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raised: (1) ADAMO activates some protease, which cleaves
MICA in the extracellular domain to produce soluble
MICA, or (2) 39 kD MICA, which lacks a cytosolic do-
main, is susceptible to extracellular domain cleavage by
some protease. To clarify this, we transfected pMyc-
MICA or pMyc-MICA with a stop codon at the ADAMY
cleavage site (pMyc-MICA-del) into control HepG2 or
ADAMOIKD HepG2 cells. Soluble MICA was detected in
the supernatants of pMyc-MICA~transfected control
cells, but not of pMyc-MICA~transfected ADAM9KD
cells (Fig. 3D). In contrast, pMyc-MICA-del transfection
resulted in ectodomain shedding of MICA irrespective of
ADAMY activity. Accordingly, these results suggested
that ADAM9 does not directly cleave MICA at the extra-
cellular domain. More importantly, the ADAMO9-depen-
dent truncation of cytosolic domain of MICA rendered

XD KD
PMye-MICA pMyc-MICA-del

this molecule susceptible to cleavage to produce soluble
MICA.

ADAMY Is Overexpressed in Human HCC and NK
Sensitivity of ADAM9KD HCC Cells. ADAMY was
detected in all human HCC tissues (N = 11) tested by
immunohistochemistry, but not in normal liver tissues
(Fig. 4A). The data suggest that overexpression of
ADAMSY is a characteristic of human HCC, similar to
other malignancies.2? We next evaluated the cytolytic ac-
tivity of NK cells against HCC cells. The cytolytic activity
of NK cells against ADAM9KD-HepG2 or PLC/PRF/5
cells was significantly higher than that against control
cells. The cytolytic activities of NK cells against
ADAMOIKD cells were inhibited by blocking of anti-MI-
CA/B Ab in both HepG2 and PLC/PRF/5 cells, suggest-
ing that the increase of NK sensitivity depended on the

- bl4 -



1270  KOHGA, TAKEHARA, ET AL.

Absorption

B HepG2 PLC/PRF/S
60 e :
= % 60 sk
£ 40 * Z
< * E 40 %
o [y
s 20 &QL\-W & 20
o 061 301 251 100:1  50:1 25:1
E:Tratio E:Tratio

Fig. 4. Expressions of ADAM9 in human HCC tissues and NK sensi-
tivity in ADAM9 KD HCC cells. (A) Immunchistochemical detection of
ADAMS in human HCC tissues (N = 11). Liver sections were stained with
the corresponding antibodies (left panels). Primary antibodies were
incubated with recombinant ADAMY protein and then applied to liver
sections in parallel as the absorption test (right panels). Representative
images are shown. (B) HCC cells (HepG2 and PLC/PRF/5) treated with
ADAMO siRNA or control siRNA were subjected to ®ICrrelease assay
against NK cells. The cytolytic activity of NK cells against control HCC
cells (B8) or ADAMY KD HCC cells without (4 ) or with blocking antibody
of MICA/B (6D4) (A).*P < 0.05 versus the cytolytic activity of NK cells
against contral HCC cells at each respective ET ratio. Representative
results are shown. Similar results were obtained from three independent
experiments.

increased expression of membrane-bound MICA on
ADAMOIKD HCC cells (Fig. 4B), although we could not
exclude the possible involvement of MICB in this cyto-
toxicity.

Sorafenib Inbibits MICA Ectodomain Shedding
and Enbanced Susceptibility to NK Cells of HCC
Cells. The above observations led us to investigate whether
sorafenib treatment would affect MICA ectodomain shed-
ding in HCC cells. We first examined the cytotoxicity of
sorafenib to human HepG2 cells by WST-8 assay. Adding
more than 4 pmol/L of sorafenib resulted in 2 significant
decrease in cell growth of HepG2 cells (Fig. 5A). Based on
these findings, we used 1 sumol/L of sorafenib to evaluate the
biological effect on HepG2 cells without toxicity. ADAM9
expressions in sorafenib-treated HepG2 cells were decreased
in a dose-dependent manner at protein levels (Fig. 5B). The
mRNA of ADAMSY was also decreased in sorafenib-treated
HepG2 cells (Fig. 5B). We previously reported that anti-
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HCC chemotherapy including epirubicin and doxorubicin
reduced ADAMIO0 expression resulting in inhibiting the
shedding of MICA on human HCC cells.2* We also exam-
ined ADAM]10 expression in sorafenib-treated HepG2 cells.
The protein and mRNA expressions of ADAM10 did not
change between sorafenib-treated HepG2 cell and non-
treated HepG2 cells (Supporting Fig. 1).

Sorafenib treatment also led to an increase in mem-

* brane-bound MICA expression and a decrease in soluble

MICA production in HepG2 cells in a dose-dependent
manner (Fig. 6A). Increased membrane-bound MICA ex-
pression and a decrease of soluble MICA were observed in
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Fig. 5. Expression of ADAMS in sorafenib-treated HCC cells. (A) The
cytotoxicity of sorafenib to HepG2 cells was evaluated by WST-8 assay.
Cells were treated with different doses of sorafenib (dotted line) or
vehicle (DMSO; solid line) for 24 hours, and the viability of the cells was
evaluated by WST-8 assay. (B) HepG2 cells were treated with 0.5 or 1
umol/L sorafenib or vehicle (DMSO) for 24 hours and their protein and
mRNA expressions of ADAMY by western blotting (upper panel) and
real-time RT-PCR (lower panel), respectively. Representative results are
shown. Similar results were obtained from three independent experi-
ments, *P < 0.05.
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Fig. 6. Expression of MICA in sorafenib-treated HCC cells and NK
sensitivity in sorafenib-treated HCC cells. (A) HepG2 cells were treated
with 0.5 or 1 umol/L sorafenib or vehicle (DMSQ) for 24 hours and their
expressions of membrane-bound MICA and the production of soluble
MICA in the culture supernatant were evaluated by flow cytometry and
specific ELISA, respectively. Closed histograms indicate control IgG
staining in flow cytometry. Similar results were obtained from two inde-
pendent experiments. *P < 0.05. (B) Control HepG2 or ADAMOKD
HepG2 cells were treated with 1 wmol/L sorafenib or vehicle (DMSO) for
24 hours, and their expressions of membrane-bound MICA and the
production of soluble MICA in the culture supematant were evaluated by
flow cytometry and specific ELISA, respectively. Closed histograms indi-
cate control IgG staining in flow cytometry. Similar results were obtained
from two independent experiments. *P < 0.05. (C) The cytolytic activity
of NK cells against sorafenib-treated HepG2 cells were evaluated by
S1Cr-release assay. Vehicle-treated cells (4), sorafenib-treated cells (0.5
umol/mL sorafenib [B], 1 pmol/ml sorafenib [€]), 1 ug/mL sor-
afenib-treated HepG2 cells with blocking antibody of MICA/B (6D4) (&),
respectively. *P < 0.05 versus the cytolytic activity of NK cells against
vehicle-treated HepG2 cells at each E:T ratio. Representative results are
shown. Similar results were obtained from three independent experi-
ments.

sorafenib-treated control HepG2 cells, but not in
ADAMIKD-HepG2 cells (Fig. 6B), suggesting that an
increase of membrane-bound MICA expression and a de-
crease of soluble MICA in sorafenib-treated HepG2 cells
depended on ADAMOY expression. NK-mediated effector

functions are regulated by a balance between inhibitory
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and stimulatory signals. NK cells can recognize MHC
class I molecules on target cells via surface receptors that
signals to suppress NK cell function.?425 We also exam-
ined the human leukocyte antigen (HLA) class I expres-
sions on sorafenib-treated HepG2 cells by flow
cytometry. The expression of HLA class I on sorafenib-
treated HepG2 cells was similar to that on nontreated
HepG2 cells (Supporting Fig. 2), suggesting that sor-
afenib did not affect the expression of HLA class I mole-
cule.

We next evaluated whether the sorafenib treatment
could also modify the NK sensitivity of human HCC
cells. The cytolytic activities of NK cells against sorafenib-
treated HepG2 cells were significantly higher than those
against nontreated HepG2 cells (Fig. 6C). The cytolytic
activity against sorafenib-treated HepG2 cells was de-
creased to the control levels by adding anti-MICA block-
ing antbody. These results demonstrated that adding
sorafenib enhanced the NK sensitivity of HepG2 cells via
increased expression of membrane-bound MICA. The
sorafenib-treated PLC/PRF/5 HCC cells also showed
similar results to those obtained from sorafenib-treated
HepG2 cells (data not shown).

Discussion

MICA shedding is thought to be the principal mecha-
nism by which tumor cells escape from NKG2D-
mediated immunosurveillance.!? In this study, we dem-
onstrated that ADAMY was overexpressed in human
HCC tissues and that ADAMY knockdown resulted in
increased expression of membrane-bound MICA, de-
creased production of soluble MICA, and up-regulation
of NK sensitivity of human HCC cells. These results
point to ADAMY as a possible therapeutic target for in-
hibiting MICA shedding, thereby increasing immunity
against HCC.

We identified the ADAMY cleavage site of MICA in
vitro, which is located at the intracellular domain of
MICA. ADAMY protease is usually located in the extra-
cellular area, but we revealed that ADAMY protease is
required for the production of not only the 37 kD soluble
MICA but also the 39 kD MICA in HCC cells. Based on
our present data, it is speculated that ADAMY protease
may enable intracellular cleavage of MICA protein by
activating some intracellular protease which can recognize
a similar ADAM9-cleavage site of MICA or by direct
cleavage of MICA by activating ADAMY while the intra-
cellular domain of MICA shifts to the extracellulararea by
a flip-flop mechanism such as that observed with lipids.?¢
Further study is needed to clarify the detailed mechanism
of the intracellular cleavage. On the other hand, ADAM9
does not directly cleave MICA at the extracellular do-
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main, and the ADAM9-dependent truncation of the cy-
tosolic domain of MICA rendered this molecule
susceptible to cleavage to produce soluble MICA. These
results suggested that 39 kD MICA, which lacks a cyto-
solic domain, is susceptible to extracellular domain cleav-
age by some unidentified protease. Interestingly, this
unidentified protease is independently activated after
ADAMSY activation. This is the first report to show the
involvement of ADAMY in the shedding of MICA in
cancer cells, which might offer new insights of the detailed
escape mechanism of human HCC cells from the im-
mune-surveillance system.

One of the important findings of the present study is
that sorafenib, a new molecular targeted anticancer drug,
could remodel HCC cells by down-regulating ADAM9
expressions, thereby inhibiting MICA ectodomain shed-
ding and enhancing sensitivity to NK cells. Liu et al.
demonstrated that the antitumor activity of sotafenib in
human HCC might be attributed to inhibition of tumor
angiogenesis via blocking of VEGF receptor or PDGF
receptor and direct effect on HCC cell proliferation/sur-
vival through a Raf kinase signaling—dependent and/or
Raf kinase signaling—independent mechanism.?” How-
ever, early clinical study revealed that sorafenib treatment
did not inhibit the progtession of HCC tumor, although
sorafenib prolonged the median overall survival of pa-
tients with advanced HCC.?!-*® This might be partly be-
cause sorafenib may not be distributed to HCC tissues
enough to induce apoptosis of HCC cells. The ADAM
family proteins, which are highly expressed in some tu-
mors, play a role in secreting growth factors, such as hep-
arin-binding epidermal growth factor, and migration of
cells. This study is the first to demonstrate that clinically
available molecular targeted anticancer drugs have the
ability to modulate the expression of ADAM family pro-
teins and NK sensitivity of tumor cells even if HCC cells
were treated with a nontoxic dose of sorafenib. Sorafenib
seemed to suppress ADAMY expression at a transcrip-
tional level, but the precise mechanism of this suppression
is not yet known. Because sorafenib enhances NK sensi-
tivity of HCC cells, if liver NK cells are efficiently acti-
vated during sorafenib treatment, an additional
antitumor effect against HCC cells could be expected. We
previously demonstrated that immune modulators such
as a-galactosylceramide can efficiently activate liver in-
nate immune cells including NK cells.?-3° The combina-
tion therapy of anti-HCC molecular targeted therapy and
immunotherapy targeting activation of NK cells might
improve the antitumor effect against unresectable HCC
and the prognosis of patients with HCC.

In spite of recent progress and early successes re-
ported for HCC therapies, there remains significant
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room for improvement, especially with respect to ad-
vanced liver cancer. We have shown here that ADAM9
plays essential roles in MICA shedding in human HCC

cells and that anti-HCC molecular targeted therapy

enhances NK sensitivity of HCC cells via inhibition of
the activity of ADAMY protease followed by modifica-
tion of MICA expression. These findings indicate that
modulation of MICA shedding mediated by ADAMY
might represent a particularly promising approach to
suppressing tumor growth and promoting regression in

patients with HCC.
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Background & Aims: Bcl-xL, an anti-apoptotic member of the
Bcl-2 family, is over-expressed in human hepatocellular carcinoma,
conferring a survival advantage to tumour cells. The mechanisms
underlying its dysregulation have not been clarified. In the present
study, we explored the involvement of microRNAs that act as
endogenous sequence-specific suppressors of gene expression.
Methods: The expression profiles of microRNAs in Huh7 hepa-
toma cells and primary human hepatocytes were compared by
microarray analysis. The effect of let-7 on Bcl-xL expression was
examined by Western blot and a reporter assay. The involvement,
of let-7 microRNAs in human tissues was analysed by western
blot and reverse transcription-PCR.

Results: Microarray analysis, followed by in silico target predic-
tion, identified let-7 microRNAs as being downregulated in
Huh7 hepatoma cells in comparison with primary human hepa-
tocytes, as well as possessing a putative target site in the bcl-x!
mRNA. Over-expression of let-7c or let-7g led to a clear decrease
of Bcl-xL expression in Huh7 and HepG2 cell lines. Reporter
assays revealed direct post-transcriptional regulation involving
let-7c or let-7g and the 3'-untranslated region of bcl-xI mRNA.
Human hepatocellular carcinoma tissues with low expression of
let-7¢ displayed higher expression of Bcl-xL protein than those
with high expression of let-7c, suggesting that low let-7 micro-
RNA expression contributes to Bcl-xL over-expression. Finally,
expression of let-7c enhanced apoptosis of hepatoma cells upon
exposure to sorafenib, which downregulates expression of
another anti-apoptotic Bcl-2 protein, Mcl-1.

Keywords: Liver; Mcl-1; Bcl-2; Tumour; Epigenetic.
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Conclusions: let-7 microRNAs negatively regulate Bcl-xL expres-
sion in human hepatocellular carcinomas and induce apoptosis in
cooperation with an anti-cancer drug targeting Mcl-1.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Intreduction

MicroRNAs {(miRNAs), a novel class of non-coding, small RNAs,
repress gene expression by binding to the 3’-untranslated region
(3'UTR) of target messenger RNAs (mRNAs) [1]. More than 500
miRNAs have been identified in humans. Each miRNA is capable
of modulating the expression of many mRNAs to which it binds
by imperfect sequence complementarity, although only a limited
number of targeted genes has been identified. Through its activity
of gene silencing, miRNA functions in a variety of ceflular
processes, such as development, organ homeostasis, and cancer
development and progression [2]. In the context of cancer devel-
opment and progression, miRNAs targeting oncogenes function
as tumour suppressors, whereas those targeting tumour suppres-
sor genes serve as oncogenes [3]. Accumulating evidence has
revealed the aberrant expression of miRNAs in human hepatocel-
lular carcinoma (HCC) [4-6]. miR-122a has been reported to be
downregulated in HCC, in turn, leading to upregulation of cyclin
G1 [7]. On the other hand, recent reports have demonstrated that
miR-21 [8], miR-221 [9], and miR-224 [10] are upregulated in HCC,
leading to downregulation of PTEN, CDK inhibitors, and API-5,
respectively. Furthermore, the miRNA expression signature was
reported to be related to the clinical outcome of patients with
HCC [11,12]. Thus, miRNAs may play an important role in HCC
development and progression by modulating a variety of gene
expression and cellular processes.

Apoptosis resistance is an important characteristic of tumour
cells, in addition to dysregulated proliferation and aberrant dif-
ferentiation. Apoptosis is regulated by a fine balance of Bcl-2
family proteins, such as anti-apoptotic Bcl-xL and Mcl-1 and pro-
apoptotic Bak and Bax. We previously demonstrated that Bcl-xL

Journal of Hepatology 2010 vol. 52 | 698-704



is over-expressed in one-third of human HCC and confers resis-
tance to hepatoma cells toward a variety of apoptotic insults
generated by serum starvation and p53 activation [13].
Patients with Bcl-xL-overexpressing HCC were shown to have
significantly shorter disease-free survival after surgery [14].
Recently, it was proposed that autophagy defect is another mech-
anism of the malignant phenotype of Bcl-xL-overexpressing HCC
through interaction between Bcl-xL and Beclin1 [15]. The under-
lying mechanisms of Bcl-xL over-expression in HCC are not
clearly understood. Several reports show that transcription fac-
tors such as NF-xB [16] and STAT3 [17] could upregulate Bcl-xL
expression in hepatoma cells. In addition, hepatitis C virus-
related proteins, such as core [18] and NS5A [19], could upregu-
late Bcl-xL at a transcriptional level. However, we noticed that
Bcl-xL-overexpressing hepatocarcinoma tissues do not always
display upregulation of bcl-x! mRNA [13]. This observation led
us to examine the possibility that post-transcriptional regulation
by miRNAs may be involved in Bcl-xL expression in human HCC.

In the present study, we demonstrate that let-7 family mi-
RNAs, a prototype of human miRNAs [20], negatively regulate
Bcl-xL expression in human HCC. let-7 miRNAs are downregu-
lated in human hepatoma cells and tissues in association with
enhanced expression of Bcl-xL. Over-expression of let-7 miRNAs
in hepatoma cells downregulates Bcl-xL in a bcl-xI 3'UTR
sequence-specific manner and enhances apoptosis induced by
sorafenib, a recently approved anti-cancer drug for HCC [21].
The present study demonstrates for the first time that let-7 mi-
RNAs directly target Bcl-xL and induce apoptosis in cooperation
with an anti-cancer drug targeting Mci-1 in HCC.

Materials and methods
miRNA target predictions

The algorithms miRanda (http://www.microma.org/), Pictar (http://pictar.mdc-
berlin.def), and TargetScan (http:/fwww.targetscan.org/) were used to predict
miRNAs that could potentially bind to bcl-xi mRNA.

Cell lines and tissues

Primary human hepatocytes were obtained from ScienCell Research Laboratories
(Carlsbad, CA) and cultured with the provided medium. Human hepatoma cell
lines, Huh7 and HepG2, were cultured with Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated foetal bovine serum (Sigma,
St. Louis, MO). HCCs and adjacent non-tumour counterparts were obtained at
the time of surgical resection. Written informed consent was obtained from each
patient. All tissues were stored at —80 °C until the time of use.

RNA extractions

Total RNA including the miRNA fraction was isolated from cell lines and tissue
samples using the miRNeasy Mini Kit (QIAGEN, Valencia, CA). After extraction,
the quality of each RNA sample was checked using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA).

miRNA microgrray analysis

RNA labelling and hybridisation were performed using a human miRNA micro-
array kit and a miRNA complete labelling and hybridisation kit (Agilent Technol-
ogies). After washing with Gene Expression Wash Buffer, the slides were scanned
with an Agilent Microarray Scanner and analysed by GeneSpring GX software.
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Western blot

Cells or tissues were lysed and Western blotted as previously described [22). For
immunodetection, the following antibodies were used: anti-Bcl-xL polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Mcl-1 polyclonal anti-
body (Santa Cruz Biotechnology), anti-Bak polyclonal antibody (Millipore, Bille-
rica, MA), anti-Bax polyclonal antibody (Cell Signaling Technology, Danvers,
MA). Optical densities of bands in each blot were analysed using Image] 1.40g
(NIH, Bethesda, MD).

Real time reverse transcription (RT)-PCR assays for mature miRNAs

To quantify the expression of mature miRNA, we synthesised ¢cDNA from 10 ng
of RNA sample using the TagMan MicroRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). Quantitative PCR was performed with TagMan
MicroRNA Assays (Applied Biosystems) specific for let-7c (P/N 4373167) and
let-7g (PIN 4395393). To normalise the expression levels of miRNAs, we used
TagMan MicroRNA Assays specific for RNUEB (P/N 4373381} as the endogenous
control.

Real time RT-PCR assays for bcl-xI mRNA

We reverse-transcribed RNA with High Capacity RNA-to-cDNA Master Mix
(Applied Biosystems), and bcl-xI mRNA expression was measured using TagMan
Gene Expression Assays (Applied Biosystemns, Assay ID: Hs99999146_m1). We
also quantified g-actin mRNA as an endogenous control (Assay ID:
Hs99999903_m1).

Transfections with miRNAs

Huh7 and HepG2 cells were transfected with 50 nM Pre-miR miRNA precursor
molecules (Ambion, Austin, TX) of either let-7c or let-7g using RNAIMAX (Invitro-
gen, Carlsbad, CA) in six-well plates according to the manufacturer's instructions.
Pre-miR negative control (Ambion) was also used as a control.

Luciferase assay

To generate the pMIR-Bcl-xL-3'UTR construct that contains the putative binding
site of bel-xl 3'UTR downstream of the firefly luciferase gene, we synthesised oli-
gonucleotides to mimic the target sequence and inserted them into the Spel-
Hindlll site of pMIR-REPORT Luciferase vector (Ambion). We also generated a
PMIR-Bcl-xL-3'UTR mutant that has a point mutation in the putative binding
site, using the QuickChange Multi Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA).

Each of these constructs was transfected into Huh7 cells together with 50 nM
Pre-miR miRNA precursor molecules and pMIR-REPORT B-Gal vector (Ambion),
which contains the p-galactosidase gene for normalisation of transfection effi-
ciency. Transfection was performed using Lipofectamnine 2000 (Invitrogen). We
measured firefly luciferase activity 24 h after transfection using the Luciferase
Assay System (Promega, Madison, WI) and normalised it to the p-galactosidase
expression level. .

In vitro staurosporine or sorafenib treatment

Huh?7 cells were transfected with 50 nM Pre-miR miRNA precursor molecules as
described above, and 48 h after transfection, the medium was changed to DMEM
containing staurosporine (Calbiochem, Gibbstown, NJ) or sorafenib. Sorafenib was
kindly provided by Bayer HealthCare Pharmaceuticals Inc. (Wayne, NJ). Cells were
additionally cultured and assayed for apoptosis by monitoring the activity of cas-
pase-3/7 using a luminescent substrate assay for caspase-3 and caspase-7 {Cas-
pase-Glo assay, Promega, Madison, WI), or by flow cytometry using the
Annexin V-PE Apoptosis Detection Kit I (BD Biosciences, San Jose, CA). We defined
apoptotic cells as Annexin V-PE-positive and 7-amino-actinomydn D (7-AAD)-
negative cells. Cell viability was determined by the WST assay using cell count
reagent SF (Nacalai Tesque, Kyoto, Japan).
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Statistical analysis

Data are presented as mean £ SD. Comparisons between two £TOUps were per-
formed by the unpaired t-test. Multiple comparisons were performed by
ANOVA with the Scheffe post hoc test. p<0.05 was considered statistically
significant.

Results

let-7 miRNAs were downregulated in hepatoma cells with
upregulated expression of Bcl-xL,

As observed in human HCC tissues, Bcl-xL was over-expressed,
according to Western blot analysis, in Huh? and HepG2 human
hepatoma cell lines compared to normal hepatocytes (Fig. 1A).
Previous research established that 30 and 32 kDa species are ori-
ginal and post-translationally modified Bcl-xL, respectively [23].
Mcl-1 was also over-expressed in human hepatoma cells, but
the levels of expression of Bak and Bax did not differ between
hepatoma cells and normal hepatocytes. We reasoned that mi-
RNA regulating Bcl-xL expression would be downregulated in
those hepatoma cell lines. To search for the candidate miRNA,
microarray analysis was performed. More specifically, miRNA
expression in Huh7 cells and normal hepatocytes was compared,
When levels of expression less than 50% were considered signif-
icant, 26 miRNAs were identified as being downregulated in
Huh7 cells: let-7b, let-7g, let-7i, miR-127-3p, miR-214, miR-376q,
miR-381, miR-409-3p, miR-376¢, miR-493% miR-432, miR-487b,
let-7d, let-7a, let-7f, let-7c, miR-200a, let-7e, miR-134, miR-503,
miR-34a, miR-638, miR-150%, miR-1225-5p, miR-21*, and miR-223.
Among them, in silico analysis revealed that only the let-7 family
is capable of potentially targeting the 3'UTR of the bcl-xI mRNA,
To confirm the results of the microarray analysis, quantitative
real time RT-PCR was performed to evaluate the expression of
let-7c and let-7g (Fig. 1B). After normalisation to endogenous
RNUGB expression levels, the expression levels of both miRNAs
were substantially lower in Huh7 cells than in normal hepato-
cytes. These results were consistent with the results of microarray
analysis. Furthermore, the expression levels of both miRNAs were
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Fig. 1. Expression of Bcl-xL and let-7 miRNAs in cultured human hepatocytes
and hepatema cells. Human hepatoma cell lines, Huh7 and HepG2, and normal
hepatocytes (NH) were cultured and then lysed. (A) Western blot analysis for Bcl-
2 family proteins. Bcl-xL migrates as a doublet band {see text). (B) Real time RT-
PCR analysis for let-7c and let-7g expression. After normalisation to endogenous
RNU6B expression, the expression of each miRNA in hepatoma cells was
expressed in comparison to the levels observed in normal hepatocytes.

found to be downregulated in another human hepatoma cell line,
HepG2, compared to normal hepatocytes.

let-7c and let-7g downregulate Bcl-xL expression by directly
targeting the 3'UTR of bcl-xl mRNA

To examine whether let-7 miRNAs are capable of suppressing
translation of Bcl-xL, hepatoma cell lines were transfected with
let-7c or let-7g or the negative control. Three days after transfec-
tion, Huh7 cells showed a decrease in Bcl-xL protein levels in
both the let-7c-transfected group and the let-7g-transfected
group in comparison with the negative control group (Fig. 2A),
The transfection of let-7c and let-7g showed suppression of Bcl-
XL protein levels in HepG2 cells as well (Fig. 2B). It did not affect
expression of Bak and Bax, but increased Mcl-1 expression, which
may be a secondary phenomenon of suppression of Bel-xL. Nor-
mal hepatocytes were also transfected with let-7c or let-7g (Sup-
pl. Fig. 1). The transfection led to a decrease in Bcl-xL expression
in normal hepatocytes, but the decline was lesser than that
observed in hepatoma cells. This finding may be explained by
the observation that endogenous expression of let-7¢ and let-7g
was extremely high in normal hepatocytes.

To examine whether the downregulation of Bcl-xL by let-7c or
let-7g is caused by direct binding to a putative targeting site in
the bcl-xl mRNA, we constructed the luciferase reporter plasmid
pMIR-Bcl-xL-3'UTR containing the putative let-7 binding site of
bel-xI 3'UTR downstream of the luciferase open reading frame
(Fig 3A). The pMIR-Bcl-xL-3'UTR construct was cotransfected
with the control pMIR-REPORT B-gal vector into Huh7 cells
together with let-7¢ or let-7g or the negative control. When let-
7c or let-7g Pre-miR was cotransfected with pMIR-Bcl-xL-3'UTR,
the expression of firefly luciferase was significantly reduced com-
pared to the negative control cotransfected group. There was no
difference in firefly luciferase expression levels when pMIR-
REPORT, which does not contain the putative let-7 binding site,
was cotransfected with let-7c, let-7g or the negative control
(Fig. 3B). We also generated a pMIR-Bdl-xL-3'UTR mutant with
a single base mutation in the seed region of the putative binding
sequence to investigate whether the downregulation of firefly
luciferase can be attributed to the insert (Fig. 3A). A single base
mutation prevented the downregulation of firefly luciferase
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Fig. 2. Over-expression of let-7 miRNAs downregulates Bcl-xL expression in
hepatoma cells. Hepatoma cell lines Huh7 (A) and HepG2 (B) were transfected
with let-7c, let-7g, or negative control miRNA at 50 nM and cultured for 3 days.
Expression levels of Bcl-2 family proteins were determnined by Western blot
analysis.
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PMIR-REPORT pMIR-~BelxL pMIR-BeixLMut

Fig. 3. Sequence-specific suppression of bcl-xI gene expression by let-7c or let-7g miRNAs. (A) The putative target site of bel-xI mRNA 3'UTR determined by
computational predictions. The target sequence was cloned into pMIR-REPORT vector {(pMIR-Bcl-xL-3/UTR). pMIR-Bcl-x1-3/UTR mutant was also generated with a single
mutation (indicated by a bold character) in the target site. {B) Each of these constructs was transfected into Huh?7 cells together with let-7c, let-7g or negative control miRNA
{NC). At 24 h after transfection, the activity of firefly luciferase was measured and normalised to B-galactosidase expression levels (n= 3). *p <0.05.

induced by let-7¢ or let-7g, which strongly suggests a direct inhib-
itory effect of let-7 on Bcl-xL expression (Fig. 3B).

Downregulation of let-7c miRNA in human HCC tissues
overexpressing Bel-xL but not bcl-xI mRNA

To investigate the relationship between let-7 expression levels
and Bcl-xL protein levels in human HCC samples, we used 22
pairs of surgically resected human HCC tissue samples and adja-
cent non-tumour tissue samples with highly preserved RNA.
Compared to the non-tumour counterparts, bcl-xI mRNA was
found to be over-expressed in HCC tissue samples in only two
cases; Bcl-xL was also over-expressed at the protein level in these
cases, To assess the significance of let-7 in post-transcriptional
regulation of Bcl-xL in vivo, we selected 20 pairs of HCC tissue
samples that did not over-express bcl-xI mRNA. When these sam-
ples were divided into two groups according to relative let-7¢
expression levels, the relative expression of Bcl-xL protein was
significantly higher in the let-7c low expression group than in
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Fig. 4. Expression of Bcl-xXL, bcl-xI mRNA and let-7 miRNAs in human HCC
tissue. Relationship between let-7 and Bel-xL expression in human HCC tissue
. samples. HCC tissue samples that did not show transcriptional upregulation of
bel-x! mRNA were divided into two groups according to relative let-7c expression
levels with the threshold set at a 0.4-fold change in the tumour to non-tumour (T/
NT) ratio. Relative expression of Bcl-xL protein and bcl-xI mRNA was calculated as
the optical densities of the Bcl-xL blots normalised with the p-actin blots and
those of real time RT-PCR assays, respectively, and are shown as the ratio of
expression in the tumour to non-tumour expression in logo scale. "p < 0.05.

the let-7c high expression group (Fig. 4). By contrast, there was
no significant difference in bcl-xI mRNA expression between the
two groups. We also examined the relationship between relative
let-7g expression and Bcl-xL expression. The let-7g low expres-
sion group tended to over-express Bcl-xL protein compared to
the let-7g high expression group, although the difference did
not reach statistical significance (data not shown). These results
are consistent with the hypothesis that let-7 miRNAs negatively
regulate Bcl-xL expression independent of transcriptional
regulation.

let-7c miRNA sensitises human Huh? cells to sorafenib, which
downregulates Mcl-1 expression

To investigate the effect of let-7 in the resistance of hepatoma
cells to apoptosis, we transfected Huh7 hepatoma cells with let-
7c miRNAs and then subjected them to apoptosis analysis and a
cell viability assay. There was no significant difference in cas-
pase-3/7 activation or cell viability between let-7c miRNA-trans-
fected Huh7 cells and control miRNA-transfected Huh7 cells
(represented by the DMSO-treated group of Fig. 5A and B). These
results are in agreement with our previous finding that anti-sense
oligonucleotide-mediated knockdown of Bcl-xL sensitised hepa-
toma cells to apoptotic stimuli, such as serum starvation and
p53 activation, but did not induce apoptosis by itself [13]. Next,
we exposed miRNA-transfected Huh7 cells to staurosporine,
which is a well-established apoptosis inducer. Staurosporine
treatment induced apoptosis, as determined by caspase-3/7 acti-
vation and decreased the viability of Huh7 cells by itself, but let-
7c miRNA-transfected Huh7 cells were more susceptible to
staurosporine treatment than control miRNA-transfected cells.
let-7c miRNA-transfected Huh7 cells showed a significant
decrease in cell viability, even upon exposure to low-dose of
staurosporine at which control miRNA-transfected Huh7 did
not show a significant difference in cell viability (Fig. 5B). In addi-
tion, the activation of caspase-3/7 was more intense in let-7c
miRNA-transfected Huh7 cells than in control miRNA-transfected
Huh?7 cells (Fig. 5A). Thus, suppression of let-7 expression leading
to over-expression of Bcl-xL, may be a mechanism by which hep-
atoma cells resist apoptotic stimuli. While normal hepatocytes
were more sensitive to staurosporine than hepatoma cells, trans-
fection of let-7 miRNA did not affect sensitivity to staurosporine
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Fig. 5. Introduction of let-7 miRNAs sensitises hepatoma cells to apoptotic
stimuli. (A and B) Response to staurosporine treatment. Huh7 cells were
transfected with let-7¢c (grey bars) or control miRNA (white bars) for 48 h and
then further treated with staurosporine or DMSO alone for 12 h. The activities of
caspase-3 and -7 were determined by luminescent substrate assays for caspase-3
and -7 (n=4) {A). Cell viability was determined by the WST assay (n=4} (B).
“p < 0.05. (C and D) Response to sorafenib treatment. Huh7 cells were transfected
with let-7c or control miRNA for 48 h and then further treated with sorafenib
(5 pM) or DMSO alone for 48 h (C) or 72 h (D) 7-AAD negative cells were gated
and the positive cell rate for annexin V-PE was determined (n=4) (C). Cell
viability was determined by the WST assay (n =4) (D). *p <0.05. E. Western blot
analysis for Bcl-2 family proteins in lysates of Huh7 cells treated with sorafenib.

in normal hepatocytes (Suppl. Fig. 2), which is in agreement with
the modest decline of Bcl-xL expression described earlier.

To examine the impact of let-7 family miRNAs as a therapeutic
tool, we investigated the effect of let-7 miRNAs on apoptosis
resistance to sorafenib, a recently approved anti-cancer drug for
HCC. It has been reported that sorafenib was capable of downreg-
ulating Mcl-1 expression in tumour cells [24], and HCC has been
reported to over-express Mcl-1, which is another anti-apoptotic
Bcl-2 protein capable of conferring resistance to apoptosis [24-
27}. In agreement with these findings, sorafenib treatment clearly
downregulated Mcl-1 expression in hepatoma cells, but did not

affect Bcl-xL expression (Fig. 5E). In contrast, sorafenib treatment
did not affect Mcl-1 expression in normal hepatocytes (Suppl.
Fig, 3). We hypothesised that let-7 miRNA targeting Bcl-xL may
induce apoptosis of hepatoma cells in cooperation with sorafenib.
Apoptosis determined by Annexin V staining did not increase in
let-7c miRNA-treated Huh7 cells compared to control miRNA-
treated cells (represented by the DMSO-treated group in Fig. 5C).
Sorafenib treatment of Huh7 cells led to a slight increase in the
annexin V-positive cell rate, although the difference did not reach
statistical significance levels under our experimental conditions
(Fig. 5C). Of importance is the finding that sorafenib-induced
apoptosis was markedly enhanced in let-7c miRNA-transfected
cells. In addition, sorafenib treatment significantly reduced the
viability of Huh7 cells and this decrease was markedly enhanced
in cells transfected with let-7c miRNA (Fig. 5D). This finding
implies that let-7 miRNA transfection potentiates sorafenib-
induced apoptosis and toxicity in hepatoma cells,

Discussion

Anti-apoptotic members of the Bcl-2 family, which consists of
five members, Bcl-2, Bcl-xL, Mcl-1, Bel-w, and Bfl-1, are critically
involved in the mitochondrial pathway of apoptosis [28]. Cancer
cells frequently over-express one or more members of this family
to acquire a survival advantage [29], These proteins are over-
expressed in a variety of ways, including genetic translocation,
particularly in the case of Bcl-2, and transcriptional regulation.
Unlike the case of the bcl-2 gene, mutations or amplification of
the bcl-x gene have not been demonstrated in tumour cells, With
regard to miRNA regulation, previous research clearly demon-
strated that Bcl-2 is a direct target of miR-15 and miR-16. The
expression levels of miR-15 and miR-16 inversely correlate with
Bcl-2 expression in chronic lymphocytic leukaemia [30]. More
recently, Mcl-1 was reported to be suppressed by miR-29 [31].
Our present study is the first demonstration of miRNA-mediated
regulation of Bcl-xL expression. Since Bcl-xL is over-expressed
not only in HCC but also in other tumours, the present findings
may shed light on the mechanisms of Bcl-xL over-expression in
other malignancies. _

While more than 500 human miRNAs have been identified,

‘ let-7 is a prototype of human miRNA and was first identified in

2001 [32]. let-7 miRNAs are downregulated in several malignan-
cies. A highly characterised example is non-small cell fung cancer
in which downregulation of let-7 miRNAs is well correlated with
poor prognosis in patients [33]. In HCC, some reports showed
downregulation of let-7, while others did not [7]. In the present
study, let-7c miRNA was under-expressed at less than 40% of
the normal level in approximately half of the HCC tissues. Further
study is needed to determine the clinical significance of let-7
miRNA in HCC, Several target genes have been identified for let-
7 miRNA, including Ras [34], Myc {35], HMGA2 [36], CDC25A,
and CDK6 [37]. The major function of this miRNA is to promote
cell proliferation. Since these proteins could act as oncogenes in
tumour cells, let-7 miRNA is believed to serve as a tumour sup-
pressor [38]. In the present study, we have demonstrated that
bcl-xl is a direct target for let-7 miRNA, implying that this well-
known tumour suppressor miRNA directly regulates apoptosis,
another important process in malignancy.

Sorafenib is a recent FDA-approved anti-cancer drug for HCC
{21]. It functions as a multi-kinase inhibitor and can induce
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apoptosis at least in part by downregulating Mcl-1 in tumour
cells [24]. Like Bcl-xL, several reports have identified Mcl-1 as
being over-expressed in some HCCs [25-27]. Since Bcl-xL and
Mcl-1 share a similar structure and functions, we reasoned that
downregulation of both proteins would efficiently kill hepatoma
cells. To verify this hypothesis, we treated hepatoma cells with
sorafenib and let-7 miRNA. As expected, sorafenib treatment
downregulated Mcl-1 expression as early as 2 h post-treatment;
however, it did not efficiently induce apoptosis. Transfection of
let-7 miRNA itself was not capable of inducing apoptosis of hep-
atoma cells despite a clear reduction in Bcl-xL expression. Impor-
tantly, let-7 miRNA substantially increased sensitivity to
sorafenib. Since both lez-7 miRNA and sorafenib may have pleio-
tropic effects on gene expression and cellular processes, down-
regulation of Bel-xL and Mcl-1 may not be a single mechanism
for killing hepatoma cells. However, our study revealed that
Bcl-xL-targeting miRNA, let-7, controls resistance of hepatoma
cells to this novel class of anti-HCC drug.

In conclusion, we have demonstrated that let-7 miRNA nega-
tively regulates Bcl-xL expression in HCCs. Reconstitution of let-
7 miRNA may reduce apoptosis resistance to anti-cancer drugs
targeting Mcl-1 in HCC. Further study is needed to examine the
significance of let-7 miRNA expression for predicting responses
to sorafenib therapy in patients with HCC,
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Expression of CD133 confers malignant potential by
regulating metalloproteinases in human hepatocellular carcinoma

Keisuke Kohga®, Tomohide Tatsumi', Tetsuo Takehara, Hinako Tsunematsu, Satoshi Shimizu,
Masashi Yamamoto, Akira Sasakawa, Takuya Miyagi, Norio Hayashi*

Department of Gastroenterology and Hepatology, Osaka University Graduate School of Medicine, Osaka 565-0871, Japan

Background & Aims; Although CD133 expression is identified as
a cancer stem cell marker of hepatocellular carcinoma (HCC), the
detailed characteristics of HCC cells expressing CD133 remain
unclear.

Methods: We examined the malignant characteristics of CD133-
expressing HCC cells.

Results: CD133-expressing cells could be detected with low
frequency in 5 HCC tissues. We derived two different HCC cell
lines by (1) transfection of CD133 siRNA in PLC/PREF/5 cells
(CD133si-PLC/PRF/5), and (2) by a magnetic cell sorting method
that allowed to divide Huh7 cells into two CD133 positive (+)
and negative {(—) groups. CD133 knockdown in PLC/PRF[5 cells
resulted in a decrease of the mRNA and protein expressions of
matrix metalloproteinase (MMP)-2 and a disintegrin and
metalloproteinase (ADAM)9. We next examined the malignant
characteristics related to decreasing MMP-2 and ADAMS in HCC
cells. In CD133si-PLC/PRF/5 cells and CD133- Huh?7 cells, inva-
siveness and vascular endothelial growth factor (VEGF) produc-
tion, which are both related to the activity of MMP-2, were
inhibited compared to CD133-expressing HCC cells. We previ-
ously demonstrated that ADAMS protease plays critical roles in
the shedding of MHC class I-related chain A (MICA) which regu-
lates the sensitivity of tumor cells to natural killer cells (NK).
Decreasing ADAMS expression in CD133si-PLC/PRF/5 cells and
CD133— Huh7 cells resulted in an increase in membrane-bound
MICA and a decrease in soluble MICA production. Both
CD133si-PLC/PRF/5 cells and CD133- Huh7 cells were suscepti-
ble to NK activity, depending on the expression levels of mem-
brane-bound MICA, but CD133-expressing HCC cells were not.
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Conclusion; These results demonstrate that CD133 expression in
HCC cells confers malignant potential which may contribute to
the survival of HCC cells.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Chronic liver disease caused by hepatitis virus infection and non-
alcoholic steatohepatitis leads to a predisposition for hepatocel-
fular carcinoma (HCC) [1]. With regard to treatment, surgical
resection, percutaneous techniques such as ethanol injection
and radiofrequency ablation and transcatheter arterial chemo-
embolization (TACE) are well established and improve the prog-
nosis of HCC patients [2]. HCC is an aggressive tumor with early
vascular invasion and metastasis, and the expression of angio-
genic factors such as vascular endothelial growth factor (VEGF),
may help predict the prognosis of HCC patients [3]. Elucidation
of the tumor biology of HCC is impottant to develop better ways
to treat it.

The existence of cancer stem cells (CSCs) has been reported for
many cancers [4], including those of the breast, brain, colon, pan-
creas, and blood. CSCs have been characterized in solid tumors
using a variety of stem cell markers including CD133 [5].
CD133+ HCC cells isolated from human HCC cell lines and xeno-
graft tumors possess a greater colony forming efficacy, a higher
proliferative output, and a greater ability to form tumors
in vivo [6-8]. Preliminary studies have demonstrated that the
expression of ATP-binding cassette drug transporters is high in
CD133+ cells, and that it increases the resistance of CD133+ CSCs
to chemotherapeutic agents [9]. Chemo-resistant CD133+ HCC
cells displayed preferential activation of the Akt/PKB and Bcl-2
pathway, promoting cell survival by suppressing apoptosis [10].
Hence, the significance of CD133 expression in cancer cell seems
to be important for the development of cancer. A clearer under-
standing of the characteristics of CD133-expressing HCC is there-
fore required to establish new cancer therapies against HCC,

The metalloprotease family includes various types of prote-
ases, such as the matrix metalloproteinases (MMPs) and a disin-
tegrin and metalloproteinases (ADAMs), and have been reported
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to be involved in tumor-induced angiogenesis, tumor invasion,
and tumor escape mechanisms from immune cells in various can-
cers [11,12]. Although the expression of metalloproteinase has
been reported in human HCC [13], the significance of their pres-
ence in CD133-expressing cells remains unclear.

In the current study, we evaluated the malignant characteris-
tics of CD133-expressing human HCC cells, which have a greater
ability of invasion and VEGF production via MMP-2 activation. In
addition, these cells were resistant to the cytolytic activity of NK
cells by acting upon the ADAM9Y/MHC class I-related chain A
(MICA) pathway. The present study shed light on the significance
of CD133 expression on HCC cells and led to a new strategy for
developing treatments against human HCC.

Materials and methods
" HCC cell lines

Hurnan HCC cell lines, PLC/PRF/5 cells, Huh7, HepG2, and Hep3B cells were cul-
tured with Dulbecco's modified Eagle's medium supplemented with 10% fetal
bovine serum (Gibco/Life Technologies, Grand Island, NY) in a humidified incuba-
tor at 5% CO, and 37 °C.

Immunohistochemistry

Five human HCC liver tissue samples (Table 1) were surgically resected after
informed consent, under an Institutional Review Board-approved protocol, had
been obtained. The liver sections were subjected to immunohistochemical stain-
ing by the ABC procedure (Vector Laboratories, Burlingame, CA) using the anti-
CD133 antibody (Ab) (ABGENT, San Diego, CA) and the anti~-CD90 Ab (AbD Sero-
tec, Oxford, UK). The expressions of CD133 were quantified as previously
described [14].

Flow cytometry

For the detection of CD133 or MICA in HCC cells, the cells were incubated with
PE-conjugated anti-CD133 Ab (Miltenyl Biotech, Aubum, CA) or anti-MICA Ab
(2C10, Santa Cruz Biotechnology, Santa Cruz, CA), and then subjected to flow
cytometric analysis performed using a FACscan flow cytometer {Becton-Dickin-
son, San Jose, CA). We analyzed positive cell rates by using the control staining
as previously described [15].

RNA silencing

The small interfering RNA (siRNA) method was used to knockdown CD133, MMP-
2 and ADAMS expressions of PLC/PRF/5 cells as previously described [16]. The fol-
Jowing types of siRNA were used: CD133 knockdown PLC/PRF/5 (CD133si-PLC/
PRE[5), 5-UUUCUGUGGAUGUAACUUUCAGUGU-3’; MMP-2 knockdown PLC/
PRF/5 (MMP-2si-PLC/PRF/5), 5'-UAGUGUGUCCUUCAGCACAAACAGG-3'; ADAMY
knockdown PLC/PRE/5 (ADAMOsi-PLC/PRE/5), 5'-UGUCCAAACACAUUAAUCCCGC-
CUG-3; control-PLC/PRF/[5, negative universal control.

Table 1. Clinical background of HCC patients.

Sex Age Eeology Non-cancerous tissue

male 73 HCV LC
T HC

fenale 15 HBV Lc

HBV, hepatitis B virus; HCV, hepatitis C virus; NBNC, patients without HBV and
HCV; LG, liver cirrhosis.
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Cell separation

(D133+/- Huh7 cells were isolated by magnetic cell sorting using CD133 Micro-
Beads according to the manufacturer’s instructions (Miltenyl Biotech). The iso-
lated D133+~ Huh7 cells were injected subcutaneously into nude mice to
evaluate the tumorigenicity of each cell. We found that CD133+ Huh7 cells were
more tumorigenic than CD133~ Huh?7 cells (Fig. 1A).

Western blotting

Cells were lysed and immunoblotted as previously described |16]. For immuno-
detection, the following Abs were used: anti-MMP-2 Ab (Thermo Fisher Scientific,
Fremont, CA) and anti-ADAM9 Ab (R&D Systems, Minneapolis, MN). To assess the
protein levels, optical densities of bands in each blot were analyzed using Image]
140 ¢

MMP-2 Zymography

Proteolytic activity of supernatant was examined by gelatin zymography accord-
ing to the manufacturer’s protoco! (Cosmo-Bio, Tokyo, Japan). The supernatants of
cells were subjected to 10% SDS—polyacrylamide gel electrophoresis using gels
containing 0.3% gelatin. The proteolytic band of 62 kDa corresponding to the
active form of MMP-2 was scanned using a Photo scanner.

. Real-time RT-PCR

Total RNA extraction and reverse transcription were performed as previously
described [16]. Ready-to-use assays (Applied Biosystems, Foster city, CA) were
used for the quantification of MMP-2,9,14, ADAMS,9,10,12,17, TIMP-1,2,3, MICA,
and B-actin according to the manufacturer’s instructions. The thermal cycling
conditions for all genes were 2 min at 50°C and 10min at 95 °C, followed by
40 cycles at 95 °C for 15 s and 60 °C for 1 min. $-Actin mRNA from each sample
was quantified as an endogenous control of internal RNA.

Invasion assays

The invasion activity was measured by Boyden-chamber assay using BD BioCoat
Matrigel Invasion Chamber (BD Biosciences) as previously described [17]. To
assess the involvement of MMP-2 protein in the invasion activity, active-form
MMP-2 proteins (20 pM, R&D systems) were added to the culture of CD133si-
PLC/PRF/5 cells or CD133~ Huh7 cells.

ELISA

HCC cells were cultured for 24 h and the supernatants were subjected to enzyme-
linked immunosorbent assay (ELISA). Concentrations of VEGF and soluble MICA
were evaluated by QuantiGlo human VEGF Immunoassay (R&D Systems) and
by the DuoSet MICA eELISA kits (R&D Systems) according to the manufacturer's
recommendations.

WST-8 assay

Cell growth of CD133si-PLC/PRF/5 or control-PLC/PRF[5 cells was determined by
WST-8 assay (Nacalai tesque, Kyoto, Japan) as previously described [16].

NK cell analysis

NK cells were isolated from peripheral blood mononuclear cells by magnetic cell
sorting using CD56 MicroBeads according to the manufacturer's instructions (Mil-
tenyl Biotech). More than 95% of the cells were CD56'CD3~ lymphocytes. The
cytolytic ability of NK cells was assessed by 4-h *'Cr-releasing assay with or with-
out MICA/B-blocking Ab (R&D systems).

Statistics

All values were expressed as the mean and SD. The statistical significance of dif-
ferences between the groups was determined by applying Student's t test or the
two-sample ¢ test with Welch correction after each group had been tested with
equal variance and Fisher's exact probability test. We defined statistical signifi-
cance as p <0.05.
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WST-8 assay (right upper panel). CD133si-PLC/PRF/5 cells (¢) and control-PLC/PRF/5 cells (&).

874 Journal of Hepatology 2010 vol. 52 | 872-879

- 528 -



Results

Detection of CD133+ cells in human HCC tissues and CD133
expressions in human HCC cell lines

We examined the presence of CD133+ cells in HCC tissues. As
shown in Fig. 1B, CD133+ cells could be detected with low
frequency in HCC tissues (2.2 + 1.6%) and was undetectable in
non-cancerous liver tissues (0.0%). The expression of CD90,
another HCC CSC marker [18], could also be detected in CD133+
cells. Similar results were observed in all five HCC tissues. We
examined CD133 expressions in four human HCC cell lines. All
cells were CD133 positive in both PLC/PRF/5 and Hep3B cells,
and about half of the cells were CD133 positive in Huh7 and
HepG2 cells (Fig. 1C).

Expression of MMP-2 and ADAMS in CD133si- and control-PLC/PRF/5
cells and CD133+/— Huh7 cells

We established CD133si-PLC{PRF/5 cells by transfection of CD133
siRNA (Fig. 1D). The expression of CD133 mRNA and protein in
CD133si-PLC/PRF/5 cells was inhibited within 72 h after transfec-
tion. The cell viability of CD133si-PLC/PRF/5 cells was similar to
that of control-PLC/PRF/5 cells within 72 h after transfection
(Fig. 1D). Next, we examined the mRNA expression of MMPs,
ADAMS, and TIMPs. The mRNA expression of MMP-2 and ADAMS
in CD133si-PLC/PRF/5 cells was significantly lower than in con-
trol-PLC/PRF/[5 cells (Fig. 2A and B); however, the expression of
other metalloproteinases such as MMP-9,14, ADAMS,10,12,17,
and TIMP-1,2,3 was not affected (data not shown). The protein
(pro-form and active form) expressions of both MMP-2 and
ADAMS decreased in CD133si-PLC/PRF/5 cells compared to con-
trol-PLC/PRF/5 cells (Fig. 2A and B). A protein zymography assay
for MMP-2 was consistent with this result in that the activity of
MMP-2 protein in CD133si-PLC/PRF/5 cells also decreased com-
pared to control-PLC/PRF/5 cells (Fig. 2A).

In Huh7 cells CD133 expression was positive in halif of the cell
population, as shown in Fig. 1B. We separated the Huh?7 cells into
CD133+ and — cells by magnetic cell sorting (Fig. 2C). The mRNA
of MMP-2 in CD133— Huh7 cells was significantly lower than
that of CD133+ Huh7 cells (Fig. 2C). The proteins (pro-form and
active form) expressions of both MMP-2 and ADAMS decreased
in CD133— Huh7 cells as compared to CD133+ Huh7 cells
(Fig. 2Cand D).

The invasion ability of CD133si- and control-PLC/PRF/5 cells, and
CD133+/~ Huh7 cells

Human HCC cells require MMP-2 activity for invasion [19]. The
invasion of PLC/PRF/5 cells transfected for siRNA against MMP-
2 (MMP-2si-PLC/PRF/5 cells) was significantly lower than that
of control cells (Fig. 3A). Of note, is the finding that the invasion
of CD133si-PLC/PRF/5 cells was significantly lower than that of
control cells (Fig. 3B). In order to examine the involvement of
MMP-2 protein in the invasion activity, MMP-2 protein was
added to the culture of CD133si-PLC/PRF5 cells. Although there
was a tendency for MMP-2 to promote the invasion ability of
CD133si-PLC/PRE/5 cells, this effect was not statistically signifi-
cant (Fig., 3B).

In Huh7 cells, the invasion of CD133— Huh7 cells was signif-
icantly lower than that of CD133+ Huh7 cells (Fig. 3C). The
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Fig. 2. Expression levels of MMP-2 and ADAMS in CD133si-PLC/PRF5, control-
PLC/PRF/5 cells, and CD133+/—Huh?7 cells. (A and C) MMP-2 mRNA and protein
levels were detected by real-time PCR and Western blotting respectively, and the
activity of MMP-2 was assayed by protein zymography in CD133si PLC/PRE/5si cells
or control-PLC/PRF/5 cells, and CD133+/— Huh7 cells. To confirm the specificity of
the anti-MMP-2 antibody used in Western blotting, the expression of MMP-2 (pro-
form 72kDa, active form 62 kDa) was evaluated in MMP-2si-PLC/PRF/5 and
control-PLC/PRF/5 cells (Fig. 2A, right). (B and D) ADAMSY mRNA and protein levels,
in CD133si-PLC/PRE/5 cells or control-PLC/PRF/[5 cells, and CD133+[—~Huh7 cells,
were analyzed by real-time PCR and Western blotting respectively. To confirm the
specificity of the anti-ADAMS9 antibody used in Western blotting, the expression of
ADAM9 (pro-form 84 kDa, active form 55 kDa) was analyzed in ADAM9si-PLC/PRF/
5 and control-PLC/PRF/5 cells (Fig. 2B, right). (C) Huh7 cells were separated into
CD133+and - cells by magnetic cell sorting and the expression levels of CD133 were
detected by flow cytometry. White curves, CD133 staining; blackcurves, control [gG
staining. Positive cell rates are shown in the figure. Representative flow cytometry
dataareshown. Similarresults were obtained from three independent experiments.
Western blotting data were obtained from three independent experiments.
Representative data are shown. The ratios of the protein levels (pro-form, upper
side; active form, lower side) compared to control (1.00) are shown. p<0.05.
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MMP-2 protein was also added to the culture of CD133— Huh7
cells and this led to a significant increase in the invasiveness of
CD133- cells (Fig. 3C). These results demonstrated that CD133-
expressing HCC cells had higher abilities of invasion, and MMP-
2 could promote the invasiveness of CD133 negative HCC cells.

The VEGF production ability of CD133si- and control-PLC/PRF/5 cells,
and CD133+/- Huh? cells

It has previously been reported that MMP-2 is associated with an
increased bioavailability of VEGF [20}. In agreement with this, we
observed that in MMP-2si-PLC/PRF/5 cells, the levels of VEGF
were significantly lower than in control-PLC/PRF[5 cells
(Fig. 4A). We then investigated the production of VEGF in
CD133si- and control-PLC/PRF/5 cells, as well as in CD133—
Huh?7 cells. The VEGF levels of CD133si-PLC/PRF/5 cells were sig-

876

nificantly lower than in control-PLC/PRF/5 cells (Fig. 4B), and in
CD133- Huh?7 cells, the VEGF levels were significantly lower than
in CD133+ Huh7 cells (Fig. 4C). To examine the involvement of
MMP-2 in the production of VEGF, MMP-2 was added to the cul-
ture of CD133- Huh7 cells. This led to a significant increase in
the VEGF production of CD133— Huh7 cells (Fig. 4C). These
results demonstrated that CD133-expressing HCC cells had an
increased ability of angiogenesis because of higher expression
levels of MMP-2.

CD133 knockdown resulted in increasing membrane-bound MICA
expression, decreasing soluble MICA, and enhancing the cytolytic
activity of NK cells in PLG/PRF/5 cells

MICA, a ligand of human NKG2D receptor, is frequently
expressed in HCC and determines its sensitivity to NK cells
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Fig. 4. Analysis of VEGF expression in CD133si-PLC/PRE/5 cells, control-PLC/
PRE/5 cells, and CD133+/-Huh?7 cells. (A) We measured the VEGF expression
in PLC/PRF/5 cells, in presence or absence of MMP-2 protein. MMP-2si-PLC/
PRF/5 or control-PLC/PRF/5 cells were cultured for 24 h and the supernatants
were subjected to VEGF ELISA. (B) We next assayed the expression of VEGF in
CD133si-PLC/PRF/S cells or control-PLC/PRF/5 cells. These cells were cultured
for 24h and the supernatants were subjected to VEGF ELISA. (C) CD133+/—
Huh7 cells were cultured for 24h and the supernatants were subjected to
VEGF ELISA. 133+ cells, CD133+ Huh7 cells; 133~ cells, CD133~ Huh7 cells;
133~ cellst MMP-2, CD133~ Huh7 cells were cultured with MMP-2 protein
(25 uM). Similar results were obtained from two independent experiments.
p <0.05.

[21]. However, MICA is also proteolytically cleaved from HCC,
which is an important mechanism for tumor evasion from host
immunity [22]. We previously found that ADAMS protease
plays essential roles in the shedding of MICA from HCC cells
[23]. The expression of membrane-bound MICA in CD133si-
PLC/PRF5 cells increased, and soluble MICA production from
CD133si-PLC/PRF/5 cells significantly decreased compared to
the control-PLC/PRF[5 cells (Fig. 5A). In contrast, mRNA levels
of MICA were equal in both CD133si-PLC/PRF/5 cells and
control-PLC/PRF/5 cells (Fig. 5A). These results suggested
that CD133 knockdown induced inhibition of MICA shedding
in PLC/PRF/5 cells. We next evaluated the NK sensitivity of
CD133si-PLC/PRF/5 cells or control-PLC/PRF/5 cells by
ICr-release assay. The cytolytic activity of NK cells against
CD133si-PLC/PRF/5 cells was higher than against control-PLC/
PRF/5 cells (Fig. 5B). The blocking MICA/NKG2D signal resulted
in a decrease in the cytolytic activity of NK cells against
CD133si-PLC/PRF/5 cells to the levels of the control-PLC/PRF/5
cells (Fig. 5B). These results were similarly observed in
CD133 knockdown Hep3B and HepG2 cells (data not shown).
These results suggested that control-HCC cells were more resis-
tant than CD133 knockdown HCC cells to the cytolytic activity
of NK cells due to MICA/NKG2D signals. :
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Fig. 5. Expression levels of MICA, sofuble MICA production, and NK sensitivity
in CD133si-PLC/PRF/5 cells and control-PLC/PRE/S cells. (A) Expression levels of
membrane-bound MICA (upper left panel) and soluble MICA production (upper
right panel) in CD133si~PLC/PRF/5 cells or control-PLC/PRF/5 cells were evaluated
by flow cytometry and specific ELISA respectively. Positive cell rates are shown in
the figure. mRNA levels of MICA in CD133si-PLC/PRF5 or control-PLC/PRE/5 cells
detected by real-time RT-PCR (lower panel). (B) We examined the cytolytic
activity of NK cells against CD133si-PLC/PRF/5 cells or control-PLC/PRF/5 cells.
CD133si-PLC/PRF/5 cells or control-PLC/PRF/5 cells were subjected to *'Cr-release
assay against NK cells. Cytolytic activity of NK cells against control-PLC/PRF/5
cells (B) or CD133si-PLC/PRF/5 cells without (¢) or with blocking antibody of
MICA (a). Similar results were obtained from two independent experiments.
p <0.05.

The expressions of membrane-bound MICA and the production of
soluble MICA of CD133+/— Huh? cells and the cytolytic activity of NK
cells against CD133+/— Huh7 cells

We examined whether CD133+/— Huh7 cells exhibited similar
characteristics as those observed in CD133si-PLC/PRF/5 and
controi-PLC/PRF[5 cells. The expression of membrane-bound
MICA in D133~ Huh7 cells tended to be higher than in
CD133+ Huh7 cells, and soluble MICA production from
CD133- Huh7 cells was significantly lower than in CD133+
Huh7 cells (Fig. 6A). We examined the NK sensitivity of
CD133+ or - Huh7 cells. The cytolytic activity of NK cells
against CD133+ Huh7 cells was lower than that against
CD133- Huh7 cells {Fig. 6B), as observed for CD133si- and
control-PLC/PRE/5 cells.

Discussion

In order to establish new cancer therapy against HCC, the signif-
icance of CD133 expression on HCC cells needs to be elucidated.
We demonstrated that CD133+ cells were observed only in HCC
tissues and not in non-cancerous liver tissues, which is consistent
with previous reports [8,14]. Although, all four HCC cell lines
tested expressed CD133, some variations in expression was
observed between cell lines; this may reflect the differences in
the ability of CSCs to differentiate into progeny cells.
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in CD133+/— Huh7 cells. (A) Expression level of membrane-bound MICA (left
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evaluated by flow cytometry and specific ELISA, respectively. Positive cell rates
are shown in the figure. (B) We examined the cytolytic activity of NK cells against
CD133+/— Huh7 cells. CD133+/— Huh7 cells were subjected to 5'Cr-release assay
against NK cells. Cytolytic activity of NK cells against CD133+ Huh7 cells (&) or
CD133- cells (4). Representative results are shown. Similar results were obtained
from two independent experiments. p <0.05.

Song et al. reported that HCC patients with increased CD133

expressions in HCC tissues had shorter overall survival and

higher recurrence rates compared to patients with low
CD133 expression [14]. These results suggested that CD133
may have oncogenic roles in human HCC, which led us to
investigate the molecular characteristic of CD133-expressing
HCC cells.

We found that MMP-2 expression at mRNA and protein lev-
els and MMP-2 activity in CD133si-PLC/PRF/5 cells decreased.
This agrees with findings for CD133+/— Huh7 cells which could
be divided into two groups by the expression of CD133. At
present, there has been no report on the detailed relationship
between the expression of CD133 molecules and MMP-2. Other
MMPs (MMP-1,3,7,9,10,12,13) have an activator protein-1 (AP-
1) binding site in the proximal promoter [11], while MMP-2
does not. Dai et al. demonstrated that FoxM1 directly binds
to the MMP-2 promoter and regulates MMP-2 expression in
glioma cells [24]. Although the detailed mechanism of inhibi-
tion of MMP-2 in CD133 negative HCC cells remains unclear,
newly identified transcriptional factors may contribute to this
mechanism.

A previous study demonstrated that MMP-2 knockdown mice
exhibited reduced angiogenesis and impaired tumor growth [25].
(D133 knockdown resulted in the inhibition of MMP-2 activity in
PLC/PRF/5 cells and the invasive ability of CD133si-PLC/PRF/5
cells was significantly impaired. These results thus suggested that

the decreased activity of MMP-2 impaired the invasive ability of
HCC cells. MMP-2si-PLC/PRF[5 cells also lost this ability, which
supports the essential role of MMP-2 in the invasion by PLC/
PRF/5 cells.

MMP-2 activity is also associated with an increased bioavail-
ability of VEGF [20] - this latter being an important factor in the
process of angiogenesis. The production of VEGF in CD133si-PLC/
PRF/5 cells significantly decreased compared to that in
control-PLC/PRF/[5 cells, suggesting that the existence of CD133-
expressing - HCC cells might offer circumstances conducive to
HCC survival by angiogenesis. These results were also consistent
with findings for CD133+/— Huh7 cells. If the phenotype of the
CD133- Huh7 cells could be reversed by transfection of the
CD133 gene in CD133— Huh7 cells, this would be an evidence
for the direct implication of CD133, However, transfection into
CD133— Huh7 cells is technically very difficult because the
reagent of transfection was toxic to CD133— Huh?7 cells isolated
by magnetic cell sorting. Our present results suggested that
(D133 expression in HCC cells may reflect the malignant poten-
tial of HCC cells which, in turn, may influence the clinical out-
comes of HCC patients.

MICA shedding is thought to be the principle mechanism by
which tumor cells escape from NKG2D-mediated immunosur-
veillance [26]. We previously found that both ADAMS and
ADAM10 proteases were cooperatively associated with the
shedding of MICA in human HCC [16,23]. Thus, it would be
interesting to examine the activity of ADAMs protease in
CD133-expressing HCC celfs to understand how HCC tumor cells
escape from innate immunity. In the present study, we demon-
strated that CD133 knockdown in PLC/PRF/5 cells resulted in
the decrease of ADAM9 mRNA and protein, but not of ADAM10,
ahd was associated with the increase in expression of mem-
brane-bound MICA as well as the decrease in production of sol-
uble MICA in human HCC. The mRNA expression of MICA did
not change between CD133si-PLC/PRF/5 cells and control-PLC/
PRF/5 cells, suggesting that decreasing ADAMS9 activity played
an essential role in regulating MICA in CD133-expressing cells,
At present, the detailed association between CD133 molecule
and ADAMs proteases remains unclear, However, CD133-
expressing HCC cells may be escaping from NKG2D-mediated
immunosurveillance by promoting MICA shedding via ADAMS
protease,

Consistent with the results of the expressions of MICA in
CD133-expressing cells, CD133 positive HCC cells are resistant
and CD133 negative HCC cells are susceptible to the cytolytic
activity of NK cells, Cai et al. demonstrated that the number
of CD56" NK cells was reduced in HCC tissues compared to
healthy donors, and CD56" NK cells in HCC patients displayed
impairments in cytotoxicity and IFN-y production [27]. This
suggests that the immunological microenvironment in HCC tis-
sues may be favorable to the survival of HCC cells, especially of
CD133+ HCC cells. The specific targeting and eradication of CSCs
is the most important challenge for cancer treatment. We previ-
ously demonstrated that some anti~-HCC chemotherapy drugs
regulated the ADAM family proteins, resulting in the enhance-
ment of NK sensitivity [16,23]. Thus, by controlling the expres-
sion of CD133 andfor ADAMS protease with new reagents, it
may be possible to develop a new therapeutic strategy against
CD133-expressing CSCs.

In spite of recent progress and early successes reported for
HCC treatment, there is significant room for improvement. In
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the present study, we demonstrated that CD133-expressing HCC
cells have a higher ability for invasion and for producing the
angiogenetic factor VEGF, and they are resistant to NK activity.
These findings suggest that CD133 expression in HCC cells con-
fers malignant potential in human HCC that may induce the
growth and metastasis of HCC cells. We believe that understand-
ing the detailed characteristics of CD133-expressing cells will
pave the road for the development of new treatments for human
HCC.
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