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Abstract: This prospective, non-randomized, multicenter cohort study
analyzed the safety and efficacy of a steroid-free immunosuppressive (IS)
protocol for hepatitis C virus (HCV)-positive living donor liver
transplant (LDLT) recipients in Japan. Of 68 patients enrolled from 13
transplant centers, 56 fulfilled the inclusion/exclusion criteria; 27 were
assigned the steroid-free IS protocol (Fr group) and 29 the traditional
steroid-containing IS protocol (St group). Serum HCV RNA levels
increased over time and were higher in the St group until postoperative
day 90 (POD 14, p = 0.013). Preemptive anti-HCV therapy was started in
a higher percentage of recipients (59.3%) in the Fr group than in the St
group (31.0%, p = 0.031), mainly due to early HCV recurrence. The
incidence of HCV recurrence at one yr was lower in the Fr group (22.2%)
than in the St group (41.4%; p = 0.066). The incidence of acute cellular
rejection was similar between groups. New onset diabetes after
transplant, cytomegalovirus infection, and renal dysfunction were
significantly less frequent in the Fr group than in the St group (p = 0.022,
p < 0.0001, p = 0.012, respectively). The steroid-free IS protocol safely
reduced postoperative morbidity and effectively suppressed both the
HCYV viral load in the early post-transplant period and HCV recurrence
in HCV-positive LDLT recipients.
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Introduction

The safety of a steroid-free immunosuppression
(IS) protocol in liver transplantation has been
reported in several studies (1-8). The impact of a
steroid-free IS protocol on hepatitis C virus (HCV)
recurrence in HCV-positive liver transplant recipi-
ents has also been investigated in cohort studies (9
—15) and randomized control studies (16~19), but
the results are controversial, and it remains unclear
whether HCV recurrence or the progression of
fibrosis is decreased by the steroid-free IS protocol.

A previous study of living donor liver transplan-
tation (LDLT) (15) reported that a combination of
steroid-free IS and preemptive anti-HCV therapy
was necessary to suppress HCV activity because
steroid-free IS suppressed HCV activity only tem-
porarily in the early post-transplant period, mak-
ing it necessary to introduce preemptive low-dose
interferon and ribavirin combination therapy to
prolong the suppression of HCV activity for more
than one month after transplantation.

Two issues regarding the post-transplantation 1S
strategy for HCV-positive liver transplant recipi-
ents were raised in a previous report. First, it is
unclear whether steroid treatment is really avoid-
able for liver transplant recipients, because many
liver transplant physicians still feel that it is chal-
lenging to avoid steroids completely during and
after liver transplantation because of the lack of
experience. Rapid tapering of steroids might accel-
erate HCV progression (20-22), making physicians
reluctant to administer steroid-free IS for liver
transplantation. Second, preemptive anti-HCV
therapy is controversial because of the high drop-
out rate after liver transplantation (23-25),
although there are some reports describing its posi-
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tive effect of suppressing the progression of hepati-
tis and fibrosis (15, 26). These concerns influence
the decision-making processes regarding the
appropriate protocol to use, and many centers hes-
itate to apply these new protocols. Under this med-
ical and social background, this study was
designed among the most active liver transplant
centers in Japan.

The goal of this prospective, non-randomized,
multicenter cohort study was to analyze the safety
and efficacy of a steroid-free IS protocol for HCV-
positive liver transplant recipients and to compare
the efficacy of a steroid-free IS protocol with that
of a traditional steroid-containing IS protocol
either with or without preemptive anti-HCV ther-
apy in the most active liver transplant centers in
Japan.

Patients and methods
Study design

This study was conducted at the 13 most active
multiple transplant centers in Japan. The trial was
an open-label, prospective, cohort study and con-
ducted by intention-to-treat analysis. Each center
determined the IS protocol, either a steroid-free 1S
(Fr group) or steroid-containing IS (St group) pro-
tocol. All protocols were approved by the ethics
committee at each center and followed the tenets
of the Declaration of Helsinki concerning medical
research.

Endpoint of the study

The primary endpoint of the study was a com-
parison of HCV recurrence and serum HCV
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RNA levels between patients on the two differ-
ent IS protocols. The secondary endpoint was
the incidence of acute cellular rejection (ACR)
and other postoperative morbidities, and graft
and patient survival.

Patients

Patients were enrolled into this study from October
2004 to March 2007. Eligible criteria for this study
were patients undergoing liver transplant for end-
stage liver disease, age over 18 yr old, anti-HCV
antibody-positive, serum HCV RNA-positive pre-
operatively, and informed consent for the study.
Exclusion criteria were ABO-incompatible liver
transplantation, re-transplantation, anti-HIV anti-
body-positive, anti-HBsAg- or anti-HBcAb-posi-
tive donor, and other patients who were not
appropriate for this study as determined by the
investigators.

IS protocol

The IS protocol was either a steroid-containing
protocol (St group) and/or a steroid-free protocol
(Fr group). The selection of the IS protocol used
for each patient was decided by the primary physi-
cian at each center.

In the Fr group, a calcineurin inhibitor, either
tacrolimus or emulsified cyclosporin A, was
administered titrated according to the protocol at
each center with a recommended trough level of 8-
12 ng/mL (tacrolimus) or 200-300 ng/mL (cyclo-
sporin A) within three months after transplant,
and 5-10 ng/mL (tacrolimus) or 100-200 ng/mL
(cyclosporin A) thereafter, combined with myco-
phenolate mofetit (MMF), for which the recom-
mended dose was 500 mg twice daily, and
basiliximab, an anti-CD25 monoclonal antibody,
at a dose of 20 mg during and four d after trans-
plant. Corticosteroids were completely avoided
perioperatively and were not administered unnec-
essarily because of ACR. MMF was tapered and
discontinued within three months unless it was
deemed necessary as a renal sparing protocol or
other reasons.

In the St group, corticosteroids were adminis-
tered, tapered, and continued or discontinued at
the dose according to the protocol of each cen-
ter. Steroids could be used for ACR or other
conditions. The IS protocol in the St group
comprised a calcineurin inhibitor, either tacroli-
mus or cyclosporin A, with or without MMF or
basiliximab. Anti-lymphocyte antibodies, such as
OKT3, Thymoglobulin, and daclizumab were
not used.

Steroid-free LDLT for HCYV in Japan

Evaluation of graft dysfunction

Liver biopsy was recommended whenever the
patient developed liver dysfunction and ACR, or
recurrent HCV was suspected. A protocol liver
biopsy at one yr after liver transplantation was
also recommended unless there were any reasons
not to do liver biopsy. Liver biopsy specimens were
evaluated with hematoxylin and eosin (HE) stain-
ing and Masson trichrome staining by special liver
pathologists at each center. Recurrent HCV was
histologically diagnosed by portal infiltrates, hepa-
tocyte necrosis, lymphoid aggregates, and fibrous
expansion of the portal field. ACR was diagnosed
by mixed lymphoid cell infiltrates, endothelialitis,
and eosinophil infiltrates in portal tracts and bile
ducts. In the absence of a liver biopsy, recurrence
of HCV was determined by the primary physician
with the criteria of elevated aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT),
high serum HCV RNA level, and exclusion of
ACR or other causes of liver dysfunction.

Serum HCV RNA level

Peripheral blood was obtained and sent to the labo-
ratory (SRL, Inc, Tokyo, Japan) for determination
of HCV RNA levels preoperatively, in the anhepat-
ic period during surgery, and at POD 7, 14, 28, 90,
180, and one yr. HCV RNA levels were quantified
using the COBAS AMPLICOR™ HCV Test ver-
sion 2.0 (Roche Diagnostics K.K., Tokyo, Japan).
Serum HCV RNA levels were evaluated until initia-
tion of anti-HCV treatment either as preemptive
therapy or treatment for HCV recurrence.

Anti-HCV preemptive therapy and anti-HCV treatment
after HCV recurrence

Preemptive anti-HCV therapy consisting of pegy-
lated interferon and ribavirin was permitted in cen-
ters where it is common. The doses of the drugs
were subject to the protocol of each center. Upon
diagnosing HCV recurrence in each center, anti-
HCV treatment was started at the standard or
adjusted treatment dose and titrated based on the
patients’ conditions according to the protocol of
each center. In the analysis of HCV viral loads, the
time points during anti-HCV treatment as either
preemptive or therapy for HCV recurrence were
excluded.

Histological evaluation

Liver biopsy at one yr after LDLT in each
recipient was collected and evaluated by an expert

859
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Table 3. Postsurgical Data

Fr group St group o
(n=27) (n=29) value
Immunosuppressive drugs (initial drugs)
Calineurin inhibitor (Tac/CsA) 18/9 20/9 0.854
Mycophenolate mofetil (yes/no) 23/4 7/20 <0.0001
Basiliximab (yes/no) 24[2 6/20 <0.0001
Anti-cytomegalovirus (CMV) prophylaxis (Y/N) 13/14 15/14 0.789
Postoperative morbidities
Hepatitis C virus (HCV) recurrence (within 12 months after LT) 12 (44.4%) 16 (55.2%) 0.422
Acute cellular rejection (ACR) 6(22.2%) 10 (34.5%) 0.310
Steroid pulse for ACR 4(14.8%) 6(20.7%) 0.566
Anti-HCV therapy
Preemptive therapy 16 (59.3%) 9(31.0%) 0.034
Treatment after HCV recurrence 7 (25.9%) 11(37.9%) 0.337
De novo hypertension 4123 (17.3%) 8/26 (30.8%)
NODAT 0/19 (0%) 6/19 (31.6%)
Infection
Bacterial infection 3(11.1%) 9(31.0%) 0.069
CMV infection 0(0%) 14 (51.9%) <0.0001
Fungal infection 1(3.7%) 1(8.4%) 0.959
Surgical complications
Intra-abdominal bleeding 2(7.4%) 2(6.9%) 0.941
Hepatic artery 0(0%) 1(3.4%) 0.33
Portal vein 1(3.7%) 0(0%) 0.296
Bile duct 3(11.1%) 6(20.7%) 0.329
Other complication
Renal dysfunction 0(0%) 6 (20.7%) 0.012
Heart failure 1(8.7%) 1(8.4%) 0.959
Respiratory failure (ARDS) 1(3.7%) 0(0%) 0.296
CNS complication 1(3.7%) 1(3.4%) 0.959
Gl bleeding 0(0%) 0(0%) -
Hepatocellular carcinoma recurrence 2(7.4%) 0(0%) 0.136
= Fr Group (n=27)
===« St Group (n=29)
(ng/ml} {ng/mi)
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Fig. 1. Serum trough level of calcineurin inhibitor. The time course of the trough level (left, tacrolimus; right, cyclosporin A) after
liver transplantation. The tacrolimus trough level was significantly lower in the Fr group than in the St group at postoperative day
(POD) 7, POD 28, and POD 90 (p < 0.0001, p < 0.05, p < 0.05, respectively), while the cyclosporine trough level was similar between
groups.

(Table 3). The calcineurin inhibitor trough level trough level was similar between groups, although
in the peripheral blood is shown in Fig. 1. it was slightly lower in the Fr group at POD7.

Tacrolimus trough levels were significantly lower Total dose of steroid administration is shown in
in the Fr group than in the St group at POD7, Fig. 2. Steroid treatment was continued in most

POD28, and POD90, while the cyclosporine patients in the St group throughout the study
861
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Fig. 2. Dose of corticosteroid (methyl prednisolone/predon-
isolone). Comparison of administered amount of corticoste-
roid between the Fr and St groups based on measurements
obtained at different time points. The doses of steroids differed
significantly between groups at all time periods except postop-
erative days 8-28.

period and tapered to 5.2 + 10.0 mg/d on POD
181-365. Steroids were not administered during
surgery or in the early post-transplant period in
the Fr group but were temporarily administered in
eight recipients (29.6%) because of ACR (n = 4),
drug allergy (n = 1), and physicians’ decision with-
out ACR (n = 3). The total steroid dose was signif-
icantly lower in the Fr group, and there were
significant differences between groups at all time
periods except POD 8-28.

MMF was administered to 85.1% of the patients
in the Fr group and only 25.9% of the recipients in
the St group (p < 0.0001). The MMF dose was
started at 796.3 + 574.3 mg/d in the first week and
tapered to 174.2 + 258.9 mg/d in POD 181-365 in
the Fr group. On the other hand, the MMF dose
was gradually increased toward the end of the
one yr follow-up to 267.7 £ 557.4 mg/d in the St

(mg/day)
12007 . Fr Group (n=27)
B St Group (n=29)
10007

* P<0.0001
8007

6007:
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200

0 i S e
29-90 91-180 180-365

(POD)

1-7 8-28

Fig. 3. Dose of mycophenolate mofetil. Comparison of admin-
istered amount of corticosteroid between Fr and St groups
based on measurements obtained at different time points. The
doses of steroids differed significantly between groups until
postoperative day 90 and then became similar between groups.
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Fig. 4. Serum HCV RNA viral load. The time course of the
serum HCV RNA viral load after liver transplantation. The
increase in HCV RNA remained as low as around 600 kIU/mL
between postoperative days (POD) 7 and 14 and then gradu-
ally increased to around 2000 kIU/mL on POD90 in Fr group.
It was more rapid in St group. There was significant difference
between groups on POD 14 (p = 0.013).

group. The MMF dose was significantly higher in
the Fr group than in the St group until POD 90
and was then similar between groups (Fig. 3).

Sixteen (59.3%) of the patients in the Fr group
received preemptive anti-HCV therapy consisting
of pegylated interferon with ribavirin at the dose
of each institutional protocol, while only 9 (31.0%)
in the St group received preemptive therapy
(p = 0.034). The reasons for not receiving preemp-
tive therapy in the St group were HCV recurrence
prior to therapy (n = 11, 37.9%) and institutional
policy (n =9, 31.0%). The ratio of the recipients
that received anti-HCV therapy after HCV recur-
rence was similar between groups [Fr group, n = 7
(25.9%); St group, n = 11 (37.9%)].

Serum HCV RNA levels

Serum HCV RNA levels decreased to undetectable
levels on POD 1 in both groups and increased
gradually after that (Fig. 4). HCV RNA in the Fr
group remained around 600 kIU/mL between
POD 7 and 14 and then gradually increased to
around 2000 kIU/mL on POD 90. The increase in
the HCV RNA in the St group was more rapid and
reached almost 1500 kIU/mL on POD 7 and
2000 kIU/mL on POD 28. Despite the lower HCV
viral loads preoperatively, serum HCV RNA levels
were higher throughout the postoperative period
until POD 90 in the St group. There was significant
difference between groups on POD 14 (p = 0.013).

HCV recurrence

The recurrence rate of HCV diagnosed by each
institute is shown in Fig. 5. There were 28 HCV
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Fig. 5. Cumulative HCV recurrence rate. The incidence of
HCV recurrence at one yr was 22.2% in the Fr group and
41.4% in St group (p = 0.066).

recurrences diagnosed (12 in the Fr group, 16 in
the St group). Twelve (42.9%) patients with HCV
recurrence were diagnosed by liver biopsy, and 16
(57.1%) were diagnosed based on clinical data
without liver biopsy. Most HCV recurrence was
diagnosed during the first six months after liver
transplantation. The incidence of HCV recurrence
was 22.2% in the Fr group and 41.4% in the
St group at one yr. The difference between them
was remarkable, but it did not reach statistical sig-
nificance (p = 0.066). A comparison between ta-
crolimus (n = 38) and cyclosporin A (n = 18) as
the initial calcineurin inhibitor indicated no differ-
ence between them in the HCV recurrence rate
(Fig. 5).

Protocol liver biopsy at one yr after liver trans-
plantation was performed in 22 cases (12 cases
(44.4%) in the Fr group, and 10 cases (34.5%) in
the St group. HCV recurrence, which was con-
firmed during the period by one yr after liver
transplantation, was diagnosed in five cases
(41.7%) in the Fr group and eight cases (80%) in
the St group. Eight cases (66.7%) in the Fr group

Table 4. Modified HAI score and fibrosis score of one yr protocol
liver biopsies (n =22, n= 12 in the Fr group and n= 10 in the St
group)

Hepatitis C virus

(HCV) recurrence (—) HCV recurrence (+)

(a) HAI score

Frgroup n=7 n=>5
0,0,0,1,1,1,3 1,2,3,4,6

St group n=2 n=8
3,4 0,1,1,1,2,3,386

(b) Ishak fibrosis stage

Frgroup n=7 n=>5
0,0,0,0,0,2,8 01,223

St group n=2 n=28
2,2 0,0,1,1,1,1,1,2

Steroid-free LDLT for HCV in Japan

Table 5. Postoperative mortality

Fr group St group p
Reason for mortality (n=27) (n=29) value
Graft failure 0 2
Infection 2 3
Portal vein thrombosis 1 0
Hepatocellular 1 0
carcinoma recurrence
Total 4(14.8%) 5(17.2%) 0.805

received preemptive anti-HCV therapy, while only
four cases (40%) received in the St group. Both
HAI score and Ishak fibrosis stage were the least in
the subgroup of HCV recurrence-free cases in the
Fr group (n = 7), compared with HCV recurrence-
free cases in the St group (n = 2) or HCV recur-
rence cases in the both groups (n = 13) (Table 4a,
b).

ACR incidence

The incidence of ACR was similar between groups
(22.2% in the Fr group and 34.5% in the St
group). Bolus steroid administration as a treatment
for ACR was implemented in four cases (14.8%) in
the Fr group and six cases (20.7%) in the St group,
which was similar between the two groups.

Post-transplant morbidities and mortalities

The incidence of de novo hypertension was similar
between the two groups (Tables 3 and 5). New
onset diabetes mellitus after transplantation (NO-
DAT) occurred in 31.6% of the St group, and in 0
patients in the Fr group (p = 0.022). Cytomegalo-
virus (CMV) infection was observed in 51.9% in
the St group, whereas none of the patients in the
Fr group developed CMV infection (p < 0.0001),
although anti-CMV prophylaxis was administered
to a similar percentage of the population between
the two groups. Surgical complications, in terms of
hepatic artery, portal vein, bile duct complications,
and intra-abdominal bleeding, were similarly
observed between the two groups. Renal dysfunc-
tion was observed in the St group (20.7%), while
no recipients in the Fr group developed renal dys-
function (p = 0.012). Heart failure, respiratory
failure, central nervous system complications, gas-
trointestinal bleeding, and HCC recurrence were
similarly observed between the two groups.

Four recipients (14.8%) in the Fr group died
within one yr after transplant because of infection
(n = 2), portal vein thrombosis (n = 1), and HCC
recurrence (n = 1), while six recipients (17.2%) in
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Fig. 6. Cumulative patient survival. The patient survival was
similar between groups (p = 0.766).

the St group died because of graft failure (n = 2)
and infection (n = 3). Patient survival was similar
between groups: three and 12 month patient sur-
- vival was 92.6% and 85.2% in the Fr group, and
86.2% and 82.8% in the St group (Fig. 6).

Discussion

HCYV recurrence after liver transplantation is one
of the main obstacles in liver transplantation for
HCV-positive recipients. Many factors, such as
donor age (28, 29), steroid use (30-32), OKT3 (33,
34), genotype (30, 35, 36), preoperative HCV RNA
level (30, 32, 37, 38), and rejection episode (30, 33,
37, 39), are reported risk factors associated with
HCYV activity and recurrence after liver transplan-
tation. We focused on the IS protocol, particularly
on corticosteroid usage. Corticosteroids are con-
sidered strong activators of HCV in the setting of
post-liver transplant (30-32).

The safety and efficacy of the complete avoid-
ance of corticosteroids for adult liver transplanta-
tion have been confirmed in both deceased and
LDLT in several studies (9-14), including a single
center study in one of our study groups (7). The
impact of a steroid-free protocol on HCV-positive
recipients has rarely been investigated. A prospec-
tive randomized controlled study (RCT) study
(HCV-3 study) by Klintmalm et al. showed the
safety and efficacy of a steroid-free regimen for
HCV-positive liver transplant recipients but failed
to show a positive impact on HCV recurrence (17,
19). Another prospective RCT study by Llado
et al. showed the safety and efficacy of a cyclospor-
ine-based steroid-free IS protocol in terms of
ACR, and patient and graft survival but failed to
demonstrate a difference in HCV recurrence or his-
tological fibrosis progression at one or two yr after
liver transplantation (18). In an RCT study, Kato
et al. failed to show the efficacy of a steroid-free

864

protocol in terms of HCV recurrence or fibrosis
progression at one or two yr after liver transplan-
tation (16). One of the key differences between our
study and these studies is the implementation of
preemptive anti-HCV therapy.

Contrary to these previous studies, we allowed
anti-HCV treatment according to the institutional
preference in this study. There were 16 (59.3%)
patients in the Fr group who received preemptive
pegylated interferon with ribavirin therapy, while
only nine (31.0%) patients in the St group received
preemptive therapy (p = 0.034). The main reason
for not receiving preemptive therapy in the St
group was HCV recurrence prior to therapy
(n = 11, 37.9%). These findings suggested that
recipients in the St group had rapid HCV recur-
rence before anti-HCV preemptive therapy could
be initiated, while rapid HCV recurrence was rela-
tively rare in patients in the Fr group.

Steroid-free IS should not be confused with ste-
roid withdrawal or tapering for liver transplant
recipients. Several studies have evaluated steroid
tapering for liver transplant recipients in a stable
condition (20-22). These studies concluded that
slow tapering of corticosteroids is favorable with
less aggressive progression of HCV in a population
of stable post-transplant recipients. Withdrawal of
corticosteroids in stable post-transplant recipients
is different from the use of a steroid-free protocol
used as primary immunosuppression for liver
transplantation. Therefore, these data are not com-
parable.

This study was the first national multicenter pro-
spective study in the field of liver transplantation
in Japan, participated in by most of the major liver
transplant centers in Japan. Although the study
protocol strongly recommended several standard
protocols, including a steroid-free IS protocol
using the combination of a calcineurin inhibitor,
MMF, and basiliximab, protocol liver biopsy at
one yr post-transplant, diagnostic liver biopsy
upon HCV recurrence, or other graft dysfunction
suspected, we did not make any protocol manda-
tory so that we could recruit as many study
patients as possible from each transplant center.
Therefore, four of 12 transplant centers imple-
mented a steroid-free protocol, while eight (67%)
centers did not implement a steroid-free protocol
because of the lack of experience or other reasons.

Background characteristics of recipients in both
groups were similar in both recipient and donor
demography, except the ratio of HCC exceeding
the Milan criteria in the Fr group that was higher
than that in the St group. Although surgical dura-
tion and blood loss were significantly shorter and
lower, respectively, in the Fr group, the differences
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between the two groups did not influence the final
results of HCV recurrence, suggesting that this is
not important factor in HCV recurrence.

This study is novel in that all of the recipients
underwent LDLT. There has been debate about
the impact of deceased and living donors on HCV
recurrence after liver transplantation (40-43). The
results may differ depending on the donor type,
and further studies are needed.

Although the target trough level of tacrolimus
was the same in the two groups, the actual trough
level was significantly higher in the St group than
in the Fr group until 90 d post-transplant (Fig. 1).
On the other hand, the trough level of cyclosporine
A was similar between groups (Fig. 1). The differ-
ence in the tacrolimus level might have to do with
the dose adjustments at different centers and might
have resulted in the better outcome of preserved
renal function in the Fr group.

In the Fr group, no steroids were administered
as during the transplant as defined, but a fair
amount of steroids were administered between
POD1 and POD28 (Fig. 2). On the other hand,
MMF was almost routinely administered in the Fr
group and tapered after 90 d to the level in the St
group (Fig. 3).

Preoperative serum HCV RNA level, which was
reported to be a risk factor for HCV recurrence
after liver transplantation (30, 32, 37, 38), was
higher in the Fr group than in the St group.
Despite the initial higher viral load of HCV, the
time course of serum HCV RNA showed that it
was suppressed for the first 14 d then gradually
increased until 90 d after the transplant in the Fr
group, while it was rapidly replicated in the St
group (Fig. 4). This result was almost to the same
as that in a previous report from a single institute
(15). Llado et al. reported in their RCT study that
the viral load six months after liver transplantation
was not different between patients receiving IS with
or without steroids, but they did not investigate
the viral load within 90 d after liver transplant. We
therefore consider that suppression of HCV viral
load after liver transplantation by a steroid-free IS
was effective only in the early period until 90 d
after liver transplantation.

HCYV recurrence was diagnosed in each institute
by either (1) liver biopsy and the clinical course
after HCV treatment or (2) clinical manifestation
of HCV recurrence with elevated liver function
and serum HCV RNA level, as well as ruling out
ACR and cause of graft dysfunction, and the clini-
cal course after HCV treatment. HCV recurrence
was lower in the Fr group than in the St group,
although the difference was not significant (Fig. 5).
The HCV recurrence rate at one yr was 22.2% in

Steroid-free LDLT for HCV in Japan

the Fr group, much lower than that in the St group
(41.4%). The incidence of HCV recurrence in the
St group was comparable to that in the previous
reports, about 50% at one yr (44), and that in the
Fr group was suppressed. Although the difference
in the incidence of HCV recurrence between the Fr
and St groups by logrank analysis did not reach
statistical significance, it was a substantial differ-
ence and would likely be statistically significant
with a greater number of study patients. The com-
parison between tacrolimus and cyclosporin A
showed no difference in HCV recurrence between
them, consistent with the previous report (44).

Histological findings of 22 protocol liver biop-
sies (12 in Fr group and 10 in St group) showed
that HCV recurrence-free cases in Fr group (n = 7)
had the least HAI score and Ishak fibrosis stage
compared with cases in St groups (n = 10) and
HCV recurrent cases in Fr group (n = 5). It was
noted that all the seven HCV recurrence-free cases
in Fr group were on the preemptive anti-HCV
therapy at the time of one yr post-transplant pro-
tocol biopsy, whereas six cases (40%) of 15 cases in
the rest of the cases were on preemptive anti-HCV
treatment. These results suggested that combina-
tion of steroid-free IS protocol with preemptive
anti-HCV treatment might be the key point of pre-
venting HCV recurrence and histological fibrosis
and hepatitis activity.

The incidence of ACR was similar between the
groups. New onset diabetes mellitus after trans-
plantation and CMYV infection were not observed
in the Fr group, while they occurred in a substan-
tial number of the recipients in the St group
(p = 0.022, p < 0.0001, respectively). This result
was compatible with those of other reports com-
paring steroid avoidance (16), suggesting that ste-
roid has negative impact on diabetes and CMV
infection after liver transplantation. Bacterial
infection tended to be more frequent and some-
times life threatening in the St group compared
with the Fr group, where none of the recipients
died from bacterial infection. Renal dysfunction
was more frequent in the St group than in the Fr
group and might be one reason why the trough
level of tacrolimus was lower in the Fr group than
in the St group. Other complications such as heart
failure, central nervous system complication, and
HCC recurrence were not different between the
groups. These results confirmed that steroid-free IS
consisting of calcineurin inhibitor of a standard
dose, MMF, and basiliximab was safe and resulted
in a lower incidence of bacterial infection, CMV
infection, and renal toxicity.

As a result of compromising the regulation of
the protocol biopsy to recruit as many study
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patients as possible, the rate of liver biopsy at
one yr after liver transplant was only 46.8%
(52.1% of one yr survivors in the Fr group and
41.7% of one yr survivors in the St group).
Although this may somewhat weaken the interpre-
tation of the results of this study, we believe that
the findings are relevant because the diagnosis of
allograft dysfunction, including HCV and ACR,
was made based on the institutional criteria by
professionally skilled pathologists and physicians
at each transplant center. Our study has other
weaknesses as well. First, this was not a random-
ized control study. It was too early to perform ran-
domization of a steroid-free IS for liver
transplantation because of the fear of using ste-
roid-free IS in some centers without previous expe-
rience using the protocol. There could be an
institutional bias as well as a patient bias. Second,
the small sample size is also a weakness. To con-
firm the finding of this study that a steroid-free IS
protocol reduces the incidence of HCV recurrence
after LDLT, a randomized control study with
more patients is necessary. This study provides sta-
tistical evidence for planning such an RCT study,
which should be undertaken in the near future.

In conclusion, this multicenter prospective
cohort study in Japan confirmed that a steroid-free
IS regimen consisting of a calcineurin inhibitor of
a standard dose, MMF, and basiliximab safely
reduced new onset diabetes mellitus after trans-
plantation and bacterial or CMYV infection, spared
renal dysfunction. It is also observed that steroid-
free IS regimen was effective toward suppressing
the HCV viral load in early post-transplant period
as well as HCV recurrence in HCV-positive LDLT
recipients.
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BINEETH L, DHPETIIEIEITRMH T L OiE
N b, CORIEIRRIC L TERIFBHARSE
IR o7z, 2010 KT COREBHEETE
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KE TR AAEEFRIE 3796 #1217 hh
7275, F O T PBC ML 535 # 14% % L9 C
BY, PBCORIFTHIFBMOELE L 6 HKE
THdHIENbhDLY. PBC OBMSHIZHT S
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Table 1. Child-Turcotte-Pugh (CTP) 227

, points 1 2 3

. Encephalopalthy None land 2 3 and 4
Ascites Absent Slight Moderate
Bilirubin (mg/dL) 1~2 2~3 >3
Albumin (g/dL) >35 28 ~ 35 <28

FINR <17 17~23 >23

{ Tor PBC : bilirubin 1~4 4~10 >10

8 0 S WHIRA 5 0 LR Ve R, (35

HAENO) FFm AN L, TooiEEIC
AWML DL EZ AR, FRUSHZ,
HRF 5 - MR RTBE 2 R A9 R BN 72 )32 R 1R FE K
LBV EEIED, 3R LVB4IE PBC
BEOEFDY (quality of life : QOL) #3F L <
Bedd 570, BHEIG & R 2B ERH L.

—REIC IR, B 2T R VIEAIc TS
NAEEMTF BB LA EFEN RS
Y43 7T bRA, REFIREICN S 5 AHE
WA ) 2 7GRl 72 D S ERE S L7z Child-
Turcotte-Pugh (CTP) 237 (Table 1)®™ %,
FEEFIR AN FUIR KR BR ARG IR R O TR F D 72
IR 8 M7z model for end-stage liver disease
(MELD) A 22 7% (Table2)”, EBHHIFRAD
— R THRTHEI A 27 & LCTEME S PUHEAER
HHNTWE, IhopRAaITEHAnwsE, CTP
Aa7HBRT7THLIEMELD 2374515 #8272
BT, BHEETSE0ATERIBEY Z
HOMAOEFEEEL LN LW s, FEBHEO
AT EEE S LB,

PRCIZEHIE CHRFEMRDOEDR Y iz,
BEFEEIRTFHETHEFNVOMAEDIRASNLTE
7-. Mayo Clinic 2B THIYME 55 FE 0 FRE 1
R ZIVT MG PBC 3128l 7 — % & T
Mg &N W2 6K SN T& T AN
Mayo natural history model T. ¥, Mk LY
VEUE, TATIUE 7O bor e R
FIRHED A HFHE E NS (Table
2)®. Mayomodel BN A7 A2 7 (R)
TTHHETOTMNEFEIFHITERTHY, =
DETFINOFBEE, Mayo Clinic iZBIF 590
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Table 2. PBC AW HIAFHEFIIR

HARMELENFRMEE #10E $£1F5

normalized ratio [INR]) +6.43.

set to 4.0 mg/dL.

0.859 (edema™)

0.675 {edema™)

4. OARITBAUEISAIZE & OB Pl

1. Model for end-stage liver disecase (MELD) score
9.57 X loge (creatinine mg/dL) +3.78 xloge (bilirubin mg/dL) +11.2x log. (international

Laboratory values less than 1.0 were set to 1.0 and the maximum serum creatinine was

2. The Mayo natural history model for PBC
R=0039 (age) +0.871 loge (bilirubin) —253 loge (albumin) +2.38 log. {prothrombin time) +

*0=no edema without diuretic therapy : 0.5=edema without diuretic therapy or edema

resolved with diuretic therapy : 1=edema with diuretic therapy.
(http://www.mayoclinic.org/ gi-rst/mayomodel Lhtml)

3. The updated Mayo natural history model for PBC
R=0051 (age) +1.209 log. (bilirubin) —3.304 log. (albumin) +2.754 log. (prothrombin time) +

(http:/ /www.mayoclinicorg/ gi-rst/mayomodelZ.html)

A= —4.33+1.2739 loge (total bilirubin) + 44880 log. (AST/ALT)
6 A AL (%) =1/(1+e~)) x 100

106 Pl PRC B3 &, o fitiik o> 176 # THEEE
SAR ENDENC SR I NS T R T & R
e DEE 2 Mayo  model 1328 Bl RIS I0ET
flizEE LI BRM ARz HD, —
ﬁbf“UHb’%?!”L £t F HBRR
MIZE L THETNT 500 TR, BHiHO
')7\71:1 THRTS Mz 5 L BHiIBOLLE) A
g EE L, BB ARHE, ERAK W
M7 KESEHOLER D AR5 2 &
PRENTBY, TOAAT7TEMR AHOBHNI

ITHSEE) & ST ™,

Mayo model 2L D BNB ) 27 2 a7 =
RYNVTHET L L. BB O 2ELL aT T“‘
0.23 DEETHWIT A%, LD 2 FELPIIC
EEOHEINERI4 AN T L L 73‘“111 L
oo ZORERIE, FIIBTRCT 5D 2o

FA 20 L Cid Mayo model 284 £ %Jl’u‘l}’\thF
ﬁlh LTwRWiEdERLTWAH, &2 T Mur

taugh 53 EDIRARG TOWE P SH LN
7 — ¥ % HIVC updated Mayo model % R L 7>
(Table 2)®. Z ™ updated model i 2 ELLAD
AFFECE LTt model £ DENLTNS

(24)

ZEDRENT W ATzD, BN ZZ FHRTIZE
updated model # 5 Z LI LD,

=i DT ARFERGEICTIZE SIS BV
TIEMH: PBC 141 B2 L. ey ve >
fli& AST/ALT D 220% BT LMBEOFH%
THEAMER S LT B (Table 2)™. iﬁﬁ‘@ b
AEOBIEIT R L 2 ¥ r MRk, o
O [ ARG SE &8 7V T thﬁ'ﬂ%‘*fﬁ
T RSB AR A B T b A,

Nl PBC O MR

1980 #4G1z, Ll King's College Jigbed 7 Vv —
7 &k Pittshurgh KO 7 )0 — 75, FHF
BEF NI X DB ST A & i L T ER

DR AEAFA & D | luio WhHIZEER
L. RMIFAEZEZ % - 72 PBC BB ISk 4 564
iR E LT 6’7)”?%&3%&4[,7‘*““ 1980 A
Hi 2 @ PBC X 4 & B Wi MCAK (3 L& 2L A7
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Table 3. AT PBC (23 53k

w1 g e IS F
wee N (NEPRL mem TOF RSO
Liermann Garcia® 2001 400 56 protocol 17 36
Sanchez 2003 156 72 protocol 11 50
Sylvestre'® 2003 100 44 protocol 17 56
Neuberger 2004 485 79 protacol 23
Jacob*® 2006 100 118 protacol 14 61
Charatcharoenwitthayat® 2007 154 protocol 34
Morioka*¥ 2007 30 29 ad hoe 18 36
Montano-Loza®™’ 2010 108 83 ad hoc 26 70
Manousou® 2010 103 108 protocol 26 44
Kaneko!? 2012 81 74 ad hoc 1 61
EHESISNTWAY, Zofad, 40 AT F—EHCITRBEPERTH L0 L, bt

WEDOBHMBESFAFERT2%, SUFARE2D
59%, HHIMLIE O 58% & LB LT S 2z i
BAET, fUEMEB R D BATREREOR D
RBWEBRODEDTH B I Ldbh b, OPTN
DFETT S 1997 T4 6 2004 B % ) 72
PBC # & TellBIT ) - R B o diE d 1 E 417
FRIBYW, SEFEAFETITS LD TRIFTDH
5%, UNOS(United Network for Organ Sharing)
T 7 = A o TR B OB EE OGS T
b PBC O BHEEI R D BRI CTH 5™, PBC A
ADOEEETORTEE BT Lok Rc, oo
PBC & OFETCHIZ I 1980 4F£8 13 50 me At 2
ET0BACDO RN ¥ — 7 235D b 748, 1990
WA B LD — 7 h572 ), EEAL
U &Iz E D %) D LR OADFE
HENLINILEDBY, DI BPRBCERKD
HEETORCEDBEIO—RIE, HBHEOERE
i bice bbb EizionhTws, &
B, PBC BHOBMHILUFIKE LTE, 64 H
PRo RIFE T RICHUE, ZER AR eh &8
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Bak deficiency inhibits liver carcinogenesis: A causal link
between apoptosis and carcinogenesis
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Background & Aims: Hepatocyte apoptosis is a key feature of
chronic liver disease including viral hepatitis and steatohepatitis.
A previous study demonstrated that absence of the Bcl-2 family
protein Mcl-1 led to increased hepatocyte apoptosis and develop-
ment of liver tumors in mice. Since Mcl-1 not only inhibits the
mitochondrial pathway of apoptosis but can also inhibit cell cycle
progression and promote DNA repair, it remains to be proven
whether the tumor suppressive effects of Mcl-1 are mediated
by prevention of apoptosis.

Methods: We examined liver tumor development, fibrogenesis,
and oxidative stress in livers of hepatocyte-specific knockout
(KO) of Mcl-1 or Bcl-xL, another key antagonist of apoptosis in
hepatocytes. We also examined the impact of additional KO of
Bak, a downstream molecule of Mcl-1 towards apoptosis but
not the cell cycle or DNA damage pathway, on tumor develop-
ment, hepatocyte apoptosis, and inflammation.

Results: Bcl-xL KO led to a high incidence of liver tumors in 1.5-
year-old mice, similar to Mcl-1 KO. Bcl-xL- or Mcl-1-deficient liv-
ers showed higher levels of TNF-a production and oxidative
stress than wild-type livers at as early as 6 weeks of age and oxi-
dative DNA damage at 1.5 years. Deletion of Bak significantly
inhibited hepatocyte apoptosis in Mcl-1 KO mice and reduced
the incidence of liver cancer, coinciding with reduction of TNF-
o production, oxidative stress, and oxidative DNA damage in
non-cancerous livers.

Conclusions: Our findings strongly suggest that chronically
increased apoptosis in hepatocytes is carcinogenic and offer
genetic evidence that inhibition of apoptosis may suppress liver
carcinogenesis in chronic liver disease.
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Introduction

Apoptosis of epithelial cells, as well as infiltration of inflamma-
tory cells or deposits of fibers, is frequently observed in the
chronic diseased liver, which is a high-risk condition for hepato-
cellular carcinoma (HCC) [1]. For example, Fas-mediated hepato-
cyte apoptosis is a mechanism of cell death in chronic hepatitis C
virus infection and hepatitis B virus infection [2,3]. Hepatocyte
apoptosis shows correlation with inflammation and fibrosis in
non-alcoholic steatohepatitis [4]. Cytokeratin 18 neoepitope, a
well-established marker of caspase activity in serum, is elevated
and associated with liver injury in chronic viral hepatitis and
non-alcoholic steatohepatitis [5-7]. Although viral factors and
overt organ inflammation linked to liver cancer development
have been extensively studied [8,9], less information is available
on the involvement of hepatocyte apoptosis in liver cancer
development.

Bcl-xL and Mcl-1 are among the anti-apoptotic members of
the Bcl-2 family, which antagonizes the pro-apoptotic function
of Bak and/or Bax at the mitochondrial outer membrane. We pre-
viously reported that hepatocyte-specific Bcl-xL or Mcl-1 knock-
out (KO) mice showed persistent apoptosis of hepatocytes in
the adult liver and mild fibrotic responses [10,11]. A very recent
study by Weber et al. [12] demonstrated that hepatocyte-specific
Mcl-1 KO mice developed liver tumors in old age. This observa-
tion raised the important possibility that apoptosis in hepato-
cytes could lead to the development of liver cancer. However,
as Mcl-1 has been reported to possess functions other than
anti-apoptosis, such as cell cycle inhibition [13,14] and DNA
damage repair [15,16], it is difficult to conclude that the pheno-
types observed in Mcl-1 KO are simply ascribable to apoptosis.
Indeed, Mcl-1 KO mice showed not only increased apoptosis but
also increased regeneration in the liver [12]. In the present
study, we demonstrated that hepatocyte-specific Bcl-xL KO mice
also develop liver cancer in old age and that deficiency of
Bak, a downstream effector molecule of Mcl-1 towards the
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Table 1. Incidence of liver tumors in KO mice.

Age (yr) Genotype Tumor incidence

1.5
Bol-xL** 0% (0/10)
,,,,,,, BelxL* 88% (7/8)*
1
Bol-xL** 0% (0/4)
e BexlE 27% (3/111)
15
Mecl-1+* 0% (0/22)
Mcl-1+ 100% (16/16)*
1

Mcl-1" Bak*™*
Mecl-1*+ Bak*
*p <0.05 vs. control.

64% (14/22)
0% (0/7)*

mitochondrial pathway of apoptosis, clearly suppresses hepato-
cyte apoptosis and liver carcinogenesis in Mcl-1 KO mice. We also
considered possible mechanisms involving oxidative stress that
underlie elevated malignant transformation in the apoptosis-
prone liver. The present study offers strong support for the
hypothesis that chronically increased apoptosis in hepatocytes
is carcinogenic. It also provides genetic evidence that inhibition
of apoptosis may suppress liver carcinogenesis in chronic liver
disease.

Materials and methods
Mice

Conditional Bel-xL KO mice (bcl-»"*%* Alb-Cre) and Mcl-1 KO mice (mcl-1/ex/fox
Alb-Cre) wete previously described [11]. We purchased Bak KO mice (bak ! ) from
the Jackson Laboratory (Bar Harbor, ME). We generated hepatocyte-specific Bak/
Mcl-1 double KO mice (bak ! mcl-#%"x Alp-Cre) by mating the strains. 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. Measurement of serum alanine aminotransferase (ALT) level, cas-
pase-3/7 activity and histological analyses have been previously described [11].

Western blot analysis

For immunodetection, the following antibodies were used: anti-Bcl-xL antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-Mcl-1 antibody (Rockland,
Gilbertsville, PA), anti-Bak antibody (Millipore, Billerica, MA), anti-Bax antibody,
anti-ERK antibody, anti-phospho-ERK antibody, anti-p38 antibody, anti-phospho-
p38 antibody, anti-JNK antibody, anti-phospho-JNK antibody, anti-PCNA antibody
(Cell Signaling Technology, Danvers, MA), and anti-beta-actin antibody (Sigma-
Aldrich, Saint Louis, MO).

Real-time reverse-transcription PCR (RT-PCR)

The following TagMan Gene Expression Assays (Applied Biosystems, Foster City,
CA) were used: mouse-AFP (Mm00431715_m1), mouse-glypican-3 (Mm005167
22_m1), mouse-IL-6 (Mm00446190_m1), mouse-TNF-o (MmQ0443258_m1),
mouse-MCP-1 (Mm00441242_m1), mouse-CD68 (Mm03047343_m1), mouse-
CD4 (Mm00442754_m1), mouse-CD8 (Mm01182108_m1), mouse-heme oxygen-
ase-1 (HO-1) (Mm00516005_m1), mouse-NAD(P)H:quinone oxidoreductase 1
(NQO1)(Mm00500821_m1),and mouse-Beta actin (Mm00607939_s1). All expres-
sion levels were corrected with the quantified expression level of beta actin.

JOURNAL OF HEPATOLOGY

Immunohistochemistry

8-Hydroxy-2'-deoxyguanosine (8-OHdG), cleaved caspase-9, PCNA, and ki-67
were labeled in paraffin-embedded liver sections using anti-8-OHdG antibody
(Nikken Seil, Tokyo, Japan), anti-cleaved caspase-9 antibody, anti-PCNA antibody
(Cell Signaling Technology), and anti-ki-67 antibody (Dako, Tokyo, Japan), respec-
tively. Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) was performed according to a previously
reported procedure [17].

Statistical analysis

Data are presented as mean + SD. Differences between two groups were deter-
mined using the Student's t-test for unpaired observations. Carcinogenesis rates
were analyzed using the Chi-square test. Multiple comparisons of Bak/Mcl-1 dou-
ble KO mice were performed by ANOVA followed by Scheffe post hoc correction.
Fisher post hoc correction was used for the other multiple comparisons. A p <0.05
was considered statistically significant.

Results
Bcl-xL KO mice develop liver tumors in old age

We previously reported that hepatocyte-specific Bcl-xL KO mice
developed spontaneous hepatocyte apoptosis by the mitochon-
drial pathway (Supplementary Fig. 1A) at as early as 1 month of
age with a gradual increase in the liver fibrotic response from 3
to 7 months [10]. To examine the phenotypes at later time points,
we sacrificed Bcl-xL KO mice and their control littermates at 1 and
1.5 years of age. Macroscopic tumors had developed in the liver
of 27% and 88% of the KO mice, respectively, but not in the control
littermates (Fig. 1A and Table 1). Most of the Bcl-xL KO mice had
multiple tumors and the liver body-weight ratio for Bcl-xL KO
mice was significantly higher than that of the control mice
(Fig. 1B and C). Tumors were histologically defined as well-differ-
entiated HCCs (Fig. 1D). To find out whether the bcl-x gene is
really targeted in the tumors, we performed Western blot analy-
sis for the expression of the Bcl-2 family proteins (Fig. 1E and
Supplementary Fig. 2A). The tumors were confirmed to be defi-
cient for Bcl-xL, excluding the possibility that transformed cells
arising from hepatocytes in which the bcl-x gene was not deleted
had expanded to form tumors. Interestingly, most of these
tumors showed apparently higher levels of Mcl-1 expression than
the wild-type liver or the non-cancerous surrounding tissues.
Reciprocal overexpression of Mcl-1 may explain the possible sur-
vival advantage of these tumors. Tumors in Bcl-xL KO mice
expressed higher levels of a-fetoprotein (Fig. 1F) and frequently
showed activation of ERK and JNK (Fig. 1G), which are observed
in human HCC [18,19}.

Liver tumors in Mcl-1 KO mice show similar characteristics to human
HCC

We have previously reported phenotypes of hepatocyte-specific
Mcl-1 KO mice, which display spontaneous hepatocyte apoptosis
by the mitochondrial pathway (Supplementary Fig. 1B) and liver
fibrotic responses at an early age [11]. Since our Mcl-1 floxed
mice differed from those of Weber et al. [12] in origin, we next
examined the development of liver tumors in our hepatocyte-
specific Mcl-1 KO mice. All the Mcl-1 KO mice, but none of the
control littermates, developed liver tumors at 1.5 years of age,
with a significant increase of liver body-weight ratio (Fig. 2A-C
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Fig. 1. Liver tumors in Bcl-xL KO mice. (A-E) Hepatocyte-specific Bel-xL-deficient mice (Bcl-xL / ) (N = 8)and their control littermates (Bcl-xL"*) (N = 10) were sacrificed at
1.5 years of age. (A) Representative macroscopic view of the livers with arrows indicating tumors. (B) Incidence of liver tumors separated by maximum tumor size and
number of tumors, (C) Liver body-weight ratio. (D) Representative histology of liver tumors in Bcl-xL KO mice. (E) Western blot of the Bcl-2 family proteins in tumors (T) and
surrounding non-cancerous livers (NT) of Bcl-xL KO mice and livers of control mice. (F and G) Characteristics of liver tumors in Bcl-xL KO mice. (F) Real-time RT-PCR analysis
of the expression levels of a-fetoprotein (AFP) and glypican-3 mRNA (N=9 or 10 per group). (G) Expression and activation of mitogen-activated protein kinases.

*p <0.05.

and Table 1). As in the case of tumors of Bcl-xL KO mice, liver
tumors that developed in Mcl-1 KO mice were deficient for
Mcl-1 expression and, in most cases, reciprocally overexpressed
Bcl-xL (Fig. 2E and Supplementary Fig. 2B). These tumors
expressed higher levels of o-fetoprotein and glypican-3 (Fig. 2F)
and frequently showed activation of ERK and JNK (Fig. 2G).

Inflammatory response and oxidative stress occur in Bcl-xL- or Mcl-
1-KO livers

To examine the molecular mechanism of tumor development, we
examined gene expression in the livers of 6-week-old Bcl-xL or
Mcl-1 KO mice. Real-time RT-PCR analysis revealed increases of
inflammatory cytokine TNF-o, but not IL-6, and chemokine
MCP-1 in Bcl-xL and Mcl-1 KO livers (Fig. 3A and B), despite overt
histological inflammation (data not shown). Together with an
increase of MCP-1, CD68 expression was significantly higher in
KO livers than in control livers (Fig. 3C and D). In contrast, there
was no difference in the expression of CD4 and CD8 between the
groups. These findings suggest that activation or infiltration of
myeloid-derived cells and production of TNF-o are characteristic
of the Bcl-xL or Mcl-1 KO liver. Together with the previous study
reporting that TNF-o promotes cellular transformation [20], these
results suggest that the increase in TNF-o. may be one of the
mechanisms of tumor development.
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Since oxidative stress is also reported to cause carcinogenesis
[21], we examined the expression of HO-1 and NQO1, inducible
anti-oxidant enzymes, and 8-OHdG in the liver tissues. Real-time
RT-PCR analysis revealed that HO-1 and NQO-1 expressions were
significantly increased in Mcl-1 KO livers at 6 weeks (Fig. 3E). 8-
OHdG staining revealed that there were few 8-OHdG positive
nuclei in both Mcl-1 KO and the control liver at 6 weeks of age.
However, scattered positive nuclei were observed in KO livers at
1.5 years of age, but not in the tumors, and the number of positive
nuclei was significantly higher in KO livers than in control livers
(Fig. 3F and Supplementary Fig. 3). Similarly, the number of 8-
OHdG positive nuclei was significantly higher in Bcl-xL KO livers
at 1.5 years of age than in control livers (Fig. 3G). These results sug-
gest that oxidative stress may occur at as early as 6 weeks of age in
KO livers and that oxidative injury arises at a later time point.

Bak deficiency significantly ameliorates hepatocyte apoptosis and
reduces tumor development in Mcl-1 KO mice

Bak is a proapoptotic Bcl-2 family protein, which is able to olig-
merize to form pores at the outer membrane of mitochondria.
To understand whether inhibition of apoptosis could reduce the
carcinogenic potential, we crossed Mcl-1 KO mice and Bak KO
mice and generated Bak Mcl-1 double KO mice. As expected,
Bak KO significantly suppressed hepatocyte apoptosis in Mcl-1
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