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Fig. 1. Hepatocyte-specific Mcl-1 knockout mice. Offspring from mating of mel-17¥+ AlbCre mice and mcl-1%¢* mice were sacrificed at the age
of 6 weeks. {A) Westem blot of whole liver lysate for the expression of Bel-xL, Mcl-1, and Bax. (B) Serum ALT levels. N = 15 mice for each group.
*p < 0.05 versus the other five groups. (C) Left panel shows hematoxylin-eosin and TUNEL staining of the liver section. Arrow indicates typical
apoptotic cells. Right panel shows statistics of TUNEL-positive cells. The number of TUNEL-positive cells was determined in a defined area. N = 5
mice for each group. *P < 0.05 versus the other five groups. (D) Serum levels of caspase-3/ 7 activity. The levels were normalized to mel-1+/+ AibCre
(—) mice. N = 15 mice for each group. *P < 0.05 versus the other five groups. (E) Real-time RT-PCR analysis for TNF-o and collagen-1alpha(1)
expression. *P < 0.05. N = 12 or 9. The levels were normalized to the wild-type mice. (F) Serum ALT levels of Fas-stimulated mice. The mcl-1%o¥+
AlbCre mice and mcl-170¥+ o fx mice were sacrificed 3 hours after intraperitoneal injection of 0.5 mg/kg Jo2 antibody. *P < 0.05. N = 13 or 7.
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Therefore, we examined the susceptibility to Fas stimula-
tion in these mice. We injected anti-Fas antibody into
mel-1F"+ AlbCre mice and mel- 1+ o /o mice and mea-
sured the levels of their serum ALT. mcl-1%7* AlbCre
mice displayed significantly higher levels of serum ALT
than control mice (Fig. 1F). These findings suggest that
haplo-deficiency of Mcl-1 does not produce apoptosisina
physiological setting but clearly reduces apoptosis resis-
tance under pathological conditions.

Involvement of Bid in Apoptosis Caused by Mcl-1
Deficiency. BH3-only proteins regulate life and death
balance by interacting with core Bcl-2 family members.
The hepatocyte is a so-called type 2 cell, which requires
Bid as a sensor for Fas-mediated apoptotic stresses.’® In
addition, it has been reported that the caspase-8/Bid path-
way is involved in a variety of liver pathological condi-
tions.!62 To examine the possibility of Bid being
involved in hepatocyte apoptosis caused by Mcl-1 defi-
ciency, we crossed hepatocyte-specific Mcl-1 knockout
mice with Bid knockout mice. Offspring form mating
of bid*'~ mcl-1Ffex AlbCre mice with bid*'~ mcl-
Ifoxtflex mjce were sacrificed at 6 weeks after birth and
subjected to analysis of apoptosis phenotypes. Mice
with each genotype grew up, and, as expected, the lev-
els of Bid and/or Mcl-1 expression in the liver were
correspondingly reduced with their genotypes (Fig.
2A). The levels of serum ALT were significantly lower
in bid~"~ mcl-1fox AlhCre mice than in bid*"" mcl-
1Foxlflox Al Cre mice (Fig. 2B). The results indicate that
Bid was involved in hepatocyte apoptosis found in
Mcl-1 knockout mice.

Combined Deficiency of Mcl-1 and Bel-xL in Hepa-
tocytes Causes Lethality. Phenotypes observed in hepa-
tocyte-specific Mcl-1 knockout mice were very similar to
those in hepatocyte-specific Bcl-xL knockout mice.!?
These results indicated that Bcl-xL and Mdl-1 share sim-
ilar anti-apoptotic functions but do not compensate for
the loss of each other. To examine whether their expres-
sion and function are completely nonredundant or just
partially so, we generated hepatocyte-specific BelxL/
Mdl-1 double-knockout mice.

The bel-s"7* mel-17%7* AlbCre mice were mated with
bel-sostfox ypcl- [Fo/fox mice, and genotypes of the offspring
were screened at 3 weeks after birth. A/6Cre-negative and
bel-so+ mel- 175"+ AlbCre mice were born and grew up,
but not bel-adoos el 1127+ AlbCre, bel-sd* mel-1Foxfox
AlbCre, and bel-sfolfox |- 1fofox AlbCre mice (Table 1).
The lack of Ba-xL and Mcl-1 caused a more severe phe-
notype than either knockout, suggesting that they par-
tially compensate for the loss of each other at least from
the viewpoint of maintaining normal development.
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Fig. 2. Mcl-1/Bid double-knockout mice. Offspring from mating of
bid*/~ mcl-17¥ex AlbCre mice with bid*/~ mcl-17/#% mice were
sacrificed at 6 weeks after birth. (A) Westem blot of whole liver lysate for
the expression of Mcl-1, Bel-xL, and Bid. (B) Serum ALT levels, N = 12
mice for each group. *P < 0.05 versus the other five groups; **P <
0.05 versus the AlbCre-negative groups and the bid*/+ mci-1%ox/fex
AlbCre group.

Mice Lacking Single Alleles for Both Bel-xL and
Mecl-1 Develop Spontaneous Apoptosis in the Adult
Liver Similar to Bcl-xL or Mecl-1 Knockout Mice.
Offspring from mating of bcl-s* mcl-1#2"* AlbCre and
bel-soxlfox |- 1#7fox wyere sacrificed at 6 weeks after birth
and subjected to analysis of Bcl-xL/Mcl-1 expression and
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Table 1. Genotyping of Offspring Obtained by Crossing
bel-x"/+ mel-1f%+ AlbCre Mice and bel-xflox/flox
mel-1fox/ox Mice

AlbCre belx mcl-1 £D18.5 3 Weeks

- flox/+ flox/ + 4 14
- flox/flox flox/+ 6 17
- flox/ + flox/flox 12 17
- flox/flox flox/flox 7 17
+ flox/+ flox/+ 11 22
+ flox/flox flox/+ 8 0
+ flox/+ flox/flox 9 0
+ flox/flox flox/flox 10 0

Total 67 87

ED, embryonic day.
Note that each genotype is expected to account for one-eighth of the offspring
from this mating.

x/+

apoptosis phenotypes. As expected, b2+ mel- 17
AlbCre liver expressed reduced levels of expression for
both Bel-xL and Mcl-1 (Fig. 3A). Interestingly, bel-"*
mel-1%+ AlbCre mice developed spontaneous heparo-
cyte apoptosis as evidenced by an increase in serum ALT
levels and caspase-3/7 activity (Fig. 3B,C). In agreement
with this, hepatocytes with typical apoptotic morphology
and positive for TUNEL staining were found scattered in
the liver lobules in these mice (Fig. 3D,E). Furthermore,
bel-sfo* mel- 17577 AlbCre mice showed higher expres-
sion of TNF-« than wild-type mice (Fig. 3F). The phe-
notypes were very similar to hepatocyte-specific Bel-xL or
Mcl-1knockout mice.

Hepatocyte-Specific Mcl-1/Bcl-xL-Deficient Mice
Show Impaired Development of the Liver and Liver
Failure During the Neonatal Period. To examine the
impact of Bcl-xL/Mcl-1deficiency at an earlier time
point, offspring obtained from crossing bcl-»%+ mel-
1757+ AlbCre mice and bel-51 mel- 1#o¥fox mice were
analyzed on gestational day 18.5. Live-obtained em-
bryo followed expected Mendelian frequencies (Table
1). Overall, they looked normal, and their body weight
did not differ among genotypes (Fig. 4A,B). However,
the livers obtained from live pups with genotype of
bel-soxlfios yyel- 1151+ AlbCre, bel-s+ mel-1Fo<flox Alb-
Cre, or bcl-soex mel-1foxlfex AlbCre were clearly
smaller. The ratios of liver weight to body weight were
significantly lower in those pups than in A/6Cre-nega-
tive or bel-s""* mel- 175" AlbCre pups (Fig. 4C). The
ratios of liver weight to body weight were also exam-
ined in mel-1ffex with AlbCre or without AlbCre
mice, and there was no significant difference between
the two (6.0 * 0.8 versus 5.5 = 0.9, N = 5, P = 0.34),
excluding the possibility that Mcl-1 knockout itself
affects the liver size at this time point. Histological
analysis revealed that there were a number of hepato-
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cytes with rectangular morphology and hematopoietic
cells in the developing liver of the A/bCre-negative pups
(Fig. 4D). Whereas the number of rectangular hepato-
cytes in bel-x"5* mel- 177+ Al Cre livers was similar to
that in the AlbCre-negative livers, it was lower in bcl-
sfloxlflox y o] 18059 AlbCre, bel-s* mel-1Fex AlbCre,
and bel-xfolfex ol [foxlfox A[hCre livers. Rectangular
cells were rarely observed in bel-s<fox mcl- 1Festfiex Alp-
Crelivers. Furthermore, the expression of albumin and
transthyretin was examined in the liver as a marker for
hepatocyte differentiation.?! Consistent with histolog-
ical findings, both expressions were gradually reduced
from the AlbCre-negative livers to the bel-sfox ycl-
1foxtflex AlbCre livers (Fig. 4E,F).

We noticed that offspring obtained from crossing &c/-
o+ el- 17+ AlbCre mice and bel-x/eox mcl- 1foxflox
mice frequently died within 1 day after birth. To examine
the cause of the early neonatal death, offspring were sac-
rificed at 10 hours after birth. They were divided into two
groups according to the data shown in Table 1: expected
survivors including AlbCre-negative and bel-s™+ mel-
1+ AlbCre pups, and expected nonsurvivors including
bel-sdotfox gl [fox+ AlbCre, bel-s* mel-1512x AlhCre,
and bel-selfiox - 1foxlfex AlhCre pups. The levels of total
bilirubin and ammonia in circulation were determined
and compared between the groups. Both blood bilirubin
levels and ammonia levels were significantly higher in the
expected nonsurvivors than in the expected survivors (Fig.
5A,B). These results suggested that bel-™¥fex mcl-1fox/+
AlbCre, bel-s#"+ mcl-18o10x AlbCre, and bel-s"0% 1cl-
Mexlfox AlbCre mice died quickly after birth because of
hepatic failure, in agreement with the findings of im-
paired liver development.

Discussion

Five members of the anti-apoptotic Bcl-2 family have
been found: Bcl-2, Bel-xL, Bcl-w, Bfl-1, and Mdl-1. Tra-
ditional knockout of Bcl-2, a prototype of this family,
displays growth retardation, hair color abnormality, lym-
phocyte decrease, and polycystic kidney.”>* In agree-
ment with the finding that Bcl-2 is not expressed in
hepatocytes,'? these mice did not show any liver pheno-
types. Similarly, Bel-w?425 or Bl-1 knockout mice?® were
generated but no liver phenotypes have been reported.
Traditional knockout of Bel-xL or Mcl-1 caused more
severe phenotypes. Deletion of the écl-x gene resulted in
embryonic lethality because of abnormal neuronal devel-
opment and hematopoiesis.2” The mcl-1 knockout em-
bryo fails to be implanted 17 utero.?® Thus, study of
traditional knockout mice could not reveal the signifi-
cance of Bcl-xL or Mdl-1 in the liver.
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Fig. 3. Hepatocyte-specific Bel-xL/Mcl-1-deficient mice. Offspring from mating bel-x™Y+ mel-17%+ AlbCre mice and bel-xfo¥/fox mel- 1fox/fox mice
were sacrificed at the age of 6 weeks. (A) Western blot of whole liver lysate for the expression of Bel-xL and Mcl-1. (B} Serum ALT levels. N = 9
mice for each group. *P < 0.05 versus the other five groups. (C) Serum levels of caspase-3/7 activity. The levels were normalized to belxfov+
mcl-17%+ mice. N = 9 mice for each group. *P < 0.05 versus the other five groups. (D) Hematoxylin-eosin and TUNEL staining of the liver sections
for belxo¥' mck-1%¥+ AlbCre mice, Findings for belx™+ mcl-1%%+ mice are shown as a control. (E) Statistics of TUNEL-positive cells. The number of
TUNEL-positive cells was determined in a defined area. N = 5 or 6. *P < 0.05. (F) RT-PCR analysis for TNF-& expression. The levels were normalized to

the group of belxfew+ or flox me] gfiey+ or fox *p <~ 006, N = 9.

We previously reported that hepatocyte-specific
knockout of Bel-xL caused spontaneous apoptosis in
hepatocytes after birth and established that BelxL is crit-
ically important for the integrity of hepatocytes.!?> The
current study demonstrated that Mcl-1 plays an anti-ap-

optotic role in differentiated hepatocytes similar to that of
Bel-xL. During the preparation of this manuscript, a re-
port by Vick et al.?? appeared on the Web, demonstrating
a similar apoptosis phenotype in mice with specific
knockout of the mcl-1 gene in hepatocytes. Our findings
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Fig. 4. Hepatocyte-specific Bel-xL/Mcl-1-deficient embryos. Offspring from mating belxfey+ mcl-1%%+ AlbCre mice and belxo¥/Tox me]- 1o fox
mice were sacrificed on day 18.5 of gestation. Mice were classified into five groups. The belxe¥ + or flex . 1o+ or fox are indicated by Bel-xL +/+
Mel-1 4/ +; belxfe'+ mel-1%%+ AlbCre are indicated by Bekxt +/— Mel-1 +/—; bel-xfex/fox mef-1%%'+ AlbCre are indicated by BelxL —/ — Mcl-1
+/ —: belxfo¥'+ mcl-17eox AlbCre are indicated by BebxL +/— Mcl-1 —/—; bel-xfov'ox mcl-1fov/lox AlbCre are indicated by Bel-xL —/ — Mcl-1
—/ —. The numbers of embryos analyzed were 30 for Bel-xL +/+ Mcl-1 +/+, 11 for Bel-xl +/— Mch-1 +/—, 8 for Belxt —/ — Mcl-1 +/—,
9 for Bel-xL +/— Mcl-1 —/—, and 10 for Bel-xL —/ — Mcl-1 —/—. (A} Gross appearance of embryos. Representative photo for a litter is shown.
(B) Body weight. (C) The ratios of liver weight to body weight. *P < 0.05 versus Bel-xL +/+ Mcl-1 +/+; **P < 0.05 versus Bel-xL +/+ Mcl-1
+/+ and Bel-xl +/ — Mcl-1 +/ —. (D) Hematoxylin-eosin staining of the liver sections. (E) Westem blot of whole-liver lysate for albumin expression.
(F) Real-time RT-PCR analysis for transthyretin expression. The levels were normalized to the group of Bel-xL +/+ Mcl-1 +/+. *P < 0.05 versus
Bel-sL +/+ Mcl-1 +/+; **P < 0.05 versus Bel-xl +/+ Mcl-1 +/+ and Bel-xL +/— Mel-1 +/—.
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Fig. 5. Plasma biochemistry of hepatocyte-specific Bel-xL/Mcl-1-de-
ficient neonates 10 hours after bith. Group A (N = 13) was defined as
expected survivors including AlbCre-negative mice and belx™Y* mcl-
1+ AfpCre mice. Group B (N = 6) was defined as expected nonsur-
vivors including bel-x®¥fox mel-1%0%+ AlbCre, belxfev/+  mel-1fov/fox
AlbCre, bclxf¥fox mel-1foxfox AlhCre, (A) Plasma total bilirubin levels.
*P < 0.05, (B) Plasma ammonia levels 1n both groups. *P < 0.05.

are in agreement with theirs and further provide evidence
that deletion of a single allele for the mc/-1 gene fails to
produce apoptosis phenotypes under physiological condi-
tions, as observed in knockout of the bclx gene.’® Mcl-1
heterozygous disrupted mice did not produce apoptosis at
least until 16 weeks of age (our unpublished data). It was
demonstrated that hepatocyte-specific Mcl-1 knockout
mice showed higher levels of liver injury than control
mice on anti-Fas antibody injection.?? However, because
mice lacking both mcl-1 alleles possess preexisting liver
injury, it would be difficult to exactly compare liver injury
after anti-Fas antibody injection and to conclude whether
decreased Mcl-1 expression actually increases the suscep-
tibility to Fas. In the current study, we took advantage of
Mcdl-1 heterozygous disrupted mice to address this point.
They showed significantly higher levels of liver injury af-
ter Fas stimulation than wild-type mice, formally proving
the significance of Mcl-1 expression under pathological
conditions. Furthermore, our data on Mcl-1/Bid—defi-
cient mice implies that the Bid pathway is involved in
generating apoptosis found in Mcl-1 knockout mice. Be-
cause Bid mediates a variety of cellular stresses in hepato-
cytes upstream of Mcl-1,3%3! it will be interesting in
future study to determine what stresses generate hepato-
cyte apoptosis in Mcl-1 knockout mice.

Bcl-xL and Mcl-1 share similar structures and func-
tions.! The observations that either deficiency similarly

HIKITA. TAKEHARA, ET AL. 1225

leads to spontaneous hepatocyte apoptosis imply that
they play a non-redundant role in maintaining the in-
tegrity of hepatocytes in the adult liver. To further
understand the relationship of both molecules, we gen-
erated hepatocyte-specific Bcl-xL/Mcl-1 knockout
mice. Interestingly, mice lacking single alleles for both
genes (bcl-x*'~ mecl-1*/7) induced spontaneous hepa-
tocyte apoptosis that could not be distinguished from
that found in Bel-xL or Mcl-1 knockout mice. This
indicates that, whereas knockout of a single allele of the
bel-x or mel-1 gene did not produce apoptosis, knock-
out of two alleles of any combination among both
genes was sufficient to produce hepatocyte apoptosis.
This finding suggests that both molecules are not inde-
pendently but rather interdependently required for en-
suring integrity of differentiated hepatocytes.

Bcl-xL/Mcl-1-deficient mice as well as mice only having a
single allele of either bcf-x or mcl-1 gene displayed a decreased
number of hepatocytes and reduced liver size on day 18.5 of
gestation and appeared to develop lethal liver failure within 1
day after birth. Because the liver contains a large number of
hematopoietic cells during development (Fig. 4D), it is very
difficult to determine the expression levels of Bel-xL or
Mcl-1 specifically in hepatocytes in each knockout mouse.
Liver development begins on day 8.5 of gestation in the
mouse when the liver primordium is delineated from the
endoderm.?? The albumin promoter, which is active in both
hepatoblasts and hepatocytes, shows a 20-fold increase in
transcriptional activity from day 9.5 to day 12.5 of gestation.
The level of albumin then continues to increase as the liver
develops simultaneously with the biliary tree and the hepatic
bile duct being formed.>* Thus, the target genes could prob-
ably be successfully deleted during embryogenesis in the A/-
6Cre recombination system. The observation that Bel-xL/
Mcdl-1-deficient mice developed severer phenotypes than
Bel-xL—deficient or Md-1-deficient mice supports the idea
that Cre-mediated deletion of the target genes actually took
place during embryogenesis in our model. In contrast to the
knockout of two alleles, knockout of three alleles and more of
the bclx and mcl-1 genes induced lethal neonatal hepatic
failure. Thus, hepatocyte integrity appeared to be strictly
controlled by Bcl-xL and Md-1 in a gene dose-dependent
manner.

Hepatocyte-specific deficiency of both Bcl-xL and
Mcl-1 led to significant reduction of liver volume be-
cause of impaired hepatocyte development. However,
overall, mice with these phenotypes were capable of
developing normally until birth and rapidly developed
liver failure and died within 1 day after birth. This
finding suggests that differentiated hepatocytes are
critically required for maintaining host homeostasis af-
ter birth but not during embryogenesis. The placenta
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plays an important role in nutritional support and de-
toxification of the embryo. Our data imply thatit could
probably compensate for most functions of the liver
cells during embryogenesis, whereas the liver would
turn to the critical organ that is essential for maintain-
ing host homeostasis after birth. Bel-xL/Mcl-1 knock-
out mice provide interesting implications for the
difference in the impact of differentiated hepatocytes
between embryogenesis and the early neonatal period.
In conclusion, Mdl-1 and BclxL are two major Bcl-2
family proteins inhibiting hepatocyte apoptosis. Together
with previous work on traditional knockout mice, our data
imply that other members, if any, could not compensate for
their functions. Mcl-1 and Bel-xL cooperatively maintain
hepatocyte integrity during liver development and in adult
liver homeostasis, and their effects are gene-dose dependent.
Recent studies also have established that Mcl-1>7 and Bdl-
xL!834 are frequently overexpressed and confer resistance to
apoptosis in hepatocellular carcinoma. Therefore, Mcl-1and
Bcl-xL. are important apoptosis antagonists in a variety of
pathophysiological conditions of the liver.
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The most serious problem of nucleoside/nucleotide ana-
logue therapy for hepatitis B virus (HBV) infection s the
emergencee of drug-resistant mutant virus. Here, we deseribe
a patient with chronic-hepatitis B infection with o complex
drug-resistant mutant virus during sequential therapy with
lamivudine (3TC), entecavir (ETV) and adeflovir dipivoxil
(ADV). The patient was a 52-year-old male with positive
hepatitis B ¢ antigen and high HBV DNA (>7.6 log,, copics/
ml). Initiat 3TC monotherapy offered little benefit and 37C
resistance was established by the virus with rtA1817 and
not rtM204V/l. HBV DNA was reduced slightly by replace-
menl with ETV monotherapy and was followed by virological
breakthrough. At that time, rtA181T was undetectable.and
the virus with rtM204V and rtL180M became predominant.
ETV resistance was established by an additional r15202G

Introduction

Nucleoside/mucleotide analogues have a beter thera-
peutic effect on chronic hepatitis B virus (HBV) wlee-
tion than previously used drugs. They strongly suppress
HBV replication and retard disease progression [1,1);
however, the most serious problem associated with
nucleoside/nucleotide analogues is the emergence ol
drug-resistant viruses through long-term admmistra-
tion. Drug-resistant viruses for nucleoside/nucleotide
analogues occur as a result of amino acid substitu-
rions within the reverse transcriptase (R'F) domain ol
the HBV polymerase gene. Lamivadine (3TC) resist-
ance is primarily caused by murations rtM204V/1
and rtL180M, the latter of which is a compensatory
substitution 3,4]. Adefovir dipivoxil (ADV) resist-
ance is associated with the mutations rtA I8 TV/T and/
or rtN236T |5]. Entecavir (ETV) resistance is estab-
lished by substitution(s) at rt184, rt202 and/or rt250

00U e mtonal Medieat P 13509 6580 () 2040- 2058 {oling

mutation. Efficacy of subscquent combination therapy with
ADV and 3TC was limited beeause of reappearance of the
virus with rtA1817, which might confer cross-resistance
to 3TC and ADV. Final combination therapy with ETV and
ADV reduced HBV DNA o 3.7 log,, copies/ml for 5 months,
which was the most effective therapy for this paticat.
Thus, two kinds of mutant viruses {rtM204V-related and
rA181T-related) appeared alternately in this patient.
Combination therapy with ETV and ADV might have been
effective because these drugs share therapeutic roles, that
is, ETV affeets (he rtA181T-related virus and ADV affects
the rtM204V-related virus. This is the first report suggest-
ing clinical significance of combination therapy with ETV
and ADV for controlling replication of the complex drug-
resistant mutant HBV.

e addition 1o ITC-resistant substitutions, rtM204V
and rel. 180M |6].

Recently, the substitution at red81 has been reported
to confer cross-resistance not only to ADV, but also
1o other nucleosidemucleotide analogues {7,8]. Some
investipators have suggested that 3TC resistance can
oceur not ondy with rtM204V/L but also with rtA IR
[9,10]. A more recent report has shown that reA 1S TV/T
is involved in resistance to maltiple deags, including
JTC, ADV and wenofovir disoproxil fumarate, although
the degree of drup resistance varies considerably among
FIBV straing mooatro |8,

In this report, we deseribe a chronic HBV parient
who has a complex drug-resistant murant virus that
was identiied during sequential therapy with three
nucleoside/nucleoride analogues. In this parient, two
kinds of murant viral strains based on the riM204V and
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rtA181T substitutions appeared alternately. We also
refer to the clinical usefulness of combination therapy
with ETV and ADV for the mutant HBV strain.

Patient clinical course

The patient was a 52-year-old male who first visited
Osaka University Hospital (Osaka, Japan) in September
2004. He had been diagnosed as a chromic HBV carrier
5 years earlicr. He was a chrome drimker, with alcohol
consumption of approximately 65 g/day. He had also
suffered from rype-2 diabetes mellitus for >10 years
and had undergone msulin therapy for 10 months.
The laboratory data at his first visit were alanine anu-
notransferase (ALT) 68 1U/A (normal level <40 1U/),
aspartate ammotransferase (AST) 75 TU/ (normal level
<40 UM, y-glutamyl transpeptidase (GGT) 189 1U/
(normal level <50 1U/), fasting plasma glucose (FPG)
239 mg/dl (normal level <110 mp/dl), glycated hac-
moglobin (HbAlc), 10.3% (normal range 4.3-5.8%)
and HBV DNA>7.6 log,, copies/ml. Hepatitis B surface
antigen (HBsAg) and hepatitis B ¢ antugen (HBeAg)
were positive, whereas antibodies against HBsAg (ann-
HBs), HBcAg (anti-FiBe), hepatiris C virus and HIV
were negative. Liver histology showed mild piecemeal
necrosis, mild lobular mfammation and mild portal
fibrosis; however, steatosis was found in only <5% of
the hepatocytes. 3TC (100 mg/day) therapy was com-
menced 1 October 2004, Sequencing “analysis before
therapy revealed no drug-resistance-associated muta-
tons. After starting 3TC therapy, HBV DNA decreased
to 6.5 log,, copies/ml in February 2006 and increased
agam to >7.6 log,, copiesfml i April 2006. ALT levels
were almost abnormal and on one occasion flared up 1o
472 1U/ 1n December 2005 despite cessaton of drink-
mg. rtM204V/1 was not detected by repeated PCR-en-
zyme-linked minisequence assay [ 1], but tAI8IT was
found by sequencing analysis in October 2006. At this
point, 3TC was switched to ETV monotherapy (0.5 mg/
day). The laboratory data at the beginning of ETV
administration were ALT 64 1U/L, AST 78 1U/l, GGT
268 1U/l and HBV DNA>7.6 log,, copies/ml. Diabetes
mellitus was improved (FPG 123 mg/dl and HbAlc
6.9%) because of a strict diet. During ETV therapy,
HBV DNA decreased to 5.6 log,, copies/ml in Febru-
ary 2007, but virological breakthrough was observed
i August 2007 (HBV DNA 6.7 log , copies/ml). As
for drug-resistance-associated mutations, rtM204V
and rtlL.180M were detected in September 2007, and
rt$202G was detected m January 2008 despite an
increasing dose of ETV (1 mg/day). ETV administra-
tion was stopped in March 2008 and replaced by com-
bination therapy of 3TC (100 mg/day) with ADV (10
mg/day). The laboratory data ar that rime were ALT
29 TUA, AST 49 1U/, GGT let 1U/l and HIBV DNA
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7.0 log,, copies/ml. The combination therapy led to a
slight decrease 1n HBV DNA to 5.6 log,, copies/ml in
June 2008. In September 2008, rtA181T was detected
agamn, whereas rtL180M, rtS202G and rtM204V were
not detected. From October 2008, a combination ther-
apy with ADV {10 mg/day) and ETV (0.5 mg/day) was
carried out. HBV DNA decreased from 5.8 to 3.7 log,,
copies/ml for S months.

In this patient, ALT fluctuated withm the normal to
slightly abnormal range (<60 IU/l) during ETV mono-
therapy and subsequent combinauon therapy. Improve-
ment of liver function was observed despite poor control
of HBV replication and appeared to be greatly artrib-
uted 1o recovery from alcoholic and diabetes mellitus-
related liver diseases. Throughout the follow-up period,
no side effects from the nucleoside/nucleotide analogues
were observed. The chimcal course of the patient is sum-
marized i Figure 1.

Serological and virological assays for HBV

HBsAg, ant-HBs, HBeAg and anti-HBe were determined
by chemiluminescent immunoassays. HBV DNA was
quantified by a PCR-based method (Amplicor HBY
monitor; Roche Diagnostics, Basel, Switzerland). The
3TC-resistant rtM204V/ substitution was examined by
PCR-enzyme-linked mimisequenceassay [11]. Nucleotide
sequences of the entire RT region were determined by PCR
directsequencing. Theprimers BES (5-AAGAGACAGTC
ATCCTCAGG-3', nucleotides 3183-3202) and BRS
(5 TTGCGYCAGCAAACACTTGG-3, nucleotides
1195-1176) were used for the amplification. The
sequencing analyses were done using sera collected in
October 2004, October 2006, September 2007, Janu-
ary. 2008 and September 2008 (designated as P1 1o PS§,
respectively; Figure 1),

Results of sequencing analyses

Sequencing data showed that the patient was nfected
with HBV genotype C according to phylogenetic
tree analysis (data not shown). The results of serial
sequencing analyses from P1 to PS are shown in
Figure 2. The virus with rtA181T and rtF221Y was
detected at P2, By contrast, the virus with rtL180M,
rtM204V, rth229V and L2691 became predomi-
nant at P3. At P4, rtS202G was added, although it
occurred incompletely; however, the dominant virus
at P5 possessed rtA181T and riF221Y and was identi-
cal to that at P2.

We also compared HBV DNA scquences around
rt180 and rt181 obtained at P1-P§ (Figure 3). Ar P2
and PS, two types of mutations were identified: one was
an A670 mutation causing rtA181T and an in-frame
stop codon formation at codon 172 of the § gene, and
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the other was a C669/A670 double mutation, which
resulted 1n 1tA181 but avoided the stop codon forma-
tion 1n the S gene. At P3 and P4, the A667 mutation,
which led to rtL180M, was detected.

Discussion

In this paper, we have described a chronic hepatitis B
patient with a complex drug-resistant mutant virus.
In this patient, minial 3TC monotherapy offered lit-
tle beneft and virological breakthrough was observed
afrer admunistraton. 3TC resistance was not caused by

Complex drug-resistant HBV and its responsiveness to ETV plus ADV

rtL180M mught have already coexisted as a minor
population before ETV therapy, and that the virus with
rtAI81T mught have been reduced because of its sus-
ceptibility to ETV. Indeed, the virus with rtA181V/T
has been reported to be sensitive to ETV w wvtro [8].
The ETV resistance-specific rt$202G was not yet seen
at the time of virological breakthrough. It was observed
a short time later, resulting n the establishment of ETV
reststance, although the reasons for virological break-
through prior to the detection of the ETV-resistant
HBV strain remams to be understood.

Subsequently, combination therapy wih ADV and

3TC was done because ADV has been reported to
have an effect on ETV resistance [12,13]; however, its
efficacy was limited and the virus with reAISIT reap-
peared. The virus with reM 204V, rtl 18SOM and rtS202G
became undetectable. This might be because the virus
with rtM204V, rtL180M and rtS202G was susceptible

rtM204V/1 bur by rtAISTT. After 3TC was replaced
by ETV, HBV DNA decreased to 5.6 log,, copies/ml,
followed by virological breakthrough for a short period
of ume. At that tume, tAT81T was not derecred, and
the virus with rtM 204V and rilL180M was predonu-
nant. This indicates that the virus with rtM204V and

Figure 1. Clinical course ol a patient with a complex drug-resistant mutant HBV during sequential therapy with 31C, F1V and ADV
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Figure 2. Amino acid sequences of the RT region of the HBV polymerase gene at serum sampling points P1-P5
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Figure 3. DNA and amino acid sequences around the positions ri180 and rt181 at serum sampling points P1-P5
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to ADV, whereas the virus with rtA181T revealed
resistance to 3TC and possibly ADV. Final combination
therapy with ETV and ADV resulted in a decrease in
HBV DNA to 3.7 log,, copies/ml for 5 months, which
was the most effective therapeutic regimen for this
patient. Thus, two kinds of drug-resistant viral strains,
the rtA181T-related stramn and the rtM204V-related
stram, appeared alternately in this panent. It is norte-
worthy that combination therapy with ETV and ADV
was effective agamst such a complex mutant HBV. This
mught be because of the sharing of therapeutic roles of
these drugs: ETV for the rtA181T-related stramm and
ADV for the rtM204V-related strain.

rtAT181T, which 1s generally caused by the A670
mutation, results 1 the m-frame stop codon formation
at codon 172 of the § gene. In this patient, the virus
with the C669/A670 double mutanon, which could
produce the surface protem, coexisted with the virus
with the A670 mutation alone. A similar virus with the
T669/A670 double mutation, which compensates for
the defect of surface protein production, has also been
reported |7,14].

In summary, we have reported on a complex drug-
resistant murtant HBV related 1o both riA 81T and
rtM204V substitutions in a paticnt with chronic HBY,
who recaived sequential therapy of nucleoside/nucle-
otide analogues. We also showed for the first time that
combination therapy with ETV and ADV nught be of
climeal sigmficance for controlling replication of com-
plex murant HBV.
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Abstract

MHC class I-related chain A (MICA) is a ligand for the NKG2D-
activating immunoreceptor that mediates activation of natu-
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 hepatocellular carcinoma (HCC) display high levels of
soluble MICA in circulation, 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
ADAM10 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 knockdown experiments
revealed that ADAMIO is a critical sheddase for both MICA
and CD44 in HCC cells. Of interest is the finding that
epirubicin clearly downregulated ADAMIO expression and
MICA shedding in HCC cells; its suppressive effect on MICA
shedding was abolished in ADAMI10-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 ADAMI10, which is critically involved
in MICA ectodomain shedding. Epirubicin therapy may have a
previously unrecognized effect on antitumor immunity in HCC
patients. [Cancer Res 2009;69(20):8050-7]

introduction

Hepatocellular carcinoma (HCC) 1s one of the leading causes of
cancer deaths worldwide. Chironic liver disease caused by hepatitis
virus infection and nonalcoholic steatohepatitis leads to a
predisposition for HCC, with liver cirthosis, mn particular, being
considered a premalignant condition (1, 2). With regard to

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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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
techmgque for more advanced HCC (3). The liver contans a large
compartment of mnate immune cells [natural killer (NK) cells and
natural 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 mechamism by which the host immune system
recogmzes 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 mn
circulation downregulates NKG2D expression and disturbs
NKG2D-mediated antitumor immunity (9, 10, 13). We previously
reported that soluble MICA could be detected m 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 1s 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
«3 doman 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 silencing of the ADAMI10 and ADAMI17 proteases (20). Ths
suggests that ADAM family proteins may be a therapeutic target for
enhancmg antitumor immunity, but how to therapeutically
modulate these protemns 1s still not clear. Furthermore, it remamns
to be determined whether ADAMs can regulate MICA shedding in a
clinical setting,

In the present study, we showed that ADAMI0, but not ADAM17,
was critically required for MICA shedding in human HCC cells. Of
mmportance is the discovery that epirubicin, a widely used anti-
HCC drug, was capable of downregulating ADAMI0 expression and
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Anti-HCC Chemotherapy Modulates MICA Shedding

activity in HCC cells; it can thus inhibit MICA shedding and
enhance NK sensitivity. ADAM10 was immunohistochemically
detected in HCC tissues and a correlation was observed between
soluble MICA levels and ADAM10 activity determined by soluble
CD44 levels in HCC patients. The present study sheds light on
previously unrecognized effects of an anticancer drug on
modulating ADAM family proteins and MICA shedding and thus

suggests a promising aspect for chemoimmunotherapy against
human HCC,

Materials and Methods

Liver ti and i histochemistry. Human HCC tissues (2 = 8)
and normal liver tissues (n = 2) obtained at surgical resection were used.
Informed consent, under an institutional review board-approved protocol,

Figure 1. Expression of ADAM10 and
CD44 iy human HCC tissues and ADAM10
or ADAM17 knockdown in-human HCC
cells.'A; immunohistochemical detectiorn 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 panels).
Both primary antibodies were incubated
with recombinant CD44 and ADAM10
proteins and then applied to liver sections

i ADAM

Control 10KD Control

in parallel as the absorption test (botiom
panels). Representative images are
shown. B and C, expression of ADAM10 or
ADAM17 in human primary hepatocyte and
HCC cell lines (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
ADAM10 or ADAM17 siRNA-treated cells
(ADAM10KD of ADAM17KD, black dotted
line) and contro! siRNA-treated cells
(Control, gray line), respectively, Closed
histograms, control IgG staining. D, the
expression of membrane-bound CD44 on
HCC cells treated with ADAM10 siRNA
(ADAM10KD, black line) or control siRNA
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was obtained from- all patients before sample acquisition. Liver sections
were subjected to immunohistochemical staining using the ABC procedure
(Vector Laboratories, Burlingame; CA): The primary antibodies used were
anti-ADAM10 and anti-CD44 (R&D: Systems). To confirm the specificity of
the staining, primary antibodies were incubated with recombinant CD44 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. Human HCC cell lines HepG2 and PLC/PRF/5 were
purchased from the American Type Culture Collection and were cultured with
DMEM supplemented with 10% fetal bovinie serum (GIBCO/Life Technologies,
Grand Island, NY) in a humidified incubator at 5% CQO3 and 37°C.

RNA silencing; The small interfering RNA (siRNA) method was used
to knockdown ADAMI0- and ADAMI7. Stealth RNAi oligonucleotide
targeting ADAMI10 or ADAMI17 and scrambled oligonucleotides as a

control were purchased from Invitrogen (Carlsbad, CA). Cells were
transfected by RNAi Max transfection reagent (Invitrogen) with 50 nmiol/L
siRNA. At 24° h postiransfection, the cells were analyzed for specific
depletion of the mRNAs of ADAMI0 and ADAMI17 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-
3 ADAM17; 5-UGAACAAGCUCUUCAGGUGGUUCUC-3' scramble control,
5-UGAUUAGAACUCUCGACUGGUGCUC-3'.

ELISA. The supernatants of cultured cells were harvested at 24 h after
tranisfection with siRNA as well as sera from HCC patients (r = 97) and age-
matched healthy volunteers (r = 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

Cancer Res 2009; 69: (20). October 15, 2009

8052

www.aacrjournals.org

- 166 -



Anti-HCC Chemotherapy Modulates MICA Shedding

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 ADAM10 or ADAM17, cells
were fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences, San
Jose, CA) and stained with PE-conjugated anti-ADAMI0 or anti-ADAM17
antibody (R&D Systems). Flow cytometric analysis was performed using a
FACScan flow cytometer (Becton Dickinson).

Plasmid construction of pMyc-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 Hindlll-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
mutagenésis 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-C), Clontech; Mountain View, CA) was cotransfected to evaluate
the transfection efficiency.

Immunoprecipitation. Cells or tissues were homogenized in lysis buffer
containing 1% NP40, 05%. sodium' deoxycholate, 0.1% SDS, 50 pg/mL
aprotinin, 100 pg/mL phenylmethylsulfonyl fluoride, 1 mmol/L: sodium
orthovanadate, 50 mmiol/L ~sodium - flioride, 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). Immunoeprecipitation with anti-c-Myc beads was
performed for 1 h at-4°Ci Immunocomplexes were eluted by a c-Myc-
tagged peptide solution (MBL, Woburn, MA). The samples after immuno-
precipitation. were treated 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-Mye
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 KK, Tokyo, Japan) and was reverse transcribed using SuperScript
1T 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 ADAM10 (Hs00153853_m1), ADAM17 (Hs00234221_m1),
MICA (Hs00792195_ml), B-actin (Hs99999903_m1l), and CD44
(Hs00174139_m1) mRNAs 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 guantified as an endogenous control of
internal RNA.

WST-8 assay. HepG2 and PLC/PRF/5 cells were treated with different
conicentrations 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
mononiiclear. 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 *'Crieleasing assay with or
without MICA/B-blocking antibody (6D4; ref. 7), which binds to the al
and a2 domains of MICA and MICB. 6D4 was a generous gift from Dis.
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
HCC cells. A, the cytotoxicity of epirubicin to human HCC
cells was evaluated by WST-8 assay. Cells were treated
with different doses of epirubicin (solid lines) or vehicle
(DMSO; doited lines) for 24 h; and the viability of the
cells was evaluated by the WST-8 assay. B, ADAM10
expression of epirubicin-treated HCC cells. Cells were
treated with a nontoxic dose of 1 ug/mL epirubicin

(black lines) or vehicle (DMSO, gray lines} for 24 h and
their ADAM10 expression was evaluated by flow cylometry
(top panels): Closed histograms, control 1gG staining. Total
RNA was extracted at 24 h'of epirubicin treatment and
mRNA levels of ADAM10 were evaluated by real-time
RT-PCR (bottom panels). *, P < 0.05.
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ELISA (middle panels). *; P < 0.05. B, HepG2
cells were transfected with pMyc-MICA and
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or vehicle (DMSO) for 24 h. Cell lysates from
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epirubicin- or vehicle-treated HepG2 cells were
immunoprecipitated with anti-Myc. The resulting
immunoprecipitates were eluted, treated with
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had been tested with equal variance and Fisher’s exact probability test. We
defined statistical significance as P < 0.05.

Restlts

ADAMI0 and CD44 are overexpressed in human HCC,

ADAMI0 was detected in all human HCC tissues tested by
immunohistochiemistry but not in normal liver tissues (Fig. 14).
Flow cytometric analysis revealed that ADAMIO 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
ADAMIO protease, was also expressed in all human HCC tissues

but not in normal liver tissues (Fig.' 14). The data suggest that
overexpression of ADAM10:and CD44 is a characteristic of human
HCC like other malignancies (22).

ADAMI10 is involved in MICA shedding of HCC cells but
ADAMI7 is not. To examine the involvement of ADAM family
proteins in MICA ectodomain shedding, ADAMI0 or ADAMI7 were
knocked down in HCC cells using a siRNA-mediated procedure.
ADAMI0 expression was clearly suppressed in HepG2 cells and
PLC/PRE/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, ADAMI10 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
ADAMI0 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/PRF/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
ADAMI10 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
involvement of ADAM17 in MICA shedding of phorbol 12-myristate
13-acetate (PMA)-stimulated HCC cells becauseADAM17 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 (SupplementaryFig. -S2).-Thus, ADAMIO, but not
ADAM17, is critically 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 ADAMI0KD-
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 ADAMIOKD-
HepG2 cells, although we.could not exclude the possibility of the
involvement of MICB in this cytotoxicity (Fig. 2C). Similar results
were also obtained with ADAM10KD-PLC/PRE/5 cells,

Epirubicin suppresses ADAMI10 expression in HCC cells, We
examined the biological modification of human HCC cells by adding
epirubicin, which is commonly used in anti-HCC chemotherapy. We
first examined the cytotoxicity of epirubicin to human HCC cells by
WST-8 assay. Adding >5 j1g/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
HepG2 cells and PLC/PRF/5 cells were cultured for 24 h with
epirubicin and then subjected to analysis of ADAMIO expression.
Epirubicin suppressed ADAMI0 expression at the mRNA and protein
levels in both cell lines (Fig, 3C), Although the data are not shown,
doxorubicin also suppressed ADAMI0 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/PRF/5 cells were more susceptible to NK cells
than nontreated HepG2 or PLC/PRF/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

Figure 5. The epirubicin-mediated modification of
MICA is ADAM10 dependent. HepG2 cells were:
transfected with ADAM10 siRNA (ADAM10KD) or
control siRNA (Coniroly and further cuitured with

1 ug/mL: of epirubicin (black linesy or vehicle (DMSO,
gray line) for 24 h. The expression of membrane-bound
MICA (MICAY was evaluated by flow cytometry (A),
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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 through
suppression of ADAMI0. To examine whether the suppressive
effect of epirubicin on MICA shedding occurred through down-
regulation of ADAM10, 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 ADAMI10KD-HepG2: cells;, These results
suggest that the suppressive effect of epirubicin on MICA shedding
is mediated by ADAMI0 downregulation.-We: also' found similar
results with ADAM10KD-PLC/PRE/5 cells (data not shown).

Soluble CD44 and soluble MICA levels in'patients with HCC,
We have shown that ADAMI10 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 ADAMIO
was reported to b the constitutive functional sheddase of CD44(23),
we éxamined the soluble CD44 levels in HCC patients, which might
be prodiiced from tumor cells through ADAMIO activity. As shownin
Fig. 64, the soluble CD44 levels in HCC patients (= 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 ADAM10 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 during the 2-week interval (n = 9; 306.7. &
82.5 ng/mL and 309.9 * 79.9 ng/mL after 2. weeks), they were
significantly “decreased in - epirubicin-based TACE-treated - HCC
patients (rz = 21; 339.7 + 78.1 ng/mL before TACE and 3089+
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 ADAMIO0-
mediated  CD44 shedding was decreased: after. TACE . in HCC
patients, implying that this reduction of ADAMIO 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
arid that ADAMI0 knockdown resulted in increased expression of
membrane-bound MICA, decreased production of soluble MICA,
and upregalation of NK sensitivity of human HCC cells. These
Fesults point to ADAMI10 as a therapeutic target for inhibiting MICA
shedding, thereby ameliorating immunity against HCC. Waldhauer
and colleagues recently showed that both ADAMIO and ADAMI7
proteases are critically involved in the proteolytic release of soluble
MICA of human 293T fibroblast cells and HeLa cervix carcinoma
cells (20). Interestingly; in the present study, ADAMI7 knockdown
failed to affect MICA expression in human HepG2 cells or PLC/PRF/
5 cells. Thus, ADAMI0, not ADAM17, plays an essential role in the
shedding of MICA in human HCC cells. Anderegg and colleagues
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Figure 6. Corelation between soluble CD44 and soluble MICA in human HCC
patients. A and B, soluble CD44 levels and MICA levels in healthy volunteers
and HCC patients: Soluble CD44 levels (sCD44) and soluble MICA levels
(SMICA) were determined for sera of HCC patients (n = 97) and age-matched
healthy volunteers (HV; n = 82). 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: HCC 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 level of sMICA before
TACE treatment — serum level of sMICA after. TACE treatment} and those in
sCD44 levels (AsCD44 = serum level of sCD44 before TACE treatment — serum
level of sSCD44 after TACE treatment) are piotted.

(23) reported that only ADAMIO, not ADAMI7, 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 ADAM17 proteases. Recently, Boutet and colleagues
reported that ADAMI17 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 mn regulating NKG2D expression
after HCC therapy. This led us to focus on the mechamsm of MICA
shedding in the present study.

Our results revealed that anticancer drugs such as epirubicin
and doxorubicin downregulated ADAMIO expression and activity,
thereby nhibiting MICA ectodomain shedding, The ADAM family
protems, which are highly expressed in some tumors, play a role in
secreting growth factors, such as HB-EGF, and migration of cells,
Thus, it 1s speculated that these proteins could be potential targets
for tumor treatment (22), The present study 1s the first to show that
clinically available anticancer drugs have an ability to modulate the
expression of ADAM family proteins. They seem to suppress
ADAMIO expression at-a transcriptional level, but the precise
mechanism of this suppresston is not yet known.

The MICA ELISA system may not equally detect all soluble MICA
(MICA molecules have >60 allelic variants). Our finding that soluble
MICA could be detected 1n 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 1s well known to be released into
circulation from tumors by proteolytic cleavage of ADAMI0 (23), the
activity of ADAM10 i 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 1s 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 mmmunity. in liver tissues resulted in eliciting tumor-
specific acquired mmmunity (21). If liver innate mmunity 1s
efficiently activated after anti-HCC chemotherapy, an additional
antitumor effect aganst HCC cells could be expected. Immune
modulators such as o-galactosylcerammde have been shown to
efficiently activate liver mnate immune cells, including NK cells (21,
26). The combination therapy of anti-HCC chemotherapy and
immunotherapy 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 m enhanced NK sensitivity of HCC cells
through inhibition of the activity of ADAMI10 protease followed by
modification of MICA expression.” These findings indicate that
efficient “activation ‘of liver  mnate  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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