h -]
o

seed region

BolxL3'UTR Myt AGCCCCAGGGUCUUCCCUACGUCA
bol-xl mANA 3'UTR 1997 AGCCCCAGGGUCUUCCCUAGCUGA 2020
Pl I
let-7c  3'UUGGUAUGUUGGA -~ UGAUGGAGU §'

let-7g 3" UUGACAUGUUUGA -- UGAUGGAGU 5’

Relative juciferase activity (x 107)

JOURNAL OF HEPATOLOGY

let-7c let-7g

NC let-7¢ let-7g NC let-7c let-7g NC

pMIR-REPORT pMIR-BeixL

pMIR-BeixLMut
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induced by let-7c 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 Bcl-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-7c
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-xL, bel-xI mRNA and let-7 miRNAs in human HCC
tissue. Relationship between let-7 and Bcl-xL expression in human HCC tissue
samples. HCC tissue samples that did not show transcriptional upregulation of
bel-xI 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-x 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 logyg 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-
7¢ 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 ceil 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 hep cells to apoptotic
stimuli. (A and B) Response to staurosporine treatment. Huh7 cells were
transfected with let-7c (grey bars) or control miRNA (white bars) for 48 h and
then further treated with stauresporine or DMSO alone for 12 h. The activities of
caspase-3 and -7 were determined by luminescent substrate assays for caspase-3
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*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
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analysis for Bel-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
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affect Bel-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, Bcl-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 lung 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
bel-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 let-7 miRNA and sorafenib may have pleio-
tropic effects on gene expression and cellular processes, down-
regulation of Bcl-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
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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/PRF/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— Huh7 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 ADAM9 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 ADAM9 expression in CD133si-PLC/PRF/5 cells and
(D133~ Huh?7 cells resulted in an increase in membrane-bound
MICA and a decrease in soluble MICA production. Both
CD133si-PLC/PRF/5 cells and (D133~ 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 Assaciation 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-
lular 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 important 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 ADAM9/MHC class ]-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

Human 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 2 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, Auburn, 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 contro} 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-
lowing types of siRNA were used: CD133 knockdown PLC/PRF/5 (CD133si-PLC/
PRF/5), 5-UUUCUCUGGAUGUAACUUUCAGUGU-3'; MMP-2 knockdown PLC/
PRF/5 (MMP-2si-PLC/PRF/5), 5“UAGUGUGUCCUUCAGCACAAACAGG-3'; ADAM9
knockdown PLC/PRF/5 (ADAMSsi-PLC/PRF]S), 5'-UGUCCAAACACAUUAAUCCCGC-
CUG-3"; control-PLC/PRF/5, negative universal control.

Table 1. Clinical background of HCC patients.

Sex Age Eology Non-cancerous tissue
male 73 HCV LC

male 67 HCV Lc

male 76 NBNC normal

female 51 HBV LC

female 45 HBV LC

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

CD133+/~ Huh7 cells were isolated by magnetic cell sorting using CD133 Micro-
Beads according to the manufacturer's instructions (Miltenyl Biotech). The iso~
lated CD133+/~ Huh7 cells were injected subcutaneously into nude mice to
evaluate the tumorigenicity of each cell. We found that CD133+ Huh?7 cells were
more tumarigenic than CD133~ Huh? 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-ADAMS Ab (R&D Systems, Minneapolis, MN). To assess the
protein levels, optical densities of bands in each blot were analyzed using Image]
1.40¢g.

MMP-2 Zymography

Proteolytic activity of supernatant was examined by gelatin zymaography accord-
ing to the manufacturer’s protocol (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 p-actin according to the manufacturer's instructions. The thermal cycling
conditions for all genes were 2 min at 50 °C and 10 min at 95 °C, followed by
40 cycles at 95 °C for 15 s and 60 °C for 1 min. B-Actin mRNA from each sample
was quantified as an endogenous control of internal RNA.

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 celis 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 QuantiClo 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/S 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 t 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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Fig. 1. Tumorigenicity of CD133+/— Huh? cells in nude mice and the expressions of CD133 in human HCC tissues and cell lines, and CD133 knockdown in PLC/PRF/5
cells. (A) Evaluation of the phenotypes of CD133+/~ Huh7 cells in a xenograft growth model. We separated CD133+/- cells using magnetic beads and injected
subcutaneously 2.5 x 106 CD133+ (M, left flank) or CD133 - (4, right flank) Huh7 cells into BALB/c nu/nu mice {N = 5feach group). Representative macroscopic view of each
group, 28 days after tumor injection, is shown (upper panel). The tumor size was monitored every week (lower panel). The fraction of mice of each group, bearing tumor
after 28 days, is given in parentheses. (B) Immunohistochemical detection of CD133 in human HCC tissues and non-cancerous liver tissues (N =5). Immunohistochemical
detection of CD133 and CDS0 in human HCC tissues (N = 5). Representative images are shown. (C) Human HCC cell lines were stained with anti-CD133 Ab and subjected to
flow cytometry. Black lines, control IgG staining; green lines, CD133 staining. Positive cell rates are shown in the figure. (D) PLC/PRE/5 cells were transfected with CD133
siRNA (CD133si-PLC/PRF/5) or control siRNA (control-PLC/PRF/5). The mRNA and protein expressions of CD133 were evaluated by real-time PCR (left upper panel, white
bar, CD133si-PLC/PRF/S cells; black bar, control-PLC/PRE/5 cells) and flow cytometry (lower panel). Black curves, control IgG staining; red line, CD133 staining of CD133si-
PLC/PRF/5 cells; blue line, CD133 staining of control-PLC/PRE/S cells. Positive cell rates are shown in the figure. The viability of siRNA-transfected cells was evaluated by
WST-8 assay (right upper panel). CD133si-PLC/PRF/5 cells (¢) and control-PLC/PRF/S cells (M).
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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/S 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-PLG/PRF/5
cells and CD133+/— Huh? 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, ADAM&,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 half of the cell
population, as shown in Fig. 1B. We separated the Huh7 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+ Huh?7 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/PRF[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/PRF/5, control-
PLC/PRF/5 cells, and CD133+/-Huh7 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/PRF/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 72 kDa, active form 62 kDa) was evaluated in MMP-2si-PLC/PRF/5 and
control-PLC/PRF/5 cells (Fig. 2A, right). (B and D) ADAMS mRNA and protein levels,
in CD133si-PLC/PRF/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-ADAMY antibody used in Western blotting, the expression of
ADAM?I (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; black curves, control IgG
staining. Positive cell rates are shown in the figure. Representative flow cytometry
data are shown, Similar results 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

[t 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/PRE/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-

nificantly Jower than in control-PLC/PRF/5 cells (Fig. 4B), and in
CD133~ Huh7 cells, the VEGF levels were significantly lower than
in CD133+ Huh?7 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. :

(D133 knockdown resulted in increasing membrane-bound MICA
expression, decreasing soluble MICA, and enhancing the cytolytic
activity of NK cells in PLC/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/PRF/5 cells, control-PLC/
PRF/5 cells, and CD133+/-Huh7 cells. (A) We measured the VEGF expression
in PLC/PRF/5 cells, in presence or absence of MMP-2 protein. MMP-2si-PLC/
PREF/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/5 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~ cells+ MMP-2, CD133— Huh7 cells were cultured with MMP-2 protein
(25 pM). 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 ADAM9 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/S 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/PRE/S cells. We next evaluated the NK sensitivity of
CD133si-PLC/PRF/5  cells or control-PLC/PRF/5 cells by
S1cr-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, soluble MICA production, and NK sensitivity
in CD133si-PLC/PRF/5 cells and control-PLC/PRF/5 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/PRF/S 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 3'Cr-release
assay against NK cells, Cytolytic activity of NK cells against control-PLC/PRF/5
cells (W) 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 celis exhibited similar
characteristics as those observed in CD133si-PLC/PRF/5 and
control-PLC/PRF/5 cells. The expression of membrane-bound
MICA in CD133- 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/PRF/[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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Fig. 6. Expression levels of MICA, soluble MICA production, and NK sensitivity
in CD133+/— Huh7 cells. (A) Expression level of membrane-bound MICA (left
panel) and soluble MICA production (right panel) in CD133+/— Huh7 cells were
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 3'Cr-release assay
against NK cells. Cytolytic activity of NK cells against CD133+ Huh7 cells (W) or
CD133- cells (#). 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 Jow
(D133 expression [14]. These results suggested that CD133
may have oncogenic roles in human HCC, which led us to
investigate the molecular characteristics 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/
PRE/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
CD133 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 ADAMSY 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 cells 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,
and 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 ADAM9 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 ADAM9
protease.

Consistent with the results of the expressions of MICA in
(D133-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 and/or 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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Thrombocytopenia Exacerbates Cholestasis-Induced Liver Fibrosis

in Mice
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BACKGROUND & AIMS: Circulating platelet counts
gradually decrease in parallel with progression of chronic
liver disease. Thrombocyropenia is a common complica-
tion of advanced liver fibrosis and is thought to be a
consequence of the destruction of circulating platelets
that occurs during secondary portal hypertension or hy-
persplenism. It is not clear whether thrombocytopenia
itself affects liver fibrosis. METHODS: Thrombocytope-
nic mice were generated by disruption of BelxL, which
regulates platelet life span, specifically in thrombocyrtes.
Liver fibrosis was examined in thrombocytopenic mice
upon bile duct ligation. Effect of platelets on hepatic
stellate cells (HSCs) was investigated in vitro. RESULTS:
Thrombocyropenic mice developed exacerbated liver fi-
brosis, with increased expression of type I collagen al
and a2, during cholestasis. In vitro experiments revealed
that, upon exposure to HSCs, platelets becarne activated,
released hepatocyte growth factor (HGF), and then in-
hibited HSC expression of the type I.collagen genes in a
Met signal-dependent manner. In contrast to the wild-type
mice, the thrombocytopenic mice did not accumulate he-
patic platelets or phosphorylate Met in the liver following
bile duct ligation. Administration of recombinant HGF to
thrombocytopenic mice reduced liver fibrosis to the levels
observed in wild-type mice and attenuared hepatic expres-
sion of the type I collagen genes. CONCLUSIONS:
Thrombocytopenia exacerbates liver fibrosis; platelets
have a previously unrecognized, antifibrotic role in sup-
pressing type I collagen expression via the HGF-Met

signaling pathway.
Keywords: Bcl-2; Apoprosis; Cre; Conditional Knockout.

C irrhosis followed by chronic liver disease is considered
to be a major medical issue worldwide, causing signif-
icant morbidity and mortality because it can progress to
liver failure or develop into hepatocellular caricinoma. The
pathogenesis of cirrhosis is characterized by liver fibrosis,
which is defined as excessive production and deposition
of several extracellular matrix (ECM) proteins. The accu-
mulation of ECM proteins, as fibrotic scars, gradually
distorts liver structure and increases intrahepatic resis-

tance to blood flow, leading to portal hypertension.!
Among the deposited ECM proteins in the citrhotic liver,
type I collagen is the most prevalent, and it is well known
that activated hepatic stellate cells (HSCs) are major
collagen-producing cells.? With fibrosis progression in
chronic liver disease, patients often suffer from throm-
bocytopenia, which promotes a tendency for bleeding
and can result in mortal hemorrhagic complications such
as variceal bleeding.? Multiple factors have been pro-
posed for the pathogenesis of thrombocytopenia in ad-
vanced liver fibrosis; they include enhanced destruction
of circulating platelets in an enlarged spleen arising be-
cause of portal hypertension* and reduced production of
thrombopoietin (TPO) in the liver.? In general, concom-
itant thrombocytopenia is considered to be a secondary
phenomenon caused by liver fibrosis progression. How-
ever, whether thrombocytopenia per se affects liver fibro-
sis has not been thoroughly examined. In the present
study, we generated a novel mouse model of severe
thrombocytopenia by thrombocyte-specific knockout of
Bcl-xL, a critical regulator of thrombocyte life span,s and
found that the mice developed exacerbated liver fibrosis
during bile duct ligation (BDL)}-induced cholestasis be-
cause of an increase in type I collagen gene expression. In
vitro study revealed that platelets negatively regulated
type I collagen gene expression in activated HSCs via a
pathway involving the platelet-derived hepatocyte growth
factor (HGF) and its receptor, Met.

Abbreviations used in this paper: ALP, alkaline phosphatase; a-SMA,
a-smooth muscle actin; BDL, bile duct ligation; BrdU, 5-bromo-2-
deoxyuridine; ECM, extracellular matrix; HGF, hepatocyte growth fac-
tor; HSCs, hepatic stellate cells; MMP, matrix metalloprotease; mRNA,
messenger RNA; Pf4, platelet factor 4; siRNA, small interfering RNA;
T-Bil, total bilirubin; TPO, thrombopoietin; TUNEL, terminal deoxynu-
cleotidyl transferase-mediated deoxyuridine triphosphate nick-end la-
beling.

© 2010 by the AGA Institute
0016-5085/$36.00
doi:10.1053/}.gastr0.2010.02.054

186 -




2488 KODAMA ET AL

Materials and Methods

Mice

Thrombocyte-specific BekxL knockout mice (belae /e
Pf1-Cre) were generated by mating bcls™//* mices” and Pf4-
Cre transgenic mice8 They were maintained in a specific

pathogen-free facility and treated with humane care un- -

der approval from the Animal Care and Use Committee
of Osaka University Medical School.

BDL Treatment

Wild-type (bclx#) and knockout (bcl-x/# Pf4-Cre)
mice were subjected to BDL as previously reporred.®
Briefly, the common bile duct was ligated 3 times with
5-0 silk sutures and then cut between the ligatures. After
10 days, the animals were killed for the following analy-
ses. For more detailed description of the Materials and
Methods used, see the Supplementary Materials and
Methods.

Results

Thrombocyte-Specific Disruption of Bel-xL

Causes Massive Thrombocytopenia

Previous research has demonstrated that traditional
knockout mice lacking a single allele of the belx gene develop
mild thrombocytopenia We generated thrombocyte-specific
Bcl-xL knockout mice by crossing floxed bel-x mice®” and
-Pf4-Cre transgenic mice® After mating bcl-x/o*/foxPf4-Cre
mice with belaf¥®* mice, bcl-x/*/**Pf4-Cre mice were
born at the expected Mendelian frequency and did
not show any developmental abnormality. As expected,
bel-xfexflexPfg-Cre mice showed severe thrombocytopenia
without any phenotypes of other hematopoietic lineages
(Figure 1A). Western blot analysis confirmed a substan-
tial decrease in Bcl-xL expression in circulating platelets
of belxfo¥fexPf4-Cre mice compared with belsx™* mice
(Figure 1B). CD41 protein, a specific surface receptor
expressed in the thrombocyte lineage,'®!! was used as a
loading control of platelets. To demonstrate the throm-
bocyte-lineage specificity of the Platelet factor 4 (Pf4)
promotor that we used, we examined Bcl-xL protein ex-
pression in several tissues and hemartopoietic cells of
belafos/for Pf4-Cre mice and belafor mice by Western
blotting. In all of these tissues and cells, Bel-xL protein
expression was not different berween the 2 groups (Fig-
ure 1C), indicating that the Pf4 promotor was specific to
platelets and their precursors in our mice model. The
physiologic liver status was not different between the 2
groups as evidenced by serum biochemistry data for ala-
nine transaminase (ALT), total bilirubin (T-Bil), and al-
kaline phosphatase (ALP) (Figure 1D) as well as for liver
histology (Figure 1E). In the following experiments,
bel-xfov/flex Pf4-Cre mice were crossed with bcl-xfox/flor
mice, and their offspring, bcl-x/*fo* Pf4-Cre mice and
bel-xfox/flex mice, were used as thrombocytopenic mice
and control littermates, respectively.

GASTROENTEROLOGY Vol. 138, No. 7

Thrombocytopenic Mice Display Exacerbation
of Cholestasis-Induced Liver Fibrosis

To investigate the effect of thrombocytopenia on
liver fibrosis, these mice were subjected to BDL, a well-
established model of liver fibrosis,® and examined 10 days
later. Cholestasis was similarly induced in both groups as
evidenced by serum levels of alkaline phosphatase and
T-Bil (Figure 24). Both oncotic necrosis, also known as bile
infarcts, and apoptosis are characteristic features of liver
injury in the BDL model.’2 Although serum ALT levels were
slightly lower in the thrombocytopenic mice than in the
control littermates (Figure 24), the area of oncotic necrosis
as well as the number of terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick-end label-
ing (TUNEL)-positive cells in the liver was not significantly
different between the 2 groups (Figure 2B). The number of
accumulating neutrophils, which are known to play a
major role in liver inflammation induced by cholestasis,!?
did not differ between the 2 groups as assessed by chlo-
roacetate esterase staining of the liver sections (Figure
2C). Similarly, the T lymphocyte and macrophage popu-
lation in the liver did not differ between the 2 groups as
determined by real-time reverse-transcription polymerase
chain reaction (Supplementary Figure 1). Upon BDL
treatment, compensatory regeneration occurred, but
there was no significant difference between the 2 groups
as determined by the count of 5-bromo-2-deoxyuridine
(BrdU)-positive cells (Figure 2D).

To assess liver fibrosis, hepatic collagen deposition was
evaluated by picrosirius red staining of liver sections.
Collagen deposition increased following BDL treatment
in both groups and was significantly higher in the throm-
bocytopenic mice than in the control littermates (Figure
2E). Similarly, the hepatic hydroxyproline content, a bio-
chemical marker of collagen accumulation,® in the
thrombocytopenic mice was elevated to a level signifi-
cantly higher than in the control littermates (Figure 2E).
The major form of collagen in cirrhosis is known to be
type I collagen composed of 2 al and 1 a2 chains. After
BDL, hepatic expression of type I collagen ol and a2
genes, collal and colla2, sharply rose in both groups and
was significantly higher in the thrombocytopenic mice
than in the control littermates (Figure 2F). Western blot
analysis confirmed that the hepartic expression of type I
collagen protein was higher in the thrombocytopenic
mice than in the control littermates (Figure 2F). These
results indicated that thrombocytopenia enhanced colla-
gen synthesis in the liver and exacerbated liver fibrosis
without affecting liver inflammation, apoptosis, and re-
generation.

Platelets Become Activated and Inhibit Collagen
Synthesis in Activated HSCs In Vitro

To explore the underlying mechanisms of in-
creased collagen synthesis after BDL in the liver of the
thrombocytopenic mice, we tested the hypothesis that

187 —



June 2010

>

THROMBOCYTOPENIA AND LIVER FIBROSIS 2489

. 140 1 7000 - 1200 -
35 1 120 4 6000 - 1000 -
Chadl 2 100 A 5000 7 o0
£ 25 - ) s 3 i
5 R 80 - % 4000 - s
2 20 - 2 : g = 600
> 2 60 - = 3000 - Q -
316 1 3 £ 400 -
* 0 4 T 40 - 2000 -
5 20 4 1000 - 200 -
0 0
T %% T %
+,§‘ ‘+~_. "'ﬁ +§ e W
e L % P
. - -3
) * %
€— BelxL : E o 4 . | €~ BclxL
< cpat . e s DI | < -actin
o= ctin G® 0 m E0® O e O @ O () Pace
Brain Heart Lung Liver Kidney  Spleen
k : -
=Y <—BclxL *m - 5 W e | < BclxL
Q S -
¢ e euue @D WBR < Factin | oe eI | €= p-actin
OGN O I | Pfa-Cre () (+) () ) ) *) Pi4-Cre
Hepatocyte  Non- Monocyte Macrophage T
. parencymal lymphocyte
cell
D B Bl-xMoxtiox Bel-x"oxtiox Pf4Cre
40 - 0.3 - 800 -
30 - - 600 -
T § 0.2 A jory
2 £ 3
F20 = S 400
2 @ 2
" 01 -
10 4 200 -+
0 0 0
o L He
% 3 R % 3
2 Y 2
- s e}
(o] [ ©

Figure 1. Thrombocyte-specific Bel-xL. knockout mice show massive thrombocytopenia. (4) Body weight and circulating blood cell counts of
offspring from mating of be-x"¥*+ Pf4-Cre mice and bel-x"2¥* mice; 7-11 mice per group; *P < .05 vs the other 3 groups, **P < .05 vs the other 3
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plarelets would suppress collagen production in activated
HSCs, which are known as the main collagen-producing
cells in the injured liver.’® We isolated HSCs from
CS7BL/6] mice and cultured them for 7 to 10 days,
leading to their transdifferentiation from quiescent cells
to activated myofibroblast-like cells.?® These culture-acti-
vated HSCs were then cocultured with platelets isolated
from CS57BL/6] mice. Expression of collal and colla2
messenger RNA (mRNA) in HSCs was clearly inhibited
upon addition of platelets (Figure 3A4). After a few pas-
sages, similar suppression of type I collagen gene expres-
sion was observed in these cells, appearing in a platelet
dose-dependent manner (Figure 3B). Type I collagen pro-
tein in HSCs also decreased upon coculture with platelets
as determined by Western blot analysis (Figure 3C). Platelets
generally execute their biologic effects through activation
that is associated with their shape change and granule
secretion represented by P-selectin (CD62P) translocation
from the o-granule to the outer surface!*!S To find
whether or not platelets are activated upon exposure to
HSCs, platelets from cocultures with HSCs were analyzed
by flow cytometry, which revealed their dynamic shape
change and the surface translocation of P-selectin (Figure
3D).- The levels of soluble P-selectin, which are also
known to reflect platelet activation,'s were significantly
higher in the coculture medium with plarelets and HSCs
than those in the medium with platelets alone (Figure

3E). These results demonstrated that platelets were acti-

vated upon exposure to HSCs and inhibited collagen
synthesis in activated HSCs.

Soluble Factors Released From Activated

Platelets Are Involved in the Inbibition of

Collagen Synthesis in HSCs

Once activated, plarelets are known to affect many
other cells via secreted soluble factors or direct interac-
tion with surface molecules. Platelet activation and secre-
tion can be triggered artificially by a variety of strong
agonists such as thrombin.!4 To examine whether soluble
factors secreted from activated plarelets are involved in
the suppression of collagen synthesis in HSCs, we stim-

ulated platelets with or without thrombin and applied .

the supernatant to HSCs. Thrombin induced clear plate-
let activation as evidenced by shape changes and P-selec-
tin translocation (Figure 44). The levels of soluble P-
selectin were also significantly higher in the supernatant
of thrombin-stimulated platelets than in the supernatant

THROMBOCYTOPENIA AND LIVER FIBROSIS 2494

of unstimulated platelets (Figure 4B). The supernatant of
thrombin-stimulated platelets suppressed type I collagen
gene expression in HSCs but that of unstimulated plate-
lets did not (Figure 4C), indicating that soluble factors
derived from activated platelets were involved in sup-
pressing collagen production in HSCs.

HGEF in Platelet Granules Contributes to the
Inbibition of Collagen Synthesis in HSCs

To identify the platelet-derived soluble factors
that contribute to the suppression of collagen synthesis
in HSCs, we focused on HGF, a pleiotropic growth fac-
tor,'617 which is known to exist in platelets.’8 We hypoth-
esized thar, in our in vitro study, HGF may be secreted
from activated platelets and inhibit collagen synthesis in
HSCs. Administration of recombinant HGF to HSCs

_inhibited collal and colla2 gene expression (Figure SA).

Consecutively, murine platelets were capable of releasing
HGF upon exposure to thrombin (Figure 5B). Impor-
tantly, the levels of HGF were significantly higher in the
coculture supernatant of HSCs and platelets than in that
of plarelets alone (Figure 5C). We next examined whether
HGEF secreted from activared plarelets is'éctually involved
in suppressing collagen synthesis in HSCs. The multiple
biologic activities of HGF are mediated by Met, a
transmembrane tyrosine kinase receptor, which trans-
duces the effects of HGF upon phosphorylation.!®
Western blot analysis showed that the Met protein of
HSCs was phosphorylated at multiple sites after cocul-
ture with platelets (Figure SD) and proteins of its -
downstream pathways such as Erk1/2, Akt, and stat3
were phosphorylated as well (Figure 5D). To assess the
involvement of this acrivated signaling in the inhibi-
tion of collagen production in HSCs, we performed
small interfering RNA (siRNA)-mediated knockdown
of met. Transfection of met siRNA into HSCs resulted
in a substantial decrease in Met expression (Figure SE)
and blunted HGF-induced suppression of type I colla-
gen gene expression (Figure 5F). Under these condi-
tions, met knockdown abolished platelet-induced sup-
pression of type I collagen gene expression in HSCs
(Figure SF). This result clearly demonstrated that
HGF/Met signaling was indispensable for platelet-me-
diated inhibition of the collagen synthesis in activated
HSCs.

Figure 2. Thrombocytopenic mice show exacerbated liver fibrosis following BDL treatment. bel-x¥o¥iox pi4-Cre mice and bcl-x"0%ox mice were
sham operated or subjected to BDL and analyzed 10 days later (8-12 mice per group). Cre(+) and Cre(~) stand for bcl-x"oxox Pi4-Cre and
bel-xfoviex, respectively. (A) Serum levels of alkaline phosphatase (ALP), total bilirubin (T-8i), and alanine aminotransferase (ALT). (8) Oncotic necrosis
and hepatocyte apoptosis were evaluated by H&E stairiing and TUNEL staining of fiver sections, respectively. (C) Infiltrated neutrophil count was
evaluated by chloroacetate esterase staining of liver sections. (D) Liver regeneration was evaluated by 5-bromo-2-deoxyuridine (Bral) staining of liver
sections. (£) Liver fibrosis was evaluated by picrosirius red staining of liver sections and total liver hydroxyproline levels. (F}cota? And colla2 mRNA
levels in the liver were determined by real-time reverse-transcription polymerase chain reaction. Expression of type | collagen protein in the liver was

assessed by Western blotting.
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2 groups. :

HGF. Administration Alleviates Liver Fibrosis kinetics upon BDL treatment. To find whether platelets
in Thrombocytopenic Mice to the Level in the  accumulate in the liver, we examined the expression of
Control Littermates After BDL CDA41 protein. Western blot analysis revealed that CD41
To investigate the involvement of platelets in cho-  expression in the liver was up-regulated upon BDL treat-
lestasis-induced liver fibrosis in vivo, we examined platelet ~ ment in the control littermartes but not in the thrombocy-
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Figure 4. Soluble factors released from activated platelets are involved in the inhibition of collagen synthesis in HSCs. (4 and B) Activation of platelets
stimulated with thrombin. Platelets (1.0 X 107) were stimulated with or without thrombin (1 U/mL) for 15 minutes. Shape change and P-selectin
surface expression of platelets were analyzed by flow cytometry (A); representative data are shown; note that FSC increased with addition of
thrombin; closed histograms and open histograms indicate P-selectin surface expression of platelets stimulated with or without thrombin, respec-
tively. Soluble P-selectin levels of the culture supematants were determined by ELISA (B), n = 3/group, *P < .05 vs the other 2 groups. (C) coTal
And colfa2 mRNAlevels in HSCs treated with the supernatant of activated or quiescent platelets by real-time reverse-transcription polymerase chain
reaction. HSCs were cocultured with or without 1.0 X 107 platelets for 6 hours in the presence or absence of thrombin (1 U/mL). In parallel, HSCs
were cultured for 6 hours with the supematants of platelets, which had been stimulated with or without thrombin (1 U/mL) for 15 minutes, n =
3/group. *P < .05 vs HEC with control group and HSC with platelet supernatant group. **P < .05 vs HSC with thrombin group.

topenic mice (Figure 64). Furthermore, phosphorylation of
Met protein in the liver occurred upon BDL treatment, but
it was weaker in the thrombocytopenic mice than in the
control littermates (Figure 6B). Similar attenuation of Met
phosphorylation in the thrombocytopenic mice was also
observed at 3 days after BDL (Supplementary Figure 2).
These results indicated that BDL-induced cholestasis led to
intrahepatic platelet accumulation and activated the Met
signal in the liver. In contrast, both were attenuated in the
liver of the thrombocyropenic mice. Furthermore, plasma
HGF levels in the thrombocytopenic mice did not increase
upon BDL and were evidently lower than in the control
littermates (Figure 6C). Finally, to investigate whether at-

tenuation of Met activation in the liver of the thrombocy-
topenic mice was involved in the exacerbation of liver fibro-
sis, we tested the hypothesis that administration of HGF,
known to exert an antifibrotic effect,20-22 would alleviate liver
fibrosis in the thrombocytopenic mice more than in the con-
trol littermates. These mice were treated with either vehicle or
recombinant HGF following BDL. As expected, HGF admin-
istration alleviated liver fibrosis in the thrombocytopenic mice
to the level found in the control littermates (Figure 6D). No-
tably, elevated hepatic expression of type I collagen genes in the
thrombocytopenic mice was also attenuated to a level compa-
rable with that in the control littermates by the HGF therapy

(Figure 6E).
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