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Increases in p53 expression induce
CTGF synthesis by mouse and human
hepatocytes and result in liver fibrosis in mice
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The tumor suppressor p53 has been implicated in the pathogenesis of non-cancer-related conditions such as
insulin resistance, cardiac failure, and early aging. In addition, accumulation of p53 has been observed in the
hepatocytes of individuals with fibrotic liver diseases, but the significance of this is not known. Herein, we
have mechanistically linked p53 activation in hepatocytes to liver fibrosis. Hepatocyte-specific deletion in mice
of the gene encoding Mdm?2, a protein that promotes p53 degradation, led to hepatocyte synthesis of connec-
tive tissue growth factor (CTGF; the hepatic fibrogenic master switch), increased hepatocyte apoptosis, and
spontaneous liver fibrosis; concurrent removal of p53 completely abolished this phenotype. Compared with
wild-type controls, mice with hepatocyte-specific p53 deletion exhibited similar levels of hepatocyte apoptosis
but decreased liver fibrosis and hepatic CTGF expression in two models of liver fibrosis. The clinical signifi-
cance of these data was highlighted by two observations. First, p53 upregulated CTGF in a human hepatocel-
lular carcinoma cell line by repressing miR-17-92. Second, human liver samples showed a correlation between
CTGF and p53-regulated gene expression, which were both increased in fibrotic livers. This study reveals that
p53 induces CTGF expression and promotes liver fibrosis, suggesting that the p53/CTGF pathway may be a

therapeutic target in the treatment of liver fibrosis.

Introduction
The tumor suppressor p53 primarily functions as a guardian of
the genome, suppressing tumor development in various organs. In
response to genotoxic stresses induced by DNA damage, reactive
oxygen species, oncogene activation, and hypoxia, the p53 protein
is stabilized and becomes transcriptionally active, leading to cell
cycle arrest, DNA repair, and apoptosis predominantly through
expression of p53-regulated genes such as p21, PUMA, NOXA, and
BAX (1). Aside from these well-established roles, recent reports have
revealed new aspects of p53, e.g., regulation of multiple biological
functions such as glycolysis (2), anti-oxidation (3), autophagy (4),
and senescence (5). It has also been demonstrated that p53 activa-
tion causes insulin resistance (6), cardiac failure (7), and early aging
(5), indicating that pS3 is involved even in the pathophysiology of
various non-tumorous conditions via its numerous functions.
Organ fibrosis is considered to be a major medical issue, as vari-
ous organs are involved, such as the liver, lung, heart, kidney, and
skin, and its progression leads to organ failure and, especially in
the liver, cumor development. The molecular mechanism of organ
fibrosis has not yet been comprehensively clarified due to its com-
plexity, and thus far, whether p53 is directly involved in its patho-
physiology has not been addressed. Recently, p53 has been shown to
accumulate in hepatocytes of several fibrotic liver diseases, such as
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non-alcoholic steatohepatitis (NASH) (8, 9), viral hepatitis (10, 11),
and primary biliary cirrhosis (PBC) (12). However, the precise role
of p53 in liver fibrosis is unclear. To this end, in the present study,
we generated mice with hepatocyte-specific deletion of Mdm2, a
critical p53 inhibitor, which strictly maintains p53 at a low level by
promoting p53 degradation via the ubiquitin/proteasome path-
way (13). Studies in these mice revealed that hepatocyte p53 acti-
vation caused spontaneous liver fibrosis. In addition to increased
hepatocyte apoptosis, these mice showed hepatocyte upregulation
of connective tissue growth factor (CTGF), known to be the fibro-
genic master switch in fibrotic liver diseases (14). In vitro study
revealed that p53 induced CTGF synthesis in hepatocytes via
microRNA (miRNA) regulation. Hepatocyte-specific knockdown
of p53 attenuated CTGF expression and liver fibrosis induced by an
atherogenic (ATH) diet or TAA injection. In human liver samples,
pS3-regulated gene expression increased in the fibrotic liver in
correlation with an increase in CTGF gene expression. These find-
ings demonstrated for the first time to our knowledge that pS3 is
directly involved in fibrogenesis in association with the induction
of profibrogenic gene expression, suggesting that hepatocyte p53
activation and subsequent CTGF upregulation could be therapeu-
tic targets in fibrotic liver disease.

Results
Hepatocyte-specific Mdm2 deficiency causes endogenous pS3 accumula-
tion, leading to transactivation of p53-regulated genes. To investigate the
role of p53 in liver fibrosis, we first generated hepatocyte-specific
Mdm2-knockout mice by crossing Mdm2 floxed mice (Mdm2/V/f)
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Figure 1

Hepatocyte-specific Mdm2-knockout mice show endogenous p53 accumulation, leading to transactivation of p53-regulated genes. (A—F) MdmZ2"alb-cre
[Cre(+)] mice and Mdm2# [Cre(—)] mice were analyzed at 6 weeks of age. (A) p53 mRNA levels in the liver tissue were determined by real-time
RT-PCR; 7 mice per group. (B) Expression of p53 protein in liver tissue was assessed by Western blot analysis. (C) Expression of p53 protein
in isolated hepatocytes upon treatment with 20 uM nutlin-3a or vehicle was assessed by Western blot analysis. (D) Expression of p53 protein in
the liver section was determined by immunohistochemical analysis. Original magnification, x200. (E) p271, Noxa, Bax, and Puma mRNA levels
in isolated hepatocytes and NPCs were determined by real-time RT-PCR; 4 mice per group. Expression of p21, Noxa, Bax, and Puma proteins

in liver tissue was assessed by Western blot analysis (F).

(15) and Alb-Cre transgenic mice (alb-cre) (16). After mating of
Mdm2V*alb-cre mice with Mdm2"* mice, Mdm2%/alb-cre mice were
born at the expected Mendelian frequency and grew normally
(Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JCI144957DS1). Next, we bred the
Mdm2falb-cre mice with the Mdm2Vf mice and used Mdm2/falb-cre
mice as the knockout mice and Mdm 2%/ mice as control lictermates
in the subsequent experiments. We examined whether Mdm2
deficiency would cause p53 accumulation in the liver. Real-time
RT-PCR study revealed that hepatic levels of p53 mRNA were not
significantly different in the knockout mice and the control litter-
mates (Figure 1A). Western blot analysis showed that hepatic p53
protein increased in the knockout mice compared with control
littermates (Figure 1B). To determine whether an increase in p53
occurs in hepatocytes, we isolated hepatocytes from the liver by the
collagenase-pronase perfusion procedure (17) and then examined
their expression of p53 protein. Western blot analysis showed that
the levels of hepatocyte p53 protein were higher in the knockout
mice than in the control littermates (Figure 1C). These findings
indicated that hepatocyte-specific Mdm2-knockout mice exhibit-
ed accumulation of p53 protein in their hepatocytes independent
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of the transcriptional upregulation of the p53 gene. In addition,
P53 expression increased in hepatocytes isolated from the con-
trol littermates, but not from the knockout mice, upon treatment
with nutlin-3a, a small molecule Mdm2 inhibitor that blocks
pS3-Mdm?2 interaction (ref. 18 and Figure 1C). This result dem-
onstrated that lack of the Mdm2 function in hepatocytes of the
knockout mice led to accumulation of endogenous p53 protein.
Immunohistochemical examination of the liver sections revealed
that p53 protein had accumulated in hepatocytes of the knockout
mice, with some nuclear localization (Figure 1D), suggesting that
pS53 may become functionally active in hepatocytes of the knock-
out mice. This led us to investigate whether the p53 accumulation
would lead to transactivation of p53-regulated genes p21, Noxa,
Bax, and Puma. Real-time RT-PCR study revealed that, among
these genes, the expression levels of p21, Noxa, and Bax was sig-
nificantly higher in hepatocytes of the knockout mice than the
control littermates (Figure 1E). Western blot study demonstrated
that protein levels of these p53-regulated genes increased in the
knockout mice as well (Figure 1F). These results demonstrated
that hepatocyte-specific Mdm2 deletion led to p53 accumulation
and caused functional activation of p53 in hepatocytes.
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Hepatocyte-specific Mdm2-knockout mice develop spontaneous liver fibrosis with an increase in expression of the Ctgf gene. (A—H) Mdm2"falb-cre
[Cre(+)] mice and Mdm2/ [Cre(-)] mice were analyzed at 6 weeks of age; 6 mice per group. (A) Liver fibrosis was evaluated by picrosirius
red staining of liver sections (original magnification, upper panels, x100; lower panels, x200). (B) Sirius red—positive area of liver sections. (C)
Hepatic hydroxyproline content. Co/7a1 and Col1a2 (D), Ctgf (E), and Acta2 (F) mRNA levels in the liver were determined by real time RT-PCR.
(G) Expression of a-SMA in the liver sections was analyzed by immunohistochemistry. Original magnification, x200. (H) Mmp2, Mmp14, and

Timp1 mRNA levels in the liver were determined by real time RT-PCR.

Hepatocyte-specific Mdm2-knockout mice develop spontaneous liver
fibrosis with an increase in Ctgf gene expression. We next examined the
consequences of hepatocyte p53 activation in the liver of Mdm2-
knockout mice. To assess liver fibrosis, we evaluated hepatic col-
lagen deposition by picrosirius red staining of liver tissues. At
6 weeks of age, pericellular and periportal bridging fibrosis was
observed in liver of the knockout mice (Figure 2A), and it per-
sisted even at a later time point (Supplemental Figure 2). Their
collagen deposition significantly increased compared with that
in the control littermates (Figure 2B). Hepatic hydroxyproline
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content, a biochemical marker of collagen accumulation (16),
was also significantly higher in the knockout mice than in the
wild-type mice (Figure 2C). We examined hepatic expression of
the type I collagen genes Collal and Colla2 and found it to be
significantly higher in the knockout mice than in the control
lictermates (Figure 2D). Among the major profibrogenic genes,
real-time RT-PCR study revealed that hepatic expression of Ctgf
was significantly higher in the knockout mice than in the control
littermates (Figure 2E). Although Tgfb1 and Pdgfb gene expression
was slightly higher in the knockout mice than in the control litter-
Volume 121~ Number 8

August 2011 3345



research article

A

H&E

TUNEL

Cre(+)

=

Caspase-3/7 activity (x10* RLU)

Cre(-)
Figure 3

B C
_ 100 9 L oos 80 7  p<oo0s
E L a—
°
= 80 -
b= 60 -
3
= 60 2
8 ~ 40 1
g -
= 40 <
8
(=1
0 20 4
o 20 -
=
5 |
0 - 0 -

Cre(-) Cre(+) Cre(-) Cre(+)

P<0.05

Cre(+)

Hepatocyte-specific Mdm2 deletion induces modest hepatocyte apoptosis. (A—E) Mdm2falb-cre [Cre(+)] mice and Mdm2/# [Cre(-)] mice were
examined at 6-8 weeks of age; more than 6 mice per group. (A) Hepatocyte apoptosis was evaluated by H&E staining and TUNEL staining of liver
sections; black arrows indicate TUNEL-positive cells. Original magnification, upper panels, x400; lower panels, x200. (B) TUNEL-positive cell counts
of liver sections. (C) Serum levels of ALT. (D) Expression of cleaved caspase-3 protein in the liver sections was assessed by immunohistochemistry;
black arrows indicate cleaved caspase-3—positive cells. Original magnification, x400. (E) Serum caspase-3/7 activity. RLU, relative light units.

mates, the difference was not significant (Supplemental Figure 3).
These findings indicated that hepatocyte-specific Mdm2 deletion
led to spontaneous liver fibrosis with an increase in hepatic Ctgf
gene expression. Activated hepatic stellate cells (HSCs), which
express myogenic markers such as a-SMA, are major collagen-pro-
ducing cells in the injured liver (19). We thus examined whether
activated HSCs were involved in the spontaneous fibrosis of the
knockout mice. Real time RT-PCR demonstrated that hepatic
expression of the a-SMA gene Acta2 was significantly higher in
the knockout mice than in control littermates (Figure 2F), and
immunohistochemical study revealed that a-SMA-positive cells
increased in the liver of the knockout mice (Figure 2G), indicating
that activated HSCs increased in the liver of the knockout mice.
Liver fibrosis is known to be regulated by a fine balance between
fibrogenesis and fibrinolysis, with activated HSCs playing a cen-
tral role (19, 20). Real-time RT-PCR study showed that expression
of fibrinolysis-related genes such as Mmp2, Mmp14, and Timp1,
which are mainly produced from activated HSCs, also increased
and was significantly higher in the knockout mice than in the
control littermates (Figure 2H). These findings suggested the
involvement of activated HSCs in regulation of the fibrosis phe-
notype in liver of the knockout mice.
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Hepatocyte-specific Mdm2 deletion induces modest apoptosis, but regen-
erative capacity remains normal. pS3 activation is known to induce
apoptosis, cell-cycle arrest, and senescence in a variety of tissues (1).
We examined apoptotic phenotypes in liver of the knockout
mice. H&E staining of liver tissue revealed that a small number of
hepatocytes with chromatin condensation and cytosolic shrinkage
were scattered in the liver lobules of the knockout mice, with mild
hepatic infiltration of inflammatory cells (Figure 3A). TUNEL
staining of the liver tissue revealed an increase in TUNEL-positive
cells in the knockout mice compared with the control littermates
(Figure 3, A and B). Consistent with these histological observa-
tions, the levels of serum alanine aminotransferase (ALT), an indi-
cator of liver injury, were slightly but significantly higher in the
knockout mice than in the control littermates (Figure 3C). We also
found that cleaved caspase-3, an active form of caspase-3, appeared
in scattered hepatocytes of the knockout mice (Figure 3D), and
that serum caspase-3/7 activity, which can be used as an indicator
of hepatocyte apoptosis (21, 22), was significantly higher in the
knockout mice than in the control littermates (Figure 3E). These
findings indicated that hepatocyte-specific deletion of Mdm2 led to
a modest increase in spontaneous hepatocyte apoptosis. Next, we
investigated the regenerative status of the liver upon 70% partial
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Figure 4

Spontaneous liver fibrosis in hepatocyte-specific Mdm2-knockout mice is completely abolished in a hepatocyte-specific p53-knockout back-
ground. (A—G) Offspring from mating of Mdm2™Trp53"+alb-cre mice and Mdm2™Trp53"+ mice were analyzed at 6 weeks of age; more than
5 mice per group. Mdm2 KO, Mdm2"Trp53++alb-cre; Mdm2 p53 DKO, Mdm2fitrp53falb-cre; WT, Mdm2/Trp53%% or Mdm2#fTrp53++;
*P < 0.05. (A) p27 mRNA levels in the liver were determined by real-time RT-PCR. (B) Liver fibrosis was evaluated by picrosirius red staining of
liver sections. Original magnification, x100. (C) Sirius red—positive area of liver sections. (D) Col7a7 and Col/7a2 mRNA levels in the liver were
determined by real-time RT-PCR. (E) Serum levels of ALT. (F) Hepatocyte apoptosis was evaluated by TUNEL staining of liver sections. (G)
Ctgf mRNA levels in the liver were determined by real-time RT-PCR. *P < 0.05.

hepatectomy, a well-established model of liver regeneration (23),
by hepatic BrdU uptake and H&E staining of the liver tissue. Upon
partial hepatectomy, compensatory liver regeneration occurred in
both groups compared with the sham operation group, and the dif-
ference between them was not significant (Supplemental Figure 4,
A and B). Even at a later time point, upon hepatectomy, liver vol-
ume steadily recovered in both groups and did not differ between
them (Supplemental Figure 4C). These results indicated that hepa-
tocyte-specific Mdm2 deficiency did not affect the regenerative
capacity of the liver of the knockout mice. Senescence-associated
B-galactosidase staining of the liver sections was also performed
and showed that senescent hepatocytes were not obvious in both
groups at 6 weeks of age (Supplemental Figure 5).

Spontaneous liver fibrosis in hepatocyte-specific Mdm2-knockout mice is
abolished in a bepatocyte-specific pS3-knockout background. To investigate
whether p53 activation in hepatocytes is responsible for the pheno-
types observed in the Mdm2-knockout mice, we generated hepato-
cyte-specific Mdm2- and p53-double-knockout mice by crossing
hepatocyte-specific Mdm2-knockout mice (Mdm2/falb-cre) and p53
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floxed mice (TrpS371). After mating of Mdm2¥ Trp53/*alb-cre mice
with Mdm2VTrpS3%* mice, hepatocyte-specific Mdm2- and p53-dou-
ble-knockout mice (Mdm2¥Trp53#falb-cre) were born at the expected
Mendelian frequency and grew normally (Supplemental Figure 6).
Levels of the p21 gene, as the p53-regulated gene, were significantly
lower in the hepatocyte-specific Mdm2- and p53-double-knockout
mice than in the hepatocyte-specific Mdm2-knockout littermates
(Mdm2VTrp53*/*alb-cre) and were not significantly different from
those in wild-type littermates (Mdm2V Trp53*/* or Mdm 2 Trp53//A)
(Figure 4A). Picrosirius red staining of the liver tissue demonstrat-
ed that spontaneous liver fibrosis was completely abolished in the
double-knockout mice (Figure 4B) and collagen deposition was
significantly lower in the double-knockout mice than in the Mdm2-
knockout littermates (Figure 4C). Type I collagen gene expression
also significantly decreased in the double-knockout mice compared
with the single-knockout mice and was not different from that in
wild-type littermates when assessed by real-time RT-PCR (Figure 4D).
These findings clearly demonstrated that the spontaneous liver fibro-
sis in the Mdm2-knockout mice was completely dependent on p53,
Volume 121~ Number 8
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Figure 5

Hepatocyte-specific p53-knockout mice show alleviated liver fibrosis induced by ATH diet with suppression of the CTGF increase. (A—E) C57BL6/J
mice were fed ATH diet or control diet for 4 weeks and then examined; 4 mice per group. (A) Liver fibrosis was evaluated by picrosirius red stain-
ing of liver sections. (B) Col7a? and Col71a2 mRNA levels in the liver were determined by real-time RT-PCR. (C) p27 mRNA levels in the liver
were determined by real-time RT-PCR. (D) Hepatocyte apoptosis was evaluated by TUNEL staining of liver sections. (E) Ctgf mRNA levels in the
liver were determined by real-time RT-PCR. (F-J) Trp53 [(Cre(-)] mice and Trp53"alb-cre [Cre(+)] mice were fed ATH diet or control diet for
4 weeks and then examined; more than 6 mice per group; data are presented as fold change in the ATH diet group compared with the control diet
group. (F) p27 mRNA levels in the liver were determined by real-time RT-PCR. (G) Liver fibrosis was evaluated by picrosirius red staining of the
liver sections. Original magnification, x100. (H) Col7a1 and Col7a2 mRNA levels in the liver were determined by real-time RT-PCR. (I) Hepatocyte
apoptosis was evaluated by TUNEL staining of liver sections. (J) Ctgf mRNA levels in the liver were determined by real-time RT-PCR.

indicating that endogenous p53 activation in hepatocytes causes
spontaneous liver fibrosis. ALT levels were normalized in the double-
knockout mice, with a significant decrease in TUNEL-positive cells in
the liver (Figure 4, E and F). Ctgf gene expression was also significantly
lower in the double-knockout mice than in the single-knockout mice
and was not different from that in wild-type littermates (Figure 4G).
These results indicated that hepatocyte pS3 activation induced hepa-
tocyte apoptosis and CTGF upregulation in the liver.
Hepatocyte-specific pS3-knockout mice show alleviated liver fibrosis
induced by ATH diet with suppression of CTGF increase. To investigate
the involvement of p53 in liver fibrosis, we examined p53 activation
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in liver of wild-type mice fed an ATH diet, an experimental model
of murine liver fibrosis (24, 25). After 4 weeks of ATH diet feed-
ing, wild-type mice developed liver fibrosis as assessed by hepatic
collagen deposition of picrosirius red staining, with upregulation
of Collal and Colla2 gene expression (Figure 5, A and B).
Regarding the pS3-regulated genes, real-time RT-PCR analysis
revealed that, in liver of the ATH diet-fed mice, p21 gene expres-
sion levels rose and were significantly higher than those in liver of
control diet-fed mice (Figure 5C). This finding suggested that p53
activation had occurred in the liver fibrosis induced by the ATH
diet. TUNEL staining of the liver sections showed that hepatocyte
Number 8
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Hepatocyte-specific p53-knockout mice show alleviated liver fibrosis induced by TAA administration, with suppression of the CTGF increase.
(A-E) Trp53"" [Cre(—)] mice and Trp53"falb-cre [Cre(+)] mice were given intraperitoneal injection of 200 mg/kg TAA 3 times per week for 6 weeks
and then analyzed; 6 mice per group; data are presented as fold change in the TAA-treated group compared with the nontreated group. (A)
p21 mRNA levels in the liver were determined by real-time RT-PCR. Original magnification, x100. (B) Liver fibrosis was evaluated by picrosirius
red staining of the liver sections. (C) Col1a7 and Col1a2 mRNA levels in the liver were determined by real-time RT-PCR. (D) Hepatocyte apop-
tosis was evaluated by TUNEL staining of liver sections. (E) Ctgf mRNA levels in the liver were determined by real-time RT-PCR.

apoptosis significantly increased in ATH diet-fed mice compared
with the control diet-fed mice (Figure SD). Moreover, with this
ATH diet, Ctgf gene expression significantly increased in the liver
(Figure SE). To investigate whether p53 activation was involved
in the progression of liver fibrosis provoked by the ATH diet, the
hepatocyte-specific p5S3-knockout mice (TrpS53#falb-cre) and the
control littermates (TrpS53/%/M) were fed the ATH diet or control diet,
and then liver fibrosis was examined. After 4 weeks of feeding on
the ATH diet, the p21 gene was upregulated in the control litter-
mates but not in the knockout mice, thus confirming p53 activa-
tion in hepatocytes in this fibrosis model (Figure SF). Picrosirius
red staining of the liver tissues revealed that liver fibrosis was alle-
viated in the knockout mice compared with the control littermates
(Figure 5G). Real-time RT-PCR study demonstrated that the ATH
diet-induced increase in Colla1 and Colla2 gene expression was sig-
nificantly attenuated in the knockout mice compared with control
littermates (Figure SH). These results indicated that inhibition of
pS53 activation in hepatocytes alleviated the liver fibrosis caused by
the ATH diet. With this ATH diet, hepatocyte apoptosis increased
similarly in both groups compared with the control diet, and there
was no significant difference between them in the increase, when
assessed by TUNEL staining of the liver tissue (Figure 5I). This
finding suggested that p53-dependent hepatocyte apoptosis was
not much involved in this model. On the other hand, while the
ATH diet upregulated Ctgf gene expression in the control litter-
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mates, this did not occur in the knockout mice (Figure 5J), sug-
gesting that p53-mediated CTGF upregulation may be involved in
the progression of liver fibrosis caused by the ATH diet.
Hepatocyte-specific pS3-knockout mice show alleviated liver fibrosis
induced by thioacetamide administration, with suppression of the increase
in CTGF. To further investigate the involvement of p53 in anoth-
er well-established model of liver fibrosis, we used repetitive
intraperitoneal injection of thioacetamide (TAA) (26) to exam-
ine the hepatocyte-specific pS3-knockout mice and control lit-
termates. Upon 6 weeks of TAA administration, p21 gene expres-
sion increased in the control littermates but not in the knockout
mice, and there was a significant difference between them in its
upregulation (Figure 6A). These findings suggested that p53 acti-
vation occurred in this fibrosis model as well. Picrosirius red stain-
ing of the liver sections revealed that liver fibrosis was alleviated in
the knockout mice compared with control littermates (Figure 6B).
Real-time RT-PCR study demonstrated that TAA-induced
increases in Collal and Colla2 gene expression were significantly
attenuated in the knockout mice compared with control litter-
mates (Figure 6C). These results indicated that inhibition of p53
activation in hepatocytes alleviated TAA-induced liver fibrosis.
TAA treatment increased hepatocyte apoptosis in both groups to
a similar extent, as assessed by TUNEL staining of the liver tis-
sue (Figure 6D). On the other hand, upon TAA treatment, there
was a significant difference between them in the CTGF increase
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proteins. (H) Real-time RT-PCR analysis of CTGF mRNA expression; n = 3/group, statistical analyses were performed by the paired t test.

(Figure 6E). These findings suggested that p53-mediated CTGF
upregulation may be also involved in the progression of liver
fibrosis provoked by TAA treatment.

P53 regulates CTGF synthesis in hepatocytes. We tried to identify
the cells in which CTGF synthesis increased in the liver of hepa-
tocyte-specific Mdm2-knockout mice. Ctgf gene expression in the
hepatocytes of the knockout mice was significantly higher than in
the control littermates (Figure 7A), while it did not significantly dif-
fer between them in the non-parenchymal cells (NPCs) (Figure 7A).
Immunohistochemical examinations in the liver sections also
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revealed that CTGF was expressed in hepatocytes of the knockout
mice, but not in those of control littermates (Figure 7B). On the
other hand, CTGF was expressed in cholangiocytes of both groups
of mice, butits levels were not much different between them. These
findings suggested that p53 activation induced CTGF synthesis in
murine hepatocytes. Next, to investigate the involvement of p53 in
CTGF regulation in human hepatocytes, we performed an in vitro
study using HepG2 cells, which are known to preserve wild-type
pS3 function (27). Administration of nutlin-3a into HepG2 cells
led to time-dependent increases in p53 and p53-regulated gene
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p53 activation upregulates CTGF synthesis via repression of the miR-17-92 cluster gene. (A) HepG2 cells (1.0 x 10%) were cotransfected with
pTS-589 and pRL-TK for 48 hours and treated with nutlin-3a (20 uM) or recombinant TGF-$ (10 ng/ml) for 24 hours. Firefly luciferase and Renilla
luciferase activity was measured and is presented as relative luminescence values for firefly luciferase versus Renilla luciferase (F/R). n = 4/
group. (B and C) HepG2 cells (1.0 x 105) were treated with nutlin-3a (20 uM) or vehicle for 24 hours. (C) Real-time RT-PCR analysis of miR-17-92
mRNA (B), MIR18A, MIR19A, and MIR19B miRNA expression; n = 3/group. Statistical analyses were performed by the paired t test (A-C).
(D) HepG2 cells were transfected with a mixture of antisense of MIR18A, MIR19A, and MIR19B at 100 nM each or negative control at 300 nM
for 2 days. Expression of CTGF protein was assessed by Western blotting. (E) HepG2 cells were transfected with a mixture of precursor of
MIR18A, MIR19A, and MIR19B at 10 nM each or negative control at 30 nM for 2 days and cultured with nutlin-3a (20 uM) or vehicle for 24 hours.
Expression of CTGF protein was assessed by Western blotting. (F) Expression of miR-17-92 mRNA in isolated hepatocytes was assessed by
real-time RT-PCR. Cre(+), Mdm2"falb-cre; cre(-), Mdm2"; 5 mice per group.

products, represented by p21 (Figure 7C), indicating that nutlin-3a
could activate p53 in these cells. Upon nutlin-3a treatment, CTGF
gene expression increased in a time-dependent manner in HepG2
cells (Figure 7D), while TGFBI and PDGFB gene expression did
not (Supplemental Figure 7). We also observed that CTGF protein
levels gradually increased upon nutlin-3a treatment (Figure 7C).
Adriamycin, a DNA-alkylating agent, could also activate p53, lead-
ing to upregulation of CTGF mRNA and protein levels in HepG2
cells in a time-dependent manner (Figure 7, E and F). Adminis-
tration of p53 siRNA into HepG2 cells efficiently reduced p53
expression, which was demonstrated by the mRNA levels (Supple-
mental Figure 8) and protein levels (Figure 7G), and inhibited
upregulation of p21 protein upon treatment with nutlin-3a and
Adriamycin (Figure 7G). Under this condition, p53 knockdown
completely abolished the increase in CTGF that had resulted from
administration of these drugs (Figure 7, G and H). These results
clearly demonstrated that the increase in CTGF synthesis by nut-
lin-3a or Adriamycin was completely dependent on p53 in HepG2
cells, indicating that p53 positively regulates CTGF synthesis in
human hepatocytes. To directly demonstrate the effect of p53 on
CTGEF expression in vivo, we injected a p53 expression plasmid,
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ORF9-mp53, or its control plasmid into BALB/c mice via the tail
vein by a hydrodynamic injection procedure (28) and examined
Ctgf gene expression 2 days later. Although hydrodynamic injec-
tion of the pS53 expression plasmid only led to nuclear expression
of p53 in hepatocytes at a rate of approximately 5% (Supplemental
Figure 9A), it significantly increased Ctgf gene expression in the
liver compared with the control hydrodynamic injection (Supple-
mental Figure 9B). These results also demonstrated the existence
of the p53/CTGF pathway in vivo.

P53 activation upregulates CTGF synthesis via repression of the miR-17-92
cluster gene. Next, we tried to elucidate the molecular mechanism
underlying CTGF regulation by p53 in HepG2 cells. To examine
whether p53 transcriptionally upregulates CTGF gene expression,
we introduced plasmid pTS-589 — which contains the CTGF pro-
moter from 802 base pairs upstream of the transcript start site to
22 base pairs downstream of the coding sequence linked to the
upstream of a firefly luciferase reporter gene (29) — into HepG2
cells. Then, we evaluated the transcription activity of the CTGF
promoter upon treatment with nutlin-3a or recombinant TGF-f,
which is known to transcriptionally upregulate CTGF (29). Where-
as luciferase activity increased upon TGF-f treatment, it did not
Volume 121~ Number 8
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p53-regulated gene expression increases in fibrotic human liver and is correlated with an increase in CTGF gene expression. (A and B) A total of
21 non-tumorous human liver samples were subdivided into two groups histologically defined as normal liver and fibrotic liver. p27 (A) and CTGF
(B) mRNA levels in the liver were determined by real-time RT-PCR; n = 11 (normal liver group) and n = 10 (fibrotic liver group). (C and D) COL1A1,
CTGF, and p27 mRNA levels in the liver of 21 non-tumorous human liver samples were determined by real-time RT-PCR and plotted to analyze
the correlation between COL1A1 and CTGF (P < 0.01) (C) or between CTGF and p21 (P < 0.01) (D). (E) miR-17-92 and CTGF mRNA levels in the
liver of 10 human fibrotic liver samples were determined by real-time RT-PCR and plotted to analyze the correlation between them (P < 0.01).

change upon nutlin-3a treatment in HepG2 cells (Figure 8A), sug-
gesting that the post-transcriptional regulation may be involved
in the p53-induced CTGF upregulation. Recently, epigenetic regu-
lation of the CTGF gene has been demonstrated (30-32), and the
miR-17-92 cluster gene, in particular, has been reported to repress
CTGF synthesis in murine colonocytes and human glioblastoma
cells (31, 32). Upon nutlin-3a treatment, expression of the miR-17-92
cluster gene decreased in HepG2 cells (Figure 8B), indicating that
p53 activation reduced MIR-17-92 gene expression in HepG2 cells.
The miR-17-92 cluster comprises 7 miRNAs that are transcribed as
a single polycistronic unit (31, 33), and in silico analysis revealed
that, among these miRNAs, MIR18A, MIR19A, and MIR19B can be
predicted to target CTGF. Real-time RT-PCR study revealed that
the gene expression of these 3 miRNAs also decreased upon nut-
lin-3a treatment in HepG2 cells (Figure 8C). Introduction of the
antisense of these 3 miRNAs increased CTGF synthesis in HepG2
cells (Figure 8D), indicating that they suppressed CTGF synthesis
in HepG2 cells. To investigate the causal involvement of down-
regulation of the miRNAs in p53-induced CTGF upregulation, we
administered precursors of the miRNAs to HepG2 cells, and CTGF
synthesis was examined upon nutlin-3a treatment. In contrast to
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negative control miRNA, administration of these miRNAs inhibit-
ed the upregulation of CTGF upon nutlin-3a treatment (Figure 8E),
suggesting that a decrease in miR-18a, miR-19a, and miR-19b in
the miR-17-92 cluster was involved in the mechanism of CTGF
upregulation by p53. To investigate the involvement of the miR-17-92
cluster in CTGF upregulation in hepatocytes of Mdm2-knockout
mice, we examined hepatocyte gene expression of the miR-17-92
cluster and found it to be significantly lower in the knockout mice
than in the control littermates (Figure 8F), suggesting that the
miR-17-92 cluster may be involved in p53-mediated CTGF
upregulation in hepatocytes of the knockout mice.

pS3-regulated gene expression increases in the human fibrotic liver and
is correlated with an increase in Ctgf gene expression. Finally, to inves-
tigate the relationship between p53 activation and human liver
fibrosis, we examined the expression of p53-regulated genes and
fibrosis-related genes in human liver samples. p21 gene expres-
sion increased in the fibrotic liver and was significantly higher
than in the normal liver (Figure 9A). We observed that NOXA
gene expression in the fibrotic liver was also significantly higher
than in the normal liver (Supplemental Figure 10). These findings
suggested that p53 may be transcriptionally active in the fibrotic
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liver. Regarding fibrosis-related genes, CTGF gene expression was
significantly higher in the fibrotic liver than in the normal liver
(Figure 9B). The increase in CTGF gene expression paralleled the
increase in COL1AI gene expression, with a significant correlation
between them (Figure 9C). These results suggested that CTGF
may be involved in the progression of human liver fibrosis. There
was a significant correlation between the gene expression of p21
and CTGF (Figure 9D), suggesting that p53 activation might be
involved in the upregulation of CTGF and the progression of liver
fibrosis in humans. We also found that there was a significant
negative correlation between the gene expression of CTGF and the
miR-17-92 cluster in the fibrotic liver (Figure 9E), suggesting the
involvement of the miR-17-92 cluster in the p5S3/CTGF pathway
in the human fibrotic liver.

Discussion

In the present study, to investigate the role of p53 in liver fibro-
sis, we generated hepatocyte-specific Mdm2-knockout mice and
found a direct link between p53 activation in parenchymal cells
and organ fibrosis. In unstressed cells, expression of p53 is tightly
regulated and maintained at a low level by binding with a vari-
ety of proteins that promote p53 degradation via the ubiquitin/
proteasome pathway (13). Among these p53 inhibitory proteins,
Mdm?2 is critically important for this process, since Mdm2-knock-
out mice show embryonic lethality but were fully rescued by dele-
tion of p53 (34). When Cre-mediated conditional Mdm2-knock-
out mice were generated and studied, the findings revealed that
Mdm2 deletion only in the central nervous system or the heart
still led to embryonic lethality due to massive apoptosis, and this
could also be rescued by deletion of p53 (15, 35). These findings
demonstrated that Mdm2 functions as a crucial and specific p53
inhibitor in a variety of organs. In the present study, using hepa-
tocyte-specific Mdm2-knockout mice, we could observe the con-
sequences of persistent p53 activation in hepatocytes and discover
the profibrotic function of p53.

Regarding the mechanism(s) involving spontaneous liver fibrosis
in our Mdm2-knockout mice, we observed a mild increase in hepa-
tocyte apoptosis (Figure 3, A-E). We have previously reported that
hepatocyte-specific knockout of either Bcl-xL or Mcl-1, major anti-
apoptotic Bcl-2 family proteins, causes massive hepatocyte apop-
tosis and leads to liver fibrosis in mice (16, 36). Thus, although
apoptosis is generally considered to be quiescent cell death that
does not cause organ injury, hepatocyte apoptosis is apparently
involved in liver fibrogenesis. However, in these mice, liver fibrosis
is not evident at 6 weeks of age, although they show much higher
ALT levels, more than 300 IU/ml, and seem to have much more
apoptosis than hepatocyte-specific Mdm2-knockout mice. More-
over, when hepatocyte apoptosis was similarly induced in Mdm?2-
knockout mice and control littermates by administration of
ABT-737,aBcl-xL inhibitor that causes mild hepatocyte apoptosis
invivo (refs. 21, 22, and Supplemental Figure 11A), additional liver
fibrogenic responses occurred in the knockout mice but notin the
control littermates (Supplemental Figure 11B). Based on these
findings, hepatocyte apoptosis could contribute to liver fibrosis,
but some additional factors should be required for the liver fibro-
sis observed in the Mdm2-knockout mice.

In Mdm2-knockout mice, we also found an upregulation of
CTGF synthesis in hepatocytes (Figure 7, A and B). CTGF, also
known as CCN family 2 (CCN2), is one of the CCN family pro-
teins and plays a pivotal role in fibrosis in the lung, skin, kidney,
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and heart (37) through extracellular matrix production, cell cycle
control, and cell adhesion and migration (14, 38, 39). With respect
to the liver, several publications have reported that CTGF expres-
sion increases in human chronic liver fibrotic diseases such as
chronic hepatitis C, NASH, and liver cirrhosis (40-43). Moreover,
previous studies have shown that CTGF inhibition by siRNA had
a beneficial effect on experimental liver fibrosis (44, 45), indicat-
ing that CTGF functions as an important profibrogenic cytokine
in the liver. Although the main source of CTGF was thought to be
HSCs and fibroblasts (46), recent reports have revealed that CTGF
is also produced from hepatocytes (47, 48). Furthermore, trans-
genic mice expressing CTGF under the control of the albumin
gene promoter showed exacerbation of liver fibrosis induced by
chronic CCly administration (49), demonstrating that hepatocyte-
derived CTGF plays an important role in liver fibrogenesis. How-
ever, Tong et al. (49) have also reported that hepatocyte-specific
CTGEF transgenic mice did not show spontaneous fibrosis in the
liver without any fibrotic stimuli. Taken together, these findings
support the idea that CTGF produced from hepatocytes may be
an important factor for promoting liver fibrosis in the presence of
apoptotic stimuli in Mdm2-knockout mice.

To further examine this idea, we performed an in vitro study
using murine HSCs cocultured with apoptotic bodies prepared
from hepatocytes. In agreement with a previous report (50), hepa-
tocyte-derived apoptotic bodies efficiently activated HSCs (Sup-
plemental Figure 12), and CTGF administration significantly
upregulated type I collagen synthesis in HSCs in combination
with apoptotic bodies (Supplemental Figure 13). Based on these
results and in vivo findings, we suggest that hepatocyte p53 acti-
vation increased hepatocyte apoptosis and CTGF synthesis, and
both together may induce HSC activation and collagen synthesis,
contributing to the development of spontaneous liver fibrosis in
Mdm2-knockout mice. It should be noted here that p53 activation
did not appear to be a single causal factor for inducing apopto-
sis in two independent models of murine liver fibrosis but was a
required for CTGF expression. Since CTGF expression was well
correlated with p53 activation and liver fibrosis in human livers,
p53-mediated CTGF induction may be a novel and important
pathway for promoting liver fibrosis.

The Alb-Cre transgenic mice expressed cre recombinase in intra-
hepatic cholangiocytes as well as hepatocytes, as observed from
B-galactosidase staining of the liver sections in Alb-Cre and
Rosa26-LacZ double-transgenic mice (data not shown). In the pres-
ent study, Mdm2-knockout mice (Mdm2¥falb-cre) actually showed
pS53 accumulation and CTGF expression in some cholangiocytes
(Supplemental Figure 14 and Figure 7B), and nutlin-3a treatment
upregulated CTGF gene expression as well as p53-regulated genes
in SNU-1079 cells, a human cholangiocellular carcinoma cell line
with wild-type p53 status (ref. 51 and Supplemental Figure 15),
suggesting the existence of the p53/CTGF pathway in cholangio-
cytes as well. However, CTGF expression was observed even in the
cholangiocytes of control littermates, and its levels were not much
different from those of the knockout mice (Figure 7B). Therefore,
although cholangiocytes may contribute to hepatic CTGF synthe-
sis in physiological settings, they may contribute less to the hepatic
CTGF increase observed in Mdm2-knockout mice.

Recent research has shown that the CTGF gene is repressed
by several miRNAs such as miR-18a, miR-30, and miR-133 (31,
32,52, 53). In addition, a previous report has revealed that p53
represses miR-17-92 transcription by binding to the p53-binding
Volume 121~ Number 8
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site overlapping the TATA box in the miR-17-92 promoter lesion
(54). Thus, we focused on the miR-17-92 cluster (which includes
miR-18) and identified a what we believe to be a novel regulatory
mechanism by which p53 upregulates CTGF through repression
of the miR-17-92 cluster gene in hepatocytes, revealing the involve-
ment of this mechanism not only in vitro, but also in rodents and
fibrotic human liver.

In the present study, we demonstrated a direct causal link
between p53 activation in hepatocytes and liver fibrosis, as
evidenced by the spontaneous liver fibrosis of hepatocyte-spe-
cific Mdm2-knockout mice and the alleviation of diet- or TAA-
induced liver fibrosis in hepatocyte-specific p53-knockout mice.
In hepatocytes, p53 activation induced the expression of CTGF,
a key regulator of liver fibrosis, through miRNA regulation.
Analysis of human tissues provided evidence that the p53/CTGF
axis may be involved in human liver fibrosis. Recently, thera-
peutic applications of a p53 inhibitor have been proposed for
preventing radiation-induced adverse events that are mediated
by p53 activation (55). CTGF was also reported to increase in a
variety of tissues, such as the liver, intestine, and colon, upon
irradiation (56, 57) and play an important role in the progres-
sion of radiation-induced fibrosis (57, 58). Our present study
suggests the possibility that positive regulation of CTGF by p53
may be a therapeutic target of organ fibrosis caused by irradia-
tion therapy as well as disease.

Methods

Cell lines and materials. Human hepatoma cell line HepG2 and murine nor-
mal hepatocyte cell line BNL CL.2 were obtained from ATCC, and human
cholangiocellular carcinoma cell line SNU-1079 was obtained from the
Korean Cell Line Bank (51). They were cultured at 37°C under 5% CO; in
DMEM containing 10% FCS (Sigma-Aldrich). Nutlin-3a and Adriamycin
were purchased from Sigma-Aldrich.

Human samples. Non-tumorous liver samples were obtained from 21
patients at surgical operation for hepatocellular carcinoma (HCC) (n = 10)
and colorectal liver metastasis (» = 11). Among the 10 patients with HCC,
7 were positive for HCV antibody. Of the 10 patients, 4 were histologically
diagnosed as having liver cirrhosis and 6 as having chronic hepatitis. The 11
metastatic patients were seronegative for both HBsAg and HCV antibodies.
They all had normal liver function and were histologically diagnosed as
non-fibrotic livers. The resected non-tumorous liver specimens were taken
as far from the tumor as possible, soaked in RNAlater solution (Ambion),
and then stored at -80° C until use. Written informed consent was obtained
from all patients according to a protocol approved by the Institutional
Research Board of Osaka University Hospital.

Mice. Mdm2f! mice were provided by Guillermina Lozano (University
of Texas MD Anderson Cancer Center, Houston, Texas, USA) (15). Hepa-
tocyte-specific Mdm2-knockout mice (Mdm2//falb-cre) were generated by
mating of Mdm2/"/# mice and Alb-Cre transgenic mice (16, 21). Trp537/7
mice and ROSA26-LacZ mice were purchased from The Jackson Labora-
tory. Hepatocyte-specific TrpS3-knockout mice (TrpS3%falb-cre) were gen-
erated by mating TrpS3%/# mice and alb-cre transgenic mice. Hepatocyte-
specific Mdm2- and Trp53-double-knockout mice (Mdm 2" TrpS53//falb-cre)
were generated by mating Mdm 2 Trp33/%/* mice and Mdm2VATrpS3% alb-cre
mice. Genomic recombination of the Mdm2 and Trp53 genes occurred at
a rate of about 75% in the entire liver (data not shown). C57BL/6] mice
and BALB/c mice were purchased from Charles River Laboratories Japan.
They were maintained in a specific pathogen-free facility and treated with
humane care with approval from the Animal Care and Use Committee of
Osaka University Medical School.
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Isolation and culture of murine hepatocytes and NPCs. Hepatocytes and NPCs
were isolated from Mdm2"!" mice and Mdm2¥alb-cre mice by 2-step col-
lagenase-pronase perfusion of mouse livers as previously described (17).
Isolated hepatocytes were maintained at 37°C under 5% CO, in William’s
Eagle medium containing 10% FCS (Sigma-Aldrich), 100 nM dexametha-
sone, 100 nM insulin (Sigma-Aldrich) and L-glutamine (Invitrogen).

Histological analyses. The liver sections were stained with H&E. For detec-
tion of apoptotic cells, the liver sections were also subjected to TUNEL
staining, according to a previously reported procedure (36). To assess their
regenerative status, we stained liver sections for nuclear BrdU incorporation
as previously described (59). To assess fibrosis, we stained the liver sections
with picrosirius red. The percentage of collagen deposition was quantified
using image analysis software (WinROOF visual system, Mitani Corp.) (59).
For immunohistochemical detection of p53, a-SMA, cleaved caspase-3, and
CTGF, the liver sections were respectively incubated with polyclonal rabbit
anti-p53 antibody (Vector Laboratories Inc.), polyclonal rabbit anti-a-SMA
antibody (Santa Cruz Biotechnology Inc.), polyclonal rabbit anti-cleaved
caspase-3 antibody (Cell Signaling Technology Inc.), and polyclonal goat
anti-CTGF antibody (Santa Cruz Biotechnology Inc.).

Senescence-associated B-galactosidase assay. To assess hepatocyte senescence,
we performed a senescence-associated 3-galactosidase assay according to a
previously described procedure (60). Briefly, the frozen liver sections were
fixed in 0.25% glutaraldehyde for 10 minutes and immersed overnight in
SA-B-gal staining solution (0.5 mg/ml X-gal, 3 mM potassium ferricyanide,
3 mM potassium ferrocyanide, 2 mM MgCl,, 0.25% Triton X-100, 0.1 M
phosphate buffer, pH 6.0).

Determination of liver hydroxyproline content. Hydroxyproline content was
determined essentially as described previously (59). Results are expressed
as micrograms of hydroxyproline per gram of wet liver.

Western blot analysis. Liver tissue was lysed in lysis buffer (1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1x protease
inhibitor cocktail [Nacalai tesque|, 1x phosphatase inhibitor cocktail
[Nacalai tesque], phosphate-buffered saline, pH 7.4). The liver lysates were
cleared by centrifugation at 10,000 g at 4°C for 15 minutes. The protein
concentrations were determined using a bicinchoninic acid protein assay
kit (Pierce). Equal amounts of protein lysates were electrophoretically sepa-
rated by SDS polyacrylamide gels and transferred onto a polyvinylidene
fluoride membrane. For immunodetection, the following antibodies were
used: rabbit monoclonal antibody to p53, rabbit polyclonal antibody to
Bax (Cell Signaling Technology), rabbit polyclonal antibody to p21, goat
polyclonal antibody to CTGF, rabbit polyclonal antibody to p53 (Santa
Cruz Biotechnology Inc.), rabbit polyclonal antibody to Noxa and p21
(Abcam), rabbit polyclonal antibody to Puma (ProSci Inc.), and mouse
monoclonal antibody to B-actin (Sigma-Aldrich).

Real-time RT-PC for mRNA. Total RNA extracted from cell lines and liver tis-
sues using the RNeasy Mini Kit (QIAGEN) was reverse transcribed and sub-
jected to real-time RT-PCR as previously described (59). mRNA expression
of the specific genes was quantified using TagMan Gene Expression Assays
(Applied Biosystems) as follows: murine Collal (assay ID: Mm00801666_g1),
murine Colla2 (Mm01165187_m1), murine Ctgf (Mm01192933_g1),
murine Pmaip1l (Mm00451763_m1), murine Cdknla (Mm01303209_m1),
murine Bax (Mm0043205_m1), murine Trp53 (MmO01731287_m1), murine
Tgfbl (Mm01178820_m1), murine Pdgfb (Mm01298578_m1), murine
Mmp2 (Mm00439506_m1), murine Mmp14 (Mm01318969_g1), murine
Timpl (MmO01341361_m1), murine Acta2 (Mm01546133_m1), murine
miR-17-92 (Mm03307063_pri), murine Actb (Mm02619580_g1), human
COL1A1 (Hs01076777_m1), human CTGF (Hs00170014_m1), human
PMAIP1 (Hs00560402_m1), human CDKN1A (Hs00355782_m1), human
TPS3 (Hs01034249_m1), human TGFB1 (Hs00998133_m1), human
PDGFB (Hs00234042_m1), human BBC3 (Hs00248075_m1), human
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BAX (Hs00180269_m1), and human ACTB (Hs99999903_m1). Human
pri-miR-17-92 expression was quantified using the primers described previ-
ously (54). Transcript levels are presented as fold change.

Caspase-3/7 activity. Serum caspase-3/7 activity was measured with a lumi-
nescence substrate assay for caspase-3 and caspase-7 (Caspase-Glo assay,
Promega) as described previously (61).

Real-time RT-PCR assays for mature miRNA. Total RNA including the
miRNA fraction extracted from cell lines using the miRNeasy Mini Kit
(QIAGEN) was reverse transcribed. Quantitative PCR was performed with
TaqMan MicroRNA Assays (Applied Biosystems) specific for miR-18a (assay
ID: 002422), miR-19a (assay ID: 000395), and miR-19b (assay ID: 000396).
To normalize the expression levels of miRNAs, we used the TagMan
MicroRNA Assay specific for RNUG6B (assay ID: 001093) as the endogenous
control. Transcript levels are presented as fold change.

Transfections with miRNA. HepG2 cells were transfected with 10 nM Pre-
miR miRNA precursor molecules (Ambion) of MIR18A (PM12973), MIR19A
(PM10649), and MIR19B (PM10629) using RNAIMAX (Invitrogen) accord-
ing to the manufacturer’s instructions. Pre-miR negative control (Ambion)
was used as a control.

Transfections with antisense of miRNA. HepG2 cells were transfected with
100 nM Anti-miR miRNA inhibitor (Ambion) of MIR18A (AM12973),
MIRI9A (AM10649) and MIR19B (AM10629) using RNAIMAX (Invitrogen)
according to the manufacturer’s instructions. Anti-miR negative control
(Ambion) was used as a control.

Dual luciferase reporter assay. Plasmid pTS-589, which contains the CTGF
promoter linked to the upstream of a firefly luciferase reporter gene (29),
was transfected into HepG2 cells together with pRL-TK (Promega) using
Lipofectamine LTX (Invitrogen). Upon 24 hours of Nutlin-3a (20 uM) or
recombinant TGF-f (10 ng/ml) treatment, firefly luciferase activity was
measured using the Luciferase Assay System (Promega) and normalized
to Renilla luciferase activity.

siRNA-mediated knockdown. HepG2 cells were transfected with siRNA
against TP53 (Validated Stealth RNAi siRNA, oligo ID: VHS40367)
(Invitrogen) using Lipofectamine RNAi-MAX (Invitrogen) according to
the manufacturer’s protocol. Stealth RNAi Negative Control Low GC
(Invitrogen) was used as the control.

Isolation and culture of mouse HSCs. HSCs were isolated from CS57BL/6]
mice by 2-step collagenase-pronase perfusion of mouse liver, followed by
density gradient centrifugation with 8.2% Nycodenz (Sigma-Aldrich) as
previously described (59). Isolated HSCs were maintained at 37°C under
5% CO, in DMEM containing 10% FCS (Sigma-Aldrich). HSCs after a few
passages were used for the experiments.

Generation of apoptotic body and coculture experiment with HSCs. Apoptotic
bodies of hepatocytes were generated as described previously (50). Briefly,
BNL CL.2 cells were UV irradiated (100 mJ/cm?) and incubated for 2 days
in DMEM with 10% FCS. Next, floating apoptotic bodies were collected
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and centrifuged at 1,500 g for 5 minutes. HSCs (1.0 x 10°) were starved for
48 hours in DMEM without FCS and then cocultured with apoptotic bod-
ies (4.0 x 10%) in DMEM with 10% FCS for the indicated time courses with
or without 100 ng/ml recombinant CTGF (EMP Genetech).

Experimental protocol for ABT-737 administration. ABT-737, provided by Abbott
Laboratories, was dissolved with a mixture of 30% propylene glycol, 5% Tween
80, and 65% DSW (5% dextrose in water), to a final pH of 4-5 as described
previously (21). ABT-737 (100 mg/kg) was intraperitoneally administered to
C57BL/6] mice, and 2 days later they were sacrificed for the various analyses.

Experimental protocol for ATH diet feeding. C57BL/6] mice, Trp53"/ mice,
and Trp537/falb-cre mice were subdivided into two groups: (a) mice fed an
ATH diet (1.25% [w/w] cholesterol, 0.5% [w/w] cholic acid, and 16% [w/w]
fat) for 4 weeks and (b) mice given standard chow (CRF-1, Charles River
Laboratories Japan) for 4 weeks. After having been fasted for 8 hours, the
animals were sacrificed for the various analyses.

Experimental protocol for TAA intraperitoneal administration. TAA (200 mg/kg)
(Sigma-Aldrich) was intraperitoneally administered to Trp53/"/ mice and
Trp53//falb-cre mice 3 times per week for 6 weeks, and then the animals were
sacrificed for the various analyses.

Experimental protocol for hydrodynamic injection of pS3 expression plasmid.
BALB/c mice were given injection of pORF9-mp53 plasmid, an expression
vector containing the murine p53 open reading frame (Invivogen) or its
control plasmid via the tail vein by a hydrodynamic injection procedure
(28) and sacrificed 2 days later for the various analyses.

Statistics. Dataare expressed as median and interquartile range ormean + SD.
Statistical analyses were performed by the unpaired Mann-Whitney U test
or 1-way ANOVA unless otherwise indicated. When ANOVA analyses were
applied, differences in the mean values among the groups were examined
by Scheffe post hoc correction. Correlations were assessed using the Pear-
son product-moment correlation coefficient. P values less than 0.05 were
considered statistically significant.
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