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in the process of hepatocarcinogenesis in LEC rats. We also
examined protein expression of these Gl phase-related cell
cycle molecules. Furthermore, we evaluated not only total
amounts of pRb but also amounts of phosphorylated pRb in
hepatocarcinogenesis.

Materials and methods

Animals. LEC rats were maintained under specific pathogen-
free conditions in the Institute for Animal Experimentation,
University of Tokushima School of Medicine and coded as
Tj (Tokushima, Japan). Animals were sacrificed when they
were 2-, 6- or 18-month-old. Each group consisted of 6
animals,

Histological analysis. For routine histological analysis, rats
were anesthetized by diethyl ether and the abdomen was
opened. The liver was then perfused from the portal vein
with 50 ml of phosphate-buffered saline to clear it of blood
and fixed in 10% neutral-buffered formalin. After fixation,
the livers were embedded in paraffin for hematoxylin-eosin
staining.

RNA extraction and reverse transcription. Chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO, USA)
or Wako Pure Chemical Co. {Tokyo, Japan), unless otherwise
mentioned. Total RNA was isolated from approximately
30 mg of liver tissues, using the RNeasy Protect Mini Kit
{Qiagen, Hilden, Germany) according to the manufacturer's
instructions. Complementary DNA (cDNA) was synthesized
in a 30 yl reaction volume. A sample of total RNA (2 ug)
was incubated at 65°C for 10 min, and then cooled for 2 min
on ice. A sample was transferred to the tube of the Ready-To-
Go You-Prime First-Strand Beads (Amersham Biosciences,
Piscataway, NI, USA) and incubated for 1 min at room
temperature with the oligo-dT primers (Invitrogen, Carlsbad,
CA, USA). The reaction was then incubated at 37°C for 60 min,
The obtained cDNA was used for quantitative real-time
polymerase chain reaction (PCR).

Quantitative real-time PCR. Quantitative PCR was performed
by the real-time PCR system, LightCycler (Roche Diagnostics,
Mannheim, Germany), using the SYBR Green I double strand
DNA binding dye (Roche Diagnostics). The amplification of
a target with the primers listed in Table I was carried out in a
total volume of 20 il containing 0.3 pM of each primer, 3 mM
MgCl,, 2 pl of master mixture {LightCycler FastStrand DNA
Master SYBR Green I) and 1 Ul of template cDNA. The
reaction mixture was preheated at 95°C for 10 min, followed
by 40 cycles at 95°C for 10 sec, 62°C for 10 sec and 72°C for
7 sec. Fluorescence data were collected after each extensjon
step. Melting curve analysis was performed by heating the
PCR product at 95°C, then cooling to 65°C and finally raising
t0 95°C with a 0.1°C/second temperature transition rate while
continuously monitoring the fluorescence. Fluorescence was
analyzed by using the LightCycler Software version 3.5
(Roche Diagnostics). The crossing point for each reaction
was determined and manual baseline adjustment was made.
To quantify and prove the integrity of isolated RNA, real-time
PCR analysis for glyceraldehyde-3-phosphate dehydrogenase
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Table I. Primers used for real-time RT-PCR.

Gene Primers

GAPDH Forward: S-TGAACGGGAAGCTCACTGG-3'
Reverse: S-TCCACCACCCTGTTGCTGTA-3

Cyclin D! Forward: 5-GGGAAGTTTTGTTCTCTTTG-3'

Reverse: 5-TAGTTGATTACTGGGGTACA-3'
Cdk4 Forward: 5-TGTATCTTCGCAGAGATGTT-3
Reverse: 5-GATTAAAGGTCAGCATTTCC-3'
Cdk6 Forward: 5-GACCTTTGAGCACCCCAACG-3'

Reverse: 5“TCCAGACCTCGGAGAAGCTGA-3'

(GAPDH) was also carried out. Each run consisted of GAPDH
as an tnternal standard and a negative control without sampiles.

Antibodies. All primary and secondary antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Optimal dilutions of antibodies used for Western
blotting in this study were as follows: monoclonal antibody
A-12 (anti-cyelin D1), 1:100; polycional antibady C-22
(anti-Cdk4), 1:100; polyclonal antibody C-21 (anti-Cdk6),
1:100; polyclonal antibody C-15 (anti-pRb), 1:200;
polyclonal antibody Ser 780 (anti-phosphoserine pRb),
1:100; horseradish peroxidase anti-mouse immunoglobulin G
(IgG), 1:1000; horseradish peroxidase anti-rabbit 1gG, 1:1000,
Antibody C-15 against pRb recognizes both phosphorylated
and non-phosphorylated pRb. Conversely, the phosphoserine
PRb polyclonal antibody (Ser 780) reacts only with phospho-
rylated pRb at Ser 780. Cyclin D1/Cdk4 complex specifically
phosphorylates Ser 780 in pRb.

Tissue lysates. The tissue samples were frozen on dry ice
within 20 min after collection. The tissue lysates were
prepared as described in our previous report {11). Protein
concentrations of the lysates were determined using the
Bio-Rad (Hercules, CA, USA) protein agsay kit with bovine
serum albumin as standard.

Gel electrophoresis and Western blotting. For Western blot
analysis, protein extracts were added to an equal volume of
sample buffer. Sodium dodecy! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed according to the
Laemmli method (12) by loading 50 pg of protein in each
lane. After electrotransfer onto a nitrocellulose membrane
(Millipore, Billerica, MA, USA) and blocking with a 5%
milk solution in Tris buffered saline (TBS) containing 0.1%
Tween-20, Western blots were incubated overnight with
anti-cyclinD1, anti-Cdk4, anti-Cdk6, anti-pRb or anti-
phosphoserine pRb antibodies. As secondary antibodies,
horseradish peroxidase anti-rabbit 1gG or horseradish
peroxidase anti-mouse IgG were used. The antigen-
antibody complexes were visualized by using an enhanced
chemiluminescence detection system (Amersham) on a
radiography film. Exposures were made for 30 sec at room
temperature for all samples.
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Figure 1. Histological analysis of the liver of LEC rats. Liver tissues obtained from LEC rats at various time points were examined histologically by
hematoxylin-eosin staining. The liver of 2-month-old LEC rats demonstrated normal hepatic architecture with normal hepatocytes (A). The liver of 6-

_month-old LEC rats revealed a chronic hepatitis pattern, such as the disarray of normally radial hepatocyte alignment and mild infiltration of inflammatory
cells (B). The liver cbtained from I3-month-old LEC rats demonstrated severe dysplasia with nuclear crowding (C) and contained a number of macroscopic
nodutes that were diagnosed to be well-differentiated HCC (D). Representative pictures are shown in the figure. Qriginal magnification x200.

Densitometric analysis. The densities of the immunoreactive
bands of the various G1 phase-related cell cycle proteins
obtained by autoradiography were estimated quantitatively
by means of densitometric scanning (Tlc scanner; Shimazu
Co., Kyoto, Japan). -

Statistical analysis. Data are expressed as means + SEM.
The significance of differences between observations was
determined by Scheffe's multiple comparison method. A
p<0.05 was considered to indicate a significant difference
between groups.

Results

Histological examination of the liver of LEC rats. Two-
month-old LEC rats were sacrificed and liver tissues were
obtained. Six-month-old and 18-month-old LEC rats that
survived severe acute hepatitis were also sacrificed for
collecting liver tissues. Each group consisted of 6 animals.
Liver tissues obtained from 2-month-old LEC rats revealed
normal hepatic structure with normal hepatocytes (Fig. 14).
Conversely, those obtained from 6-month-old LEC rats
revealed rearrangement of basic architecture of liver acinus,
disarray of normally radial liver-cell alignment, variation in size
of hepatocytes, increase of Kupffer cells and mild infiltration
of inflammatory cells, which were characteristic of chronic
liver injury in LEC rats (Fig. 1B). Liver tissues obtained
from 18-month-old LEC rats revealed the disappearance of
hepatic cords and severe dysplasia of hepatocytes with
nuclear crowding (Fig. 1C). Although these findings were
not malignant, liver tissues of 18-month-old LEC rats were

considered to be a precancerous condition. Furthermore,
there were a number of macroscopic yellowish nodules in the
liver of all the 18-month-old LEC rats. Some nodules were
diagnosed histologically as HCC (Fig. 1D) and others were
as cholangiofibrosis (data not shown). According to these
histological findings, liver tissues of 2- and 6-menth-old LEC
rats were considered to be normal and chronic hepatitis livers,
respectively. Liver tissues without macroscopic nodules of 18-
month-old LEC rats were used as precancerous liver.
Macroscopic niodules contained in livers of 18-month-old LEC
rats and confirmed histologically to be HCC but not
cholangiofibrosis were used as HCC tissues for the subsequent
experiments.

mRNA expression of G1 phase-related cell cycle molecules in
the liver of LEC rats. To examine the role of G1 phase-related
cell cycle molecules in the process of hepatocarcinogenesis
in LEC rats, we determined mRNA expression levels of
cyclin D1, Cdk4 and Cdk6 in the liver of LEC rats, using
quantitative real-time PCR. As shown in Fig. 2ZA, cyclin D1
mRNA expression was increased markedly in chronic hepatitis
liver of 6-month-old LEC rats and approximately 8-fold
higher compared with that in normatl liver of 2-month-old
ones. Notably, it was then decreased signiticantly in pre-
cancerous liver and HCC tissues of {8-month-old rats
compared with chronic hepatitis livers of 6-month-old ones.
However, levels of cyclin D1 mRNA expression in pre-
cancerous liver and HCC were significantly higher than those
in normal liver.

mRNA expression of Cdk4 and Cdk6 in the [iver of LEC
rats was then evaluated. Although mRNA levels of Cdk4 did
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Figure 2. mRNA expression of cyclin D1, Cdk4 and Cdksé in the liver of
LEC rats. To quantitatively estimate mRNA expression of cyclin D1, Cdk4
and Cdk6 in the liver of LEC rats, a real-time PCR method was employed.
The value of each amplified message was standardized by the amount of
GAPDH quantified from the same sampte. Cyclin DI mRNA expression
was increased in chronic hepaitis liver then decreased in precancerous liver
and HCC (A). Although Cdkd4 mRNA expression was not significantly
different among normal, chronic hepatitis and precancerous livers, it was
significantly increased in HCC (B). Cdk6 mRNA expression did not show
significant changes during hepatocarcinogenesis in LEC rats (C). Values are
expressed as means + SEM of 5 separate experiments. 2M, 6M, 18M and
HCC represent the normal liver of 2-month-old LEC rats, chronic hepatitis
liver of 6-month-old LEC rats, precancerous liver and HCC of 18-month-old
LEC rats, respectively. This definition is zlso used in Figs. 3 and 4.
*0.01<p<0.05; *'0.001<p<0.01; "*p<0.001,

not change significantly among normal liver of 2-month-old
LEC rats, chronic hepatilis liver of 6-month-old ones and
precancerous liver of 18-month-old ones, they were increased
significantly in HCC of 18-menth-old LEC rats (Fig. 2B).
Conversely, mRNA levels of Cdké did not change significantly
among these liver tissues (Fig. 2C), indicating that Cdk6
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mRNA expression did not change significantly during hepato-
carcinogenesis in LEC rats.

Protein expression of Gl phase-related cell cycle molecules
in the liver of LEC rats. To examine protein expression of
cyclin D1, Cdk4 and Cdk6, the same protein amount of the
fysate samples was mixed in each experimental group and the
resulting mixtures containing 30 mg of protein were applied
on SDS-PAGE for Western blotting. The upper and lower
panels in Fig. 3 show the results of Western blot and densito-
metric analyses, respectively.

Immunoreactive bands for cyclin D1 were detected at a
molecular weight of 36 kDa in the liver tissues of 2-, 6- and
18-month-old LEC rats. The densitometric analysis revealed
that cyclin D1 protein expression was low not enly in normal
liver but also in HCC, while it was increased in chronic
hepatitis and precancerous livers, indicating that protein
expression of cyclin D1 was increased as the course of
chronic hepatitis, and then decreased in HOC,

Immunoreactive bands for Cdk4 were observed at a
molecular weight of 34 kDa. Expression levels of Cdk4
protein were increased during the process of hepatocarcino-
genesis in LEC rats, The densitometric analysis demonstrated
that the amounts of Cdk4 in chronic hepatitis liver, pre-
cancerous liver and HCC were 1.7, 1.9- and 2.4-fold
higher, respectively, than those in normal liver of LEC rats,
Immunoreactive bands for Cdké were detected at a molecular
weight of 37 kDa. In contrast to Cdk4, there was no tendency
in Cdk6 protein expression during hepatocarcinogenesis in
LEC rats.

Levels of pRb and phosphorylated pRb in the liver of LEC
rats. Western blot analyses for pRb and phosphorylated
PRb in the liver of LEC rats were performed (Fig. 4). pRb is
phosphorylated by cyclin D1/Cdk4 and cyclin D1/Cdké
during G1/S transition. Because this phosphorylation
causes the inactivation of the growth inhibitory functions
of pRb, phosphorylation of pRb is the ultimate event for the
transition from Gl to S phase. Immunoreactive bands for
pRb and phosphorylated pRb were observed at molecular
weights of 110 kDa, respectively (Fig. 4, upper panels). The
densitometric analysis of the immunoreactive bands are
shown in Fig. 4, lower panels. The amount of pRb did not
change at alt among normal, chronic hepatitis and pre-
cancerous liver of LEC rats. Furthermore, increased pRb
protein expression was not observed even in HCC. in
marked contrast, phosphorylated pRb was barely detected in
the liver of 2-month-old LEC rats. However, considerable
amounts of phosphorylated pRb were detected not only in
chronic hepatitis but also in precancerous liver. Amounts
of phosphorylated pRb were further increased in HCC
compared with normal and precancerous livers.

Discussion

Cell cycle-related molecules play essential roles in carcino-
genesis. Specifically, GI phase-related cell cycle molecules
are important, because they are requisite for the entry into
the cell cycle from the quiescent state. Cell cycle-related
molecules are mainly divided into 3 groups, namely cyclins,
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F:gure 3. Protein expression of cyclin D1, Cdk4 and Cdk 6 in the liver of LEC rats. To quantitatively evaluate protein exprcssmn of cyclm D1, Cdk 4 and
Cdk6 in the liver of LEC rats, Western blot (A) and densitometric analysis were performed. Cyclin D1 protein expression was decreased in the course of
chronic hepatic inflammation and then decreased in HCC {B). Cdk4 protein expression was increased pradually during hepatocarcinogenesis in LEC rats and
the highest in HCC (C). Cdk6 protein expression did not show any tendency during hepatocarcinogenesis in LEC rats (D). The protein level in 2-month-old
rat liver was uscd as the reference level (=1).
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Figure 4. Amounts of pRb and phosphorylated pRb in the liver of LEC rats. To quantitatively cvaluate the amounts of pRb and phosphorylated pRb in the
liver of LEC rats, Western blot (A) and densitometric analyses were performed. Total amounts of pRb including phosphorylated and non-phospharylated pRb
were not different at all among normal, chronic hepatitis, precancerous livers and HCC (B). In marked conirast, phosphorylated pRb was hardly detectable in
normal liver and increased substantiatly in chronic hepatitis and precancerous liver (C). Levels of phosphorylated pRb were further increased in HCC.,
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Cdks and Cdk inhibitors. Among cyclins, the D-type (D1, D2
and D3), specifically cyclin D1, serves as a critical regulator
of the cell cycle (13). The cyclin D1 gene has been identified
as & target gene in the Wnt signaling pathway as well as the
Ras-activated mitogen-activated protein kinase signaling
pathway. Increased protein expression of cyclin D! has
been demonstrated in various types of cancers including
HCC (14-21). It has been shown that increased levels of
cyclin D1 were associated with aggressive HCC (22-25) and
with poor prognosis in HCC (26). Furthermore, transgenic mice
overexpressing the cyclin D1 gene in the liver were shown to
develop HCC with the passage of time (27), indicating that
overexpression of cyclin DI may be sufficient to initiate
hepatocarcinogenesis. However, in marked contrast, targeted
overexpression of the cyclin D1 gene to the oral cavity and
esophageal epithelium of transgenic mice led to dysplasia in the
csophagus but progression to esophageal carcinoma was not
observed (28,29). Thus, it is not clear whether increased cyclin
D1 protein is a cause or a consequence of carcinogenesis.

We have shown here that mRNA fevels of cyclin DI
were markedly increased in chronic hepatitis liver compated
with normal liver, The mRNA levels were then decreased
during the chronic inflammatory process of the liver and
significantly lower in precancerous liver surrounding HCC.
Furthermore, there were no significant differences in
cyclin DI mRNA level between HCC and the surrounding
non-cancerous tissues. Similar results were confirmed by
the Western blot analysis. Protein levels of cyclin D1 were
increased in the liver with the passage of chronic hepatic
inflammation and then decreased in HCC. The result of
cyclin DI mRNA expression was different from that of
cyclin DI protein expression in precancerous liver tissues,
suggesting the rapid post-transcriptional degradation of
cyclin D1 in the precancerous liver. Furthermore, it has
been shown that cyclin DI expression is markedly increased
in rodent livers after partial hepatectomy (30-33). It has
also been shown that cyclin D1 induction is one of the
earlier events in hepatocyte proliferation induced by thyroid
hormone, suggesting that cyclin D1 may be a common target
responsible for the mitogenic activity of ligands of nuclear
receptors (34). Furthermore, it has been shown by differential
hybridization of cDNA arrays and RNase protection studies
that carly stimulated expression of cyclin D! was induced in
the murine liver treated with CCl, that causes liver injury but
not hepatocarcinogenesis (35). Furthermore, Albrecht ef al
(36) have demonstrated the increased ¢yclin D1 expression in
human liver tissues from various acute and chronic liver
diseases, and stated that cyclin DI may eventually provide a
clinically relevant molecular marker of regenerative activity

in human liver diseases. We also demonstrated here that”

cyclin DI might play a major role in hepatocyte proliferation
but not in hepatocarcinogenesis, because its EXpIession was
increased in the course of chronic hepati¢ inflammation and
decreased in HCC. Taken collectively, these results indicate
that the induction of cyclin DI plays an essential role jn
hepatocyte proliferation without hepatocarcinogenesis.

We have shown here that mRNA expression of Cdk4 was
significantly higher in HCC than normal, chronic hepatitis
and precancerous livers. Protein levels of Cdk4 increased
gradually in the process of hepatocarcinogenesis and were
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the highest in HCC compared with normal, chronic and pre-
cancerous livers. In contrast, Cdké expression did not show
any significant changes during the process of hepatocarcino-
genesis either in the mRNA level or in the protein level,
These results indicate that Cdkd but not Cdk6 may play an
important role in the process of transition from chronic
hepatitis to HCC in LEC rats. Cyclin D1 forms complexes
with Cdk4 and also with Cdk6. Therefore, the cyclin DI-
related kinase activities can be expressed as the sum of
cyclin DI/Cdk4 and cyclin D1/Cdké kinase activities. It has
been shown that in the regenerating liver of mice after partial
hepatectomy, cyclin D1 formed complexes with Cdk4, which
were markedly activated in the regenerating liver, but not

© with Cdk6. We have shown here that mRNA and protein

expression of cyclin D1 was markedly elevated in chronic
hepatitis fiver than in normal liver. We have also shown that
mRNA and protein expression of Cdkd was higher in the
chronic hepatitis liver than in the normal liver. Therefore,
enhanced kinase activity of cyclin D1/Cdk4 was considered to
be responsible for hepatocyte proliferation in chronic hepatitis,

pRb is the ultimate substrate of eyclin D1/Cdk4 and cyclin
D1/Cdké complexes in the pathway leading to transition from
Gl to S phasc (37). pRb controls gene expression mediated
by a family of heterodimeric transcriptional regulators,
collectively termed the E2Fs, which can transactivate
genes whose products are essential for S phase entry. In its
phosphorylated form, pRb binds to a subsct of E2F complexes,
converting them (o repressors that constrain expression of E2F
target genes. Phosphorylation of pRb frees these E2Fs, enabling
them to transactivate the same genes, a process initially
triggered by cyclin D1/Cdk4 and cyclin D1/Cdk6 complexes,
and then accelerated by cyclin E/Cdk2 complexes. In the
present study, total amounts of pRb including phosphorylated
and non-phosphorylated pRb did not show any significant
changes among normal, chronic hepatitis, precancerous livers
and HCC. Conversely, although phosphorylated pRb was
hardly detectable in normal liver, substantial amounts of
phosphorylated pRb were observed in chronic hepatitis
and precancerous livers. Furthermore, its amounts were
approximately 2-fold larger in HCC than in chronic hepatitis
and precancerous livers. These results indicate that the cell
cycle is almost completely stopped in normal liver, because
no detectable phosphorylated pRb was observed in normal
liver, resulting in the quiescent state of the liver. Hepatocytes
in chronic hepatitis and precancerous livers are considered to
be regenerating, because considerable amounts of phosgho-
rylated pRb was observed, Furthermore, the cell cycle is
turning more rapidly in HCC than in chronic hepatitis and
precancerous livers, because the levels of phosphorylated
PRb were the highest in HCC.

In conclusion, cyclin D1 is considered to be involved in
the regeneration of hepatocytes in LEC rats, while Cdk4 may
play an important role in the development of HCC in LEC
rats.
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Abstract. Liver cirrhosis is the end stage of various chronic
liver diseases and its prognosis is very poor. One of the most
important causes of liver cirrhosis appears to be impaired
proliferative capability of hepatocytes caused by continuous
hepatic damage. Cell cycle-related molecules have been
shown to play essential roles in cell proliferation. Specifically,
Gl-related cell cycle molecules are important, because they
are requisite for the entry into the cell eycle from the quiescent
state. However, the role of these cell cycle molecules during
the development of liver cirrhosis remains to be examined. In
the prescnt study, liver cirrhosis was produced in rats by
intraperitoneally administering dimethylnitrosamine (DMN)}.
Proliferative capability of hepatocytes estimated immunohisto-
chemically by proliferating cell nuclear antigen staining was
markedly increased at an early stage of cirrhosis development.
However, it was gradually decreased thereafter and suppressed
substantially at the time of cirrhosis manifestation. Cyclin D1
expression estimated by a real-time reverse transcription-
polymerase chain reaction (RT-PCR) method was also
increased markedly at an early stage of cirthosis development
but decreased substantially thereafter. mRNA levels of catalytic
subunits of cyclin D1, eyclin-dependent kinase 4 {Cdk4) and
Cdks, did not show significant changes during the develop-
ment of liver citrhosis. Among Gl-specific Cdk inhibitors,
expression of pI5™NK and p1G™¥K% estimated by an RT-PCR
method was increased according to the progression of cirrhosis
and reached a peak at the time of cirrhosis manifestation.
Conversely, p18™&4 expression did not change significantly
during the development of liver cirrhosis. These results suggest
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that cyclin D1 plays an essential role in hepatocyte proliferation
in response to hepatic damage., However, with the decrease of
cyclin DI expression and increase of pl5'™X4 and p16INKd
expression, proliferative capability of hepatocytes is severely
impaired and extracellular matrix components are deposited
to retrieve space lost by the destruction of hepatic parenchyma,
resulting in establishment of liver cirrhosis.

Introduction

Because liver cirrhosis is the irreversible end stage of a variety
of chronic liver injuries, such as viral hepatitis, alcoholic liver
diseases, autoimmune hepatitis, metabolic disorders and
parasilic diseases, the prognosis is very poor, The overall
S-year survival rate of patients with cirrhosis is comparable
o that of paticnts with cancer of various forms, For instance,
the 3-year survival of cirthosis was 16% and the 5-year survival
only 8% in a group of 308 patients after establishment of the

- diagnosis (1). Liver cirrhosis is a pathologically defined entity

which is associated with a spectrum of characteristic clinical
manifestations. The cardinal pathologic features reflect
irreversible chronic injury of the hepatic parenchyma and
include extensive fibrosis in association with the formation
of regenerative nodules. These features result from hepatocyte
necrosis, collapse of the supporting reticulin network with
subsequent connective tissue deposition, distortion of the
vascular bed, and nodular regeneration of remaining liver
parenchyma. Among them, one of the most important causes
of cirrhosis appears to be impaired proliferative capability of
hepatocytes caused by continuous hepatic damage. Therefore,
it is an important issue to examine the mechanism of impaired
proliferative capability of hepatocytes.

Cell cycle-related molecules play essential roles in cell
proliferation. Specifically, Gl-related cell cycle molecules are
important, because they are requisite for the entry into the
cell cycle from the quiescent state (2-4). Cyclin-dependent
kinases (Cdks) control the passage through the restriction
point and entry into § phase. Cdks are sequentially regulated
by cyclins A, D and E. Among the cyclins, D-type cyclin is
the primary regulator and absolutely required for cellular
progression through G1 phase of the cell cycle. Specific
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cyclin/Cdk complexes are activated at different intervals during
the cell cycle. Cyclin D1/Cdk4 and cyclin D1/Cdk6 are
activated in mid-G1 phase. The activation of cyclin D1/Cdk4
and cyclin D1/Cdké complexes is responsible for the phos-
phorylation of retinoblastoma protein, the ultimate substrate
in the pathway leading to transition from Gl to § phase. Other
important Gl-related cell cycle molecules include specific
polypeptide inhibitors of Cdk4 and Cdk6, known as the INK
family, consisting of pl5™Ke plEINKds ] §INKE gpd pl 9Nk
which can directly block cyclin D1-dependent kinase activity
and cause Gl phase arrest. Thus, Gl-related cell cycle
molecules play essential roles in the entry into the cell cycle,
resulting in cell proliferation,

Because Gl-related cell cycle molecules play pivotal
roles in regulation of cell cycle events, There are a number of
reports showing the role of Gl-telated cell cycle molecules in
a variety of carcinogenesis including hepatocarcinogenesis
(5-11). Furthermore, there are also a number of reports
demonstrating the role of Gl-related cell cycle molecules in
regeneration of hepatocytes (12-15). However, the role of
Gi-related cell cycle molecules in the process of liver cirrhosis
remains to be examined. Therefore, in the present study, to
examine the involvement of Gl-related cell cycle molecules
in the development of liver cirrhosis, we first assessed the
proliferative capability of hepatocytes, and then examined
mRNA expression of various Gl-related cell cycle molecules,
such as cyclin D1, Cdkd, Cdk6, pl 5™, pl6™Es and p] BNk
during the development of liver cirrhosis. Finally, we
investigated whether or not altered mRNA expression levels of
Gl-related cell cycle molecules during the develepment of
liver cirrhosis were correlated with the corresponding protein
expression levels.

Materials and methods

Animals and chemical treatment. Six-week-old male Sprague-
Dawley rats were purchased from Japan SLC (Hamamatsu,
Japan). Animals were kept under a specific pathogen-iree
condition at 24+2°C and in a 12-h day/night light cycle
with food .and water available ad libitum throughout. the
experimental period. Animal experir_nerits were performed
with the approved protocols and in accordance with the
institutional recommendations for the proper care and use of
laboratory animals.

Chemicals were purchased from Sigma Chemical Co,
(St. Louis, MO, USA} or Wako Pure Chemical Co. {(Osaka,
Japan), unless otherwise mentioned. To develop cirrhosis in
rat liver, 1% dimethylnitrosamine {DMN) dissolved in
phosphate-buffered saline (PBS) was given intraperitoneally
at 1 ml per kg body weight for 3 consecutive days per week.
Two, 4 and 6 weeks after the initiation of DMN treatment,
livers were isolated and perfused, as described previously
{16). Briefly, rats were anesthetized with ether and the
abdomen was opened. The portal vein was cannulated and
approximately 5 ml of a blood sample was collected from
each animal, The liver was then cleared of blood with perfusion
of 50 ml of PBS from the portal vein and removed for
analysis of mRNA and protein expression. Untreated 8-week-
old rats were also sacrificed as normal controls. Sera werc
cbtained from the whole blood samples by centrifugalion lo
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examine biochemical parameters of DMN-treated and untreated
animals, Each group consisted of 5 animals.

Histological end immunohistochemical analysis. For histo-
logical analysis, approximately half the volume of the left-
lateral hepatic lobe from each animal was fixed in 10% neutral-
buffered fonnalin, embedded in paraftin and sliced into 4 pm-
thick sections. For routine histological analysis, sections were
stained with hematoxylin-eosin for detecting liver injury and
with Azan-Mallory dyes for detecting collagen fibers.

Liver sections were also immunohistochemically stained
by the ABC method, as described previously (17). Briefly,
the sections were placed in 10 mM citrate buffer (pH 6.0) and
processed at 95°C for 10 min in a microwave oven, The
sections were then deparaffinized with xylene, rehydrated
through a graded series of alcohol solutions, and mixed with
a solution containing 0.5% hydrogen peroxide to block
endogenous peroxidase activity. Afier washing with PBS, the
sections were processed for immunohistochemical staining
by the ABC method. The sections were incubated overnight
at room temperature with mouse monoclonal antibody anti-
proliferating cell nuclear antigen (anti-PCNA) (Clone PC10:
Dako; Glostrup, Denmark), with mouse monoclonal antibody
anti-cyclin D1 (A-12: Santa Cruz Biotechnology; Santa Cruz,
CA, USA) or with rabbit polyclonal antibody anti-p15 (K-18:
Santa Cruz). All antibodies were diluted at 1:200 before use.
For signal amplification, the Renaissance tyramide signal
amplification kit (MEN™ Lifc Science Products; Boston, MA,
USA) was used, as described previously (18). Immuno-
reactive products were visualized by using 3,3'-diamino-
benzidine tetrahydrochoride (Wako), and the sections were
counterstained with Mayer's hematoxylin. Nuclear labeling
index for PCNA-positive cells (positive nucleiftotal counted
nuclei) was determined, counting at least 1000 hepatocytes in
randomly selected fields of each section.

RNA extraction and reverse transcription (RT). Total RNA was
extracted from approximately 30 mg of liver tissues, using
the RNeasy Protect Mini Kit (Qiagen; Hilden, Germany)
accarding to the manufacturer's instructions. Complementary .
DNA (cDNA) was synthesized in a 30 pl reaction volutme. A
sample of total RNA (2 pg) was incubated at 65°C for {0 min,
and then cooled for 2 min on ice. A sample was transferred to
the tube of the Ready-To-Go You-Prime First-Strand Beads
(Amersham Biosciences; Piscataway, NJ, USA) and incubated
for.1 min at room temperature with the oligo-dT primers
(Invitrogen; Carisbad, CA, USA). The reaction was then
incubated at 37°C for 60 min. The obtained cDNA was used
for quantitative real-time polymerase chain reaction (PCR).

Quantitative real-tinte PCR. Quantitative PCR was performed
by the real-time PCR system, LightCycler (Rache Diagnostics;
Mannheim, Germany), using the SYBR Green I double strand
DNA binding dye {Roche Diagnostics}. The amplification of
a target with the primers listed in Table I was carried outina
total volume of 20 1 containing 0.3 uM of each primer, 3 mM
MgCl,, 2 ul of the master mixture (LightCycler FastStrand
DNA Master SYBR Green I) and 1 ul of template ¢cDNA.
The reaction mixture was preheated at 35°C for 10 min,
followed by 40 cycles at 95°C for 10 sec, 62°C for 10 sec and
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Table I. Primers used for real-time RT-PCR.

Gene Primers

GAPDH

o3|

or:  5-TGAACGGGAAGCTCACTGG-¥
Rev: 5-TCCACCACCCTGTTGCTGTA-3'
Cyclin D1 For:  5-GGGAAGTTTTGTTCTCTTITG-3'
Rev: 5-TAGTTGATTACTGGGGTACA-3
Cdk4 For:  5-TGTATCTTCGCAGAGATGTT-3'
Rev: 5-GATTAAAGGTCAGCATTTCC-3'
Cdké For:  5-GACCTTTGAGCACCCCAACG-3
Rev: 5-TCCAGACCTCGGAGAAGCTGA-3'
pIs™®  For:  5“TCACCAGACCTGTGCATG-3'
Rev:  5-AGGCTGAGGACCTGCAAT-3'
plé™ ™ For:  5-AGGGCTTCCTAGACACTCTG-3'
Rev:  5-CCAGCGGAGGAGAGTAGATA-Y
pl8™&«  For:  5-GGAGATTGCCAGGAGACTT-3'
Rev:  5“CAGGCTGTGTGCTICATTAG-3'

For: forward; Rev: reverse.

72°C for 7 sec. Fluorescence data were collected after each -
extension step. Melting curve analysis was performed by
heating the PCR product at 95°C, then cooling to 65°C and
finally raising to 95°C with a 0.1°C/sec temperature transition
rate while continuously monitoring the fluorescence.
Fluorescence was analyzed by using the LightCycler Software
Version 3.5 (Roche Diagnostics). The crossing point for each
reaction was determined and manual baseline adjustment. To
quantify and prove the integrity of isolated RNA, real-time
RT-PCR analysis for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was also carried out. Each run consisted of
GAPDH as an internal standard and a negative control without
samples.

Statistical analysis, All values are expressed as means + SD.
The significance of differences between observations was
determined by Scheffe's multiple comparison method. All
analyses were performed using the computer-assisted Stat
View program (SAS Institute; Gary, NC, USA), A p-value of
<0.05 was considered 10 indicate a significant difference
between groups,

Figure 1. Azan-Mallory staining of liver sections of rats treated with DMN. To develep liver cirrhosis in rats, 1% DMN dissolved in PBS was given
intraperitoneally at | ml per kg body weight for 3 consecutive days per week. Two, 4 and 6 weeks after the initiation of DMN treatment, livers were removed,
sliced into 4-pm-thick sections and stained with Azan-Mallory dyes. There were almost no fibers in the liver of untreated normal controls (A). Fine collagen
fibers were observed only at periportal regions, known as Rappaport's zane I, in the liver of ms treated with DMMN for 2 weeks (B). Azan staining of the liver
of rats treated with DMN for 4 weeks demonstrated that the fibrotic septa were relatively thin and predominantly restricted to zone 1 (C). Azan staining of
sections from the liver after 6-week DMN trentment revealed that cirthosis was completely manifested by increase and thickening of the fibrotic septa,
traversing the lobular parenchyma by porto-venous or porto-portal bridging, thus promoting the formation of pseudolobuli (D). Representative pictures are

shown. Bars, 300 pm.
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Figure 2. Immunochistochemnical staining for PCNA of liver sections of rats treated with DMN. To examine the proliferating capability of hepatocytes during
the development of liver cirrhosis, liver sections were stained immunohistochemically with anti-PCNA antibodies and nuclei positive for PCNA staining were
examined, There were a few hepatocytes positive for PCNA staining in the liver of untreated normal controls (A}, In contrast, there were a considerable
number of positive hepatocytes in the liver of rats treated with DMN for 2 weeks (B). Although hepatocytes positive for PCNA staining were decreased in the
liver of rats treated with DMN for 4 weeks, there were still a number of positive cells (C). Hepatocytes positive for the staining were decreased markedly in
the liver of animals treated with DMN for 6 weeks (D). Representative pictures are shown. Bars, 100 pm.

Results

Histopathological findings of the liver during the development
of DMN-induced liver cirrhosis in rats. Intraperitoneal
administration of DMN to rats is known to cause liver cirrhosis,
characterized by hepatocellular necrosis, increased connective
tissue and formation of regenerative nodules. Histological
anatysis by hematoxylin-eosin staining of liver sections of
unireated normal controls revealed that there was no infiltration
of inflammatory cells. Conversely, histological analysis of
liver sections of rats treated with DMN revealed infiltration
of inflammatory cells including macrophages and neutrophils,
and destruction of hepatic parenchyma. Hepatic damage
became more severe according to the periods of DMN
treatment (data not shown). _

To evaluate the amount of collagen fibers in the liver, liver
sections collected from DMN-treated and untreated animals
wete stained with Azan-Mallory dyes. There were almost no
fibers in the liver of untreated normal controls (Fig. 1A). In
contrast, fine collagen fibers were observed only at periportal
regions, known as Rappaport's zone 1, in the liver of rats treated
with DMN for 2 weeks (Fig. 1B). Azan staining of liver
sections of rats treated with DMN for 4 weeks demonstrated
that the fibrotic septa were relatively thin and predominantly
restricted to zone 1 (Fig. 1C). Azan staining of sections from

the liver after 6-week DMN treatment revealed that cirrhosts
was completely manifested by increase and thickening of the
fibrotic septa, traversing the lobular parenchyma by porto-
venous ot porto-porial bridging, thus promoting the formation
of pseudolobuli {Fig. 1D).

Serum liver-related biochemical parameters of rats treated
with DMN. To examine the changes of serum liver-related
biochemical parameters during the development of liver
cirrhosis, blood samples were collected from the portal vein
when animals were sacrificed. Serum levels of albumin were
decreased gradually according to the periods of DMN
treatment, and the values of untreated, 2-, 4- and 6-week-
treated ones were 4.330.2, 4.240.1, 3.7£0.5 and 2.610.4 g/dl,
respectively. Serum albumin levels of animals treated with
DMN for 6 weeks were significantly lower than those of both
untreated, and 2- and 4-week-treated ones. Conversely, serum
levels of asparate aminotransferase (AST) were increased
according to the periods of DMN treatment, and the values of
untreated, 2-, 4- and 6-week-treated ones were 6715, 85£14,
117449 and 283456 [U/L, respectively. Serum levels of AST
were significantly higher in rats treated with DMN for 6
weeks than in both untreated, and 2- and 4-week-treated
ones. Serum levels of alanine aminotransferase (ALT) were
also increased with time, and the values of untreated, 2-, 4-
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Figure 3. Quantitative estimation of hepatocytes positive for PCNA staining,
The number of PCNA staining-positive nuclei of hepatocytes was significantly
larger in rats treated with DMN for 2 weeks than in both untreated and 6-
week-trented ones. Although the number of positive cells was larger in
animals treated with DMN for 4 weeks, the values were not significantly
different from those of untreated or 6-week-treated ones. There were no
significant differcaces between untreated and 6-week-treated animals. Each
bar represents the mean £ SD of 5 animals, "0.01<p<0.05.

and 6-week-treated ones were 29+7, 32413, 71434 and
92443 TU/, respectively. However, the differences were not
statistically significant among the groups.

Immunochistochemical staining for PCNA. To examine the
proliferating capability of hepatecytes during the development
of liver cirrhosis, liver scctions were stained immunohisto-
chemically with PCNA and nuclei of hepatocytes positive for
PCNA staining were counted. There were a few hepatocytes
positive for PCNA staining in the liver of untreated normal
controls (Fig. 2A). In marked contrast, there were a large
number of positive hepatocytes in the liver of rats treated with
DMN for 2 weeks (Fig. 2B). Although hepatocytes positive
for PCNA staining were decreased in the liver of animals
treated with DMN for 4 weeks, there were a number of positive
ones (Fig. 2C). Notahly, hepatocytes positive for PCNA
staining were decreased markedly in the liver of animals treated
with DMN for 6 weeks (Fig. 2D).

We Lhen quantitatively evaluated the number of hepatocytes
positive for PCNA staining. As shown in Fig. 3, the number of

PCNA staining-positive hepatocytes was significantly larger

in rats treated with DMN for 2 weeks than in both untreated
and 6-week-treated ones. Although the number of positive
cells was larger in animals treated with DMN for 4 weeks, the
values were not significantly different compared with
untreated or 6-weeck-treated ones, There were no significant
differences between untreated and 6-week-treated animals.

Expression of cyclin D1, Cdk4 and Cdk6 during the
developnient of liver cirrhosis. To examine expression levels
of cyclin D1, Cdk4 and Cdk6 during the development of liver
cirrhosis, total RNA was extracted from the liver of rats
treated with DMN and mRNA levels were quantitatively
evaluated by a real-time RT-PCR method. mRNA levels of
cyclin D1 were increased markedly in the liver of rats treated
with DMN for 2 weeks compared with untreated controls,
mRNA levels of cyclin D1 were decreased slightly in the
liver of rats treated with DMN for 4 weeks, and then decreased
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Figure 4. mRNA expression of eyelin DI, Cdk4 and Cdk6 during the
development of liver cirrhosis. To quantitatively estimate mRNA expression
of cyclin D1 (A), Ck4 (B) and Cdk6 (C} duzing the development of Fver
cirrhosis, a real-time RT-PCR methed was employed. The value of each
amplificd message was standardized by the amcunt of GAPDH quantified
from the same sample. mRNA levels of cyclin DI were increased markedly in
the liver of rats treated with DMN for 2 weeks compared with untreated
normal controls. mRNA levels of cyclin DI were then decreased slightly in
the liver of rats treated with DMN for 4 weeks, and decreased markedly in the
liver of 6-week-trcated ones. Statistically, mRNA levels of cyelin D} were
significanily higher in the liver of 2- and 4-week-treated animals than in
untreated and 6-week-treated ones. mRNA levels of Cdk4 were elevated
miidly in the liver of rats treated with DMN for 6 weeks, and the values were
significantly higher than those of animals treated with DMN for 2 weeks.
However. the values were not significantly different from those of untreated
normal controls, mRNA levels of Cdk6 were not significantly different among
the groups. Each bar represents the mean % SD of 5 animals. *0.01<p<0.03,
0001 <p<0.01.

markedly in the liver of 6-week-ireated ones. Statistically,
mRNA levels of cyclin D1 were significantly higher in the
liver of 2- and 4-week-treated animals than in both untreated
and 6-week-treated ones (Fig. 4A).
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Figure 5. mRNA expression of p] 5Nk, p|§INKda and pi8INK dyring the
development of liver cirthosis. To examine expression levels of the INK family
during the development of liver cirrhosis, mRNA levels of pl 5N (A),
plé™k4 (B) and pl8™K% (C) were quantitatively evaluated by a real-time RT-
PCR method. mRNA levels of pl5™ were increased markedly in the liver of
rats treated with DMN for 6 weeks and the values were significantly higher
than those of untreated, 2- and 4-week-treated ones. MRNA Jevels of plg™ke
were also shown to increase markedly in the liver of rats treated with DMN for
6 wecks and the values were significantly higher than those of untreated
normal controls. In contrast, mRNA levels of pI8N&¥ did not show any
significant changes during DMN treatment. Each bar represents the mean £
SDof 5 animals. *0.001<p <0.01, "'p<0.001.

We then examined mRNA levels of the catalytic subunits
of cyclin DI, namely Cdk4 and Cdk6. mRNA levels of Cdk4
were elevated mildly in the liver of rats treated with DMN for
6 weeks, and the values were significantly higher comparcd
with animals treated with DMN for 2 weeks. However, the
values were not significantly different from those of untreated
normal controls (Fig. 4B). mRNA levels of Cdk6 in the liver
did not show any significant changes during the development
of liver cirrhosis (Fig. 4C).

FUNAKOSHI et al: GI-RELATED CELL CYCLE MOLECULES IN LIVER CIRRHOSIS

Figure 6. Immunchistochemical staining for cyclin DI of liver sections of rats |
treated with DMN. To compare profein and mRNA expression during the -
development of liver cirthosis, liver sections obtained from rats treated with
DMN were stained immunohistochemically for cyclin D1 staining. Consistent
with the results of mRNA expression of cyclin DI, there were almost no

hepatocytes positive for cyclin DU staining. In contrast, a considerable number
of nuclei of hepatocytes in the liver of rats treated with DMN for 2 wecks were
stained positively {A). Hepatocytes positive for eyclin D) staining were
decreased thereafter, and there were only n few positive ones in the liver of rats
treated with DMN for 6 weeks (B). Representative pictures are shown. Bars,
100 pum.

Expression of plSWKh pl6WKs and p 18V dyring the
development of liver cirrhosis. To examine expression levels
of the INK family during the development of liver cirrhosis,
mRNA levels of pl 5K, p]G™NK4 and pl8NK* were evaluated
quantitatively by real-time RT-PCR. mRNA levels of p15™Wke®
were increased markedly in the liver of rats treated with DMN
for 6 weeks and the values were significantly higher compared
with those of untreated, 2- and 4-week-treated ones (Fig. SA).
mRNA levels of pl6™&* were also increased markedly in the
liver of animals treated with DMN for 6 weeks and the values
were significantly higher compared with those of untreated
controls (Fig. 5B). Conversely, mRNA levels of pl8™¢« did not
show any significant changes during the development of liver
cirrhosis in rats treated with DMN for various {ime periods
(Fig. 5C).

Immunohistochemical staining for cyclin DI and pl15%&% of
the liver of rats treated with DMN. To compare expression
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Figure 7. Immunohistochemical staining for pl5IN&% of liver sections of rats
teeated with DMN. There were almost no hepatacytes positive for pl 5Nt
staining not only in the liver of untreated normal controls but alse in that of rats
treated with DMN for 2 weeks, Only a small number of hepatocytes in the liver
of rats treated with DMN for 4 weeks were stained positively with p152%#
staining in the cytoplasm (A). In contrast, there were a number of hepatocytes
with the cytoplasm positive for pl 5™ staining in the liver of rats treated with
DMN for 6 wecks (B). Arrows indicate hepatocytes with the cytoplasm
positive for p]15™Nk® staining, Representative pictures are shown. Bars, 100 pm.

levels of mRNA and protein during the development of liver
cirrhosis, liver sections obtained from rats treated with DMN
were stained immunohistochemically for cyclin D1 and
pl5™&* Consistent with the results of mRNA expression,
there were few hepatocytes positive for eyclin D1 staining in
the liver of untreated normal controls (data not shown). In
contrast, a number of positive hepatocytes were detected in
liver sections obtained from rats treated with DMN for 2
weeks (Fig. 6A). Hepatocytes positive for cyclin D1 staining
were decreased thereafter, and there were only a few positive
ones in the liver of rats treated with DMN for 6 weeks
(Fig. 6B).

With regard to immunohistochemical staining for p1 5K,
there were few hepalocytes positive for pl 5™k staining not
only in the liver of untreated normal controls but also in the
liver of rats treated with DMN for 2 weeks (data not shown).
Only a small number of hepatocytes positive for pl5MHKen

431

785

staining were observed in liver sections obtained from rats
treated with DMN for 4 weeks (Fig. 7A). In contrast, a number
of positive hepatocytes were detected in the liver of rats
treated with DMN for 6 weeks (Fig. 7B).

Discussion

Although the liver is highly capable of regeneration,
continuous liver damage caused by viral infection, alcohol,
auwtoimmune-related diseases, metabolic disorders or hepatic
toxins lead to cirrhosis. Liver cirthosis is characterized by a
marked accumulation of extraccilular matrix components and
tissue remodeling. Theses phenomena are induced to retrieve
space lost by destruction of hepatic parenchyma. Therefore,
one of the most important causes of liver cirrhosis appears to
be impaired proliferative capability of hepatocytes. Repeated
intraperitoneal administration of DMN has been shown to
cause hepatocyte destruction and production of extracellular
matrix components mainly composed of collagen fibers,
resulting in manifestation of cirrhosis (19-22), In the present
study, we first examined the proliferative capability of hepato-
cytes during the development of liver cirrhosis, using an
animal liver cirrhosis model induced by DMN treatment.
PCNA is a stable cell cycle-related nuclear protein, 36 kDa in
molecular weight, which is increasingly expressed in late (1
and throughout S phase of the cell cycle. Its rate of synthesis
is correlated with the proliferative rate of cells (23-27),
Several studies comparing PCNA immunohistochemistry with
established proliferation markers indicate that immunostaining
of PCNA can be used to define and map proliferating cells in
animal and human tissues and that this method represents a
reliable marker for the determination of proliferative activity
(28-31). Therefore, we employed an immunohistochemical
PCNA-staining method to assess the proliferative capability
of hepatocytes during the development of liver cirrhosis. At
an early stage of the continuous hepatic damage caused by
DMN, a number of hepatocytes with nuclei positive for
PCNA staining were observed. However, PCNA-positive
hepatocytes were then decreased gradually and there were
a very small number of PCNA-positive ones at the
establishment of liver cirrhosis. These results indicate that
although hepatocytes can proliferate in response to hepatic
damages for certain time periods, the proliferative capability
of hepatocytes is exhausted during continuously lasting
hepatic damage. This exhaustion of the proliferative capability
of hepatocytes is considered to be a main cause of the
development of liver cirthosis. Accordingly, the next important
issuc to be examined is why hepatocytes lose the proliferative
capability during the development of liver cirrhosis,

Cell cycle-related molecules play essential roles in cell
proliferation. Specifically, Gl-related cell cycle molecules
are important, because they are requisite for the entry into the
cell eycle from the quiescent state. Therefore, it is considered
that disruption of the regulation of Gl-related cell cycle
molecules is contributed to the development of liver cirrhosis.
However, little is known about disproportion of these molecules
during the development of liver cirrhosis. Cell cycle-related
molecules are mainly divided into 3 groups, namely cyclins,
Cdks and Cdk inhibitors. Among cyclins, cyclin D1 serves as
a critical regulator of the cell cycle (32). The cyclin D1 gene
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has been identified as a target gene in the Wnt signaling path-
way as well as the Ras-activated mitogen-activated protein
kinase signaling pathway. It has been shown that cyclin D1
expression is markedly increased in rodent livers after partial
hepatectomy (12-15). Tt has also been shown that cyclin DI
induction is one of the earlier events in hepatocyte proliferation
induced by thyroid hormone (33), suggesting that cyclin D1
may be a common target responsible for the mitogenic activity
of ligands of nuclear receptors. Furthermore, it has been
shown by differential hybridization of cDNA arrays and
RNase protection studies that early stimulated expression of
cyclin D1 was induced in the murine liver treated with a
hepatotoxic compound CCl, (34). Furthermore, Albrecht et af
(35) have demonstrated the increased cyclin D1 expression in
human liver tissues from various acute and chronic liver
diseases, and stated that cyclin D1 may eventually provide a
clinically relevant molecular marker of regenerative activity
in human liver diseases. We have also demonstrated that
cyclin D1 might play a major role in hepatocyte proliferation
but not in hepatocarcinogenesis, because its expression was
increased in the course of chronic hepatic inflammation and
decreased in hepatocellular carcinoma. Taken collectively,
these tesults indicate that the induction of cyclin D1 plays an
essential role in hepatocyte proliferation, In the present
study, we demonstrated that mRNA levels of eyclin D1 were
increased markedly at an early stage of chronic hepatic
damage. mRNA levels of cyclin D1 were then decreased
during the course of chronic hepatic damage and significantly
reduced at the time of manifestation of liver cirrhosis. There
were no significant differences in cyclin DI mRNA level
between undamaged normal and cirrhotic livers. Similar
results were confirmed by the subsequent immuno-
histochemical staining for cyclin D1, indicating that both
mRNA and protein levels of cyclin DI were increased for a
certain time period in response to hepatic damage but then
decreased during further continuing hepatic damage.

Cyclin D1 binds and activates the catalytic subunits, Cdk4
and Cdk6. Cyclin D1/Cdk4 and cyclin D1/Cdk6 complexes
phosphorylate retinoblastoma protein, resulting in transition
from Gl to S phase (1-4). Cyclin D1 forms complexes with
Cdk4 and also with Cdk6. Therefore, the cyclin D1-related
kinase activitics can be expressed as the sum of cyclin D1/Cdk4
and cyclin D1/Cdk6 kinase activities. Levels of Cdk4 and
Cdk6 do not always correlate with each other. For instance, it
has been shown that in the regenerating liver of mice after
partial hepatectomy, cyclin DI formed complexes with Cdk4,
which were markedly activated in the regenerating liver, but
not with Cdk6 (36). We have also shown that mRNA and
protein expression of Cdk4 was higher in the chronic hepatitis
liver than in the normal liver {11). Therefore, enhanced kinase
activity of cyclin D1/Cdk4, but not cyclin D1/Cdk6, was
considered to be responsible for hepatocyte proliferation. In
the present study, it was shown that levels of Cdk4 mRNA
were increased slowly during the development of fiver cirrhosis
and values were significantly higher in rats treated with
DMN for 6 wecks than in those for 2 weeks. However, there
were no significant differences between untreated normal
controls and 6-week-treated rats. With regard to Cdké
mRNA levels, no significant differences were observed
among untreated, 2-, 4- and 6-week-treated animals. Taken

FUNAKOSH] e a: GI-RELATED CELL CYCLE MOLECULES IN LIVER CIRRHOSIS

collectively, the results with regard to cyclin D1, Cdk4 and
Cdk6 demonstrated in the present study suggest that cyclin D1
but not Cdk4 nor Cdk6 plays a critical role in hepatocyte
regeneration in response to hepatic damage.

For the regulation of cell cycle, cyclin-dependent kinase
inhibitors (CKJs) also play essential roles. CKls are currently
classified into 2 groups (37). The first group, known as the
CIP-KIP family, consists of p21%!, p27%®' and p57%ir2,
Because these inhibitors require preformed eyclin/Cdk
complexes for binding and are able to inhibit all kinds of
cyclin/Cdk complexes (38-42), molecules of the CIP-KIP
family are not G1 phase-specific. The second group of CKls,
known as the INK family, consists of p] 5WE®, p16ivka, p] giNkk
and p19"™K4, Unlike the CIP-KIP family, these inhibitors are
active only on Cdk4- or Cdk6-containing complexes. In
addition, binding of the INK family proteins to Cdk4 or to
Cdk6 is independent of cyclin D (43-47). Because members
of this family are known to bind and inhibit Cdk4 and Cdké
without affecting other Cdks (3), they are G1 phasc-specific.
Therefore, to examine the role of Gl-related cell cycle
molecules, we evaluated the expression of pl13™Ksb, plGinks
and p18MK« mRNA, It was shown in the present study that
mMRNA levels of pl5™* and p16™K* were increased during
the development of liver cirrhosis and clevated markedly in
the cirehotic liver of rats treated with DMN for 6 weeks. In
marked contrast, mRNA levels of pl8™*+ were not changed
significantly during the development of liver cirrhosis. These
results indicate that markedly impaired profiferative capability
of hepatocytes at a late stage of cirrhosis development may be
caused by increased pt5™* and pl6NK# expression but not by
unchanged p18NK¥ expression.

In conclusion, during the course of cirrhosis development,
hepatocytes reveal high proliferative capability in response to
hepatic damage, which appears to be induced by augmented
cyclin D1 expression. However, according to the time periods
of continuous hepatic damage, hepatocytes gradually lose
their proliferative capability, which appears to be caused not
only by decreased cyclin DI expression but also by increased
pI5MKik and pl6NK expression. Therefore, the strategy to
maintain high levels of cyclin D1 expression or to suppress
p15MKh and p16WK4 expression may be effective (o inhibit
the development of liver cirrhosis,
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Halting the Interaction Between Vascular Endothelial
Growth Factor and Its Receptors Attenuates Liver
Carcinogenesis in Mice

Hitoshi Yoshiji,! Shigeki Kuriyama,® Junichi Yoshii,' Yasuhide Ikenaka,! Ryuichi Noguchi,! Daniel J. Hicklin,* Yan Wu,?
Koji Yanase,! Tadashi Namisaki,! Mitsuteru Kitade,' Masaharu Yamazaki,' Hirohisa Tsujinoue,! Tsutomu Masaki,’ and

Hiroshi Fukui!

It has been shown that angiogenesis plays an important role not only in tumor growth, but
also in early carcinogenesis. The expression of a potent angiogenic factor, vascular endothe-
lial growth factor (VEGE), increased during the early stage of carcinogenesis. In this study,
the effects of the neutralizing monoclonal antibodies R1 mAb and R2 mAb of the VEGF
receptors Flt-1 (VEGFR-1) and KDR/Flk-1 (VEGFR-2), respectively, on murine hepatocas-
cinogenesis induced by diethylnitrosamine (DEN) were examined. The effects of R1 mAb
and R2 mAb on spontaneous lung metastasis from hepatocellular carcinoma (HCC) were
also investigated. VEGF expression and neovascularization in the tumor increased stepwise
during hepatocarcinogenesis. Treatment with both R1 mAb and R2 mAb markedly inhibited
the development of HCC and adenoma in the liver. The inhibitory effect of R2 mAb was
more potent than that of Rl mAb, and the combination treatment with both mAbs almost
completely attenuated hepatocarcinogenesis. Both R1 mAb and R2 mAb treatment signifi-
cantly suppressed the development of angiogenesis in HCC. The suppressive effects against
angiogenesis R1 mAb and R2 mAb were similar in magnitude to their inhibitory effects
against hepatocarcinogenesis. Furthermore, spontancous lung metastasis from HCC was
also significantly suppressed by R1 mAb and R2 mAb treatment. In conclusion, these results
suggest that VEGF and receptor interaction plays an important role in hepatocarcinogenesis

and in spontaneous lung metastasis from HCC. (HeraToLOGY 2004;39:1517-1524.)

umor survival, growth, and subsequent metastasis
are underpinned by the recruitment of new blood
vessels.1-3 Without angiogenesis, a tumor cannot
grow even beyond a few millimeters in size. In addition to
marure tumor growth, evidence indicates that induction
of angiogenesis precedes the formation of malignant tu-
mors, suggesting thar angiogenesis is a rate-limiting step

Abbrevigtions: HCC, hepatocellular carcinoma; VEGF, vascielar endothelial
growsh factor; mAb, neutralizing monaclonal antibody; EC, endothelial cells; Flt-1,
Fms-fike tyrosine kinases KDRIFik-1, kinasc-insert domain-containing receptor/
Jfetal liver kinase-1; DEN. dieshylnitrosamine: IgG, immunoglobulin G; PBS, phos-
phare buffer saline; mRNA, mesienger RNA; PCR, polymerase chain reaction.
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not only in tumor growth but also in carcinogenesis.#5 It
has been reported that alterations in the hepatic microcir-
culation occur at the early stages of liver carcinogenesis, in
association with liver cell change or within dysplastic nod-
ules, before the emergence of morphologically identifiable
hepatocellular carcinoma (HCC) in human samples.§ An-
other clinical report showed that angiogenesis in the liver
gradually increased from low-grade dysplastic nodules
during hepatocarcinogenesis.” In an experimental study, a
semisyntheric analogue of fumagilin, TNP-470, which
possesses antiangiogenic activity, suppressed the progres-
sion of HCC.®

Angiogenesis is regulated by the net balance between
proangiogenic factors and angiogenic inhibitors."? To
date, many positive and negative angiogenic-modulating
factors have been identified, and the vascular endothelial
growth factor (VEGE), also known as vascular permeabil-
ity factor, is the most intrusive factor with regard ro an-
giogenesis.>!? Emerging evidence shows that VEGF plays
a pivotal role in many physiological as well as pathological
angiogenic processes. In contrast to other angiogenic fac-
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tors, VEGF acts almost exclusively on endothelial cells
(EC) and is also known as a survival factor for EC,11.12
Without VEGF, apoptosis is rapidly induced in EC.13 It
has been shown that VEGF has a critical, nonredundant
role in the transgenic mouse model of pancreatic 8-cell
carcinogenesis.'* In HCC, several studies have shown that
VEGF expression was upregulated more in the tumor
lesion than in noncancerous tissues.'5-17 We have re-
ported that overexpression of VEGF correlated with a
marked increase in murine HCC tumor growth, in addi-
tion to augmentation of neovascularization, and that
HCC growth was tightly regulated by VEGF expres-
sion.’ Two tyrosine kinases, Fms-like tyrosine kinase
(Fle-1), or VEGER-1, and the kinase insert domain-con-
taining receptor fetal liver kinase-1 (KDR/Flk-1), or
VEGFR-2, both of which are type 1l tyrosine kinase
receptors, have been identified as the main VEGF recep-
tors. These two receprors serve different biological roles in
many pathological events,!01° and VEGFR-2 plays a
more important role than VEGFR-1 i witro and in
viva.'?-2* Previously, we reported that inhibition of
VEGF and VEGFR-2 interaction significantly reduced
the tumor growth and angiogenesis of HCC.23 A recent
study has revealed that, in addition to VEGFR-2,
VEGFR-1 also played an important role under certain
conditions of pathological angiogenesis, such as tumor
growth.24=26 It has also been reported that VEGFR-1
played an important role in the experimentat lung metas-
tasis from melanoma and Lewis lung carcinoma cells.2
However, the roles of VEGEFR-1 and VEGFR-2 in hepa-
tocarcinogenesis and lung merastasis from HCC have not
been yet examined.

In the present study, we elucidated the biological role
of VEGF and receptor interaction using the specific neu-
tralizing monoclonal antibodies of VEGFR-1 and
VEGFR-2 (R1 mAb and R2 mAb, tespectively) in liver
carcinogenesis, in conjunction with angiogenesis develop-
ment. We also examined the effects of R1 mAb and R2
mAb on spontancous lung metastasis from HCC.

Materials and Methods

Animals. Male BALB/c mice, aged 6 weeks, were pur-
chased from Japan SLC, Inc. (Hamamatsu, Shizuoka, Ja-
pan). They were housed in stainless-steel mesh cages
under controlled conditions of temperature (23 % 3° and
relative humidity (50% * 20%), with 10 to 15 air changes
per hour and light for 12 hours per day. The animals were
allowed access to food and tap water ad libitum throughout
the acclimatization and experimental periods,

Compounds and Animal Treatment. R1 mAb and
R2 mAb were provided by ImClone Systems (New York,

HEPATOLOGY, June 2004

NY) as previously described.?”-22 It has been shown that
R2 mAb exerted a VEGFR-2 inhibirory effect in a dose-
dependent manner, and that the maximal effect was
achieved at a dose of 1,000 pg/mouse twice per week,28.29
We therefore employed this dose in our current study.

The experimental period in all experiments was 36
weeks, The mice were divided into 5 groups {n = 18 each;
G1,G2,G3, G4, and G5). The mice in G1 to G4 received
an intraperitoneal injection of 75 mg/kg of diethylnirro-
samine (DEN) weekly for 3 weeks, then 100 mg/kg of
DEN for 3 weeks followed by phenobarbital mixed with
each meal at a concentration of 0.05% from week 6 to the
final sacrifice as described previously.® 3' R1 mAb and:
R2 mAb were administered intraperitoneally to the mice
of G2 and G3 twice a week. In G4, both R1 mAb and R2
mAb were administered simultaneously. The animals in
G1 received the same amount of a control immunoglob-
ulin G (IgG) as described previously.23 32. 33 The mice
that received phosphate buffer saline (PBS) instead of
DEN were examined as a negative control group (G5). All
mice were anesthetized, the thoracic cavity was opened,
and blood samples were withdrawn via cardiac puncture.
Alanine aminotransferase and total bilirubin were assessed
by routine laboratory methods. All animal procedures
were performed according to standard protocols and in
accordance with the standard recommendations for the
proper care and use of laboratory animals.

Tumor Examinations. Entire livers from randomly
chosen mice in each group {(n = 10) were removed,
weighed, and cut into 2-mm-thick strips to examine the
presence of macroscopically visible lesions. All macro-
scopic lesions were described, mapped, and quantitated
by size as described previously.>® The liver strips were
fixed in 4% paraformaldehyde for 24 hours, embedded in
paraffin, and stained with hemaroxylin-eosin. The histo-
logical examination of the hepatocellular neoplasms was
classified as described previously.?"3 Two independent
certified pathologists performed the histological assess-
ment in a blind manner. The liver sections of G1 to G5
were randomly given to the investigators, who confirmed
the same diagnosis with later discussion. We also exam-
ined spontaneous lung metastasis from the DEN-induced
HCC. Afier fixation of the lung, low-power (X10) mi-
croscopic examination was performed to detect and count
the metastatic lesions in the lungs.

Expression of VEGF and CD31 in the Tumor. The
messenger RNA (mRNA) expressions of VEGF and
CD31, which are used widely as markers of neovascular-
ization, were evaluated by real-time polymerase chain re-
action (PCR). The protein expressions of VEGF and
CD31 were also examined by Western blot and immuno-
histochemical analysis, respectively, as described previ-
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ously.?»36 The macroscopically visible tumor lesions and
the adjacent tissues were separated, and half of the rumor
tissue was immediately snap-frozen for RNA and protein
extraction (n = 5 in each experimental group). The other
half of the tissue samples was fixed in 4% paraformalde-
hyde for the pathological examinations or OCT com-
pound for the immunohistochemical examinations. We
used the same size of rumor to avoid the necrotic effect of
the hypoxic conditions as previously described.?3 Real-
time PCR was performed with the ABI Prism 7700 Se-
quence Detection System (Perkin Elmer Applied
Biosystems, Foster City, CA) according to the manufac-
turer’s manual, Relative quantitation of gene expression
was performed as described in the manual by using glyc-
eraldchyde-3-phosphate dehydrogenase as an internal
control. The threshold cycle and the standard curve
method were used for calculating the relative amount of
the target RNA as described for PE. To prevent genomic
DNA contamination, all RNA samples were subjected to
DNase I digestion and checked by 40 cycles of PCR to
confirm the absence of amplified DNA. The CD31-pos-
itive microvessel length was assessed under X200 magni-
fication. In each tumor sample, 5 areas showing the
highest density of staining were sclected for counting. In
counting, the large vessels with a thick muscular wall or
with a lumen greater than 50 pwm in diameter were ex-
cluded. These immunopositive vessels were evaluated
with Adobe Photoshop and NTH image sofrware as pre-
viously described.33 The protein expression level of VEGF
was determined by Western Blot analysis as previously
described,3” using an amplified alkaline phosphatase im-
munoblot assay kit (Bio-Rad, Hercules, CA) and anri-
body against VEGF (sc-507) (Santa Cruz, Santa Cruz,

Immunoprecipitation. To examine whether RT mAb
and R2 mAb at a dose of 1,000 pg/mouse suppressed
autophosphorylation of the receptors in the HCC lesion,
immunoprecipitation was performed as previously de-
scribed.33-36 Fifteen minutes after R1 mAb and R2 mAb
were intraperitoneally injected, the tumor was resected
from 3 mice in each group and snap-frozen immediately.
From the tumor tissues, which were pathologically diag-
nosed as HCC, pool lysate solutions were concentrated
and used for immunoprecipitation. To conduct immuno-
precipitation, the HCC lysates were immunoprecipitated
with antiphosphotyrosine before conducting sedium do-
decyl sulfate polyacrylamide gel electrophoresis. Anti-
tyrosine  (4G10) was purchased from Upstate
Biotechnology (Lake Placid, NY} and anti-VEGFR-2 (C-
1158), -VEGFR-1 (C-17) were obtained from Santa
Cruz. Before the Western blotting, we stained each mem-
brane with Ponceau solution {Sigma, St. Louts, MO} to
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Table 1. Effect of R1 mAb and R2 mAb on Several Markers
In DEN-Treated Liver

Relative
Body Welght  Liver Welght Total BEllrubin
(g) (%) (mg/dL) ALT (U/1)
Control 38264 62x07 0401 142.4 + 31.8
R1 mab 37260 bH2X08* 0.4=*01 148.8 + 283
R2 mAb 37154 48%08* 0301 133.8 + 30.8
R1 + RZmAb 38853 46 *06* 04+01 154.7 * 328
PBS 3838+5653 4606 0401 1447278

Abbreviations: ALT, adanine aminotransferase; PBS, phosphate buffer saline.
*P << .01 vs. control.

confirm that the same amounts of protein were immuno-
precipitated (data not shown). Blots were developed using
an amplified alkaline phosphatase immunoblot assay kit
{Bio-Rad).

Statistical Analysis. To assess the statistical signifi-
cance of intergroup differences in the quantitative dara,
Bonferroni’s multiple comparison test was used after one-
way ANOVA. This was followed by Barlett’s test to de-

termine the homology of variance.

Results

General and Macroscopic Findings. All mice sur-
vived throughout the experimental period. As shown in
Table 1, there were no significant differences in final body
weight among the groups. On the other hand, the relative
liver weight (liver weight/body weight) was significantly
higher in G1 than in the other groups, possibly due to
development of the liver cumors. Figure 1A shows the
typical pale white macroscopic appearance of the hepatic
lesions. Treatment with DEN resulted in marked devel-
opment of hepatic nodules (Fig. 2). The total number of
hepatic nodules was significantly suppressed by treatment
with R1 mAb and R2m Ab (G2 and G3, respectively),
and the combination treatment of R1 mAb and R2 mAb
exerted further inhibidon (G4). The inhibitory effect of
R2 mAb was much more potent than that of Rl mAb
(P <<.01). In the 3 tumor-size categories, there were many
large nodules in the control group. Conversely, the ratio
of small nodules increased in the R1 mAb- and R2 mAb-
treated groups. No hepatic nodule was found in the PBS-
treated group (G5), and neither ascites nor other organ
abnormalitics were observed at the end of the experiment,
with the exception of lung metastasis (data not shown).
R1 mAb and R2 mAb trearment did not cause any alter-
ation in the serum liver functional markers, suggesting
that the inhibitory effects of R1 mAb and R2 mAb against
hepatic nodule development were not secondary re-
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Fig. 1. Typical gross and microscopic features of HCC and lung
metastasis. (A) The typical multiple hepatic nodules In the DEN-treated
liver (G1) were whitish and their margins were relatively clear. (B) HCC
mostly displayed a trabecular pattern with cords of more than 1 hepa-
tocyte In thickness and partially demonstrated a pseudoglandular pat-
tern, {(C) Multiple metastatic lung nodules were observed In the DEN-
treated group (G1). (D) Histological features of lung metastasis in mice
from the DEN-treated group. Magnification (B) %200 and (D) x40.

sponses to the cytoprotective effect against DEN
(Table 1},

Histological Examination, Histological examination
of the hepatic nodules displayed hepatocellular adenoma
and HCC. The adenoma consisted of foci of well-differ-

w_L

Number of macroscopic lesions

PBS

Fig. 2. Effects of Rt mAb and R2 mAb on the mean number and size
of macroscopic hepatic nodules. The total number of the hepatic nedules
was significantly suppressed by treatments with both Ri mAb and R2
mAb (G2 and G3, respectively), and the combination treatment of R1
mAb and R2 mAb exerted further inhibition (G4). Prophate butfer saline
{PBS)-treated group (GS). The Inhibitory effect of R2 mAb was much
more potent than that of RImAb (P << .01). In the 3 tumorsize
categories, there were many large nodules in the cantrol group. Con-
versely, the ratic of small nodules increased in both R1 mAb- and R2
mAb-treated groups. No hepatic nodule was found in the PBS-treated
group {G5). Data represent mean * SD (n = 10). Cont, control
IgG-treated mice (1,000 ug/mouse [G1}); R1 and R2, R1 mAb- and R2
mAb-treated mice (1,000 ug/mouse [G2 and G3, respectively]); R1 +
R2, Rl mAb and RZ mAb combination-treated group {G4); PBS,
phophate buffer saline-treated group; N/D, not detected. *Statistically
significant difference from G1 (P < .01). **Statistically significant
difference from G2 (P < .05).
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Fig. 3. Effects of R1 mAb and R2 mAb on the microscopic develop-
ment of HCC and adenoma in the liver. The incidences of bath adenoma
and HCC in the liver were significantly inhibited by treatments with R1
mAb and R2 mAb, The combination treatment of R1 mAb and R2 mAb
almost completely attenuated development of the fiver neoptasm. Similar
to the macroscopic findings of hepatic nodules, the inhibitory effect of R2
mAb was significantly stronger than that of R1 mAb in the development
of both adenoma and HCC. Data represent mean + SD {(n = 10).

Cont, control IgG-treated mice (1,000 wg/mouse [G1]); R1 and R2, R1
mAb- and R2 mAb-treated mice (1,000 pg/mouse {G2 and G3, respec-
tively]); R1 + R2, R1 mAb and R2 mAb combination-treated group (G4);
PB3, phophate buffer saline-treated group {G5); N/D: not detected,
*Statistically significant difference from G1 (P < .01). **Statistically
significant difference from G2 (P < .05).

entiated hepatocyrelike cells that formed regular cords (1
cell in thickness). The adenoma compressed the sur-
rounding nonfocal hepatocyte cytoplasm. HCC dis-
played a trabecular pattern with cords of more than 1
hepatocyte in thickness and partially exerted a pseu-
doglandular pattern (Fig. 1B). The incidences of ade-
noma and HCC in the liver were significantly inhibited
by treatment with Rl mAb and R2 mAb (Fig. 3). The
combination treatment of R1 mAb and R2 mAb almost
completely attenuated the development of liver neo-
plasm. Similar to the macroscopic findings of the hepatic
nodules, the inhibitory effect of R2Z mAb was significantly
stronger than that of R1 mAb against the development of
both adenoma and HCC (P < .01). No evidence of tu-
mor development could be found in the PBS-treated
group.

VEGF Expression and Neovascularization in the
Tumeor. First, we examined whether the VEGF and
CD31 mRNA expressions were altered during liver carci-
nogenesis. Figure 4 demonstrates that VEGF mRNA ex-
pressions increased stepwise during hepatocarcinogenesis
in addition to augmentation of neovascularization. The
VEGF and CD31 mRNA expressions in the adenoma
and HCC were significantly upregulated compared with
the adjacent nontumor lesions (P < .05 and P < .01,
respectively). We performed preliminary routine reverse
transcriprase-PCR and found that, among the aleernative
splicing variants of the mouse VEGF genes, VEGF; ¢4 and
VEGF 20 were abundant forms in the DEN-treated liver
(data not shown). Next, we examined the effects of R1

437



HEPATOLOGY, Vel. 39, No. 6, 2004

>

3 Adjacent Adjacent *
Nontumor lesion 2 Nontumor lesion
[ Adenoma [] Adenoma
5| | [(Once 4 [Quce

Relative gene expression UJ

Relative gene expression

=
i
Q

VEGF CD31

Fig. 4. VEGF and CD31 mRNA expressions in the DEN-treated liver.
The mRNA expression was examined by real-time PCR as described in
Materials and Methods, The mRNA expressions of VEGF and CD31
increased stepwise during hepatocarcinogenesis. (A) VEGF and (B} CD31
expressions in the adenoma and HCC were significantly upregulated
compared with the adjacent nontumor tesions (P <C .05 and P < .01,
respectively). Data represent mean * SD {n = 5). *Statistically signif-
icant difference from the adjacent nontumor lesions (P < .01 ). **5ta-
tistically significant difference from the adjacent nontumor lesions (P <
.05).

mAb and R2 mAb on VEGF and CD31 expressions in
HCC tissue. The VEGF mRNA and protein expressions
in HCC did not change with either R mAb or R2 mAb
treatment (Figs. 5A and 6A). Alternarively, both RI mAb
and R2 mADb significantly suppressed CD31 mRNA ex-
pressioncompared to the control group (P < .01}, The
“inhibitory impact of R2Z mAb was more potent than that
of R1 mAb treatment (P < .01), and the combination
treatment of both mAbs almost abolished neovasculariza-
tion in HCC (Fig. 5B). We also examined the intratu-
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Fig. b. Effects of R1 mAb and R2 mAb on the mRNA expressions of
VEGF and CD31 in HCC. The mRNA expressions were examined by
real-time PCR as described in Materials and Methods. (A)VEGF expres-
sion in HCC. Neither R1 mAb treatment nor R2 mAb treatment altered
VEGF gene expression in the HCC tissue. (B} Both R1 mAb and R2 mAb
significantly suppressed CD31 gene expression as compared to the
control group, The inhibitory impact of R2 mAb was more potent than that
of R1 mAb treatment, and the combination treatment of both mAbs
almost abolished CD31 expression in the liver. Data represent mean =+
8D (n = 5). Cont, control IgG-treated mice {1,000 ug/mouse [G1}); R1
and R2, R1 mAb- and R2 mAb-treated mice (1,000 ug/mouse [G2 and
G3, respectively]); R1 + R2, R1 mAb and R2 mAb combination-treated
group (G4}); PBS, phosphate buffer saline-reated group (G5); N/D: not
detected. *Statistically significant difference from G1 (P < .01). **Sta-
tistically significant difference from G2 (P < .05).
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Fig. 6. Effects of R1 mAb and R2 mAb on {A} VEGF expression and {B)
activation of VEGFR-1 and VEGFR-2 receptors in HCC tissue. (A) Similar
te mRNA expression, neither R1 mAb treatment nor R2 mAb treatment
altered the VEGF protein expression in HCC tissue. (B) R1 mAb and R2
mAb significantly inhibited tyrosine phosphorylation of the respective
receptors. Neither the activation of VEGFR-1 nor that of VEGFR-2 was
altered by the administration of R2 mAb and R1 mAb, respectively. Lane
1, 1gG-treated control group {G1). Lane 2, R1 mAb-treated group (G2).
Lane 3, R2 mAb-treated group (G3). Lane 4, R1 mAb and R2 mAb
combination-treated group (G4).

moral microvessel density. Figures 7A and B (low and
high magnification, respectively} show representative fea-
tures of CD31-positive vessels in the tumor. The results of
semiquantitation of the microvessels in the tumor were
similar to those of CD31 mRNA expression in the tumor
(Fig. 7C), suggesting that the ECs were a target for these
mAbs and resulting in alteration of intratumoral angjo-
genesis. Of note was the finding that the suppression of
angiogenesis by treatment with Rl mAb and R2 mAb was
of similar magnitude as that of the inhibition of liver
neoplasm development.

Receptor Activation In Situ. It has been reported
that the inhibitory effects of Rl mAb and R2 mAb on
receptor activation are dose-dependent.2#2? To examine
whether or not R1 mAb 2and R2 mAb at the dose used in
the current study (1,000 pg/mouse) actually inhibited
autophosphorylation in the tumor, we analyzed tyrosine-
phosphorylated VEGFR-1 and VEGFR-2 after intraperi-
toneal injection of RI mAb and R2 mAb. We observed
phosphorylated bands of VEGFR-1 and VEGFR-2 at
about 180 kd and 230 kd respectively, as mentioned in
previous reports.!>3® R1 mAb and R2 mAb significantly
inhibited tyrosine phosphorylation of the receptors in
HCC, and the activation of VEGFR-1 and VEGFR-2 was
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