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Abstract

MHC class I-related chain A (MICA) is a ligand for the NKG2D-
activating immunoreceptor that mediates activation of nati-
ral killer (NK) cells. The ectodomain of MICA is shed from
tumor cells, which may be an important means of evading
antitumor immunity. We previously reported that patients
with hepatocellulax carcinoma (HCC) display high levels of
soluble MICA in cireulation, which could be downregulated by
chemotherapy. The present study shows that anti-HCC drugs
suppress MICA ectodomain shedding by inhibiting expression
of a disintegrin and metalloproteinase 10 (ADAM10). Both
ADAMI10 and CD44, a typical substrate of the ADAMIO
protease, were expressed. in human HCC tissues and HCC
cells but not in normal liver tissues or cultured hepatocytes.
Small interfering RNA-mediated Inockdown experiments
revealed that ADAMIO is a critical sheddase for both MICA
and CD44 in HCC cells. Of interest is: the finding that
epirubicin cleaxly downregulated ADAMIO expression and
MICA: shedding in HCC cells; its: suppressive effect on MICA
shedding was abolished in ADAM10-depleted cells: Epirubicin
treatment also enhanced the NKG2D-mediated NK sensitivity
of HCC cells. Patients with HCC had significantly higher levels
of serum-soluble: CD44, which correlated well with serum-
soluble MICA levels, thus suggesting a close link between
ADAMI0 activity and MICA shedding in these patients, Soluble
MICA and CD44 levels were downregulated with a significant
correlation in patients: treated by transarterial chemoembo-
lization using epirubicin. In conclusion, anticancer drugs can
modulate expression of ADAM10, which is' eritically involved
in MICA ectodomain shedding. Epirubicin therapy may have a
previously unrecognized effect on antitiomor immunity in HCC
patients. [Cancer Res 2009;69(20):8050-7]

Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of
cancer deaths worldwide. Chronic¢ liver disease caused by hepatitis
virus infection and nonalcoholic ' steatohepatitis leads fo a
predisposition for HCC; with liver' cirrhosis, in particular, being
considered a premalignant condition (1, 2). With regard: to
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treatment, surgical resection or percutaneous techniques such as
ethanol injection and radiofrequency ablation are considered to be
choices for curable treatment of localized HCC, whereas trans-
catheter arterial chemoembolization (TACE) is a well-established
technique for more advanced HCC (3). The liver contains a large
compartment of innate immune cells [natural killer (NK) cells and
natirral killer T cells] and acquired immune cells (T cells; refs. 4, 5),
but the activation: of these immune cells after HCC treatments
remains unclear. If such treatments can efficiently activate
abundant immune cells in the liver, this could lead to the
establishment of attractive new strategies for HCC treatment.

MHC class I-related chain A and B (MICA and MICB) are ligands
for NKG2D expressed on a variety of immune cells (6). In contrast
to classic MHC class I molecules, MICA/B are rarely expressed on
normal cells but frequently on tumor cells (7-10). The engagement
of MICA/B-and NKG2D: strongly activates: NK cells'and costimu-
lates T cells, enhancing their cytolytic' activity: and ' cytokine
production - (11).: Thus;: the MICA/B-NKG2D . pathway is:an
important mechanism by which the: host' immune system
recognizes and kills transformed: cells (12). In addition to those
membrane-bound forms, MICA/B ‘molecules: are: also cleaved
proteolytically from tumor cells and appear ‘as’ soluble forms: in
sera of patients with malignancy (13-15). Soluble. MICA/B. in
circulation downregulates: NKG2D expression and - disturbs
NKG2D-mediated antitumor: immunity: (9, 10, 13). We previously
reported that soluble: MICA. could be detected: in sera of HCC
patients (16) and that TACE treatment reduces the levels of soluble
MICA and thereby upregulates the expression of NKG2D (17). Thus,
cancer therapy may have a beneficial effect on'NKG2D-mediated
immune responses.

The release of soluble MICA/B from tumor cells is impaired by
metalloproteinase  inhibitors, "suggesting the involvement ‘of
members of the metzincin superfamily, such. as:ADAM proteins
(14, 18). In addition, ERp5; related to protein disulfide isomerase, is
required for the MICA shedding as it reduces disulfide bond of the
o3 domain of MICA (19). Although it may not be a direct protease
for MICA, it may enable proteolytic cleavage through conforma-
tional change. Recently; it was reported that MICA shedding of
293T fibroblast cells and HeLa cervical cancer cells was inhibited
by silericing: of the ADAMI0 and ADAM17 proteases (20). This
suggests that ADAM family proteins may be a therapeutic target for
enhancing - antitumor’ immunity, but how to therapeutically
modulate these proteins is still not clear. Furthermore, it remains
to be determined whether ADAMSs can regulate MICA shedding in a
clinical setting.

In the present study, we showed that ADAM10, but not ADAM17,
was critically required for MICA shedding in human HCC cells. Of
importance is the discovery that epirubicin, a widely used anti-
HCC drug; was capable of downregulating ADAMIO0 expression and
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activity in HCC cells; it can thus inhibit MICA shedding and suggests a promising aspect for chemoimmunotherapy against
enhance NK sensitivity. ADAMI10 was immumohistochemically ~ human HCC.

detected in HCC tissues and a correlation was observed between

soluble MICA levels and ADAMI0 activity determined by soluble Materials and Methods

CD44 levels in HCC patients. The present study sheds light on Liver tissues and immunohistochemistry. Human HCC tissues ( = 8)

previously unrecognized effects of an anticancer drug on and normal liver tissues (72 = 2) obtained at surgical resection were used.
modulating ADAM family proteins and MICA shedding and thus Informed consent, under an institutional review board-approved protocal,

Figure 1. Expréssion of ADAM10-and
CD44 in human HCG tissues and ADAM10
or ADAM17 knockdown:.in human HCC
cells. A, immunohistochemical detection of
ADAM10 and CD44 in human HCC tissues
(n = 8) and normal liver tissues (n = 2).
Liver sections were stained with the
corresponding antibodies (fop panals).
Both primary antibodies were incubated
with recombinant CD44 and ADAM10
proteins and then applied to liver sections
in parallel as the absorption test (bottom
panels). Representative images are
shown. B and C; expression of ADAM10 or
ADAM?17 in human primary hepatocyte and
HCC cell linies (HepG2 and PLC/PRF/5).
Cells were treated with- ADAM10 siRNA;
ADAM17 siRNA; or control siRNA, and
subjected to analysis of ADAM10 or
ADAM17 expression by flow cytometry (B}
or real-time; RT-PCR (C).. Histograms,
anti-ADAM10 or anti-ADAM17 staining of
ADAMT0 or ADAM17 siRNA-treated cells
(ADAMT0KD or ADAM17KD, black dotted
lingy and control sifNA-treated cells
(Control; gray line), respectively. Closed
histograms;:control IgG staining. D, the
expression of membrane-bound CD44 on
HEC calls treated with ADAM10 siRNA
(ADAMIOKD; black line) or control siRNA
(Control; gray line) was evaluated by flow
cytometry (fop panels). Closed histograms,
control IgG staining. Soluble CD44
(sCD44) production from HCC cells
treated with ADAM10 siRNA or control
siRNA were evaluated by specific ELISA
(bottom panels).*, P.< 0.05.
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was obtained from- all patients before sample acquisition. Liver sections
were subjected to immuniohistochemical staining using the ABC procedure
(Vector Laboratories, Burlingame, CA). The primary antibodies used were
anti-ADAMI0 and anti-CD44 (R&D Systems). To confirm the specificity of
the staining, primary antibodies were incubated with recombinant €D44 or
ADAMI0 protein (R&D Systems; Minneapolis, MN) for 3 h and then applied
onto liver sections in parallel with staining of the primary antibodies as the
absorption test.

HCC: cell lines. Himan HCC ‘cell lines HepG2 and PLC/PRF/5 were
purchased from the American Type Culture Collection and were ciltured with
DMEM supplemented with 10% fetal bovine serurn (GIBCO/Life Technologies,
Grand Island, NY) in a humidified incubator at 5% COj; and 37°C.

-RNA silencing. The small interfering RNA (siRNA) method was used
to knockdown ADAMIO and ADAMI7. Stealth' RNAi oligonucleotide
targeting ADAMI0 " or  ADAM17. and. scrambled oligonucleotides: as a

e

control were purchasedfrom - Invitrogen (Carlsbad, 'CA).' Cells: wete
transfected by RNAi Max transfection reagent (Invitrogen) with 50 nmol/L
siRNA. At 24 h posttransfection,. the. cells: were: analyzed: for specific
depletion of the mRNAs of ADAMIO and ‘ADAM17 by real-time reverse
transcription-PCR' (RT-PCR; Applied Biosystems, Foster: City, CA).: The
following siRNAs were used: ADAMIO, 5-AUAUCUGGGCAAUCACAG-
CUUCUCG-3’; scramble control, 5-AUACUUGGUCAACGCACUUCGAUGG-
3y ADAML7, 5-UGAACAAGCUCUUCAGGUGGUUCUC-3'; scramble control,
5 UGAUUAGAACUCUCGACUGGUGCUC-3".

ELISA. The supernatants of cultured cells were harvested at 24 h after
transfection with siRNA as well as sera from HCC patients (1 = 97) and age-
matched healthy volunteers (7 = 32) were subjected to analysis of soluble
MICA and soluble CD44 levels. Informed consent, under an institutional
review board-approved protocol, was obtained from all patients before
sample acquisition. The levels of soluble MICA and soluble CD44 were
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determined by DuoSet MICA eELISA kit (R&D Systems) and soluble
CD44std ELISA (Abcam, Cambridge, MA), respectively.

Flow cytometry. For the detection of membrane-bound MICA and
CD44, cells were incubated with an anti-MICA-specific antibody (2C10,
Santa Cruz Biotechnology, Santa Cruz, CA) or anti-CD44 antibody (R&D
Systems) and stained with phycoerythrin (PE)-goat anti-mouse immuno-
globulin (Beckman Coulter) as a secondary reagent and then subjected to
flow cytometric analysis. For the detection of ADAMI10 or ADAM17, cells
were fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences, San
Jose, CA) and stained with PE-conjugated anti-ADAMI0 or anti-ADAMI17
antibody (R&D Systems). Flow cytometric analysis was performed using a
FACScan flow cytometer (Becton Dickinson).

Plasmid construction of pMye-MICA. MICA full coding cDNA was
isolated from Huh7, human HCC cells, using a conventional RT-PCR
method (Supplementary Fig. S1, DDBJ/EMBL/Genbank accession number
AB506764) and inserted into the HindllI-Xbal site of pcDNA3 (Invitrogen). A
C-myc tag was placed between the leader peptide and the ol domain of
MICA by site-specific mutagenesis using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) referred to as pMyc-MICA. Cells
were transfected with. pMyc-MICA - using a. Lipofectamine LTX reagent
(Invitrogen).” The green' fluorescent’ protein. (GFP)-expressing vector
(pEGFP-CI, Clontech, Mountain View, CA) was cotransfected to evaluate
the transfection efficiency.

Immunoprecipitation: Cells or tissues were homogenized in lysis buffer
containing 1% NP40, 0.5% sodium - deoxycholate;: 0.1% SDS, 50 pg/mL
aprotinin, 100, pg/ml; phenylmethylsulfonyl fluoride; 1 mmol/L sodium
orthovanadate, 50 mmol/L  sodium fluoride, and PBS, To the cell
supernatants; 0.5% NP40 and a cocktail of protease inhibitors were added.
The protein contents of the samples were determined by BCA protein assay
kit (Pierce; Rackford, IL): Immunoprecipitation with anti-c-Myc beads was
performed for: 1. h at 4°C.. Immunocomplexes: were eluted by a c-Myc-
tagged peptide solution (MBL, Woburn; MA). The samples after immuno-
precipitation were freated” with. 250 mU "of N-glycosidase F (Roche,
Mannheim, Germany) for 3 h at 37°C.

Western blotting. The total cellular protein was electrophoretically
separated using SDS-12% polyacrylamide gels and transferred onto
polyvinylidene difluoride membrane, The membrane was blocked in TBS-
Tween containing: 5% skim milk for 1 h and then probed with anti-Myc
mouse monoclonal antibody (Cell Signaling Technology, Danvers, MA) at
4°C overnight. Horseradish peroxidase-conjugated anti-rabbit antibody and
SuperSignal West Pico System (Pierce) were used for the detection of blots.

Real-time RT-PCR: Total RNA was isolated using RNeasy Mini Kit
(Qiagen KX, Tokyo, Japan) and was reverse transcribed using SuperSeript
Il First-Strand Synthesis System (Invitrogen). The mRNA levels were
evaluated using ABI PRISM 7900 Sequence Detection System (Applied
Biosystems). Ready-to-use assays (Applied Biosystems) were used for the
quantification of ADAMI10 (Hs00153853_m1), ADAM17 (Hs00234221_m1),
MICA (Hs00792195._m1), P-actin (Hs99999903_ml), and CD44
(Hs00174139_m1) mBNAs according to the manufacturer’s instructions.
The thermal cycling conditions for all genes were 2 min at 50°C and 10. min
at 95°C, followed by 40 cycles at 95°C for 15's and 60°C for 1 min. B-Actin
mRNA from each sample was quantified as: an endogenous control of
internal RNA.

‘WST-8 assay. HepG2 and PLC/PRF/5 cells were treated with different
concentrations of epirubicin for 24 h. Cell growth of epirubicin-treated HCC
cells was: determined by WST-8 assay (Nacalai Tesque, Kyoto, Japan) as
previously described (21).

NK cell analysis. NK cells were isolated from human peripheral blood
monontclear cells. by magnetic cell sorting using CD56 MicroBeads
(Miltenyl Biotech, Auburn, CA) as previously described (16). The cytolytic
ability- of NK: cells was assessed by 4-h “'Crreleasing assay with or
without MICA/B-blocking antibody (6D4; ref. 7), which binds to the al
and &2 domains of MICA and MICB. 6D4 was a generous gift from Drs.
Veronika: Groh: and Thomas' Spies (Fred Hutchinson Cancer Research
Center, Seattle, WA).

Statistics. All values were expressed as the mean and SD. The statistical
significance of differences between the groups was determined by applying
Student’s £ test or two-sample ¢ test with Welch correction after each group
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Figure 3. Expression of ADAM10 in epirubicin-treated 0 0 2 & 7 10 20 pgiml 0° 0 1 2 5 7 10 z0pgml
HCC cells. A, the cytotoxicity of epirubicin to human HCC epirubicn epirubicin
cells was evaluated by WST-8 assay. Cells were treated
with different doses of epirubicin' (solid lines) or vehicle B
(DMSO; dotted lines) for 24 h, and the viability of the
cells was evaluated by the WST-8 assay. B, ADAM10 " enirubicin
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had been tested with equal variance and Fisher’s exact probability test. We
defined statistical significance as'P-< 0.05.

Resulis

ADAMI10: and CD44 are overexpressed in human HCC.
ADAMI0 was detected in all human® HCC tissues tested by
immunohistochemistry but not in normal liver tissues (Fig. 14).
Flow cytometric analysis revealed. that' ADAMIO0 was strongly
expressed in a variety of HCC cell lines; including HepG2, PLC/
PRF/5 (depicted in Fig. 1B), and Hep3B (data not shown), but
faintly in primary hepatocytes. CD44; a typical substrate of the
ADAMI0 protease, was also expressed in all human HCC tissues

but not in normal liver tissues: (Fig. 14). The:data suggest: that
overexpression of ADAM1I0 and CD44 is a characteristic of human
HCC like other malignancies: (22).

ADAMI10 is involved in' MICA shedding of HCC cells: but
ADAM17 is not. To examine the involvement of ADAM family
proteing in MICA ectodomain shedding, ADAM10 or ADAM17 were
knocked down in HCC cells using a siRNA-mediated procedure.
ADAMI0 expression was' clearly suppressed in HepG2 cells and
PLC/PRF/5 cells at both mRNA and protein levels (Fig. 1B and C).
Both cell lines expressed CD44 on the cellular surface and produced
significant levels of soluble CD44 (Fig. 1D), indicating that CD44 is
expressed and shed from those cell lines, ADAM10 knockdown (KD)
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led to an increase in CD44 expression on HCC cells and a decrease
in soluble CD44 levels in culture supernatants (Fig. 1D). Because
ADAM10 has been established as being a sheddase for CD44, siRNA-
mediated knockdown of ADAMIO suppressed not only the
expression but also the activity of ADAMI0 in HCC cells. HepG2
and PLC/PRE/5 cells also expressed ADAM17, which was clearly
knocked down by a siRNA-mediated procedure (Fig. 1B).

HepG2 cells and PLC/PRF/5 cells expressed membrane-bound
MICA and also produced soluble MICA (Fig. 24). Knockdown of
ADAMI0 for both cell lines clearly upregulated MICA expression on
their cellular surface and downregulated soluble MICA levels in
their culture supernatant (Fig. 24). In contrast, knockdown of
ADAM17 did not affect the expression of membrane-bound MICA:
or the production of soluble MICA (Fig. 2B). We also examined the
involvernent of ADAM17 in MICA shedding of phorbol 12-myristate
13-acetate (PMA)-stimulated HCC cells because ADAMI17 is
considered to primarily affect stimulated shedding. The expression
of membrane-bound MICA and the soluble MICA production were
equal between PMA-stimulated ADAM17KD-HCC cells and control
HCC cells (Supplementary Fig.'S2).- Thus, ADAMI10, but not
ADAM17,is eritically involved in the shedding of MICA in HCC cells.

We next evaluated the: cytolytic activity of NK cells against
HCC cells. The cytolytic ‘activity of NK cells against ADAM10KD-
HepG2 cells: was higher than that against control HepG2 cells.
This activity was inhibited by blocking of anti-MICA/B antibody,
suggesting that the increase of NK sensitivity depended on the
increased expression of membrane-bound MICA on ADAMI10KD-
HepG2 cells, although:we could not exclude the possibility of the
involvement of MICB in this cytotoxicity (Fig. 2C). Similar results
were also obtairied with- ADAM10KD-PLC/PRF/5 cells.

Epirubicin suppresses ADAM10 expression in HCC cells. We
examined the bioclogical modification of human HCC cells by adding
epirubicin, which is commonly used in anti-HCC chemotherapy. We
first examined the cytotoxicity of épirubicin to human HCC cells by
'WST-8 assay. Adding >5 pg/mL of epirubicin resulted in a significant

decrease in cell growth of both HepG2 and PLC/PRF/5 cells (Fig. 3B).
Based on these findings, we used 1 pg/ml of epirubicin to evaluate
the biological effect on human HCC cells without toxicity. Both
HepG?2 cells: and PLC/PRF/5 cells were cultured for 24 h with
epirubicin and then subjected to analysis of ADAM10 expression.
Epirubicin suppressed ADAM10 expression at the mRNA and protein
levels in both cell lines (Fig. 3C). Although the data are not shown,
doxorubicin also suppressed ADAM10 expression in HCC cells.

Epirubicin inhibits MICA ectodomain shedding and enhan-
ces susceptibility to NK cells of HCC cells. The above observations
led us to investigate whether epirubicin or doxorubicin treatment
would affect MICA ectodomain shedding in HCC cells. Epirubicin
treatment led to an increase in membrane-bound MICA expression
and a decrease in soluble MICA production in both HepG2 and PLC/
PRF/5 cells (Fig. 44). The mRNA levels of MICA did not change after
exposure to epirubicin in both HCC cells (Fig. 44). Similar data were
obtained with doxorubicin-treated cells (data not shown).

To confirm whether the soluble MICA detected by ELISA was
actually reflected in the cleaved form, we transfected Myc-tagged
MICA into HepG2 cells and collected culture supernatants as well
as. cellular lysates. Immunprecipitates from these. samples with
anti-Myc were subjected to Western blot analysis after treatment
with N-glycosidase. MICA in the culture supernatants migrated
faster than cellular MICA (Fig. 4B}, indicating that the MICA
detected by ELISA is actually processed and released from full-
length MICA. Epirubicin treatment led to a decrease in soluble
MICA protein in HepG2 cells (Fig. 4B).

We next evaluated whether the epirubicin treatment could also
modify the NK sensitivity of human HCC cells. Epirubicin-treated
HepG2 cells or PLC/PRFE/5 cells were more susceptible to NK cells
than nontreated HepG2 or PLC/PRE/5 cells (Fig. 4C). The cytolytic
activity against epirubicin-treated  HCC cells was significantly
decreased to the control levels by adding the anti-MICA/B blocking
antibody. These results showed that the addition of epirubicin
enhanced the NK sensitivity of HCC cell through increased

A
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i 4 Epirubicin 115 Epirubicin
Figure 5. The epirubicin-mediated madification of \
MICA is ADAM10 dependent. HepG2 cells were 2‘\h \
transfected with- ADAM10 siRNA (ADAM10KD) or h -
control siRNA (Control) and further cultured with MICA (Control TIc ; >
1 jig/mL: of epirubicin (black lines) or vehicle (DMSO, ( ) MICA (ADAM10KD)
gray line) for 24 h. The expression of membrane-bound
MICA (MICA)Y was evaluated by flow cytometry (A),
and the soluble MICA (sMICA) production in the cultiire 1,0007 * 1,000
supernatant was evaluated by specific ELISA (B). o _r_' i ’
Similar results' were obtained from two independent ) 300 - 800
experimenits. ¥, P-< 0.05. % % 'g @
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expression of membrane-bound MICA, although the possibility of
MICB involvement could not be excluded. The doxorubicin-treated
human HCC cells showed similar results to those obtained from
epirubicin-treated HCC cells (data not shown).

Epirubicin inhibits MICA ectodomain shedding threugh
suppression of ADAM10. To examine whether the suppressive
effect of epirubicin on MICA shedding occurred through down-
regulation of ADAMI10, HepG2 cells were transfected with ADAM10
siRNA or scramble siRNA as a control and then treated with
epirubicin, Consistent with earlier observations, epirubicin upregu-
lated MICA surface expression and downregulated the levels of
soluble MICA in control cells (Fig. 5). In- contrast, neither
upregulation of surface MICA nor downregulation of soluble MICA
levels was observed in ADAMIOKD-HepG2 cells. These results
suggest that the suppressive effect of epirubicin on MICA shedding
is mediated by ADAMI10 downregulation. We also found similar
results with ADAMI10KD-PLC/PRF/5 cells (data not shown).

Soluble CD44 and soluble MICA levels in patients with HCC.
‘We have shown that ADAMIO is expressed in human HCC tissues.
However, it is not clear whether ADAMI0 activity in HCC tissues is
actually involved in MICA: shedding in patients. Because ADAMI0
was reported to be the constitutive functional sheddase of CD44 (23),
we examined the soluble CD44 levels in HCC patients, which might
be produced from tumor cells through ADAMI0 activity. As shown in
Fig. 64, the soluble’ CD44 levels in' HCC patients (n = 97) were
significantly higher than those in age-matched healthy volunteers
(n = 32). More importantly, soluble MICA levels in HCC patients
significantly correlated with soluble CD44 levels (Fig. 6B), suggesting
a close link between MICA shedding and ADAMIO0 activity.

We: further examined soluble. CD44 levels. before and 2 weeks
after TACE in HCC patients. Whereas the levels did not change in
nontreated HCC patients diring the 2-week interval (= 9; 306.7 &
825 ng/mL and 309.9 £ 79.9 ng/ml after 2 weeks), they were
significantly decreased - in - epirubicin-based TACE-treated HCC
patients (n = 21; 339.7 * 78.1 ng/mL before TACE and 308.9 %
81.4 ng/mL after TACE, P < 0.003). The changes of soluble CD44 in
TACE treatment correlated significantly with: those: of soluble
MICA (P = 0.0002; Fig. 6C). These results indicated that ADAMI10-
mediated CD44 ‘shedding was™ decreased after TACE in HCC
patients, implying that this reduction: of ADAMI0. activity might
be related to the-decline in MICA shedding.

Discussion

MICA shedding is thought to be a principal mechanism by which
tumor cells “escape: from: NKG2D-mediated immunosurveillance
(13): Thus, inhibition® of MICA shedding should be a reasonable
strategy for enhancing antitumor immunity. In the present study,
we showed that ADAMI0 was overexpressed in human HCC tissues
and that ADAMIO knockdown resulted in increased expression of
membrane-bound: MICA, decreased production of soluble: MICA;
and upregulation of NK sensitivity of human HCC cells. These
results point to ADAMIO0 as a therapeutic target for inhibiting MICA
shedding, thereby ameliorating immunity against HCC. Waldhauer
and colleagues recently showed that both ADAMI10: and ADAMI7
proteases are critically involved in the proteolytic release of soluble
MICA of hurnan 293T fibroblast cells and HeLa cervix carcinoma
cells (20). Interestingly, in the present study, ADAMI17 knockdown
failed to affect MICA expression in hurnan HepG2 cells or PLC/PRE/
5 cells. Thus, ADAMIO, not ADAMI17, plays an essential role in the
shedding of MICA in human HCC: cells. Anderegg and colleagues
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Figure 6. Correlation betwesh soluble CD44 and soluble MICA in human HCC -
patients.: A and B;: soluble CD44 levels and MICA levels in healthy volunteers
and HCG patients. Soluble CD44 levels (sCD44) and soluble MICA levels
(sMICAY were determined for sera of HCC patients (n'= 97) and-age-matched
healthy volunteers (HV; n = 32)."A, comparison of sCD44 levels between
groups; B; correlation between sCD44 levels and sMICA levels in 97 HCC
patients..*, P < 0.05. G, correlation of sCD44 levels and sMICA levels during
TACE therapy. HCG patients (n'=21) treated with epirubicin-based TACE
therapy were enrolled and examined for sMICA and sCD44 levels before and
2 wk-after therapy. Changes in'sMICA (AsMICA = serum lavel of sMICA before
TACE treatment — serum level of sMICA after TACE treatment) and those in
sCD44 levels (AsCD44 = serum level of sCD44 before TACE freatment - serum
level of sCD44-after TACE treatment) are plotted.

(23) ‘reported: that only’ ADAMI0; not ADAM17, contributed to
shedding of CD44 molecules in human melanoma cells although
both ADAM10 and ADAM17 proteases were significantly expressed
in human melanoma tissues; suggesting that ADAM10 and ADAM17
do not always work in a similar manner. A recent report showed
that ADAM10; but not'ADAM17, could directly bind to calmodulin
(24), which' may involve the difference of MICA cleavage between
ADAMI0 and ADAMI17 proteases. Recently, Boutet and colleagues
reported that ADAM17 regulates proteolytic shedding of the MICB
protein, which is -another ligand for the NKG2D receptor on
immune cells: (25). We previously showed: that both soluble MICA
and -MICB significantly increased in the sera of HCC patients-and
that therapeutic intervention for HCC leads to reduction of soluble
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MICA levels, but not of soluble MICB levels (17), suggesting a more
important role of soluble MICA in regulating NKG2D expression
after HCC therapy. This led us to focus on the mechanism of MICA
shedding in the present study.

Our results revealed that anticancer drugs such as epirubicin
and doxorubicin downregulated ADAMI0 expression and activity,
thereby inhibiting MICA ectodomain shedding. The ADAM family
proteins, which are highly expressed in some tumors, play a role in
secreting growth factors, such as HB-EGF, and migration of cells.
Thus, it is speculated that these proteins could be potential targets
for tumor treatment (22). The present study is the first to show that
clinically available anticancer drugs have an ability to modulate the
expression of ADAM family proteins. They seem to suppress
ADAMI0 expression at a transcriptional level, but the precise
mechanism of this suppression is not yet kmown.

The MICA ELISA system may not equally detect all soluble MICA
(MICA molecules have >60 allelic varjants). Our finding that soluble
MICA could be detected in all HCC patients suggests that this system
was applicable for our cohort of HCC patients. However, special
caution should be paid for the use of this ELISA system for widely
polymorphic MICA. Because CD44 is well known to be released into
circulation from tumors by proteolytic cleavage of ADAMI0 (23), the
activity of ADAM10 in HCC tissues may be correlated with soluble
CD44 levels. If so, our data suggest a close link between ADAM10
activity and the shedding of MICA in HCC. Furthermore, the decline
in soluble MICA levels correlated well with the decline in soluble
CD44 levels as early as 2 weeks after epirubicin-based TACE therapy.
Reducing the tumor volume by such therapy may have led to both
decreases but it is also possible that epirubicin suppresses ADAM10
activity, thereby inhibiting the shedding of MICA and CD44.
Epirubicin may have a previously unrecognized role in cancer
therapy; that'is, affecting ADAMI0 activity and MICA ‘shedding
rather than simply serving as a direct toxic agent for tumor cells.

Our data suggest that anti-HCC chemotherapy could remodel
HCC cells, enhancing sensitivity to.NK cells by upregulating MICA

expression on the cellular surface. A concomitant decline in soluble
MICA levels ameliorates NK cell ability by upregulating its NKG2D
expression. We previously showed that activation of local innate
antitumor immunity in liver tissues resulted in eliciting tumor-
specific acquired immunity (21). If liver innate immunity is
efficiently activated after anti-HCC chemotherapy, an additional
antitumor effect against HCC cells could be expected. Immune
modulators such as a-galactosylceramide have been shown to
efficiently activate liver innate immune cells, including NK cells (21,
26). The combination therapy of anti-HCC chemotherapy and
immumotherapy targeting NK cells might improve the antitumor
effect of unresectable HCC and the prognosis of HCC patients.

In spite of recent progress in HCC therapies, there remains
significant room for improvement, especially with respect to
advanced liver cancer. We have shown here that anti-HCC
chemotherapy resulted in enhanced NK sensitivity of HCC cells
through inhibition of the activity of ADAMI0 protease followed by
modification of MICA: expression. These findings indicate that
efficient” activation- of liver innate immunity after anti-HCC
chemotherapy might represent a particularly promising approach
to suppress tumor growth and promote regression in liver cancer
patients.
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BH3-0Only Protein Bid Participates in the Bcl-2
Network in Healthy Liver Cells

Hayato Hikita,"* Tetsuo Takehara,'* Takahiro Kodama,! Satoshi Shimizu,! Atsushi Hosui,! Takuya Miyagi,'
Tomohide Tatsumi,! Hisashi Ishida,! Kazuyoshi Ohkawa,! Wei Li,! Tatsuya Kanto,! Naoki Hiramatsu,!
Lothar Hennighausen,? Xiao-Ming Yin,3 and Norio Hayashi!

Bcl-2 homology domain 3 (BH3)-only protein Bid is posttranslationally cleaved by
caspase-8 into its truncated form (tBid) and couples with stress signals to the mitochondrial
cell death pathway. However, the physiological relevance of Bid is not clearly understood.
Hepatocyte-specific knockout (KO) of Bcl-xL leads to naturally-occurring apoptosis despite
co-expression of Mcl-1, which shares a similar anti-apoptotic function. We generated Bcl-xL
KO, Bcl-xL./Bid double KO, Bcl-xL/Bak double KO, Bcl-xL/Bax double KO, and Bcl-xL/
Bak/Bax triple KO mice and found that hepatocyte apoptosis caused by Bcl-xL deficiency
was completely dependent on Bak and Bax, and surprisingly on Bid. This indicated that, in
the absence of Bid, Bcl-xL is not required for the integrity of differentiated hepatocytes,
suggesting a complicated interaction between core Bcl-2 family proteins and BH3-only
proteins even in a physiological setting. Indeed, a small but significant level of tBid was
present in wild-type liver under physiological conditions. tBid was capable of binding to
Bcl-xL and displacing Bak and Bax from Bcl-xL, leading to release of cytochrome c from wild-
type mitochondria. Bcl-xI~deficient mitochondria were more susceptible to tBid-induced cyto-
chrome c release. Finally, administration of ABT-737, a pharmacological inhibitor of Bcl-2/Bcl-
xL, caused Bak/Bax-dependent liver injury, but this was clearly ameliorated with a Bid KO
background. Conclusion: Bid, originally considered to be a sensor for apoptotic stimuli, is
constitutively active in healthy liver cells and is involved in the Bak/Bax-dependent mitochon-
drial cell death pathway. Healthy liver cells are addicted to a single Bcl-2-like molecule because
of BH3 stresses, and therefore special caution may be required for the use of the Bcl-2 inhibitor
for cancer therapy. (HerATOLOGY 2009;50:1972-1980.)

pathway of apoptosis in mammalian cells.? They

Abbreviations: ALT; alanine aminotransferase; BH3, Bel-2 homology domain 3;
KO, knockout; tBid; truncated form of Bid: TNFE, tumor necrosis factor; TUNEL,
terminal. deoxynucleotidyl transferase-mediated. 2'-deoxyuridine 5'-triphosphate
nick-end labeling.
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1972

B cl-2 family proteins regulate the mitochondrial

are divided into two basic groups: core Bcl-2 fam-
ily proteins and Bcl-2 homology domain 3 (BH3)-only
proteins, Core Bcl-2 family proteins have three or four
Bcl-2 homology domains (BH1-BH4 domains), referred
to as multidomain members, and structural similarity.
These proteins display opposing bioactivities from inhi-
bition to promotion of apoptosis and can be further di-
vided into two groups: anti-apoptotic members,
including Bcl-2; BelxL, Belw, Mcl-1, and Bfl-1; and
pro-apoptotic members, including Bax and Bak. Pro-ap-
optotic Bak and Bax are effector molecules of the Bcl-2
family and induce release of cytochrome c from mito-
chondria, presumably through their ability to form pores
at the mitochondrial outer membrane. Anti-apoptotic
members, which setve as regulators, inhibit Bak and Bax.
The original rheostat model argues for a fine balance be-
tween Bax-like pro-apoptotic proteins and Bcl-2-like an-
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ti-apoptotic proteins in defining life and death, and this
balance would be equal or favor survival in a healthy cell.?

BH3-only proteins consist of at least eight members
and only share homology with each other and the core
Bcl-2 family proteins through the short BH3 motif. They
are transcriptionally induced or posttranslationally acti-
vated in response to a variety of apoptotic stimuli.? When
they are induced or activated, they interact with core
Bcl-2 family proteins and set the rheostat balance toward
apoptosis by directly activating Bax-like molecules or
neutralizing Bcl-2-like molecules.4 Therefore, they serve
as initial sensots of apoptotic signals that emanate from
various cellular processes. Bid, 2 member of the BH3-only
proteins, is activated via caspase-8—mediated cleavage in
response to ligation of the death receptor, and its N-ter-
minal truncated form (tBid) translocates to mitochondria
and activates the mitochondrial death pathway.> In so-
called type 1 cells, such as lymphoid cells, Fas activation
leads to caspase-8 activation followed by direct activation
of downstream caspases such as caspase-3 and caspase-7,
where Bid dose not have significant roles.® In contrast, in
type 2 cells, Fas-mediated activation of caspase-8 is not
enough to activate downstream caspases. In those cells,
tBid links the extrinsic or death-receptor pathway to the
intrinsic or mitochondrial pathway to execute apoptosis.
Hepatocytes are identified as a typical type 2 cell in which
Bid plays a critical role in receptor-mediated cell death
pathways.”

In our previous research, we found that genetic abla-
tion of Bel-xL in hepatocytes causes spontaneous apopto-
sis in mice® This indicates that BclxL is a critical
apoptosis antagonist in adult healthy hepatocytes, al-
though they possess other anti-apoptotic members of the
Bcl-2 family such as Mcl-1. This might be simply ex-
plained by the fact that the absence of Bcl-xL affects the
theostat balance of core Bcl-2 family proteins by increas-
ing the ratio of Bax and Bak to anti-apoptotic Bcl-2 pro-
teins. Indeed, neuronal cell death during development
caused by Bcl-xL deficiency is ameliorated by loss of Bax.?
Platelet cell death caused by Bcl-xL deficiency is also ame-
liorated by loss of Bak.!® These studies indicate that the
stoichiometry between Bcl-xL and Bax or Bak dicrates
cellular fate. However, the possibility of BH3-only pro-
teins being involved in the apoptosis rheostat in healthy
cells has not been addressed. We generated Bcl-xL/Bid
double-knockout (KO): mice and demonstrated that ap-
optosis caused by Bcl-xL deficiency is critically dependent
on Bid. A small amount of Bid appears to be activated in
the liver under physiological conditions and to be signif-
icant for inducing cytochrome c release from Bcl-xI—de-
ficient mitochondria. This study shed light on the active
patticipation of BH3-only proteins, which are generally
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considered to be sensors of apoptotic stimuli, in the Bcl-2
network regulating life and death of healthy differentiated
hepatocytes.

Materials and Methods

Mice. Mice carrying a bel-x gene with 2 loxP sequenc-
ers at the promoter region and a second intron (bcl-sd™fio)
were described previously.!! Heterozygous AlbCre trans-
genic mice expressing Cre recombinase gene under the pro-
moter of the albumin gene? and traditional Bid KO mice?
also have been described previously. We purchased from the
Jackson Laboratory (Bar Harbor, ME) traditional Bak KO
mice; traditional Bax KO mice; and conditional Bak/Bax
KO mice (bak ™"~ basf™o%) 12 We generated hepatocyte-
specific Bel-xL KO mice (bel-sd"ox AlbCre), Bcl-<L/Bid
double-KO mice (bid="~ bel-sd"ox AlbCre), Bcl-xL/Bak
double-KO mice (bak™" belsd% AlbCre), Bcl-xL/Bax
double-KO mice (bax~"~ bel-sd™% AlbCre), and Bcl-xL/
Bak/Bax triple-KO mice (buk™/~ bax™lox pelsfostfox
AlbCre) by mating the strains. They were maintained ina
specific pathogen-free facility and treated with humane
care under approval from the Animal Care and Use Com-
mittee of Osaka University Medical School.

Apoptosis Assay. The levels of serum alanine amino-
transferase (ALT) were measured by a standard method,
and serum caspase-3/7 activity was measured by a lumi-
nescent substrate assay for caspase-3 and caspase-7
(Caspase-Glo  assay, Promega, Tokyo, Japan). The -
caspase-3/7 activity was normalized by each control
group. For histological analysis, the liver sections were
stained with hematoxylin-eosin. To detect cells with oli-
gonucleosomal DNA breaks, the sections were also sub-
jected to terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling (TUNEL)
staining, according to a previously reported procedure,!?

Western Blot Analysis. Liver tissue was lysed with a
lysis buffer (1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 1 X protein inhib-
itor cocktail (Nacalai tesque, Kyoto, Japan), phosphate-
buffered saline, pH 7.4). Equal amounts of protein were
electrophoretically separated by sodium dodecyl sulfate
polyacrylamide gels and transferred onto polyvinylidene
fluoride membrane. For immunodetection; the following
antibodies were used: anti-Bcl-xL antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-Mcl-1 antibody
(Rockland; Gilbertsville; PA), previously described anti-
Bid antibody generated from glutation-S-transferase-Bid
fusion protein,'4 anti-full-length Bid antibody, anti-
cleaved caspase-7 antibody, anti-Bax antibody, anti-Cox
IV antibody (Cell Signaling Technology, Bevetly, MA),
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anti-Bak antibody (Millipore, Billerica, MA), and anti—
B-actin antibody (Sigma-Aldrich, St. Louis, MO).

Isolation of Mitochondria-Rich and Cytosolic Frac-
tion. After liver tssue was homogenized using isolation
buffer (225 mM mannitol, 75 mM sucrose, 0.1 mM ethyl-
ene glycol tetraacetic acid, 1 mg/mL fatty acid—free bovine
serum albumin, 1 X protein inhibitor cocktail, 10 mM 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid-potassium
hydroxide, pH 7.4), the lysate was centrifuged at 600g for 10
minutes, and the supernatant was centrifuged at 15,000¢ for
10 minutes. The pellet was regarded as a mitochondria-rich
fraction and the supernatant as a cytosolic fraction.

Immunoprecipitation of Bel-xL. Approximately 30
mg liver tissue was lysed with a TNE buffer (1% Nonidet
P-40, 1 mM ethylenediaminetetra-acetic acid, 1 X pro-
tein inhibitor cocktail; 0.15 M NaCl, 10 mM Tris-HC],
pH 7.8). Equal amounts of protein samples were rotated
with protein G sepharose (GE Healthcare, T'okyo, Japan)
and anti-BclxL. antibody (Abcam, Cambridge, MA)
overnight at 4°C. After centrifugation, the pellet was col-
lected as the immunoprecipitate protein.

Incubation of tBid or Bid for Immunoprecipita-
tion. Livertissue (90 mg) was lysed with 800 pL lysis buffer
(2 mM ethylenediaminetetra-acetic acid, 10 mM ethylene
glycol tetra-acetic acid, 50 mM NaF, 5 mM Na,P407, 10
mM B-glycerophosphate, 0.1% 2-mercaptoethanol, 1%
Triton X, 1 X protein inhibitor cocktail, 50 mM Tris-HCI,
pH 7.5). Equal volumes of protein samples were incubated
with or without recombinant mouse tBid or full-length Bid
(R&D Systems, Minneapolis, MN):

Analysis of Cytochrome C Release. The mitochon-
dria-rich fraction was diluted in a mitochondria dilution
buffer (395 mM sucrose, 0.1 mM ethylene glycol tetra-
acetic acid, 10 mM 4-(2-hydroxyethyl)-1-piperazine eth-
anesulfonic acid—potassium hydroxide, pH 7.4). The
diluted mitochondria were incubated with recombinant
mouse tBid or full-length Bid diluted with a reaction
buffer (125 mM KCI; 0.5 mM MgCly, 3.0 mM succinic
acid, 3.0 mM glutamic acid, 10 mM 4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic ‘acid-potassium hydroxide,
1 X protein inhibitor cocktail, 2.5 mM ethylenediami-
netetra-acetic acid and BOC-Asp (OMe) CH,F 20 uM,
pH 7.4) for 30 minutes at 37°C. The levels of cytochrome
c in the buffer were determined using an enzyme-linked
immunosorbent assay kit (R&D: Systems).  The: maxi-
mum or spontaneous release of cytochrome ¢ was defined
as the level of samples incubated with 0.1% Triton X-100
or medium alone; respectively. The percentage release of
cytochrome ¢ was calculated using the following formula:

% release = (experimental release — spontaneous re-
lease) X 100/(maximum release — spontaneous release).

ABT-737 Injection Study. ABT-737 was provided
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by Abbott Laboratories (Abbott, Park, IL), ABT-737 was
dissolved with a mixture of 30% propylene glycol, 5%
Tween 80, and 65% D5W (5% dextrose in water), final
pH 4 to 5. Mice were given a single intraperitoneal injec-
tion of ABT-737 at 100 mg/kg and sacrificed 16 hours
later. Platelets were counted using an automated cell
counter (Sysmex, Kobe; Japan).

Statistical Analysis. Data are presented as mean *+
standard deviation. Multiple comparisons of TUNEL-
positive cells were performed by analysis of variance fol-
lowed by Fisher’s post hoc correction. The other multiple
compatisons were performed by analysis of variance fol-
lowed by Scheffe post hoc correction. P < 0.05 was con-
sidered statistically significant.

Results

Hepatocyte Apoptosis Caused by Bel-xL Deficiency
Is Completely Lost with Bid-Deficient Background.
To examine the possibility of whether Bid is involved in
apoptosis caused by Bcl-xL deficiency, hepatocyte-spe-
cific Bel-xL, KO mice were crossed with traditional Bid
KO mice. After mating bid ™" bel-sd* AlhCre mice with
bid*" bel-sfolfo mice, western blot analysis confirmed
lack of Bcl-xL and Bid in the liver of Bel-xL KO mice and
Bid KO mice, respectively, and intermediate expression
of Bid in the Bid+/- liver (Fig. 1A). Consistent with our
previous findings,® Bcl-xL KO mice (bid/* bel-sftfex
AlbCre) produced spontaneous hepatocyte apoptosis (Fig.
1B), which was associated with caspase-7 activation in the
liver (Fig. 1C). Serum ALT levels (Fig. 1D), caspase-3/7
activity (Fig. 1E), and the frequency of TUNEL-positive
hepatocytes (Fig. 1F) were significantly higher in Bel-xL
KO mice than in wild-type mice (bid™/* bel-sfe=fox), Bid
KO mice (bid "~ bel-se%) did not produce any liver
phenotypes under physiological conditions, in agreement
with a previous report.” This was further confirmed by
our additional analysis on Bid KO mice and control lit-
termates, which showed no difference in serum ALT lev-
els (Supporting Fig. 1A), caspase-3/7 activity (Supporting
Fig. 1B), and the ratios of liver weight to body weight
(Supporting Fig. 1C). Of importance is the finding that
serum ALT levels were reduced to the normal levels in
BclxL/Bid double-KO mice (bid '~ bel-sdfox AlbCre).
BclxL KO with Bid heterozygosity (bid*" bel-sfefos
AlbCre) displayed intermediate ALT levels between
Bcl-xL KO mice and double-KO mice. In agreement with
this observation, the number of TUNEL-positive hepato-
cytesin Bcl-xL/Bid double-KO mice reached background
levels. In addition, the levels of caspase-3/7 activity in
serum were also normalized in Bcl-xL/Bid double-KO
mice: Taken together; these observations indicated that
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Fig. 1. Bclxl/Bid double-KO
mice. Offspring from mating bid+/
bol-xMox/fox AlbCre mice and bid*/-
bel-xTex/fox mice were sacrificed at
6 weeks after birth. BolxL+/-+
stands for bel-xM¥fox  without
AlbCre, and Bel-xL.—/—~ stands for
bel-xox/fox with AlbCre. (A) Western
blot of whole liver lysate for the
expression of Bci-xL and Bid. (B)
Representative pictures of liver
histology stained with hematoxy-
lin-eosin and TUNEL. Arrows indi-
cate typical apoptotic cells. (C)
Western: blot of whole liver lysate
for the: expression of cleaved
caspase-7. Live lysates from wild-
type mice 3 hours after intraperi-
toneal injection of 30 g anti-Fas
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apoptosis caused by Bel-xL. deficiency is completely de-
pendent on the BH3-only protein Bid. Bid is activated by
tumor necrosis factor (ITNF) receptor,’® and TNF-a,
which is a ligand of TNF receptor, is produced by Myd88
signal pathway.!¢ To examine the possibility of involve-
ment of Myd88 or TNF-« in this apoptosis, we generated
Myd88 Bcl-xL double-KO mice by crossing myd88~/~
mice with bel-xfox/8ox AlbCre mice and administered neu-
tralizing anti"TNF- antibody into Bcl-xl. KO mice.
Hepatocyte apoptosis caused by Bel-xL. deficiency was not
ameliorated with Myd88 KO background or by adminis-
tration of anti~TNF-a antibody (Supporting Fig. 2A, B).

Hepatocyte Apoptosis Caused by Bel-«L Deficiency
Requires Both Bak and Bax. To depict the precise
relationships among core Bel-2 family proteins in regulat-
ing liver homeostasis, hepatocyte-specific Bcl-xL—defi-
cient mice were crossed with traditional Bak or Bax KO

mice. The levels of serum ALT were slightly decreased
with a Bak KO background (bak /= bel-so% AlbCre),
whereas they did not change with a Bax KO background
(bax™"= bel-x"*P% AlbCre) (Fig. 2A, B). To examine the
contribution of both Bax and Bak; Bcl-xL. KO mice were
crossed with conditional Bak/Bax KO mice. The levels of
serum ALT were completely normalized in Bak/Bax KO
background (bak /= bax™ox belffox AlpCre) (Fig.
2C). Hepatocyte apoptosis determined by TUNEL stain-
ing of liver sections and caspase activation determined by
caspase-3/7 activity in serumalso returned to background
levels (Fig. 2D, E). These observations clearly indicated
that apoptosis caused by Bcl-xL deficiency was generated
through the Bak/Bax-dependent mitochondrial cell death
pathway. To clarify the background levels of hepatocyte
apoptosis, we also analyzed the liver apoptosis in bak™"~
and bak™'= basd™#o* AlbCre mice. Similatly, in bid ™"~
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Fig. 2. Bel-xL KO mice with Bak or Bax
- KO background. (A) Offspring from mating
bak*/ belxf¥/fee AlbCre mice and bakt/
beil-xPvfox mice were sacrificed at 6 weeks
after birth, Serum ALT levels and. western
blot of whole liver lysate for the expression
of Bel-xL. and Bak are shown. N = 14 mice
per group. * and **P.< 0.05 versus.the

Bokxl . b
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other three. groups. (B) Offspring from mat-
ing bax*/" belxfo¥Tox AlbCre - mice and
bax*/- bekxfov/for mice were sacrificed at 6
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western blot of whole liver lysate for the
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mice, there was no difference between two groups in serum
ALT levels (Supporting Fig. 3A), caspase-3/7 activity (Sup-
porting Fig. 3B), and the ratios of liver weight to body weight
(Supporting Fig. 3C), which suggests that healthy hepato-
cytes in wild-type mice are completely protected from Bid or
Bak/Bax-mediated apoptosis by Bcl-xL.

Bel-xL Interacts with Cytosolic Bax and Mitochon-
drial Bak in the Liver. To examine the expression of a
variety of Bcl-2—related molecules in the liver, cytosolic
and mitochondrial fractions from liver lysate were sub-
jected to western blot analysis (Fig. 3A). Anti-apoptotic
Bcl-2 proteins, Bcl-xL and Mcl-1, were expressed at both
the mitochondria and the cytosol. In contrast, Bak and
Bax were exclusively expressed at the mitochondria and
the cytosol, respectively. Full-length Bid was expressed
mainly in the cytosol. To examine whether Bel-xL phys-
ically interacts with those Bcl-2~related proteins, liver ly-
sate was immunoprecipitated with Bcl-xL and identified
using corresponding antibodies (Fig. 3B). At least a part

expression of Bel-xL and Bax are shown.
N = 15 mice per group. * and **P < 0.05
versus the other two. Bel-xL+/ -+ groups. (C,
D, and E) Offspring from mating bak—~/~
bax™™ belxTvfex AlbCre mice and bak~/~
baxfox/+ pel-xex/fox mice were sacrificed at 6
weeks after birth. Bax+/+ stands for -
baxtox/flex without = AlbCre, and Bax—/—
stands for baxfovfex with AlbCre. N'= 8 or
10 mice. per group. Serum: ALT Jevels and
western blot of whole liver: lysate for the
expression- of BelxL,  Bak; -and Bax are
shiown (C), *P- < 0.05 verstis Bak—/—
Bax-+/+. Belxt+/+ -and  Bak—/—
Bax—/— BelxL—/= groups; **P < 0.05
versus:-Bak=/~ Bax=/= BelxL—/—
group. Statistics of TUNEL-positive cells (D).
*and. **P < 0.05 versus: Bak—/—

Bax+/+ Belxl+/+ and: Bak—/—
Bax—/— BelxL—/— groups. Serum
caspase-3/7- activity (E). * and **P <
0.05- versus. Bak—/— Bax+/+ Bcl-
xL+/+. and Bak—/-— Bax—/— Bcl-

xk—/~—: groups.

of Bel-xL, was bound to Bak and Bax, but not to Mcl-1 or
full-length Bid.

tBid, But Not Full-Length Bid, Displaces Bak and
Bax from Bel-xL by Binding to Bel-xL. Bcl-2-like mol-
ecules have been shown to be capable of binding Bak or Bax,
and through this interaction, to neutralize each activity.”
Conversely, other research showed that Bel-xL does not have
to bind Bax-like molecules to protect against cell death.’8 To
examine the impact of tBid on the association between
Bcl-xL and Bak or Bax, we added tBid to the liver lysate and
examined the interaction of each Bcl-2-related protein with
BclxL by immunoprecipitation. Addition of 500 nM tBid
abolished the association between BclxL. and Bak or Bax
(Supporting Fig. 4). Simultaneously, Bcl-xL binding of tBid
was observed: Addition:of 20 nM tBid also abolished, if not
completely, the association between BelxL and Bak or Bax
(Fig. 4). In contrast, adding the same concentration of full-
length Bid had little effect on BelxL binding of Bak or Bax
(Fig. 4). These results indicated that tBid can bind to Bel-xL
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Fig.' 3.. Expression: of Bel-2-related molecules in the liver and their
association with BelxL: Bel-xL-+/4 stands for bel-x™vex without AlbCre,
and Bel-xL—/= stands for belx %% with: AlbCre. (A) Western blot after
cellular fractionations: of the.liver lysate. Loading amounts of cytosolic
and. mitochondrial fractions: were adjusted to be equivalent for the
starting liver samples. (B) Westem blot after anti-Bcl-xL immunoprecipi-
tation.: Whole cellular: lysate and. immunoprecipitates: with anti-Bel-xL
wete verified with the indicated antibodies. Samples: from: Bel-xL—/—
mice were included as a negative control.

and suggest that tBid binding of Bcl-xL unleashes Bak or Bax
from Bel-xL.

A Small But Significant Level of tBid Is Detected in
the Healthy Liver. Genetic evidence that Bid is required
for Bak/Bax-dependent apoptosis caused by Bcl-xI. defi-
ciency and biochemical evidence that full-length Bid is inac-
tive for displacing Bak or Bax from Bcl-xL together suggest
that tBid is produced in wild-type liver. To confirm this, we
performed western blot analysis using antibody that can de-
tect tBid (Fig. 5A). Liver lysate from Bid KO mice served as
anegative control, whereas that from wild-type mice injected
with anti-Fas antibody served as a positive control. A signif-

icant level of tBid was detected in wild-type liver, although '
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the amount was smaller than in Fas-stimulated mice, which
displayed massive live cell apoptosis.

Bel-xL-Deficient Mitochondria Are Susceptible to
a Trace Amount of tBid. To examine the impact of a
small amount of tBid on Bel-xL—deficient mitochondria,
tBid or full-length Bid at various concentrations was in-
cubated with mitochondria isolated from Bcl-xL—defi-
cient liver or wild-type liver (Fig. 5B). In agreement with
previous reports,'? wild-type mitochondria efficiently re-
leased cytochrome c on exposure to tBid. Full-length Bid
was far less effective at releasing cytochrome c. Impor-
tantly, Bcl-xI~deficient mitochondria were capable of re-
leasing cytochrome c on exposure to a smaller amount of
tBid than wild-type mitochondria. This agrees with the in
vivo findings that Bel-xL—deficient hepatocytes, but not
wild-type hepatocytes, underwent apoptosis with a trace
amount of tBid.

Administration of ABT-737 Produces ALT Eleva-
tion in Wild-Type Mice But to a Lesser Extent in Bid
KO Mice. Bcl-2-like molecules have been receiving at-
tention as a tatget for inducing apoptosis, especially in
cancer cells.?0 A variety of BH3 mimetics that interact
with the hydrophobic groove of anti-apoptotic Bcl-2 pro-
teins has been developed. They inhibit binding of anti-
apoptotic Bcl-2-like molecules with BH3-only proteins
and presumably with Bak and Bax. ABT-737, a prototype
of this class of agents, was designed to mimic the BH3-
only protein Bad and can inhibit the function of Bcl-2,
BclxL, or Bcl-w but not that of Mcl-1.2! Our data on
BelxL KO mice raised the possibility that pharmacolog-
ical inhibition of Bcl-xL may cause hepatocyte apoptosis.
To examine this possibility, we injected ABT-737 and
examined the liver injury. As expected, the levels of ALT

BelxL IP
Bel-xL +/+ BelxL -/~
20nM Bid S e
206M 1Bid Z e - +
Bél-xL (28kD) > | §
F s

E R o
Bak (24kD)———»

Bax (19kD)——»

tBid (14kD)——»

* non specific

Fig. 4. tBid binds to Bel-xL and displaces Bak or Bax from BclxL. Liver
lysate: from’ belxovmex withiout AlbCre (Bel-xL+/+) and belxfovfex yith
AibCre (Bel-xL—/ ) were Incubated with or without 20 nM recombinant
tBid or recombinant full-length. Bid:at 37°C for 20 minutes. After
immunoprecipitation with- Bel-xL, immunoprecipitates are verified: with
indicated antibodies. Immunoprecipitated lysate from BelxL—/— mice
was loaded as:a negative control.
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Fig. 5. - A smail. amount of 1Bid is expressed.in wild-type liver and is
sufficient: for producing cytochrome: ¢ release from Bel-xL- deficient mi-
tochondria. (A) Westem' blot of liver lysate for Bid and tBid expression.
Lysate from wild-type (Bid+/~ Bel-xL+/-+) mice. 1 hour after intrave-
nous injection of 10-.g anti-Fas antibody (clone Jo2) and from Bid—/—
mice were included as-a positive: and- a- negative control of tBid,
respectively. (B). Mitochondrial release of cytochrome ¢ to' tBid. Mito-
chondria were isolated from Bel-xL=deficient or wild-type liver and incu-
bated: with: recombinant tBid’ or-recombinant. full-length. Bid: at various
concentrations for 30 minutes:: Similar. results: were: obtained  in three
times repeated experiments.

were clearly elevated in wild-type mice (Fig. 6A). TUNEL
staining of the liver section showed apoptosis in hepato-
cytes scattered in the liver lobule (Fig. 6B). Importantly,
no significant elevation of serum ALT levels was observed
with a Bak/Bax double-KO background. The data indi-
cated that genetic and pharmacological ablation of Bel-xL
led to a similar apoptosis phenotype in the liver.

To examine the impact of Bid in ABT-737—induced
hepatocyte apoptosis, ABT-737 was administered  to
wild-type mice and Bid KO mice. Elevation of serum
ALT levels was ameliorated with a Bid KO background
(Fig. 6C). It has been well established that administration
of ABT-737 led to acute thrombocytopenia.?? This was
explained by the fact that Bcl-xL is a critical apoptosis
antagonist in platelets.!® In our experiment, the counts of
circulating platelets declined significantly in the wild-type
mice (Fig. 6D), which is in the agreement with previous
studies.’® Interestingly, a similar degree of thrombocyto-
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penia was observed even in Bid KO mice, suggesting that

Bid does not play a significant role in regulating platelet

homeostasis, unlike in hepatocytes. The data imply that
the impact of Bid in the Bcl-2 network in healthy cells is

cell-type specific.

Discussion

One of the important findings of the current study is
that the BH3-only protein Bid is an essential molecule for
apoptosis of differentiated hepatocytes caused by Bel-xL
deficiency. This is surprising, because differentiated hepa-
tocytes are generally considered to be quiescent cells. Or-
gan homeostasis may be ensured in two ways: one is
through turnover of cells, and the other is by the quies-
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Fig. 6. ABT-737 administration in wild-type, Bak/Bax double-KO, and
Bid: KO mice. (A and B) Wild-type mice or hepatocyte-specific Bak/Bax
double-KO' mice were challenged: with" intraperitoneal injection-of ABT-
737-at 100 mg/kg orvehicle alone and saciificed 16 hours later. Serum
ALT levels (A) and representative: pictures of TUNEL staining in the liver
(B) are shown. N = 5 or mote than 5 mice per group. *P < 0.05 versus
the other two  groups. (C and D) Wild-type mice or Bid KO mice were
challenged: with: intraperitoneal: injection: of ABT-737: at" 100 mg/kg or
vehicle: alone: and sacrificed 16 houts later.. Serum ALT levels (C) and
circulating platelet counts (D) were determined. N = & or more than 5
mice pet group. *P < 0,05 versus the other three groups for (C); * and
**p 0,05 versus the other two groups; with"ABT-737 for (D).
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cence of matured cells. Typical examples for the former
are hematopoietic organs, intestine and skin, whereas
those for the latter are a variety of solid organs, such as the
liver, lung, pancreas, heart, and brain. Because hemato-
poietic cells die at particular time points to maintain host
homeostasis, it would not be surprising that their life span
may be controlled by a variety of death signals. Indeed,
Bim KO mice have excess hematopoietic cells, particu-
larly lymphocytes, suggesting that Bim strictly controls
homeostasis of hematopoietic cells.?? In contrast, healthy
cells in the solid organs are usually considered to not suffer
from apoptotic stimuli. Although interaction between
core Bcl-2 proteins and BH3-only proteins is important
for understanding apoptosis regulation, little work has
been done by generating mice simultaneously deficient in
molecules of both groups. To the best of our knowledge,
the only example clearly using this approach is a study on
Bim/Bcl-2 double-KO mice that showed that growth re-
tardation, skin abnormality, and lymphoid cell reduction
found in Bcl-2 KO mice were ameliorated with a Bim-
deficient background.?4 This suggested that lymphoid
cells constitutively sense Bim-mediated killing signals,
and, without Bcl-2, decrease in number. The current
study is the first demonstration that parenchymal cells in
a solid organ such as differentiated hepatocytes also suffer
from Bid-mediated BH3 stress.

Bid is ubiquitously expressed in many cell types. Gen-
erally, Bid is inactive for death induction and is activated
on proteolytic cleavage by caspase-8 or other proteases. In
the current study, we found that not only full-length Bid
but also tBid could be detected in wild-type liver. Admin-
istration of tBid, but not that of full-length Bid, at 20 nM
in wild-type liver lysate or mitochondria was sufficient for
unleashing Bak or Bax from Bcl-xL and releasing cyto-
chrome c. Conversely, a lesser amount of tBid (for exam-
ple, at 2 nM) was sufficient for inducing cytochrome ¢
release from Bcl-xl—deficient mitochondria. These re-
sults are consistent with the idea that a small amount of
tBid produced in the liver could activate cytochrome ¢
release and apoptosis in hepatocytes of the Bel-xI~defi-
cient mice. What mechanisms are involved in the produc-
tion of tBid from full-length Bid in the healthy liver is not
known yet. Our results suggest that Myd88 and TNF-a
- may not be involved in the activation of tBid under phys-
iological conditions. However, other ligation of death re-
ceptors such as Fas, and TNF-related apoptosis-inducing
ligand receptor, can cause caspase-8 activation followed
by Bid cleavage:'525 Bile salts, which are consistently pro-
duced in and secreted from hepatocytes, are capable of
inducing hepatocyte apoptosis through Fas activation.?¢

Natural killer cells are predominant lymphocytes accu-
" mulating in the liver and constitutively express TNF-re-
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lated apoptosis-inducing ligand.?” Further study is
needed to examine what kinds of stresses activate the Bid
pathway in a physiological setting.

Adult differentiated hepatocytes express at least two
anti-apoptotic Bel-2 proteins, Bel-xL and Mcl-1, but not
prototype Bcl-2.8 Recently, Vick et al?® reported that
hepatocyte-specific Mcl-1 KO mice developed naturally
occurring apoptosis in hepatocytes. We also indepen-
dently generated hepatocyte-specific Mcl-1 KO mice and
obtained an apoptosis phenotype that could not be dis-
tinguished from that of hepatocyte-specific Bel-xL. KO
mice.2? Thus, Mcl-1, like Bcl-xL, plays a critical role in
maintaining integrity of differentiated hepatocytes. There
are two major models regarding how BH3-only proteins
mediate Bak/Bax-dependent apoptosis: a direct model
and an indirect model.30 From the viewpoint of the indi-
rect model, our data would mean a small amount of tBid
is sequestered by Bcl-xL and Mcl-1 and, without Bcl-xL,
is sufficient for neutralizing Mcl-1 to promote apoptosis.
Conversely, from the viewpoint of the direct model, both
Bcl-xL and Mcl-1 are needed to completely sequester a
small amount of tBid, and without Bcl-xL, unleashed tBid
would directly activate Bak and Bax. In the current study, we
observed that tBid when administered in liver lysate could
bind to BclxL. This observation seems to agree with the
indirect model, although we could not exclude the possibility
of the direct model. Further study will be needed by devel-
oping Bid/Bcl-xL/Mcl-1 KO mice to examine the underly-
ing mechanisms of how activated Bid regulates the
mitochondrial pathway of apoptosis in the liver.

Malignant tumors frequently overexpress one or more
members of the anti-apoptotic Bcl-2 family, which con-
fers the resistance of tiumor cells to apoptosis.3!32 Re-
cently, small molecules targeting specific anti-apoptotic
Bcl-2 family proteins have been developed for treatment
of cancer therapy.3334 The underlying concept of this
strategy is the difference in addiction to anti-apoptotic
Bcl-2 family proteins between normal cells and trans-
formed cells. In general, normal cells are not considered to
suffer from apoptotic stimuli or to have activated BH3-
only proteins. In contrast, transformed cells suffer from a
variety of apoptotic stimuli such as genotoxic p53 activa-
tion and environmental stresses, and possess activated
BH3-only molecules. If a single anti-apoptotic Bcl-2 pro-
tein is neutralized by a small molecule, it could release
BH3-only molecules, which then neutralize other anti-
apoptotic Bcl-2 proteins or directly activate Bax-like mol-
ecules, leading to cell death. However, the current study
clearly indicated that normal hepatocytes could be under
activation of Bid, raising concern that hepatocyte injury
may be produced if BclxL function is completely
knocked down. Indeed, we have shown that administra-
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tion of a high dose of ABT-737, which is an antagonist for
Bcl-xL/Bcl-2, not for Mcl-1,2! induced Bak/Bax-depen-
dent hepatocyte apoptosis in wild-type mice but to a lesser
extent in Bid KO mice. Therefore, special caution should
be paid to hepatotoxicity when systemically administer-
ing a high dose of Bcl-xI~targeting molecules, because
hepatocytes are suffering from Bid-mediated stresses.

In conclusion, we have demonstrated here that the
BH3-only protein Bid is activated and antagonized by
anti-apoptotic Bcl-2 family proteins under physiological
conditions. BH3 stress or Bcl-2 addiction is not a unique
characteristic of tumor cells. Even in healthy cells, cellular
integrity is not controlled by a simple rheostat between
Bax-like molecules and Bcl-2-like molecules. The current
study reveals a previously unrecognized complicated net-
work of Bcl-2 family proteins controlling the integrity of
healthy cells. Dissection of the Bcl-2 network will be impor-
tant for further understanding of liver pathophysiology.

Acknowledgment:  The authors thank Abbott Labora-
tories for providing ABT-737.
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1. CHEFROHIERRE

CHEBIFF%Y 4 VA (HCV) DfFflifa~DEH1E HCV
E2% U7 FCD8L AT HILPUETHE LR
EE NS, F D% scavenger receptor class B type
1 (SR-B1) % claudin-1 (CLDN1) &wol@mEsy 3
7 HAGTH I LR INA. EHIZ2000FE 0T
occluding (OCLN) A HCV BICAVRTH LI &M
HoME Loz HEHEREWZ & IZTCLDNL & OCLN
X & I tight junction ICFET 55T ThH Y, HCV
AR EE LB OMBANOR D ARICEET
HHEEZLNTWA S5I2CD8L & OCLN I HCV
BEOEFEERICHES 20T THHILIRENT
\I‘Z)”.

HCV ORMEGAHILT 5720121, BEOBRR
EHSORBSLETH S, Bilt, HCV ISk 5 HAR
EOWHBEEAHL M &R, Thbh, ElPO
HCVRNA O—FiZ PAMP & L CRIGI® TLR 12558
SNE RIGIICER SNV T Vi IPS1 24 LT
WEED AL ¥ —7 0y (JFEN) Y7 F V2 EEET

B EESNLIFNILIEN L7 —ICEA L T Jak-

STAT ¥ 7 F Ve EHL L C IFN NG BETOHREE
9. LA L, HCV NS3/4A protease IZ IPS-1 % Hrzd
FTHILTIFN V7 Nz HEL IFN EEZ I 5.
F, HCV a7 ¥ 37 12888 A SOCS-3 i Jak-
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Fig. 1 Schematic diagram depicting the mechanisms underlying the hepatic iron ac-
cumulation induced by HCV
HCV-induced ROS reduces hepcidin transcription through the inhibited binding of
CHOP and/or. STAt3 to the hepcidin promoter, and/or stabilization:of HIF. that:is
negative hepcidin regulator.
HCV, hepatitis: C virus; ROS, reactive oxygen species; HDAC, histone deacetylase;
CHOP, C/EBP homology protein; C/EBP, CCAAT/enhancer-binding protein; HIF,
hypoxia inducible factor; STAT, signal transducer and activation of transcription;

FPN, ferroportin

STAT ¥ 7 FVZBELTIFN BEBEETFOREZH
BIL, NSSA 2 8273 I8 DEELZ AL, BEH
 IFN BB BETORMZ L EE S L TIFN O
YA VAR EZ RIS E 5. Hild, NSBARE2 7 ¥
N2 PRKRICHEALC, PKR OBEZE®R 2T 52
L TIEN O 4 VA F 237 SRR R %2 RRE$ 59,
HCV BULEIORLZ &) ke 2B ClEEOBAR
EEEMETLLEZEZ NS,

HCV OEBRREB# O FFilaEEc, B{EA b
VAHREELZBREHZHSTHB. HCV a7 ¥ V32 id

3 hay FY T RGE LENBE L EE LIRS

APFVAEFIERIGY. X511 TNFao % SOCS- 3
% 4/ L 7= insulin receptor substrate (IRS) OHIHJIZ X

%4 v R VIEPEO T, MTP #ifi%° SREBP1 Ji
12 X BT E, hepcidin QBRI 24 L7 8kEHE
ZEEFIERIL, CRFRICHFHNZHREET XS

T (Fig )9, ChoomBIEHERE DREEL -
THEY, ELICREART L vy -7 20V (PEGIFEN) -
YREY » (RBV) HAREOBREDRICLEELS
ZBETEFHESRTWwS, HL, FREBRE Y
A NWAHRE OBERICOWTHRIE—EOERIZES
TwWie,
Consensus Statement I:
f/zvzﬁrﬁkW%MMHHmmw1mV
PrBREED G EDIR & Bi#ET 5. (Level 2a, Grade C)

IO X5 CHFROFBERF TRECHL NS
NoDOH LN, BRBETHEIT A VAEBEOHET
METRU R 2 OB LOFHNCH 5. BE Tl elas-
tography % H W - IFE B L IR {LoFM S &
TW5A, PHEEORELOFHIRIERETHS.
(S L DM O DI AR LER P WO E
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Table 1 Factors associated with sustained virological response to 48-week pegin-
terferonribavirin combination therapy in patients infected with HCV genotype 1b,
identified by multivariate analysis (n=114) 1

Factor Category

Risk ratio (95%
confidence interval)

Amino acid substitution
in core region

LDL cholesterol 1: < 86
(mg/dL) 2 > 86
Gender 1: male
2: female
ICG R15 (%) 1< 10
22210
vGTP 1: < 109
2: > 109
Ribavirin dose (mg/kg) 1: <110
2 >110

1: double wild
2: non-double wild

0.102 (0.(:)122-0.474) 0.004

12.87 (2.1177-76.09) 0.005

0.091 (0.317—0.486) 0.005

0.107 (0.317—0.678) 0.018

0.096 (0.0})11-0.819) 0.032
1

5173 (1.152-23.22) 0.032

Iz LT, SR 7 -8y FOEFTIE74% O
EEPFLNI.
Consensus Statement 2:

BB A WA REEDIREDR & B#ES 56
¥ & UCHMBOMBEAEDRE (staging) 7EE
TH B, staging DIFMICIZIFERIHIEE N S.
(Level 1, GradeC)

2. TAIWRERLIRRE

CHRFRDOBZWICIE HCVRNA Dl L bz, ¥
A WA, R (genotype) OHENBEETHSL. &5
I HCV RNA E{mTFOERICOWTH MRS 5
nTws. b ORETIZ CRRFRICH 3 % IFN ik
. (RBV ot liREEZ &) OBRBRMROTFINIFFREICE
BThb. 74 VAROWERER, 2000 ELET ¥ 7
Y a7 HCV = 8 — A b T & 7248, 2007 485K
POEREPOLHBEOMNELY ¥ V% B D realtime
PCR#EZHWIHZRTREL ZoTWD. CDKH
YA WAEE A4 WV ADR (genotype T 7214 serotype)
ORI IFN HHEOBRTF UL EHFFOTY 1 VAH)
B2 25% EHRRNEERESEWY.

AW ADBIEFERE, £ LT genotype Ib B
4 VATE LR ERTw A, IPN Bk 5c B
% NS5A 222209-2248 (interferon sensitivity determin-
ing region ; ISDR){ERO T I / BRERBANEHERIRIC
BT A EPELPCR 7 HCV-J O 7 X/ BEEL

Table 2 Effect of the IFN treatment on the annual
incidence of hepatocellular carcinoma in each fibro-

sis staging
Control . IFN-treated
All SVR non-SVR

Patient’s

number 490 2400 789 1658
Staging

F1 0.45% 0.08% 011% 0.07%
F2 1.99% 054% 010% 0.78%
F3 5.34% 1.95% 129% 220%
F4 7.88% 416% 049%  532%

Data were adopted from IHIT study!®

FlE L CISDR @7 3/ BERBNF L WA, IFN
HMRE: T SVR EHFBV I L HEShTw Y.
SHIEHAEREOERTH 5, PEGIEN & RBV
% (48 58M) 1= BWwWTh ISDR O BT ETF I
fi;?@@%fq
Consensus Statement 3:

ISDR OZ 8L, IFN #ilt F 72 1k RBV & DD
ICBI5 SVR IZBItFT 5 DC, BENICHEE T RET
&5. (Level2a, GradeB)

& 512, HCV Core fHIO 7 3V BEROFE (70
FHE I BHOLR)H PEGIFN & RBV EHEED
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