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Overexpression of microRNA-223 regulates the ubiquitin ligase
FBXWY7 in oesophageal squamous cell carcinoma
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BACKGROUND: F-box and WD repeat domain-containing 7 (FBXW?7) is a cell cycle regulatory gene whose protein product
ubiquitinates positive cell cycle regulators such as ¢-Myc, cyclin E, and c-Jun, thereby acting as a tumour-suppressor gene. This study
focused on microRNA-223 (miR-223), which is a candidate regulator of FBXW7 mRNA. The aim of this study was to clarify the
clinical significance of miR-223.and FBXW?7 in oesophageal squamous cell carcinoma (ESCC) patients, and to elucidate the
mechanism by which FBXW?7 is regulated by miR-223. '

METHODS: The expression levels of miR-223 and the expression of FBXW7 protein was examined using |09 resected specimens to
determine the clinicopathological significance. We also investigated the role of miR-223 in the regulation of FBXW?7 expression in
ESCC cell lines in an in vitro analysis.

RESULTS: We found that miR-223 expression was significantly higher in cancerous tissues than in the corresponding normal tissues.
There was a significant inverse relationship between the expression levels of miR-223 and FBXW?7 protein. Moreover, patients with
high miR-223 expression demonstrated a significantly poorer prognosis than those with low expression. On the basis of a series of
gain-of-function and loss-of-function studies in vitro, we identified FBXW?7 as a functional downstream target of miR-223.
CONCLUSION: Our present study indicates that high expression of miR-223 had a significant adverse impact on the survival of ESCC

patients through repression of the function of FBXW?7.

Published online 22 November 201 |
© 2012 Cancer Research UK
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F-box and WD repeat domain-containing 7 (FBXW7) is the
substrate recognition component of an evolutionarily conserved
SCF (complex of SKP1, CUL1, and F-box protein)-type ubiquitin
ligase complexes, which has been well characterised and shown to
have important roles in regulating the stability of multiple
oncoprotein substrates, including cyclin E, ¢-Myc, Notch, c-Jun,
mammalian target of rapamycin, and MCL1 (Nakayama and
Nakayama, 2006; Mao et al, 2008; Welcker and Clurman, 2008;
Inuzuka et al, 2011; Wertz et al, 2011). Therefore, the altered
expression of FBXW7 is recognised to be one of the major causes
of carcinogenesis or cancer development. We have previously
revealed that loss of FBXW7 correlated with a poor prognosis in
colon cancer (Iwatsuki et al, 2010). Similarly, low expression of
FBXW?7 has been reported to be significantly associated with poor
prognoses in glioma (Bredel et al, 2005; Hagedorn et al, 2007),
gastric cancer (Yokobori et al, 2009), and breast cancer (Ibusuki
et al, 2011). However, significance of downregulation of this
molecule in oesophageal squamous cell carcinoma (ESCC) remains
unknown.

Recent studies have revealed that microRNAs (miRNA) can act
as oncogenes or tumour suppressors during the development and
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progression of cancers through sequence-specific binding to their
mRNA targets (Ambros, 2004; Zamore and Haley, 2005; Meister,
2007). These miRNAs have an important role in a wide variety of
complex biological processes, including cellular development and
differentiation, but investigations have only begun to clarify their
significance in carcinogenesis (Calin et al, 2004; Croce and Calin,
2005). Some researchers have noted that alterations in the miRNA
expression profile strongly affect the progression of human
tumours and the prognosis of the patients (Yanaihara et al,
2006; Bloomston et al, 2007; Schetter et al, 2008; Ueda et al, 2010).
Although our previous study revealed that miR-21 is significantly
overexpressed in ESCC (Hiyoshi et al, 2009), there have been few
reports concerning the miRNA profiles in ESCC.

It was recently reported that microRNA-223 (miR-223) targets
the FBXW7 mRNA 3'-untranslated region, and that overexpression
of miR-223 significantly reduces FBXW7 mRNA levels, increases
endogenous cyclin E protein and activity levels, and increases
genomic instability (Xu et al, 2010). Nevertheless, to our knowl-
edge, no study has been reported on the relationship between the
expression levels of miR-223 and FBXW?7 in clinical samples of
solid tumours. However, no correlation between miR-223 and
FBXW?7 has yet been elucidated in ESCC.

In the present study, we examined the correlation between the
expression levels of miR-223 and immunohistochemical staining
for the FBXW7 protein in 109 consecutive ESCC samples, and we



also investigated the prognostic significance of the expression of
miR-223. Moreover, we identified FBXW7 as a functional down-
stream target of miR-223 in vitro.

PATIENTS AND METHODS

Patients and tissue samples

Primary ESCC tissue samples and samples of matched normal
oesophageal epithelium were obtained from 109 patients who
underwent oesophageal resection without preoperative treatment in
the Department of Gastroenterological Surgery, Kumamoto Uni-
versity Hospital from 2000 to 2007. Written informed consent was
obtained from all patients. The clinicopathological characteristics,
including age, gender, pathology, differentiation, and tumour-node
metastasis classification were available for all patients. Survival was
measured from the time of oesophageal resection and death was the
endpoint. The patient prognoses were examined in March 2011. The
median observation time for survival was 31 months and it ranged
from 1 to 132 months. The study was approved by the medical ethics
committee of Kumamoto University.

ESCC cell lines

The human ESCC cell lines TE1, TE4, TE6, TE8, TE9, TE10, TE14,
and TE15 were provided by the Cell Resource Center for
Biomedical Research Institute of Development, Aging and Cancer,
Tohoku University, Japan. All cells were grown in RPMI 1640
(Cambrex, East Rutherford, NJ, USA) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, St Louis, MO, USA), 2mmol 1!
glutamine, 100 units of penicillin per ml, and 100 g of strepto-
mycin per ml (Cambrex), and were incubated at 37°C in a
humidified chamber supplemented with 5% CO..

miRNA isolation

The miRNAs were extracted from formalin-fixed, paraffin-
embedded oesophageal tissues using a RecoverAll Total Nucleic
Acid Isolation Kit for FFPE (Ambion, Austin, TX, USA), according
to the manufacturer’s instructions. The purity and concentration
of all RNA samples were evaluated by their absorbance ratio at
260/280 nm determined with a NanoDrop ND-1000 spectrophoto-
meter (NanoDrop Technologies, Rockland, DE, USA).

Quantitative real-time reverse transcription-PCR
(qRT-PCR)

The expression levels of miR-223 were determined by TaqMan
gqRT-PCR using TagMan microRNA assay kits (Ambion, USA)
according to the manufacturer’s protocols, as described previously
(Hiyoshi et al, 2009). The miR-223 expression was normalised to
that of RNU6B, a small nuclear RNA. The expression levels of
FBXW?7 were determined using primers and probes that were
designed using the Universal Probe Library (Roche Diagnostics,
Mannheim, Germany) following the manufacturer’s recommenda-
tions. The primer sequences used for real-time PCR were as
follows: FBXW7 forward 5-AAAGAGTTGTTAGCGGTTCTCG-3/,
reverse 5'-CCACATGGATACCATCAAACTG-3'and universal probe
#78; 18s rRNA forward 5'-TGGAGGAGACGTTCCAGTGT-3, reverse
5'-GATCTGTCCAGGCAGTCCTT-3' and universal probe #17. All
qRT-PCR reactions were run using a LightCycler 480 System II
(Roche Diagnostics, USA). The relative amounts of miR-223 and
FBXW7 were measured using the 2744€T method. All QRT-PCR
reactions were performed in triplicate.

Immunohistochemical analysis

The immunohistochemical studies for FBXW7, c-Myc, and c-Jun
were performed on formalin-fixed, paraffin-embedded surgical

© 2012 Cancer Research UK
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sections obtained from 109 patients with ESCC. Tissue sections of
5um thickness were deparaffinized and pre-treated for antigen
retrieval by autoclave heating in 10mm sodium citrate buffer
(pH 9.0) for 15min. These sections were blocked for endogenous
peroxidase activity with 3% H,O, in methanol for 60 min and then
washed in phosphate-buffered saline. The sections were incubated
in primary mouse monoclonal anti-FBXW7 (1:100, Abnova
Corporation, Taipei, Taiwan), mouse monoclonal anti-c-Myc
(sc-40, 1:100, Santa Cruz Biotechnology, Fremont, CA, USA), or
rabbit polyclonal anti-c-Jun (sc-1694, 1:50, Santa Cruz Biotech-
nology) antibody. Tissue sections were immunohistochemically
stained using ENVISION reagents (ENVISION+ Dual Link
System-HRP, Dako Cytomation, Glostrup, Denmark). All sections
were counterstained with haematoxylin. The staining assess-
ment was independently carried out by two authors (JK and YB)
without any information about the patients’ clinicopathological
characteristics or prognosis.

Transfection of miRNA

The cells were transfected with 20 nM Pre-miR miRNA Precursor
Molecule pre-223 (pre-miR-223) and 100nm anti-miR miRNA
inhibitor anti-223 (anti-miR-223) (Applied Biosystems) using the
Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. The specificity
of the transfection was verified using the Pre-miR miRNA
Precursor Molecule Negative Control #1 (control pre-miR) and
Anti-miR miRNA Inhibitors Negative Control #1 (control anti-
miR) (Applied Biosystems). The expression levels of miR-223 and
FBXW?7 were quantified 72h after transfection, and the cells were
used for a western blot analysis.

Western blot analysis

To isolate the proteins, cells harvested from 6-well plates were
washed once in phosphate-buffered saline and lysed in lysis buffer
(Tris-HCl (pH 7.4) 25mmoll™', NaCl 100mmoll™', EDTA
2mmol1™}, Triton X 1%, with 10 ugml™" aprotinin, 10 ugml™!
leupeptin, and 1 mmol1™* Na;VO,, 1 mmoll™" phenylmethylsulfo-
nylfluoride). Each protein sample (15 ug) was resolved by sodium
dodecyl sulphate - polyacrylamide gel electrophoresis, transferred
onto a polyvinylidene difluoride membrane, and incubated with a
monoclonal antibody against c-Myc (sc-40, 1:500, Santa Cruz
Biotechnology), c-Jun (sc-1694, 1:500, Santa Cruz Biotechnology)
or B-actin (1:2000; Sigma-Aldrich). The signals were detected by
incubation with secondary antibodies labelled using the ECL
Detection System (GE Healthcare, Little Chalfont, UK).

Statistical analysis

All experiments were repeated at least three times. Continuous
variables were expressed as the means*s.d. The relationship
between the expression of miR-223, the FBXW7 protein, and the
patient clinicopathological characteristics was analysed using
Student’s t-test or a y°-analysis. The overall survival curves were
plotted according to the Kaplan-Meier method, and the general-
ised log-rank test was applied to compare the survival curves. The
findings were considered to be significant at a P-value <0.05. All
statistical analyses were performed using the SPSS v. 13.0 software
program (SPSS, Inc., Chicago, IL, USA).

RESULTS

Clinicopathological significance of miR-223 in ESCC
patients

The expression levels of miR-223 were examined in 109 ESCC
clinical samples using gRT-PCR, with quantified values used to

British Journal of Cancer (2012) 106(1), 182188
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Figure | The correlation between the expression of miR-223 and the

FBXW?7 protein in ESCC patients. (A) The expression level of miR-223 in
tumour tissue specimens was significantly higher than that in non-tumour
tissues (P<0.001). (B) To evaluate the expression of FBXW?7, the complete
H score was semiquantitatively calculated (0—300). The refationship between
miR-223 and FBXW7 in 109 clinical samples of ESCC indicated an inverse
correlation (Pearson correlation, r=—0.336; P<00l).

calculate miR-223/U6B ratios. The mean expression levels of
miR-223 in cancerous tissue specimens were significantly higher
than those in non-cancerous tissues (P<0.001; Figure 1A). We
divided the 109 ESCC patients into two groups according to the
ratio of their cancer/normal tissue expression levels of miR-223,
as >1.0 or <1.0 for the cancer/noncancerous tissues expression
levels of miR-223. There were 74 cases (67.9%) in the high miR-223
group and 35 cases (32.1%) in the low miR-223 expression group.
The association between the patient clinicopathological charac-
teristics and miR-223 expression is summarised in Table 1. There
were significant differences in gender (P =0.008), tumour size
(P =10.042), and depth of tumour invasion (P =0.030) between the
groups.

The relationship between the expression of miR-223
and immunohistochemical staining for the FBXW7
protein in ESCC tissues

A fragment of the FBXW7 3’-untranslated region contained three
putative miR-223 binding sites as determined by a computational
analysis using miRNA target prediction programs such as

British Journal of Cancer (2012) 106(}), 182188

Table | The miR-223 expression and clinicopathological characteristics
of the patients
Total High Low
Factors (n=109) (n=174) (n=35)  P-value
Age (mean *s.d.) 660+95 650*84 0.967
Sex 0.008*
Male 90 66 24
Female 19 8 I
Histological grade 0821
Well 42 28 14
Moderate, poor, others 67 46 2]
Size 0.042*
<40 mm (small) 50 29 21
>40mm (large) 59 45 14
Depth of tumor invasion 0.030*
Tl 46 26 20
T2/3 63 48 )
Lymph node metastasis 0.707
Absent 47 31 16
Present 62 43 19
Lymphatic invasion 0617
Absent 43 28 15
Present 66 46 20
Venous invasion 0.343
Absent 38 28 10
Present 71 46 25
Stage 0072
[l 78 49 29
I, v 31 25 [
FBXW7 0.001*
Positive 39 16 23
Negative 70 58 12

Abbreviations: moderate = moderately differentiated; poor = poorly differentiated;
well = well differentiated. Note: High miR-223 expression group (n=74), miR223
(TY/miR223 (N) = |.0; low miR-223 expression group {n = 35), miR-223 (T)/miR-223
(N)<1.0. *P<0.05.

Target Scan (http://www.targetscan.org) and miRanda (http://
www.microrna.org) (Supplementary Figure 1).

We examined the FBXW7 protein expression level by an
immunohistochemical analysis in the samples from ESCC patients.
To evaluate the FBXW7 expression, the complete H score was
semiquantitatively calculated by summing the products of the
percentage of cells stained at a given staining intensity (0-100)
and the staining intensity score (0, none; 1, weak; 2, moderate; and
3, intense). We found an inverse correlation between the
expression levels of miR-223 and FBXW7 in 109 clinical samples
of ESCC. High levels of miR-223 were associated with low FBXW7
expression (Pearson correlation, r= —0.336; P<0.01; Figure 1B).

The prognostic significance of miR-223 and FBXW7
in ESCC

An analysis of 5-year overall survival demonstrated that the high
miR-223 expression group had a significantly poorer prognosis
than the low expression group (P=0.034; Figure 2A). Similarly,
the negative FBXW7 group had a significantly poorer prognosis
of 5-year overall survival than the positive group (P =0.023;
Figure 2B). In a univariate Cox regression analysis, compared with
the low miR-223 expression group, the high miR-223 expression
group experienced a significantly higher overall mortality (hazard

© 2012 Cancer Rescarch UK



ratio 2.272; 95% confidence interval, 1.099-4.695; P=0.027;
Table 2). In the univariate analysis, other significant prognostic
factors for cancer-specific survival included lymph node metas-
tasis (P =0.008), lymphatic invasion (P=0.002), and FBXW?7
expression (P =0.023). In a multivariate Cox regression analysis
for overall survival, including age at operation, N status, venous
invasion, and miR-223 expression, high miR-223 expression was
revealed to be an independent prognostic factor (multivariate
hazard ratio 2.425; 95% confidence interval, 1.205-4.878;
P=0.013; Table 2).

A N .
1.0 ESCC tissues '
= 0.8 We examined the association between the FBXW?7 protein
Z expression, and c-Myc and c-Jun protein expression levels in the
55 - . ) L L
o 0.6+ *
IS
%‘ 0.4 miR-223 low @fp,ression miR-223 high exp’ressian
s —— High miR-223 expression group (n=74) T X T
g 0.2 4 Low miR-223 expression group (n=35)- v
FBXW7
0
0 1 2 3 4 5
Years after operation
B
§ c-Myc
Z
>
N *
k)
=
Z 047
< — Fbw7-positive group (n=239)
09_ 0.2 1 Fbw7-negative group (n=70)
0 - c-Jun

0 1 2 3 4 5
Years after operation

Figure 2 Kaplan—Meier curves according to the miR-223 and FBXW7
status. (A) The overall survival curves are presented according to the
expression level of miR-223 in ESCC patients. Patients with high miR-223
expression had a poorer prognosis than those with low expression
(log-rank (Mantel—Cox) test; P=0.034). (B) The overall survival curves
according to the FBXW?7 expression level in ESCC patients. The negative
FBXW?7 group had a significantly poorer prognosis for 5-year overall
survival than the positive group (P=0.023).

Significance of miR-223 and FBXW7 in ESCC
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The clinicopathological significance of FBXW7

We used the H score to evaluate the FBXW7 expression level and
defined a final staining score of >50 as positive for FBXW7.
Among the 109 ESCC patients, 39 patients (35.8%) showed positive
staining for FBXW7. The associations between the patient
clinicopathological characteristics and FBXW7 are summarised
in Supplementary Table 1. There were no significant differences in
the patient clinicopathological characteristics.

The relationship between FBXW?7, and c-Myc and c¢-Jun in

Figure 3 The relationship between the expression of miR-223, and
FBXW7, ¢-Myc, and cJun proteins in ESCC patients. (A-C) In the
miR-223-low expression cases, the FBXW?7 protein was expressed at a
high level, whereas the levels of the c-Myc and c-Jun proteins were below
the limit of detection in the same tissue sections. (D~F) In contrast, in the
miR-223-high expression cases, the FBXW7 protein was expressed at a
low level, and there was strong expression of the c-Myc and c-Jun proteins.
(% 200 original magnification, scale bar: 50 um).

Table 2 The results of univariate and multivariate analyses for overall survival (Cox proportional regression model)

Univariate analysis

Multivariate analysis

Factors HR 95% ClI P-value HR 95% CI P-value
Age (64</65>) 1.559 0.887-2.739 0.123 195 1.084-3.506 0.026*
Sex (male/female) 0.622 0.265-1.4682 0.276 — — —
T1/2,3 1.386 0719-2673 0.33 — — —
Tumor size (40mm <, 40mm>) 1.389 0791-2.438 0.253 — — —
Lympha node metastasis (absent/ present) 2.345 1.254-4.385 0.008* 2371 1.250-4.499 0.008#
Stage |, II/1ll, IV 1.947 1079-3513 0.027* — — —
Venous invasion (absent/present) 1.66 0.892-3.089 0.1 1.42 0.747-2.699 0.285
Lymphatic invasion (absent/present) 2978 1.513-5.862 0.002% — — —_
FBXW?7 expression (positive/negative) 2.106 1.094-4.057 0.023* — — —
miR223 expression (low/high) 2272 1.099-4.695 0.027* 2425 1.205-4.878 0.013#

Abbreviations: Cl = confidence interval; HR = hazarc ratio. *P <0.05.
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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 gqRT-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 TE[4 cells with anti-miR-223, and the ¢-Myc and ¢-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 FBXW7 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).

British Journal of Cancer (2012) 106(1), 182188

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 *BXW7
mRNA (Pearson correlation, r = —0.855; P =0.007; Supplermentary
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 FBXW7 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 FBXW7, and c¢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-S 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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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-B1) complexes into their biologically active form.
TGF-p 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-$1 during liver regeneration remains to
be defined 7n 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 suppressing 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. (HerATOLOGY 2012555:1562-1573) :

ell proliferation is part of the wound-healing  genes that are rapidly, but transiently, activated) within

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 morrality. 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.,

approximately the first 4 hours,' and thereby heparto-
cytes reenter the cell-division cycle. Immediate early
genes encode proteins that regulate later phases in G,
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-f1) 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 celly HUVEC, human umbilical vein endothelial cell; ICC, immunocytochemisny; IF immunofluorescence; IHC,
immunohistochemical: MDA, malondialdebyde; mRNA, messenger RNA; NAC, N-acetyleysteine; 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 smooth muscle actin; STAT3, signal transducer and activator of transcription 3; TSP-1, thrombospondin-1; TGF-1, nansforming growth
factor-f1; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; VEGFR, vascular endothelial growth factor-A receptors WT, wild type.
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limit or stop liver regeneration after PH.” Because TGF-
[} 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 contribution of TGF-f to the liver's regenera-
tive response after PH is sl poorly understood. 7GF-
f1 messenger RNA (mRNA) induction occurs within 4
hours, and levels of TGF-fi1 remain elevated until 72
hours after PH.>® In sharp contrast, in the model of
complete lack of TGF-f signaling using hepatocyte-spe-
cific TGF-f5 type 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 aboutr whether
locally activated TGF-f11 is indeed essential for the in-
hibition of hepatocyte proliferation in vivo. Furcher-
more, the time course of locally activated TGF-f1 and
its activation mechanism after PH still remain largely
“unknown.

The marricellular 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
TGEF-B1.* TSP-1 is induced in response to tissue
damage or stress and plays a role as a transient compo-
nent of extracellular matrix during tssue repair,®'®"!
However, the roles of TSP-1 and of TSP-1/TGF-f1
interdependence during liver regeneration have not vet
been addressed. We hypothesize that the initiation of
local TGE-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/6 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 inst-
tutional animal care and use commirtee.
Immunostaining and Western Blotting. For histo-
logical analyses, liver samples (the same lobe from each
mouse) were cither direcdy frozen in OCT compound
(Tissue-Tek; Sakura Finewek, Tokyo. Japan) or fixed
overnight in 4% paraformaldehyde in phosphate-buf-
fered saline (pH 7.2) and dehydrated in a graded alco-
hol series and embedded in paraffin. Then, the materials - -
were sectioned at a thickness of 5 pm. Immunofluores-
cence (IF) and immunohistochemical (IHC) staining
was performed as described prcviously.'j 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 blotting analysis was performed as described previ-
ously.'? The same lobe from each mouse was used for
protein isolation and subsequent analysis. Image] soft-
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 ficlds (0.64 mm~ per
ficld) per mouse were evaluated o 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 /z situ apoptosis detcc-
tion kit (Roche). Six visual high-power fields (0.64
mm- per held) 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 30-minute
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 Diego, 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 (1CC), 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 Wlth 0.1 mM of
H,0- for 10 minutes.

To examine the effects of HUVEC-derived TSP-1 on
TGF-B/Smad signaling and proliferation in primary he-"
TSP-1 protein was detectable only in platelets with

patocyte cultures, 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 1 collagen (10—,/lg/mL)—f

coated dishes in Williams’ E medium, supplemented
with 5 pg/mL of insulin, 5 pug/mL of transferrin,
10 ng/mL of endothelial growth factor, 107> M aproti-
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 TGEF-fi/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,
I\U),'("l7 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 wriplicate, and the data
shown are representative of results consistently
observed. Data are expressed as the mean * standard
deviation. Dara analysis was performed with SPSS
12.0.1 for Windows (SPSS, Inc., Chicago, IL). Statisti-
cal analyses were performed using the Student r test or
analysis of variance, followed by Bonferroni's mulnp]e
comparison  tests, when appropriate. A P value of
<0.05 was considered significant.

Results -

PH Induces an’ bnmediate 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-time PCR (Fig. 1A). TSP-1 protein
was also induced, reaching a peak at ~G 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 7SP-I 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 .

GPIIb/1la expression by double IF staining (Fig. 1C).
The tissue distribution of TSP-1 protein localized in .
the smmoxd at 6 and 72 hours after PH (Fig. 1D),
suggesting that cells localized in the sinusoid (e.g., en-
dothelial cells [ECs], Kupfter 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 concrast, TSP-1 protein at 6 hours did not colocal-
ize with cither 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 acn\ -
tion peak of HSCs is at 72 hours after PH'® ai i
many %-SMA-positive cells were observed (Supporu

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 (n == 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 GPlib/llla (green) at O hours in WT (TSP1” /%y and TSP-1-null (TSP177/7) 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, GPIIb/llla (yellowish dots in the merged image). Scale bar
= 50 pim: (D) IF staining for TSP-1 in WT liver at 0, 6, and 72 hours after PH. Scale bar = 50 um.

colocalize with PECAM-1/CD31 and #-SMA, but not
with F4/80 (Fig. 2B). Indeed, it is known that acu-
vated HSCs express TSP-1 and thereby activate the
TGF-f-signaling pathway in virro."” These results sug-
gest that ECs are the major source of TSP-1 expression
in the inital 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  (wichin
approximately the first 4 hours), activated in response
o hcparccmmy.l'l Thus, TSP-1 produced by ECs is a
novel candidate immediate early gene in the inidal
response 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 proliferadon after PH
were compared between WT and TSP-1-null mice.
TSP-1-null mice showed significantly faster recoveiy
7 afwr

23

)

of liver:body-weight ratio from day 1 to day
surgery, compared with concrols (7 < 0.05 at 24, 43,
and 168 hours and 7 < 0.01 ac 72 hours; Fig. 3A1
However, no excess liver mass had been gained at duy
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'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 z-SMA, ¢dreen). Scale bar = 25 um.

14 in TSP-T-null mice, compared with controls. cell cycle). The proliferation peaks of hepatocytes and

Next, cell proliferation was evaluated using a BrdU  nonparenchymal cells after PH occurred at ~36-48
- © } : 2414 -~

incorporation assay (a marker for the S phase of the and 72 hours, respectively.™™ " Alchough only a few
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Fig. 3. Accelerated liver regeneration with down-regulation 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-17/" 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 (Ccnd1) mRNA expression in the regenerating liver (n = 10 per time point in each group).
“P < 0.05 versus TSP-1"/* 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-17/" mice. HSCT0, heat shock cognate protein 70.

BrdU-positive hepatocytes were detectable at 24 hours  ber of BrdU-positive nonparenchymal cells in TSP-1-

in WT mice, TSP-1-null mice showed a significantly
increased number of BrdU-positive hepatocytes (8-
fold over controls) (77 < 0.01; Fig. 38.C). The num-

null mice significantly increased (2-fold) at 72 hours,
compared with controls (P < 0.01; Fig. 3C). Total
(of  hepatoevies  and

proliferative  activity
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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-[31 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-f/1 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 blotiing anal-
ysis of pSmad2 and total Smad2 in WT and TSP-1-nult liver. Lower panel: densitometric analysis of pSmad2 protein expression (n = 3). Each
pSmad?2 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 o 0.01 versus TSP-1'/" mice. (D) Assessment of pSmad2 nuclear localization. Left panel: IF staining for pSmad?2 at 6 hours in WT and
TSP-1-null liver. Right panel: analysis of pSmad2-positive nuclei (n = 5 in each group). Arrowheads indicate pSmad?2 (red)/ DAPI (blue) double
positive nuclei (purple). **P < 0.01 versus TSP-1 “/* mice. Scale bar = 25 nm. (E) Real-time PCR analysis of PAl-1 mRNA expression in W:
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-17"" mice. (F) Assessment of TUNEL-positive cefl death in the regenerating liver. Left panel: TUNEL staining at 6 hours after Pi
in WT and TSP-1-null liver. Right panel: analysis of TUNEL-positive cells (n == 5 per time point in each group). Arowheads indicate TUNT!
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set to 1. *P < 0.05 versus TSP-1"""

nonparenchymal cells) in TSP-1-null mice was signifi-
cantly higher at 24 and 72 hours, compared with
controls (7 < 0.01 in both; Fig. 3C).

Cyclins are required for cell-cycle progression. The
mRNA levels of cyclin A2 (Cena2) and cvelin D1
(Cend 1) increase and peak in S phase and carly to mid
Gy phase, respectively.  Expression levels of  Cena2
mRNA in TSP-1-null mice were significantly higher ar
24 (2.3-fold) and 72 hours (1.5-fold), compared with
controls (P << 0.05 in both: Fig. 31). Although Cend 1
mRNA levels increased and peaked ar 48 hours in
both WT and TSP-1-null mice, there was no signifi-
cant difference between them (Fig. 3DD). The cvelin-de-
pendent kinase inhibitor, p21, plays a critical role in the
inhibition of hepatocyte proliferation at the G/S transi-
tion of the cell eycle in vivo.™ Induction levels of p21
protein in TSP-1-null mice significandy diminished ac 12
and 24 hours, compared with controls (70% less than
that of controls, both at 12 and 24 hours; P < 0.05 in
both), whereas p21 showed ac 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 regencra-
tion after PH, and that TSP-1 deficiency aceelerates the
S-phase entry of hepatocytes by down-reguladion of p21
protein expression. However, TSP-1 docs not affect the
termination phase of liver regeneration after PH.

TGF-f8/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; **P < 0.01 versus TSP-1"

* mice.

TGF-51 mRNA levels in both WT and TSP-1-null
mice increased after hepatectomy by real-ime PCR,
and chose levels in TSP-T-null mice were significantly
up-regulated at 3 and 6 hours, compared with controls
(” < 0.05 at 3 hours and 7 < 0.01 at 6 hours;
Fig. 4A). In sharp contrast, the levels of active TGFE-
f1 in TSP-T-null liver were significandy lower than
controls at 6 hours after PH, whereas the levels of total
TGF-f1 did not show any significant differences
between them  (Fig. 4B). Furthermore, the levels of
phosphorvlated Smad2 (pSmad2, C-terminal Ser465/
467) protein, as a downstream mediator of active
TGE-f11. significantdy diminished at 6 and 12 hours in
TSP-1-null mice, compared with controls (to 16% at 6
hours and 69% at 12 hours versus controls, respectively:
P < 0.01 at 6 hours and 7 < 0.05 at 12 hours), as
determined by western bloting (Fig. 4C). Using IF
staining, we confirmed the signihcantly decreased num-
ber of nudear localized pSmad2-positive cells at 6 hours
in TSP-T-null mice, compared wich conerols (77 <2 0.01;
Fig. 4D). A sccondary. minor induction of pSmad2 at
72 hours was also significantly actenuated 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 hcpamcytcs.“
Although intense inductions of PA7/-7 mRNA at 6 hours
after hepatectomy were observed in boch WT mice and
TSP-T-null mice by real-time PCR, the induction level
in TSP-T-null mice was significandy diminished (1o
379% of controls; P+ 0.05 ac 6 hours) (Fig. 4L).
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Fig. 6. TSP-1 induction in ECs by ROS. (A)
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Cell death is also implicated as a mechanism of
TGE-f-mediated cell-growth inhibition. TUNEL-posi-
tive cells, as a marker for cell death, are immediately
We
determined whether deficiency in TSP-1 affected cell

. - i)
and transiendy  detectable after hepatectomy.™

death in the regenerating liver. Although the number
of TUNEL-positive cells in WT liver cransiendy
increased at 6 hours after hepatecromy, TSP-1-null
liver showed a significant reduction, compared with
controls (P < 0.05 at 6 hours; Fig. 4F).

These resules suggest thac TSP-1-mediated
TGF-f1 plays a pivotal role in TGF-f/Smad signal
cransduction after PH.

active

® 50
(3]
2 40
g
s S T30
3 §- g 20
O 5
W S
> T 4g
=2 S
e w
Q 0.
HUVEC CM
5 um SLLK
5 um LSKL

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 (ariow-
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 pSmad?2
with or without ROS-treated CM from HUVECs
(HUVEC CM). Scale bar == 25 pm. (F) Effect
of TSP-1-inhibitory peptide LSKL on pSmad2
induction. Error bars represent standard cevia-

+ + + ) :
_ + B tion (n = 5 in each group; field = 0.15

mm?). SLLK, control peptide. **P < 0.01.
- - + DAPI, 4’ 6-diamidino-2-phenylindole.

Deficiency in TSP-1 Accelerates STAT3 and PI3K/
Akt Signals, Notr Extracellular Signal-Related Kinase
1 And 2 Signal, in the Early Phase After PH. There
is i wirro evidence thatr TSP-1 down-regulates phos-
phorylated Akt (Ser473) expression through its receyp-
tor, CD47, in HUVECs.™ Indeed, signaling pathwar -,
such as phosphatdylinositide 3-kinase (P1I3K)/Ake, si; -

nal  wansducer and  activaror  of  transcription
(STAT3), and extracellular signal-related kinase 1 ar
2 (Erk1/2), are important for cell survival and/or pr
liferacion after PH.** Thercfore, we next examine
whether che deficiency in TSP-1 affecred the activatic,

of these signaling pathways in the carly phases pe
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Fig. 7. Schematic iliustration 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-
[1 into its active form. Active TGF-fi1 suppresses cell-cycle progres-
sion in hepatocytes at the G;/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-1-null mice showed ecarlier, more
intense phosphorylaton of STAT3 (Tyr705) (6-fold at
1 hour; P < 0.01) and Ake (Serd73) (4.2-fold ar 1
hour; P < 0.01) in the early stage after PH, compared
with controls, as determined by western bloting (Fig.
5). In contrast, levels of phosphorylated Erk1/2 did not
show remarkable differences berween the two
groups (Fig. 5).

TSP-1 Induction in ECs Is Associated With
ROS. Although our findings show that TSP-1 plays a
potential role as a negative regulator in the regenerat-
ing liver, the mechanism of TSP-1 induction in ECs

any

in response o PH remains unknown. There is a line
of evidence that ROS are produced in the regenerating
liver after PH.*>* In WT mice, levels of tssue con-
tent of MDA as a lipid peroxidation marker for ROS
generation were significandy increased at both 3 and 6
hours and returned to basal levels by 12 hours after
hepatectomy (P <2 0.05 in both; Fig. 6A). Next, w©
determine whether ROS could induce TSP-1 expres-
sion in ECs, we performed an 7n wirro study using
HUVECs with the potent ROS inducer, H,Os. In
HUVECs, wearment with H,0, induced TSP-1 pro-
tein expression in a dose-dependent manner (Fig. 6B-
). Furthermore, this induction was inhibited by pre-
treatment with 30 mM of NAC, a scavenger of ROS
(Fig. 6B-D). Thus, these results indicate that oxidative
stress is one factor responsible for TSP-1 inducton in
ECs.
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To further determine whether HUVEC-derived
TSP-1 could modulate TGF-fi/Smad signaling and
proliferation in hepatocytes 71z vitro, we isolated pri-
mary hepatocytes from adule WT mice."” The treat-
ment of conditioned media from HUVECs with pri-
mary hepatocytes actually induced pSmad2 (Fig. GE).
Furthermore, the pretreatment of primary hepatocytes
with TSP-1-inhibitory peptide LSKL'®" significantly
suppressed conditioned media (CM)-induced pSmad?2
expression, whereas the control peptide, SLLK, showed
no effects (Fig. GF). It is known chat primary hepato-
cytes lack the abilicy o proliferate, even though such
cells 71 vivo readily replicate and/or synthesize DNA af-
ter PH.*® Although a few proliferative primary hepato-
cytes were found by Ki67 immunostaining in culwre,
the weatment of CM from HUVECs with primary he-
patocytes significantly reduced the number of Ki67-pos-
iive 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-f
signal transduction in the inidal response to 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 encry of hepatocytes by down-regu-
lation of p21 protein expression. Thus, this is che first
study providing compelling evidence that local TGF-f§
activation machinery plays an important role in inhibi-
ting liver regeneracion 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 oxidartive 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 that the subsequent induction of
TSP-1 in these cells after iniviates tssue 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
nonparenchyvmal cells in the liver. Identification of the
functional role of immediate carly genes provides the
clues for understanding the molecular bases of liver
regeneration. One recent study documented that Id-1,
a vascular  endothelial  growth  factor-A
(VEGFR)-2-mediated
induced in ECs at ~48 hours after hepatectomy; 1d-1,
in wmn, promoted hepatocyee proliferation.™ There

I'CCL’plO r

tr:mscriptionul factor,  was

has, as vet, been no report 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 early gene
derived from ECs, showing that the expression level of
TSP-1 was immediately up-regulated and returned o
basal levels by 24 hours in response to PH. Our find-
ings and the previous report28 suggest that ECs may
play two distinct roles in hepatocyte proliferation after
PH: One is an andproliferative role by activating the
TSP-1/TGF-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
recepror, 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 antangio-
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 berween WT and TSP-1-null mice
at 24, 48, and 72 hours after PH (Hayashi H, and
Sakai T; unpublished data), suggesting that TSDP-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-
cytes.'z' p21 is important for inhibiting hepatocyte pro-
liferation in wive, especially at the G /S transition of
the cell cycle,” and the expression of p21 is up-regu-
lated by TGF-$1.7" There is evidence that 7GF-f31
mRNA induction occurs within 4 hours and remains
clevated untl 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-
fi in response to injury. There are several mechanisms
for activation, such as by proteascs, integrins (e.g.,
ovf36 and avfi8), and TSP-1, all of which are likely
to be tissue speciﬁc.”’I Whereas the complete lack of
TGF-f-mediated signal in hepatocyte-specific TGF-f8
type II recepror knockout mice accelerates hepatocyte
proliferation in the later phase (~36-48 hours) after
hepatectomy,” the role of TGF-f signaling in the car-
lier  phase (within 24 hours) remains w0 be
clucidated. Our present findings provide compelling
cvidence that locally activated TGF-fi1 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
TGF-f signaling has a functional link to the G,/S-
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phase transiion by modulating p21 protein expres-
sion. A major downstream target of TGF-f1, PAl-
1, is a negative regulator of liver regeneration, and
PAI-1-null mice show acceleration of liver regenera-
tion after Fas-mediated massive hepatocyte death.*
The significant down-regulation of PAl-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 thc:
TGF-f npe 11 recepror 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 regeneration.4’l4

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-1-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. ™
Several in wvitro studies have reported that TSP-1
down-regulates phosphorylated Akt expression in ret-
ina®> and ECs.”® Another in vitro study showed thar
the lack of TSP-1 in rerinal ECs results in up-regula-
tion of phosphorylated Akt expression, but not phos-
phorylated Erk1/2.% Because TSP-1 is a multidomain
and multifunctional macricellular protein, our dara
and these findings suggest that TSP-1 modulates not
only TGF-f signal, but also cell survival signals, such
as STAT3 and PI3K/Ake through its
multidomain.

In the clinical setting, no established therapeutic

signals,

strategies to accelerate liver regeneration  have been
available, to date. The inhibition of TSP-1 function
attenuates locally activated TGF-f1 signals and thereby
accelerates  hepatocyte  proliferacion;  hence,  TSP-1
could be a novel therapeutic target for accelerating
liver regencration after PH.
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