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Figure 4 miR-223 gain-of-function and loss-of-function studies in ESCC cell lines. (A) The expression of the FBXW7 mRNA was significantly suppressed
by transfection of cells with pre-miR-223, as confirmed by qRT—PCR in TE6 and TEI5 cells. Furthermore, the expression of the c-Myc and c-Jun proteins
was enhanced by treatment with pre-miR-223 as determined by a western blotting analysis. (B) In contrast, the FBXW7 mRNA level was significantly
increased by transfection of TE4 and TEI4 cells with anti-miR-223, and the c-Myc and c-Jun proteins were deregulated.

samples from ESCC patients. When the FBXW7 protein was
expressed at high levels, the expression levels of the c¢-Myc and
c-Jun proteins were below the limits of detection in the miR-223
low expression cases (Figures 3A—-C). In contrast, in cases with
low FBXWY7 protein expression, a strong expression of the c-Myc
and c-Jun proteins was noted in the cases with high miR-223
expression (Figures 3D-F).
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There is an inverse correlation between miR-223 and
FBXW?7 in vitro

Across all the eight cell lines tested, there was a significant inverse
correlation between the expression levels of miR-223 and FBXW7
mRNA (Pearson correlation, r = —0.855; P = 0.007; Supplementary
Figure 2). TE6 and TE15 cells were used to evaluate the effects of
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the upregulation of miR-223, and TE4 and TE14 cells were used to
examine how the downregulation of miR-223 affected the FBXW7
expression. FBXW7 mRNA significantly decreased when cells were
transfected with pre-miR-223, compared with those transfected
with the negative control (Figure 4A).

Furthermore, we found that the protein expression levels of
c-Myc and c-Jun were enhanced after pre-miR-223 treatment by
a western blot analysis. In contrast, the TE4 and TE14 cells
transfected with anti-miR-223 showed a decrease in the miR-223
expression, compared with the negative control-treated cells. The
FBXW7 mRNA level was significantly increased in the cells
transfected with anti-miR-223, compared with those transfected
with the negative control, and the protein expression levels of
c-Myc and c-Jun were deregulated in these cells (Figure 4B).

DISCUSSION

In our present study, we found that miR-223 was significantly
overexpressed in human ESCC tissue compared with the
corresponding normal tissue (P<0.001), and that the patients
with a high miR-223 expression had a significantly poorer
prognosis than those with a low expression (P =0.034). We also
provide evidence that a negative association exists between the
expression of miR-223 and the FBXW7 protein in ESCC patients
(Pearson correlation, r= —0.336; P<0.01), and revealed that the
miR-223 expression responds to alterations in the c-Myc and c-Jun
protein levels as regulated by the FBXW?7 pathway in vitro. These

findings suggested that the overexpression of miR-223 correlates -

with the poor prognosis of ESCC, possibly because of repression of
the function of the FBXW7 protein.

Loss of FBXW7 function is known to be associated with the
dysregulation of several cell cycle regulators, including cyclin E
and c-Myc (Welcker et al, 2003). In oesophagaeal cancer,
amplification and overexpression of these regulators has been
thoroughly investigated, and their clinical significance has been
reported. Cyclin E, a maintainer of the cell cycle restriction point,
is significantly overexpressed in mucosal invasive ESCC compared
with normal mucosa (Ohbu et al, 2001). The amplification of
c-Myc was more frequently found in advanced stages of ESCC
than in early stages (Bitzer et al, 2003). Therefore, the regulation
of FBXW7 may have an important role in the carcinogenesis and
progression of ESCC. In this study, there was an inverse correla-
tion between FBXW?7, and c-Myc and c-Jun in ESCC samples
as indicated by an immunohistochemical analysis. Moreover,
an in vitro assay demonstrated that there was a decrease in the
FBXW?7 expression when miR-223 was overexpressed, which gave
rise to an abnormal accumulation of the c-Myc and c-Jun proteins.

miR-223 has been recently reported to have a potential role in
tumourigenesis through repressing the function of FBXW7, and
the overexpression of miR-223 has been shown to significantly
reduce the FBXW7 mRNA levels, while increasing both the
endogenous cyclin E protein and activity levels, as well as genomic
instability (Xu et al, 2010). Moreover, a recent report identified
miR-223 as an E2F1 transcriptional target (Pulikkan et al, 2010),
and E2F1 and miR-223 comprised an autologous negative feedback
loop. These facts indicate that miR-223 is one of the key players in
cell cycle regulation at the G1-§ transition. In addition, miR-223
has been reported to act as an oncogene in several solid tumours,
including gastric, ovarian, and bladder cancers (Gottardo et al,
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ma. However, in the current study, on the basis of an investiga-
tion of 109 ESCC clinical samples, we showed that miR-223
was significantly overexpressed in the tumour compared with
the corresponding normal tissue, We also found that the
overexpression of miR-223 correlated with tumour advancement
and a poor prognosis. Moreover, in a series of gain-of-function
and loss-of-function investigations, we found that these effects
may be due to the downregulation of the tumour-suppressor
FBXW?7, which was targeted by miR-223. The decrease in the
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miR-223 gave rise to the abnormal accumulation of c-Myc and
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Although we suggested that miR-223 regulates FBXW?7, 16 out of
74 samples with high miR-223 expression still showed FBXW7
expression and 12 out of 35 samples with low miR-223 expression
did not show FBXW?7 as shown in Table 1. The relationship
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(Gu et al, 2008), the loss of genetic alteration (Iwatsuki et al, 2010),
the status of p53 mutation (Yokobori et al, 2009), or the regulation
by other miRs (miR-25, 27a, 92a) (Xu et al, 2010).

In conclusion, the present study at first indicates that a high
expression level of miR-223 had a significant adverse impact on
the survival of ESCC patients through repression of the function of
FBXW7.
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LIVER INJURY/REGENERATION

Thrombospondin-1 Is a Novel Negative Regulator of
Liver Regeneration After Partial Hepatectomy Through
Transforming Growth Factor-betal Activation in Mice

Hiromitsu Hayashi,' Keiko Sakai,' Hideo Baba,” and Takao Sakai'*

The matricellular protein, thrombospondin-1 (TSP-1), is prominently expressed during
tissue repair. TSP-1 binds to matrix components, proteases, cytokines, and growth factors
and activates intracellular signals through its multiple domains. TSP-1 converts latent
transforming growth factor-betal (TGF-f1) complexes into their biologically active form.
TGF-$ plays significant roles in cell-cycle regulation, modulation of differentiation, and.
induction of apoptosis. Although TGF-f1 is a major inhibitor of proliferation in cultured
hepatocytes, the functional requirement of TGF-f1 during liver regeneration remains to
be defined in vivo. We generated a TSP-1-deficient mouse model of a partial hepatectomy
(PH) and explored TSP-1 induction, progression of liver regeneration, and TGF-f-
mediated signaling during the repair process after hepatectomy. We show here that
TSP-1-mediated TGF-f1 activation plays an important role in sappressing hepatocyte pro-
liferation. TSP-1 expression was induced in endothelial cells (ECs) as an immediate early
gene in response to PH. TSP-1 deficiency resulted in significantly reduced TGF-f/Smad
signaling and accelerated hepatocyte proliferation through down-regulation of p21
protein expression. TSP-1 induced in ECs by reactive oxygen species (ROS) modulated
TGF-p/Smad signaling and proliferation in hepatocytes in vitro, suggesting that the imme-
diately and transiently produced ROS in the regenerating liver were the responsible factor
for TSP-1 induction. Conclusions: We have identified TSP-1 as an inhibitory element in
regulating liver regeneration by TGF-p1 activation. Our work defines TSP-1 as a novel im-

mediate early gene that could be a potential therapeutic target to accelerate liver regenera-

tion. (HepaToLOGY 2012;55:1562-1573)

ell proliferation is part of the wound-healing

response and plays a central role in regeneration

after tissue damage. It is crucial to advance our
understanding of the molecular mechanisms underlying
tissue regeneration and to develop a novel strategy to
enhance the regenerative process. Such knowledge, in
turn, would yield clinical benefits, such as decreased
morbidity and mortality. Partial hepatectomy (PH) is a
well-established model system in rodents for studying
the molecular mechanisms of liver regeneration. PH
triggers activation of the immediate early genes (i.e.,

genes that are rapidly, but transiently, activated) within
approximately the first 4 hours,' and thereby hepato-
cytes reenter the cell-division cycle. Immediate early
genes encode proteins that regulate later phases in Gy
and play an important role in cell growth in the regener-
ating liver."? The process of liver regeneration “after
hepatectomy is coordinated by both pro- and antiproli-
ferative factors. Transforming growth factor-betal
(TGF-P1) is a potent inhibitor of mitogen-stimulated
DNA synthesis in cultured hepatocytes.” Therefore, it
has been thought that TGF-f1 is a potent candidate to

Abbreviations: BrdU, 5-bromo-2-deoxyuridine: CD, cluster of differentiation; CM, conditioned media; ECs, endothelial cells; Evk1/2, extracellular signal-related
kinase 1 and 2; HSC, hepatic stellate cell; HUVEC, human umbilical vein endothelial cell; ICC, immunocyrochemistry; IF immunofluorescence; 1HC,
immunohistochemical; MDA, malondialdehyde; mRNA, messenger RNA; NAC, N-acetylcysteine; PAI-1, plasminogen activator inhibitor-1; PECAM-1, platelet/
endothelial cell adhesion molecule-1; PCR, polymerase chain reaction; PH, partial hepatectomy; PI3K, phosphatidylinositide 3-kinase; (PI3K ROS, reactive oxygen
species; a-SMA, alpha smootlh muscle actin; STAT3, signal vransducer and activator of transcription 3; TSP-1, thrombospondin-1; TGF-p1, transforming growtl
factor-B1; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling: VEGFR, vascular endothelial growth factor-A receptor; WT, wild type.
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limit or stop liver regeneration after PH.* Because TGF-
1 is synthesized and secreted as a latent complex, the im-
portant step in regulating its biological activity is the
conversion of the latent form into the active one. How-
ever, the contibution of TGE-f§ to the liver's regenera-
tive response after PH is still poorly understood. 7GF-
f1 messenger RNA (mRNA) induction occurs within 4
hours, and levels of TGF-f1 remain elevated uneil 72
hours after PH.>® In sharp contrast, in the model of
complete lack of TGF-f signaling using hepatocyte-spe-
cific TGF-f rype 11 receptor knockout mice, the lack of
TGF-f8 signaling does not result in prolonged hepato-
cyte proliferation; rather, only transiently up-regulated
proliferation of hepatocytes is shown in the later phase
after hepatectomy, with a peak at ~36 hours.” These
differences raise an open question about whether
locally activated TGF-f11 is indeed essential for the in-
hibition of hepatocyte proliferation 7n vivo. Furcher-
more, the time course of locally actrivated TGF-f1 and
its activation mechanism after PH sdll remain largely
unknown.

The matricellular protein, thrombospondin-1 (TSP-1),
was first shown as a component of the z-granule in
platelets and can act as a major activator of latent
TGF-$1.5” TSP-1 is induced in response to tissue
damage or stress and plays a role as a transient compo-

- . . . ALRE
nent of extracellular matrix during tissue rep;ur.8 ¢

However, the roles of TSP-1 and of TSP-1/TGE-f1
interdependence during liver regeneration have not vet
been addressed. We hypothesize that the inidation of
local TGF-f activation occurs much earlier after PH,
and TSP-1 plays a critical role in this process. Here,
using a TSP-1-deficient mouse model, we investigated
whether TSP-1 would be a suitable molecular target for
accelerating liver regeneration after PH.

Materials and Methods

Mutant Mice and Animal Studies. TSP-1-null
mice were kindly provided by Dr. Jack Lawler (Beth
Israel Deaconess Medical Center, Boston, MA).'> Male
wild-type (WT) and TSP-1-null mice, at 8-12 weeks
old (C57BL/G background), were used for the experi-

ments. The two anterior lobes (i.e., median and left
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lateral lobes), which comprise 70% of liver weight,
were resected. whereas the caudate and right lobes
were left intact. This study was approved by the insti-
tutional animal care and use committee.
Immunostaining and Western Blorting. For histo-
logical analyses, liver samples (the same Jobe from cach
mouse) were ecither direcdy frozen in OCT compound
(Tissue-Tek; Sakura Finetek, Tokyo. Japan) or fixed
overnight in 4% paraformaldchyde in phosphate-buf-
fered saline (pH 7.2) and dchydrated in a graded alco-
hol series and embedded in paraffin. Then, the materials -
were sectioned at a thickness of 5 ym. Immunofluores-
cence (IF) and immunohistochemical (IHC) staining
was performed as described previously.'” The negative
control staining was performed without the addition of
primary antibody. Immunostained slides were viewed
under a Leica DM 5500B microscopic system (Leica
Microsystems, Buffalo Grove, 1L). A minimum of 10

different images were randomly selected, and the .daca

shown are representative of the results observed. West-
ern blocting analysis was performed as described previ-
ously.'* The same lobe from cach mouse was used for
protein isolation and subsequent analysis. Tmage] sofi-
ware (version 1.40) was used for densitometric analysis.

Assessment of 5-Bromo-2-Deoxyuridine Incorpora-
tion. Mice received an intraperitoneal injection of 5-
bromo-2-deoxyuridine  (BrdU; 100 mg/kg: Roche
Applied Science, Indianapolis, IN) 2 hours before sacri-
fice. Six random visual high-power fields (0.64 mm* per
ficld) per mouse were evaluated to determine the num-
ber of BrdU-positive nuclei in hepatocytes and nonpar-
enchymal cells. Nonparenchymal cells were defined as
cells with smaller. irregularly shaped nuclei, compared
with larger, circular nuclei of hepatocytes, as previously
described. ' All BrdU-positive cells, from both cell
types, were summed at each time point.

Assessment of Apoptotic Index. Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL)
analysis was performed using an 7/ situ apoptosis detec-
ton kit (Roche). Six visual high-power felds (0.64
mm?> per field) per mouse were evaluated to determine
the number of TUNEL-positive nuclei.

Antibodies. The antibodies used for analyses are sum-
marized in Supporting Table 1. The amount of active
and total TGF-f1 in liver samples was determined using
an enzyme-linked immunosorbent assay kit (Quantikii ¢
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TGF-f1 Immunoassay; R&D Systems, Inc., Minneapo-
lis, MN), according to the manufacturer’s instructions.

Real-time Polymerase Chain Reaction. Real-time
polymerase chain reaction (PCR) was performed as
described previously.'* The primers used are summar-
ized in Supporting Table 2.

Lipid Peroxidation Assay. Liver tissue content of
malondialdehyde (MDA) was measured by the thio-
barbituric acid reduction method using a commercially
available kit (#10009055; Cayman Chemical, Ann
Arbor, MI). Values were obtained after 3()—m1nute
incubation at 90°C under acidic conditions.

“In Vitro Assay Using Human Umbilical Vein
Endothelial Cells and Mouse Primary Hepatocytes.
Human umbilical vein endothelial cells (HUVECs)
were used at passages 3-6. For analysis of reactive ox-
ygen species (ROS), H,O, (Thermo Fisher Scientific,
Waltham, MA) and N-acetylcysteine (NAC; Calbio-
chem, San Dicgo, CA) were used as an ROS inducer
and an ROS scavenger, respectively. To examine the
effects of H,O, on TSP-1 expression, HUVECs were
seeded on 0.1% gelatin-coated culture plates and
incubated overnight. Without change of medium,
H,O, was applied at final concentrations of 0.01,
0.05, and 0.1 mM and incubated for 10 minutes.
For immunocytochemistry (ICC), HUVECs were

plated into Lab-Tek Permanox slides precoated with -

0.1% gelatin and" incubated overnight. Then, the
cells, with or without pretreatment with 30 mM of
NAC for 60 minutes, were treated w1th 0.1 mM of
H,O, for 10 minutes.

To examine the effects of HUVEC-derived TSP-1 on *
TGF-p/Smad signaling and proliferation in primary he- "
patocyte culwures, primary hepatocytes were isolated

from 8- to 12-week-old adult WT mouse livers using
collagenase perfusion as previously described.'” Isolated

hepatocytes were plated on type I collagen (10-pg/mL)-

coated dishes in Williams’ E medium, supplemented
with 5 pg/mL of insulin, 5 pg/mL of transfcrrm,
10 ng/mL of endothelial growth factor, 107° M aproi-
nin, 107> M of dexamethasone, 107> M of nicotina-
mide, and 10% fetal bovine serum and incubated at
37°C for 24 hours. To examine the effect of HUVEC-
derived TSP-1 on TGF-ff/Smad signaling in hepato-
cytes, the conditioned media from HUVECs (treated
with 1.0 mM of H-O, for 2 hours) were added to
primary hepatocytes with or without pretreatment of
5 uM of LSKL or SLLK peptide (GenScript, Piscataway,
NJ).'®' cultured for an additional 4 hours, and the
cells were used for the analysis. To examine the effect of
HUVEC-derived TSP-1 on hepatocyte proliferation,
the conditioned media from HUVECs were added to
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primary hepatocytes, cultured for an additional 24
hours, and the cells were used for the analysis.

Data Presentation and Statistical Analysis. All
experiments were performed in triplicate, and the data
shown are representative of results consistently
observed. Data are expressed as the mean * standard
deviation. Data analysis was performed with SPSS
12.0.1 for Windows (SPSS, Inc., Chicago, 1L). Statisti-
cal analyses were performed using the Student # test or
analysis of variance, followed by Bonferroni’s multiple
comparison  tests, when appropriate. A P value of
<0.05 was considered significant.

ResﬂltS» ’

PH Induces an’ Iinmediate and Prominent Induc-
tion of TSP-1 mRNA and Protein in the Regenerating
Liver. An intact liver in adult mice expresses nearly
undetectable levels of 7SP-1 mRNA.'* We first_deter- -
mined whether PH could trigger TSP-1 induction in
the regenerating liver. 7SP-1 mRNA was immediately
induced, with a peak at 3 hours after hepatectomy, in
WT mice by real-ime PCR (Fig. 1A). TSP-1 protein
was also induced, reaching a peak at ~G6 hours
(Fig. 1B). Those mRNA and protein levels returned to
basal levels by 24 hours (Fig. 1A,B). Thus, PH

"induced immediate and transient TSP-1 expression in

the initial phase of liver regeneration. Secondary minor’
inductions of 75P-1 mRNA and protein were found .
to peak at 48 and 72 hours, respectively (Fig. 1A,B).

We next determined the cellular source of TSP-1 by
immunostaining. In the:intact liver, the expression of .
TSP-1 protein was detectable only in platelets with
GPlIb/1lIa expression by double IF staining (Fig. 1C).
The tissue distribution of TSP-1 protein localized in .

the sinusoid at 6 and 72 hours after PH (Fig. 1D),

suggesting that cells localized in the sinusoid (e.g., en-
dothelial cells [ECs), Kupffer cells, and hepatic stellate
cells; HSCs) are responsible for newly synthesized
TSP-1 in the regenerating liver. Double IF staining
revealed that TSP-1 protein predominantly colocalized
with platelet/endothelial cell adhesion molecule-1
(PECAM-1)/cluster of differentiation (CD)31 (an EC
marker) at 6 hours in the regenerating liver (Fig. 2A).
In contrast, TSP-1 protein at 6 hours did not colocal-
ize with either F4/80 (a Kupffer cell marker) or alpha
smooth muscle actin (2-SMA;: a marker for myofibro-
blasts, such as activated HSCs) (Fig. 2A). The activ.-
tion peak of HSCs is at 72 hours after PH'® a i
many %-SMA-positive cells were observed (Supporti; :;
Fig. 1). At 72 hours, however, TSP-1 protein ¢
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Fig. 1. Animmediate and significant induction of TSP-1 mRNA and protein in response to PH. (A) Real-time PCR analysis of TSP-1 mRNA expres-
sion after 70% PH (n = 8 per time point) versus sham operation (0 = 3 per time point). Data were normalized to the amount of 18S ribosomal RNA
serving as the internal control. *P < 0.05 versus sham-operated mice; **P < 0.01 versus sham-operated mice. (B) Western blotting analysis of
TSP-1 protein expression in the regenerating liver. Heat shock cognate protein 70 (HSC70) served as a loading control. (C) Double IF staining of TSP-
1 (red) and GPIlb/llla (green) at O hours in WT (TSP1" /7y and TSP-1-null (TSP177/~) liver. Note that the distribution of TSP-1 in the intact WT liver
shows only in platelets, as evidenced by colocalization of TSP-1 with the platelet marker, GPlIb/Ia (yellowish dots in the merged image). Scale bar
= 50 pm. (D) IF staining for TSP-1 in WT liver at 0, 6, and 72 hours after PH. Scale bar == 50 pm.

colocalize with PECAM-1/CD31 and 2-SMA, but not
with F4/80 (Fig. 2B). Indced, it is known that acu-
vated HSCs express TSP-1 and thereby activate the
TGF-f-signaling pathway virro."” These results sug-
gest that ECs are the major source of TSP-1 expression
in the inidal phase at 6 hours, whereas ECs and acu-
vated HSCs participate in secondary TSP-1 expression
at 72 hours. As noted above, immediate carly genes
are genes that are rapidly, but transiendy  (within
approximately the first 4 hours), activated in response
to hepatectomy." Thus, TSP-1 produced by ECs is a
novel candidate immediate carly gene in the initial
respanse to PH.

TSP-1 Deficiency Accelerates a Liver Regeneration
After PH, but Does Not Affect the Termination Pha-
se. Because immediate carly genes play a significant
role in the regulation of cell growth in the regenerating
liver, "~ we next examined the involvement of TSP-1
in the control of liver regeneration. The rates of recov-
erv of liver mass and of cell proliferation after PH
were compared berween WT and TSP-T-null mice.
TSP-1-null mice showed significandy faster recovery

of liver:body-weight ratio from day 1 w day 7 afwr
surgery, compared with controls (P < 0.05 at 24, 4%,
A

and 168 hours and 7 < 0.01 at 72 hours; Fig. 3A%
However, no excess hiver mass had been gained av duy



1566 HAYASHI ET AL HEPATOLOGY, May 2012

'Fig, 2. Tissue distribution of TSP-1 protein in the regenerating liver. (A and B) TSP-1 expression at 6 (A) and 72 hours (B) after PH. Double
IF staining for TSP-1/PECAM-1 (CD31), TSP-1/F4/80, and TSP-1/-SMA at 6 and 72 hours in WT mice (TSP-1, red; PECAM-1 [CD31], F4/80,
and %-SMA, green). Scale bar = 25 ym.

14 in TSP-T-null mice. compared wich concrols. cell cycle). The proliferation peaks of hepatocyres and

Next, cell proliferation was evaluated using a BrdU  nonparenchymal cells after PH occurred ar ~36-48
: . - ~ - - . 2404 -
incorporation assay (a marker for the S phase of the and 72 hours, respectively.™" " Although only a few
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Fig. 3. Accelerated liver regeneration with down-regufation of p21 protein expression in TSP-1-null mice after PH. (A) Assessment of restora-
tion of liver mass. Liver:body-weight ratio was measured after PH (n = 10 per time point in each group). *P < 0.05 versus TSP-1%7" mice;
**p < 0.01 versus TSP-1777 mice. (B and C) Assessment of BrdU incorporation in the regenerating liver. (B) IHC of BrdU in the regenerating
liver. Arrowheads indicate BrdU-positive hepatocyte nuclei (brown) at 24 hours. Scale bar = 50 pm. (C) The number of BrdU-positive hepato-
cytes, nonparenchymal cells, and all positive cells (n = 10 per time points in each group). **P < 0.01 versus TSP-1 /' mice. (D) Real-time
PCR analysis of cyclin A2 (Ccna2) and cyclin D1 (Cendl) mRNA expression in the regenerating liver (n = 10 per time point in each group).
#P < 0.05 versus TSP-17/7 mice. (E) Assessment of p21 protein expression in the regenerating liver. Left panels: western blotting analysis of
p21 protein expression in WT versus TSP-1-null liver. HSC70 was used as a loading control. Right panel: densitometric analysis of p21 protein
expression (n = 3). Each p21 intensity was normalized to HSC70, then the intensity of WT mice at 0 hours was set to 1. *P < 0.05 versus
TSP-1%/* mice. HSCTO, heat shock cognate protein 70.

BrdU-positive hepatocytes were detecrable at 24 hours  ber of BrdU-positive nonparenchymal cells in TSP-1-
in WT mice, TSP-1-null mice showed a significandy  null mice significantly increased (2-fold) at 72 hours,
increased number of BrdU-positive hepatoeytes (8- compared with conwrols (77 < 0.01: Fig. 3C). Towl

fold over controls) (72 < 0.01; Fig. 3B.C). The num-  proliferative  activicy  (of  hepatocytes and
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Fig. 4. Significantly decreased TGF-fi/Smad signal transduction and cell death in TSP-1-null mice after PH. (A) Real-time PCR analysis of
TGF-f;1 mRNA expression after PH (n = 8 per time point in each group). *P < 0.05 versus TSP-17/" mice; **P < 0.01 versus TSP-17/"
mice. (B) Levels of active and total TGF-/i1 in WT and TSP-1-null liver at 6 hours after PH (n = 6 per time point in each group). **P < 0.01
versus TSP-17/" mice. (C-E) Effects of TSP-1 deficiency on pSmad2 expression in the regenerating liver. (C) Upper panels: western blotting anal-
ysis of pSmad2 and total Smad2 in WT and TSP-1-null liver. Lower panel: densitometiic analysis of pSmad2 protein expression (n == 3). Each
pSmad2 intensity was normalized to total Smad2, then the intensity of WT mice at O hours was set to 1. *P < 0.05 versus TSP-17"" mice:
##P < 0.01 versus TSP-1'7" mice. (D) Assessment of pSmad2 nuclear localization. Left panel: IF staining for pSmad2 at 6 hours in WT anc
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and TSP-1-null liver after PH (n = 8 per time point in each group) and in WT liver after sham operation (n = 3 per time point). **P < 0.C!
versus TSP-177" mice. (F) Assessment of TUNEL-positive cell death in the regenerating liver. Left panel: TUNEL staining at 6 hours alter Pr
in WT and TSP-1-null liver. Right panel: analysis of TUNEL-positive cells (n == 5 per time point in each group). Arrowheads indicate TUNT:
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nonparenchymal cells) in TSP-1-null mice was signifi-
candy higher at 24 and 72 hours, compared with
controls (2 < 0.01 in both; Fig. 3C).

Cyclins are required for cell-cycle progression. The
mRNA levels of cyclin A2 (Cena2) and cyelin D1
(Cend 1) increase and peak in S phase and carly to mid
3; phase, respectively. Expression levels of  Cena2
mRNA in TSP-1-null mice were significandy higher at
24 (2.3-fold) and 72 hours (1.5-fold), compared with
conuwrols (2 < 0.05 in both: Fig. 3D). Although Cend i
mRNA increased and peaked ac 48 hours in
both WT and TSP-1-null mice, there was no signih-
cant difference berween them (Fig. 3D). The cyelin-de-

levels

pendent kinase inhibitor, p21, plays a critical role in the
inhibition of hepatocyte proliferation ar the (/S wransi-
tion of the cell cycle /7 vivo.” Induction levels of p21
protein in TSP-1-null mice significandy diminished at 12
and 24 hours, compared with conwrols (70% less than
that of controls, both ar 12 and 24 hours; P < 0.05 in
both), whercas p21 showed at similar levels at 48 hours
in WT and TSP-1-null liver (Fig. 3E). These results sug-
gest that TSP-1 is a negative regulator of liver regenera-
tion after PH, and that TSP-1 deficiency aceclerates the
S-phase entry of hepatocytes by down-regulation of p21
protein expression. However, TSP-1 does not affect the
termination phase of liver regeneration after PH.
TGF-B/Smad Signaling Is Activated by TSP-1 in
Response to PH. To address the possible mechanisms
underlying this accelerated liver regeneradon in TSP-
I-null mice, we examined TGF-fi/fSmad  signaling.

" mice.

TGE-I mRNA levels in both WT and TSP-1-null
mice increased after hepatectomy by real-time PCR,
and those levels in TSP-1-null mice were significantly
up-regulated at 3 and 6 hours, compared with controls
(P < 0.05 at 3 hours and 7 < 0.01 ar 6 hours;
Fig. 4A). In sharp conwrast, the levels of active TGFE-
A1 in TSP-T-null liver were significandy lower than
controls at 6 hours after PH, whereas the levels of total
TGF-1 did not show any significant  differences
berween chem  (Fig. 4B). Furchermore, the levels of
phosphorvlated Smad2 (pSmad2, C-terminal Serd65/
467) protin, as a downstream mediator of active
TGE-f11, significandy diminished at 6 and 12 hours in
TSP-1-null mice, compared with controls (to 16% at 6
hours and 69% ac 12 hours versus controls, respectivelys
P < 0.01 at 6 hours and 7 <= 0.05 at 12 hours), as
determined by western blowing (Fig. 4C). Using IF
staining, we confirmed the significanty decreased num-
ber of nuclear localized pSmad2-positive cells at 6 hours
in TSP-T-null mice, compared with controls (77 <2 0.01;
Fig. 413). A sccondary, minor induction of pSmad2 at
72 hours was also significantly acenuated in TSP-1-null
mice, compared with controls (Fig. 4C).

Plasminogen activator inhibitor-1 (PAI-1) is one of
the downstream targets of TGF-fi1 in hcpnmcytcs.“
Although intense inductions of PA/-7 mRNA ac 6 hours
after hepatectomy were observed in both WT mice and
TSP-1-null mice by real-time PCR, the inducuon level
in TSP-1-null mice was significanty diminished (10
37% of controls: P+ 0.05 at 6 hours) (Fig. 4E).
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Fig. 6. TSP-1 induction in ECs by ROS. (A)
Assessment for levels of MDA after 70% PH
(n = 5) and sham operation (n = 3). *P <
0.05 versus sham-operated mice. (B-D) TSP-
1 protein expression by H.0,, a potent ROS
inducer, in HUVECs. (B) Western blotting anal-
ysis of TSP-1 after treatment of HUVECs with
H,0,. f-tubulin served as a loading control.
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(C) Densitometric analysis of TSP-1 expres-

32;:; () F_) 0.01 0.05 ,‘“ 0.1 sion from three independent experiments.
NAC (=) (=) (=) (=) () Each TSP-1 intensity was normalized to
D NAC 30mM [-tubulin, then the intensity of control was set
Control 0.1mM H.O +0.1mM H.O to 1. Note that the TSP-1 protein expression

—— - 2.2 — 2 levels after treatment with 0.05 and 0.1 mM

Cell death is also implicated as a mechanism of
TGEF-fi-mediated cell-growth inhibition. TUNEL-posi-
tive cells, as a marker for cell death, are immediacely
We

determined whether deficiency in TSP-1 affected cell

. il
and transiendy detectable after  hepatectomy.™

death in the regencrating liver. Although the number
of TUNEL-positive cefls in WT liver transientdy
increased at 6 hours after hepatectomy, TSP-1-null
liver showed a significant reducdon, compared with
controls (7 < 0.05 at 6 hours; Fig. 4F).

These that TSP-1-mediated
TGEF-f1 plays a pivotal role in TGF-ff/Smad signal

resules suggest active

transduction after PH.
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of H,0, are significantly higher versus con-
trols, whereas the induction of TSP-1 by treat-
ment with 0.1 mM of H,0, is significantly
inhibited with a pretreatment using 30 mM of
NAC. *P < 0.05; **P < 0.01. (D) ICC for
TSP-1 protein in HUVECs after treatment with
H,0, (TSP-1, green; DAPI, blue). Note that
HUVECs after treatment with 0.1 mM of H,0,
express TSP-1 in their cytoplasm ({arrow-
heads), whereas the induction of TSP-1 is
inhibited by pretreatment using 30 mM of
NAC. Scale bar = 50 pm. (E and F) Assess-
ment of pSmad2 nuclear localization in pri-
mary hepatocytes. (E) IF staining for pSmad2
with or without ROS-treated CM from HUVECs
(HUVEC CM). Scale bar = 25 jm. (F) Effect
of TSP-1-inhibitory peptide LSKL on pSmad2
induction. Eror bars represent standard devia-
tion (n = 5 in each group; field = 0.15
mm?). SLLK, control peptide. **P < 0.01.
DAPI, 4’ ,6-diamidino-2-phenylindole.
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Deficiency in TSP-1 Accelerates STAT3 and PI3K/
Alet Signals, Not Extracellular Signal-Related Kinase
1 And 2 Signal, in the Early Phase After PH. There
is in wirro evidence that TSP-1 down-regulates phos-
phorylated Ake (Serd473) expression through its recey -
tor, CD47, in HUVECs.™ Indeed, signaling pathway -,
such as phosphatidylinositide 3-kinase (PI3K)/Ake, si, -
" rranscription

nal cransducer  and  activator  of
(STAT3), and extracellular signal-related kinase 1 ar:
2 (Erk1/2), are imporwant for cell survival and/or pre
liferation afrer PH.** Therefore, we next examine
whether the deficiency in TSP-1 affected the activatic.
of these signaling pathways in the carly phases pc



HEPATOLOGY, Vol 55, No. 5, 2012

Partial hepatectomy

injured endothelial celis

TSP-1 TSR
| ‘/ "VOO%,
@,

Latent TGF-B1 =$ Active TGF-B1 %,
2

=g | iver regeneration

Fig. 7. Schematic illustration of the role of TSP-1 in the regenerat-
ing liver. In WT mice, newly synthesized ROS in response to PH stimu-
late ECs to express TSP-1. TSP-1 induced by ECs converts latent TGF-
f1 into its active form. Active TGF-/i1 suppresses cell-cycle progres-
sion in hepatocytes at the Gy/S checkpoint. In contrast, TSP-1 defi-
ciency decreases active TGF-fi1 levels, which, in turn, results in the
acceleration of liver regeneration.

hepatectomy. TSP-T1-null mice showed carlicr, more
intense phosphoryladon of STAT3 (Tyr705) (6-fold ac
1 hour; P < 0.01) and Akt (Serd73) (4.2-fold ar 1
hour; 7 < 0.01) in the carly stage after PH, compared
with controls, as determined by western blotting (Fig.
5). In contrast, levels of phosphorylated Erk1/2 did not
show remarkable differences berween  the
groups (Fig. 5).

TSP-1 Induction in ECs Is Associated Witl
ROS. Although our findings show that TSP-1 plays a
potential role as a negative regulator in the regenerat-

any wo

ing liver, the mechanism of TSP-1 induction in ECs
in response o PH remains unknown. There is a line
of evidence that ROS are produced in the regenerating
liver after PH.22 In WT mice, levels of dssue con-
tene of MDA as a lipid peroxidation marker for ROS
generation were significantly increased at both 3 and 6
hours and returned to basal levels by 12 hours after
hepatectomy (P < 0.05 in both; Fig. 6A). Next, o
determine whether ROS could induce TSP-1 expres-
sion in ECs, we performed an 7z wvitro study using
HUVECs with the potent ROS inducer, H,0,5. In
HUVECs, weatment with H.O5 induced TSP-1 pro-
tein expression in a dose-dependent manner (Fig. 6B-
D). Furthermore, this induction was inhibited by pre-
treacment with 30 mM of NAC, a scavenger of ROS
(Fig. 6B-D). Thus, these resulis indicate that oxidauve
stress is one facror responsible for TSP-1 induction in

ECs.
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To further determine whether HUVEC-derived
TSP-1 could modulate TGF-f/Smad signaling and
proliferation in hepatocytes /n virro, we isolated pri-
mary hepatocytes from adulc WT mice.”” The trear-
ment of conditoned media from HUVECs with pri-
mary hepacocytes actually induced pSmad2 (Fig. GE).
Furthermore, the pretreatment of primary hepatocytes
with TSP-T-inhibitory pepride LSKL'®'" significandy
suppressed conditioned media (CM)-induced pSmad2
expression, whereas the conurol peptide, SLLK, showed
no effects (Fig. 6F). It is known that primary hepato-
cytes lack the ability to proliferate, even though such
cells in vivo readily replicate and/or synthesize DNA af-
ter PH.™ Although a few proliferative primary hepato-
cytes were found by Ki67 immunosaining in culwre,
the treatment of CM from HUVECs with primary he-
patocytes significantly reduced the number of Ki67-pos-
itive cells (Supporting Fig. 2).

Discussion

In the present study, we have demonstrated the fol-
lowing (Fig. 7): (1) TSP-1 is induced in ECs as an im-
mediace early gene by ROS and participates in TGF-f8
signal transduction in the inital response o PH and
(2) TSP-1 deficiency results in the significant reduc-
tion of TGF-f/Smad signal, and this could cause the
accelerated S-phase entry of hepatocytes by down-regu-
fation of p21 protein expression. Thus, this is the first
study providing compelling evidence that local TGF-f§
activation machinery plays an important role in inhibi-
ting liver regeneration after PH.

Our study supports the notion that oxidative stress
is one factor responsible for TSP-1 induction in the
regenerating liver. TSP-1 is the most likely candidate
protein induced by oxidative stress in protcomic analy-
sis using brain ECs.”” These findings imply that ECs
initially sense locally produced ROS in response to tis-
sue damage, and thac the subsequent inducton of
TSP-1 in these cells after inidates ussue remodeling.
Indeed, our results revealed that EC-derived TSP-1
can modulate TGF-fi/Smad signaling and proliferation
in hepatocytes. ECs represent the largest population of
nonparenchymal cells in the liver. Identification of the
functonal role of immediate early genes provides the
clues for understanding the molecular bases of liver
regencration. One recent scudy documented thar 1d-1,
a vascular  endothelial - growth  factor-A
(VEGFR)-2-mediated
induced in ECs at ~48 hours after hepatectomys 1d-1,
in wrn, promoted hepatocvie pro[ii'"cr;u’ion.l‘q There

recepror

rranscripdonal  factor,  was

has, as vet, been no repore implicating ECs in carlier
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stages of the regenerating liver (within 24 hours). We
have identified TSP-1 as a novel immediate carly gene
derived from ECs, showing that the expression level of
TSP-1 was immediately up-regulated and returned to
basal levels by 24 hours in response to PH. Our find-
ings and the previous report™ suggest that ECs may
play two distinct roles in hepatocyte proliferation after
PH: One is an andproliferative role by activating the
TSP-1/TGE-f1 axis within 24 hours, and the other is
a proproliferative role by activating VEGFR-2 after 24
hours. This finding is consistent with the evidence that
TSP-1 inhibits the activation of VEGFR-2 through its
receptor, CD47, in ECs,”* and suggests that the reduc-
tion of TSP-1 expression may be required for the
functional shift in ECs from ‘an anti- to a proprolifera-
tive role in hepatocytes. Microvascular rearrangement
is important for tssue remodeling, and the antiangio-
genic action is one of the well-recognized functions of
TSP-1.>” However, the expression of CD31 mRNA
for monitoring angiogenesis did not show any signifi-
cant difference between WT and TSP-1-null mice
at 24, 48, and 72 hours after PH (Hayashi H, and
Sakai T; unpublished data), suggesting that TSP-1
does not affect vascularization during liver regeneration
after PH.

TGF-f1 is known to be a potent inhibitor of mito-
gen-stimulated  DNA  synthesis in cultured  hepato-
cytcs.‘)’ p21 is important for inhibiting hepatocyte pro-
liferation i wive, especially at the G1/S transition of
the cell cycle,l0 and the expression of p21 is up-regu-
lated by TGF-f1."" There is evidence that TGF-f31
mRNA induction occurs within 4 hours and remains
elevated until 72 hours after PH.>® In contrast, we
found the only limited activation of TGF-f signaling
in an carlier phase (within 24 hours), with a peak at
~12 hours. It is known that TGF-f is secreted as
latent forms and they are converted into active TGF-
f in response to injury. There are several mechanisms
for activation, such as by proteases, integrins (e.g.,
avfiG and 2vfi8), and TSP-1, all of which are likely
to be tissue spc:‘ciﬁc.‘31 Whereas the complete lack of
TGEF-fi-mediated signal in hepatocyte-specific TGF-f3
type 1 receptor knockout mice accelerates hepatocyte
proliferation in the later phase (~36-48 hours) after
hepatectomy,” the role of TGF-f3 signaling in the car-
24

clucidated. Our present findings provide compelling

lier  phase (within hours) remains to be
evidence that locally activated TGF-f1 mediated by
TSP-1 as an immediate carly gene is critical in the
carly phase (within 24 hours) post PH to initiate the
inhibitory effect on hepatocyte proliferation, and this

TGE-f signaling has a functional link to the G,/S-

HEPATOLOGY, May 2012

phase cransition by modulating p21 protein expres-
sion. A major downstream rtarget of TGF-f1, PAl-
1,7 s a negative regulator of liver regeneration, and
PAI-1-null mice show acceleration of liver regenera-
tion afrer Fas-mediated massive hepatocyte death.?
The significant down-regulation of PAI-1 expression
in our TSP-1-null liver may be implicated in the
accelerated  hepatocyte  proliferation  after  PH.
However, our TSP-1-null model did not show any
obvious differences in the termination phase of liver
regeneration, compared with controls, such as thg
TGF-fi type 11 receptor knockout mice model.’
Although the molecular mechanisms underlying the
termination of liver regeneration remain to be eluci-
dated,” our and other findings suggest that the orches-
trating interactions among positive and negative regula-
tors in hepatocyte proliferation would be critical for the
termination of liver rcgencration,“'l/‘

Active  TGF-fi1 induces hepatocyte cell death.
STAT3- and PI3K/Ake-signaling pathways are crucial
for cell survival (i.e., antiapoptosis) in the acute phase
after PH. Our signaling data using TSP-T-null mice
are consistent with previous findings showing that
STAT3- and PI3K/Ake-signaling pathways, but not
the Erk1/2 pathway, play a protective role against
TGF-f-induced apoptosis in hepatocyte cell lines. >4
Several in vitro studies have reported that TSP-1
down-regulates phosphorylated Akt expression in ret-
ina®> and ECs.™ Another in virro study showed that
the lack of TSP-1 in retinal ECs results in up-regula-
tion of phosphorylated Akt expression, but not phos-
phorylaced Erk1/2.%¢ Because TSP-1 is a multidomain
and multifunctional martricellular protein, our data
and these findings suggest that TSP-1 modulates not
only TGF-f§ signal, but also cell survival signals, such
as STAT3 and PI3K/Akt through its
multidomain.

In the clinical setting, no established therapeutic
strategies to accelerate liver regeneration have been
available, to date. The inhibitdon of TSP-1 function
attenuates locally activated TGF-f1 signals and thereby
accelerates  hepatocyte  proliferation;  hence, TSP-1
could be a novel therapeutic target for accelerating

signals,

liver regeneration after PH.
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CD44s Regulates the TGF-p-Mediated Mesenchymal
Phenotype and Is Associated with Poor Prognosis in Patients
with Hepatocellular Carcinoma

Kosuke Mima', Hirohisa Okabe’, Takatsugu Ishimoto’, Hiromitsu Hayashi’, Shigeki Nakagawa',

Hideyuki Kuroki', Masayuki Watanabe', Toru Beppu', Mayumi Tamada®, Osamu Nagano?,
Hideyuki Saya®, and Hideo Baba’

The prognosis for individuals diagnosed with hepatocellular carcinoma (HCC) remains poor because of the
high frequency ofinvasive tumor growth, intrahepatic spread. and extrahepatic metastasis. Here.we investigated
the role of the standard isoform of CD44 (CD-Hs). a major adhesion molecule of the extracellular matrix and o
cancer stem cell marker. in the TGF-B=mediated mesenchymal phenotype ol HCC. We found that CD--s was the
dominant form of CD<-F mRNA expressed in HCC cells. Overexpression of CD44s promoted tumor invasiveness
and increased the expression of vimentin, a mesenchvinal marker. in HCC cells, Loss of CD-lHs abrogated these
changes. Also in the setting of CD-Hs overexpression. treatment with TGF-B1 induced the mesenchymal
phenotype of HCC cells. which was characterized by low E-cadherin and high vimentin expression. Loss of
CD-Hs inhibited TGF-B-mediated vimentin expression. mesenchymal spindle-like morphology. and tumor
invasiveness. Clinically. overexpression of CD-Hs was associated wilh fow expression of E-cadherin. high
expression of vimentin., a high percentage of phospho-Smad2-positive nuclei. and poor prognosis in HCC
patients. including reduced discase-free and overall survival. Together. our findings suggest that CD-Hs plays o
critical role in the TGF-B-mediated mesenchymal phenotype and therefore represents a potential therapentic
>2012 AACR.

3414

target for HCC. Cancer Res: 72(13): 341-1-2

o

introd

Hepatocellular carcinoma (HCC) is the filth most prevalent
and the third most deadly type of cancer worldwide, In fact. it is
diagnosed in more than hall a million people worldwide each
year (1). Surgical resection and liver transplantation are avail-
uble options for the treatment of carfy-stage HCC: however. the
prognosis of HCC remains poor because of w high level of tumor
invasiveness.  frequent  intrahepatic  spread.  extrahepatic
metastasis. and resistance to chemotherapy (2).

Epithelial-mesenchymal transition (EMT) has been shown
Lo be a pivotal mechanism contributing to cancer invasion and
metastasis including HCC (3-7) because epithelial cells lose
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their polarity and acquire the migratory properties of mesen-
chyvmal cells in the developmental process. In recent melas-
tasis researches. EM T is also shown Lo play animportant role in
stem-like properties (8).

CDHHLamajor adhesion molecule of the extracellular matrix.
has been implicated in a wide variety of physiologic processes.
including leukocyle homing and activation. wound healing.
and cell migration (9. 10). Cells produce CD-- protein isoforms
through the process of alternative mRNA splicing, The CD-4
standard isoform (CD-Hs) is expressed predominantly in
hematopoietic cells and normal epithelial cell subsets. whereas
the variant isoform (CD-Hv) is expressed by some epithelial
cells during embrvonic development. daring lmphocvte mat-
uration and activation. and by several types of carcinoma cells.
Recently. cancer stem cells (CSC) in many tumors have been
identified by positive expression of CD-HL either individually or
in combination with other markers. and these cells have heen
shown o be involved in tumor progression and metastasis
(10-16). Although TGF-f3 signaling is a major regulator of EMT
and it maintains the mesenchymal phenotype and stem cell
stales in an autocerine fashion in cancer (17). the underlving
molecular mechanisms that integrate the mesenchymal phe-
notvpe with the EMT process and with CSC properties still
remain unknown. Therefore. we hypothesize that CDH-La CSC
marker. plavs an important role in inducing EMT or in main-
taining the mesenchymal phenotype in 1HCC.
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The Role of CD44 in the TGF-p-Mediated Mesenchymat Phenotype

Cell lines, culture conditions, and reagents

The human HCC lines PLC/PRF/5. HulL HLF. and HLE
were purchased from the Japanese Collection of Research
Bioresources. SK HEP-1 cells were purchased from American
Type Culture Collection. The cells were routinely maintained in
Dulbecco’s Modified Engle's Medium (Invitrogen) supplemen-
ted with 10% FBS (Invitrogen). The cells were incubated at 37°C
in a 5% CO, air-humidified atmosphere. Purified recombinant
human TGF-B1 (R&D Systems) was reconstituted in sterile 4
mmol/L. HCl containing 1 mg/mL bovine serum albumin
(Sigma). TGF-B1 was used at the indicated concentrations in
serum-[ree medium.

Plasmids and siRNA transfection

The ¢DNA corresponding to human CD<Hs was introduced
into the peDNA3.1 expression plasmid (Invitrogen: ref. 18).
PLC/PRF/5 cells were transfected with the resulting plasmids
using Lipofectamine 2000 (Invitrogen). CD44 expression was
transiently downregulated using a predesigned siRNA duplex
directed against CD44.and a nontargeting siRNA was used as a
negative control. The sequences of the $iRNA (chimeric RNA-
DNA) duplexes (Japan Bioservice) were as follows { 18): CD44
SIRNA. 5-AAAUGGUCGCUACAGCAUCTY-3 and 5'-GAUG-
CUGUAGCGACCAUUUTT-3, and control siRNA, 5'-CGUACG-
CGGAAUACUUCGATT-3" and 5'-UCGAAGUAUUCCGCGUA-
CGTT-3'. HCC cells were translected with the annealed siRNA
for 24 to 72 hours using Lipofectamine 2000,

Prolein extraction and Weslern blot analysis

Protein extraction (rom cultivated cells and Weslern blot
analyses were carried oul as previously described (19, 20).
Briefly, the cells were lvsed in cell lysis buffer containing
25 mmol/L Tris (pH 7.4). 100 mmol/L. NaCl, and 1% Tween
20. Equal amount of proteins were loaded onto 10% gels and
separated using SDS-PAGE. The resolved proteins were elec-
trophoretically transferred to polyvinylidene fluoride mem-
branes (Bio-Rad. Inc.). The membranes were blocked with 5%
Jow-fat dry milk in TBS-T [25 mmol/L Tris (pH 7.4). 125 mmol/L.
NaCl. 0.4% Tween 20] for | hour al room temperature, follow-
ed by incubation with a primary antibody at 47C overnight. The
blots were extensively washed with TBS-T and incubated with
an horseradish peroxidase (HRP)-conjugated secondary anti-
body diluted 1:2,000 in TBS-T for 1 hour at room temperature.
The membranes were washed and visualized using a Chemi-
luminescent Detection Reagent Kit (ECL: GE lealthcare
Corp.). Primary antibodies for E-cadherin (1:1L000 dilation:
BD Transduclion Laboratories). vimentin (1:1000 dilution:
Santa Cruz). CD<44s (1:1.000 dilution: Bender MedSystems).
phospho-Smad2 (1:500 dilution; Cell Signaling). Smad2/3
(1:1000 dilution: Cell Signaling). and B-actin (1:1.000 dilution:
Cell Signaling) were used for this study.

RNA extraction and quantitalive reverse transcription
PCR

Total RNA extraction. ¢DNA synthesis. and quantitative
reverse transcription PCR (g4RT-PCR) were carried oul as

previously described (19. 20). Total cellular RNA wus extracted
using the RNeasy Mini Kit (Qiagen). and ¢ DNA was synthesized
with the SuperSeript 11 Transeriptor First Strand ¢DNA Syn-
thesis System for RT-PCR (Invitrogen) according to the man-
ufacturers’ instructions. gRT-PCR was carried out using a
LightCycler 480 I instrument (Roche). To determine the
differences in the gene expression levels between specimens,
the 27 method was used Lo measure the fold changes
among the samples (21). To carry out gRT-PCR. primers were
designed using the Universal Probe Library (Roche) (ollowing
the manufacturer’s recommendations. The primer sequences
and probes used for real-time PCR were as [ollows: E-cadherin.
5 -TTGACGCCGAGAGCTACAC-3. 5'-GTCGACCGGTGCAAT-
CTT-3. and universal probe =80: vimentin, 5-TACAG-
GAAGCTGCTGGAAGG-3'. 5-ACCAGAGGGAGTGAATCCAG-
3. and universal probe #13; CD-1, 5'-GCAGTCAACAGTCGAA-
GAAGG-3, 5'-TGTCCTCCACAGCTCCATT-3', and universal
probe #29; glvceraldehvde-3-phosphate  dehydrogenase
(GAPDH), 5-AGCCACATCGCTCAGACAC-3', 5'-GCCCAA-
TACGACCAAATCC-3'. and universal probe #60: EpCAM. 5'-
AGTTGGTGCACAAAATACTGTCAT-3".  &-TCCCAAGTTTT-
GAGCCATTC-3". and universal probe #8; CD133. 5'-TCCACA-
SAAATTTACCTACATTGG-3', 5-CAGCAGAGAGCAGATGA-
CCA-3, and universal probe £83: Bmil. 5-TTCTTTGACCA-
GAACAGATTGG-3. 5'-GCATCACAGTCATTGCTGCT-3', and
universal probe 263: CD13. 5-TTGCCTACCAGAACACCATCT-
3. 5-GTTGGATGGACCGGTTGTT-3" and universal probe #75:
and CDY0. 5'-CAGAACGTCACAGTGCTCAGA-3, 5'-GAG-
GAGGGAGAGGGAGAGC-3'. and universal probe #66. To ana-
lyze the CD- splice variants in human HCC cell lines. the
following human primer sets (forward and reverse. respective-
Iy) were used: CD--. 5 - TCCCAGACGAAGACAGTCCCTGGAT-
3" and 5-CACTGGGGTGGAATGTGTCTTGGTC-3. and GAP-
DH, 5-AGCCACATCGCTCAGACAC-3" and 5'-GCCCANTAC-
GACCAAATCC-3

Invasion assay

An in vitro cell invasion assay was done as previously
described (20). Briefly. the invasion rate of tumor cells that
migrated through transwell inserts (8-um pore size) with a
uniform layer of BD Matrigel basement membrane malrix
(BD Biosciences) was assessed according to the manuf-
acturer's recommended protocol. The cells were seeded
(5 % 10"} in 500 pL of serum-free medium into the upper
chamber of the insert, and medinm containing 10% FBS was
added to the lower chamber. After 22 hours. the noninvading
cells were removed with a cotton swab. and the invading
cells were stained with 1% toluidine blue and counted under

a microscope.

Patients and treatment

Among the 235 consecutive patients who had undergone
curative hepalic resection between 2004 and 2007 in the
Departmenl  of  Gastroenterological - Surgery.  Graduale
School of Medical Sciences. Kumamoto University. 150
primary HCC samples were analyzed in this study. None
of the patients received any preoperative anticancer reat-
ment. The pathologic disgnoses and the clinicopathologic
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factors were established based on the general guideline for
primary liver cancer as delined by the Liver Cancer Study
Group of Japan (22
Cancer (AJCC
(UICC) staging syvstem (24). The median follow-up duration

233 and the American Joint Commitice

on /International Union  Against Cancer

after surgery was -+ months. This study was approved by
the
School of Medicine. Kumamoto University (Kumamoto.

Japan).

Human Ethies Review Committee of the Graduate

Immunohistochemistry and scoring

The sample processing and immunohistochemistry (111C)
procedures were carried oul as described ina previous report
(20). Endogenous peroxidase activity was blocked using 3%
hvdrogen peroxide. and the sections were incubated with
diluted antibodies. A subsequent reaction was carried oul with
a biotin-free HRP enzyme-labeled polvmer from the Envision
Plus detection system (Dako Co.). Phospho-Smad?2 antibody
binding was detected using the Vectastain ABC Flite avidin/
biotin/peroxidase kit (Vector Laboralories Inc.). A positive
reaction was visualized with the addition of diaminobenzidine
solution, which was followed by counterstaining with Mayver's
hematoxvlin, Primary antibodies for E-cadherin (1:100 dilalion:

BD) vimentin (1:30 dilution: Santa Cruz). CD-Hs (1:300 dilu-
tion: Bender MedSystems). and phospho-Smad?2 (1:100 dilu-
tion: Cell Signaling) were used for this study. All of the
immunachistochemical staining results were independently
scored by 2 pathologists. The membranous E-cadherin. cyvto-
plasmic vimentin, and membranous CD-Hs expressions were
interpreted according to the guidelines published in previous
studies (5. 25, 26). For membranous E-cadherin. evtoplasmic
vimentin, membranous CD-Hs. and phospho-Smad2-positive
nuclei. we graded the results into categories from 0 to 34 as
26" Lo 50%

. >50t% of the specimen was stained. For membra-

follows: 0. no staining: 1-+. 1% to 25% staining: 2+
& B

slaining;
nous E-cadherin, the 24 and 34 sumples were defined as
immunohistochemical  results. For  evtoplasmic
vimentin, membranous CD-Hs. and phospho-Smad2-positive

nuclei. the 34 specimens were defined as positive immuno-

positive

histochemical results.

Statistical analyses

All of the experiments were carried oul in triplicate. and the
data shown are representative of the results. The data are
presented as the means == SD. Independent Student £ tests were
used to compare the continuous variables between the 2
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CD4ds expression is associated with a mesenchymal phenotype in hepatocellular carcinoma cells. A, the relative expression levels of CD44.
E-cadherin, and vimentin mRNA in 5 HCC cell lines are shown. The data represent the means = SD (n = 3). B, RT-PCR analysis of CD44 mRNA in 5 HCC cell
ines. Total RNA isolated from the 5 HCC cell lines was subjected 1o BT-PCR analysis with primers targeied to exons 5 and 16 of human CD44 ¢cDNA and {o
human GAPDH cDNA. The positions of PCR products derived from CD44v8-10 (479 bp) or CD44s (83 bp) cDNAs are indicated. HT29 and HCT116 cell lines

(colon cancer cell lines) were used as positive controls. C, the expression levels o
determined by Western blot analysis.

f CD44, E-cadherin, and vimentin protein in the 5 HCC cell lines. as
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groups. and categorical variables were compared using the y
test. Overall survival and disease-free survival were caleulated
using the Kaplan-Meier method and compared using the log-
rank test. Statistical analyses were carried out as indicated with
a statistical analysis software program (Excel Statistics. Sociul

human gastrointestinal cell lines. consists mostly of variant
isoforms (CD4v8-10) containing amino acids derived from
exons §to 10(18.27). To determine the predominant isoform ol
CD44 expressed in the HCC cell lines. we examined the
expression levels of the different isoforms using RT-PCR

according to the same method. Unlike in human colon cancer
cell lines. our RT-PCR analysis revealed that CD44s mRNA.
rather than CD-Hv8-10mRNA. was the dominant form present
in the human I1CC cell lines HLF. HLE. and SK HEP-1 (Fig. 1B).
We confirmed the associations of CD-Hs with E-cadherin and
vimentin expression at the protein level (Fig. 1C). These resulls
suggested that high levels of CD-iHs expression are related to a
mesenchymal phenotype. which includes downregulation of
E-cadherin and upregulation of vimentin. in HCC cells. We also
examined the expression of other CSC markers that were
previously reported in HCC (12. 28-31) and compared them
with the expression of E-cadherin and vimentin. However. no
correlations were observed that were similar to that of CD-H
and vimentin. In addition. the expression levels of EpCAM.
CD133, and CD13 seemed Lo be similar to the expression level
of E~cadherin (Supplementary Fig. §1).

Survey Research information Co.). Differences were considered
to be significant if P < 0.05.

CD44 standard isoform expression is associated with a
mesenchymal phenotype in hepatocellular carcinoma
cells

We examined the expression of CD-4 and its association
with EMT markers (E-cadherin and vimentin) in 5 HCC cell
lines (PLC/PRE/5. HuHL. HLF. HLE. and SK HEP-1). At the
mRNA level. the high CD44 expressing cell lines HLF. HLE. and
SK HEP-1 showed high expression levels of vimentin. whereas
the low CD44 expressing cell lines PLC/PRF/5 and HuHl |
showed high expression levels of E-cadherin. as determined
by real-time PCR (Fig. 1A). Recently, we showed that the CD-4
isoform expressed in the tumor cells of Gan mice. as well as in
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[, Overexpression of CD44s promoles the expression of vimentin and tumor invasiveness of hepatocellular carcinoma cells whereas the knockdown of
CD44s attenuates these changes. A, the relative expression levels of E-cadherin and vimentin mRNA in PLC/PRF/5 cells overexpressing CD44s compared
with control cells. The datarepresent themeans i SD(n = 3; P« 0.001). B, the expression levels of CD44s, E-cadherin, and vimentin proteins in PLC/PRF/5
cells overexpressing CD44s compared with control cells. C, the invasive capacity of PLC/PRF/5 cells overexpressing CD44s compared with control

cells. The dala represent the means + SD (n = 3; , P < 0.05). D, the relative expression levels of vimentin mRNA in HLF cells translected with siRNA targeted
against CD44 compared with control cells. The data represent the means + SD (n = 3; ", P < 0.001). E, the expression levels of CD44s and vimentin
protein in HLF cells transfected with siRNA targeted against CD44 or translected with both siRNA targeled against CD44 and an hCD44s expression vector
compared with control cells. F, the invasive capacity of HLF cells transfected with siRNA largeted against CD4d compared with control cells. The data
represent the means + SD (n = 3; *, P < 0.05).
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