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Fig. 5 Relationship between STAT1/4 phospborylation occurring in
response to IFN-u in NK cell subsets. pSTAT1 and pSTAT4 protein
levels were simultaneously .evaluated by flow cytometry with isotype
control staining. PBMCs were derived from patients with chronic
HCV infection (CHC) (r = 9) and healthy subjects (HS) (z = 11).
Prepared PBMCs were unstimulated or stimulated with natural IFN-o
for 90 min in vitro, and then collected. pSTAT1 and pSTAT4 protein
levels in CD56%8% NK (bright) and CD56%™ NK (dim) cell subsets
were evaluated by flow cytometry, electronically gating on CD56
bright CD3™ cells and CD36 dim CD3™ cells. a Representative dot
plots of untreated or IFN-a treated cells stained with antibody or

STAT1 signaling pathway being less activated in CHB
than in CHC [34].

Lines of evidence have shown that CD56%™ NK cells,
but not CD56™#" NK cells, decrease in number in
peripheral blood in patients with CHC [12, 14, 15, 33]. In
agreement with these reports, we observed a lower

treated cells stained with isotype controls from a patient and a healthy
subject (HS) are shown. Numbers are frequencies of gated cells that
strongly phosphorylated STAT1 but weakly phosphorylated STAT4
in the corresponding subsets. b Increased cell frequency was
determined by subtracting the gated cell frequency of unstimulated
cells from those of stimulated cells. Comparisons of the increased cell
frequency of the high-pSTATI population in response to IFN-u
stimulation in the CD56%™ NK cell subset between CHC and HS are
shown with the statistically significant p value. Each circle represents
individual data. Horizontal bars represent means. Statistical signif-
icance was analyzed using the unpaired Student’s #-test

frequency of CD56%™ NK cells, but not of CD56"%8" NK
cells, in the CHC patients than in the HS (Fig. 1b).
Although we observed significant up-regulation of STAT1
expression in both CD56°#" NK cells and CD356™™ NK
cells, the magnitude of the up-regulation of STATI
expression in the CHC patients, compared with that in the
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Fig. 6 Regulation of NK receptor expression in response to IFN-a-
based therapy. The expression of NK activating or inhibitory
receptors, NKG2D or NKG2A and CD94, respectively, on CDS56rient
NK (bright) and CD56% NK (dim) cell subsets was evaluated by
flow cytometry with isotype control staining, electronically gating on
CD356 bright CD3™ cells and CD56 dim CD3™ cells. PBMCs were
derived from patients treated with IFN-a-based therapy (n = 9)
before (D0) and 1 day after (DI) the initiation of the therapy. Positive
cells (positive cell rate) were determined based on isotype control
staining. The changes in the NK receptor expression levels between
DO and D1 are shown as positive cell rates with the statistically
significant p values. Each circle represents individual data. Statistical
significance was analyzed using the paired Student’s #-test

HS, was clearly greater in CD56"™ NK cells than in
CD356"#8" NK cells (Fig. 3b). Considering that STAT1
transmits the anti-proliferative effects induced by IFN-o
[36-38], the greater up-regulation of STAT1 in CDS6%™
NK cells, compared with that of CD56"8" NK cells, might
have resulted in the significantly reduced frequency in
CD56%™ NK cells but not in CD56™#" NK cells. Further
study is required to examine this.

The most prolific producer of IFN-y is the CD56Prekt
NK cell rather than the CD56"™ NK cell [4, 5]. In the
present study, we found that CD56"8" NK cells responded
to IL-12 to phosphorylate STAT4 much more than
CD356%™ NK cells (Fig. 4a, b). IL-12 is one of the strongest
stimulators of IFN-y production from NK cells, which is
transmitted by STAT4 phosphorylation [I, 3, 39, 40]. The
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preferential activation of STAT4 in CD56™" NK cells,
compared with CD56%™ NK cells, might be one of the
underlying mechanisms by which CD56™&8" NK cells,
compared with CD56™™ NK cells, are armed to produce
IFN-y. On the other hand, we found that CD56%™ NK cells
responded to IFN-y to phosphorylate STAT1, while
CD56" NK cells hardly did so (Fig. 4a, b). Moreover,
some of the CD56%™ NK cells responded to IFN-« to more
strongly phosphorylate STAT1 than CD56°%™ NK cells
(Fig. 5a). The CD56%™ NK cells are strongly cytolytic
armed effector cells [4, 5]. IFN-o or IFN-y is one of the
strongest inducers of the cytolytic function of NK cells,
which is transmitted by STAT1 phosphorylation [1, 3, 38,
41]. Thus, the predominant activation of STATI1 in
CD56%™ NK cells, compared with CD36°#™ NK cells,
might be one of the underlying mechanisms by which
CD56%™ NK cells become armed with a strong cytotoxic
function. The differences in cytokine response to activate
STAT molecules between these NK cell subsets might lead
to the differences in their armed functions, such as cytol-
ysis and cytokine production.

Ahlenstiel et al. [42] have recently reported that chronic
exposure to HCV-induced IFN-« rendered NK cells with a
functional polarization toward a cytotoxic phenotype, but
without an increase in IFN-y production. Moreover,
Oliviero et al. [16] showed that NK cells from CHC
patients were of a predominantly activating phenotype and
that these phenotypic changes were associated with
enhanced cytotoxic activity and defective IFN-y produc-
tion. These reports may be associated with our finding that
NK cells, including CD56"%8™ and CD56%™ subsets, from
the CHC patients displayed a high level of STATI1
expression (Fig. 3). Cytotoxic molecules such as perforin
and granzyme, as well as STAT1, are among the ISGs [28,
41]. A high level of STAT1 in NK cells, particularly in
CD56%™ NK cells that are armed with a cytolytic function,
in CHC patients might correspond to a high level of
cytotoxic molecules in NK cells, resulting in enhanced
cytotoxic activity. Indeed, the frequency of the population
that strongly phosphorylated STAT1 upon IFN-a stimula-
tion in CD36%™ NK cells was significantly higher in the
CHC patients than in the HS (Fig. 5b). This population
might be highly armed cells with a cytolytic function. On
the other hand, it has been reported that the STATI1
expression level in NK cells was correlated negatively with
the activation of STAT4 to produce IFN-y in response to
IFN-¢ in NK cells [22, 24]. A high level of STAT1 in NK
cells, particularly in CD56"%8 NK cells that are armed to
produce IFN-y, might cause defective IFN-y production in
the NK cells of patients with CHC.

Recent studies have demonstrated that a higher level of
ISGs in hepatocytes as well as in PBMCs before IFN-o-
based therapy is associated with resistance to this therapy
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[32, 43]. We have also reported that a small number of
CHC patients treated with IFN-o-based therapy revealed a
tendency, in those who had a higher level of STAT1 (which
is one of the ISGs) in the total NK cell population, to not
respond well to the therapy in the early phase, such as in
week § after its initiation [24]. In the present study, we did
not observe a significant correlation between the STAT1
expression level in the NK cell subsets and the sensitivity
to IFN-« based therapy, but we did find a tendency of those
who had a higher level of STAT1 in the NK cell subsets to
not respond well to the therapy in the early phase, such as
in week 8 after its initiation (T. Miyagi et al. unpublished
data). The number of evaluated patients, however, was
small. More data on treated patients will be required to
accurately evaluate the relationship between the STATI
expression level in the NK cell subsets and the therapy
outcorme.

We have recently reported that NKG2D expression on
NK cells could be down-regulated by the soluble major
histocompatibility complex class I-related chain A

_(MICA), which was increased in patients with CHC com-
pared with healthy controls [44]. In the present study,
NKG2D expression levels on both CD56°€™ NK cells and
CD56%™ NK cells from the CHC patients were signifi-
cantly lower than those from the HS (Fig. 2). Thus, the
"lower NKG2D expression on either CD56"%8% NK cells or
CD56%™ NK cells in patients with CHC might be caused
by the increased soluble MICA. In response to IFN-a
treatment in vivo, the expression of NKG2A/CD9% was
down-regulated in both subsets in the CHC patients.
In vitro stimulation of NK cells with IFN-a did not down-
regulate or up-regulate the messenger RNA expression of
NKG2A/CD%4 in NK cells (T. Miyagi et al. unpublished
data). Thus, the lower expression of NKG2A/CD94 might
be modulated not directly but indirectly by in vivo IFN-«
treatment.

In the present study, we investigated how the NK cell
subsets differed in frequency, phenotype, and cytokine
response, and also how chronic HCV infection modified
these differences. CD356°#% NK cells had a relatively
higher level of intracellular STATI1 expression than
CD56"™ NK cells in the HS. Both CD56™#" NK cells and
CD56%™ NK cells from the CHC patients displayed
remarkably higher levels of STAT1 expression than those
from the HS, without any significant differences between
these subsets. Upon in vitro stimulation with cytokines
such as IL-12, IFN-y, and IFN-«, CD56%8" NK cells and
CD56%™ NK cells phosphorylated STAT1/4 differently.
These differences between the NK cell subsets in fre-
quency, phenotype, and cytokine response were partly
altered in the CHC patients, suggesting their possible
association with the persistence of HCV infection and the
resistance to IFN-« based therapy. These observations

suggest the possibility of cellular or molecular targets for
the treatment of chronic HCV infection.
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Abstract

Background 1t is still not known which patients with
chronic hepatitis C who failed to respond to previous
pegylated interferon (Peg-IFN) plus ribavirin therapy can
benefit from re-treatment.

Methods Seventy-four patients (HCV genotype 1,
n = 56, genotype 2, n = 18) were re-treated with Peg-IFN
plus ribavirin.
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Results On re-treatment, the sustained virologic response
(SVR) rate was 41% for genotype 1 and 56% for genotype
2. With genotype 1, the factors associated with an SVR
were previous treatment response and the serum hepatitis C
virus (HCV) RNA level at the start of re-treatment. Patients
with a >2-log decrease in HCV RNA at week 12 (partial
early virologic response, p-EVR) in previous treatment had
significantly higher SVR rates than those without these
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decreases (p < 0.001); no patient without a p-EVR in the
previous treatment attained an SVR with re-treatment
(0/16). All patients with <5 logyo IU/ml of HCV RNA at
the start of re-treatrment attained an SVR (6/6), while only
33% (15/45) of those patients with >5 log;o IU/ml of HCV
RNA attained an SVR (p < 0.01). Among the patients
with relapse in the previous treatment, those who attained
an SVR on re-treatment required a longer duration of
re-treatment than the duration of the previous treatment
(re-treatment, 63.8 & 13.0 weeks vs. previous treatment,
53.9 + 13.5 weeks, p = 0.01).

Conclusions Re-treatment of genotype 1 patients should be
limited to patients with a p-EVR in the previous treatment
and a low HCV RNA level at the start of re-treatment. In re-
treatment with Peg-IFN plus ribavirin, longer treatment
duration can contribute to increasing the anti-viral effect.

Keywords Chronic hepatitis C - Pegylated interferon
and ribavirin combination therapy - Re-treatment

Introduction ~

Pegylated interferon (Peg-IFN) plus ribavirin combination
therapy can improve anti-viral efficacy and is currently
recommended as first-line therapy for chronic hepatitis C.
However, hepatitis C virus (HCV) still persists in approx-
imately half of the genotype 1 patients treated with Peg-
IFN plus ribavirin [1-4], and the number of patients who
fail to achieve a sustained virologic response (SVR) con-
sequently increases over time.

Recently, the addition of a protease inhibitor to Peg-IFN
plus ribavirin combination therapy has been reported to
improve the anti-viral effect, but this triple therapy increases
side effects, especially severe anemia [5~7]. In Japan, HCV
carriers are 10-20 years older than those in the United States
and European countries, and patients who are ineligible for
triple therapy exist in large numbers due to their potential
tendency of having anemia. On the other hand, re-treatment
with Peg-TFN plus ribavirin is a possible choice, until triple
therapy becomes commercially available, for patients who
have failed to show an SVR to previous anti-viral therapy, and
for patients who are ineligible for triple therapy. As for re-
treatment with Peg-IFN plus ribavirin, there have been only a
few studies of patients who failed to show an SVR to previous
Peg-IFN plus ribavirin [8~11]. Although re-treatment with
Peg-IFN plus ribavirin for patients who failed to respond to
previous Peg-IFN plus ribavirin is not recommended in the
practice guidelines of the American Association for the Study
of the Liver (AASLD) [1], there are some patients who
respond to re-treatment. However, it remains obscure in
which patients eradication of HCV can be successfully
attained by re-treatment with Peg-IFN plus ribavirin.

@ Springer

In the present study, we tried to determine which
patients could benefit from re-treatment and to identify the
factors associated with an SVR in re-treatment.

Patients and methods
Patients

The present study was a retrospective, multicenter trial
conducted by Osaka University Hospital and other insti-
tutions participating in the Osaka Liver Forum. This study
was conducted with 74 chronic hepatitis C patients
(genotype 1, n = 56, genotype 2, n = 18) who had pre-
viously completed Peg-IFN «-2b plus ribavirin combina-
tion therapy but had failed to attain an SVR. Patients were
excluded from this study if they had decompensated cir-
rhosis or other forms of liver disease (alcoholic liver dis-
ease, autoimmune hepatitis), or coinfection with hepatitis B
or anti-human immunodeficiency virus. This study was
conducted according to the ethical guidelines of the Dec-
laration of Helsinki amended in 2008, and informed con-
sent was obtained from each patient.

Treatment‘

For the previous treatment, Peg-IFN «-2b (Pegintron;
Schering-Plough, Kenilworth, NJ, USA) plus ribavirin
(Rebetol; Schering-Plough) was started between December
2004 and January 2008. For re-treatment with Peg-TFN
plus ribavirin, Peg-IFN «-2a (Pegasys; Roche, Basel,
Switzerland) plus ribavirin (Copegus; Roche) or Peg-IFN
o-2b plus ribavirin was started between February 2006 and
January 2009. In principle, as a starting dose, Peg-IFN was
given once weekly at a dose of 180 pg of Peg-IFN «-2a and
1.5 pg/kg of Peg-IFN o-2b, and ribavirin was given at a
total dose of 600-1000 mg/day based on body weight (for
genotype 1, body weight <60 kg, 600 mg; 60-80 kg,
800 mg; >80 kg, 1000 mg; for genotype 2, body weight
<60 kg, 600 mg; >60 kg, 800 mg), according to a standard
treatment protocol for Japanese patients.

Dose reduction and discontinuance

Dose modification followed, as a rule, the manufacturer’s
drug information on the intensity of the hematologic
adverse effects. The Peg-IFN o-2a and «-2b doses were
reduced to 50% of the assigned dose when the neutrophil
count fell below 750/mm> or the platelet (PIt) count fell
below 8 x 10*mm?, and the agent was discontinued when
the neutrophil count fell below 500/mm> or the Plt count
fell below 5 x 10%/mm®. Ribavirin was also reduced from
1000 to 600, 800 to 600, or 600 to 400 mg when the
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hemoglobin (Hb) was below 10 g/dl, and was discontinued
when the Hb was below 8.5 g/dl. Both Peg-IFN and
ribavirin had to be discontinued if there was a need to
discontinue one of the drugs. No iron supplement or
hematopoietic growth factors, such as epoietin alpha
or granulocyte-macrophage colony stimulating factor
(G-CSF), were administered.

Virologic assessment and definition of virologic
response

The serum HCV RNA level was quantified using the CO-
BAS AMPLICOR HCV MONITOR test, version 2.0
(detection range 6-5000 KIU/ml; Roche Diagnostics,
Branchburg, NJ, USA) and qualitatively analyzed using the
COBAS AMPLICOR HCYV test, version 2.0 (lower limit of
detection 50 IU/ml). A rapid virologic response (RVR) was
defined as undetectable serum HCV RNA level at week 4, a
partial early virologic response (p-EVR) was defined as
more than a 2-log decrease in HCV RINA level at week 12
compared with the baseline, a complete EVR (¢c-EVR) was
defined as undetectable serum HCV RNA at week 12, a late
virologic response (LVR) was defined as detectable serum
HCV RNA at week 12 and undetectable at week 24, and an
SVR was defined as undetectable serum HCV RNA at
24 weeks after the end of the treatment. Relapse was
defined as undetectable serum HCV RNA at the end of the
treatment but a detectable amount after the end of the
treatment. For both the previous treatment and this re-
treatment, patients without a p-EVR or without clearance
of HCV RNA at week 24 were considered to be showing

non-response (NR) and had to stop treatment. A patient
who attained HCV RNA negativity during the re-treatment
continued to be treated for 48 or 72 weeks according to
response-guided therapy and the decision of the investi-
gator at the participating clinical center.

Statistical analysis

Baseline data of the patients are expressed as mean =+ SD
or median values. In order to analyze the differences
between baseline data or the factors associated with SVR,
univariate analysis using the Mann—-Whitney U-test or the
¥° test was performed. A two-tailed p value of <0.05 was
considered significant. The analysis was conducted with
SPSS version 15.0] (SPSS, Chicago, IL, USA).

Results

The baseline characteristics of the patients are summarized
in Table 1. Of the 56 genotype 1 patients, 32 were relapsers
and 24 showed NR to previous treatment. Among the
relapsers, 15 had shown a c-EVR (58%, 15/26) and 29 a
p-EVR (100%, 29/29) in the previous treatment. Of the 18
genotype 2 patients, 17 were relapsers and one had shown
NR to the previous treatment. Among the relapsers, 5 had
shown an RVR (42%, 5/12) in the previous treatment. In
the previous treatment, all patients had received Peg-IFN
o-2b plus RBV combination therapy. There were no sig-
nificant differences among the baseline characteristics
between the previous treatment and the re-treatment in

Table 1 Baseline characteristics of patients and treatment factors in previous treatment and re-treatment

Genotype 1 Genotype 2
All patients Previous treatment Previous treatment All patients
relapsers non-responders

Number of patients 56 32 24 18
Sex: male/female 32/24 19/13 13/11 117

Previous Re- Previous Re- Previous Re- Previous Re-

treatment treatment treatment treatment treatment treatment treatment treatment
Age (years) 576 +£92 595+94 578£90 598=x94 573+£96 59.0+ 9.5 574+90 584 +17
White blood cells (/mm®) 4909 4 1404 4670 % 1566 5117 £ 1276 4756 £ 979 4633 £ 1543 4545 £ 2178 5111 4 1697 4412 =+ 1744
Red blood cells (x10%mm®) 435 + 40 426 =52 444 + 34 437 £36 4243146 412+ 67 448 + 36 447 + 38
Hemoglobin (g/dl) 13.9£12 135+ 1.7 141+ 1.1 13813 13.7£13 13.1£21 14412 142+£13
Platelets (x10%mm®) 16.5 + 6.1 17.5 £ 6.9 184 £ 6.6 191 £65 14.1+44 152 £ 6.9 17.5 £ 6.3 16.2 £ 49
AST (IU/) 58 £ 30 60 £ 45 55 £ 31 56 + 44 61 = 28 64 & 47 52 £ 34 34 4+ 13
ALT (I0N) 74 £ 55 77+ 74 73 = 65 79 + 80 74 £ 40 75 £ 66 65 £ 52 34 + 18
Serum HCV RNA (KIU/ml) 1600 1100 1600 1100 1600 990 1300 690
Peg-TFN type: a2alo2b 0/56 24/32 0/32 14/18 0/24 10/14 0/18 4/14
AST aspartate aminotransferase, ALT alanine aminotransferase, HCV hepatitis C virus, Peg-IFN pegylated interferon
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Table 2 Factors associated with a sustained virologic response
(SVR) in re-treatment with Peg-IFN plus ribavirin

Factor SVR Non-SVR

p value

Number of patients 23 33
Age (years) 595+76 595 £ 105 0.55
Sex: male/female 16/7 16/17 0.17

White blood cells (fmm>) 4778 + 1022 4580 =+ 1884  0.29
Neutrophils (/mmB) 2446 + 849 2291 + 1486  0.21
Hemoglobin (g/dl) 136 £13 134 +£19 0.73
Platelets (x10%mm>) 182+63 169+73 0.28
AST (TU/) 52 £33 65 + 52 046
ALT (TUMN) 75 £ 61 79 £ 82 0.72
Serum HCV RNA: 6/15 0/31 <0.01
<5Slog/5log=<
Peg-IFN type: «2a/02b /16 17/16 0.27

Peg-IFN dose (ug/kg/week)

«2a 264061 273072 0.90

o2b 1.18 £ 043 119+ 034 0.90
Ribavirin dose (mg/kg/day) 8.6 = 2.9 94 4+ 2.7 0.28
1st treatment virologic response

p-EVR; +/— 22/0 14/16 <0.001

Relapse/NR 20/3 12721 <0.001

p-EVR partial early virologic response, NR non-response

terms of peripheral blood cell counts, or the levels of
aminotransaminases and serum HCV RNA at the start of
treatment.

In genotype 1 patients, the HCV RNA negative rate on
re-treatment was 54% (29/54) at week 12 and 71% (40/56)
at week 24, and the SVR rate was 41% (23/56). The factors

100 - " 1
83 100*

90 7(25/30) (32/32)
80 1 63
70 1 (20/32)
60 ~
50 4 33
40 - (8/24)

30 - 17
(4124)

20
10 4

HCV RNA negative rate (%) »

T

End of
follw

12w . 24w

Fig. 1 Virologic response on re-treatment according to previous
treatment response. a Hepatitis C virus (HCV) RNA negative rate on
re-treatment according to relapse or non-response in previous
treatment. b HCV RNA negative rate on re-treatment according to
partial early virologic response (p-EVR) or non-p-EVR in previous
treatment. White bars patients with relapse in previous treatment.
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associated with SVR were assessed by univariate analysis
for the following variables; age, gender, peripheral blood
cell caunts, aminotransferases, previous treatment
response, serum HCV RNA level, the type of Peg-IFN in
re-treatment, and drug adherence (Table 2). As a result, the
factors of previous treatment response and serum HCV
RNA level at the start of re-treatment were selected as
being significant. In examining the efficacy of the re-

reatment according to the previous treatment response, the

relapsers in the previous treatment had a significantly
higher HCV RNA negative rate at weeks 12 and 24 and a
significantly higher SVR rate than those with NR in the
previous treatment (Fig. 1a). Patients with a p-EVR in the
previous treatment showed similar results, while no patient
without p-EVR in the previous treatment attained an SVR
on re-treatment (0/16) (Fig. 1b). Even among the patients
without HCV RNA negativity in the previous treatment, if
p-EVR had been attained in the previous treatment, 43%
(3/7) of these patients attained an SVR on re-treatment. As
for the serum HCV RNA level at the start of re-treatment,
all patients with less than 5 logyy IU/ml of HCV RNA
attained an SVR (6/6), and 33% (15/45) of those patients
with more than 5 log;g IU/ml of HCV RNA attained an
SVR (p < 0.01).

In examining the efficacy of re-treatment according to
treatment duration, among the patients with ¢c-EVR and
without RVR on re-treatment, those who were re-treated
for 72 weeks tended to attain higher SVR rates than those
who were re-treated for 48 weeks (72 weeks, 75%, 9/12,
vs. 48 weeks, 25%, 2/8, p = 0.06). On the other hand, 43%
(3/7) of the patients with an LVR on re-treatment attained
an SVR on re-treatment. Among the patients with relapse

B 100 8t

0 - (32/36)
71t

80 7(25/35)
70

60
50 1
40 A
30 A
20 A
10 1
]

611
(22/36)

1o
- J(or1e)

1

HCV BNA negative rate (%)

End of
follow

12w

Dark gray bars patients with non-response in previous treatment.
Light gray bars patients with p-EVR in previous treatment. Black
bars patients with non-p-EVR in previous treatment. *p < 0.0001;
**p < 0.01; compared to non-response. fp < 0.001; compared to
patients without p-EVR
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in the previous treatment, those who attained an SVR on
re-treatment required a longer duration of re-treatment than
the duration of the previous treatment (re-treatment,
63.8 = 13.0 weeks vs. previous treatment, 53.9 £
13.5 weeks, p = 0.01), while those without an SVR on re-
treatment could be treated for almost the same period as
that in the previous treatment (re-treatment, 58.8 + 12.8
weeks vs. previous treatment, 54.2 &+ 11.3 weeks,
p = 0.38).

Comparison of the timing to the first undetectable HCV
RNA Jevel in the previous treatment and re-treatment could
be carried out in 50 patients; most patients attained HCV
RINA negativity on re-treatment earlier or with the same
timing as in the previous treatment, and only one patient
showed a later timing for re-treatment. The SVR rate on re-
treatment was low, at 13% (3/24) among the patients with
detectable HCV RNA at week 24 in the previous treatment.
Among the 10 patients with HCV RNA negativity on re-
treatment with the same timing as that in the previous
treatment, an SVR was attained only by the patients who
were re-treated for 72 weeks. Among the 23 patients with
earlier HCV RNA npegativity on re-treatment, an SVR of
61% was attained (14/23). The patients with an RVR on re-
treatment attained a high SVR rate (88%, 7/8) regardiess of
the virologic response in the previous treatment (Fig. 2).

In genotype 2 patients, the HCV RNA negative rate on
re-treatment was 56% (10/18) at week 4, 83% (15/18) at

- @@eceocoe
g 24w(+) ©®@eecose
=
o
o 18-24w OBE eUEE
I
g eeoOn
5 . ooo
§ 5-12w ©eBE @eh
g
g oa oon  ©@o o
£

0-4w 5-12w 13-24w 24w(+)

Virologic response in previous treatment

Fig. 2 Virologic response on re-treatment according to the timing of
HCV RNA negativity in previous treatment and re-treatment. Open
double circles/open circles sustained virologic response (SVR) with
48 weeks of re-treatment (open double circles, pegylated interferon
[Peg-IFN] «-2a plus ribavirin; open circles Peg-IFN «-2b plus
ribavirin). Open double squares/open squares, SVR with 72 weeks of
re-treatment (open double squares Peg-IFN «-2a plus ribavirin; open
squares, Peg-IFN «-2b plus ribavirin). Closed double circles/closed
circles, non-SVR with 48 weeks of re-treatment Or non-response
(NR) with 24 weeks of re-treatment (closed double circles, Peg-IFN
o-2a plus ribavirin; closed circles Peg-IFN o-2b plus ribavirin).
Closed double squares/closed squares, non-SVR with 72 weeks of re-
treatment (closed double squares Peg-IFN o-2a plus ribavirin; closed
squares, Peg-IFN «-2b plus ribavirin)

week 12, and 89% (16/18) at week 24, and the SVR rate
was 56% (10/18). The two patients without a c-EVR in the
previous treatment did not attain an SVR on re-treatment.
Among the patients with an RVR on re-treatment, the SVR
rates were 60% (3/5) in those with 24-week treatment and
100% (5/5) in those with 48-week treatment.

Discussion

In the present study of the re-treatment of chronic hepatitis
C patients who failed to show an SVR to Peg-IFN plus
ribavirin therapy, the patients with relapse in the previous
treatment showed a significant response on re-treatment
compared with those with NR. This result showed similar
findings to the evaluation of peg intron in control of hep-
atitis C chirrosis (EPIC) study of relapse and NR [10]. In
addition, in the present study, p-EVR in the previous
treatment was a good indicator of negative prediction for
SVR on re-treatment; no patient without p-EVR in the
previous treatment attained SVR on re-treatment; that is,
the negative predictive value for SVR on re-treatment was
100%. Recently, genetic polymorphism near the IL28B
gene has been reported to be associated with the anti-viral
effect of Peg-IFN plus ribavirin combination therapy [12—
15]. Among Japanese genotype 1 patients, it has been
reported that those with the major single-nucleotide poly-
morphism (SNP) allele of IL28B (rs8099917) show an
SVR rate of 39%, while those with the minor allele show
an SVR rate of only 11%. Hence, in re-treatment for
patients who failed to show a SVR to Peg-IFN plus riba-
virin therapy, pretreatment prediction should be done by
taking IL28B SNPs and the previous treatment response
into account. Patients with the minor SNP allele of 1.28B s
who did not attain a p-EVR in the previous treatment
should wait until new drugs become commercially
available.

The next question is how the patients should be re-
treated in order to attain an SVR on re-treatment. In the
present study, the patients with a low serum HCV RNA
level (less than 5 logq IU/ml) at the start of re-treatment
showed a significant rate of cure on re-treatment, and this is
almost the same result as that previously reported [9, 10].
In the present study, one patient with NR in the previous
treatment started re-treatment with HCV RNA of 52 KIU/
ml and attained an RVR and SVR. HCV RNA levels
declined on re-treatment among 61% (34/56) of the
patients compared to the start of the previous treatment,
and it is important not to miss the timing of when the HCV
RNA level is low.

With respect to treatrent duration among patients with
HCV RNA negativity during re-treatment, 72 weeks of
treatment tended to increase the SVR rate compared to
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48 weeks of treatment (72 weeks, 68%, 15/22, vs.
48 weeks, 44%, 7/16, p = 0.13). This result was almost the
same as that of the re-treatment of patients with chronic
hepatitis C who do not respond to peginterferon-alpha 2b.
A randomized trial (REPEAT) study [9]. Furthermore, in
the present study, among the patients with relapse in the
previous treatment, those who attained an SVR on re-
treatment required a longer re-treatment duration than the
duration of the previous treatment. In fact, the longer
treatment brought about an SVR in some patients whose
timing of HCV RNA negativity on re-treatment was the
same as that in the previous treatment, as shown in Fig. 2.
Thus, especially to be noted is that the relapsers in the
previous treatment should be re-ireated for a longer period
than that of the previous treatment.

It has been reported that splenectomy and partial splenic
embolization (PSE) are considered to make it possible for
patients with cirthosis and thrombocytopenia to initiate and
continue anti-viral therapy safely, by increasing the platelet
counts [16-19]. If poor adherence and inappropriate dura-
tion have contributed to a poor response in previous
treatment due to thrombocytopenia, there is a possibility
that increasing the platelet counts by splenectomy or PSE
contributes to improving the tolerability of and adherence
to re-treatment, and to increasing the SVR rate in re-
treatment. In the present study, one patient with cirrhosis
and thrombocytopenia who showed NR in the previous
treatment owing to poor adherence to the Peg-IFN o-2b
(0.78 pg/kg) regimen underwent splenectomy before re-
treatment. As a result, the patient could continue with a
sufficient dose of Peg-IFN (1.53 pg/kg) in the re-treatment
and attained HCV negativity at re-treatment week 24 and
an SVR by extended treatment. Further study is needed on
the issue of the effect of splenectomy or PSE in re-treat-
ment on the efficacy of re-treatment with Peg-IFN plus
ribavirin therapy.

In the present study, the SVR rate was relatively high
(56%) in patients with genotype 2. The patients who could
not attain SVR on re-treatment (2 patients) had not attained
a c-EVR in the previous treatment. And, among the
patients with an RVR on re-treatment, all patients treated
for 48 weeks attained an SVR (5 patients), while 40% (2/5)
of patients treated for 24 weeks could not attain an SVR.
Thus, in patients with genotype 2, as well as in those with
genotype 1, the previous treatment response and response-
guided therapy can be useful in decisions on the indication
for re-treatment or the treatment duration on re-treatment.
However, in this study, detailed analysis was not possible
because of the small number of genotype 2 patients. Fur-
ther investigation is needed to clarify this.

The limitation of the present study was that two types of
Peg-IFN were used. As for the type of Peg-IFN, some
reports have suggested that Peg-IFN «-2a has a stronger
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anti-viral effect than Peg-IFN «-2b [20, 21], and others
have suggested that the two types of Peg-IFN have an
almost equal anti-viral effect [22]. In this study, the HCV
RNA negative rate at re-treatment week 12 was similar
(«-2a, 59%, 13/22, vs. a-2b, 50%, 16/32, p = 0.51) between
the patients with Peg-IFN o-2a and those with Peg-IFN
o-2b. Farthermore, among 24 patients treated with Peg-IFN
o-2a on re-treatment, an SVR rate of 38% was attained
with 48-week treatment and an SVR rate of 60% was
attained with 72-week treatment among patients with a
p-EVR in the previous treatment, but no patient without a
p-EVR in the previous treatment attained an SVR on re-
treatment. Similarly, among 32 patients treated witQ Peg-
IFN «-2b in re-treatment, an SVR rate of 56% was attained
with 48-week treatment and an SVR rate of 79% was
attained with 72-week treatment among patients with a
p-EVR in the previous treatment, but no patient without a
p-EVR in the previous treatment attained an SVR on re-
treatment. As noted above, since the virologic responses to
both Peg-IFNs among re-treated patients were similar, in
this study we analyzed the effect of re-treatment without
distinction of the type of Peg-IFN.

In conclusion, our results have demonstrated that the
efficacy of re-treatment for genotype 1 patients who failed
to show an SVR to previous treatment with Peg-IFN plus
ribavirin could be predicted by the previous treatment
response, especially in terms of p-EVR and a low HCV
RNA level at the start of re-treatment. Re-treatment for
72 weeks led to clinical improvement for genotype 1
patients who attained HCV RNA negativity on re-
treatrent.
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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 bea

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
1s stabilized and becomes transcriptionally active, leading to cell
cycle arrest, DNA repair, and apoptosis predominantly through
expression of p§3-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., regularion of mulriple biological
funcrions such as glycolysis (2), anti-oxidation (3), autophagy (4),
and senescence (5). It has also been demonstrared that p53 activa-
tion causes insulin resistance (6), cardiac failure (7), and early aging
(5), indicating thar p53 is involved even in the pathophysiology of
various non-tumorous conditions via its numerous funcrions.
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, rumor development. The molecular mechanism of organ
fibrosis has not yet been comprehensively clarified due to its com-
plexity, and thus far, whether p33 is directly involved in its patho-
physiology has not been addressed. Recently, pS3 has been shown to
accumulate in hepatocytes of several fibrotic liver diseases, such as
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non-alcoholic stearohepatitis (NASH) (8, 9), viral heparitis (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 pS3 inhibitor, which strictly maintains p53 ata low level by
promoting p53 degradation via the ubiquitin/proteasome path-
way (13). Studies in these mice revealed that heparocyte p53 acti-
vation caused spontaneous liver fibrosis. In addition to increased
heparocyte apoptosis, these mice showed heparocyte upregulation
of connective tissue growth factor (CTGE), known to be the fibro-
genic master switch in fibrotic liver diseases (14). In vitro study
revealed that pS3 induced CTGF synthesis in hepatocytes via
microRNA (miRNA) regulation. Heparocyte-specific knockdown
of p53 attenuared 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 thar p53 is
directly involved in fibrogenesis in association with the induction
of profibrogenic gene expression, suggesting thar hepatocyte p53
acrivation and subsequent CTGI* upregularion could be therapeu-
tic targets in fibrotic liver disease.

Results

Heparocyte-specific Mdm2 deficiency causes endogenous p53 accumula-
tion, leading to transactivation of pS3-regulared genes. To investigarte the
role of p53 in liver fibrosis, we first generfared heparocyte-specific
Mdm2-knockour mice by crossing Mdm2 floxed mice (Mdm2#7)
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Hepatocyte-specific Mdm2-knockout mice show endogenious p53 accumulation, leading to transaclivation of p53-regulated genes. (A-F) Mdm2#ajb-cre
[Cre(+)] mice and Mdm2%1 [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) p27, 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
Mdm2#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 arricle; doi:10.1172/]CI144957DS1). Next, we bred the
Mdm2f/alb-cre mice with the Mdm2¥# mice and used Mdm2##alb-cre
mice as the knockout mice and Mdm2%# mice as control littermares
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 heparic p53
protein increased in the knockout mice compared with control
littermates (Figure 1B). To determine whether an increase in p33
occurs in hepatocytes, we isolated heparocytes 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 heparocyte p53 protein were higher in the knockout
mice than in the control licrermates (Figure 1C). These findings
indicated that heparocyte-specific Mdm2-knockour mice exhibit-
ed accumulation of p33 protein in their hepatocytes independent
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of the transcriptional upregulation of the p53 gene. In addition,
pS3 expression increased in hepatocytes isolated from the con-
trol littermares, but not from the knockout mice, upon treatment
with nutlin-3a, a small molecule Mdm2 inhibitor that blocks
pS3-Mdm2 interaction {ref. 18 and Figure 1C). This result dem-
onstrated thar lack of the Mdm2 funcrion in hepatocytes of the
knockour 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 sorme nuclear localization (Figure 1D}, suggesting that
p53 may become functionally active in heparocytes of the knock-
our mice. This led us to investigare whether the p53 accumulation
would lead to transactivation of p53-regulated genes p21, Noxa,
Bax, and Pwna. 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 littermares (Figure 1E). Western blot study demonstrated
thar protein levels of these pS3-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 hepatocyres.
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Figure 2

Hepatocyte-specific Mdm2-knockout mice develop spontaneous liver fibrosis with an increase in expression of the Ctgf gene. (A-H) Mdm2¥alb-cre
[Cre(+)] mice and Mdm2™ [Gre(-)] 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. Col7a7 and Cof7az2 (D), Cigf (E), and Acta2 (F) mRNA ievels in the liver were determined by real time RT-PCR.
(G) Expression of a-SMA in the liver sections was analyzed by immunochistochemistry. Original magnification, x200. (H) Mmp2, Mmp714, and

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

Hepatocyte-specific Mdm2-knockout mice develop spontaneons 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 wirh 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 knockour 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
littermates (Figure 2D). Among the major profibrogenic genes,
real-time RT-PCR study revealed that hepatic expression of Cegf
was significantly higher in the knockour mice than in the control
lictermates (Figure 2E). Although Tgf 1 and Pdgfb gene expression
was slightly higher in the knockout mice than in the control litter-
Number 8 3345
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Hepatocyte-specific Mdm2 deletion induces modest hepatocyte apoptosis. (A—-E) Mdm2#alb-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 fiver
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 nor significant (Supplemental Figure 3).
These findings indicated that hepatocyte-specific Mdm2 deletion
led to spontaneous liver fibrosis with an increase in hepatic Crgf
gene expression. Activated hepatic stellate cells (HSCs), which
express myogenic markers such as «-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
thar activated HSCs increased in the liver of the knockout mice.
Liver fibrosis is known to be regulared 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 Timpl,
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 indsices modest apoptosis, bur regen-
erative capacity remains normal. p53 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 knockour
mice. H&E staining of liver tissue revealed thar a small number of
hepatocytes with chromatin condensation and cytosolic shrinkage
were scattered in the liver lobules of the knockout mice, with mild
heparic 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 littermares (Figure 3C). We also
found thart 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 apoprosis (21, 22), was significantly higher in the
knockour mice than in the control lictermates (Figure 3E). These
findings indicared thar hepatocyre-specific deletion of Mdm2 led to
a modest increase in spontaneous hepatocyte apoprosis. 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 abclished in a hepatocyte-specific p53-knockout back-
ground. (A—G) Offspring from mating of Mdm2MTip53%+alb-cre mice and Mdm2"Trp53™+ mice were analyzed at 6 weeks of age; more than
5 mice per group. Mdm2 KO, Mdm2fTrp53++alb-cre; Mdm2 p53 DKO, Mdm2itrp53iialh-cre; WT, Mdm2MTrp53W or Mdm2#i Trp53++;
*P <0.05. (A) p21 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) Cof7aT and ColTa2 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.

hepartectomy, a well-established model of liver regeneration (23),
by heparic BrdU uprake and H&E staining of the liver tissue. Upon
partial hepatecromy, 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 ar a later time point, upon hepatectomy, liver vol-
ume steadily recovered in both groups and did not differ between
them (Supplemental Figure 4C). These resulrs indicated that hepa-
tocyte-specific Mdm2 deficiency did not affect the regenerative
capacity of the liver of the knockour mice. Senescence-associared
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 heparocytes is responsible for the pheno-
types observed in the Mdm2-knockout mice, we generared hepato-
cyte-specific Mdm2- and p53-double-knockour mice by crossing
hepatocyte-specific Mdm2-knockout mice (Mdin2"#alb-cre) and p53

The Journal of Clinical Investigation

heep:/ fwww.jeiorg

floxed mice (TrpS3%#). After mating of Mdm 20/ #TrpS 3% alb-cre mice
with Mdm2*#Trp5 3%~ mice, hepatocyte-specific Mdm2- and p33-dou-
ble-knockour 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 pS3-regulated gene, were significantly
lower in che hepatocyte-specific Mdm2- and p53-double-knockout
mice than in the hepatocyte-specific Mdma2-knockout littermates
(Mdm2# P Trp53% alb-cre) and were not significantly different from
those in wild-type littermartes (Mdm2W P Trp$37~ or Mdm2MPTrpS3#7)
(Figure 4A). Picrosirius red staining of the liver tissue demonstrat-
ed thar 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-knockour mice and was not different from thar in
wild-type littermates when assessed by real-time RT-PCR (Figure 4D).
These findings clearly demonstrared that the spontaneous liver fibro-
sis in the Mdm2-knockout mice was completely dependent on pS3,
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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) Cof/7a7 and Co/7a2 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 levelsin the
liver were determined by real-ime RT-PCR. (F—J) Trp53% [(Cre(-)] mice and Trp53%alb-cre [Cre(+)] mice were fed ATH diet or controf 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 conirol 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) Cof7a7 and Cof7a2 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 p53 activation induced hepa-
tocyte apoptosis and CTGF upregulation in the liver.
Hepatocyre-specific p53-knockout mice show alleviated liver fibrosis
indnced by ATH diet with suppression of CTGF increase. To investigare
the involvement of p33 in liver fibrosis, we examined p33 activation
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in liver of wild-type mice fed an ATH dier, 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 heparic
collagen deposition of picrosirius red staining, wicth upregulation
of Collal and Colla2 gene expression (Figure 5, A and B).
Regarding the p53-regulared 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 SC). This finding suggested thar p53
activation had occurred in the liver fibrosis induced by the ATH
diet. TUNEL staining of the liver sections showed that heparocyre
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Figure 8

Hepatocyte-specific p53-knockout mice show alleviated liver fibrosis induced by TAA administration, with suppression of the CTGF increase.
(A-E) Trp531 [Cre(-)] mice and Trp53#alb-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) Coffat and Co/7a2 mRNA fevels 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 dier, Ctgf gene expression significantly increased in the liver
(Figure SE). To investigate whether p$3 activation was involved
in the progression of liver fibrosis provoked by the ATH diet, the
hepatocyte-specific pS3-knockout mice (Trp53#alb-cre) and the
control littermates (Trp53%f) 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 upregularted in the control litter-
mates but not in the knockout mice, thus confirming p33 acriva-
tion in hepatocytes in this fibrosis model (Figure 5F). Picrosirius
red staining of the liver tissues revealed that liver fibrosis was alle-
viated in the knockout mice compared with the control litctermares
(Figure 5G). Real-time RT-PCR study demonstrared that the ATH
dier-induced increase in Collal and CollaZ gene expression was sig-
nificantly artenuated in the knockour mice compared with control
littermares (Figure SH). These results indicated thar inhibition of
pS3 activation in hepatocytes alleviated the liver fibrosis caused by
the ATH diet. Wich 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 thar p53-dependent hepatocyte apoprosis was
not much involved in this model. On the other hand, while the
ATH diet upregulared Crgf gene expression in the control lirter-
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mates, this did not occur in the knockour mice (Figure 5]), sug-
gesting thar p53-mediated CTGF upregulation may be involved in
the progression of liver fibrosis caused by the ATH diet.
Hepatocyre-specific pS3-knockout mice show alleviated liver fibrosis
induced by thivacetamide administration, with suppression of the increase
in CTGF. To further investigate the involvement of p33 in anoth-
er well-established model of liver fibrosis, we used repetitive
intraperironeal injection of thioacetamide (TAA) (26) to exam-
ine the heparocyte-specific pS3-knockout mice and control lit-
termates. Upon 6 weeks of TAA administration, p2] 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 pS3 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 knockour mice compared with control litter-
mates (Figure 6C). These results indicated that inhibition of p53
activation in hepatocytes alleviated TAA-induced liver fibrosis.
TAA rreatment increased heparocyre 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 berween them in the CTGF increase
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p53 regulates CTGF synthesis in hepatocyies. (A) Hepatocytes and NPCs were isolated from Mdm2#! [Cre(-)] mice and Mdm2#talb-cre [Cre(+)]
mice by collagenase-pronase perfusion of the liver. Ctgf mRNA levels in the isolated hepatocytes (left panel) and NPCs (right panel) were deter-
mined by real-ime RT-PCR; 4-6 mice per group. (B) Expression of CTGF protein in liver sections was assessed by immunohistochemistry; black
arrows indicate cholangiocytes. Original magnification, x200. (C and D) HepG2 cells (1.0 x 105) were treated with nutlin-3a (20 uM) or vehicle for
the indicated time courses. (C) Western blot analysis of p53, CTGF, and p21 proteins. (D) Real-time RT-PCR analysis of CTGF mRNA expression;
n = 3/group; *P < 0.01 versus the other 3 groups. (E and F) HepG2 cells (1.0 x 10°) were treated with Adriamycin (1 uM) or vehicle for indicated time
courses. (E) Western blot analysis of p53, CTGF, and p21 proteins. (F) Real-time RT-PCR analysis of CTGF expression; n = 3/group; *P < 0.01
versus the other 3 groups, **P < 0.01 versus 0- and 6-hour groups. (G and H) HepG2 cells were transfected with p53 siRNA or control siRNA
for 3 days and then cultured for 24 hours with nutlin-3a (20 uM), Adriamycin (1 M), or vehicle. (G) Western blot analysis of p53, CTGF and p21
proteins. (H) Real-time RT-PCR analysis of CTGF mRNA expression; n = 3/group, statistical analyses were performed by the paired f test.

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

P53 vegulates 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. Cigf 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 inthe non-parenchymal cells (NPCs) (Figure 7A).
Immunohistochemical examinations in the liver sections also
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revealed that CTGF was expressed in heparocytes 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, but its levels were not much different between them. These
findings suggested that p53 acrivation induced CTGT synthesis in
murine hepatocytes. Next, to investigate the involvement of p53 in
CTGF regulation in human heparocyrtes, we performed an in vitro
study using HepG2 cells, which are known to preserve wild-type
p53 function (27). Administzation of nutlin-3a into HepG2 cells
led to time-dependent increases in p53 and pS3-regulared gene
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Figure 8

p53 activation upregulates CTGF synthesis via repression of the miR-17-92 cluster gene. (A) HepG2 cells (1.0 x 105) 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-ime RT-PCR analysis of miR-17-92
mRNA (B), M/R718A, MIR19A, and MIR198 miRNA expression; n = 3/group. Statistical analyses were performed by the paired f test (A~C).
(D) HepG2 cells were transfected with a mixture of antisense of MIRT8A, 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 pM) or vehicle for 24 hours.
Expression of CTGF protein was assessed by Western blotting. (F) Expression of miR-77-92 mRNA in isolated hepatocytes was assessed by
real-time RT-PCR. Cre(+), Mdm2#alb-cre; cre(-), Mdm2%#, 5 mice per group.

products, represented by p21 (Figure 7C), indicating that nutlin-3a
could activare p53 in these cells. Upon nutlin-3a trearment, CTGF
gene expression increased in a time-dependent manner in HepG2
cells (Figure 7D), while TGFBI and PDGFB gene expression did
not (Supplemenral 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 p33
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 demonstrarted 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 heparocytes. To directly demonstrate the effect of p53 on
CTGT expression in vivo, we injected a p53 expression plasmid,
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ORFY-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 p53 expression plasmid only led to nuclear expression

- of p53 in hepatocytes ata rate of approximarely 5% (Supplemental
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Figure 9A), it significantly increased Ctgf gene expression in the
liver compared wirh the control hydrodynamic injection (Supple-
mental Figure 9B). These results also demonstrated the existence
of the p53/CTGEF 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 pS3 in HepG2 cells. To examine
whether p53 transcriptionally upregulares 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) — inro HepG2
cells. Then, we evaluared the transcription activity of the CTGF
promoter upon treatment with nutlin-3a or recombinant TGF-f,
which is known o rranscriprionally upregulate CTGF (29). Where-
as luciferase activity increased upon TGF-f treatment, it did not
Number 8 3351
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