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Interferon (IFN) treatment in combination with rib-
avirin administration, which is now the first choice for
HCV mono-infected patients,® is also a standard treat-
ment for chronic hepatitis in HIV-HCV co-infected
patients. Eradication of HCV is assumed to improve
liver function, and normalization of serum aminotrans-
ferase (ALT) levels by IFN treatment may retard the
progression of liver disease in HIV-HCV co-infected
patients, even if they are on HAART. However, in
general, the response rate to IFN treatment is lower in
HIV-HCV co-infected patients than in HCV mono-
infected patients.” The effects of 1FN treatment on liver
function and prognosis in HIV-HCV co-infected pa-
tients in Japan are yet undefined.

In 2004, we conducted a nationwide survey to deter-
mine the prevalence of HCV infection in HIV-infected
patients by distributing a questionnaire to the hospitals
in the HIV/AIDS Network of Japan, which revealed that
935 (19.2%) of 4877 HiV-positive patients were also
positive for anti-HCV antibody.® In this study, we ana-
lyzed the progression of liver diseases and the impact of
IFN treatment on the parameters of liver function in
HIV-HCV co-infected patients in a multicenter retro-
spective study.

METHODS

Registry of patients with HIV-HCV
co-infection

HE QUESTIONNAIRE REGARDING the current

state of HIV-HCV co-infection was sent to the 366
hospitals in the HIV/AIDS Network of Japan in 2004,
sponsored by the Japanese Ministry of Health, Labour
and Welfare. One hundred seventy-six hospitals
(48.1%) responded. The results, already published,®
showed that HIV-HCV co-infected patients are concen-
trated in particular hospitals in big cities around Japan.
Among these hospitals, we chose three hospitals in the
Tokyo metropolitan area, and one each in the Hok-
kaido, Chubu, Osaka, Chugoku and Kyushu areas.
These eight hospitals belong to the HIV/AIDS Network
and had more HIV-HCV co-infected patients than other
hospitals.

In the study, the following information was obtained
from the hospitals regarding each HIV-HCV co-infected
patient who visited the hospitals at least once between
January and December in 2004: (1) age and sex of HIV-
positive patients with anti-HCV; (2) possible transmis-
sion routes of HIV; (3) history of habitual alcohol
intake; (4) date of the first and last visits; (5) counts of
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white blood cells, CD4-positive lymphocytes and plate-
lets at the first and last visits; (6) levels of serum
albumin and bilirubin at the first and last visits; (7)
levels of HIV-RNA and HCV-RNA at the first and last
visits; (8) history of IFN treatment with or without rib-
avirin; (9) history of HAART; and (10} history of jaun-
dice, ascites, hepatic encephalopathy and hepatocellular
carcinoma (HCC). The study sheets were completed by
the physicians in charge and sent to the Department of
Internal Medicine, University of Tokyo.

Ethical issues

The protocol of the current survey was approved by
the ethical committee of each institution, and written
informed consent was obtained from each patient.

Statistical analysis

The collected data were analyzed using Mann-
Whitney's U-test whenever appropriate. P-values less
than 0.05 were regarded as statistically significant.

RESULTS

Clinical backgrounds of registered patients

ROM THE EIGHT hospitals, 297 patients were reg-

istered. The number, age, sex, estimated transmis-
sion routes and history of habitual alcohol intake are
shown in Table 1. Two hundred and ninety {97.6%)
were male patients. The mean age of the patients was
37.9+10.3.

HCV genotype was determined in 212 patients. One
hundred seventeen (55.29) patients were infected by
genotype 1 HCV. Infection by genotypes 2, 3 or 4 HCV
was found in 29 (13.7%), 40 (18.9%) and 2 (0.9%)
patients, respectively. Twenty-four (11.3%) patients
were infected by HCV of mixed genotypes. In the
remaining 85 patients, the genotype was indeterminable
or undetermined. The mean ages of patients infected by
different HCV genotypes were similar (Table 1).

In 259 (87.2%) of 297 registered patients, HIV was
most probably transmitted through the administration
of blood products. Other transmission routes were
sexual contacts among men who have sex with men
(MSM) (4.0%), heterosexual contacts (3.0%) and intra-
venous drug use (IDU) (0.3%). Habitual alcohol con-
sumption was noted in only one patient with genotype
1 HCV (0.6%).

Outcomes of IFN treatment in HIV-HCV
co-infected patients

Serum HCV-RNA levels were available both at the first
visit and registry to the study (i.e. the end of observa-
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tion) in 158 patients. Of these 158, 60 patients {38.0%)
received IFN treatment for HCV, and 35 of these 60
patients did it in combination with ribavirin. Those
who did not complete the scheduled treatment were
excluded from the current analysis.

As shown in Table 2, 26 (43.3%), 11 (18.4%) and
23 (38.3%) of the treated patients achieved sustained
virological response (SVR), end-of-treatment virological
response (ETR) and no virological response (NR),
respectively. The SVR rate in patients with each genotype
is shown in Table 2. The SVR rate in the patients who
underwent [EN treatment in combination with ribavirin
was 31.4% in total. The SVR rate in patients with each
genotype who underwent IFN/ribavirin combination
therapy is shown in Table 2.

All of the 26 patients who achieved SVR remained
negative for serum HCV-RNA in the further follow-up
periods. In contrast, none of the patients with ETR or NR
became negative for serum HCV-RNA in the follow-up
periods. In five patients who did not receive IFN treat-
ment, HCV-RNA was negative at the end of the obser-
vation period, although it was positive at least twice
before the registry. The profiles of the five patients are
shown in Table 3.
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Changes in liver function and associated
complications (Table 4)

As mentioned above, the data on liver function and
serum HCV-RNA positivity were available both at the
first visit and registry (end of observation) in 158 of the
297 registered patients. The mean observation period
was 9.5+5.0 and 8.2%8.2 years in the IFN-treated
and IFN-untreated patients, respectively. Unfortunately,
few, if any, patients underwent liver biopsy, because
most HIV-HCV co-infected patients had coagulation
disorders.

The annual change in the serum albumin concentra-
tion was +0.05 * 0.42 g/dL in the IFN-treated patients,
and —0.80 £ 0.82 g/dL in the non-IFN-treated patients.
The annual change in the serum bilirubin concentration
was +0.08 £ 0.38 mg/dL in the IFN-treated patients,
while it was 40.15 + 0.15 mg/dL in the non-IFN-treated
patients, Among the IFN-treated patients, the serum
bilirubin concentration decreased by 0.02 £ 0.08 mg/dL
in the patients who achieved SVR, which was signifi-
cantly larger than that in the non-IFN-treated patients
at the end of the observation (P <0.05). The annual
changes in platelet counts were +0.06 + 1.13 (x10%/ul}
in the IFN-treated patientsand -0.94 + 0.95 (x10*/pl) in
the non-1FN-treated patients. The change in platelet
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+Viral loads are available in only a subset of patients. High viral load: more than 1 Meg/mL by branched DNA-probe assay or more than 100 KIU/mL by Amplicor monitor

assay.

HCV, hepatitis C virus; HIV, human immunodeficiency virus; IDU, intravenous drug users; MSM, men who have sex with men.

Table 1 Demography, transmission route and HCV genotypes in HIV-HCV co-infected patients
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Table 2 Virological response to interferon treatment in HIV-HCV co-infected patients

Genotype Viral load (High : Low)t Response Total
SVR ETR NR
(a) Response to interferon treatment in total (with or without ribavirin)
1 9:6 7 (33.3%) 1 13 21
2 5:3 4 (40.0%) 2 4 10
3 5:1 5 (62.5%) 1 2 8
4 1:0 0 1 0 1
Mixed 5:1 2 (33.3%) 3 1 6
Others 6:2 8 {57.1%) 3 3 14
Total 31:13 26 (43.4%) 11 23 60
(b) Response to ribavirin/interferon combination therapy including peginterferon
1 8:2 2(15.3%) 0 11 13
2 1:2 1(25.0%) 0 3 4
3 4:1 4 (66.7%) 1 1 6
4 1:0 0 1 0 i
Mixed 4:1 1 (20.0%) 3 1 5
Others 3:0 3 (50.0%) 1 2 6
Total 216 11 (31.4%) 6 18 35

tViral loads are available in only a subset of patients. High viral load: more than 1 Meg/mL by Branched DNA-probe assay or more

than 100 KIU/mL by Amplicor monitor assay.

ETR, end of treatment virclogical response; NR, no virological response; SVR, sustained virological response.

counts in the patients who achieved SVR was signifi-
cantly larger than that in the non-IFN-treated patients
(P < 0.05, Table 4).

No symptoms of hepatic failure (ascites or hepatic
encephalopathy) were observed in the 60 IFN-treated
patients while they were observed in six of the 98 non-
IFN-treated patients. HCC was found in one IFN-treated
patient after SVR, while it was found in two non-IFN-
treated patients (Table 4).

Impact of HAART on liver function and
associated complications (Table 5)

Information on HAART was available in 292 patients.
The mean observation periods were 8.4 +4.2 years
in 234 patients on HAART, and 9.8 6.0 years in 58
patients not on HAART. Changes in the levels of
albumin, bilirubin or platelet were similar between the
two groups (statistically not significant). The morbidities
of hepatic decompensation symptoms (ascites and
hepatic encephalopathy) and HCC were not significantly
different between the two groups. In total, nine patients
had hepatic decompensation and seven had HCC, and
the average age of such patients was 41.1  14.0 years,
which was much younger than that of HCV mono-
infected patients with the same complications.?

© 2009 The Japan Society of Hepatology

DISCUSSION

N THE CURRENT study, the features of liver disease

in HIV-HCV co-infected patients in Japan were ana-
lyzed. The determination of HCV genotypes revealed
that genotype 3 or 4, which is rarely seen in HCV mono-
infected patients in Japan,'® was found in a substantial
fraction of HiV-infected patients. In addition, some of
these patients were infected with HCV of mixed geno-
types. These results are compatible with the fact that
HCYV is transmitted through imported blood products
that were contaminated by HCV, as is the case with HIV
infection.'" Infection by HCV of mixed genotypes may
reflect frequent administrations of blood products of
different lots.

We evaluated the response rate to IFN treatment in
HIV-HCV co-infected patients in Japan. Because the IFN
treatment protocol varied between facilities, it was not
easy to evaluate the effects of the treatments including
IFN in this cohort. However, the regimen of ribavirin/
IFN combination therapy was similar between the hos-
pitals: the treatment period was 24 weeks in patients
with HCV genotypes 2 and 3, and 48 weeks in those
with HCV of other genotypes when either pegylated or
standard IFN in combination with ribavirin was used.'?
Therefore, it may be possible to estimate the effect
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‘ of ribavirin/IFN combination therapy in HIV-HCV
fn o co-infected patients in this study.

The response rate to ribavirin/IFN combination
therapy was 31.4% in total, and 15.3% in patients with
HCV genotype 1, which are comparable rates to those
achieved in previous studies on HIV-HCV co-infected
patients in Westemn countries.” The low response rate
in HIV-HCV co-infected patients compared with HCV
mono-infected patients'? may be attributed to several
factors: impaired immune response, high HCV loads
and viral quasi-species caused by frequent chances of
transmission. Of these, high viral loads may be essen-
tial, because Table 2 shows that patients with genotype
1 HCV achieved SVR even by IFN monotherapy if their
viral loads were low. In the era of IFN monotherapy,
patients with favorable conditions were treated first of
all: pretreatment viral loads in patients who received
IFN monotherapy were lower than those who received
PEG-IFN-ribavirin combination therapy. This may be
the reason why the efficacy of PEG-IFN-ribavirin com-
bination therapy was lower than that with IFN mono-
therapy in this study.

The serum bilirubin concentrations and platelet
counts were improved in the patients who achieved SVR
by IFN treatment. Although the response rate to IFN
treatment is lower in HIV-HCV co-infected patients
than in HCV mono-infected patients, the overall benefit
of IFN treatment on liver function may be similarly
expected in the patients who achieved SVR. HAART
showed no impact on the liver function in HIV-HCV
co-infected patients. Improvement of liver function can
be expected only in IFN-treated patients, although there
is a possibility that only patients with preserved liver
function were able to receive IFN treatment. Given that
liver disease is the major life-threatening factor in HIV-
infected patients, IFN treatment should be considered in
the early stage of HIV-HCV co-infection.

It should be noted that nine patients had hepatic
decompensation and seven had HCC, and the average
age of such patients was much younger than that of HCV
mono-infected patients with the same complications.’
This finding is compatible with reports from Western
countries showing a faster progression of fibrosis' and
earlier development of HCC." A possibly interesting
finding is that five patients (approximately 3% of
patients whose serum HCV-RNA level was serially deter-
mined) cleared HCV-RNA from the serum without IFN
treatment. Previous reports showed that some HIV-
infected patients could spontaneously clear HCV-
RNA."*7 The clearance of HCV among patients with
chronic HCV infection is rare, although it has been

HCC
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IEN

143 (61.1%)

APlatelet§
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Table 5 Changes in clinical parameters and HAART in HIV-HCV co-infected patients
t AAlbumin: changes in albumin concentration (g/dL)/observation period (years).
1/ Bilirubin: changes in bilirubin concentration {mg/dL)/observaton period (years).

§APlatelet: changes in platelet count (x10%/ [L)/observation period (years).
HAART, highly active anti-retroviral therapy; HCC, hepatocellular carinoma;

HAART (-)

HAART (+)
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reported in Japan.'® Three of the five patients had high
HCV loads and low CD4* T-lymphocyte counts, which
are generally thought to be unfavorable for spontaneous
HCV clearance. A difference in immune status of HIV-
infected patients from HCV mono-infected patients may
be involved in such an observation, although further
studies are awaited.

In summary, our study demonstrated that approxi-
mately 20% of HIV-infected patients are co-infected
with HCV. Some of the HIV-HCV co-infected patients
had advanced liver disease such as ascites, encephalopa-
thy or HCC at a younger age than HCV mono-infected
patients, suggesting that the progression of liver disease
may be more rapid in HIV-HCV co-infected patients
than in HCV-mono-infected ones. Treatments with regi-
mens including IFN, which may improve liver function
and decrease liver-related death, should be considered
in HIV-HCV co-infected patients.
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Hepatitis B Virus X Protein Shifts Human Hepatic
Transforming Growth Factor (TGF)- Signaling from
Tumor Suppression to Oncogenesis in Early Chronic

Hepatitis B

Miki Murata,' Koichi Matsuzaki,' Katsunori Yoshida,' Go Sekimoto,' Yoshiya Tahashi,! Shigeo Mori,! Yoshiko Uemura,’
Noriko Sakaida,? Junichi Fujisawa,’ Toshihito Seki,! Kazuki Kobayashi,* Koutaro Yokote,* Kazuhiko Koike,’ and
Kazuichi Okazaki'

Hepatitis B virus X (HBx) protein is suspected to participate in oncogenesis during chronic
hepatitis B progression. Transforming growth factor B (TGF-B) signaling involves both
tumor suppression and oncogenesis. TGF-B activates TGF-f type I receptor (TBRI) and
c-Jun N-terminal kinase (JNK), which differentially phosphorylate the mediator Smad3 to
become C-terminally phosphorylated Smad3 (pSmad3C) and linker-phosphorylated Smad3
(pSmad3L). Reversible shifting of Smad3-mediated signaling between tumor suppression
and oncogenesis in HBx-expressing hepatocytes indicated that TBRI-dependent pSmad3C
transmitted a tumor-suppressive TGF-B signal, while JNK-dependent pSmad3L promoted
cell growth. We used immunostaining, immunoblotting, and #n vitre kinase assay to com-
pare pSmad3L- and pSmad3C-mediated signaling in biopsy specimens representing chronic
hepatitis, cirrhosis, or hepatocellular carcinoma (HCC) from 90 patients chronically in-
fected with hepatitis B virus (HBV) with signaling in liver specimens from HBx transgenic
mice. In proportion to plasma HBV DNA levels, early chronic hepatitis B specimens showed
prominence of pSmad3L in hepatocytic nuclei. HBx-activated JNK/pSmad3L/c-Myc onco-
genic pathway was enhanced, while the TBRI/pSmad3C/p21VAF! tumor-suppressive path-
way was impaired as human and mouse HBx-associated hepatocarcinogenesis progressed. Of
28 patients with chronic hepatitis B who showed strong oncogenic pSmad3L signaling, six
developed HCC within 12 years; only one of 32 patients showing little pSmad3L developed
HCC. In contrast, seven of 30 patients with little Smad3C phosphorylation developed HCC,
while no patient who retained hepatocytic tumor-suppressive pSmad3C developed HCC
within 12 years. Conclusion: HBx shifts hepatocytic TGE-$ signaling from the tumor-
suppressive pSmad3C pathway to the oncogenic pSmad3L pathway in early carcinogenic
process. Hepatocytic pSmad3L and pSmad3C assessment in HBV-infected liver specimens
should prove clinically useful for predicting risk of HCC. (HeraToLOGY 2009;49:1203-1217.)

most common cancer worldwide and one ing advances have enhanced our understanding of

of the most deadly, causing approximately HCC. More than 85% of HCC cases are related to
600,000 deaths yearly.! The overall incidence of known hepatitis B virus (HBV) and hepatitis C virus
HCC continues to rise, especially in western Europe (HCV).

H epatocellular carcinoma (HCC) is the fifth and the United States.? During the past 20 years, strik-

Abbreviarions: Ab, antibody; HBV. bepatitis B virus; HBx, hepatitis B virus X HCC, hepatocellular carcinoma; HCV, heparitis Cvirus; HSC, heparic seeflare ceths: [gG.
immunoglobulin G; [NK, c-Jun N-terminal kinase; PPMIA, protein phosphatase magnesium 14; pSmad3C. C-terminally phosphorylated Smad3; pSmad3L, linker-
phosphorylaced Smad3; SCP1-3, small C-terminal domain phosphasmse 1-3; TGF-B, sransforming growsh factor B: TBRI, TGF-B sype 1 recepror; TBRIL TGF-B type
I recepror.
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A strong correlation between chronic HBV infection
and HCC occurrence has long been apparent according
to epidemiologic evidence and the finding of integrated
HBV DNA sequences in virtually all HBV-related
HCC.? Hepatitis B virus X (HBx) oncoprotein has been
implicated in HBV-mediated hepatocarcinogenesis,*>
and persistent high-level expression of HBx protein in
transgenic mouse liver results in hyperplasia leading to
HCC, with no preceding inflammation.® Although HBx
does not bind DNA directly, HBx activates Ras/mitogen-
activated protein kinase pathways including extracellular
signal-regulated kinase and c-Jun N-terminal kinase
(JNK),” resulting in tumor cell growth and survival.

Transforming growth factor B (TGF-B) can inhibit
epithelial cell growth, acting as a tumor suppressor. Dur-
ing carcinogenesis, however, cancer cells gain advantage
by selective reduction of the tumor-suppressive activity of
TGE-B together with augmentation of its oncogenic ac-
tivity.® This led us to hypothesize that alterations in the
TGEF- signal transduction pathway could be involved in
the development of HCC in long-standing HBV infec-
tion.

Smads are central mediators of signals from the recep-
tors for TGF-B superfamily members to the nucleus.’
Smads are modular proteins with conserved Mad-homol-
ogy 1, intermediate linker, and Mad-homology 2 do-
mains.!® The catalytically active TGF-B type I receptor
(TBRI) phosphorylates the C-terminal serine residues of
receptor-activated Smads, which include Smad2 and the
highly related protein Smad3. The linker domain can
undergo regulatory phosphorylation by other kinases in-
cluding mitogen-activated protein kinases and cyclin-de-
pendent kinases.!!""4 In contrast to the clearly activating
role of the C-terminal phosphorylation events, the regu-
lation of Smad activity by phosphoryladon of the linker
region is complex. Linker phosphorylation of Smad2 dur-
ing human colorectal carcinogenesis results in cvtoplas-
mic retention of Smad2 and inhibition of tumor-
suppressive TGF-B signaling.!>!> However, Smad3
phosphorylated at the linker region (pSmad3L) is local-
ized predominantly to cell nudlei in actively growing
Ki-67—-immunoreactive colon cancer with distant metas-
tasis.'> Reversible shifting of Smad-dependent signaling
between tumor suppression and oncogenesis in hyperac-
tive Ras-expressing cells indicates that Smad3 phosphor-
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vlated at the C-terminal region (pSmad3C) transmits a
tumor-suppressive TGF-f signal, whereas oncogenic ac-
tivities such as cell proliferation and invasion are pro-
moted by the pSmad3L pathway.'® In addition, Roberts’
group!” has recently reported that Smad3 is critical for
Ras/]NK-mediated transformation. Taken together,
these findings indicate that oncogenic TGF-B signaling
results from the functional collaboration of Ras and
Smad3 rather than from Ras-mediated inhibition of the
Smad3 pathway. Linker phosphorylation of Smad3 indi-
rectly inhibits C-terminal phosphorylation, minimizing
tumor-suppressive  pSmad3C  signaling.!® Notably,
pSmad3L-mediated signaling in activated hepatic stellate
cells (HSCs) promotes liver fibrosis by stimulating extra-
cellular matrix deposition.!3:!8

The role of HBV and HCV in tumor formation ap-
pears to be complex and may involve both direct and
indirect mechanisms.!? Integration of HBV DNA into
the host genome occurs at early steps of clonal tumor
expansion. Alternatively, chronic liver inflammation and
hepatic regeneration induced by host cellular immune
responses can increase the risk of HCC development.
During progression of HCV-related chronic liver disor-
ders, hepatocytes affected by chronic inflammation un-
dergo a transition from the tumor-suppressive pSmad3C
pathway to the JNK/pSmad3L pathway.?® Our present
studies extend the previous observations to HBV-related
hepatocarcinogenesis. We study Smad3 phosphorylation
profiles in HBV-infected human liver and HBx trans-
genic mouse liver, concluding that HBx oncoprotein in
early stages of chronic hepatitis B contributes directly to
hepatocarcinogenesis by shifting hepatocytic Smad3-me-
diated signaling from tumor suppression to oncogenesis.

Patients and Methods

Patients, Follow-up, and Detection of HCC.
Ninety patients with HBV-related chronic liver disease
underwent liver biopsy at the Department of Gastroen-
terology and Hepatology of Kansai Medical University
Hospital between 1992 and 1994. All patients were sero-
positive for hepatitis B surface antigen (Abbott Laborato-
ries, North Chicago, IL) and were seronegative for anti-
HCV antbody (Ortho Diagnostics, Tokyo, Japan).
Patients included 70 with chronic hepatitis, 10 with cir-
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rhosis, and 10 with HCC. Sixty of the chronic hepatitis
patients were enrolled in a program for early diagnosis of
HCC; the other 10 were lost to follow-up. HBY DNA
(Roche Diagnostics, Tokyo, Japan) and hepatitis B enve-
lope antigen (Abbott Laboratories) were measured at the
time of liver biopsy. During the surveillance period, pa-
tients were followed up with abdominal ultrasonography
and plasma alpha-fetoprotein determinations every 3 to 6
months. We also made a random choice of 20 chronic
hepatitis B specimens with little fibrosis (F1) and little
inflammation (A1) from the liver biopsy specimens of the
patients showing high plasma HBV DNA levels.

Necroinflammatory activity and fibrotic stage were
graded histologically according to the classification of
Desmet and colleagues.?! We counted and scored pS-
mad3, HBx, and ¢-Myc positivity in hepatocytes as fol-
lows: 0, no positivity; 1, <25%; 2, 25% to 50%; 3, 50%
to 75%; 4, >75%.?° Written informed consent was ob-
tained from each patient according to the Helsinki Dec-
laration. We also obtained approval for this study from
our institutional ethics committee.

Reverse-Transcription Polymerase Chain Reaction.
Reverse-transcription  polymerase chain reaction of
TGF-B type 1l receptor (TBRII), Smad2, and Smad4
genes was performed as described.!®

Domain-Specific Antibodies Against the Phosphor-
ylated Smad3. Two polyclonal anti-phospho-Smad3
sera—a pSmad3L (Ser 208/213) and & pSmad3C (Ser
423/425)—were raised against the phosphorvlated linker
and C-terminal regions of Smad3 by immunization of
rabbits with synthetic peptides. Relevant antisera were
affinity-purified using phosphorylated peptides as de-
scribed.!?

Transgenic Animals. HBx transgenic mice were de-
rived by microinjection of a 1151-bp HBV DNA frag-
ment containing the HBx gene with its own regulatory
elements and polyadenylation signal into fertilized eggs of
CD-1 mice. An independent line (H9) was derived from
founders.®

Inmunohistochemical and Immunofluorescence
Analyses. Immunohistochemical and immunofluores-
cence analyses were performed as described.!® Primary
antibodies (Abs) used in this study included mouse
monoclonal anti-HBx Ab (2 ug/mL; Abcam, Cambridge,
UK), mouse monoclonal anti-c-Myc Ab (10 pg/mL;
Santa Cruz Biotechnology, Santa Cruz, CA), and mouse
monoclonal anti-p21¥AF1 Ab (0.5 ug/mL; DAKO,
Glostrup, Denmark), in addition to the affinity-purified
rabbit polyclonal anti-pSmad3L (2 pg/mL) and anti-
pSmad3C (0.5 pug/mL) as described above. Anti-
pSmad3C Ab cross-reacted weakly with C-terminally
phosphorvlated Smad2: to block binding of anti-
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pSmad3C Ab to phosphorylated domains in Smad2, and-
pSmad3C Ab was adsorbed with 1 ug/mL C-terminally
phosphorylated Smad2 peptide.

For immunohistochemical analyses, sections exposed
to primarv Abs were then incubated with peroxidase-la-
beled polvmer conjugated to goat anti-mouse or ant-
rabbit immunoglobulin G (IgG) (DAKO). Finally,
sections were developed with 3,3’-diaminobenzidine tet-
rahydrochloride (DAB; Vector Laboratories, Burlingame,
CA), counterstained with Mayer's hematoxylin (Merck,
Darmstadt, Germany), and mounted under coverslips.

For double-labeling immunofluorescence analyses,
sections exposed to a pair of primary Abs (rabbit plus
mouse) were then incubated in a 1:500 dilution of goat
anti-rabbit IgG conjugated with a red fluorophore (Alexa
Fluor 594; Molecular Probes, Eugene, OR) and goat anti-
mouse IgG conjugated with a green fluorophore (Alexa
Fluor 488; Molecular Probes). Images were obtained with
a fluorescence microscope (Carl Zeiss Microimaging,
Oberkochen, Germany).

Inmunaprecipitation and Immunoblotting. pSmad3L
and pSmad3C immunoblots on Smad3 immunoprecipi-
tates of cell extracts from frozen tissues representing either
HCC or underlying liver diseases were performed as de-
scribed.2?

In Vitro Kinase Assay. In vitro kinase assay was per-
formed as described.!?

Statistical Analyses. The Kaplan-Meier method was
used to determine the cumulative probability of appear-
ance of HCC during the 12-vear follow-up period. HCC
occurrence curves were compared between patients with
abundant (scores 3 to 4) and those with sparse (scores 0 to
2) Smad3L/C phosphorylation, by means of the log-rank
test. For continuous variables, the optimal cutoff thresh-
old for defining groups was established using receiver op-
erating characteristics curves. All parameters with Pvalues
less than 0.10 in the univariate analysis were selected for
multivariate analysis, which was performed using the Cox
proportional hazards model.2? P values less than 0.05
were considered significant. The Mann-Whitney U test
was used to identify significant differences in hepato-
cytic pSmad3L and pSmad3C positivity among fibrotic
stages.

Results

Two Distinct Hepatocytic Smad3 Signaling Path-
ways in Human Chronic Hepatitis B: pSmad3L- and
pSmad3C-Dominant Types. We initially analyzed mu-

tations of TBRII, Smad2, and Smad4 genes in 10 HCC
and six cirrhotic liver samples, finding no mutations in
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Table 1. Clinicopathologic Features, Smad3L/C Phosphorylation, and HBx and c-Myc Positivities in Specimens from Patients
with HBV-Related Chronic Liver Disease

Fibrotic Stage*

Nomal F1 F2 F3 F4 HCC

Patients, n 2 20 27 23 10 10
Sex (male/female), n 2/0 13/7 19/8 17/6 5/5 10/0
Age (years), mean * SD 57.0x99 35.5 + 143 343 = 139 43.1 = 13.7 59.6 :+ 7.6 54.0 = 15.1
pSmad3L staining, nt

0 2 0 0 0 0 0

1 0 8 [} 2 1 0

2 0 6 6 7 1 0

3 0 3 11 i1 2 5

4 0 3 4 3 6 5
pSmad3C staining, nt

0 0 0 0 0 0 0

1 0 0 4 4 2 4

2 0 4 9 12 7 3

3 2 11 7 5 1 3

4 0 5 7 2 0 4]
Activity, n*

A0 2 1 4} 0 0

Al 0 17 6 1 0 i

A2 0 2 19 11 3 7

A3 0 0 2 11 7 2
HBx staining, nt

0 2 4] 4] 0 1 1

1 0 6 5 3 2 3

2 0 7 11 8 3 3

3 0 3 7 6 2 2

4 0 4 4 6 2 1
¢-Myc staining n'

0 2 0 0 0 0 0

1 0 2 4 1 1 0

2 0 9 10 8 3 1

3 0 6 8 8 3 3

4 0 3 5 6 3 6
Histology of HCC (well/ moderate) 6/4
TNM stage (I/1L/11/V)) 4/4/2/0
Size of tumeor (cm), mean * SD 22+03
AST ({U/L), mean = SD 225*35 68.6 + 56.1 92.8 =+ 65.8 79.7 £ 518 82.0 + 53.1 71.0 + 364
ALT (1U/L), mean > SD 24028 104 + 83.5 141 £ 975 845 + 83.1 68.2 = 52.3 59.1 + 32.2
Platelet count {X 109/1), mean + SD 250+ 4.2 17.1 £ 3.6 158 + 49 141 +71 9.7 + 6.7 90+ 3.7
AFP (ng/mlL}, mean % SD 21+13 68+ 46 14.8 + 12.2 66.2 = 138 132 £ 208 164 + 184

Abbreviations: AFP, alpha-fetoprotein; ALY, alanine aminotransferase; AST, aspartate aminotransferase; pSmad3L, linker-phosphorylated Smad3; pSmad3C,
C-terminally phosphorylated Smad3; SD, standard deviation; TNM, tumor-node-metastasis.

*Necroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.

tHepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphorylation; 1, <<256% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3,
50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation. Extent of HBx and c¢-Myc expression is indicated as that of pSmad3L positivity.

tHistological grading of HCC is classified according to the criteria of the Intemational Working Party.

FINM is classified by the Intemational Union Against Cancer and American joint Committee on Cancer.

any sample. This confirms the low probability of muta-
tions in HCC tissues, which has been reported recently.?

To investigate domain-specific phosphorylation medi-
ating Smad3 signaling in vive, we generated two Abs spe-
cific to each phosphorvlation site, and determined the
distribution of pSmad3L and pSmad3C in chronic hepa-
titis B and C specimens. Table 1 shows clinical back-
ground and positivity for pSmad3L and pSmad3C in 90

patients with HBV-related chronic liver diseases. We also
studied HCC occurrence over 12 years in 60 patients with
chronic hepatitis B who were enrolled in a program for
early diagnosis of HCC (Table 2). We recently reported
that Smad3 was phosphorylated at the linker region, par-
ticularly in groups of hepatocytes adjoining collagen fi-
bers in portal tracts in chronic hepatitis C.?° In contrast,
the distribution of pSmad3L and pSmad3C in chronic
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Table 2. Clinicopathologic Features, Smad3L/C Phosphorylation, and HCC Incidence in Specimens from Patients with HBV-
Related Chronic Hepatitis

Patient ncidence pSmad3l pSmad3C Fibrotic Inflammatory HBV DNA

No. Sex Age of HCC Staining* Staining™ Staget Activityt (log copies/ml) HBeAg
1 M 62 O 4 2 3 3 5.4 +
2 F 44 @] 4 2 2 2 5.5 -
3 M 22 O 4 2 2 2 5.2 -
4 F 20 4 4 3 3 3.0 -
5 M 43 4 4 2 2 4.5 -
6 M 30 4 2 2 3 4.0 -
7 M 30 4 2 2 3 5.6 -
8 M 65 @] 3 2 3 3 4.0 +
9 F 56 O 3 2 3 2 37 +
10 M 52 O 3 1 1 1 6.4 -
11 F 40 3 1 1 1 6.9 -
12 M 44 3 1 3 3 5.1 -
13 M 45 3 1 3 3 3.8 -
14 M 28 3 2 3 1 3.0 -
15 M 60 3 2 3 2 2.8 -
16 M 44 3 2 3 3 5.2 +
17 M 44 3 2 3 3 3.2 +
18 M 44 3 2 3 3 4.4 -
19 F 26 3 2 2 1 49 -
20 M 20 3 2 2 1 29 +
21 M 59 3 2 2 2 4.4 -
22 M 43 3 3 2 2 3.2 +
23 M 29 3 3 3 2 6.2 -
24 M 29 3 3 3 2 3.0 -
25 M 25 3 4 1 1 3.5 -
26 F 33 3 4 2 2 4.6 +
27 M 19 3 3 3 2 5.6 -
28 M 63 3 4 2 2 5.1 -
29 M 52 Q 2 1 3 2 3.7
30 M 44 2 2 3 3 5.2 -
31 M 29 2 2 3 2 3.9 +
32 F 46 2 4 3 3 3.2 -
33 M 25 2 2 1 2 5.0 -
34 F 23 2 3 1 1 2.1 -
35 F 31 2 3 2 2 3.9 +
36 F 26 2 3 1 1 2.4 -
37 M 35 2 3 1 1 5.6 -
38 M 20 2 3 2 1 3.2 +
39 F 56 2 3 3 2 5.1 +
40 F 36 2 3 3 2 2.6 -
41 F 25 2 3 2 1 5.1 -
42 F 23 2 4 2 1 35 -
43 F 41 2 4 1 1 2.0 +
44 M 29 2 4 2 2 4.5 -
45 M 31 2 4 1 1 5.9 +
46 M 42 2 1 2 2 3.7 -
47 M 24 1 1 2 2 39 +
48 M 28 1 2 3 2 3.8 -
49 F i1 1 2 2 2 3.0 +
50 M 40 1 1 2 2 3.2 -
51 M 37 1 2 2 2 3.0
52 F 10 1 2 2 2 2.3
53 M 16 1 3 1 1 5.1 -
54 M 41 1 3 1 1 4.3 -
55 M 40 1 3 1 1 22 -
56 M 53 1 3 1 ! 1 2.7 -
57 M 27 1 3 1 1 4.6 -
58 M 53 1 4 1 1 33 -
59 M 30 1 4 2 2 2.1 -
60 F 22 1 4 1 0 3.7 -

Abbreviations: F, female; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HCC, hepatocetlular carcinoma; M, male; pSmad3C, C-terminally phosphorylated
Smad3; pSmad3L. linker-phosphorylated Smad3.

*Hepatocytic Smad3 phosphorylation is scored as follows: 0, no phosphorylation; 1, <.26% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorytation; 3,
50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation.

tNecroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.
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hepatitis B specimens was divided into two distinct pat-
terns. In one liver specimen with moderate fibrosis and
inflammation from patient 2 in Table 2 who was diag-
nosed with HCC 9 years later, intense pSmad3L immu-
nostaining was present in the nuclei of all hepatocytes
throughout the liver lobules; C-terminal phosphorylation
of Smad3 was strongly suppressed in hepatocytic nuclei
(Fig. 1A and Supplementary Fig. 1). In another specimen
with similar fibrotic stage and necroinflammatory activity
from patient 44 in Table 2 who had not developed HCC,
many hepatocytes retained phosphorylation at Smad3C
but showed scarce phosphorylation at Smad3L (Fig. 1B).
Among 37 patients with chronic hepatitis B who had
scrong pSmad3L positivity, 24 patients showed little
Smad3C phosphorylation, and only 13 patients
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Table 3. Correlation Between pSmad3L and pSmad3C in
Chronic Hepatitis B Specimens

pSmad3C Positivity *

Low {1 and 2) High (3 and 4) Total
pSmad3L positivity ¢
Low (1 and 2} 11 22 33
High (3 and 4) 24 13 37
Total 35 35 70

Abbreviations: pSmad3C, C-terminally phosphorylated Smad3; pSmad3L, link-
er-phosphorylated Smad3.

*Hepatocytic Smad3 phosphornyiation is scored as follows: 0, no phosphory-
lation; 1, <25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphoryla-
tion; 3, 50% to 75% Smad3 phosphoryiation; 4, >75% Smad3 phosphonfation.

showed abundant Smad3C phosphorylation (64.9%
versus 35.1% [P = 0.03]) (Table 3). In contrast, 22
patients with little Smad3L phosphorylation (scores 0
to 2) versus only 13 patients with abundant Smad3L
phosphorylation (scores 3 to 4) showed strong
pSmad3C positivity (62.9% versus 37.1% [P = 0.04]),
Because the extent of Smad3L phosphorylation in-
creased as fibrotic stage and necroinflammatory activity
progressed in chronic hepatitis C, Smad3L showed lirtle
phosphorylation in early chronic hepatitis C.2° In contrast,
degree of linker phosphorylation of Smad3 in hepatocytic
nuclei remained high (staining scored as 3 or 4) in 21 of 47
patients with chronic hepatitis B (F1 to F2) (Fig. 1C). These
results indicate differential mechanisms of HBV- and HCV-

Fig. 1. Two distinct hepatocytic Smad3 signaling pathways in early
chronic hepatitis B: pSmad3L- and pSmad3C-dominant types. (A)
Smad3 in the nuclei of hepatocytes was phosphorylated sparsely at the
C-terminal region (a pSmad3C column) but intensely at the linker region
(o pSmad3L column). The liver specimen showing moderate fibrosis and
inflammation was obtained from patient 2 in Table 2 diagnosed with HCC
9 years later. Bar = 50 um. (B) in patient 44 in Table 2 who had not
developed HCC, hepatocytes retained phosphorylation at Smad3C (a
pSmad3C column) but showed little phosphorylation at Smad3L (a
pSmad3L column). The specimen showed degrees of fibrosis and necro-
inflammatory activity similar to those in (A). Formalin-fixed, paraffin-
embedded liver sections were stained with anti-pSmad3L Ab (a
pSmad3L column) and anti-pSmad3C Ab (a pSmad3C column). The
pSmad3C section was paired with an adjacent section stained using
anti-pSmad3L Ab. Abs were then bound by goat anti-rabbit 1gG conju-
gated with peroxidase-fabeled polymer. Peroxidase activity was detected
with 3,3'-diaminobenzidine tetrahydrochloride. All sections were coun-
terstained with hemotoxylin (blue). Brown color indicates specific Ab
reactivity. Bar = 50 um. (C) Degrees of Smad3 phosphorylation were
stable in hepatocytic nuclei in early chronic hepatitis B specimens (F1 to
F2), whereas pSmad3L increased and pSmad3C decreased as chronic
hepatitis B (F3) progressed through cirrhosis to HCC. Smad3 phosphor-
ylation in hepatocytes did not change between F1 and F2 stages.
Phosphorylation of Smad3L and Smad3C in hepatocytes of cirthotic liver
(F4) and HCC was greater and less than that in livers with grade F1 and
F2 fibrosis, respectively. Extent of Smad3 phosphorylation: (J, 0; Lj, 1;
3,28 3,8 4. *P < 0.05.
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associated carcinogenesis, especially in the early stages of
chronic hepatitis.

pSmad3L Prominence in Hepatocytic Nuclei in
Proportion to Plasma HBV DNA Levels. Because
HCC risk is related to plasma HBV DNA levels and
chronic inflammation,? we next investigated the correla-
tion of hepatocytic pSmad3L positivity with plasma HBV
DNA levels and necroinflammatory activity in chronic
hepatitis B patients (Fig. 2). Positivity of hepatocytic nu-
clei for pSmad3L in chronic hepatitis B specimens grad-
ually increased in proportion to amounts of HBV DNA.
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Sixteen sera samples of 35 patients with abundant
Smad3L phosphorylation (scores 3 to 4) but only seven
sera samples of 35 patients with little Smad3L phosphor-
ylation (scores 0 to 2) contained more than 5.0 log cop-

“ies/mL (45.7% versus 20.0% [P = 0.02]) (Fig. 2A).

However, 23 of 35 chronic hepatitis B patients with
abundant Smad3L phosphorylation and 22 of 35 patients
with little Smad3L phosphorylation showed a high level
of inflammatory activity (A 2 1o 3) (65.7% versus 62.9%
[P = 0.80]) (Fig. 2B). These results indicated that HBV
itself could up-regulate the hepatocytic phosphorylation
at Smad3L, but inflammation could not strongly affect
linker phosphorylation.

To further confirm the direct effects of HBV, besides
chronic inflammation, on phosphorylation at Smad3L in
early chronic hepatitis B, we examined the degrees of
pSmad3L and pSmad3C in a group of patients with little
fibrosis (F1), liccle inlammation (A1), and high plasma
HBV DNA. Smad3L was highly phosphorylated in hepa-
tocytic nuclei, whereas the phosphorylation at Smad3C
was suppressed (Fig. 2C). Of 20 chronic hepatitis B sam-
ples, 12 samples showed abundant Smad3L phosphoryla-
tion (scores 3 to 4), but only five samples had abundant
Smad3C phosphorylation (60.0% versus 25.0% [P =
0.03]) (Table 4).

HBx Protein Involvement in ¢-Myc-Mediated On-
cogenic Activity via the pSmad3L Pathway in Human
Chronic Hepatitis B. Integrated viral sequences pro-
duce HBx protein, which brings about up-regulation
of c-Myc oncoprotein.”> We therefore investigated
whether HBx protein affected Smad3L phosphoryla-
tion and expression of c-Myc in biopsy specimens from
HBV-infected livers by immunostaining sections for

Fig. 2. In proportion to plasma HBV DNA levels, JNK-dependent
pSmad3L became prominent in the nuclei of hepatocytes in human early
chronic hepatitis B. (A) Positivity for pSmad3L in hepatocytic nuclei in
chronic hepatitis B specimens was greater in proportion to plasma HBV
DNA levels. Patients with strong pSmad3L positivity in hepatocytic nuclei
(staining scored as 3 or 4) had more HBV DNA in plasma than patients
with weak pSmad3L positivity (staining scored as 0 to 2). Hepatocytic
Smad3 phosphorylation in chronic hepatitis B specimens is scored as
follows: 0, no phosphorylation; 1, <<25%; 2, 25% to 50%; 3, 50% to
75%; 4, >75%. (B) Degree of Smad3 phosphorylation at the linker
region did not strongly comelate with necroinflammatory activity of
chronic hepatitis B. Hepatocytic Smad3 phosphorylation at the linker
region in livers with necroinflammatory activites of A2 to A3 was
essentially similar to phosphorylation in those with activities of A0 to Al.
Extent of necroinflammatory activity: {3, 0; {1, 1; Z1, 2; @, 3. (C) Smad3
in the nuclei of hepatocytes was phosphorylated intensely at linker region
(o pSmad3L column) but sparsely at the C-terminal region (a pSmad3C
column). The liver specimen showing minimal fibrosis (F1) and inflam-
mation (A1) was obtained from patient 10 in Table 2 who showed high
plasma HBV DNA and was diagnosed with HCC 4 years later.
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Table 4. Clinicopathologic Features, Smad3L/C Phosphorylation, and Plasma HBV DNA Levels in Specimens from Patients
with Early Chronic Hepatitis B

Patient pSmad3bL pSmad3C Fibrotic Inflammatory HBY DNA (log
No. Sex Age staining* staining* Staget Activityt copies/mL)
1 M 48 4 2 1 1 5.6
2 M 45 4 2 1 1 5.4
3 F 38 3 1 1 1 6.2
4 F 49 3 1 1 1 5.2
5 F 52 3 1 1 1 6.1
6 F 40 3 2 1 1 5.8
7 F 28 3 2 1 1 5.6
8 M 38 3 2 H 1 5.5
9 M 44 3 2 1 1 5.3
10 F 40 3 2 1 1 54
11 M 55 3 2 1 1 5.1
12 F 43 3 3 1 1 58
13 M 34 2 1 1 1 5.2
14 M 28 1 1 1 1 5.2
15 F 35 1 2 1 1 5.1
16 M 30 1 2 1 1 53
17 M 45 1 3 1 1 5.2
18 M 38 1 4 1 1 5.6
19 M 54 1 4 1 1 5.2
20 M 48 1 4 1 1 5.4

Abbreviations: F, female; HBV, hepatitis B virus; M, male; pSmad3C, C-terminally phosphorylated Smad3; pSmad3L, linker-phosphorylated Smad3.
*Hepatocytic Smad3 phosphorytation is scored as follows: 0, no phosphorylation; 1, <<25% Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3,

50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation.

tNecroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.

pSmad3L, paired with sections immunostained for
HBx and c-Myc.

In specimens from patient 3 in Table 2 with chronic
hepatitis B, pSmad3L, HBx, and c-Myc were distributed
in hepatocytes throughout liver lobules (Fig. 3A and Sup-
plementary Fig. 2). Double immunofluorescence studies
in chronic hepatitis B specimens confirmed that
pSmad3L was colocalized in HBx- and c-Myc~immuno-
reactive hepatocytes (Fig. 3B). HBx and c-Myc expression
increased in hepatocytes of hepatitis B specimens as
Smad3 showed more phosphorylation at the linker region
(Fig. 3C).

Increased [NK/pSmad3L/c-Myc Oncogenic Signal-
ing and Impaired pSmad3C/p21 YAF! Tumor-Sup-
pressive Signaling as Chronic Hepatitis B Progresses
From Cirrhosis to HCC. We further investigated tu-
mor-suppressive and oncogenic Smad3 signaling in biopsy
specimens during HBV-related hepatocarcinogenesis by
staining sections using anti-pSmad3L Ab and anti-
pSmad3C Ab, paired with sections stained for anti-c-Myc
Ab and anti-p21¥AF! Ab, Although pSmad3L accelerates
tumor growth by up-regulating c-Myc, pSmad3C partici-
pates in tumor suppression by up-regulating p21¥AF! tran-
scription, 620

In specimens from a patient with chronic hepatitis B,
the distribution of pSmad3L fit well with the pattern
shown by c-Myc immunolabeling (Fig. 4A, chronic hep-

atitis panel): both were strong in hepatocytes throughout
liver lobules. Linker phosphorylation and c-Myc staining
increased further as chronic liver disease progressed
through cirrhosis to HCC (Fig. 4A, cirrhosis and HCC
panels).

Distribution of pSmad3C resembled the pattern ob-
tained by p21¥AF! staining in chronic hepatitis B speci-
mens (Fig. 4B, chronic hepatitis panel). As with
pSmad3C distribution, hepatocytes showed increased
p21¥A* staining in nuclei. In contrast to intense staining
for pSmad3L and c-Myc, pSmad3C and p21¥A*! stain-
ing decreased in hepatocytic nuclei in cirrhotic liver (Fig.
4B, cirrhosis panel). Nuclear pSmad3C and p21¥AF! im-
munostaining showed only a scattered distribution
throughout HCC specimens (Fig. 4B, HCC panel).
Semiquantitative analyses of positivity for pSmad3L,
pSmad3C, and c-Myc in HBV-related chronic liver dis-
ease showed increasing pSmad3L/c-Myc and decreasing
pSmad3C as chronic hepatitis B progressed from cirrhosis
(F4) to HCC (Table 1).

We next quantified the extent of phosphorylation at
Smad3L and Smad3C by immunoblotting with do-
main-specific Abs against phosphorylated Smad3 in
tissue samples representing various stages of HBV-re-
lated chronic liver disorders. The linker region of
Smad3 showed very little phosphorvlation in normal
liver (Fig. 4C, a pSmad3L panel). Remarkable up-
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Fig. 3. HBx might be involved in c-Myc-mediated oncogenic activity in
human chronic hepatitis B via the pSmad3L pathway. (A) Hepatocytes of
chronic hepatitis B specimens from patient 3 in Table 2 showed diffuse
immunostaining for pSmad3L, HBx, and c-Myc. All sections were coun-
terstained with hemotoxylin (blue). Brown color indicates specific Ab
reactivity. Bar = 50 pm. (B) pSmad3L in hepatocytic nuclei of chronic
hepatitis B specimens was colocalized with HBx and c-Myc proteins.
Sections of chronic hepatitis B tissues were stained for immunofiuores-
cence to simultaneously detect pSmad3L (red) and HBx or c¢-Myc
{green). Yellow color indicates overlap of proteins. Hepatocytes immu-
noreactive for pSmad3l showed colocalization of HBx (upper column)
and ¢-Myc (lower column). Bar = 50 um. (C) HBx and c-Myc expression
increased in hepatocytes of chronic hepatitis B specimens as Smad3
was increasingly phosphorylated at the linker region. HBx and c-Myc
expression was greater in hepatocytes with high phosphorylation at
Smad3L (staining scored as 3 or 4) than in hepatocytes with staining
scored as 0 to 2. The extent of HBx and c-Myc expression is indicated as
that of pSmad3L positivity: (3, 0; [, 1; [, 2; &, 3; M, 4. *P < 0.05.
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regulation of pSmad3L was seen with progression of
hepatic fibrosis and carcinogenesis. In cirrhotic liver
and HCC, pSmad3L was far more abundant than in
chronic hepatitis. In contrast, pSmad3C gradually de-

- creased as disease stages progressed toward HCC (Fig.

4C, a pSmad3C panel).

We previously reported that Smad3L served as a sub-
strate for JNK.!? To address the functional relationship
between activated JNK and Smad3L phosphorylation
during hepatocarcinogenesis, we presently assaved kinase
activity in vitro. Although JNK from normal liver showed
little ability to phosphorvlate Smad3 at the linker region,
JNK from livers involved by chronic hepatitis B, cirrhosis,
and HCC could directly phosphorvlate Smad3L (Fig.
4D). These results suggested that JNK in preneoplastic
liver tissues and HCC directly phosphorylated the linker
region of Smad3.

Collectively, JNK/pSmad3L/c-Myc onogenic sig-
naling in hepatocytes came to predominate while the
tumor-suppressive pSmad3C/p21¥AF! pathway became
quiescent as chronic hepatitis B progressed to cirrhosis and
then HCC.

Selective Blockade of Linker Phosphorylation Abol-
ishes pSmad3L-Mediated Cell Growth in HBx-Ex-
pressing Hepatocytes. pSmad3L, HBx, and c-Myc were
colocalized in preneoplastic lesions including chronic
hepatitis and cirrhosis (Fig. 3). These findings suggest that
HBx oncoprotein might alter hepatocytic TGF-f signal-
ing in chronic hepatitis B. We investigated this hypothesis
using HBx-expressing hepatocytes. Selective blockade of
linker phosphorylation by a mutant Smad3 lacking the
JNK-dependent linker phosphorylation sites abolished
pSmad3L.-mediated cell growth in HBx-expressing hepa-
tocytes (Supplementary Figs. 3-5). These results suggest
that HBx activated the JNK/pSmad3L pathway, further
promoting cell proliferation by up-regulating c-Myc tran-
scription (Fig. 5).

Activation of the pSmad3L/c-Myc Pathway as HBx
Transgenic Mouse Livers Progress Through Hyperpla-
sta to HCC. We further investigated localization of
pSmad3L, HBx, and c-Myc during HBx-induced
hepatocarcinogenesis in HBx transgenic mouse livers.
Beginning at the age of 2 months, HBx transgenic
mouse liver showed centrilobular foci of cellular alter-
ation with cytoplasmic vacuolation surrounding the
central veins where bromodeoxyuridine was uptaken
into the heparocytes.®

In this hyperplastic mouse liver, phosphorylation at
Smad3L was observed in hepatocytic nuclei in the centri-
lobular region, and distribution of pSmad3L was similar

to those of HBx and c-Myc (Fig. 6A). pSmad3L, HBx,
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Fig. 4. As chronic hepatitis B progressed through cirrhosis to HCC, JNK/pSmad3L/c-Myc ongogenic signaling started to increase, whereas the
tumor-suppressive pSmad3C/p21%AFt pathway decreased. (A) pSmad3L and ¢-Myc increased as human chronic hepatitis B progressed through
cirthosis to HCC, (B) pSmad3C and p21¥Af! decreased as human chronic hepatitis B progressed through cirthosis to HCC. All sections in A and B
were counterstained with hemotoxylin (blue). Brown staining indicates specific Ab reactivity. Bar = 50 um. (C) immunoblotting of pSmad3L and
pSmad3C in HBV-related chronic liver diseases. Cell lysates obtained from hepatocellular carcinoma (HCC) and surounding nonneoplastic liver
tissues including chronic hepatitis B (CH) or liver cirrhosis (LC) as well as uninvolved normal liver tissues from a patient with a metastatic liver tumor
were subjected to anti-Smad3 immunoprecipitation (IP) and were then immunoblotted with each anti-pSmad3 Ab (upper panels). Relative amounts
of endogenous Smad3 were determined via immunoblotting using anti-Smad3 Ab (bottom panel). (D) JNK in human HBV-related chronic liver tissue
directly phosphorylated Smad3 at the linker region. Cell lysates obtained from HCC and sumounding nonneoplastic fiver tissue including chronic
hepatitis {CH) and liver cirrhosis (LC) from HBV-infected patients, as well as uninvolved normal liver tissue from a patient with a liver metastasis, were
subjected to anti-phospho-JNK1/2 immunoprecipitation (IP), and were then mixed with bacterially expressed GST-Smad3 and GST-Smad2. After in
vitro kinase assay, phosphorylation of Smad3L was analyzed via immunoblotting using anti-pSmad3L antibody (upper panel). Total Smad3 and
Smad2 were determined via immunoblotting using anti-Smad2/3 Ab (lower panel).

and c-Myc were distributed diffusely in HCC specimens
(Fig. 6B, HCC panel). Semiquantitative analyses of pos-
itivity for these molecules in HBx transgenic mouse livers
also revealed that hepatocytic pSmad3L, HBx, and c-Myc
increased as mouse liver progressed through hyperplasia
to HCC (Fig. 6C). Double immunofluorescence studies
in hyperplastic specimens confirmed that pSmad3L was
colocalized in HBx- and c-Myc-immunoreactive hepato-
cytes (Fig. 6D).

Success in comparative study of HBx, pSmad3L, and
c-Mvc positivity during human and mouse hepatocarci-
nogenesis identified pSmad3L as a key regulatory element

—219—

that offers a general framework for understanding the
origins of HBV-related HCC.

Chronic Hepatitis B Patients with Hepatocytes Pos-
itive for pSmad3L and Negative for pSmad3C In-
creased Risk of HCC Development. We finally
investigated whether phosphorylation levels of Smad3
could affect the risk of neoplastic evolution in the patients
with chronic hepatitis B (Table 2). To compare HCC
incidence, patients were classified into those with abun-
dant (scores 3 to 4) and limited (scores 0 to 2) Smad3
phosphorylation in hepatocytic nuclei. HCC developed
in six of 28 patients with abundant Smad3L phosphory-
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Fig. 5. Reversibility of Smad3-dependent signaling between tumor
suppression and oncogenesis in HBx-expressing hepatocytes. Hepato-
cytes exhibit TGF-8- dependent Smad3 phosphorylation at the C-terminal
region, which results in growth inhibition by repression of ¢-Myc. High
expression of HBx protein in hepatocytes tends to shut down pSmad3C-
mediated signaling and favor acquisition of constitutively active JNK-
mediated pSmad3L signaling, which fosters cell growth by up-regulating
c-Myc. Selective blockade of linker phosphorylation by a mutant Smad3
lacking the JNK-dependent linker phosphorylation sites (Smad3EPSM)
restores the TGF-B-dependent tumor-suppressive response involving
pSmad3C that is shown by parental hepatocytes.

lation, but in only one of 32 patients with limited
Smad3L phosphorylation (log-rank = 0.03) (Fig. 7A). In
contrast, HCC developed only in the patients with lim-
ited Smad3C phosphorylation, and no patients with
abundant hepatocytic pSmad3C developed HCC (log-
rank = 0.009) (Fig. 7B).

Several studies have analyzed risk factors for HCC oc-
currence in patients with HBV-related chronic liver dis-
ease, including elevated plasma HBYV DNA? and
seropositivity for hepatitis B e antigen.? In the univariate
analysis, HCC occurrence in high pSmad3L positivity
(P = 0.01), low pSmad3C positivity (P = 0.03), and
plasma HBV-DNA levels of more than 5.0 log copies/mL
(P = 0.05) showed P values less than 0.10, thus being
significantly associated with HCC (Table 5). All variables
with statistical significance in the univariate analysis were
entered in the multivariate analysis, and high pSmad3L
and low pSmad3C positivity were considered signifi-
cantly predictive of HCC development within 12 years.
Hepatocytic positivitiy for pSmad3L and pSmad3C
should allow us to distinguish chronic hepatitis B patients
at high and low risk for the development of HCC in near
future.

Discussion

In patients with chronic hepatitis B, persistent HBV
infection is clearly the primary inducer of HCC.!”” Com-
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parative studies that seek to identify conserved oncogenic
signaling common to HCC in both humans and experi-

‘mental animals will help to eventually identify the molec-

ular pathways that drive the development of HCC.?

- Much is known about the morphologic changes of cells

and tissues that precede and accompany development of
HCC in humans, allowing earlier diagnosis in some in-
stances.?® A variety of molecular alterations have been
detected in fully developed HCC and to a lesser extent in
morphologically defined preneoplastic precursor le-
sions.?? Our current studies compared pSmad3L- and
pSmad3C-mediated signaling in biopsy specimens of
chronic hepatitis, cirrhosis, or HCC from 90 patients
with chronic HBV infection versus signaling in preneo-
plastic and neoplastic liver lesions of HBx transgenic
mice. Taken together with the results of in vitro experi-
ments using HBx-expressing hepatocytes, our findings in-
dicate that the HBx oncoprotein participates directly in
hepatocarcinogenesis by shifting hepatocytic Smad3-me-
diated signaling from tumor suppression to oncogenesis
in patients with early chronic hepatitis B (Fig. 7C). Ac-
cording to the two-step model of carcinogenesis (initia-
tion and promotion), tumor formation can be explained
by permanent HBx-dependent activation of the JNK/
pSmad3L cascade that has a tumor promoter-like action.

HCC is a human neoplasm associated with viral infec-
tion."3 At present, hepatitis virus-associated carcinogen-
esis can be seen as a multifactorial process that includes
both direct and indirect mechanisms.!” A major factor in
the process of HCC development is the host immune
system.3? Chronic inflammation, degeneration, and re-
generation induced by the host cellular immune response
are common to a variety of human liver diseases, and
subsequent cellular proliferation might increase the risk of
cancer. We previously reported that increased phosphor-
vlation of Smad3L and decreased phosphorylation of
Smad3C were associated with an increased risk of HCV-
related HCC.?® Similarly to HCV-related chronic liver
disease, strong pSmad3L positivity was observed in the
late stages of HBV-related chronic liver disease (F3 to
F4) (Fig. 1C). Considering the development of HCC
in HCV core gene-transgenic mice,?! hepatitis viruses
themselves together with the host immune response
might promote human hepatocarcinogenesis via the
JNK/pSmad3L pathway during the late stage of the
carcinogenic process in both HBV- and HCV- related
chronic liver disease.

However, HBV and HCV have different roles in hu-
man hepatocarcinogenesis when early chronic hepatitis
(F1 to F2) is considered. The histological severity of-
HCV-related liver disease correlates closely with the risk
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Fig. 6. The pSmad3L/c-Myc pathway was activated as HBx transgenic mouse liver progressed through hyperplasia to HCC. (A) Distribution of
pSmad3L, HBx, and ¢-Myc in hyperplastic specimens from HBX transgenic mouse liver. (B) Distributions of pSmad3L, HBx, and ¢-Myc in normal liver,
hyperplasia, and HCC specimens from HBx transgenic mice. Immunostaining for pSmad3L, HBx, and c¢-Myc was present in hyperpiastic hepatocytes
surrounding central veins in HBx transgenic mouse liver [(A) and (B), hyperplasia panels], and was distributed diffusely in HCC specimens [(B), HCC
panel]. All sections were counterstained with hemotoxylin (blue). Brown color indicates specific Ab reactivity. Bar = 50 um. (C) Hepatocytic
pSmad3L, HBx, and c-Myc increased as HBx transgenic mouse liver progressed from hyperplasia to HCC, Staining for pSmad3L, HBx, and ¢-Myc was
detected minimally in normal mouse livers, but was strongly up-regulated in neoplastic livers. In HCC, pSmad3L, HBx, and c-Myc were significantly
greater than in livers with hyperplasia. *P < 0.05. Extent of pSmad3L, HBx, and c-Myc: (1, O; L), 1; L, 2; B, 3; B, 4. (D) Hepatocytic pSmad3L
in hyperplastic specimens from HBx transgenic mouse liver was colocalized with HBx and c-Myc. Hyperplasia sections of HBx transgenic mouse livers
were stained for immunofiuorescence to simultaneously detect pSmad3L (red) and HBx or ¢-Myc (green). Yeliow color indicates overlap of proteins.
Hepatocytes immunoreactive for pSmad3L showed colocalization of HBx (upper column) and c-Myc (lower column). Bar = 50 pm.

of HCC.3? In contrast, HCC occasionally develops in
healthy HBV surface antigen carriers, who are persistently
infected with HBV but have normal liver function param-
eters and no necroinflammarion.3? This indicates that
HBYV itself has a direct influence on hepatocarcinogenesis
in early chronic hepatitis B. Although integration of the
viral genome into chromosomal DNA has not been re-
ported in patients with HCV infection, integration of
HBYV has been detected in almost all cases of chronic
hepatitis B,? leading to activation of the HBx-mediated
oncogenic pathway.! It is noteworthy that HCC devel-
oped in patient 10 (Table 2), who showed strong
pSmad3L positivity of hepatocytic nuclei but had mini-
mal necroinflammatory activity (A1) or fibrosis {(F1). In
summary, HCV contributes indirectly to the develop-
ment of HCC through chronic inflammation in early

chronic hepatitis C. In contrast, HBV directly triggers the
JNK/pSmad3L oncogenic pathway in early chronic hep-
atitis B, thus playing a role beyond mere stimulation of
the host immune response.

Our findings also open up a new avenue to understand-
ing the development and progression of hepatic fibrogen-
esis.>* Whereas HSCs have traditionally been considered
as the principal source of liver fibrosis, mature hepatocytes
can acquire a mesencymal phenotype and perform the
functions of activated HSC-—that is, they can contribute
to fibrogenesis.*>3¢ In support of this notion, pSmad3L-
mediated signaling promotes liver fibrosis by hepatocvtes
as well as activated HSCs during long-standing carcino-
genesis.' #1820 In this manner, either HBV- or HCV-re-
lated chronic hepatitis progresses through fibrogenesis to

HCC.
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Fig. 7. Chronic hepatitis B patients with hepatocytes positive for
pSmad3L and negative for pSmad3C increased risk of HCC development. (A)
HCC occurred subsequently among patients whose hepatocytes in chronic
hepatitis B specimens were strongly positive for pSmad3L. Incidence of HCC
was significantly higher in patients with abundant Smad3L phosphorylation
(scores 3 to 4, solid line) in hepatocytic nuclei versus those with sparse
Smad3L phosphorylation (scores 0 to 2, dotted tine). (B) HCC did not occur
subsequently among patients whose hepatocytes in chronic hepatitis B
specimens were strongly positive for pSmad3C. HCC occured only in
patients with sparse Smad3C phosphorylation (scores 0 to 2, solid fine) in
hepatocytic nuclei, while no patients with abundant Smad3C phosphoryla-
tion (scores 3 to 4, dotted line) have developed HCC. Cumulative rates of
HCC occurrence from chronic hepatitis B were compared between cases with
high and fow phosphorylation of Smad3L and Smad3C (Kaplan-Meier
analysis and log-rank test). (C) HBx protein shifted hepatic TGF-8 signaling
from the tumor-suppressive pSmad3C pathway to the oncogenic JNK-de-
pendent pSmad3L pathway in early stages of chronic hepatitis B. Normal
hepatocytes exhibited TGF-B-dependent Smad3 phosphorylation at the
C-terminal region, which is related to growth inhibition by up-regulation of
p21"F! HBx protein activates JNK, promoting the oncogenic pSmad3L
signaling, which fosters cell growth by up-regulating c-Myc, in a mean time
reducing tumor-suppressive pSmad3C-mediated signaling,
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The general biomedical approach to HCC is shifting
away from population risk assessment and empirical
treatment of patients to predictive personalized medi-
cine based on molecular classification and rtargeted
therapy.?® Better knowledge of the risk factors associ-
ated with the occurrence of HCC can improve the
effectiveness of surveillance programs. Our approach
has identified pSmad3L and pSmad3C as prognostic
markers that may prove to be clinically useful. Such
predictive markers could allow us to select patients
with chronic hepatitis B who have a high or low risk of
developing HCC. Although the latter group could be
followed up on an annual basis, the patients with a high
risk require targeted surveillance measures to allow
early diagnosis of HCC.

Phosphorylation of many transcription factors is con-
trolled by the dynamic interplay between kinases and
phosphatases. In this regard, we studied the kinetics of
both linker and C-terminal phosphorylation of Smad3 in
parental and HBx-expressing hepatocytes in response to
TGF-B (unpublished observation). In parental hepato-
cytes, the levels of linker and C-terminal phosphorylation
peaked at 30 minutes after the start of exposure to TGF-8
and then gradually declined. However, HBx-expressing
hepatocvtes showed constitutive phosphorylation at
Smad3L during continuous exposure to TGE-B. Several
lines of evidence have identified small C-terminal domain
phosphatase (SCP1-3) and protein phosphatase magne-
sium 1A (PPM1A) as the linker and C-terminal phospha-
tases, respectively.’”¥ Accordingly, SCP1-3 and PPM1A
may reverse domain-specific phosphorylation in normal
hepatocyes. In contrast, HBx-expressing hepatocytes may
not show induction or activation of SCP1-3. Alterna-
tively, linker phosphorylation in HBx-expressing hepato-
cytes might be resistant to SCP1-3.

Many researchers have been seeking key transcription
factors regulating tumor-suppressive pathways that are al-
tered in cancer. Qur current model of JNK/pSmad3L
signaling during HBV-related chronic liver disease sug-
gests that specific inhibitors of the JNK/pSmad3L path-
way might inhibit the progression of HCC. With respect
to molecular rargeting therapy for human HCC,
pSmad3L and pSmad3C should be assessed as biomarkers

to evaluate the benefit from specific inhibition of the
JNK/pSmad3L pathway.
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Table 5. Variables with Independent Predictive Value for HCC in Univariate and Multivariate Analyses

Univariate Analysis

No. of Patients Hazard Ratio

Muitivariate Analysis

Hazard Ratio

Characteristics [ with HCC (%) (95% CI) P Value (95% CI) P Value

pSmad3L positivity *

Low (1 and 2) 32 1(3) 1.00 1.00

High (3 and 4) 28 6(21) 3.8(1.4-10.6) 0.01 14.8(1.8-118.5) 0.01
pSmad3C positivity *

High (3 and 4) 30 0{0) 1.00 1.00

Low {1 and 2) 30 7(23) 2.8(0.001-7.0) 0.03 16.4 (1.0-125.0) 0.04
Fibrotic staget

Low (F1 and F2) 39 4(10) 1.00 1.00

High (F3) 21 3{14) 1.9(0.7-5.4) 0.24 3.9 (0.4-38.6) 0.24
Inflammatory activity!

Low (AC and Al) 23 1 (4} 1.00 1.00

High (A2 and A3) 37 6 (16) 1.8(0.7-4.8) 0.27 0.2 {0.02-1.1) 0.06
HBV DNA (copies /mlL)

<10° 42 3(7N 1.00 1.00

=105 18 4(22) 1.9 (1.0-3.5) 0.05 2.5(0.9-6.9) 0.08
HBeAg

Negative 42 4{10) 1.00 1.00

Positive 18 3(17) 2.1(0.5-9.5) 0.32 9.9(1.1-89.3) 0.03

Abbreviations: Cl, confidence interval; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; pSmad3C, C-terminally phosphorylated
Smad3: pSmad3L, linker-phosphorylated Smad3.

*Hepatocytic Smad3 phospharylation in chronic hepatitis B specimens is scored as follows: 0, no phosphorylation: 1, < 25% Smad3 phosphondation; 2, 25% to

50% Smad3 phosphorylation: 3, 50% to 75% Smad3 phosphorylation; 4, »75% Smad3 phosphorylation.
tNecroinflammatory activity and fibrotic stage are determined histologically according to Desmet's classification.
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