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Figure 4. —Hepatic cord reconstruction and sinusoid endothelial cell lining in the urokinase-type plasminogen activator transgenic/severe com-
bined immunodeficiency (uPA**/SCID) chimeric mouse liver. uPAY"™/SCID mouse (A and B) and uPA**/SCID chimeric mouse with lower R1
(C and D: RI = 68%) and higher RI (E and F: RI = 95%) livers were shown. Laminin immunohistochemistry (A, C, and E) revealed immature
(C) and differentiating (E) hepatic cords lined by the basement membrane in human hepatocyte area (h) compared with uPAY™1/SCID mouse
liver (A). In the donor mouse hepatocyte area (m) laminin-positive filaments appear to surround degenerating mouse hepatocytes (C). CD31-positive
sinusoid endothelial cells accompanied laminin-positive basement membrane in the livers (B, D, and F) and there were few CD31-positive cells
in the proliterating human hepatocyte nodule (D). WT, wild type: RI, replacement index: Bar = 100 jun.

1991). Meuleman et al. (2005) morphologically and biochemi-
cally characterized chimeric livers from uPA**/SCID mice
repopulated with human hepatocytes and successfully infected
them with HBV and HCV. Similar to our study, the transplanted
human hepatocytes were swollen with clear cytoplasm, and
the plasma of the chimeric mice contained hAlb as well as 21
additional human proteins (Meuleman et al., 2005). Prior
mRNA-expression analysis of our uPA™/SCID chimeric livers
demonstrated expression of 20 human CYPs, 26 human phase

II metabolic enzymes, and 21 human transporters (Nishimura
et al., 2005). The reported mRNA expression profiles of
CYP2E1, CYP3A4, and CYP3AS5 mRNAs are consistent with
protein localization of these CYPs to the human hepatocyte areas
in our THC study. Other animal models with humanized livers,
including immunodeficient (P{p/Rag2) mice (Aurich et al., 2007)
and rats (Ho et al., 2005; Ouyang et al., 2001), have shown that
it may be possible to transplant human hepatocytes into the
livers; however, extensive morphologic, immunohistochemical,
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Ficure 3.—Histomorphological and ultrastructural analyses of the liver of urokinase-type plasminogen activator transgenic/severe combined
immunodeficiency (uPA**/SCID) chimeric mice (A, C, and E) and uPA*" /SCID mice (B, D, and F). In well-differentiated human hepatocyte
areas (RI = 95%) human hepatocytes exhibited trabeculae and hepatic-cord pattems (A). Sinusoid-like structure (black arrowheads) lined by
endothelial cells were observed, but Kupffer cells were not apparent in the human hepatocyte area (A). Electron microscopy observations revealed
bile canaliculi (red arrows) among hepatocytes in both uPA**/SCID chimeric mice (C and E) and uPAY™T/SCID mice (D and F). Tight junc-
tions were observed in uPAY"1/SCID mice (red arrowheads) but were not apparent in uPA**/SCID chimeric mice. WT, wild type: RI, replace-
ment index. Bar = | jm.
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Ficure 6.—The toxicological response of the humanized livers following acetaminophen (APAP) administration was evaluated in the chimeric
mice (A-L) and compared with that of the livers of ICR mice (M-0). Lines from left: Chimeric mice 24 h afler administration of 0 mg/kg APAP
(A, D, G, and J), 4 h after administration of 1,400 mg/kg (B, E, H, and K), and 24 h after administration of 1,400 mg/kg (C, F, I, and L). Results
revealed treatment-related hepatocellular vacuolation (E; arrow) and degeneration (F; arrow), apoptotic hepatocytes (H: arrow), and reduced
expression of CYP2E1 (L) in the human hepatocyte area (h). APAP-related changes were not observed in the mouse hepatocyte area (m) of the
chimeric mice. In the ICR mouse livers, administration of APAP at 400 mg/kg (N) or 1,400 mg/kg (O) resulted in massive destruction of liver
tissue and zonal hemorrhage 24 h postdose. All ICR mice that received 1,400 mg/kg of APAP died within 24 h postdose (O). A-F and M-O, hema-
toxylin and eosin staining; G-I, TUNEL method:; J-L, CYP2E1 immunohistochemistry corresponding to G-I, respectively. TUNEL, TdT-dUTP
nick end labeling. Bar = 100 pim.

and ultrastructural characterization of the humanized livers has ~ to APAP in these chimeric mice is less dramatic than that in
not been previously described. nonchimeric (ICR) mice.

In the present study, we demonstrate that transplanted human High doses of APAP produce centrilobular hepatic necrosis,
hepatocytes express human CYPs, MRPs, and PGP in the murine  mediated by CYP-dependent metabolism (CYP2E1, CYP3A4,
liver following repopulation; in addition, the toxicologic response  and CYP1A?2) to N-acetyl-p-benzoquinone imine (NAPQI; Dahlin
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et al., 1984). APAP-induced hepatic injury is increased by deple-
tion of glutathione and formation of covalent adducts with hepatic
proteins, and these subsequent changes are mediated by NAPQI.
Furthermore, NAPQI induces oxidant stress (peroxynitrate)
and mitochondria-mediated cell death (Latchoumycandane
et al., 2007). In addition, an in vitro examination using human
hepatoma cells (Bel-7402) revealed that the cytotoxic effects of
APAP were increased in the presence of S9 mixture (Zhang
et al., 2007). These results indicate that APAP is a metabolism-
mediated cytotoxicant for both rodents and humans.

Some (ransgenic mouse studies indicate that metabolism-
related factors and transporter expression are necessary for the
hepatotoxic effects of APAP. CYP2EI knockout (KO: El-Hassan
et al., 2003; Lee et al., 1996), Mrp3 KO (Manautou et al.,
2005), CAR (constitutive androstane receptor, a key regulator of
APAP metabolism) KO (Zhang et al., 2002), and SOD! (Cu.Zn-
superoxide dismutase) KO (Lei et al., 2006 ) mice have been
shown to be more resistant to APAP toxicity. In the SOD1 KO
mice, a reduction in CYP2E] activity (as opposed to CYP2EI
protein) attenuates APAP toxicity. Although all these KO mice
seem o have normal phenotypes, survival rates and tolerance to
APAP are generally higher than those of the corresponding wild-
type mice. The toxic effects in the wild-type mice with 400-600
mg/kg APAP were similar to those in ICR mice in our study. By
comparison, our uPA”*/SCID chimera livers contained more dif-
ferentiated hepatocytes than in vitro human hepatoma cells, and
the hepatocytes in these chimeric liver expressed human CYP,
MRP, and PGP proteins. Although CYP and MRP activities were
not measured, the immunoexpression level of CYP2E] was
reduced in the human hepatocyte area 24 h after APAP adminis-
tration. Our findings that uPA**/SCID chimeric mice better toler-
ated APAP toxicity might suggest that the metabolizing proteins
were not fully activated in the liver. Furthermore, immature hepa-
tocytes such as oval cells are reported to be resistant to APAP
injury (Kofman et al., 2005). Thus, the reduced toxicity to APAP
in uPA**/SCID chimeric mice may be due (o functional imma-
turity of the repopulating human hepatocytes. Quantification of
NAPQI and exposure level of APAP in treated ICR mouse liver,
mouse and human hepatocyte areas of chimeric mouse liver, and
uPAY"T/SCID mouse liver might identify the cause of the dif-
ferences in APAP toxicity among these mice. There may also be
other factors contributing to this difference. Michael et al. (1999)
showed the importance of hepatic macrophages in APAP toxicity.
In addition, Liu et al. (2006) used intracellular adhesion molecule-
I-deficient mice to demonstrate that neutrophil accumulation
contributes to the progression of APAP-induced hepatotoxicity.
In the present study, histopathological examination of the uPA™*/
SCID chimeric mice showed that nonparenchymal cells (such as
Kupffer cells and sinusoid endothelial cells) were not clearly
observed in the areas of proliferating human hepatocytes and that
there were no inflammatory reactions in the liver associated with
APAP administration. The absence of inflammatory cell or
Kupffer cell activity might also attenuate the APAP hepatotoxic-
ity in the uPA"*/SCID chimeric mice. Vacuolation and degener-
ation of human hepatocytes were induced by APAP, but severe
necrosis was not observed in the chimeric mouse livers. The
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influence of nafamostat administration and the genetic back-
ground of the SCID mouse on the inflammatory cell reactions
will be addressed in subsequent investigations.

Thus, the mechanisms by which APAP exerts its toxic
effects are incompletely understood, even in rodents. At pres-
ent, there is no evidence of species differences in the mecha-
nisms underlying APAP toxicity or APAP sensitivity. The
present study revealed clear differences in APAP toxicity levels
between the uPA**/SCID chimeric and ICR mice, but the
results were obtained in partially humanized livers (RI < 95%),
not a “completely” humanized liver. We believe this animal
model will continue to be a useful tool to investigate drug
metabolism, hepatotoxicity, and idiosyncratic liver diseases of
humans.

In conclusion, human hepatocyte-transplanted chimeric mice
contain viable, differentiating, and proliferating human hepato-
cytes in the liver. The transplanted human hepatocytes express
human proteins, develop complex architectural features (bile
canaliculi and hepatic cords), providing an “in vivo” murine
approach to investigate human liver function.
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Pleiotrophin Inhibits Transforming
Growth Factor p1-Induced Apoptosis
in Hepatoma Cell Lines
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Pleiotrophin (PTN) is a hepatocyte growth factor and considered to play roles in liver fibrogenesis and
hepatocarcinogenesis. In this study we examined the mechanism of the action of PTN in these pathological
processes. First, we confirmed that hepatic stellate cells (HSCs) and Kupffer cells, and also later hepatocytes in
hyperplastic nodules increased PTN mRNA expressions during carbon tetrachloride-induced liver fibrosis. Then, the
relationship between PTN and transforming growth factor 1 (TGFB1), a known potent pro-fibrogenetic cytokine, in
carcinogenesis was investigated using hepatoma cell lines. Huh-7 human hepatoma cells weakly expressed PTN, but
HepG2 human hepatoma cells and FaO rat hepatoma cells did not. Recombinant (r) TGFB1 induced the cultured Huh-7
cells to undergo apoptosis, which was inhibited by rPTN. Huh-7 cells became resistant to TGFf1-, but not mitomycin
C-induced apoptosis when transfected with PTN gene, indicating the specificity of the PTN anti-apoptotic activity. Poly
ADP ribose polymerase, procaspase-8 and procaspase-3 were not cleaved in the TGFf1-reluctant cells. The TGFp1-
induced caspase-3 activation was also suppressed in Huh-7 and FaO cells both transduced with PTN gene-bearing
adenoviruses. In summary, PTN was expressed in HSCs, Kupffer cells, and hepatocytes in fibrotic liver. We propose that

PTN specifically antagonizes the TGFB1 activity during liver fibrosis. © 2008 Wiley-Liss, Inc

Key words: pleiotrophin; TGF1; liver fibrosis; hepatocarcinogenesis; caspase-3; hepatic stellate cells

INTRODUCTION

Pleiotrophin (PTN) is a multifunctional cytokine
involved in growth, transformation, carcinogenesis,
and metastasis [1]. PTN is an 18 kDa heparin binding
protein and shows 50% identity to midkine (MK) [2-
4]. It promotes the growth of fibroblasts, endothelial
cells, and hepatocytes [4-6]. Its gene is grouped as a
potent proto-oncogene [7-8]. PTN transforms NIH
3T3 cells in a soft agar plate, and forms highly
vascularized tumors [1]. Up-regulation of PTN gene
promotes tumor angiogenesis [7]. Furthermore, P'TN
acts as an angiogenic factor in a paracrine mode for
human breast cancer, choriocarcinoma, and mela-
noma, and seems to be essential for the development
of metastasis in melanoma [8].

Previously we identified PTN as a mitogen for rat
hepatocytes [9] among proteins secreted by Swiss
3T3 fibroblasts, indicating that PTN plays a role as a
hepatocyte growth factor. When co-cultured, rat
hepatic stellate cells (HSCs) enhanced the growth of
rat hepatocytes by secreting PTN [6]. Furthermore,
TN expression was increased in carbon tetrachlor-
ide (CCly)-induced fibrotic liver [10]. However, the
biological mechanism of PTN in hepatocarcino-
genesis has not been clarified yet.

© 2008 WILEY-LISS, INC

Liver cirrhosis and hepatocellular carcinoma are
among the most common liver diseases, and several
mechanisms involved in carcinogenesis have been
proposed [11-13]. Transforming growth factor p1
(TGFB1) has been known as a potent fibrogenesis
factor [14]. TGFB1 shows multiple biological proper-
ties, including the inhibition of proliferation, the
induction of apoptosis, the activation of HSCs, and
the promotion of extracellular matrix formation.
TGFB1 expression is low in normal liver, elevated in
livers of patients with acute hepatitis, fulminant

Abbreviations: PTN, pleiotrophin; HSC, hepatic stellate cell; CCly,
carbon tetrachloride; TGFB1, transforming growth factor B1; PARP,
ADP ribose polymerase; PTN-Ad, pleiotrophin adenovirus; LacZ-Ad,
LacZ adenovirus.
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hepatic failure, and liver cirrhosis [15]. TGFB1 is a
potent inhibitor of DNA synthesis of cultured
hepatocytes and inhibits hepatocyte proliferation
after partial hepatectomy [16-18]. The inhibition of
TGFB! signal effectively prevents fibrosis and pre-
serves the liver function in a fibrotic animal model
{19]. These studies all support that TGFp1 plays
pivotal roles in liver fibrogenesis and carcinogenesis.

Apoptosis is essential for normal development
and tissue homeostasis. The deregulation of apop-
tosis and the accelerated proliferate activity of
hepatocytes have been reported as significant steps
for hepatocarcinogenesis [20,21}. During hepato-
carcinogenesis, some of the genetically altered
hepatocytes progress to apoptosis and some escape
from the apoptosis and undergo carcinogenesis
[21]. TGFP1 is the most effective apoptotic cytokine
during hepatocarcinogenesis [22]. TGFB1 gener-
ated the reactive oxygen species and induced
apoptosis of Huh-7 cells and activates first cas-
pase-8, -9, and finally -3 [23,24]. Furthermore, a
study on “the loss of TGFp receptor’ showed that
the hepatocytes in diethylnitrosamine and nod-
ularin-induced-hyperplastic liver nodules escaped
from the TGFB1-induced apoptosis and continued
to proliferate [21].

In the present study, we investigated the role of
PTN in TGFB1-induced liver fibrogenesis and carci-
nogenesis, placing an emphasis TGFpl-induced
apoptosis of hepatocytes. We first demonstrated that
HSCs expressed PTN at higher levels. The hepato-
cytes in hyperplastic nodules formed in a late phase
of fibrogenesis started its expression. Then, we
focused on the relationship of PTN and TGFp! in
carcinogenesis using hepatoma cell lines as exper-
imental models. Recombinant (r}) PTN suppressed
the ITGFB1-induced apoptosis of cultured hepatoma
cells. The mechanism of the anti-apoptotic activity
of PTN was studied utilizing hepatoma cells that had
been enforced to express PTN gene. The obtained
results enabled us to propose that PTN suppresses the
apoptosis induced by TGFp1, but not by mitomycin
C, through inhibiting the activation of procaspase-8
and procaspase-3.

MATERIALS AND METHODS

Animal

Nine weeks old Fischer 344 (F344) male rats,
weighing 170-180 g, were purchased from Labora-
tory Animal Center (Shizuoka, Japan), and main-
tained with standard chow diet and water, ad
libitum, under the Institution's guidelines. To
induce liver fibrosis, rats were injected subcutane-
ously with- CCl, (Wako Pure Chemicals, Osaka,
Japan) twice a week for 10 wk at a dose of 2.0 ml/kg
body weight. Control rats were injected mineral oil
subcutaneously. Five animals were killed at 5, 8, and
10 wk after the CCl -administration.

Motecular Carcinogenesis

Isolation of Hepatocytes and HSCs

Primary rat hepatocytes were isolated from livers
of normal F344 male rats as described previously [25].
Brtefly, livers were perfused with collagenase and
hepatocytes were harvested by centrifugation at 50g
for 5 min, and further density gradient centrifuga-
tion with 50% Petrcoll (Amersham, Uppsala, Sweden)
at 50g for 24 min. The pellet was washed three times
with Dulbecco’s modified Eagle’s medium (DMEM,
Gibco BRL, Bethesda, MD), and the cell viability was
measured by trypan blue dye exclusion. An HSC-
enriched fraction was prepared as reported previ-
ously {26]. Briefly, rat livers were digested in situ by
perfusion first with 0.07% pronase E (Merck, Darm-
stadt, Germany) and then with 0.03% collagenase
{Wako). They were then excised, broken into small
pieces, and digested with 0.08% pronase E, 0.08%
collagenase, and 20 pg/ml DNase 1 (Roche, Man-
nheim, Germany). The liver cells obtained were
suspended in 8.2% Nycodenz (Nycomed, Oslo, Nor-
way) solution and centrifuged with 2,000¢ at 4°C for
20 min. The cells in the upper layer were collected as
the HSC-enriched fraction, washed, and suspended
in DMEM containing 10% fetal bovine serum (FBS).
The mRNA expression level of g-smooth muscle
actin (z-SMA) was determined by RT-PCR and used as
a measure of the activation of HSCs.

RT-PCR

Total cellular RNAs were isolated from cells of
human hepatoma lines (HepG2 and Huh-7), and
cells of rat hepatoma cell line (FaO), rat hepatocytes,
HSCs, and CCly-treated rats liver. First strand cDNA
was synthesized using oligo-dT primers from 1 pg of
total cetllular RNA by reverse transcription reaction in
10 ul reaction volume. The used primers were as
follows: human PTN, sense §'-aaaatgcaggctcaacag-
taccagcag-3’ and antisense 5'-cttttaatccagcatcttct-
cctgttt-3'; rat PTN, sense 5'-aaaatgtcgtcccagcaatac-
cagcag-3’ and antisense 5'-cttttaatccagcatcttcteetg-
ttt-3'; human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH): sense 5'-ggtgctyagtatgtegtgga-3' and
antisense 5'-gccatgecagtgagctecee-3'; rat GAPDH, sense
S'-ccatggagaaggctggge-3' and antisense 5'-caaagttgt-
catggatggatgacc-3'; rat o-SMA: sense 5'-tgtgctggacte-
tggagatc-3’ and antisense 5'-gatcacctgcccatcagg-3'.
Amplification were carried out as follows: denaturation
at 94°C for 30 s, annealing for 50 s, and extension at
72°Cfor 50s. Annealing temperatures were 58 Cexcept
56 C for human PTN. PCR products were separated on
1.5% agarose gels.

immunohistochemistry

Seven-um-thick sections were prepared from liver
tissues using a cryostat, Leica CM 1900 (Leica
Instruments GmbH, Nussloch, Germany), and used
for immunohistochemistry with polyclonal anti-
bodies against PTN (N15, Santa Cruz Biotechnology,
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Inc., Santa Cruz, CA), «-SMA (Sigma-Aldrich, St.
Louis, MO), and ED2, a rat macrophage antigen
(Sigma-Aldrich). The sections were treated with 2%
normal serum for 20 min, and then incubated
overnight with the above antibodies followed by
incubation with antibodies with Texas-red and FITC
(Zymed, San Francisco, CA) for 60 min. Slides were
washed and stained for nucleus with DAPI. The cells
were viewed under a fluorescence microscope (Zeiss,
Axio Imager M1, Germany).

Induction of Apoptosis by TGFp1

Cells of human hepatoma cell line, Huh-7, are
highly sensitive to TGFB1 regarding the apoptotic
induction [24]. Huh-7 cells were maintained in
DMEM containing 10% FBS, and were treated with
1-10 ng/ml of s TGFB1 (Peprotech EC LTD, London,
England) alone or co-treated with 100 ng/ml ot rPTN
(R&D system, Minneapolis, MN). After 1-3 d of
treatment, the cell viability was measured by a MTT
assay kit (Promega, Madison, WI): The cells were
plated in 96-well microtiter plates at a density of
5 % 10” cells per well and each plate was incubated for
24 h at 37°C in a CO2 (5%) incubator. Each well was
washed with phosphate buffered saline (PBS) and
incubated with rTGFB1 in serum-free media for 1-3
d. The cells were counted with the kit according to
the instructions provided by the manufacturer, and
the absorbance of each well was measured at 450 nmn
with a microtiter plate reader. Apoptotic changes of
nuclear chromatins were observed by staining cells
with Hoechst 33342 (Wako): The cells were fixed
with paraformaldehyde for 20 min and stained with
Hoechst 33342 for 30 min, and 500 cells were
counted in randomly chosen areas. The cells with
condensed or fragmented nuclei were considered to
be apoptotic and their occupancy was expressed as
the percentage of apoptosis. TUNEL assay was also
employed to confirm the cell death using an
Apoptosis Detection Kit (Wako). Apoptosis was
induced for normal rat hepatocytes as follows. The
cells were maintained in DMEM containing 10% FBS
for 1 d and were treated with 2 ng/ml of rTGFp1 for
2 d. Hoechst staining was performed to detect the
apoptosis as above.

Preparation of Hepatoma Cells
That Constitutively Express PTN

Huh-7 cells were transfected with pcDNA3 vectors
(Invitrogen, San Diego, CA) bearing PTN cDNA with
Lipopectamine (Invitrogen), treated with Geneticin
(Gibco) for 3 wk at 975 pg/ml concentration for
selection. The selected single clones were plated in
24-well culture dishes, treated with trypsin, and
collected. As a result, total 4 clones were selected,
Huh-7-C2, -C4, -C5, and -C6, and used for further
experiments. The expression of PTN in the clones
was confirmed by RT-PCR and Western blotting
analysis. Similarly, the Huh-7 cells were transfected
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with pcDNA3 vectors that did not bear the transgene
and the obtained cells (Huh-7-V cells) were used as
control cells.

Western Blotting for PTN, Poly ADP Ribose
Polymerase, Caspase-8, and Caspase-3

rPTN was isolated as below from the media in
which Huh-7-C4 and -CS cells had been cultured for
3 d in the absence of TGFB1. The collected media
were passed through a heparin sepharose column
(Biorad, Melville, NY). The absorbed proteins were
dissolved in 2 x-diluted sodium dodecyl sulfate (SDS)
sample buffer consisting of 62.5 mM Tris—-HCI
(pH 6.8), 2% SDS, with or without 5% B-mercaptoe-
thanol, 10% glycerol, and 0.002% bromophenol
blue, and boiled for 5 min. The proteins were
separated by 5-15% SDS-polyacrylamide gradient
gel electrophoresis, transferred to nitrocellulose
membranes (Schleicher & Schuell, Dassel, Ger-
many), and were treated with anti-PTN antibodies
(Santa Cruz). Enhanced chemiluminescence (Amer-
sham) reagent was applied to visualize the protein
bands. Standard rPTN was purchased from R&D
system.

Huh-7-V, -C4, and -C5 cells were cultured for 3d in
the absence and the presence of 5 and 10 ng/ml
TGFB1 and were subjected to Western blotting for
poly ADP ribose polymerase (PARP, a substrate of
caspase-3 [27]), procaspase-8 and procaspase-3 as
follows. Each of the above cells was dissolved in
radioimmunoprecipitation (RIPA) buffer consisting
of 50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 1%
NP40, 1 mM phenylmethylsulfonyl fluoride (PMSF),
and 1 pg/ml aprotinin. Soluble proteins were loaded
on the polyacrylamide gels, and the blots were
treated with antibodies against PARP (Zymed),
caspase-8 (Santa Cruz), caspase-3 (Cell Signaling
Technology, Beverly, MA), and actin (Santa Cruz).
Fifty pM of Z-VAD-FMK (Promega) was treated to the
Huh-7 cell before 1h of TGFB1 treatment to inacti-
vate the caspases. The intensity of the actin bands
was utilized as a measure for equal loading.

Preparation of Hepatoma Cells Infected
With Replication-Defective Recombinant
Adenoviruses That Contain PTN Gene

Human PTN ¢DNA was inserted into replication-
defective E1- and E3-adenoviral vectors containing
the cytomegalovirus enhancer and the chicken f-
actin promoter as a promoter. PTN-expressing
adenovirus (PTN-Ad) was amplified in 293 kidney
epithelial cells. The cells were disrupted by one cycle
of freezing and thawing and centrifuged. PTN-Ad
was obtained in the supernatant. Similarly, a vector
of bacterial B-galactosidase (LacZ-Ad) was prepared as
acontrol. Huh-7 and FaO cells were plated in 100 mm
dishes and infected with 100 m.o.i. of PTN-Ad or
LacZ-Ad for 4 h. The cells were trypsinized and plated
ata density of 5 107 cells per well in 96-well plates.
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Two days later, the cells were incubated in the
absence or presence of TGFB1 at 5 ng/ml for up to 2
or 3 d. The expression of PTN and B-galactosidase in
the adenovirus-infected cells was confirmed by
Western blotting with anti-PTN antibodies on the
culture media and galactosidase staining on the
infected cells, respectively.

Measurement of Caspase-3 Activity

Huh-7-V cells, Huh-7-C4, and -C5 cells were
incubated in the absence or presence of TGFf1 at 5
ng/ml for up to 3 d. Cell lysates were used for the
measurement of the caspase-3 activity using a
Caspase-Glo™ Assay kit (Promega) with a lumin-
ometer. The net activity of intracellular caspase-3
was calculated by the difference between samples
incubated with or without TGFB1. Similarly, the
caspase-3 activity was determined for Huh-7 and FaO
cells that had been transfected with PTN-Ad or LacZ-
Ad.

Statistical Analysis

Numerical data are presented as the mean =+ the
standard deviation (SD) of independent determina-
tions. Statistical analysis of differences was per-
formed by Student’s t-test, with a P value <0.05
being considered significant.

RESULTS

PTN mRNA Expression in Fibrotic Liver,
Activated HSCs and Hepatoma Cells

Total RNAs were obtained from hepatoma HepG2,
Huh-7, and FaO cells. hepatocytes and HSCs isolated
from normal livers, HSCs (activated HSCs) from rats
that had been treated with CCl, for 5 wk, and livers of
rats treated with CCl, for 5 wk for measuring PTN
mRNA expression levels by RT-PCR. PTN mRNA was
undetectable in HepG2 and FaO cells, and in the
normal hepatocytes (Figure 1A), but weakly detect-
able in Huh-7 cells, normal HSCs, and cirrhotic rat
liver, and strongly expressed in the activated HSCs.
These detected bands were not due to non-specific
DNA amplification, because, sequencing of the each
gave exactly the same sequence as the expected
sequence (data not shown). «-SMA mRNA expression
was markedly stimulated in HSCs from the CCly-
treated rat liver compared to those from the control
liver (Figure 1A), which confirmed the activation of
HSCs by CCly-treatment. From these results we
considered possible involvement of PTN in liver
fibrogenesis and carcinogenesis.

Distribution of PTN Protein in CCl,-Induced Fibrotic Liver

Rats were treated with CCl, for up to 10 wk and
their livers were subjected to immunohistochemical
examinations for PTN (Figure 1B). The CCl,-treat-
ment induced the formation of thick collagen fibers
that formed fibrotic septa and the formation of
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hepatic nodules at 8 wk and thereafter (Figure 1B,c~
f). PTN-positive (PTN') cells were detectable in
nonparenchymal cells of the liver 5 wk post-CCl,-
treatment (Figure 1B,b), but not in the normal
liver (Figure 1B,a). The positive cells increased the
number as the CCly-treatment was prolonged to 8 wk
(Figure 1B,c) and 10 wk (Figure 1B,d). The PTN*-cells
were largely in nonparenchymal regions, but some
were in hepatic nodules that appeared 8 wk after the
treatment (Figure 1B,e). The nodules observed at
10 wk post-treatment also contained the positive
cells (Figure 1B,f). These results showed that non-
parenchymal cells and hepatocytes in the nodules
became PTN* during liver fibrosis.

Identification of PTN*-Cells as Activated
HSCs and Kupffer Cells

PTN'-cells were immunohistochemically charac-
terized. Rats were treated with CCl; for 8 wk, and
their livers were subjected to double immunohisto-
chemistry for PTN, «-SMA, and PTN, ED2. As shown
in Figure 2A, the expression of «-SMA was signifi-
cantly overlapped with that of PTN, suggesting that
activated HSCs might be a major source of PTN-
expression in the nonparenchymal cells of liver
tissue. Double immunohistochemistry for PTN and
ED2 revealed that some of the Kupffer cells also
expressed PTN (Figure 2B). These results indicate that
both activated HSCs and Kupffer cells express PTN
during CCl, induced fibrogenesis.

PTN Inhibits TGFB1-Induced
Apoptosis in Huh-7 Hepatoma Cells

The above results strongly suggested the involve-
ment of PTN in liver fibrogenesis. At first, we
examined whether PTN shows growth promoting
activity on hepatocytes. Huh-7 cells, HepG2 cells,
and normal rat hepatocytes were cultured for 1 wkin
the presence of rPTN (Figure 3A). PTN increased
proliferation of both HepG2 cells and normal rat
hepatocytes, but not that of Huh-7 cells. Huh-7 cells,
but not HepG2 and normal rat hepatocytes weakly
expressed PTN mRNA (Figure 1A), which led us to
consider that exogenous PTN was not effective
in the proliferation of Huh-7 cells. Next, we examine
the role of PTN in hepatic fibrogenesis in relation to
the role of TGFB1, because there have been abundant
studies that showed the involvement of TGFf1 in the
pathological process of liver fibrosis [28,29]. We
tested the role of PTN in TGFp1-induced apoptosis in
carcinogenesis using Huh-7 cells, because these cells
have been known to be sensitive to TGFp1 in which
TGFB1 induces the apoptosis through activating
caspases [24]. Huh-7 cells were co-treated with rPTN
(100 ng/ml) and rTGFB1 (1 and 2ng/ml) forup to 3 d.
The cell number was determined during the culture
period (Figure 3B). r'TGFf1 decreased the cell number
in a dose-dependent manner. The presence of rPTN
in the culture antagonized this action of rITGF1. But
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Figure 1. Expression of PTN mRNA and protein. (A) PTN and a-
SMA mRNA expression. Total RNA was isolated from HepG2 and
Huh-7 cells and subjected to RT-PCR amplification of PTN, «-SMA
and GAPDH ¢DNAs in one series of experiment (left panel) and from
FaO cells, HSCs and hepatocytes from normal liver, HSCs from CCly-
treated liver, and CCls-treated liver in another series of experiment
(right panel). (B) Distribution of PTN in CCl,-treated liver. Rats were
treated with mineral for 10 d (a), or with CCl, for 5 (b), 8 (c and e),

when treated with more than 5 ng/ml of TGF1, the
cells were unable to escape from the apoptosis even
in the presence of PTN (data not shown). The cells
were stained with Hoechst 33342 and examined
for the presence of chromosomal condensations
(Figure 3C). TGFf1 evidently induced the apoptotic
changes of chromatin. The frequency of cells with
such changes was counted on the photographs
(Figure 3D). rTGFB1 at 2 ng/ml increased the
apoptosis rate >3-fold compared to that of the
control cells, The presence of tPTN at 100 ng/ml
significantly decreased the rTGFp1-stimulated level
to <50%. These results support the previous report
that TGFp1 enhances the apoptosis of Huh-7 cells
[24]. Identical experiments were undertaken using
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CCl4 8 weeks

CCl4 10 weeks

and 10 wk (d and f), and their livers were subjected to
immunohistochemistry with anti-PTN antibodies. (a) There is no
PTN*-cells. (b) There are a few PTN*-cells in the nonparenchymal
cells. (¢) PTN™*-cells are often distributed in the nonparenchymal cells.
(d) Distribution of PTN*-cells is similar as in c. (&) A nodule is positive
for PTN. (f) A nodule is positive for PTN. Arrows in e indicate the
PTN*-liver nodule. Bar represents 100 um.

normal rat hepatocytes (Figure 3E and F). Although
the induction rate was less than in Huh-7 cells,
TGEP1 at 2 ng/ml also induced the apoptotic change
in chromatin, which was significantly inhibited by
PTN.

Establishment of PTN Gene-Expressing Huh-7 Cells

To further investigate the anti-““TGFpl-induced
apoptotic function” of PTN, we established a PTN
gene-expressing Huh-7 cell line. RT-PCR showed that
Huh-7 cells themselves weakly expressed PTN
mRNA, but its proteins were undetectable by West-
ern blotting (Figure 4A). We transfected pcDNA3-
PTN to Huh-7 cells and selected out the single cell
colonies designated Huh-7-C2, -C4, -C5, and -C6 as
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Figure 2. Identification of PTN*-cells. Rats were treated with CCl, for 8 wk, and their livers were subjected to
double immunohistochemistry for PTN and «-SMA (A), and for PTN and ED2 (B). After staining with the
antibodies sections were stained with Hoechst 33342 for nuclear staining (a in A and B). Bar represents 100 pm.

Arrows indicate the PTN positive nonparenchymal cells.

Geneticin-resistant colonies. These cells were sub-
jected to RT-PCR (Figure 4A) and Western blotting
(Figure 4B) for checking the PTN expression at mRNA
and protein levels, respectively. The clones all
strongly expressed PTN mRNA, Huh-7-C4 and Huh-
7-CS cells showing higher expressions than the
remaining two colonies. Null vector-bearing control
cells, Huh-7-V cells, expressed it very faintly. West-
ern blotting showed that Huh-7-CS cells secreted a
high level of rPTN and Huh-7-C4 cells secreted itat a
detectable level, but Huh-7-C2 and Huh-7-C6 cells
did not.

Effects of TGFB1 on Apoptosis of PTN Gene-Expressing
Huh-7 Cells

First we found that there was no significant
difference in the proliferate ability between PTN
gene-expressing (Huh-7-C4 and Huh-7-C5) and
control cells (Huh-7-V cells) (Figure 4C). Next, we
evaluated the TGFp1 effect on the PTN transfected
cells: Huh-7-C4 and Huh-7-CS5 cells were cultured for

up to 3 d in the presence of three different concen-
trations of TGFp1 (1, 5, and 10 ng/ml) and the cell
number was counted (Figure 4D). Similarly, Huh-7-V
cells were cultured as control cells. TGFB1 signifi-
cantly decreased the cell number of Huh-7-V cells in
dose- and the culture length-dependent manners
(open bars in Figure 4D). In contrast, Both Huh-7-C4
and Huh-7-CS cells similarly resisted this effect of
TGFpL.

We identified the apoptotic cellsat 3 din the above
cultures with 10 ng/ml TGFp1 by Hoechst- (Figure
4E,a and c) and TUNEL-staining (Figure 4E,d and f).
It was apparent that TGFf1-induced apoptotic cells
were significantly decreased in both Huh-7-C4
(Figure 4E,b and e) and -CS (Figure 4E,c and f)
compared to the control cells (Figure 4E,a and d). The
number of the apoptotic cells was counted for each of
the TUNEL-stained cells and their incidence is shown
in Figure 4F. The ratio of apoptotic cells in both
clones bearing PTN-genes was decreased to approx-
imately 25% of the control cells.

Figure 3. (Overlesf) Suppression of TGFB-induced apoptosis in
hepatoma cells by PTN. (A) Effects of PTN on the growth of cells of
cancer cell line and normal hepatocytes. Cells of Huh-7, HepG2, and
primary rat hepatocytes, 5 x 10 cells each, were seeded in 12 well
plates and treated with 100 ng/ml of rPTN for 1 wk. rPTN increased
the proliferation of HepG2 cells and normal rat hepatocytes, but not
Huh-7 cells. The same experiment was repeated 3 times and the
results are presented as the mean + SD. (B) The effects of PTN on the
cell viability. Huh-7 cells were treated with 0, 1, and 2 ng/ml of
fTGFP1 with or without 100 ng/ml of rPTN for up to 3 d. The number
of the cells was counted at 2 and 3 d in culture and the results
are shown as % of the number of the cells that had no treatment.
The open bars represent the cultures in the presence of TGFB1 at the
indicated concentrations, but in the absence of (PTN. The closed bars
are for the cultures in the presence of both TGFB1 and rPTN. (C)
Apoptotic changes in nuclear chromatins of Huh-7 cells. The cells at
2 d with 2 ng/ml TGFB1 and 100 ng/ml rPTN each alone or together
shown in (B) were stained with Hoechst 33342 to examine the
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apoptotic changes in nuclear chromatins. (a) Cells without
cytokines. (b) Cells with 2 ng/ml TGFB1. (c) Cells with 100 ng/ml
rPTN. (d) Cells with both 2 ng/ml TGFB1 and 100 ng/ml rPTN. Bar
represents 100 pym. (D) The incidences of apoptosis of the cultured
Huh-7 cells. The number of the apoptotic cells was counted in (C)
and divided by the total cells in the tested field to obtain the
apoptosis rate (%). ""No Tx"’ represents the cells without treatment.
* represents the statistical significance at P<0.05 between
"TGFB1'* and ""PTN and TGFB1". (E) Apoptotic changes in nuclear
chromatins of normal rat hepatocytes. The cells at 2 d with 2 ng/ml
TGFB1 and 100 ng/ml (PTN each alone or together were stained
with Hoechst 33342 as in (C). (a) Cells without cytokines. (b) Cells
with 2 ng/ml TGFB1. (c) Cells with 100 ng/ml rPTN. (d) Cells with
both 2 ng/ml TGFB1 and 100 ng/ml rPTN. Bar represents 100 pm. (F)
The incidences of apoptosis of the rat hepatocytes. The apoptosis
rate (%) was calculated as in (D). * represents the statistical
significance at a P<0.05 level between TGFB1 treatment versus
TGFB1 and rPTN co-treatment.
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Figure 4. Effects of TGFB1 on PTN-expressing Huh-7 cells. (A)
Establishment of PTN gene-expressing Huh-7 cells. Huh-7 cells were
transfected with pcDNA3 vectors bearing PTN cDNA, which yielded
four single cell colonies, Huh-7-C2, Huh-7-C4, Huh-7-C5, and Huh-
7-C6. Expression levels of PTN mRNA and protein were determined
by RT-PCR (A) and Western blotting (B), respectively. Similarly, the
expression levels were determined for Huh-7-V and HepG2 cells.
Huh-7-V cells weakly expressed PTN mRNA, but HepG2 cells did not.
Huh-7-C2, -C4, -C5, and -C6 expressed PTN mRNA, but only Huh-7-
C4 and Huh-7-C5 cells secreted PTN protein in culture media at
detectable levels. The molecular masses are shown at the left side of
the gel. The most right lane was for 10 ng of standard rPTN. (C)
Growth of PTN gene-expressing Huh-7 cells. Huh-7-V, Huh-7-C4,
and Huh-7-C5, 3 'x 10° cells each, were seeded in 24-well plates and
cultured for 6 d. Cells were harvested at 2, 4, and 6 d of culture for
cell count. The same experiment was repeated 3 times and the
results are presented as the mean + SD. (D) Effects of TGFB1 on PTN-
expressing Huh-7 cells. Huh-7-V, -C4, and -C5 cells were cultured up
to 3 d in the presence of 0, 1, 5, and 10 ng/ml. The cell number was
counted at 1, 2, and 3 d in culture and the cell number ratio (%) was
calculated as in Figure 3B. The open, gray, and black bars represent
Huh-7-V, -C4, and -C5 cells, respectively. * represents the statistical
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2 Days 3 Days

* 1 p<0.01 vs. Huh-7-V

significance at a P<0.01 level between Huh-7-V versus Huh-7-C4
and -C5 cells. (E) Identification of apoptotic cells in cultures. Huh-7-V
(aandd), -C4 (b and e), and-C5 cells (c and f) were cultured for 3 din
the presence of 10 ng/ml TGFB1 and stained with Hoechst (a-c) or
with TUNEL (d-f). Bar represents 100 pm. (F) The apoptotic cell ratio
was determined by dividing the number of the TUNEL*-cells with
that of the total number in the examined field. Each number was
obtained from photos shown in (E,d-f). * represents the statistical
significance at a P<0.01 level between Huh-7-V versus Huh-7-C4
and -C5S cells. (G) The cell viability in the presence of mitomycin C.
Huh-7-V, -C4, and -C5 cells were cultured for 2 d asin C except that
TGFB1 was replaced with mitomycin C at the indicated concen-
trations. The three differently colored bars represent cell species asin
(C). (H) Suppression of TGFB1-induced apoptosis in Huh-7-C5
conditioned media. Huh-7-V and Huh-7-C5 cells, 5 x 10° cells each,
were seeded in 100 mm dishes and cultured for 2 d. The culture
media were collected and used as the conditioned media. Huh-7 cells
were cultured in the conditioned media from Huh-7-C5 or Huh-7-V
in the presence of 2 ng/ml TGFR1. CM: conditioned media. (I) The
incidences of apoptosis of the Huh-7 cell. The number of the apo-
ptotic cells was counted on photographs shown H and the apoptosis
rate (%) was obtained as in E.
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Figure 4. (Continued)

In order to exclude the possibility that this anti-
apoptotic effect of PTN is a merely non-specific
action, we induced the apoptosis on each of these
cells with mitomycin-C at concentrations from 0.5
to S pg/ml and examined the change in cell number
as a measure of apoptosis (Figure 4G). There were no
differences, in the rate of the cell number decrease
among the cells, indicating that PTN specifically
inhibit TGFf1-mediates cell death. The results
strongly suggested that PTN secreted by PTN gene-
expressing Huh-7 cells suppresses the TGFpI-
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induced apoptosis. To further test this suggestion,
we examined the effect of conditioned media from
the Huh-7-CS on the TGFpl-induced apoptosis.
Huh-7 cells were cultured in the conditioned media
in the presence of 2 ng/ml of TGFp1 for 3 d. Hoechst
staining showed that the conditioned medium
apparently inhibited the TGFf1-induced apoptosis
(Figure 4H), which was supported by the quantitative
analysis in which the number of the apoptotic cells
was counted on the photographs in Figure 4H to
calculate the incidence of apoptosis (Figure 41).
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Figure 5. Suppression of TGFB1-induced activation of caspase-8
and caspase-3 by PTN. (A) Activation of caspase-3 by TGFB1 in Huh-7
cells. The cells were cultured in the absence (—) or presence (+) of 5
ng/ml TGFB1 and 50 pM Z-VAD-FMK for 3 d. The cell lysates were
grepared from each of the cultured cells and subjected to Western

lotting for PARP and procaspase-3 (left panel) and to measurement
of caspase-3 activity (right panel). The Arabic numerals at the left side
of the gel represent molecular masses. (B) Suppression of TGFB1-
induced cleavage of cellular PARP, pro-caspase-8, and pro-caspase 3

Inhibition of TGFB1-Induced Caspase-3
Activation by PTN

The activation of caspase cascades has been known
as an essential molecular event in the TGFp1-
induced apoptosis [24]. We investigated an aspect
of the mechanism of PTN action on TGFB1-induced
apoptosis targeting the caspase activation. First, we
examined the activation of caspase-3 by TGFp1 in
Huh-7 cells (Figure SA). The cells were cultured in the
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in PTN gene-expressing Huh-7 cells. Huh-7-V, -C4, and -C5 cells were
cultured for 3 d in the absence and the presence of 5 and 10 ng/ml
TGFB1. The whole cell lysates of each of the cells was subjected
to Western blotting for PARP, caspase-8, caspase-3, and actin. (C)
Suppression of TGFB1-induced caspase-3 aclivity in Huh-7 cells
bearing PTN gene. The whole lysates of the cells in B were used for
determining the caspase-3 activity. * represents the statistical
significance at P < 0.01 level between TGFB1 treated Huh-7-V versus
TGFB1-treated Huh-7-C4 and -C5 cells.

absence or presence of 5 ng/ml TGFB1 and Z-VAD-
FMK, a caspase inhibitor, for 3 d. The cell lysates were
subjected to Western blotting for PARP and procas-
pase-3 (Figure SA, left panel). The bands correspond-
ing to the cleaved products of PARP and procaspase-3
were clearly visible. The caspase-3 activity was
measured in the cell lysates (Figure 5A, right panel),
which quantitatively demonstrated that rTGFp1
stimulated the activity and Z-VAD-FMK suppressed
the rTGFp1-induced activity.
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We examined the TGFpl-induced apoptosis in
PTN-expressing Huh-7 cells. Huh-7-V, Huh-7-C4,
and -C5 cells were cultured in the presence of TGFf1
for 3 d and their cell lysates were Western blotted for
PARP, capase-8, and -3 (Figure 5B). rTGFB1 also
induced the cleavage of PARP, procaspase-8 and
procaspase-3 in Huh-7-V cells. However, there were
no such processed products in Huh-7-C4 and -C5
cells. Actually, the treatment of Huh-7-V cells with
I'TGFB1 enhanced the caspase-3 activity (Figure 5C).
The extent of the activation was much less in Huh-7-
C4 and -CS cells, supporting the idea that PTN
has the suppressive activity on TGFp1-induced
apoptosis.

The anti-apoptotic function of PTN was further
tested using FaO rat hepatoma cells, which are also
highly sensitive to TGFB1 in apoptosis induction
[30]. Both FaO and Huh-7 cells were transduced with
adenovirus vectors carrying PTN gene (PTN-Ad). It
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was shown that these cells secreted PTN proteins in
culture media (Figure 6A). The cells were then treated
with 5 ng/mlrTGE1 for 2 or 3 d. As shown in Figure
6B and C both types of cells became reluctant to
activate caspase-3 in response to TGFB1 when trans-
fected with PTN gene. These results strongly support
that PTN suppresses TGFp1-induced caspase 3 acti-
vation and apoptosis.

DISCUSSION

Studies abundantly accumulated hitherto indicate
that the signaling between hepatocytes and HSCs
plays a crucial role in regulating normal and
abnormal growth of hepatocytes [31]. Especially
the -role of HSCs in the hepatic fibrogenesis and
carcinogenesis has been a major issue among inves-
tigators [32]. Previously, we showed that HSC-
derived PTN plays a role as a hepatocytes growth
factor [6,9]. Furthermore, we showed that PTN

A B FaO cells
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kDa PTN PTN-Ad LacZ-Ad % 400
25— g *
E 300
15 — m 3
200
1.B: Anti-PTN
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0
TGFp1 - + - +
Sng/ml
(Snpmi) LacZ-Ad PTN-Ad
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1000
3
§ 800 *: p<0.01 vs. LacZ-Ad
@
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-
wl.
400
200
0
TGFp1 - " R +
(5ng/mi)

LacZ-Ad PTN-Ad

Figure 6. Reluctance of PTN-transgenic cells in responding to
TGFp1. FaO and Huh-7 cells were exposed to PTN- or LacZ-Ad for 3 d
and then treated with TGFB1. (A) Expression of rPTN proteins by the
transgenic cells. The culture media were collected from the cell
cultures and passed through a heparin gel column. The absorbed
proteins were Western blotted with antibodies against PTN. Left,
middle, and right lanes were for standard rPTN (10 ng), FaO cells
transfected with PTN-Ad, and those with LacZ-Ad, respectively. (B)
Suppression of TGFB1-induced caspase-3 activation in the FaO cells
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bearing PTN-Ad. The whole lysates were prepared from the above
cells for measuring the caspase-3 activity. The symbols, — and +,
indicate the absence and presence of 5 ng/ml TGFB1. (C) Suppression
of TGFB1-induced caspase-3 activation in the Huh-7 cells bearing
PTN-gene. Caspase-3 activity was measured for Huh-7 cells asin B. *
represents the statistical significance at a P<0.01 level between
TGFB1-treated FaO or Huh-7 cells with LacZ-Ad versus TGFp1-
treated FaO or Huh-7 cells with PTN-Ad.
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expression was increased in CCly-induced fibrotic
liver [10], suggesting the involvement of PTN in
hepatic fibrogenesis, to which TGFf1 is also commit-
ted as an anti-hepatocyte growth factor and an ECM-
formation accelerator. These previous studies were
the major motivation of the present study and we
investigated the mechanism of the action of PTN in
liver fibrogenesis and carcinogenesis. As a result, we
confirmed the previous studies that HSCs and also
hepatocytes later increased PTN mRNA expressions
during CCly-induced liver fibrosis. This confirmation
strengthens the previous suggestion that PTN plays a
role in liver fibrogenesis.

In this study the role of PTN in hepatic carcino-
genesis was tested utilizing known TGFB1-sensitive
human and rat hepatoma cells, Huh-7 and FaO cells,
respectively. These cells undergo apoptosis when
stimulated by TGFB1 [30]. We were able to demon-
strate that PTN acts as an anti-apoptotic factor.
Interestingly, this activity appears to be specific to
the TGFp1-induced apoptosis, because PTN did not
show any effect on mitomycin C-induced hepato-
cyte apoptosis. Caspase-3 is known as a main
executor of cell death [33]. It is most likely that
PTN suppresses the activation of caspase-8 and
cannot activate the caspase-3. We noticed that the
extent of the suppression of caspase-3 activity in
PTN-Ad-bearing Huh-7 cells (Figure 6C) was lower
than that in Huh-7-C4 and -5 (Figure 5C). The PTN-
expression by the former cells was transient, peaking
at 3 d after infection and was terminated at 7 d (data
not shown). In the experiment with PTN-Ad-bearing
Huh-7 cells, the cells were treated with TGFB1 for 3d
from 3 to 6 d post-infection, during which the PTN
expression level was considered to be apparently
much decreased. This decrease might explain the
difference between the suppression levels in the two
experiments.

Such an anti-apoptotic effect of PTN appears to be
important in hepatocarcinogenesis, because chemi-
cally altered hepatocytes undergo the apoptotic
pathway through the action of several cytokines in
the process of carcinogenesis. It is conceivable that
transformed hepatocytes exposed to TGFp1 are on
the two possible paths, one for undergoing apoptosis
and the other for escaping from the apoptosis. It is
suggested that the cells are capable of “successfully”
escaping from the TGFp1-induced apoptosis under a
‘“favorable” signal such as PTN in this case. Such
possibility has earlier been investigated in the
chemically induced carcinogenesis in rat liver [21].

TGFB1 has been shown to be an inhibitor of
hepatocyte proliferation as well as a potent inducer
of apoptosis in vitro and in vivo, when administered
at a high dose, thus indicating that this cytokine can
induce regression of rat livers [34,35]. The level of
TGFB1 in liver and serum is increased in the chemi-
cally induced liver cirrhosis and carcinogenesis in
humans as well as rats [21]. Blocking of TGFS1 by
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TGEFB1 type II receptor dominant negative or TGFp1
soluble antibodies inhibits the fibrosis in dimethyl-
nitrosamine-induced liver fibrosis [19,36]. Further-
more, the hepatocyte proliferation was enhanced in
the absence of TGFp type II receptor in chemically
induced hepatocarcinogenesis [21]. Several studies
suggest that TGFB1 is a potent activator of hepato-
cyte apoptosis and the loss of TGFB1 signal activates
hepatocyte proliferation and hepatocarcinogenesis.
These studies all suggest TGFp1 as one of the potent
apoptotic factors working in liver fibrogenesis and
carcinogenesis. We propose from the results
obtained in the present study that PTN plays a role
to protect transforming hepatocytes from apoptosis
by suppressing the activity of TGFB1. However, the
effect of PTN on the promoting activity of ECM
production, another major activity of TGFB1, during
liver fibrogenesis and carcinogenesis was not tested
in the present study and remains to be clarified.

We showed the anti-apoptosis activity of PTN in
two different experiments: one was that both PTN
and rTGFp1 were introduced in cultures of Huh-7
cells with different concentration combinations and
the other was that rTGFp1 was introduced at various
concentrations in culture media ot PTN-gene trans-
genic Huh-7 and FaO cells. Anti-apoptotic effect of
rPTN was only seen when the cells were treated with
in <5 ng/ml of rTGFB1 in the former experiment.
When treated with >5 ng/ml rTGFf1, the cells were
unable to escape from the apoptosis. Furthermore,
the effective inhibition of the apoptosis was seen
when the concentration of rPTN was >100 ng/ml
(data not shown). This might be partly a reflection of
the instability of rPTN in the culture media. PTN
gene-expressing cell lines were more resistant against
the TGFpl-induced apoptosis. The activation of
procaspase-3 did not occur in these cells even at 10
ng/ml of rTGFP1. Furthermore, PTN-Ad also pro-
tected Huh-7 and FaO cells from TGFpl-induced
apoptosis at S ng/ml of rTGFBl. These results
indicate that the continuous presence of PTN is
more effective than its transient presence.

The present study has made two contributions to
the understanding of biological roles of PTN. Firstly,
in this study we show that PTN is largely expressed in
HSCs and Kupffer cells, and also in some of
hepatocytes during liver fibrosis. Secondly, the
presence of PTN makes cells resistant to TGFp1-
induced cell death through the inhibition of caspase
3 activation. In summary, PTN is involved in
hepatocarcinogenesis and has an anti-apoptotic
activity against TGFf1.
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Identification and characterization of nucleoplasmin 3 as
a histone-binding protein in embryonic stem cells
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Embryonic stem (ES) cells are thought to have unique chromatin structures responsible for their capacity for
self-renewal and pluripotency. To exarnine this possibility, we sought nuclear proteins in mouse ES cells that
specifically bind to histones using a pull-down assay with synthetic peptides of histone H3 and H4 tail dormain
as baits. Nuclear proteins preferentially bound to the latter. We identified 45 proteins associated with the
histone H4 tail and grouped them into four categories: 10 chromatin remodeling proteins, five histone
chaperones, two histone modification-related proteins, and 28 other proteins. mRNA expression levels of 20
proteins selected from these 45 proteins were compared between undifferentiated and retinoic acid (RA)-
induced differentiated ES cells. All of the genes were similarly expressed in both states of ES cells, except
nucleoplasmin 3 (NPM3) that was expressed at a higher level in the undifferentiated cells. NPM3 proteins were
localized in the nucleoli and nuclei of the cells and expression was decreased during RA-induced
differentiation. When transfected with NPM3 gene, ES cells significantly increased their proliferation compared
with control cells. The present study strongly suggests that NPM3 is a chromatin remodeling protein
responsible for the unique chromatin structure and replicative capacity of ES cells.

Key words: chromatin remodeling, histone chaperone, histone modification, histone tail, retinoic acid.

Introduction

Embryonic stem (ES) cells are derived from the inner
cell mass in mammalian blastocysts and possess two
unique characteristics: self-renewal, the activity of
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unlimited cell propagation, and pluripotency, the
capability to differentiate into multilineage cell types
through various differentiation processes (Evans &
Kaufman 1981).

Mouse ES cells require leukemia inhibitory factor
(LIF) (Williams et al. 1988) in order to exhibit these
unique characteristics. Researchers have reported
several transcription factors that are involved in the
uniqueness of ES cells: Oct4 and Nanog (Nichols
et al. 1998; Chambers et al. 2003; Mitsui et al. 2003),
and Stat3 and Sox2 (Matsuda et al. 1999; Masui et al.
2007). Recent studies have demonstrated that the
forced coexpression of Oct3/4, Sox2, KlIf4, and c-
Myc induces reprogramming of mouse (Takahashi &
Yamanaka 2006) and human somatic cells into
pluripotent stem cells (iPS cells) (Takahashi et al. 2007).

Generally, the gene expression profile of a cell is
considered to depend on its chromatin structure
(Misteli 2001). The core unit of chromatin is the
nucleosome, which is composed of a histone octamer
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consisting of two units each of four core histones,
H2A, H2B, H3, and H4, and a 146-bp-long DNA
sequence that wraps the histone octamer. Adjacent
nucleosomes are connected together by linker DNA
and histone H1. Recently, it has been reported that
the major chromatin proteins such as core and linker
histones, and heterochromatin protein 1 are uniquely
associated in mouse ES cells, and that this is related to
the highly plastic nature of their chromatin structures
(Meshorer & Misteli 2006; Meshorer etal. 2006).
Researchers have attempted to identify and char-
acterize nuclear proteins specific to ES cells with
large-scale proteomic analyses (Kurisaki et al. 2005;
Nagano etal. 2005); however, the fine chromatin
structures of ES cells remain largely unknown. The
N-terminal tail domain of histone, also called the
histone tail, protrudes from the surface of the nucleo-
some and is an important element in the functional
state of chromatin. It is known that the histone tail
interacts with the chromatin remodeling complex,
which regulates transcriptional activity. Histone tails
are biochemically modified through acetylation,
methylation, phosphorylation, and ubiquitination which
is essential for global transcriptional regulation (Turner
2002) and considered to be associated with epigenetic
cell memory (Jenuwein & Allis 2001; Turner 2002).

In this study, we aimed to identify the nuclear proteins
unique to ES cells. Nuclear proteins were prepared
from mouse ES cells and subjected to affinity selection
“using histone tail peptides as baits. The tail peptide-
associated proteins were identified and categorized
into (1) chromatin remodeling proteins; (II) histone
chaperones; (lll) histone modification-related proteins;
and (IV) others. Among them, we found that nucleo-
plasmin 3 (NPM3), a protein that belongs to the
second category, is unique in that the protein was
expressed at a higher level in undifferentiated ES
cells compared with the ES cells that had been
induced to differentiate toward neurons by retinoic
acid (RA). NPM3 is a member of the nucleophosmin/
nucleoplasmin (NPM) family (NPM1-3) that is ubiqui-
tously present throughout the animal kingdom
(Eirin-Lépez et al. 2006; Frehlick etal. 2007). This
family has important roles in cellular processes such
as chromatin remodeling (Tamada et al. 2006), DNA
duplication (Okuda 2002), and transcriptional
regulation (Liu et al. 2007a). Importantly to our study,
NPM 1 was reported to be involved in the proliferation
of mouse ES cells and hematopoietic stem cells (Li
et al. 2006; Wang et al. 2006). Thus, we characterized
NPM3 further as to its role in the proliferation of ES
cells. Our study indicates that NPM3 may play an
important role in maintaining the unique chromatin
structures of ES cells.

© 2008 The Authors
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Fig. 1. Separation of histone tail-associated proteins by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Nuclear extracts of CMT-1-ES cells were incubated with
the beads bearing the H3 or H4 tail peptides. The binding
experiments were carried out under the same conditions for
both tail peptides. The bead-bound proteins were separated on
4-12% gradient SDS-PAGE and were stained with CBB R-250.
The positions of molecular mass marker in kDa are indicated at
the left side of the panel. The bands with Arabic numerals from
1 (top) to 36 (bottom) were cut off and subjected to protein
identification by mass spectrometry. Identical banding patterns
were observed in three independent analyses. ‘Mock' represents
a result using beads without histone tail peptides. There were no
protein bands detected in the mock experiment, proving the
specificity of protein binding to the beads.

Materials and methods
ES cell culture

Two types of mouse ES cell lines were used in this study:
CMT-1-ES cells, which display a normal karyotype
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