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Many investigators have reported that serum HBYV DNA
levels higher than 4.0-4.5 log copies/ml before HBV
treatment serve as a strong risk predictor of HCC [23-25].
Di Marco et al. [26] have reported that the incidence of
HCC was higher in patients with serum HBV levels of more
than 5.0 log copies/ml, at least once, during LAM therapy
than in those in whom serum HBV levels were maintained
at 5.0 log copies/ml or less. However, the add-on ADV
therapy had not been adopted when the study of Di Marco
et al. was reported. When the use of ADYV is possible, an
evaluation method is needed to measure the antiviral effects
of nucleoside/nucleotide analogues against HBV-related
liver disease. In the present study, we set the cut-off value
for HBV-DNA at 4.0 log copies/ml. The basis of this cut-
off value is that a serum HBV DNA level higher than
4.0 log copies/ml before HBV treatment was reported to
serve as a strong risk predictor of HCC [23]. MVR, defined
as a median HBV-DNA level of less than 4.0 log copies/ml
measured every 6 months during therapy, was adopted as an
indicator of viral replication, and non-MVR (median HBV-
DNA >4.0 log copies/ml) during LAM therapy was shown
to be significantly associated with the development of HCC
in HBV-infected patients. We also found that a median
HBV-DNA level of >4.0 log copies/ml during LAM ther-
apy was a risk factor for HCC development. On the other
hand, IVR, defined as HBV-DNA of <4.0 log copies/ml in
the first 6 months of the follow-up period after the initiation
of therapy, was not associated with the development of
HCC in HBYV patients in this study. As shown in Fig. 3,
84% of the TVR-negative patients could not achieve an
MVR, suggesting that it is crucial to achieve an IVR in
order to achieve an MVR. The reason why IVR was not a
significant factor for MVR seemed to be the appearance of
the YMDD mutation, which reduced the antiviral effect of

LAM for HBV in IVR-positive patients. The LAM-resistant
YMDD mutant virus was found in 52% of the IVR-positive
patients. Although ADV was added to LAM treatment for
73 patients, only 33% of these patients could achieve an
MVR. We speculate that the antiviral effect of ADV is not
very strong [27] and it takes time to reduce the YMDD
mutant virus, which may explain the low MVR rate (33%)
in patients with the add-on ADV therapy. The immediate
administration of ADV when the LAM-resistant YMDD
mutant virus appears can be important [28]. A switch to
ETV, which induces resistant viras less frequently, could
also raise MVR rates among IVR-positive patients without
the YMDD mutant virus.

As the duration of the add-on ADV therapy was inclu-
ded in this study, we compared the cumulative incidence of
HCC in patients receiving LAM monotherapy with that in
patients who also received the add-on ADV therapy.
Sixteen (10%) of the 164 patients who received the LAM
monotherapy developed HCC and the cumulative carci-
nogenesis rate was 6% at 3 years, 10% at 5 years, and 15%
at 7 years. On the other hand, 16 (12%) of the 129 patients
who received LAM plus ADV developed HCC and the
cumulative carcinogenesis rate was 6% at 3 years, 12% at
S years, and 14% at 7 years. No significant difference was
found between these two groups (p = 0.986). In addition,
we examined the cumulative incidence of HCC develop-
ment according to the effectiveness of treatment (MVR vs.
non-MVR) in patients for whom the observation period
was terminated when ADV was added, and the same results
were obtained (data not shown).

Older age (>50 years), cirrhosis, and low platelet count
(<14 x 10*/mm®) were shown to be significantly associ-
ated with the development of HCC in patients with HBV
infection. These results were consistent with those of
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previous reports [29~31], suggesting that patients of older
age with advanced fibrosis should be followed up carefully
for longer periods in order to detect early stages of HCC
even if LAM therapy does effectively suppress HBV. Of
note, in the present study we estimated the cumulative HCC
incidence according to the initial diagnosis of chronic
hepatitis or cirrhosis. In the chronic hepatitis patients, older
age (>50 years), HBe Ag negativity, and low platelet count
(<14 x 10%/mm®) were significant risk factors for the
development of HCC, but this was not the case in the
cirthosis patients. Because liver biopsies had not been
performed, the liver fibrosis stage could not be evaluated
with respect to the risk factors for HCC in this study.
Instead, the factors of age, HBe Ag status, and platelet count
may reflect the degree of liver fibrosis in chronic hepatitis
patients. In fact, cirrhotic patients, in comparison with
chronic hepatitis patients, were of older age (chronic
hepatitis vs. cirthosis: 46.3 & 10.7 vs. 51.9 =+ 9.8 years,
p < 0.001), had higher rates of HBe Ag negativity (chronic
hepatitis vs. cirrhosis: 39 vs. 51%, p = 0.065), and had
lower platelet counts (chronic hepatitis vs. cirrhosis:
15.6 & 4.9 vs. 9.3 £ 3.8 x 10%mm®, p < 0.001). This
seems to explain why none of these factors were significant
risk factors for HCC in cirrhotic patients. On the other hand,
in the chronic hepatitis patients, MVR was not a significant
factor for HCC development, while MVR was a significant
factor for HCC development in the cirthotic patients. We
speculate that HBV suppression induced by LAM therapy
could reduce the incidence of HCC in patients infected with
HBV, especially those with cirrhosis, who displayed higher
malignant potential. Investigation over a longer period is
needed to clarify the effect of HBV suppression on the
development of HCC in chronic hepatitis patients.

In conclusion, the present study shows that the attain-
ment of an MVR induced by LAM therapy has a significant
beneficial effect on the clinical course of HBV-infected
patients by decreasing the incidence of HCC. The newer
nucleotide analogues, such as ETV and tenofovir, should
be able to further reduce the incidence of HCC, given their
greater potency.
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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.

Metheds: 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-alccholic 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 Mci-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, Mci-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
BekxL* 0% (0/10)
Bol-xL* 88% (7/8)*
1
BolxL* 0% (0/4)
Bol-xL+ 27% (3111)
15
Mck-1++ 0% (0/22)
Mck-1+ 100% (16/16)*
1
Mel-1+ Bak** 64% (14/22)
Mck-1+- Bak* 0% (0/7)*

*p <0.05 vs. control.

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 B-xL KO mice (bcl-"*"* Alh-Cre) and Mcl-1 KO mice (mcl-Fxfox
Alb-Cre) were 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-1#%%= Alb-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-o0 (Mm00443258_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){(MmO00500821_m1), and mouse-Beta actin (Mm00607939_s1). All expres-
sion levels were corrected with the quantified expression level of beta actin.
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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
(Nilken 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 {-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
Bel-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
mulitiple 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 Bel-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 [18,13].

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-xE KO mice. (A-E) Hepatocyte-specific Bel-xL-deficient mice (Bel-xL™/~) (N = 8) and their control littermates (Bel-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 turnors. (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 Bel-xL KO mice and livers of control mice. (F and G) Characteristics of liver tumnors 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 a-fetoprotein and glypican-3 (Fig. 2F)
and frequently showed activation of ERK and JNK (Fig. 2G).

Inflammatory response and oxidative stress occur in Bel-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 Bd-xL or
Mecl-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-a may be one of the
mechanisms of tumor development.

94

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-OHAG 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-
OHAG 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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Fig. 2. Liver tumors in Mcl-1 KO mice. (A-E) Hepatocyte-specific Mcl-1-deficient mice (Mcl-1~/~) (N = 16) and their control littermates (Mcl-1**) (N = 22) 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 Mcl-1 KO mice. (E) Western blot of the Bcl-2 family proteins in tumeors (T)and
surrounding non-cancerous livers (NT) of Mcl-1 KO mice and livers of control mice. (F and G) Characteristics of liver tumors in Mcl-1 KO mice. (F) Real-time RT-PCR analysis
of the expression levels of a-fetoprotein (AFP) and glypican-3 mRNA (N = 16 per group). (G) Expression and activation of mitogen-activated protein kinases. *p <0.05.

KO mice as evidenced by TUNEL staining of liver sections, serum
ALT levels and caspase-3/7 activity at 6 weeks of age (Fig. 4A-C).
Weber et al. [12] previously described hepatocyte regeneration in
the Mcl-1 KO liver. In agreement with this, Mcl-1 KO livers
showed higher expression of cell cycle markers PCNA and ki-67,
than those from control littermates (Fig. 4A, B, and D and Supple-
mentary Fig. 4). Importantly, the levels of PCNA and ki-67 expres-
sion decreased with a Bak KO background in Mcl-1 KO mice.
While Mcl-17 KO livers show a mild fibrotic change [11], the levels
of collal expression at 6 weeks of age and Sirius red staining at
1 year of age decreased with a Bak KO background in Mcl-1 KO
livers (Fig. 4E and Supplementary Fig. 5). Bak deficiency also
reduced expression levels of TNF-o, MCP-1, and CD68 at 6 weeks
of age (Fig. 4F). Next, we examined the impact of apoptosis inhi-
bition by Bak deficiency on oxidative stress markers, which were
increased in Mcl-1 KO livers. Real-time RT-PCR revealed that Bak
deficiency reduced the levels of HO-1 and NQO1 expression at
6 weeks of age (Fig. 4G). Consistent with these observations,
Bak KO significantly lowered the number of 8-OHdG-positive
nuclei in Mcl-1 KO livers at 1 year of age (Fig. 4H). These results
suggested that inhibition of hepatocyte apoptosis reduced
oxidative stress in the liver. Finally, to examine the impact of
apoptosis inhibition on liver tumor development, we compared

the carcinogenetic rates in Mcl-1 KO mice with or without Bak
KO background at 1year of age and found that Bak KO signifi-
cantly suppressed liver tumor development (Fig. 5A and B and
Table 1).

Discussion

Mcl-1 was first identified as a gene induced during myeloid cell
differentiation. Compared with other anti-apoptotic members
such as Bdl-2, Bcl-xL, Bcl-w, and Bfl-1, Mcl-1 possesses a unique
N-terminus containing two PEST domains, which are found in
proteins displaying rapid turnover, and its expression is tightly
regulated by growth factors and a variety of other stimuli. Mice
systemically deficient for Bcl-xL suffered embryonic death due
to massive apoptosis in hematopoietic organs and developing
neurons [22]. On the other hand, systemic Mcl-1 KO resulted in
peri-implantation lethality, but Mcl-1 KO embryos showed no
alterations in the extent of apoptosis [23], suggesting that Mcl-
1 may play a role early in development that is distinct from its
anti-apoptotic functions. Indeed, in vitro studies have shown that
Mcl-1 interacts with PCNA and Cdk1 in the nucleus and inhibits
proliferation {13,14]. Recently, the early responding gene IEX-1
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was found to be induced upon DNA damage and to be bound to
and to transport Mcl-1 from the cytosol to the nucleus [15].
Mcl-1 was also reported to be induced upon DNA damage and
to regulate the DNA damage response through activation of
Chk1 [16]. These findings suggest that Mcl-1 possesses additional
functions in cell cycle progression and the DNA damage response
pathway. This raised -concern as to whether the hepatocarcino-
genesis observed in Mcl-1 KO mice was actually related to
increased apoptosis in the liver,

In the present study, we demonstrated that hepatocyte-spe-
cific destruction of Bcl-xL led to the development of liver cancer
similarly to that in hepatocyte-specific Mcl-1 KO mice. Although

we could not completely exclude the possibility that Bcl-xL
may have additional effects other than apoptosis, this finding
clearly shows that hepatocarcinogenesis observed in the apopto-
sis-prone liver is not a specific finding of loss of Mcl-1 but is also
observed with the knockout of other genes that are critically
involved in hepatocyte integrity. Tumors observed in these mur-
ine livers frequently showed activation of ERK and JNK, similar to
the activation observed in human HCC {18,18]. While 64% of Mcl-
1 KO mice (14/22) developed liver tumors within 1 year, only 27%
of Bcl-xL KO mice (3/11) did so within 1 year (Table 1). These
finding indicate that the incidence rate of carcinogenesis in Bcl-
xL KO mice is lower than that of Mcl-1 KO mice. This may be
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explained by the difference in levels of hepatocyte apoptosis and Mcl-1 executes its anti-apoptotic function by either directly or
serum ALT, which are higher in Mcl-1 KO mice than in Bcl-xL KO indirectly inhibiting the pro-apoptotic functions of Bak and/or Bax
mice of the same age [10,11]. ) [24]. In the present study, we have shown that deletion of the bak
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gene resulted in a clear reduction in hepatocyte apoptosis in Mcl-1
KO mice. Of importance is the finding that bak deletion leads to
reduction of the liver regenerative response in Mcl-1 KG mice.
Bak is exclusively localized at the mitochondria in hepatocytes
{25] and, upon exposure to apoptotic stimuli, undergoes oligomer-
ization to form pores in the outer membrane of mitochondria,
releasing cytochrome ¢, which in turn activates caspases. Since
Bak is not involved in the activity of Mcl-1 in the nucleus, our pres-
ent finding suggests that the regeneration observed in the Mcl-1KO
liver is not due to loss of the Mcl-1 anti-proliferative effect but
mainly to the compensatory regeneration of increased apoptosis.
Most importantly, bak deletion clearly leads to reduced liver tumor
incidence. This finding strongly suggests that the hepatocarcino-
genesis observed in Mcl-1 KO mice can be mostly ascribed to
increased apoptosis in hepatocytes.

What does make hepatocytes undergo malignant transforma-
tion in the liver with increasing apoptosis? Regeneration is a
physiological process in the liver like that in bone marrow or
the intestine and compensatory liver regeneration itself is proba-
bly not sufficient to induce liver cancer [26]. The present study
raised the possibility that TNF-o and oxidative stress are candi-
date factors responsible for the malignant transformation in the
apoptosis-prone liver. TNF-a is reported to be a potent endoge-
nous mutagen that promotes cellular transformation [20], and
oxidative stress is reported to cause DNA damage leading to car-
cinogenesis [21]. Our results revealed that both TNF-o and oxida-
tive stress were significantly increased in KO livers, and
importantly, that inhibition of apoptosis by deletion of the bak
gene reduced the levels of TNF-a and oxidative stress with a
decrease in the tumorigenic rate. Some studies have shown that
TNF-a induces oxidative stress in hepatocytes [27,28], while oxi-
dative stress promotes production of inflammatory cytokines
[29-31]. Taken together, oxidative stress and inflammatory
cytokines may positively affect each other to turn healthy hepa-
tocytes into malignant transformed hepatocytes in the liver of KO
mice. Further studies are needed to examine the role of oxida-
tive stress and inflammatory cytokines in apoptosis-induced
hepatocarcinogenesis.

Apoptosis resistance has been established as a hallmark of
cancer [32]. Indeed, accumulating evidence indicates that human
HCC frequently overexpresses a variety of molecules which con-
fer apoptosis resistance, such as anti-apoptotic Bcl-2 family pro-
teins, Bcl-xL {33] and Mcl-1 {34,35]. Their overexpression was
found to be associated with malignant phenotypes of tumors
and poor prognosis of patients [36]. In the present study, tumors
that developed in Bcl-xL or Mcl-1 KO mice lacked expression of
the respective proteins but reciprocally overexpressed Mcl-1 or
Bel-xL at high rates. We recently reported that conditional
expression of Bcl-xL in tumor cells was translated into higher
tumor growth in xenograft models [37], indicating that overex-
pression of anti-apoptotic Bcl-2 family proteins is important for
tumor progression. Lack of Bcl-xL or Mcl-1 in hepatocytes gener-
ates persistent hepatocyte apoptosis leading to liver tumor devel-
opment. On the other hand, reciprocal overexpression of Mcl-1 or
Bcl-xL in the tumor of Bcl-xL or Mcl-1 KO mice might be required
for tumor progression.

Increasing evidence indicates that the serum level of ALT, a mar-
ker of hepatocyte apoptosis, is a risk factor for HCC in viral hepatitis
[38] and non-aicoholic steatohepatitis [39]. A population-based
study also revealed that elevated ALT levels raise the risk of liver
cancer [40]. The present study provides evidence that spontaneous
apoptosis in hepatocytes leads to liver cancer development and
also offers genetic evidence that inhibition of apoptosis can help
prevent liver cancer. Administration of caspase inhibitor was pre-
viously reported to lower serum ALT levels in patients with chronic
hepatitis C[41]. It may be interesting and important, from a clinical
point of view, to further determine whether pharmacological inhi-
bition of apoptosis can be useful in preventing liver cancer devel-
opment in Bel-xL or Mci-1 KO mice,
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Abstract The production of soluble major histocompat-
ibility complex class I-related chain A (MICA) is thought
to antagonize NKG2D-mediated immunosurveillance.
Interleukin-18 (IL-1p) is elevated in patients with chronic
hepatitis C (CH), and this might contribute to the escape of
hepatocellular carcinoma (HCC) cells from innate immu-
nity. In this study, we investigated the immunoregulatory
role of IL-1f in the production of soluble MICA of HCC
cells. First, we investigated the correlation between the
serum IL-18 Jevels and soluble MICA in CH patients.
Serum IL-18 levels were associated with soluble MICA
levels in CH patients. The serum IL-18 levels of CH
patients with the HCC occurrence were significantly higher
than those of CH patients without HCC. We next examined
the MICA production of IL-1§-treated HCC cells. Addition
of IL-1f resulted in significant increase in the production
of soluble MICA in HepG2 and PLC/PRF/5 cells, human
HCC cells. But soluble MICA was not detected in both
non-treated and IL-1p-treated normal hepatocytes. Addi-
tion of IL-1f did not increase the expressions of mem-
brane-bound MICA on HCC cells. These were observed
similarly in various cancer cells including a gastric cancer

Keisuke Kohga and Tomohide Tatsumi have equally contributed to
this work and share the first authorship.

K. Kohga - T. Tatsumi (<) - H. Tsunematsu - S. Aono -

S. Shimizu - T. Kodama - H. Hikita - M. Yamamoto - T. Oze -
H. Aketa - A. Hosui - T. Miyagi - H. Ishida - N. Hiramatsu -
T. Kanto - N. Hayashi - T. Takehara

Department of Gastroenterology and Hepatology,

Osaka University Graduate School of Medicine,

2-2 Yamadaoka, Suita, Osaka 565-0871, Japan

e-mail: tatsumit@gh.med.osaka-u.ac.jp

N. Hayashi
Kansai-Rosai Hospital, Amagasaki, Hyogo 660-8511, Japan

(MKN1), two colon cancers (HCT116 and HT29) and a
cervical cancer (HeLa). Addition of IL-1§ also increased
the expression of a disintegrin and metalloproteinase
(ADAM)9 in HCC cells, and the knockdown of ADAMSY in
IL-1B-treated HCC cells resulted in the decrease in the
production of soluble MICA of HCC cells. These findings
indicate that IL-15 might enhance the production of soluble
MICA by activating ADAMS in human HCC.
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Soluble MICA - ADAMS

Abbreviations
L Interleukin
HCC Hepatocellular carcinoma

MICA Major histocompatibility complex class
I-related chain A

ADAMSY A disintegrin and metalloproteinase 9

Introduction

Interleukin-18 (IL-15) is a proinflammatory cytokine with
multiple biological effects [1]. Serum levels of IL-1§ are
elevated in patients infected with hepatitis C virus (HCV),
suggesting the role of IL-1f in the inflammation of liver
[2-4]. Several polymorphisms of the IL-1 gene have been
reported to affect IL-1f production [5, 6]. A number of

" clinical studies suggested that polymorphisms of IL-1f gene

are associated with diverse disease including cancer [5, 7].
IL-1§ gene polymorphisms have also been reported to be
associated with HCC in HCV- or HBV-infected patients
[8-10]. While genetic studies have suggested an important
role for IL-1f in cancer, direct evidence that IL-1 contributes
to the pathogenesis of cancer has been lacking. Recently,
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Tuetal. [11] reported that stomach-specific expression of IL.-
18 in transgenic mice leads to spontaneous gastric inflam-
mation and cancer that correlates with myeloid-derived
suppressor cells to the stomach. However, no studies have
been published on the direct effect of IL-14 on the HCC cells
in patients infected with HCV.

MHC class I-related chain A (MICA), a ligand for
NKG2D, is rarely expressed on normal cells, but frequently
on tumor cells [12, 13]. The engagement of MICA and
NKG2D strongly activates NK cells enhancing their cyto-
lytic activity and cytokine production {14]. Thus, the
MICA-NKG2D pathway is an important mechanism by
which the host immune system recognizes and kills trans-
formed cells [15]. In addition to those membrane-bound
forms, MICA molecules are cleaved proteolytically from
tumor cells and appear as soluble forms in the sera of
patients with malignancy including HCC [16-18]. The
release of soluble MICA/B from tumor cells is thought to
antagonize NKG2D-mediated immunosurveillance. We
previously demonstrated that a disintegrin and metallo-
proteinase (ADAM)9 protease plays essential roles in the
shedding of MICA molecules on HCC cells [19]. However,
the mechanism of regulating the production of soluble
MICA in HCC cells remains to be elucidated.

In this study, we investigated the immunoregulatory role
of IL-1f in the production of soluble MICA from HCC
cells. Of importance is the discovery that the serum IL-15
levels in chronic hepatitis patients with the HCC occur-
rence were significantly higher than those without HCC
occurrence and that IL-1§ enhances the production of
soluble MICA via activating ADAM?9 in human HCC cells.
The present study sheds light on previously unrecognized
immunological effects of IL-15 on HCC cells.

Materials and methods
HCC cell lines and normal hepatocyte cultures

HepG2 and PLC/PRF/5, human HCC cell lines, were
purchased from American Type Culture Collection
(Rockville, MD) and were cultured with Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal
bovine serum (GIBCO/Life Technologies, Grand Island,
NY) in a humidified incubator at 5% CO, and 37°C.
2 x 10° HepG2 and PLC/PRF/5 cells or normal hepato-
cytes (ScienCell Research Laboratories, Carlsbad, CA)
were cultured in 6-well tissue culture plates for 48 h in the
presence or absence of human interleukin-1§ (L-18)
(50 ng/ml, PeproTech EC, London, UK), and the HCC
cells were harvested and subjected to evaluating the
expression of membrane-bound MICA and ADAMSY and
the production of soluble MICA.
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Flow cytometry

For the detection of membrane-bound MICA, HCC cells
were incubated with anti-MICA-specific Ab (Santa Cruz
Biotechnology, Santa Cruz, CA) and stained with Goat
F(ab”)2 fragment anti-mouse IgG(H + L) — PE (Beckman
Coulter, Fullerton, CA) as a secondary reagent. Flow
cytometric analysis was performed using a FACScan flow
cytometer (Becton—Dickinson, San Jose, CA).

Western blotting

The total cellular protein was electrophoretically separated
by sodium dodecyl sulfate-12% polyacrylamide gels and
transferred onto PVDF membrane. The membrane was
blocked in Tris-buffered saline-Tween containing 5% skim
milk for 1 h and then probed with anti-ADAMY mAb
(R&D Systems, Minneapolis, MN) at 4°C overnight.
Horseradish peroxidase-conjugated anti-rabbit Ab and
SuperSignal West Pico System (Pierce, Rockford, IL) were
used for the detection of blots.

Real-time reverse transcription (RT) PCR

Total RNA was isolated using RNeasy Mini Kit (Qiagen
K.X., Tokyo, Japan) and was reverse transcribed using
High Capacity RNA-to-cDNA Master Mix (Applied Bio-
systems, Foster city, CA). The mRNA levels were evalu-
ated using ABI PRISM 7900 Sequence Detection System
(Applied Biosystems). Ready-to-use assays (Applied Bio-
systems) were used for the quantification of ADAM9
(Hs00177638_m1), MICA (Hs00792195_m1) and S-actin
(Hs99999903_m1) mRNAs according to the manufac-
turer’s instructions. S-Actin mRNA from each sample was
quantified as an endogenous control of internal RNA.

RNA silencing

The small interfering RNA (siRNA) method was used to
knockdown ADAMY as previously described [19]. At 24-h
post-transfection, the cells were analyzed for specific
depletion of the protein of ADAMO by western blotting. The
following siRNA were used: ADAMY, 5'-UGUCCAAAC
ACAUUAAUCCCGCCUG-3'; an irrelevant siRNA as a
control, 5-UGUCGCACAAACACUUAACUCCCUG-3'.

ELISA

The sera from chronic hepatitis C patients (N = 24) with or
without the occurrence of HCC were subjected to analysis
of IL-18 and soluble MICA. Informed consent, under
an Institutional Review . Board-approved protocol, was
obtained from all patients before sample acquisition.
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The sera and the supemnatants of cultured HCC cells were
harvested, and the levels of IL-1/ and soluble MICA were
determined by human IL-1f ELISA set IT (BD Biosciences,
San Diego, CA) and DuoSet MICA eELISA kit (R&D
Systems, Minneapolis, MN) in accordance with the man-
ufacturer’s instructions, respectively.

NK cell analysis

NK cells were isolated from human peripheral blood
mononuclear cells by magnetic cell sorting using CD56
MicroBeads (Miltenyi Biotech, Aubum, CA) as previously
described [19]. HepG2 and PLC/PRF/S cells were treated
with IL-1 8 (50 ng/ml) for 48 h. The cytolytic ability of NK
cells against IL-1f-treated or non-treated HepG2 and PLC/
PRF/5 cells was assessed by 4-hr >'Cr-releasing assay as
previously described [19].

Statistics

All values were expressed as the mean and SD. The sta-
tistical significance of differences between the groups was
determined by applying Student’s ¢ test or two-sample ¢ test
with Welch correction after each group had been tested
with equal variance and Fisher’s exact probability test. We
defined statistical significance as p < 0.05.

Results

Serum IL-1f4 levels were associated with soluble MICA
in chronic liver disease patients

We first examined the IL-1f levels and soluble MICA levels
of twenty-four chronic hepatitis C (CH) patients. Serum
IL-1p levels in CH patients correlated with soluble MICA
levels (Fig. 1a). We next examined the serum IL-18 levels of
CH patients with or without the occurrence of HCC. We
examined serum I-18 levels of these 24 CH patients before
HCC occurrence and followed these patients for 5 years. CH
patients could be divided into two groups according to the
occurrence of HCC (Table 1). Asshown in Fig. 1b, the serum
TL-1p1evels of patients with the occurrence of HCC (n = 11)
were significantly higher than those of patients without the
occurrence of HCC (n = 13). These results suggested that
the elevation of serum IL-15 levels might be associated with
the occurrence of HCC in CH patients.

IL-1p increases the production of soluble MICA
from HCC cells, but not from normal hepatocytes

We examined whether IL-1§ treatment could induce MICA
expressions on HCC cells (PLC/PRF/5 cells and HepG2

cells). Both PLC/PRF/5 cells and HepG2 cells were cul-
tured for 48 h with IL-18 (50 ng/ml) and then subjected to
analysis of the expression of membrane-bound MICA and
mRNA of MICA. The expression of membrane-bound
MICA of IL-1p-treated HCC cells was similar to that of
non-treated HCC cells (Fig. 2a). IL-1f treatment induced
significant increase of mRNA of MICA in PLC/PRF/S
cells, but this did not in HepG2 cells (Fig. 2b). We next
examined the production of soluble MICA in the super-
natants of the IL-1pj-treated HCC cells. IL-1§ treatment
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Fig. 1 The correlation between serum IL-1f4 and soluble MICA in
patients with chronic liver disease and serum IL-18 levels in chronic
liver disease patients with or without the HCC occurrence. a Corre-
lation between serum IL-18 levels and soluble MICA levels in
patients with chronic liver disease (N = 24). The serum IL-1f and
soluble MICA were evaluated by specific ELISA, respectively.
b Serum IL-1§ levels in chronic hepatitis patients with HCC
occurrence (HCC+, N = 11) or without HCC occurrence (HCC—,
N = 13) were evaluated by specific ELISA. All patients were HCV-
RNA-positive. *p < 0.05

Table 1 Clinical backgrounds

HCC(+) HCC(-)
Number 11 13
Age 616 61 %8
Gender (M/F) 8/3 1172
Platelet (x10%/ul) 155 14+3
ALT (TUN) 122 £+ 109 89 + 44

HCC(+) chronic hepatitis C patients with the occurrence of HCC,
HCC(—) chronic hepatitis C patients without the occurrence of HCC,
M male, F female, ALT alanine aminotfransferase
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resulted in the significant increase in the production of
soluble MICA in both PLC/PRF/5 and HepG2 cells
(Fig. 2c). These results demonstrated that the addition of
IL-15 did not change the expression of membrane-bound
MICA but resulted in significant increase in the production
of soluble MICA in HCC cells. We also examined the
effect of IL-1f on normal hepatocytes. As shown in
Fig. 2d, normal hepatocytes did not produce soluble MICA
and the addition of IL-1§ did not result in its production.
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Fig. 2 Expression of membrane-bound MICA and the production of
soluble MICA in IL-18-treated HCC cells and normal hepatocytes.
Both PLC/PRF/5 cells and HepG2 cells were treated in the presence
or absence of IL-1f (50 ng/ml) for 48 h. The expression of
membrane-bound MICA (a) and mRNA expression of MICA (b) in
[L-1p-treated or mon-treated HCC cells were evaluated by flow
cytometry or real-time RT-PCR, respectively. Black line histograms,
MICA staining of non-treated cells; dotted line histograms, MICA
staining of IL-1p-treated cells; shaded/black histograms, control IgG
isotype Ab staining. Similar results were obtained from two
independent experiments. *p < 0.05. ¢ We examined the production
of soluble MICA on IL-1f-treated or non-treated HCC cells by
specific ELISA. *p < 0.05. d Normal hepatocytes were treated in the
presence or absence of IL-15 (50 ng/ml) for 48 h. The production of
soluble MICA on IL-1f-treated or non-treated normal hepatocytes
was examined by specific ELISA. ND not detected
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These results demonstrated that IL-1f8 could induce the
increase in the production of soluble MICA only from
HCC cells, but not from normal hepatocytes.

IL-1p treatment increases the production of soluble
MICA from various cancer cells

We also examined IL-1f-dependent MICA regulation on
another cancer cells including a gastric cancer cell line
(MKN1), colon cancer cell lines (HCT116, HT29) and a
cervical cancer cell line (HeLa). The expressions of
membrane-bound MICA on these cells did not change by
the addition of IL-1f in all cancer cells. Interestingly, the
addition of IL-1f resulted in significant increase in the
production of soluble MICA in all cancer cells (Fig. 3).
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Fig. 3 Soluble MICA production of IL-1p-treated various cancer
cells. Various cancer cells including MKNI1, HCT116, HT29 and
Hel a cells were treated in the presence or absence of IL-1 (50 ng/ml)
for 48 h. Soluble MICA production of IL-1f-treated or non-treated
various cancer cells was evaluated by specific ELISA (right panel).
sMICA, soluble MICA. We also examined the expression of
membrane-bound MICA on IL-1f-treated or non-treated warious
cancer cells by flow cytometry (left panel). Black line histograms,
MICA staining of non-treated cells; Gray line histograms, MICA
staining of IL-1p-treated cells; shaded/black histograms, control IgG
isotype Ab staining. Similar results were obtained from two
independent experiments. *p < 0.05
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These results demonstrated that IL-1§ could induce the
increase in the production of soluble MICA not only from
HCC cells but also from various cancer cells.

ADAMS activated by IL-1f plays important roles
in the production of soluble MICA from HCC cells

We next examined the mRNA of MICA and the production
of soluble MICA in HCC cells treated with various doses of
IL-18. As shown in Fig. 4a, mRNA expression of MICA in
IL-1p-treated PLC/PRF/S5 cells significantly increased but
that in HepG2 cells did not. The production of soluble
MICA in IL-1p-treated PLC/PRF/S cells significantly
increased in a dose-dependent manner, and the produc-
tion of soluble MICA significantly increased in 50 ng/ml
IL-1B-treated HepG?2 cells. Recently, members of the metz-
incin superfamily, such as ADAM proteins, have been
reported to play essential roles in the proteolytic release of the

A - PLC/PRFS ot HepG2
T o2 5 % é I‘i‘ .
é 1.5 . = 0.8
= g ; 0.6 §
- 3 o4
[CREEE - =02 B B Bf
R R = 8 SO(ne
= ¢ 10 So(wganl 10 shngiml)
IL-1§ IL-1f
4 & 1000
S= 52 s00
= g-g; G0
iz £& 100
2 = 2003 & 5 2
% gl ) & o L8 B -
§ 16  St{ngmb -0 10 RMmgmb
IL-1f IL-1p
B PLC/PRES HepG2
5 2 . X g‘m ¥ %
1.6 * e A ’
' 12
Euw E
= {8 s es
g 4.4 ﬁ( 6.4
" ¢ 0 10 t}ngéml)ﬁ ¢ 0 sg(ng/nl)
IL-1B IL-1f
"ADAMY PLCPRIS ADARIO HepG2
84kDa > mmms = 84kDa
{pro-forn) (pro-form)
SSkTra B-{ $3kDa

(active fonn)r—-——j—,t—,—'*—{m“i“? forin) —-———————'—:
p-actin poactin | cREyER- Sl
] 50 (ngmb) il 29 (ngaml)
L1 ILL-p

Fig. 4 [1-1p increased the ADAMY expression of HCC cells and the
production of soluble MICA. PLC/PRF/5 and HepG2 cells were
cultured with 0, 10 and 50 ng/ml IL-1 for 48 h. a The production of
soluble MICA from IL-1S-treated HCC cells was examined by
specific ELISA, and mRNA levels of MICA of [L-1p-treated HCC
cells were examined by real-time PCR. b, ¢ mRNA and protein
expression of ADAMY by real-time RT-PCR (b) and western blotting
(¢), respectively. Representative results are shown. Similar results
were obtained from 3 independent experiments. *p < 0.05
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ectodomain of transmembranous proteins, including MICA,
from the cell surface [17, 20]. We previously reported that
ADAMS plays essential roles in MICA shedding in human
HCC cells and that the activation of ADAMY protease
resulted in up-regulation of the production of soluble MICA
from human HCC cells [19]. So we examined the
involvement of ADAMSY in the up-regalation of soluble
MICA production in IL-18-treated HCC cells. As shown
in Fig. 4b, mRNA levels of ADAMY in IL-1p-treated
PLC/PRF/S cells significantly increased in a dose-depen-
dent manner. mRNA of ADAMO in IL-18-treated HepG2
cells significantly increased in 10 ng/ml and 50 ng/ml
IL-1p-treated HepG?2 cells. The ADAMO protein expression
inclnding both pro-form and active form also increased in
IL-1p-treated HCC cells (Fig. 4c). To confirm the
involvement of ADAMY in IL-1f-treated HCC cells, we
examined the soluble MICA production in IL-1p-treated
ADAMOY-knockdown (ADAMSKD) HCC cells. Both PLC/
PRF/5 and HepG2 cells were transfected with ADAMOY-
siRNA or an irrelevant siRINA as a control. The expression
of ADAMSY was clearly suppressed in PLC/PRF/S cells and
HepG2 cells at protein levels (Fig. 5a). In both PLC/PRF/S
and HepG?2 cells transfected with control siRNA, the pro-
ductions of soluble MICA in IL-18-treated cells were sig-
nificantly higher than those in non-treated HCC cells. In
contrast, the production of soluble MICA in IL-1p-treated
ADAMOKD-HepG2 cells was similar to that in non-treated
ADAMOYKD-HepG2 cells (Fig. 5b). The production of
soluble MICA in IL-1f-treated ADAMOKD-PLC/PRF/S
cells also tended to decrease compared with that in non-
treated ADAMOKD-PLC/PRF/5 cells (Fig. 5b). The
decrease in soluble MICA production in ADAMIKD cells
was different between PLC/PRE/S cells and HepG2 cells.
However, these results suggested at least that the increase in
ADAMS expression by IL-1f resulted in the increase in
soluble MICA levels in IL-1f-treated HCC cells.

IL-1p-treated HCC cells are resistant to the cytolytic
activity of NK cells

We next examined whether IL-1f could modify the NK
sensitivity of human HCC cells. The cytolytic activities of
NK cells against IL-1§-treated PLC/PRE/S and IL-1f-treated
HepG2 cells were lower than those against non-treated
HCC cells (Fig. 5¢). These results demonstrated that IL-15
treatment resulted in the increased resistance of HCC cells
to NK cells.

Discussion

The liver contains a large compartment of innate immune
cells (NK cells and NKT cells) and acquired immune cells
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Fig. 5 The production of soluble MICA of ADAM9KD-HCC cells
and the cytolytic activity against IL-1j-treated HCC cells. a Both
HCC cells (PLC/PRF/S and HepG2) were transfected with ADAM9
siRNA (ADAMOIKD) or an irrelevant siRNA (negative control), and
at 24-h post-transfection, the protein expression of ADAM9 was
examined by western blotting. b Both HCC cells were cultured with
(+) or without (—) 50 ng/ml IL-1f for 48 h. Soluble MICA
production from ADAMYKD-HCC cells or negative control-HCC
cells was evaluated by specific ELISA. *p < 0.05. Similar results
were obtained from 3 independent experiments. ¢ Both PLC/PRF/S
and HepG2 cells were cultured with or without IL-18 (50 ng/ml) for
48 h. The cytolytic activities of NK cells against IL-1j-treated or
non-treated PLC/PRF/5 and HepG2 cells were evaluated by >'Cr-
releasing assay. Non-treated cells (filled diamond), IL-1f-treated cells
(filled 1riangle). Representative results are shown. Similar results
were obtained from three independent experiments. *p < 0.05 versus
the cytolytic activity of non-treated cells. Similar results were
obtained from 3 independent experiments

(T cells) [21, 22]. Recent study has demonstrated that
innate immune system via NKG2D signal, expressing on
NK cells, might play critical roles in tumor surveillance
[23]. However, the escape mechanism of HCC cells from
NK cells remains unclear. We previously demonstrated that
membrane-bound MICA, activating molecule of NK cells,
on HCC cells plays essential roles in the NK sensitivity of
HCC cells [13, 24] and that the serum soluble MICA
increase along the progression of chronic liver disease [18].
The production of soluble MICA in HCC patients is the
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highest compared with chronic hepatitis or liver cirrhosis
patients without HCC [18]. These results suggest that
unknown factors may accelerate the cleavage of MICA in
HCC cells. IL-1§ is produced mainly by local immune
cells including activated Kupffer cells [25]. Because IL-18
increased in CH or LC patients [26-28], we focus on the
possible role of IL-1f in the escape mechanism of HCC
cells from NK cells.

Inflammatory cytokines including IL-18 and IL-6
increased in CH or LC patients [26-28], suggesting that
both IL-15 and IL-6 might play roles in the HCC devel-
opment. Recently high serum IL-6 level was an indepen-
dent risk factor for HCC development in both chronic
hepatitis C and B patients [29, 30], which suggested the
possible roles of IL-6 in HCC development. However, the
IL-1f levels in chronic liver disease, premalignant condi-
tions, have been little reported. In this study, we demon-
strated that serum IL-1f levels in chronic hepatitis C
patients with HCC occurrence were significantly higher
than those without HCC occurrence and that serum IL-18
levels correlated with soluble MICA which could inhibit
NK activity. These results suggested that elevated IL-18 in
CH patients might support the survival of HCC cells by
changing local immunological environment.

MICA shedding is thought to be the principle mecha-
nism by which tumor cells escape from NKG2D-mediated
immunosurveillance [16]. In this study, we demonstrated
that addition of IL-1f resulted in the increase in soluble
MICA production from HCC cells. Interestingly, IL-1f
treatment also resulted in the increase of soluble MICA in
various cancer cells. Addition of other IL-1 family cyto-
kines such as IL-1«, II-18 and IL-33 did not result in the
increase in soluble MICA production from both PLC/PRF/
5 and HepG2 cells (Kohga, unpublished data). In addition
to IL-1f, serum IL-6 and TNF-o are elevated in HCC
patients. We compared IL-1f with IL-6 and TNF-« in the
ability of the production of soluble MICA from HCC cells.
IL-1p could increase the production of soluble MICA from
HCC cells, but both IL-6 and TNF-a could not in PLC/
PRF/5 cells and HepG2 cells. No synergistic effects of the
combination of IL-1§, IL-6 and TNF-« were observed
(Kohga, unpublished data). These results demonstrated that
only IL-18 could induce the increase in the production of
soluble MICA from HCC cells, suggesting that IL-1§
might play an important role in the progression of HCC.

IL-18 treatment resulted in the increase in soluble MICA
production but not the increase of mRNA in HepG2 cells.
The production of soluble MICA depended on both the
production of mRNA and the shedding of ADAMS. We
previously demonstrated that ADAMY plays an essential
role in the shedding of MICA in HCC cells [19]. In the
present study, we demonstrated that IL-1f treatment
resulted in the increase in ADAMY expression in HepG2
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cells and that ADAMY knockdown by siRNA resulted in
the decrease in the production of soluble MICA from
IL-1f-treated HepG2 cells. Our results suggested at least that
the increase in ADAMO might resulted in the increase in the
shedding of soluble MICA in the IL-1§-treated HCC cells.

Recent studies have identified various metalloprotein-
ases responsible for MICA/B cleavage in various cancers
[31]. We previously found that ADAMO plays critical roles
in the shedding of MICA in human HCC. ADAMY was
directly associated with decreasing the expression of
membrane-bound MICA and increasing the production of
soluble MICA in human HCC [19]. Thus, it would be inter-
esting to examine the activity of ADAMY9 in IL-1p-treated
HCC cells to understand how IL-18 regulates the produc-
tion of soluble MICA from HCC cells. We demonstrated
that I1.-1f treatment could increase the mRNA and protein
expression of ADAMY in HCC cells and that ADAMY
knockdown in HCC cells resulted in decreasing of the
soluble MICA production. These results suggested that
ADAMY played an important role in the increase in
soluble MICA production from IL-1p-treated HCC cells.
Both ADAMs and ADAMs with thrombospondin motifs
(ADAMTS) are proteinases closely related to matrix
metalloproteinases (MMPs). Structure of ADAMs and
ADAMTS is highly conserved and involves metallopro-
teinase and disintegrin domains endowing them with fea-
tures of both proteinases and adhesion molecules [32].
Several ADAMTSs including ADAMTS1 and ADAMTS9
were activated by IL-1f via NFATc1 transcription factor in
chondrosarcoma [33, 34]. Although IL-1f may regulate
such transcription factors in HCC cells, the detail mecha-
nism of the activation of ADAM9 by IL-1§ remains
unclear. The concentration of IL-1f in our in vitro study
was high compared with the serum IL-1§ concentration
level. However, the local IL-1f concentration in the liver
tissues still remains unknown and may differ from the
serum IL-18 concentration. Our in vitro study at least
demonstrated that IL-1f could enhance the production of
soluble MICA via up-regulating the expressions of
ADAMY in HCC cells, which might support the possible
role of IL-1f in the survival of HCC cells.

Cai et al. [35] demonstrated that the numbers of CD56-+
NK cells reduced in HCC tissues compared with healthy
donors and CD56+ NK cells in HCC patients displayed
impairments in cytotoxicity and IFN-y production. This
suggests that immunological microenvironment in liver
tissues of CH patients might be favorable for the survival
of HCC cells. We demonstrated that serum IL-15 levels
correlated with soluble MICA in CH patients, which is
consistent with our in vitro data. This suggests that the
chronic elevation of IL-18 in CH patients might impair the
function of NK cells by accelerating the production of
soluble MICA. We also demonstrated that IL-1§ treatment

resulted in the inhibition of the cytolytic activity of NK
cells against HCC cells. Intrahepatic activated macro-
phages and plasma cells could produce IL-18 inducing the
inflammatory process in chronic liver disease [36]. If we
could control the production of IL-1§ with new reagents, it
might be possible to develop a new therapeutic strategy
against HCC. IL-1f receptor antagonist (IL-1RA) has been
reported to apply clinically to the treatment of rheumatoid
arthritis [37]. We believe the future clinical application of
IL-1RA in HCC treatment as a new agent.

In spite of recent progress in the understanding of HCC,
there remains to be unknown mechanism of the escape of
HCC cells from innate immunity. We have shown here that
ADAMS was directly associated with increasing the pro-
duction of soluble MICA in IL-1j-treated human HCC.
These findings might indicate that IL-18 contributes to the
survival of HCC cells by inhibiting innate immunity.
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