operated liver, although CDK2 and CDK4 wete low in
signal. The expression of CDK2 and CDK4 increased
along with progtession in time after PH. On the con-
traty, CDKG showed similar expression in the eatlier pe-
riod after PH with control, and at 1 day after PH, the
expression decteased rematkably (Fig. 4). In situ expres-
sion pattern of CDKG showed similar immunodensities
with immunoblot in conttol, 6 hr and 12 hr after PH,
mainly in cytoplasms and specific regional distribution in
hepatic lobular architecture was not observed (Fig. 5).
With immunochistochemistry, CDK2 and CDK4 were
not detected (data not shown).

Changes in expression of CKls (Ink family)

Exptession of pl6 was lower in the earlier time (6 ht,
12 hr and 1 day) after PH than control and elevated
after 4 day, reaching a maximum at 7 day (Fig. 6). In
situ expression was similar to its immunodensities, that
is, lower at 12 hr and higher at 7 day (Fig. 7). Intra-
nuclear localization was noted at 7 day. There was no
regional tendency in distribution as well. p18 expression
was low in control, and showed two peaks after PH, of
which the first one was 6 hr after PH and in 12 ht, the
protein level was slightly decreased, and the second
stronget peak followed 1 day after PH (Fig. 6). From
4 day after PH, the expression decreased. In situ ex-
ptession of pl8 showed both intranuclear and intra-

cytoplasmic immunoreaction at 6 hr, and at 1 day after
PH, most of the immunoreaction was located in cyto-
plasms (Fig. 8). Seven day after PH showed remarkably
decreased immunoteaction which was similar to control
liver. No evidence of regional hepatic distribution was
noted. pl5 and pl9 were not detected in both the immu-
noblot and immunohistochemistry (data not shown).

Changes in expression of CKls (Cip/Kip family)

p21 was expressed low, p27 was obscure and p537 was
not detected in control liver. p21, p27 and p57 all show-
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Fig. 4. Immunoblot for CDKs. CDK2 and CDK4 (upper and
middle panels) show increasing expressions toward later period
after PH. CDK®6 (lower panel) shows similar expressions in con-
trol and early period, and soon decreases after 1 day.
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Fig. 5. In situ expression of CDK6 (A: 6 hr, X200, B: 12 hr, x200, C: 1 day, x100). Diffuse cytoplasmic detection of CDK8 in
earlier stages after PH soon decreases, well corresponding to the data of immunaoblot.

p16

p18

Fig. 6. Immunobilot for CKls (p16 and p18). Expression of p16
(upper panel) increases from 4 day and peaks in 7 day. p18
(lower panel) shows prompt increased expression from 6 hr
and second peak in 1 day, and decreases after 4 day.

ed increasing patterns of their exptession, toward the late
petiods, especially at 4 day and 7 day (Fig. 9). Using
immunohistochemistry, they were unable to stain.

DISCUSSION

Even though significant insight has been gained into
factors that promote hepatocyte proliferation, little is
known about mechanisms that regulate cell cycle pro-
gtession and inhibition in reconstruction after PH in vivo.
This comptehensive study of cell cycle parameters follow-
ing PH cotroborates the findings of several other research
groups (4, 18, 20-23) and further expands our knowledge
base by examining cell cycle control proteins, especially
CKIs. In addition, we tried in situ distribution of cell
cycle regulators expression to undetstand zonal tendency

Fig. 7. In situ expression of p16 (A: 12 hr, X200, B: 7 day,
x200). Weakly cytoplasmic reaction is noted at 12 hr, and
increased expression both in cytoplasmic and nuclear locations
is noted in 7 day.

along with consecutive sequence of timing.

The cellular proliferation induced by PH setves as a
normal physiologic cellular proliferation from wound, and
the inhibition of further cell division to return to the
previous liver weight mimics healing process after wound.
Proliferation stimulation is taken via interactions between
growth factor and growth factor receptors at the cell
sutface, resulting in DNA synthesis from 16 hr and
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Fig. 8. In situ expression of p18 (A: 6 hr, X200, B: 1 day, X200, C: 7 day, X100). p18 expression is detected from 6 hr after
PH, in both the cytoplasm and nuclei, and peak is at 1 day after PH, chiefly in cytoplasm and remarkably decreases at following

periods.

0 6h 12h 1D 4D 7D
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Fig. 9. Immunobilot for CKls (p21, p27, p57). These proteins
show increasing expression levels, toward late stage, especially
at 4 day and 7 day after PH.

peaking at 24 hr (1, 4, 5). DNA analysis shown in Fig.
1 depicted increased § and G2/M phase fractions at 16
hr and 1 day, respectively, cotroborating previous studies.

The key proteins involved in the regulation of CDK4,
its homologue CDK6 and CDK2 were present in quies-
cent liver cells and immediately after PH; however both
CDK4 and CDK2 were inactive. The activity of both en-
zymes statted to increase after 13 hr and reached a max-
imum at 24 hr, coinciding with PCNA exptession (18).
The semiquantitative expression levels in our data show-
ed similar patterns dll 1 day. A few repotts treating ex-
pressions after 2 day wete reviewed, with Ehrenfried et
al. (23) reporting that the expression of CDK2 and 4

decreased after 1-2 day, which contradicts with increased
expression at 4 day and 7 day in our investigation. Al-
though the exptession is controversial and should be
clatified, incteased expression of CDK4 and 2 at nearly
reconstructed period might suggest another role at a later
period, in addition to active kinase at first cell division,
ot simple accumulation of inactive protein. In addition,
CDK4 has been implicated as a biosensor for stimulatoty
and inhibitoty growth signaling, as well (24). There have
been several studies on the changes of regulatory mech-
anisms involving G1 phase cyclins, cyclin D and cyclin
E during liver regeneration. The exptession of mRNAs
of cyclin D1 and E was repotted to increase after PH
(25, 26). On the contrary, the protein levels of cyclin D1
and cyclin E were noted to be constant after PH (4, 26),
and the association of CDK4 and cyclin D1 was the same
as well (26). Sometimes contradictory results to the un-
changed cyclin D1 and E were reported (21). Cyclin A,
an important S and G2/M phase regulatory ptotein, is
associated with CDK2 and CDC2 kinases in each phase
(27-29). Recently, cyclin A has been implicated in liver
cell transformation (30), but its role ot regulation during
liver regeneration has been rarely investigated. We did
not screen the cyclin D family. Cyclin E protein levels
after PH was similar to previous studies (4, 26), and
cyclin A was induced after PH and gradually increased,
reaching a maximum at 7 day, although quiescent liver
cell did not express cyclin A. The increased exptession
of cyclin A and CDK2 (Fig. 2, 4) coincided, suggesting
an important biologic role in the inhibition of cell divi-
sion, which is contradictoty to a tecent papet (30). Fur-
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thet approaches for unknown substrates and kinase acti-
vity determination should be followed, so we will con-
tinue.

For CKIs, a few reports talked about p21 and p27,
which have shown controversial expressions, but con-
stantly coincided with cyclins ot CDKs. Cho et al. (21)
reported p21 was not expressed in normal liver, but
recent studies (18, 23) revealed its expression in normal
liver, which cotroborates in our tesults (Fig. 9). p37, a
tight-binding CKI of several G1 cyclin/CDK complexes,
is a strong Gl atrest regulator when overexpressed, and
not regulated by p53 (31). p57 was not detected in nor-
mal liver, and p21, p27 and p57 all showed increased
expression, especially in the terminal period during liver
regeneration. These findings reveal that these inhibitors
all contribute to reconstruction and holding. Ink families
(p15, pl6, pl8, pl9) were investigated and showed that
pl5 and pl9 were not detected in normal liver and not
induced by PH, and pl6 and p18 were detected in not-
mal liver and induced by PH. A recent teport about pl6
duting liver regeneration showed unchanged expression
both in notmal liver and after PH «¢ill 28 hr (18). Our
result showed rather decreased expression up dll 1 day
after PH, but tevealed remarkable increase at 4 day and
a maximum at 7 day. On the contrary, p18 which was
lowly expressed in notmal liver, showed two peaks, at
6 hr and 1 day after PH, cortesponding to the first stage
of cell division duting liver regeneration, and decreased
tendency at late petiod. These findings suggest that in
the same family CKIs, p16 and p18 might have different
roles at different petiods, but may be important in the
inhibition tegulation.

There were little studies on cell cycle regulators ex-
pression in in situ liver tissue, but recently, intranuclear
rearrangements of cyclin-CDK complexes during rat liver
regeneration was reported (18). We could not find any
hepatic zonal trends in in situ disttibution of cyclins,
CDKs and CKIs and they showed diffuse intranuclear
and/ot intracytoplasmic expression, with similar results to
data from immunoblots. Noteworthy findings were intra-
nuclear translocation of cyclin E at 6 hr after PH, which
returned to cytoplasm at 1 day after PH (Fig. 3), even
though the protein levels were unchanged and same
intranuclear translocation was noted in p18 (Fig. 8). On
the contraty, pl6 showed nuclear translocation at 7 day
when the protein expression was at its peak. These find-
ings suggest that the roles of intracellular proteins need
specific intracellular location and compartment for their
functional activities.

In summaty, we observed different expression levels
and their in situ distribution with intracellular localiza-
tion of cyclins, CDKs and CKIs during liver regenetation
after PH, using immunoblot and immunochistochemistty.
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We did not study kinase activity. Cyclin E was constitu-
tively expressed and protein levels were not changed, but
intranulcear translocation, immediately after PH was
noted, indicating a possible role in nuclei. Cyclin A, not
detected in normal liver, increased in the following peri-
ods after PH and reached a maximum at 7 day. CDK2
and 4 showed increased expression toward terminal pe-
riod. Contradictoty findings of cyclin A and these CDKs
might play an important role in the inhibition of further
cell division. Constitutively exptessed CDKG6 decreased at
1 day after PH. pl6, p18, p21 and p27 were detected
in notmal liver, p18 showed peak expression within 1
day, and pl6, p21, p27 and p>7 were stronger at
terminal periods. These findings suggest that individual
CKI would like to act at different points in time in
normal liver and during liver regeneration. Duting the
expected petiod of their activity, intranuclear localization
was observed in cyclin E, pl8 and pl6. There was no
evidence of regional distribution in hepatic lobular
architecture, instead, diffuse an in situ expression similar
to results of immunoblot was found. This cotroborates
liver regeneration as synchronous events of nearly all
hepatocytes, instead of stem cell proliferation and dif-
ferentiation.
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